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Abstract 

Metformin is the world’s most prescribed drug and is recommended first-line therapy for the 

treatment of Type 2 Diabetes Mellitus (T2DM). Numerous clinical studies have demonstrated that 

metformin is an effective oral agent in normalising blood glucose levels. Metformin is also one of the 

very few antidiabetic agents that causes modest weight loss in overweight and obese subjects. Despite 

its introduction into the clinic over 60 years ago, the mechanisms of metformin action are still elusive.  

Many of the previous studies into metformin action have focussed on its role in inhibiting endogenous 

glucose production in the liver, due the central role of the liver in insulin resistance and glycaemic 

control. However, metformin also accumulates at the highest concentrations in the small intestine, 

and clinical studies demonstrate that metformin formulations with low bioavailability achieve similarly 

effective glycaemic control compared to standard metformin formulations. These studies suggest that 

the gastrointestinal tract may also be an important site of metformin action. 

In this thesis, 2D monolayer cultures generated from intestinal organoids were used to investigate the 

mechanisms of metformin action in intestinal cells. Bulk RNA-sequencing and pathway analysis 

identified changes in glucose and amino acid metabolism pathways, as well as the upregulation of 

novel signalling pathways associated with the metformin response in intestinal cells. The results from 

RNA-seq experiments were used as the basis for functional studies into metformin action in intestinal 

cells.  

GDF-15 is a stress activated hormone that acts on its cognate receptor GFRAL expressed almost 

exclusively in the brainstem to elicit an inhibition of food intake. GDF-15 was one of the serum 

biomarkers identified in T2DM patients associated with metformin use. In a multidisciplinary 

collaboration, we demonstrated that Gdf15 upregulation in the distal small intestine and colon were 

associated with the weight loss effects of metformin. The results from transcriptomic analysis in this 

study identified Gdf15 as one of the most significantly upregulated genes in metformin treated 

intestinal cultures. Transcriptomic analysis of selected genes involved in mitochondrial function, and 

secretion studies reported that metformin stimulated GDF-15 secretion through mitochondrial stress 

and activating the integrated stress response.   

Previous observations from Position Emission Tomography-Computed Tomography (PET-CT) imaging 

in mice and T2DM patients demonstrated that oral metformin administration caused non-

metabolisable fluoro-deoxyglucose (F-2DG) tracer to accumulate predominantly in the gut. This 

suggests that metformin increased intestinal glucose utilisation as one mechanism associated with its 

glucose lowering effects. In intestinal cells, metformin increased the expression of Slc2a1 (encoding 
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GLUT1), whilst decreasing the expression of Slc2a2 (GLUT2) and Slc5a1 (SGLT1). This was replicated in 

the distal small intestine of HFD-fed mice treated with metformin. Metformin also increased GLUT-

transporter mediated glucose uptake in cultures. These mechanisms may potentially be mediated by 

AMPK and HIF1A signalling pathways. By inhibiting mitochondrial respiration, metformin also limited 

the metabolic plasticity of intestinal cells to utilise other metabolic fuels, which instead relied almost 

exclusively on glycolysis.  

In summary, this study suggests that increased glucose uptake mediated by GLUT transporters and 

increased glycolysis mediates intestinal glucose utilisation as a mechanism by which metformin causes 

its glucose lowering effects. Metformin may also stimulate GDF-15 secretion from the GI tract as an 

atypical “gut hormone”, which acts on the brainstem to reduce food intake and enhance weight loss.  

Together, the results from this study argue that the GI tract is an important site where metformin 

mediates glycaemic control and weight loss.  
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Chapter 1: Introduction  

 

1.1. Type 2 Diabetes Mellitus and Obesity 

Type 2 diabetes (T2DM) and obesity are major global health concerns in the 21st century. As many as 

1.9 billion people worldwide were either overweight or obese in 2016, and 422 million people were 

living with diagnosed T2DM in 2014 according to the World Health Organisation (WHO) (1, 2). T2DM 

and obesity are strongly associated, with obesity being a prevalent risk factor for the development of 

T2DM (being overweight accounts for a 61% increased risk in developing T2DM) (3, 4). Patients with 

obesity and/or T2DM can develop cardiovascular complications (5–7). A total of £8.8 billion has been 

invested for the treatment of T2DM in 2012 and £7.4 billion has been invested for treating obesity by 

the NHS from 1998-2010, respectively (8, 9). Therefore, effective long-term management of T2DM 

and obesity is a strategic priority to delay disease complications and improve quality of life.  

The two core defects in T2DM are beta-cell dysfunction and insulin resistance (10). Insulin resistance 

(the inability of tissues such as the liver, skeletal muscle and adipose tissue to respond to insulin) 

frequently precedes the development of T2DM and causes stress on the beta-cells, contributing to 

beta-cell failure and impaired insulin secretion (10). This leads to incremental elevations in blood 

glucose levels, and T2DM is clinically diagnosed if fasting blood glucose levels are >7 mmol/L (10, 11). 

Obesity is the result of increased fat deposition as a result of imbalance between energy expenditure 

and food intake (12). Metabolic changes in adipose tissues and neuroendocrine changes in appetite 

also accompany obesity (12). Although obesity is associated with insulin resistance,  T2DM does not 

usually occur unless there is also beta-cell dysfunction (13). A complex association of genetic and 

environmental factors contributes to the development of obesity and T2DM (10, 12). Both obesity and 

T2DM have also been reported to be associated with systematic inflammation which contributes to 

insulin resistance (10, 12).  

1.3. Treatments for obesity and T2DM 

Although lifestyle interventions (diet and physical exercise) remain the basic component for mild 

T2DM or prediabetes and obesity, pharmacological and surgical approaches have been developed for 

patients who struggle to maintain glycaemic control and/or weight loss (12, 14). 

1.3.1. Glucose lowering agents  

1.3.1.1. Sulphonylureas 

Sulphonylureas (such as glibenclamide) and glinides (such as nateglinide) inhibit the KATP channels 

expressed in beta-cells to stimulate endogenous insulin secretion, which causes hyperinsulinaemia to 



7 
 

overcome insulin resistance (14). Although sulphonylureas are effective insulin secretagogues that 

causes an initial decline in fasting blood glucose levels, they do not provide long term protection of 

beta-cell function and may even accelerate beta-cell failure (15–17). Sulphonylurea use is commonly 

associated with weight gain and recurrent hypoglycaemia (when blood glucose levels reach 

dangerously low levels) (14).    

1.3.1.2. Thiazolidinediones 

Thiazolidinediones (TZDs such as rosiglitazone, pioglitazone and troglitazone) are insulin sensitising 

agents which enhance insulin sensitivity in the skeletal muscle, liver and adipose tissue, as well as 

augmenting and preserving beta-cell function (14). TZDs exert multiple insulin-sensitising effects, such 

as increasing peripheral glucose uptake, reducing systemic inflammation and stimulating lipogenesis 

in adipose tissues through the PPAR-γ and PGC-1α signalling pathways (14). TZDs are clinically effective 

in lowering stabilising glycated haemoglobin (HbA1c) levels in the long term (14). Amongst the side 

effects of TZDs are reduced bone density, weight gain and fluid retention (14). TZDs are either 

withdrawn or are currently not frequently used in the clinic due to potential adverse effects such as 

hepatotoxicity and risk of bladder cancer (14). 

1.3.1.3. Insulin 

Insulin is used for the treatment of T1DM, although under severe cases of T2DM insulin would be 

considered as the last-resort treatment option when all other pharmacological interventions fail in 

normalising blood glucose levels (18). Blood glucose levels needs to be closely monitored in patients 

given insulin injections to prevent hypoglycaemia (18). Like sulphonylureas, insulin therapy also causes 

weight gain (18). Recent developments in insulin analogues and the closed-loop insulin pump (artificial 

pancreas) aim to improve glucose monitoring and reduce hypoglycaemia risk (19, 20). 

1.3.1.4. GLP-1 Modulators 

Recently developed antidiabetic agents target the incretin hormone Glucagon-like peptide 1 (GLP-1) 

(14). The incretin effect, which is associated with higher insulin secretion in response to oral compared 

with intravenous administration of glucose due to the augmentation of insulin release by gut 

hormones such as GLP-1, is impaired during T2DM (14, 21, 22). Dipeptidyl peptidase 4 (DPP4) 

inhibitors (such as sitagliptin) inhibit circulating GLP-1 degradation and prolong the half-life of 

endogenous active GLP-1 (14). DPP4 inhibitors increase insulin secretion but have modest effects in 

lowering HbA1c (14). GLP-1 receptor agonists (such as liraglutide and exenatide) pharmacologically 

mimic the actions of GLP-1, stimulating insulin secretion and normalising glycaemic control (14). GLP-

1 receptor agonists also inhibit glucagon secretion, promote weight loss, delay gastric emptying and 

improve plasma lipid profiles (14). GLP-1 modulators are generally safe and well tolerated, although 
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there is mixed evidence on their association with pancreatitis and GLP-1 receptor agonists have been 

reported to cause nausea (14).  

1.3.1.4. SGLT2 Inhibitors 

Sodium/glucose co-transporter 2 (SGLT2) inhibitors (such as dapagliflozin and canagliflozin) block 

glucose reabsorption in the kidneys, leading to excretion of glucose in urine to reduce plasma glucose 

(14). SGLT2 inhibitors have been reported to be effective glucose-lowering agents that also improve 

insulin sensitivity (14). However, their efficacy is mitigated to some extent by the compensatory 

expression of SGLT1 to increase glucose reabsorption in the kidneys, as well as reported side effects 

associated with reduced blood pressure and urinary tract infections (14).       

 

1.3.2. Appetite regulating drugs for Obesity 

Pharmacological approaches for obesity are only reserved for cases of moderate to severe obesity, 

and there is not an ideal medication so far (12). The most widely used treatment is lifestyle 

intervention, and many appetite regulating drugs only augment better adherence to lifestyle 

interventions (12). 

1.3.2.1. Pancreatic lipase inhibitors 

Pancreatic lipase inhibitors (such as orlistat and cetilistat) reduce dietary lipid absorption in the 

intestines, which reduces circulating free-fatty acids, modulates adipokine release and causes modest 

weight loss (23). Orlistat is most effective when used in combination with a low-calorie diet and 

exercise to promote the weight loss benefits of T2DM (23). 

1.3.2.2. Lorcaserin 

Lorcaserin is a selective small-molecule agonist of the 5-HT or serotonin receptor (5HT2C), which 

suppresses appetite by targeting serotonergic neurotransmission in the hypothalamus (23). Lorcaserin 

preferentially inhibits 5HT2C over its isoform 5HT2B, which has led to the withdrawal of other 

serotonergic inhibitors from clinical use due to its association with cardiovascular disease (23). 

Lorcaserin has been demonstrated to cause effective weight loss by 4.5-10% in two clinical trials and 

was approved for the treatment of obesity by the FDA in 2012 (23–25). Side effects such as headache 

and nausea have been reported (23). 

1.3.2.3. Naltrexone and Bupropion combination treatment 

Naltrexone is an opioid receptor antagonist, whilst bupropion is a dopamine and noradrenaline 

reuptake inhibitor, both of which have been reported to suppress appetite by targeting pro-

opiomelanocortin (POMC) neurons in the hypothalamus (23). Combination treatments of Naltrexone 
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and Bupropion were shown to be more effective in achieving effective weight loss and appetite 

suppression compared to modest effects achieved by monotherapy regimens or placebo (23). Side 

effects include nausea, vomiting and constipation (23). 

 

1.3.3. Bariatric surgery  

Bariatric surgery is a clinically available option for the treatment of severe obesity (clinical criteria vary, 

but often it is only considered if BMI is >40kg/m2 or >35kg/m2 plus comorbidities) (26). There are three 

commonly used surgical procedures in bariatric surgery (26). Laparoscopic gastric banding involves 

placing an inflatable gastric band below the gastro-oesophageal junction, creating a small gastric 

pouch with a narrow stoma (26). Vertical sleeve gastrectomy (VSG) places a staple line across the 

greater curvature of the stomach, reducing the stomach to ~15% of its original size (26). Roux-en-Y 

gastric bypass (RYGB) is a more surgically complex approach that involves transection of the upper 

stomach and dividing the small intestine at the jejunum (26). The first anastomosis is then made 

between the stomach pouch and the distal jejunum (forming the Roux limb), bypassing the stomach 

and duodenum (26). A second anastomosis is made between the remaining stomach, duodenum and 

upper jejunum, and the roux limb (forming the Biliopancreatic limb) (26).  

The Swedish Obese Subjects study was the first prospective clinical study to investigate the long-term 

effects of bariatric surgery (RYGB and gastric banding) in over 2,000 individuals with obesity and T2DM 

(27–30). The study reported significant weight loss by 25% and 14% for RYGB and gastric banding after 

10 years, respectively (27). The study also reported drastically improved glycaemic control (and 

resolution of T2DM), decreased hyperlipidaemia and reduced overall mortality rates (27, 30). The 

Longitudinal Assessment for Bariatric Surgery (LABS) study conducted in the US demonstrated 

significant weight loss associated with RYGB (31.5%) and gastric banding (15.9%) after 3 years in 

addition to similar improvements in risk factors for comorbidities (31). 

The exact mechanisms underlying the effects of bariatric surgery in weight loss and glycaemic control 

are still debateable (32). Weight loss effects in bariatric surgery have been attributed in some studies 

to caloric malabsorption and altered levels of bile acids in the gut and circulation (32). Bariatric surgery 

also affects central control of food intake, since patients often report a loss of appetite following 

bariatric surgery (32, 33). More exaggerated release of the gut hormone Peptide YY (PYY) has been 

reported post-surgery, which acts as an anorexigenic hormone via signalling to the appetite regulating 

centres in the hypothalamus and brainstem (32). Studies in PYY receptor knockout mice  showed 

reduced effects of RYGB on weight loss, demonstrating the potential importance of this peptide in 

controlling food intake (34).  
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Although there is some evidence that the weight-dependent effects underlie improved glycaemic 

control after bariatric surgery, changes in glucose metabolism have been observed immediately after 

surgery in T2DM, suggesting weight-loss independent mechanisms (35). The foregut hypothesis 

suggests that exclusion of the proximal small intestine is associated with reduced circulating levels of 

an “anti-incretin” signal which counters incretin-stimulated insulin secretion (35–37). In support of 

this idea, studies involving duodenal-jejunal bypass surgery in rodents demonstrated normalisation of 

glycaemic control with limited effects on body weight and food intake (36, 37). The hindgut hypothesis 

suggests enhanced delivery of nutrients to the distal GI tract, which causes exaggerated GLP-1 release 

to stimulate insulin secretion, beta-cell function and mass (35, 38, 39). Experiments involving the GLP-

1 receptor antagonist Exendin 9-39 and antibodies against the receptor have demonstrated the roles 

of GLP-1 in glycaemic control after RYGB or VSG (40, 41). Other studies have reported adaptations in 

the alimentary (roux) limb such as tissue hypertrophy, increased glucose utilisation and transcriptomic 

changes (42, 43).   

 

1.4. Metformin in the clinic 

Currently, metformin is the world’s most prescribed drug and is recommended first-line monotherapy 

for T2DM by most clinical guidelines, including the American Diabetes Association (ADA) and European 

Association for the Study of Diabetes (EASD) (44, 45). 

1.4.1. Brief history of metformin  

The history of metformin could be linked to Galega officinialis, a medieval medical herb found in 

Europe which had been used to treat symptoms of diabetes from as early as 1772 (46, 47). Chemical 

analysis of the herb from the mid-1800s found that it was rich in Guanidine, a chemical which was 

later demonstrated to lower blood glucose levels in animals in 1918 (47, 48). The chemical 

development of biguanides was first reported in the 19th Century, which formed the basis of 

metformin (dimethylbiguanide) synthesis by Werner and Bell in 1922 (49). Metformin was first 

reported to lower blood glucose levels in animals in 1929, although it was temporarily ignored along 

with other guanide drugs for over a decade due to the widespread availability of insulin and the 

reported toxicity associated with guanides (47, 50, 51).  

Interest into the glucose lowering effects of metformin was revived in the 1950s when Jean Sterne, a 

clinician from Aron Laboratories in Suresnes, France, further investigated the physiological effects of 

metformin and other biguanides (such as phenformin) in animal studies (47). This led to the first 

breakthrough clinical study demonstrating that metformin reduced blood glucose levels and 

eliminated the need for insulin in patients with maturity onset diabetes in 1957 (47, 52). At the same 
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time, similar clinical studies were also reported for phenformin, which showed greater glucose 

lowering efficacy than other biguanides, resulting in its approval for clinical use (53–55). However, in 

the 1970s, the University Group Diabetes Programme trial in the USA and other clinics in the USA and 

Europe reported lactic acidosis associated with phenformin use, which led to its withdrawal in 1978 

(56–58). Interest into metformin resurfaced in the 1980s due to its better reported safety profile and 

its action as an insulin sensitizer during a time when the concept of insulin resistance was becoming 

central to the understanding of T2DM pathophysiology (47, 59–64). Metformin was reconsidered for 

clinical use by the US food and drug administration (FDA) in 1986, which led to its approval in the US 

in 1994 for the treatment of T2DM (although metformin has been introduced to treat diabetes in the 

UK and Europe from as early as 1958) (47).  

1.4.2. Metformin as a glucose-lowering agent to treat T2DM 

The therapeutic efficacy of metformin as a glucose-lowering agent for the treatment of T2DM was 

best demonstrated in a 1995 clinical trial from DeFronzo et al., involving 289 obese patients with 

uncontrolled T2DM (65). Daily administration of metformin for 29 weeks was reported to lower the 

mean fasting plasma glucose by 2.9mmol/l compared to the placebo group, whilst HbA1c also 

decreased by 1.4% (65). A subsequent clinical study involving 451 patients with T2DM demonstrated 

that the glucose-lowering efficacy of metformin was dose dependent, whereby 500mg metformin 

treatment for 14 weeks resulted in a reduction in HbA1c by 0.6%, whereas 2000mg treatment resulted 

in decrease in HbA1c by 2.0% (66). 

A landmark study investigating the long-term glucose-lowering efficacy of metformin is the UK 

Prospective Diabetes Study (UKPDS), a randomised trial which recruited 1,704 overweight patients 

with T2DM with two primary aims; (1) to investigate the effects of metformin on glucose control and 

(2) to compare the glycaemic efficacy of metformin with sulphonylureas chlorpropamide and 

glibenclamide, and insulin as separate monotherapies (44). The study was conducted over a period of 

10 years (44). The UKPDS trial reported decreased median HbA1c levels (metformin lowered HbA1c 

levels to 7.4% whilst conventional treatment groups achieved 8.0%) as well as reduced risk of diabetic 

complications (44). Compared to insulin and sulphonylureas, metformin was the most effective at 

decreasing other diabetes-related endpoints and incidences of death (44).   

Clinical observations from the A Diabetes Outcome Progression Trial (ADOPT) was reported in 2002, 

which compared the glycaemic efficacy of metformin with glibenclamide and the thiazolidinedione 

rosiglitazone as monotherapies in 4,360 recently diagnosed T2DM patients from 500 centres across 

Europe, Canada and North America (16). After 5 years, 21% of patients in the metformin group 

experienced glycaemic failure (classified as the inability to maintain blood glucose levels below 
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10mmol/l) compared to 15% and 34% of patients in the rosiglitazone and glibenclamide groups, 

respectively (16). Similarly, patients on metformin maintained intermediate optimal glycaemic control 

(as measured by HbA1c) with a mean duration of 45 months compared to 57 months for rosiglitazone 

and 33 months for glibenclamide, respectively (16). Patients from the metformin group experienced 

intermediate improvement in insulin sensitivity compared to the other treatment groups, but also 

experienced a gradual decline in β-cell function (16). The outcomes from the ADOPT trial 

demonstrated that despite achieving glucose-lowering efficacy compared to insulin secretagogues, 

metformin monotherapy was insufficient to prevent gradual β-cell failure and progression of T2DM 

(16). 

Clinical trials have also demonstrated improved efficacy of metformin in combination therapy with 

other antidiabetic agents for the management of T2DM (Reviewed in (45)). The original study by 

DeFronzo et al., showed that metformin treatment in combination with glibenclamide for 29 weeks 

gave superior glycaemic outcomes (as measured by HbA1c reduction) compared to glibenclamide 

monotherapy and switching back to metformin monotherapy later in the trial did not produce further 

clinical benefit (65). A 16-week trial involving 390 T2DM patients demonstrated that metformin and 

insulin combination therapy also improved glycaemic control and reduced dependence on insulin (67). 

Another randomised controlled trial in 96 patients with poorly controlled T2DM demonstrated that 

metformin and insulin treatment caused the greatest reductions in HbA1c levels after 1 year 

compared to other combination therapies involving insulin and glibenclamide or insulin treatment 

alone (68). A clinical study involving combination of insulin sensitizers metformin and troglitazone for 

T2DM treatment showed additive benefits in glycaemic control in a cohort of 29 T2DM patients, which 

was associated with differences in the drugs’ mechanisms of action (metformin reduced hepatic 

glucose production, whilst troglitazone increased peripheral glucose handling) (69). Recent studies 

have explored combination therapy involving metformin and novel antidiabetic agents such as DPP4 

inhibitors, GLP-1 receptor agonists and SGLT2 inhibitors (70–75).        

1.4.3. Metformin and the prevention of T2DM  

The role of metformin in the prevention of T2DM was explored in two studies: Diabetes Prevention 

Programme (DPP) and Diabetes Prevention Programme Outcome Study (DPPOS) (76–80). The DPP was 

a double-blinded, randomised trial involving 3,234 participants at high risk of developing T2DM, who 

were given metformin or moderate-intensity lifestyle intervention from 1996 to 2001 (78, 79). During 

the 3.2 year follow-up of the trial, daily metformin administration was associated with a 31% reduced 

risk in diabetes incidence and significantly lowered mean HbA1c compared to placebo (79).  Following 

the DPP trial, 88% participants were enrolled in the follow-up DPPOS post-randomisation programme 

involving continued metformin therapy and lifestyle-intervention (76, 77, 80). From the DPPOS study, 
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metformin use was associated with an 18% reduced risk in developing T2DM although glycaemic, 

metabolic and cardiovascular complications were no different from placebo (77). The results from the 

DPP/DPPOS studies show the additional benefit of metformin in reducing the risk of T2DM 

development, in addition to its role in treating patients living with diagnosed T2DM (76, 77, 80).        

1.4.4. Effect of metformin on body weight 

About half of the clinical studies investigating metformin in T2DM reported weight loss after 

treatment whilst there are no studies to date reporting an indication of weight gain associated with 

metformin use (Reviewed in (81)). The ADOPT trial reported that patients from the metformin group 

lost weight over 4 years whereas the other antidiabetic agents (particularly participants on 

Rosaglitazone) were associated with weight gain (82). Other clinical studies demonstrated that 

metformin combination therapy with insulin or sulphonylureas either resulted in significant weight 

loss, or reduced the weight gain effects caused by insulin or sulphonylurea monotherapies (83–86). A 

trial involving magnetic resonance imaging in T2DM subjects showed that metformin use reduced 

visceral fat mass, as opposed to rosiglitazone (87).  

Multiple trials in obese but non-diabetic patients have also investigated the weight-loss effects of 

metformin (81). The Biguanides and Prevention of Risks in Obesity (BIGPRO) study was the first to 

show a trend towards weight loss and metformin treatment in 324 abdominally obese patients (88). 

A trial involving 150 obese women demonstrated that metformin treatment for 6 months displayed 

comparable efficacy in weight loss, BMI and waist circumference compared to other clinically 

approved weight loss drugs sibutramine and orlistat (89). The DPP study involving participants with 

impaired glucose tolerance (but not diagnosed with T2DM) also reported significantly greater weight 

loss and reduced waist circumference in the metformin treated group (particularly those who were 

highly adherent to their medications) compared to placebo (79). The follow up DPPOS study similarly 

reported slightly greater weight loss in the metformin group compared to placebo (~2% vs 0.2%) after 

10 years associated with metformin adherence (76).     

Multiple meta-analyses of numerous clinical trials demonstrated significant weight reduction 

associated with metformin therapy compared to patients on sulphonylurea treatment (which 

increased body weight in every trial), but not in the placebo group (63, 90, 91).  

From the reported clinical studies to date, the weight loss effects of metformin have been modest and 

were not entirely consistent across all of the studies (81). However, metformin is unlike most 

antidiabetic agents in that it does not cause weight gain and has been reported to limit the weight 

gain effects caused by insulin and sulphonylureas when given as combination therapy (83–86). 
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1.4.5. Other clinical effects and applications of metformin  

The effects of metformin in cardiovascular disease (CVD) were demonstrated in the UKPDS study, 

which reported that metformin use significantly reduced the incidence of cardiovascular events in 344 

obese patients (44). Similarly, the DPP study reported that metformin lowered CVD risk factors such 

as lipoprotein fractions, C-reactive protein and tissue plasminogen activator (79, 80). Although long 

term monitoring in the DPPOS study did not reveal differences in CVD risk factors compared to 

placebo, metformin use reduced the presence of coronary artery calcium levels, suggesting reduced 

atherosclerotic plaque formation (77). However, no substantial conclusions on the clinical benefits of 

metformin and cardiovascular disease were reached in a recent meta-analysis based on 4 clinical trials 

which collected data on CVD outcomes, due to the scarcity of data (92).  

Metformin is also clinically approved to treat women with polycystic ovarian syndrome (PCOS), based 

on studies in the 1990s reporting that metformin reduced testosterone levels in about 20-25% of 

women with PCOS and improved metabolic and reproductive abnormalities such as irregular 

menstruation and glucose intolerance (93, 94). The clinical benefit of metformin has been associated 

with improved insulin sensitivity and correction of hyperinsulinaemia, although the exact mechanisms 

are still unclear (93, 94). 

Several clinical studies and meta-analyses have highlighted the benefits of metformin for the 

treatment of gestational diabetes mellitus (GDM) (Reviewed in (95)). The Metformin in Gestational 

Diabetes (MiG) trial, which investigated 751 women with GDM randomised for metformin or insulin 

treatment, showed reduced incidence of severe hypoglycaemia and no safety problems (such as short-

term effects on fetal development) with metformin compared with insulin (96). However, since 

metformin is able to cross the placenta, many of the current concerns are associated with potential 

long-term effects on the child, and long term studies are currently ongoing (95).  

Beyond cardiometabolic and endocrine disorders, the effects of metformin on cancer have also been 

explored (97). Several meta-analyses of case-control and cohort studies have concluded that 

metformin use in diabetic patients was associated with as much as 10-40% reduction in incidence of, 

and mortality from, lung, breast, colon, liver, pancreas, prostate and endometrial cancers (98–108). 

To date, there are 17 reported clinical trials investigating the effects of metformin on cancer-related 

biomarkers (Reviewed in (97)). Several clinical trials involving patients with breast, prostate and 

endometrial cancers reported that oral metformin administration prior to surgery resulted in reduced 

expression of Ki-67 proliferation markers in tumour biopsies (109–114). Metformin treatment for 1 

month has also been reported to decrease the numbers of aberrant crypts in multiple colorectal 

cancer prevention studies (115). From this clinical and epidemiological evidence, several phase III 
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clinical trials are ongoing to provide more robust evidence in assessing the effects of metformin in 

cancer (97).  

1.4.6. Side effects of metformin use 

As previously discussed in section 1.4.1, metformin generally has a better safety profile compared to 

other biguanides (45). The most common side effects associated with oral metformin use are GI 

related, including abdominal discomfort, diarrhoea and nausea (45). A small number of patients have 

severe GI intolerance to metformin, associated with gene variants in metformin transporters (See 

section 1.4.7 below) (45, 116–118). By contrast to phenformin, the risk of metformin use and lactic 

acidosis is extremely rare, with 3-10 per 10,000 reported cases, which could have been attributed to 

reduced kidney clearance of lactate (45). Therefore, severe kidney dysfunction (with a glomerular 

filtration rate of <60 ml min-1) is a contraindication for metformin use, although metformin use is 

permitted in patients with mild or moderate impairment in kidney function (45, 119). Some clinical 

studies (including DPPOS) also report Vitamin B12 malabsorption as a side effect of metformin use in 

10% of patients and higher prevalence of peripheral neuropathy associated with chronic metformin 

use (120, 121).         

1.4.7. Genetic variants and patient responses to metformin 

Genome-wide complex trait analysis (GCTA) showed that as much as 34% of the glycaemic response 

to metformin is determined by heritability, demonstrating a genetic contribution to the individual 

responsiveness to metformin (122). Many studies have sought to identify the associated gene variants, 

which could identify potential mechanisms of metformin action as well as improving stratified 

medicine (Reviewed in (123)).    

Initial genetic investigations into the metformin response were performed by investigating 

associations in candidate genes (123). The DPP trial investigated 40 candidate genes (associated with 

monogenic obesity, diabetes, drug interactions and hormonal regulation) and their interaction with 

metformin response in overweight or obese subjects (see section 1.4.3) (124). The study reported 

interactions in the genes encoding AMPK subunits Prkaa1 and Prkaa2, AMPK regulatory kinase Stk11, 

and AMPK target genes Pgc1a and Hnf4a with the metformin response (124). Moreover, associations 

were also reported in Sulphonylurea responsive genes, including Abcc8 and Kcnj11 with the metformin 

response (124). 

The first genome-wide association study (GWAS) investigating metformin pharmacogenetics was the 

GoDARTs study, which investigated 3,200 metformin-treated diabetic patients using electronic health 

data from hospitals in Scotland (125). The study identified the variant rs11212617 located near the 
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locus encoding ataxia telangiectasia mutated gene (ATM) in chromosome 11, which was associated 

with 0.18% lower haemoglobin-A1c (HbA1c) levels in response to metformin treatment (125). ATM 

encodes a serine/threonine kinase involved in cell cycle control and DNA repair, although the 

investigators showed that ATM regulates AMPK activation in hepatocytes (yet the specificity of the 

ATM inhibitor involved has been disputed) (125, 126). Other studies replicated the association 

between ATM and the metformin response, although a separate cohort of 2,994 patients from the 

DPP study did not replicate any association, which could be due to differences in the ethnicity and 

genetic background of patients (127, 128).       

In a meta-analysis involving 10,557 participants of European descent, statistically significant 

associations were found in a variant rs8192675 identified within the Slc2a2 locus and 0.17% greater 

reductions in HbA1c associated with metformin treatment (129). Slc2a2 encodes the glucose 

transporter GLUT2, which is expressed in the liver and the gastrointestinal tract associated with 

hepatic glucose output and glucose absorption (129). Expression studies also demonstrated that the 

same variant was associated with levels of GLUT2 expression in liver samples, suggesting the potential 

importance of GLUT2 in glycaemic control associated with metformin (129). A recent study in a smaller 

cohort of 508 patients with recent onset T2DM in the German Diabetes Study (GDS) group also 

confirmed interactions with the GLUT2 variant and the metformin response (130). 

Perhaps the most studied genetic association of metformin treatment is Slc22a1, a highly polymorphic 

gene which encodes the metformin transporter OCT1 (131–133). Initial candidate pharmacogenetic 

studies by Shu et al., demonstrated that healthy volunteers with reduced-function variants in Slc22a1, 

namely R61C, G465R, G401S and M420del displayed significantly higher blood glucose levels following 

an oral glucose tolerance test compared to individuals without these variants during metformin 

treatment (131). These results were confirmed in a prospective South Danish Diabetes study showing 

that patients with more of these four variants achieved lower HbA1c reductions following metformin 

treatment, whereas radioisotope labelling in human liver samples showed that carriers of these 

variants had reduced tissue accumulation of metformin (134, 135). The Rotterdam study identified 

rs622342 A>C polymorphism in Slc22a1 associated with glycaemic response to metformin, although 

this finding was inconsistent with other studies in different cohorts (136). However, the GoDARTs 

study failed to identify any associations between two of the reduced-function Slc22a1 polymorphisms 

and glycaemic response to metformin in their cohort (137). The GoDARTs study did identify 

associations with at least two reduced function variants of Slc22a1 with gastrointestinal (GI) 

intolerance to metformin in 251 metformin-intolerant T2DM patients, suggesting the importance of 

OCT1 in metformin pharmacokinetics (see below section 1.6.2) (117).    
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Multiple studies have identified genetic associations between the variant rs2289669 in the intron of 

Slc47a1 (which encodes the metformin transporter MATE1) and improved efficacy of metformin in 

achieving HbA1c reduction (124, 138–140). A recent IMI DIRECT trial involving 286 severely 

metformin-intolerant patients reported that, in addition to a variant found in OCT1, another variant 

rs3889348 in the Slc29a4 was associated with reduced expression of the plasma membrane 

monoamine transporter (PMAT) in intestinal tissues and higher odds ratio of GI intolerance (118). 

Another GWAS study from 10,251 T2DM patients with a history of cardiovascular disease in the 

ACCORD trial identified common variants in the Cpa6 (encoding the carboxypeptidase A6) and Prpf31 

(encoding pre-mRNA processing factor 31) that were associated with better and worse glycaemic 

responses to metformin, respectively (141).  

The genetic studies highlight novel genes associated with metformin response and gastrointestinal 

intolerance and provide insights into the mechanisms of metformin action. However, the variants so 

far identified have a very minimal effect of the metformin response (most variants contribute to <1% 

of the difference of metformin treatment in the glycaemic response), suggesting that there are still 

yet to be identified variants that warrant investigation (123).  

 

1.5. Background of the digestive system and the gastrointestinal tract  

The digestive system includes the GI tract and its accessory organs, the liver, gallbladder and the 

pancreas. The GI tract is the centre of nutrient absorption and an important site of exocrine and 

endocrine secretions. A physical barrier guarding against ingested toxic chemicals and microbial and 

viral insults, the GI tract also hosts a biodiverse microbiota which regulates local gut interactions and 

is implicated in inter-organ physiology and disease (142). The GI tract is also richly innervated by the 

enteric nervous system and communicates with the central nervous system to regulate appetite (143). 

Within the GI tract, the stomach is important in mechanical and chemical digestion of foodstuffs, 

whilst regulation of stomach emptying controls the rates of nutrient absorption in the small intestine. 

The three parts of the small intestine (the duodenum, jejunum and ileum) are the primary sites of 

nutrient absorption. The different parts of the small intestine differ considerably in cell composition, 

protein expression and gastrointestinal functions (including nutrient transport and hormone 

secretion) (144). The colon is divided into the proximal colon, distal colon and the rectum. The colon 

is involved in the reabsorption of water and electrolytes and storing undigested material before 

excretion as faeces.  
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Within the accessory organs of the digestive system, the liver produces bile, which is then transported 

into the gallbladder for storage before release into the small intestinal lumen. The liver is also essential 

in regulating blood glucose levels by regulating glucose storage and endogenous glucose production. 

Bile acids are involved in the emulsification of fats and aids in absorption. The exocrine pancreas 

secretes digestive enzymes and bicarbonates to neutralise the acidity of the luminal contents, whilst 

the endocrine pancreas secretes insulin and glucagon necessary for systemic glycaemic control.      

1.5.1. The small intestinal epithelial architecture 

The intestinal epithelia are the second largest tissue in the body, consisting a complex monolayer of 

stem cells and different cell types involved in absorption of nutrients and secretion of mucus, 

hormones and immune mediators (142). The epithelial layer is highly dynamic and undergoes a cycle 

of renewal every 3-5 days in the small intestine (142). Small intestinal tissue homeostasis is highly 

organised into crypt-villus structures (see Figure 1.1) (142). At the base of the crypts, invaginates in 

the intestinal lumen, reside adult stem cells - pluripotent cells which self-renew and are responsible 

for providing the sources of new intestinal epithelial cells (142, 145–148). Also located in the stem cell 

niche are Paneth cells, which secrete antimicrobial chemicals such as defensins and lysozymes to 

protect the stem cell pool and provide nutrients and paracrine factors necessary for stem cell 

maintenance (142, 149, 150). 

Continuously dividing intestinal stem cells give rise to progenitors called transit amplifying cells, which 

rapidly proliferate but are committed to a particularly lineage (146, 151, 152). Once the cells leave the 

transit amplifying zone and begin to mature by migrating towards the villus, the cells differentiate into 

one of six intestinal epithelial cell types with specialised functions (142). The majority of cells are 

absorptive cells known as enterocytes, which maximise the surface area for transport and absorption 

of digested nutrients (142, 153, 154). M cells resides in Peyer’s patches which sense and transport 

antigens from the lumen to lymphoid cells (155, 156). Less than 5% of differentiated cells are secretory 

cells. These include goblet cells, which secrete mucus coating the epithelial layer (157), different 

subtypes of enteroendocrine cells (158–160), tuft cells, involved in host immunity and helminth 

defences (161, 162), and Paneth cells (142, 149). 
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Figure 1.1. The architectural organisation of the gastrointestinal tract. Above: the cellular 

components of the intestinal epithelium, including the crypt and villus domains. The different cell 

types in the intestinal epithelium are labelled (M cells are not included in the diagram). Picture of an 

intestinal organoid is shown on the right. Below: the expression of different transporters involved in 

nutrient transport in enterocytes and functions of enteroendocrine cells.  
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Maintenance of the crypt-villus axis requires coordinated growth factor gradients, predominantly 

WNT and BMP (142). WNT factors are secreted by Paneth cells and mesenchymal cells at the base of 

the crypt (telocytes) that maintain the intestinal stem cell pool, with less WNT signalling further from 

the base of the crypts (149, 163–169). At the crypt-villus junction, BMP growth factors are abundant, 

which induce epithelial cell maturation, whilst BMP inhibitors are released by mesenchymal cells at 

the crypts, to establish a BMP gradient (170–173). EGF and TGF-α ligands are secreted by Paneth cells 

to maintain an intestinal stem cell pool at the base of the crypts (149). Notch signalling regulates the 

fate of neighbouring progenitor cells towards either absorptive or secretory lineages via lateral 

inhibition (151, 157, 160).  

1.5.2. Enterocytes and nutrient absorption 

Intestinal enterocytes are absorptive cells which encompass >90% of epithelial cells in the GI tract. On 

the apical side, enterocytes contain microvilli facing the lumen of the intestine whilst the basolateral 

side faces the blood supply and neurons innervating the GI tract (174). Enterocytes express different 

transporters according to their apical-basal polarity to enable sensing and transport directionality of 

digested nutrients from the lumen into the blood (see Figure 1.1) (174). Enterocytes predominantly 

transport digested carbohydrates as free glucose and fructose (174). The cells express the sodium-

dependent glucose co-transporter SGLT1 on the apical side which actively imports glucose using the 

inward sodium gradient, and the facilitative glucose transporter GLUT2 on the basolateral side for 

passive transport of glucose out into the bloodstream (174). Fructose transport is mediated by GLUT5 

mediated uptake on the apical side, and exit via GLUT2 (174). Proteins are either transported as di- or 

tri-peptides via the H+ dependent peptide transporter PEPT1 which are then hydrolysed into amino 

acids in the cytosol, or as free amino acids via apical amino acid transporters, and subsequently 

extruded from the cells via basolateral amino acid transporters (174). Free fatty acid uptake is 

mediated by passive diffusion as micelles or transported through cluster of differentiation 36 (CD36) 

or fatty acid transport protein 4 (FATP4) (174). Short chain fatty acids are transported in colonocytes 

via monocarboxylate transporters such as SCMT1 or MCT1-4 (174).    

1.5.3. Intestinal nutrient metabolism 

The small intestine is a highly metabolically active organ that sustains the energy demanding processes 

of nutrient digestion and absorption (175, 176). Initial studies using intestinal perfusion models have 

identified glucose and glutamine as the main sources of fuel utilised by intestinal cells (177–185). A 

recent study by Jang et al. measured arterial and venous differences in metabolite concentrations 

from 11 different organs in pigs to study organ-specific metabolite production and consumption, and 

reported that the intestines have the greatest absolute uptake flux of glucose and amino acids 

compared to other organs (186). Other studies have demonstrated the heterogeneity of nutrient 
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metabolism amongst different cell types, reflecting intestinal stem cell renewal and cell differentiation 

along the crypt-villus axis (150, 187–189).  

1.5.4. The GI tract as an endocrine organ 

The intestinal epithelium contains enteroendocrine cells (EECs), which are responsible for the release 

of gut hormones into the circulation such as GLP-1 and PYY (L-cells), GIP (K-cells), Cholecystokinin (I-

cells), Motilin (M-cells), Secretin (S-cells), Ghrelin (A-cells) or Serotonin (enterochromaffin cells) (see 

Figure 1.1) (190). The expression of the gut hormones overlaps between EECs and different EECs are 

localised with different frequencies along the GI tract (190). Two clinically relevant gut hormones are 

GLP-1 and GIP, which are responsible for the incretin effect and potentiate postrandial insulin 

secretion (190). Some gut hormones (such as PYY, Ghrelin and GLP-1) regulate food intake and 

appetite via receptor signalling in the hypothalamus and brainstem whilst others (such as CCK, 

Secretin and Motilin) play major roles in the regulation of GI secretion and motility (190).     

1.5.5. Intestinal organoids 

Breakthrough studies by Sato et al., Ootani et al., and Spence et al., demonstrated that intestinal stem 

cells are capable of growing into purely epithelial structures representing “mini-guts” in a three 

dimensional in vitro environment (see Figure 1.1) (148, 165, 191). These intestinal organoids are 

capable of self-renewal and form a morphological hierarchy of differentiated cells with crypt and villus 

domains resembling the intestinal epithelium in vivo  (148, 165, 191). The intestinal organoid cultures 

could be grown from isolated primary intestinal crypts from the stomach, small intestine and colon, 

or even from a single intestinal stem cell expressing the biomarker Lgr5 (148, 165, 191). Similar to a 

cell line, intestinal organoids could also be passaged and subjected to cryogenic freezing without any 

loss in viability (148). Furthermore, gene modifications of intestinal organoids have previously been 

reported to generate transgenic organoids expressing fluorescent proteins (192, 193) , or editing of a 

mutant gene (194).  Other studies have reported that the transcriptomic signatures of single cells 

isolated from intestinal organoids faithfully reproduce intestinal cells in vivo (144). Intestinal 

organoids have been used to study various physiological processes such as stem cell biology, 

enteroendocrine cell function and microbiome and immunity interactions, as well as disease 

modelling and drug screening approaches (148, 149, 195–200). Thus, the development of intestinal 

organoids holds substantial promise as an in vitro system to study intestinal cellular mechanisms.  
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1.6. Mechanisms of metformin action in the liver and GI tract 

1.6.1 Cellular mechanisms of action 

Many of the cellular effects of metformin have focussed on mitochondria function, since metformin 

accumulates at high concentrations in the mitochondria compared to other cellular compartments 

(201). Previous studies reported that high concentrations of metformin inhibit complex I (NADH 

dehydrogenase) of the mitochondrial electron transport chain and thereby impair mitochondrial 

respiration (see Figure 1.2) (201–204). Consequent to inhibiting mitochondrial respiration, metformin 

has been reported to reduce flux of TCA cycle intermediates responsible for oxidative metabolism 

(205, 206), increasing lactate production from glycolysis (59, 64, 207, 208) and indirectly activating 

AMPK through increased intracellular AMP levels (see Figure 1.2) (209). Activation of AMPK has also 

been considered a central aspect of metformin action based on studies in primary hepatocytes (210–

214). AMPK regulates cellular processes through phosphorylation, but also regulates the 

transcriptome through the regulation of CREB co-transcriptional activators, CREB-binding protein 

(CBP), CRTC2 and SHP, which inhibit the ability of CREB to regulate gene expression (210, 215–217). 

AMPK activation occurs downstream of the serine/threonine kinase LKB-1, which phosphorylates the 

α-subunit of AMPK (218). However, metformin also mediates its effects through AMPK-independent 

mechanisms (219). Experiments by Foretz et al., reported that mice with liver-specific knockout of 

AMPK showed normal glycaemic control compared to wild-type controls (220). Other studies have 

highlighted the importance of inhibiting cAMP/PKA, mTORC1 and PPAR-α signalling pathways 

downstream of metformin action (221–224).  

1.6.2 Liver metabolism  

Considering the important effects of the liver as an insulin-sensitive, metabolically important organ, 

and that metformin has been reported to be an insulin sensitizer, many of the early studies into the 

metabolic effects of metformin action were focused on liver function (213). A key metabolic function 

of the liver is endogenous glucose production to regulate blood glucose levels (Figure 1.2). Numerous 

animal and human studies have since established that metformin inhibits endogenous glucose 

production to achieve its glucose lowering effects, although the exact mechanisms are unclear (220, 

225–227). However, some of the recent studies challenge this mechanism to show that metformin 

increases endogenous glucose production in HFD-fed mouse models and in patients with recent onset 

type-2 diabetes (207, 228).  

Metformin has also been associated with suppressing lipid biosynthesis and increasing fatty acid 

oxidation (FAO) in the liver through AMPK activation (210, 211, 229, 230). This may aid in the  
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Figure 1.2. The effects of metformin on the various biological functions in the liver and GI tract. 
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protective mechanisms of metformin against Non-alcoholic fatty liver disease (NAFLD) and improving 

insulin sensitivity during diet-induced obesity (231–233). These results were based on studies in liver-

specific constitutive AMPK active mice (231, 232) and in mouse models with loss-of-function 

mutations in fatty acid metabolism genes Acetyl-CoA carboxylase genes Acc1 and Acc2 (downstream 

targets of AMPK activation) (233). 

1.6.3 Intestinal glucose handling and lactate production 

There is also evidence that metformin directly regulates intestinal glucose handling (Figure 1.2). 

Several early studies demonstrated that administering biguanides or metformin in the intestinal 

lumen ex vivo or orally in vivo decreased intestinal absorption of glucose in isolated rat intestine 

models and the rate of glucose appearance in the blood, respectively (234, 235). A recent study using 

position emission tomography-computed tomography (PET/CT) scan imaging following orally 

administered fluoro-2-deoxy-2-D-glucose F-2DG demonstrated that oral metformin administration 

delayed intestinal glucose transit in HFD-fed mice (236). However, the underlying mechanisms and 

the glucose transporters involved, and whether metformin affects glucose absorption and intestinal 

glucose transit in humans have yet to be determined. 

Conversely, effects of metformin on intestinal uptake of glucose from the blood have also been 

reported in mouse models and patients with T2DM (237–239). Early experiments in rats demonstrated 

that intrajejunal administration of metformin increased accumulation of 2-deoxyglucose (2-DG) in 

intestinal tissues and increased the rate of plasma glucose disappearance when 2-DG introduced 

intravenously (239). Studies from PET/CT scans showed that the intravenously injected non-metabolic 

glucose tracer 18Fluoro-2DG selectively accumulates in the gastrointestinal tract in metformin users 

(237, 238). Increased uptake of the glucose tracer in the colon was associated with lower fasting 

plasma glucose levels in T2DM patients (237).  

Several studies performed in rodents and in human intestinal tissues demonstrated that metformin 

increased intestinal glucose metabolism into lactate, which was then released into the serosa fluid or 

splanchnic bed (64, 116, 207, 239–242). Since oral metformin use has been associated with increased 

lactate levels in the intestinal wall and the plasma, the gastrointestinal tract could be a major site of 

lactate production in the plasma during metformin therapy (64, 207, 240). Whether lactate production 

by the intestine is a cause for the side effects of lactic acidosis and gastrointestinal intolerance 

associated with metformin use remains to be determined. 
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1.6.4 The microbiome  

The role of the microbiome is increasingly gaining attention, due to the important proposed roles of 

the microbiome in regulating intestinal function, metabolism and the gut-brain axis. Large-scale 

metagenome-wide studies have reported dysbiosis (dysregulation of the microbiome) in patients with 

obesity and T2DM (243–245). Metformin altered the biodiversity of the microbiome in mouse models 

and human studies, partially reversing the dysbiosis in patients with T2DM and obesity (Figure 1.2) 

(245–248). Analysis of 784 metagenomes from Swedish, Chinese and Danish cohorts demonstrated 

that metformin restored the abundance of Escherichia and butyrate producing bacterial strains and 

decreased the abundance of Intestinibacter strains in T2DM patients with dysbisosis (247). Faecal 

microbiota transplant experiments from metformin treated donors into obese mice resulted in 

improved glucose tolerance (246). Another metagenome-wide study in Columbian participants 

reported that metformin generally decreased the biodiversity of the microbiome and increased the 

composition of Akkermansia Muciniphila, a bacterial strain which increases mucus-secreting goblet 

cells (248). Increasing A.Muciniphila populations in HFD-fed mice and obese human subjects was 

associated with improved glucose tolerance, weight loss and reduced inflammatory markers (249, 

250). Metformin also increased the intestinal abundance of Lactobacillus in HFD-fed mice, associated 

with restoration of glucose sensing in intestinal cells (251).   

1.6.5. Bile acid homeostasis  

Bile acids are produced from cholesterol in the liver and released from the gallbladder into the 

intestinal lumen, to facilitate the absorption of lipids (252). Bile acids are then reabsorbed into the 

circulation through enterocytes in the jejunum and ileum (252). Metformin has been reported to 

stimulate bile acid pools in the small intestine through inhibiting active absorption of bile acids into 

the bloodstream (Figure 1.2) (253–256). Mechanistically, metformin, through the activation of AMPK 

signalling, suppresses the activation of the farnesoid receptor FXR, a bile acid receptor involved in 

regulating bile acid production and reabsorption in the ileum (257). Metformin treatment has also 

been associated with decreased serum FGF19 (human homologue of FGF15) levels in type 2 diabetes 

patients, a hormone expressed in the small intestine (particularly the ileum) which functions to inhibit 

bile acid production in the liver and promote gallbladder filling (258–260). A recent study from Sun et 

al., demonstrated that metformin use was associated with reduced abundance of the bacteria 

Bacteroides Fragilis in Chinese patients with early onset T2DM and poor glucose tolerance in mice 

(260). Reduced B. Fragilis composition increased the secretion of the bile acid salt 

glycoursodeoxycholic acid (GUDCA), which inhibited FXR signalling and FGF19 secretion to regulate 

bile acid homeostasis (260).  
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Increasing bile acids in the intestine could be a mechanism by which metformin reduces circulating 

cholesterol levels in the long term (as cholesterol is utilised for bile acid biosynthesis in the liver) (254, 

256). FXR activation by bile acids was associated with improved insulin sensitivity (260). Furthermore, 

bile acids retained in the intestines could regulate osmotic fluid flow and may contribute to diarrhoea 

in patients with metformin intolerance (256). 

1.6.6. GLP-1 and incretin hormones  

GLP-1, an incretin hormone produced from the preproglucagon gene by enteroendocrine L cells 

located predominantly in the ileum and colon, is associated with increased insulin secretion, 

decreased glucagon secretion and appetite suppression, resulting in lower plasma glucose levels (261). 

Numerous clinical studies showed that oral metformin administration increased circulating GLP-1 

levels in obese non-diabetic subjects (262) and in T2DM patients (73, 263–267). A recent clinical trial 

demonstrated that co-application of a GLP-1 receptor antagonist Exendin 9-39 reduced the beneficial 

effects of metformin on glucose tolerance in patients with T2DM, demonstrating a contribution of 

GLP-1 in the glucose lowering effects of metformin (263). Metformin modestly increased circulating 

PYY levels but did not increase circulating levels of GIP in one study (264).    

The mechanisms underlying metformin-elicited elevations in circulating GLP-1 levels are elusive. 

Numerous mouse and human studies have demonstrated that metformin reduces DPP4 activity, 

thereby increasing the half-life of active GLP-1 in the circulation by slowing its degradation (262, 265, 

266, 268–271). Other studies demonstrated that metformin directly stimulates GLP-1 secretion. 

Experiments in mice demonstrated that metformin increased the expression of proglucagon gene and 

GLP-1 protein levels in the intestines, as well as increasing GLP-1 secretion in intestinal cultures (263, 

272). However, there is no consensus regarding the precise secretion mechanisms targeted by 

metformin. Mechanisms such as insulin and WNT signalling (273), muscarinic receptors (274) and 

AMPK signalling (263) have been identified. Metformin has also been demonstrated to indirectly 

increase GLP-1 secretion through increasing bile acids, which activate the receptor TGR5 to stimulate 

GLP-1 secretion (267, 275).   

1.6.7. New metabolic hormones- GDF-15 and FGF21  

GDF-15 (Growth differentiation factor 15) has been identified as the top serum biomarker associated 

with metformin use in patients with Type 2 Diabetes (Figure 1.2) (276, 277). GDF-15 is a stress 

response cytokine and a distant member of the transforming growth factor β (TGF-β) superfamily of 

growth factors (278). Although almost every tissue type is capable of secreting GDF-15 in response to 

cellular stressors, under physiological conditions GDF-15 expression is only limited to the lung, liver, 

kidney, intestines, adipose tissues, and is produced in large amounts by placental trophoblasts (279–
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287). Circulating serum GDF-15 concentrations are relatively high in healthy individuals (288) but are 

especially elevated with age, pregnancy, recent surgery, mitochondrial disease and metabolic diseases 

such as cachexia, obesity and T2DM (reviewed in 12, 13). Various studies using transgenic knockout or 

overexpression studies in mice have demonstrated the importance of GDF-15 as an anorexigenic 

hormone (291–294). Recent studies have identified the receptor for GDF-15 called GFRAL, expressed 

in the area postrema and Nucleus Tractus Solitarii (NTS) located in the brainstem, whose functions 

include the control of taste aversion (295, 296).  

Metformin has also been reported to elevate circulating levels of FGF21 in rodents and human subjects 

and elicit FGF21 expression in hepatocytes (Figure 1.2) (297, 298). FGF21 is a hormone primarily 

released by the liver in response to low amino acid levels and high levels of carbohydrates (299–301). 

Initially identified from a phenotypic screening of glucose uptake in adipocytes in an insulin-

independent manner, FGF21 was later reported to greatly enhance insulin sensitivity in vivo via 

signalling in adipose tissues (302, 303). Exogenous FGF21 administration has also been reported to 

suppress sweet taste preference and sugar intake, and decrease activation of central reward pathways 

(301, 304, 305). Other studies reported that administration of FGF21 or its analogues reduced body 

weight and food intake in non-human primates and humans (304, 306–308). 

1.6.8. The gut-brain axis  

A recent study demonstrates that oral metformin increases the activity of AMPK in the duodenum, 

which activates the gut-brain axis to limit hepatic glucose production (212). In the proposed 

mechanism, metformin stimulates GLP-1 signalling in afferent nerve terminals, which relays the signal 

to NMDA receptors in the NTS (Figure 1.2). This in turn signals the liver to limit endogenous glucose 

production via hepatic vagus efferent nerves (212). Interference in any part of the pathway, either via 

GLP-1 receptor antagonists, NDMA receptor inhibitors, or hepatic vagotomy, limited the effects of 

metformin on endogenous glucose production (212). Metformin is reported to stimulate 5-HT 

secretion from enterochromaffin cells in human duodenal cultures (309). It remains to be determined 

whether metformin elevates circulating 5-HT levels in vivo, which could otherwise influence nausea 

and vomiting centres through 5-HT3 receptors (310).  

 

1.7. Metformin pharmacokinetics, bioavailability and biodistribution  

Metformin is administered orally as a hydrochloride salt, which exists as a hydrophilic cation in 

solution at physiological pH, limiting its diffusional passage through lipid membranes (311). Metformin 

is mostly absorbed in the small intestine (rarely in the stomach or the colon), with a bioavailability of 
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50-60%. In the circulation, metformin remains unbound to plasma proteins, and is not metabolised 

(311). Most of the plasma metformin is cleared in the kidney and excreted in urine (311). 

1.6.1 Metformin tissue biodistribution 

Studies by Wilcock and Bailey investigated the biodistribution of orally administered metformin in 

various tissues in wild-type and streptozotocin (STZ)-induced diabetic mice over a period of 24 hours 

(312). Following a single dose, 14C-metformin accumulated at the highest concentrations in the 

proximal jejunum (147-2297µmol/kg), jejunal ileal junction (419-1173µmol/kg) and the distal ileum 

(276-3355 µmol/kg) of wild-type mice within the first four hours following administration (312). After 

the small intestine, the kidneys also accumulated metformin at high concentrations (121-428 

µmol/kg), whilst similar concentrations were reported in the colon (160-350 µmol/kg) (312). The liver 

accumulated metformin at lower concentrations (37-182 µmol/kg) whilst metformin accumulation 

was modest in other tissues such as the white adipose tissue, skeletal muscle, heart and the brain 

(312). Plasma levels of metformin did not reach beyond 50 µmol/kg when sampled from the hepatic 

portal vein or inferior vena cava (312). Similar metformin biodistribution was also reported in STZ-

induced diabetic mice (312). Studies involving whole-body PET scan imaging of 11C-metformin 

biodistribution in human subjects reported similar findings, in which oral administered metformin 

accumulated predominantly in the small intestine, liver and kidneys (313). 

1.6.2 Intestinal metformin transporters 

Since metformin is unable to freely diffuse through the plasma membrane, metformin transporters 

are required for intestinal metformin absorption (116). Various metformin transporters have been 

identified, which include the organic cation transporter (OCT) family, plasma membrane monoamine 

transporter (PMAT), serotonin transporter (SERT), choline transporters (CHT) and multi-drug extrusion 

protein (MATE) (314). Pharmacological and knock-down experiments in Caco-2 cells demonstrated 

that multiple metformin transporters, OCT1, PMAT, SERT and CHT are localised in the apical 

membrane responsible for metformin uptake, although CHT expression was not found in human 

intestinal tissues in other studies (314). As discussed in section 1.4, pharmacogenetic studies have 

shown that gene variants in metformin transporters OCT1 and PMAT were associated with GI 

intolerance of metformin, supporting the important roles of these transporters in metformin 

transport in the gut (117, 118).  Studies of transport kinetics showed that whilst metformin was 

efficiently transported into cells from the apical side, this was more limited from the basolateral side 

of enterocytes, suggesting asymmetrical membrane localisation of metformin transporters (315). This 

mechanism might explain the observations from biodistribution studies that metformin accumulates 
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at high concentrations in the small intestine relative to the circulation, as it is readily absorbed from 

the lumen but not readily released into the bloodstream (312). 

 

1.8. The importance of the GI tract in metformin action  

In addition to the evidence for metformin accumulation in the intestines, other studies have altered 

the pharmacodynamics and pharmacokinetics of metformin to demonstrate that the GI tract is an 

important site of metformin action. 

1.7.1 Routes of metformin administration 

Pharmacokinetic studies attempted to investigate the primary site of metformin action in its glucose-

lowering response (311, 316). Stepensky et al., assessed the effects  of metformin administration in 

STZ-induced diabetic rats via different routes; intraduodenal bolus or infusions (administering 

metformin into the lumen of the GI tract), hepatic-portal infusion (administering metformin into the 

hepatic portal vein) and intravenous infusion (316). Although metformin reached similar plasma 

concentrations with each route of administration, metformin administration via the intraduodenal 

route resulted in the most potent glucose-lowering effects, seconded by hepatic-portal infusion, 

whereas intravenous administration exhibited minimal effects (316). Similarly, intravenous metformin 

injections in non-diabetic subjects did not significantly affect fasting plasma glucose, insulin, C-peptide 

or glucagon levels (317) and intravenous metformin injection in T2DM patients did not affect glucose 

disposal or endogenous glucose production (318). These studies suggest that metformin 

administration from the lumen of the intestine is more efficacious compared to administration directly 

into the circulation.  

1.7.1 Delayed release metformin formulations 

A recent phase I clinical study compared the effects of immediate release metformin (metformin-IR) 

and an extended release formulation of metformin (metformin-XR, a variant formulation coated with 

a polymer matrix which slows the release of metformin in the gut to improve GI tolerance but having 

similar bioavailability and efficacy) to a delayed release metformin (metformin-DR) formulation in 

healthy subjects (319). The metformin-DR formulation includes metformin encased in an enteric coat, 

which delays the dissolution of metformin until it reaches the ileum at a pH of 6.5, thus greatly 

delaying metformin absorption and decreasing plasma bioavailability by 50% compared to other 

metformin formulations (319). In these cohorts, daily oral administration of metformin-DR for a period 

of 12 weeks enhanced glycaemic control (measured fasting plasma glucose levels and baseline HbA1c) 

with 40% improved potency compared to extended release metformin formulations (319). The 
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metformin-DR formulation was also well tolerated, and plasma lactate measurements were similar 

compared to the placebo group (319). Similar conclusions were also reached in two separate clinical 

trials comparing metformin-DR and metformin-IR in patients with T2DM, particularly in a larger cohort 

involving 571 subjects (86, 320). Metformin-DR also elevated GLP-1 and PYY levels in the circulation 

(86). 
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1.9. Aims of the Thesis 

This thesis aims to establish the cellular effects of metformin action in intestinal cells. The results 

would provide further insight into the pharmacological effects of metformin on glycaemic control and 

weight loss.  

The effects of metformin on the signalling and metabolic pathways in the liver have been well 

established. The gastrointestinal tract is an important site of metformin pharmacokinetics and 

accumulates at the highest concentrations, although the cellular mechanisms of how intestinal cells 

respond to metformin treatment are not well established. The first aim of this thesis is to explore 

changes in signalling and metabolic pathways and gene expression profiles using RNA-sequencing in 

2D monolayer cultures from murine intestinal organoids in response to high dose metformin exposure 

(Chapter 3). The results from the RNA-sequencing data would inform on further investigations into 

responsive genes and pathways associated with metformin action. 

Metformin is one of the very few antidiabetic agents that causes modest weight loss as monotherapy 

or reduce the effects of weight-gain of other antidiabetic agents when given in combination. The 

newly discovered anorexigenic hormone GDF-15 has been identified as a key biomarker associated 

with metformin use in T2DM patients. Experiments performed by Tony Coll and Stephen O’Rahilly 

have found that GDF-15 expression is upregulated in the small intestine in HFD fed mice, which may 

be responsible for the observed increased serum levels of GDF-15 in mice and humans (321). Another 

aim of this study is to investigate the signalling pathways associated with metformin stimulated GDF-

15 secretion in intestinal cells (Chapter 4).   

The gastrointestinal tract is an important site of glucose absorption and consumption. Whilst evidence 

suggests that one of the glucose-lowering mechanisms of metformin is to reduce glucose absorption 

and increase glucose disposal in the gastrointestinal tract, the molecular mechanisms involved are not 

well understood. One of the aims of this thesis is to study the effect of metformin on the expression 

of glucose transporters in intestinal tissues from mice fed with HFD and short or long-term oral 

metformin gavage, and in 2D monolayer cultures from intestinal organoids, as well as the mechanisms 

regulating glucose flux in intestinal cells following metformin exposure (Chapter 5). Finally, the 

metabolic effects of metformin on nutrient metabolism are assessed via live-cell imaging of 

metabolites in intestinal epithelial cells and Seahorse bioassays (Chapter 6).    
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Chapter 2: Materials and Methods 

2.1 Materials and Reagents 
REAGENT/RESOURCE SOURCE IDENTIFIER 

Cell culture reagents 

Advanced DMEM-F12 (ADF) medium Life Technologies 12634010 

R-Spondin Trevigen #3710-001-01 

EGF Life Technologies PMG8041 

Noggin Peprotech EC Ltd 250-38-500 

N2 Supplement Life Technologies 17502048 

B27 Supplement Thermo Fisher A1895601 

Penecillin/Streptomycin Sigma P0781-100ml 

L-Glutamine Sigma G7513-100ml 

N-acetylcysteine Sigma A9165-5G 

ROCK inhibitor Y27632 Tocris 1254/10 

DMEM (no glucose, no pyruvate, no 
glutamine) 

Life Technologies A1443001 

Basement matrix extract R&D Technology 3533-010-02 

Matrigel Corning 354234 

TrypLE express reagent Life Technologies 12605010 

FBS Gibco 10270-106 500ml 

PBS Sigma D8537 

Lipofectamine 2000 Invitrogen 11668019 

Optimem Thermo Fisher 31985-062 

EDTA Sigma 03690-100ML 

70μm cell strainer Thermo Fischer 11597522 

Drugs/Reagents 

Glucose Sigma G7528-250G 

Fructose Sigma F0127 

Sodium Pyruvate Sigma S8636-100ml 

Metformin Sigma PHR1084-500MG 

Rotenone Sigma R8875-1G 

Antimycin A Sigma A8674-25mg 

Oligomycin A Sigma R8875-1G 

FCCP Tocris 0453/1 

UK-5099 Sigma PZ0160-5MG 

Az-991 Gift from AstraZeneca 

Β-Nicotinamide Mononucleotide Sigma N3501-25MG 

MitoTEMPO Sigma SML0737-5MG 

MitoPQ Gift from Mike Murphy 

MitoCDNB1 Gift from Mike Murphy 

Duroquinone Sigma D223204-1G 

Doxycycline Hyclate Sigma D9891-5G 

Actinonin Sigma A6671-10MG 

MitoBloCK6 Merck 505759 

ISRIB Gift from David Savage (originally from Sigma) 

GSK 2606414 Gift from David Savage (originally from Sigma) 
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A-92 Axon Medchem 2720 

KC7F2 Sigma SML-1043 

NSC-134754 Sigma 400086 

Phloretin Sigma P7912-25MG 

Phloridzin Sigma 274313-1G 

Forskolin Sigma F6886-10MG 

2-Deoxyglucose Sigma D8375-1G 

Oxamate Sigma O2751-5G 

AR-C155858 Tocris 4960/1 

Syrosingopine Sigma SML1908-5MG 

Aminooxyacetic Acid (AOA) Sigma C13408-1G 

β-chloro-L-alanine (βCLA) Sigma C9033-250MG 

Phenylsuccinic Acid (PhS) Sigma P35200-25G 

iGP1 Merck 530655 

GPi-688 Tocris 3967/10 

Etomoxir  Sigma E1905-5MG 

Plasmids and extraction reagents 

FLII12Pglu-700μδ6 plasmid Addgene #28002 

FLIPQ-TV3.0_2 m plasmid Addgene #63732 

GW1-PercevalHR plasmid Addgene #49082 

GW1-Peredox-mCitrine plasmid Addgene #32386 

PcDNA3.1-Pyronic plasmid Addgene #51308 

Midi Prep plasmid DNA purification kit Qiagen 12643 

Ampicillin Sigma A0166 

RNA extraction and RT-qPCR 

RNeasy Micro Plus kit Qiagen 74034 

RNeasy MinElute Cleanup kit Qiagen 74204 

Bioanalyser RNA Nano kit Agilent Technologies 5067 

Qiazol lysis reagent Qiagen 79306 

Rnase OUT (inhibitor) Thermo Fisher Scientific 10777019 

dNTP (25mM) Thermo Fisher Scientific R1121 

Random Primers Promega C1181 

Superscript II enzyme  Life Technologies 18080093 

TaqMan Universal master mix Thermo Fisher Scientific 4352042 

Taqman Assay Probes 

β-actin Thermo Fisher Scientific Mm02619580_g1 

Slc2a1 (GLUT1) Thermo Fisher Scientific Mm00441480_m1 

Slc2a2 (GLUT2) Thermo Fisher Scientific Mm00446229_m1 

Slc2a5 (GLUT5) Thermo Fisher Scientific Mm00600311_m1 

Slc5a1 (SGLT1) Thermo Fisher Scientific Mm00451203_m1 

Ddit3 (CHOP) Thermo Fisher Scientific Mm01135937_g1 

Seahorse and Secretion reagents 

Seahorse XF24 FluxPaks Agilent Technologies 100850-001 

Seahorse XF base medium without Phenol red Agilent Technologies 103335-100 

GDF-15 assay kit R&D Systems MGD-150 

Lactate assay kit Siemens Healthcare DF-16 
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LDH assay kit Siemens Healthcare DF-54 

Alanine transaminase assay kit Siemens Healthcare DF-143 

Aspartate transaminase assay kit Siemens Healthcare DF-41A 

 

 

 

2.2 Media and Buffer components 

Saline buffer for imaging experiments: 138mM NaCl, 4.5mM KCl, 4.2mM NaHCO3, 1.2mM NaH2PO4, 

2.6mM CaCl2, 1.2mM MgCl2, 10mM HEPES. pH adjusted to 7.4 with 1M NaOH. 

 

Saline buffer for imaging experiments using Oxamate:  

(Buffer 1: no oxamate) 38mM NaCl, 100mM Mannitol, 4.5mM KCl, 4.2mM NaHCO3, 1.2mM NaH2PO4, 

2.6mM CaCl2, 1.2mM MgCl2, 10mM HEPES. pH adjusted to 7.4 with 1M NaOH. 

(Buffer 2: with oxamate) 38mM NaCl, 50mM Na-Oxamate, 4.5mM KCl, 4.2mM NaHCO3, 1.2mM 

NaH2PO4, 2.6mM CaCl2, 1.2mM MgCl2, 10mM HEPES. pH adjusted to 7.4 with 1M NaOH. 

Lysis buffer: 0.25g deoxycholic acid, 0.5ml of Igepal CA-630, 2.5ml of 1M Tris-HCL, 1.5ml 5M NaCl, 1 

tablet of complete EDTA-free protease inhibitor cocktail, made up to 50ml with water. 

EGF, Noggin, R-Spondin (ENR) media: 50ng/ml murine EGF, 100ng/ml murine noggin, 1µg/ml human 

RSpondin-1, 1% penicillin/streptomycin, 2mM L-glutamine, N2 supplement (1X), B27 supplement (2X), 

1µM N-acetyl-L-cysteine and 10µM Y-27632 ROCK inhibitor diluted in advanced DMEM/F-12 (ADF). 

Neutralisation media: 10% FBS and 10μM Y27632 in ADF. 

Cryopreservation media: 50% FBS, 10% DMSO and 10μM Y27632 in ADF. 

 

2.3 Intestinal organoid lines 
Most of experiments were performed using three organoid lines generated from: 

1. Wild-type mouse (ROSA26-GCaMP3+/+)  

2. GIP-cre/ROSA26-tdRFP+/+ mouse - transgenic mice expressing the reporter tdRFP in cre 

expressing cells, under the control of the GIP promoter, as described in (322).  
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3. SST-cre/ROSA26-tdRFP+/+ mouse -  transgenic mice expressing the reporter tdRFP in cre 

expressing cells, under the control of the SST promoter, as described previously (323). Organoids 

were initially established by Lawrence Billing. 

Note the presence of RFP fluorophore in GIP and SST positive cells does not affect imaging experiments 

as all of the sensors used were excited at <500nm and tdRFP would only be visualised upon excitation 

at ~535nm.  

CHOP knockout mouse used to generate organoids were a gift from Dr. Jane Goodall (University of 

Cambridge), with the line from Jackson Laboratory, Maine, USA (B6.129S(Cg)- Ddit3tm2.1Dron/J, 

Stock No: 005530). B0AT1 knockout (Slc6a19-/-) mouse to generate organoids were a gift from 

Professor Stefan Broer (Australian National University) . SNAT2 knockout (Slc38a2-/-) mouse to 

generate organoids were a gift from Dr. Miguel Constancia (University of Cambridge). 

 

2.4 High fat diet mouse experiments 
The experimental procedures used in HFD mouse experiments were described in (321). All mouse 

studies were performed in accordance with UK Home Office Legislation regulated under the Animals 

(Scientific Procedures) Act 1986 Amendment, Regulations 2012, following ethical review by the 

University of Cambridge Animal Welfare and Ethical Review Body (AWERB). The in vivo mouse studies 

involving metformin administration were performed by Anthony Coll, Irene Cimino and Debra 

Rimmington. 

2.4.1 Acute metformin gavage in HFD-fed wild type mice 

Male C57BL6/J mice were switched from standard chow to 45% HFD for 1 week and then fed with 60% 

HFD for 3 weeks. Metformin (Sigma Aldrich) was reconstituted in water and fed at a single dose of 

600mg/kg (or matched volume of sham) for oral gavage. The mice returned to 60% HFD diet ad 

libitum. After 6 hours, the mice were sacrificed. 

2.4.2 Long-term metformin dosing in HFD-fed wild type mice 

Male C57BL6/J mice were switched from standard chow to 60% HFD 3 days before the single dose of 

metformin treatment. Mice received daily oral gavage of metformin at 300mg/kg for 11 days and 

remained on 60% HFD ab libitum. On day 11, mice were sacrificed by terminal anaesthesia 4 hours 

post gavage.   

2.4.3 Tissue processing 
The small intestine (from the stomach to the ileal-cecal junction) was isolated into three equal length 

segments and intestinal tissues were taken from the middle of each segment (Figure 2.4). These 
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segments were termed proximal, middle and distal small intestine, respectively. The colon was 

isolated from the ileal-cecal junction to the anus, and the colonic tissue was taken from the middle of 

the segment. The tissues were collected in Lysing Matrix D homogenisation tube (MP Biomedicals) on 

dry ice and stored at -80oC before RNA extraction.  

 

  

Figure 2.1. Experimental protocol involving HFD-fed mice. (A) acute single-dose metformin oral 
gavage and (B) 11 day metformin oral gavage. (C) Schematic showing the different samples taken 
from different sections of the proximal, middle and distal small intestine and the colon. 



37 
 

2.5 Small intestinal organoid culture 
 

2.5.1 Crypt isolation from mouse intestine 
Intestinal organoid generation protocols were adapted from (148, 324). To establish duodenal 

intestinal organoids, the intestines were isolated from the proximal 3cm of the small intestine distal 

to the stomach. To establish ileal intestinal organoids, the intestines were isolated from the distal 

10cm of the small intestine proximal to the ileal-cecal junction. The intestines were sectioned into 

small segments. Crypt isolation from the small intestine was performed as previously described (324). 

Briefly, to facilitate crypt isolation, intestinal segments were treated with 30mM EDTA in ice cold PBS 

for 5 minutes followed by vigorous shaking in PBS. After 2-3 rounds of EDTA digestion, fractions 

containing the highest yield of dissociated crypts and lowest yield of villi were filtered through a 70μm 

cell strainer (Thermo Fisher) to remove villus contaminants. The purified fractions containing mostly 

crypts were centrifuged at 200 x g for 5 minutes at 23oC and the crypt pellet was resuspended with 

200μl of basement membrane extract (BME, R&D Technology) and pipetted dropwise to form a dome 

on the centre of each well in a 48 well plate. The plates were incubated at 37oC for 30-60 minutes to 

allow Matrigel polymerisation. Intestinal organoids were then supplemented with 250μl per well of 

EGF-Noggin-R-spondin-1 (ENR) media (modified from (148), see section 2.2 for materials) and placed 

in a 37pC humidifying incubator with 5% CO2.  

2.5.2 Maintenance 
After 5-8 days of culture, intestinal organoids were passaged by incubation with TryPLE express 

dissociation reagent (Life Technologies) at 37oC for 2-5 minutes, followed by neutralisation using ADF 

media containing 10% FBS and 10μM Y27632. The suspension was centrifuged at 300g for 5mins, and 

the supernatant removed. The organoid pellets were thoroughly triturated by pipetting using a P200 

pipette tip to facilitate mechanical breakup of organoids before resuspension in matrigel and plated 

dropwise in a 48 well plate in the same manner as seeding crypts (Nunc). Organoids were split 

between 1:2 to 1:8 ratio. Medium was changed twice a week. 

2.5.3 Cryopreservation and thawing  
After 4-7 days of culture, intestinal organoids were collected using ice cold TryPLE reagent 

immediately followed by addition of neutralisation media. The suspension was centrifuged at 300 g 

for 5 minutes at 23oC. After removal of supernatant, the organoids were resuspended in 

Cryopreservation media. The suspended organoids were aliquoted into 1ml cryogenic vials, which 

were placed into a Mr. Frosty cryopreservation container at -80oC overnight. The cryotubes were then 

transferred into liquid N2 filled tanks.   
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To recover frozen organoids, the cryogenic vials were warmed in a 37oC water bath and the contents 

were transferred into a falcon tube containing 5ml neutralisation media. The organoids were pelleted 

at 150 x g for 5 minutes at 23oC and resuspended using BME as described for the crypt isolation 

procedure. 

2.5.4 2D monolayer culture and drug treatments 
The experimental time from the generation of 2D monolayer cultures to the day of experiments 

requires multiple days, a schematic is shown in Figure 2.5. On day 1, intestinal organoids were 

dissociated to generate 2D monolayer cultures. Procedures for establishing intestinal organoids into 

2D monolayers were reproduced from (324). Briefly, wells of 24 well plate, 48 well plate, or 35mm2 

glass bottomed dishes were pre-coated with ADF media containing 2% matrigel (Corning) for 1 hour 

at 37oC. Intestinal organoids cultured in matrigel were collected in ice cold ADF media (for experiments 

requiring >16 organoid wells), and the suspension was centrifuged at 300 g for 5 mins, followed by 

removal of the supernatant. The above step was omitted for experiments requiring <16 wells and 

organoids were directly collected with warm TryPLE reagent. Organoids were treated with TryPLE 

reagent for 2-4 minutes at 37oC, followed by mechanical trituration using a P1000 tip and 

neutralisation. The organoid fragments were pelleted at 300-600xg for 5 minutes. The pellet was 

further mechanically dissociated by repeated trituration by ~50 times to form organoid fragments. 

The pellet was resuspended in ENR media with 10µM Y-27632 before pipetting the suspension onto 

each well/dish for incubation overnight. 

On day 2, after observing that the 2D monolayers were formed, the supernatant was removed from 

the wells/dishes and cultures were treated with ENR containing drug reagents. For metformin pre-

treatments, metformin was formulated at 10mM stock by dissolving into ADF. Metformin was used at 

a working concentration of 1mM (1:10 dilution in ENR). The plates/dishes were incubated for 37oC in 

the humidifying chamber for 24 hours.  

2.5.5 Plasmid amplification and Transfection 
Bacteria containing plasmids purchased from Addgene were plated onto agar plates containing 

Ampicillin and incubated at 37oC overnight. Bacterial colonies were picked using a P200 pipette tip 

and propagated as starter cultures for 4-6 hours at 37oC. 1ml of starter cultures were transferred into 

a conical flask containing 250ml of LB broth and Ampicillin (100µg/ml) and incubated for 16-20 hours 

at 37oC. The propagated cultures were collected into 50ml falcon tubes and spun at 4000 g for 10 

minutes at 4oC. Plasmids were extracted from the bacterial pellets using the Midi Prep plasmid DNA 

purification kit (Qiagen) according to manufacturer’s instructions. Plasmid sequence were verified by 

restriction digest.  
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For imaging studies, on day 2 of experiments (as described for section 2.5.4) and before drug pre-

treatment, the 2D monolayer cultures were transfected with the plasmid of interest. A transfection 

mix was prepared by mixing 2µg of plasmid DNA with 2µl of Lipofectamine 2000 reagent in 100µl of 

Lipofectamine per reaction and incubated for 10 minutes at 23oC. 100µl of transfection mix was added 

carefully onto the centre of the imaging dish and incubated at 37oC for 4-8 hours.   

 

Figure 2.2. Experimental protocol involving seeding of 2D monolayers and treatment of cultures 

with metformin. Images of organoids in 3D form and in 2D monolayers are shown below. 

 

 

2.6 Imaging experiments 

2.6.1 Live cell imaging preparations 
Before imaging, the 2D organoid cultures were washed thoroughly with 138 saline buffer (with no 

glucose, unless indicated). Cells were preincubated at 37oC for 5-15 minutes prior to measurements. 

All treatments were made up in 138 saline buffer. During imaging, treatments were perfused at a rate 

of ~2ml per minute.     
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2.6.2 Perceval imaging of intracellular ATP  
Perceval HR is a genetically encoded fluorescent intracellular ATP and ADP sensor as described in 

(325). The Perceval HR sensor contains an ATP/ADP binding bacterial histidine kinase (GlnK) tagged 

with a circularly permuted Venus fluorescent protein (Figure 2.6A) (325). The Perceval HR sensor is an 

improved variant of the original Perceval sensor identified from mutagenesis of amino acid residues 

around the ATP-binding pocket, with an increased fluorescence response to a wide range of 

intracellular ATP and ADP concentrations. The sensor has two excitation peaks, at ~420nm and 

~500nm to detect ATP and ADP binding to the sensor, as well as an isosbestic point at 455nm (Figure 

2.6B).  The sensor has an emission peak at ~520nm.  

Perceval imaging was performed on 2D monolayer cultures 2 days after seeding in 35mm2 glass 

bottomed dishes and a day following transfection of the plasmid encoding Perceval HR. Imaging was 

performed using an inverted fluorescence microscope (Olympus IX71, Olympus, Southend on Sea, UK) 

with a x40 oil-immersion objective lens. Perceval HR was excited at 490±2nm and 450nm sequentially 

using a 75W xenon arc lamp connected to a monochromator (Cairn Research, Faversham, UK), 

controlled by MetaFluor software (Molecular Devices, Wokingham, UK). Emissions were captured 

using an Orca ER camera (Hamamatsu, Welwyn Garden City, UK), and images were acquired every 10 

seconds. Images were background subtracted using MetaFluor software, and the fluorescence 

intensities were transcribed to an excel spreadsheet. The Perceval fluorescence ratio (FI/F0) was 

calculated by dividing the fluorescence at 490nm by 450nm (Figure 2.6C). Fluorescence at 490nm was 

dictated by changes in intracellular ATP concentrations, whilst the isosbestic point remained constant 

(Figure 2.6C). Data points were smoothened with a sliding average over 60 seconds. Changes in 

Perceval fluorescence were calculated by subtracting the differences from the minimum fluorescence 

response during treatment to the minimum fluorescence 120 seconds prior to treatment (basal). 

Figure 2.3. Measurement of intracellular ATP levels in live cells via Perceval-HR fluorescence. (A) 

Diagram of Perceval HR ATP sensing. (B) Excitation and emission spectra of Perceval HR. (C) Changes 

in Perceval HR fluorescence in response to Saline, 10mM glucose (10G) and glycolysis inhibitor 2-DG, 

as measured by monitoring 450nm and 490nm excitation wavelengths and calculation of the 

Perceval fluorescence ratio (F490nm/F450nm). 
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2.6.3 Peredox imaging of cytosolic NADH/NAD+ ratio 
Peredox is a genetically encoded fluorescent sensor exclusively localised in the cytosol and not in the 

mitochondria, enabling compartmentalised imaging of cytosolic NADH concentrations (as a 

measurement of the cytosolic NADH/NAD+ redox ratio), as described in (326). The Peredox sensor 

contains a bacterial NADH binding protein, T-Rex tagged with a circularly permuted GFP T-Sapphire 

with an excitation peak at ~400nm and emission at ~500nm and increases in fluorescence correlated 

with increased cytosolic NADH (Figure 2.7A-2.7B). The sensor also contains a sensor mCitrine attached 

in tandem to enable ratiometric measurements.      

Peredox imaging was performed on 2D monolayer cultures 2 days after seeding in 35mm2 glass 

bottomed dishes and a day following transfection of the plasmid encoding Peredox, using the same 

equipment and similar to the procedures described for Perceval imaging. The T-Sapphire and mCitrine 

fluorescence of Peredox was sequentially excited at 405±20nm and 480±10nm, respectively and 

images were acquired every 10 seconds. Background subtraction was performed on MetaFluor 

software and fluorescence measurements were transcribed in an excel spreadsheet. Peredox 

fluorescence ratio (FI/F0) was calculated by dividing the fluorescence at 405nm by 480nm (Figure 

2.7C). T-Sapphire fluorescence was increased correlating with cytosolic NADH concentrations, whilst 

the mCitrine fluorescence remained constant throughout the experiment (Figure 2.7C). Data points 

were smoothened with a sliding average over 60 seconds. Changes in Perceval fluorescence were 

calculated by subtracting the differences from the maximal fluorescence response during treatment 

to the maximal fluorescence 120 seconds prior to treatment (basal). 

 

 

 

 

 

 

 

 

 

 

Figure 2.4. Measurement of cytosolic NADH levels in live cells via Peredox 

fluorescence. (A) Diagram of Peredox-mCitrine NADH sensing. (B) Changes in Peredox 

and mCitrine fluorescence in response to LDH inhibitor Oxamate, as measured by 

monitoring fluorescence of the fluorophore when excited at 405nm and 480nm, and 

calculation of the Peredox fluorescence ratio (F405nm/F480nm). 
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2.6.4 Autofluorescence imaging of NAD(P)H and FAD  
The cellular redox states can be estimated by measuring NAD(P)H and FAD autofluorescence as 

described in (327). NAD(P)H has an autofluorescence characteristic of the nicotinamide ring at UV 

range of excitation, whilst FAD has a characteristic autofluorescence of the flavin ring excited at 

~450nm. Autofluorescence imaging was performed on untransfected 2D monolayer cultures 2 days 

after seeding in 35mm2 glass bottomed dishes. A phase contrast image of the cells was captured as a 

reference to identify cells/regions of interest. NAD(P)H and FAD autofluorescence were sequentially 

excited at 360±15nm and 465±10nm, respectively and images were acquired every 10 seconds. 

Background subtraction was performed using MetaFluor software and fluorescence measurements 

were transcribed in an excel spreadsheet. Data points were smoothened with a sliding average of 60 

seconds. Changes in NAD(P)H and FAD autofluorescence (measured as arbitrary units) were calculated 

by subtracting the differences from the maximal fluorescence response during treatment to the 

maximal fluorescence 120 seconds prior to treatment (basal).      

2.6.5 FRET imaging 
Imaging of fluorescent-resonance energy transfer (FRET) sensors were performed on 2D monolayer 

cultures 2 days after seeding in 35mm2 glass bottomed dishes and a day following transfection of the 

FRET sensor. Imaging was performed using an inverted fluorescence microscope (Olympus IX71, 

Olympus, Southend on Sea, UK) with a x40 oil-immersion objective lens. Cells were excited at 

435±10nm using a 75W xenon arc lamp connected to a monochromator (Cairn Research, Faversham, 

UK), controlled by the MetaFluor software (Molecular Devices, Wokingham, UK). CFP or mTFP 

emissions at ~470nm and YFP or Venus emissions at ~535nm were simultaneously monitored using 

an Optosplit II beam splitter (Cairn Research) and Orca ER camera (Hamamatsu, Welwyn Garden City, 

UK). The following FRET sensors were used for live cell imaging experiments. Background subtraction 

was performed using MetaFluor software and fluorescence measurements were transcribed into an 

excel spreadsheet. 

2.6.5.1 FLII12Pglu-700μδ6 Glucose sensor  
The FLII12Pglu-700μδ6 cytosolic glucose sensor was initially generated by Wolf Frommer lab with an 

affinity range of 0.05 – 10mM (328). The sensor contains a mutated bacterial glucose binding protein 

MglB combined with an mCitrine-eYFP and eCFP (Figure 2.8A) (328). The application of glucose caused 

a simultaneous increase in eCFP fluorescence and decrease in mCitrine-eYFP fluorescence, leading to 

a decrease in FRET upon glucose binding to the sensor (Figure 2.8A and 2.8B). CFP and YFP 

fluorescence were acquired every 5 seconds, and real time changes in fluorescence of the glucose  
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Figure 2 

  

Figure 2.5. Measurement of intracellular metabolites by FRET imaging. (A) Diagram of intracellular 

glucose sensing using the FLII12Pglu-700μδ6 FRET sensor and (B) Changes in CFP and YFP fluorescence 

in response to 10mM glucose (10G), which are used to derive the YFP/CFP ratio as a measure of 

intracellular glucose levels. (C) Diagram of intracellular glutamine sensing using the FLIPQ-TV3.0_2 m 

FRET sensor and (B) Changes in mTFP and Venus fluorescence in response to 10mM glutamine (Gln). 

Fluorescent changes are used to derive the mTFP/Venus ratio as a measure of intracellular glutamine 

levels. (e) Diagram of intracellular pyruvate sensing using the Pyronic FRET sensor and (F) Changes in 

mTFP and Venus fluorescence in response to the mitochondrial pyruvate carrier inhibitor UK-5099 

(UK), which elevates cytosolic pyruvate levels by inhibiting mitochondrial pyruvate uptake. 

Fluorescent changes are used to derive the mTFP/Venus ratio as a measure of intracellular pyruvate 

levels. 
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sensor were measured as the YFP/CFP ratio. Data points were smoothened with a sliding average over 

30 seconds. Relative changes in intracellular glucose levels were calculated by dividing the differences 

from the maximal fluorescence response during glucose application to the maximal fluorescence 60 

seconds prior to treatment (basal) and 60 seconds during washout (Figure 2.8B). 

2.6.5.2 FLIPQ-TV3.0_2 m Glutamine sensor 
The FLIPQ-TV3.0_2 m sensor has a cytosolic glutamine binding affinity of 1.6mM (329). The sensor 

contains a mutated E.Coli glutamine binding protein glnH combined with mTFP and Venus proteins 

(Figure 2.8C) (329). The application of glutamine caused a simultaneous increase in Venus 

fluorescence and decrease in mTFP fluorescence, leading to a decrease in FRET upon glutamine 

binding to the sensor (Figure 2.8C and 2.8D). mTFP and Venus fluorescence were acquired every 5 

seconds, and real time changes in fluorescence of the glutamine sensor were measured as the 

mTFP/Venus ratio. Data points were smoothened with a sliding average over 30 seconds. Changes in 

intracellular glutamine levels were calculated by dividing the differences from the maximal 

fluorescence response during glutamine application to the maximal fluorescence 60 seconds prior to 

treatment (basal) and 60 seconds during washout (Figure 2.8D). 

2.6.5.3 Pyronic sensor  
The Pyronic sensor was initially generated by Felipe Barros lab with an affinity range of 10µM – 1mM 

for intracellular pyruvate (330). The sensor contains an E.Coli pyruvate binding protein PdhR combined 

with mTFP and Venus proteins (Figure 2.8E) (329). Increases in intracellular pyruvate levels by 

inhibiting endogenous pyruvate uptake by the mitochondria caused a simultaneous increase in Venus 

fluorescence and decrease in mTFP fluorescence respectively, leading to a decrease in FRET upon 

pyruvate binding to the sensor (Figure 2.8E and 2.8F). mTFP and Venus fluorescence were acquired 

every 10 seconds, and real time changes in fluorescence of the pyruvate sensor were measured as the 

mTFP/Venus ratio. Data points were smoothened with a sliding average over 60 seconds. Changes in 

intracellular pyruvate levels were calculated by dividing the differences from the maximal 

fluorescence response during glutamine application to the maximal fluorescence 120 seconds prior to 

treatment (basal). 

2.7 Seahorse Measurements 
The Seahorse XF24 bioanalyser (Agilent) measures in real time the proton (H+) production/pH changes 

in the extracellular media to calculate the extracellular acidification rate (ECAR) and whilst detecting 

extracellular O2 concentrations via a fluorescence-based oxygen sensor to calculate oxygen 

consumption rate (OCR) to measure oxidative phosphorylation (331). The bioanalyser cartridge has 4 

injection ports to enable sequential application of drug compounds per experiment.  
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The protocols for Seahorse measurements were followed according to manufacturer’s instructions. 

Briefly, 20 of the 24 wells in the XF24 plates were used to establish 2D monolayer cultures at full 

confluency, with 4 wells used as blanks (no cell controls). The following day, the bioanalyser cartridge 

was hydrated with a calibrant and incubated overnight at 37oC in a non-CO2 incubator. The cultures 

were treated with/without metformin in random order for 24 hours at 37oC in the humidifying 

chamber in 5% CO2. On the day of the experiment, the cells were incubated with 525µl of Seahorse 

assay media (Phenol-red free media which does not contain glucose, glutamine, pyruvate, and low in 

bicarbonates) with the indicated compounds for 1 hour, 37oC in a non-CO2 incubator. The cartridge 

was loaded with 75µl of the indicated drugs. After calibration, the calibrant plate was replaced with 

the culture plate and the experiment was performed at 37oC. At each measurement, each well was 

mixed for 3 minutes followed by measurements for another 3 minutes.  

The mitochondrial stress test was performed to measure oxidative phosphorylation during incubation 

of 10mM glucose or 4mM glutamine. The basal OCR (before treatment) was monitored followed by 

addition of the ATP-synthase inhibitor oligomycin A (which decreases the OCR to measure ATP-linked 

mitochondrial respiration), the proton uncoupler FCCP (which maximises cellular respiration to 

measure the maximal capacity and respiratory reserve) and the respective complex I and III inhibitors 

rotenone and antimycin A to inhibit mitochondrial respiration (and calculate the uncoupled and non-

mitochondrial respiration) (table 2.2, Figure 2.9A).   

OCR parameter in 
mitochondrial stress test 

Biological meaning Measurement 

Basal respiration Mitochondrial respiration in the 
absence of any inhibitors, affected 
by substrate availability/oxidation. 

OCR before injection – OCR non-
mito respiration 

Maximal respiration Mitochondrial respiration in the 
presence of energy stress caused 
by FCCP. 

OCR during FCCP application – 
OCR non-mito respiration 

Spare reserve capacity A measure of the ability for the cell 
to meet an increased energy 
demand. 

OCR maximal respiration – OCR 
basal respiration 

ATP-linked respiration Mitochondrial respiration used for 
ATP synthesis 

OCR basal respiration – OCR 
during oligomycin application 

Uncoupled respiration Mitochondrial respiration caused 
by H+ leak independent of ATP 
synthesis 

OCR non-mito respiration – OCR 
during oligomycin application 

Non-mitochondrial 
respiration 

Respiration not associated with 
mitochondria (eg. NADPH oxidases) 

OCR during rotenone/antimycin A 
application 

Table 2.6. Bioenergetic parameters to calculate the oxygen consumption rate (OCR) of the 

mitochondrial stress test using the Seahorse XF24 bioanalyser. 
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The glycolysis stress test was performed to measure the glycolysis bioenergetics in cells incubated 

with 2mM glutamine. The basal ECAR (before treatment) was monitored followed by the sequential 

addition of glucose (which increases ECAR due to glycolysis), oligomycin A (to maximise ECAR and 

calculate the glycolytic capacity and reserve by shifting the burden of ATP production towards 

glycolysis) and the glycolysis inhibitor 2-deoxyglucose (2-DG, table 2.3, Figure 2.9B). 

 

ECAR parameter in 
mitochondrial stress test 

Biological meaning Measurement 

Glycolysis Medium acidification due to 
glycolytic turnover  

ECAR during glucose application – 
ECAR before injection 

Glycolytic Reserve A measure of the ability for the cell 
to further maximise glycolysis in 
response to increased energy 
demand 

ECAR during oligomycin A 
application – ECAR during glucose 
application 

Glycolytic Capacity Maximal glycolysis capacity of cells ECAR during oligomycin A 
application – ECAR before 
injection 

Non-glycolytic 
Acidification 

Medium acidification not 
associated with glycolysis (e.g. TCA 
cycle activity). 

ECAR before glucose injection 

Table 2.7. Bioenergetic parameters to calculate the extracellular acidification rate (ECAR) of the 

glycolysis stress test using the Seahorse XF24 bioanalyser. 

 

 

The Seahorse data were acquired using the Wave 2.0 software. The results were normalised to total 

protein content measured using BCA assay (Thermo Fisher) performed according to manufacturer’s 

protocols.          
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2.8  

 

 

 

 

 

2.8. Secretion and Enzyme Activity Assays 

2.8.1 Lactate Secretion Assay 
Lactate secretion was performed 2 days after seeding mouse intestinal organoids into 2D monolayers 

in 48 well plates. On the day of experiment, media was removed and cultures were washed 3 times 

with warm PBS. Cultures were incubated for 4 hours at 37oC in the humidifying chamber treated with 

100µl of DMEM without phenol red, glucose, glutamine or pyruvate (Thermo Fisher) plus the indicated 

drugs. The medium was then collected and spun at 5,000 g for 5 minutes at 4oC to remove debris and 

dead cells. The supernatant was collected and lactate was measured at the Core Biochemical Assay 

Laboratory, University of Cambridge using the lactate assay kit (Siemens Healthcare, Germany). The 

lysates were treated with lysis buffer, and lysates were collected and spun at 10,000 g for 10 minutes 

at 4oC to remove debris. Secretion results were normalised to total protein content measured using 

BCA assay. 

2.8.2 GDF-15 Secretion Assay 
GDF-15 secretion was performed a day after seeding mouse intestinal organoids into 2D monolayers 

in 48 well plates. 2D organoid cultures were treated for 24 hrs at 37oC in the humidifying chamber 

Figure 2.8. Diagram of the different parameters used to investigate oxidative phosphorylation and 

glycolysis using the Seahorse XF24 bioanalyser. (A) Example graph of the mitochondrial stress test, 

which measures the oxygen consumption rate (OCR). Mitochondrial respiration parameters such as 

Basal, ATP-linked, uncoupled respiration, maximal capacity and non-mitochondrial respiration can be 

calculated from the addition of three mitochondrial respiration inhibitors: ATP synthase inhibitor 

Oligomycin A (OliA), proton uncoupler FCCP and respective Complex I and III inhibitor Rotenone and 

Antimycin A (Rot/AA). Note the concentrations of inhibitors are all used at 1μM. (B) Example graph of 

the glycolysis stress test, which measures the extracellular acidification rate (ECAR). Parameters used 

to measure glycolysis, glycolytic capacity, glycolytic reserve and non-glycolytic acidification using the 

reagents glucose (10G, 10mM), Oligomycin A (OliA, 1μM) and 2-deoxyglucose (2-DG, 50mM).   
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with 150µl of ENR and the indicated drugs. The medium was then collected and spun at 5,000 g for 5 

minutes at 4oC to remove debris and dead cells. The supernatant was collected and GDF-15 was 

measured at the Core Biochemical Assay Laboratory, University of Cambridge using the mouse GDF-

15 assay kit. Measurements were performed using a microtiter plate-based two-site 

electrochemiluminescence immunoassay using the MesoScale Discovery assay platform (MSD, 

Rockville, Maryland, USA). Unless stated, 2-3 wells were performed in parallel for each experiment. 

The secretion results were normalised to basal secretion (control) for each experiment to calculate 

the fold change.    

2.8.3 LDH (Lactate dehydrogenase), AST (Aspartate transaminase) and ALT (Alanine 

transaminase) Assay 

LDH, AST and ALT measurements in lysates were performed a day after seeding mouse intestinal 

organoids into 2D monolayers in 48 well plates. 2D organoid cultures were treated for 24 hrs at 37oC 

in the humidifying chamber with 150µl of ENR with and without 1mM metformin. The medium was 

then removed and the lysates were treated with Lysis buffer (see section 2.2) and spun at 10,000 g for 

10 minutes at 4oC to remove debris and dead cells. The supernatant was collected and LDH, AST and 

ALT activity were measured using their respective kits (Siemens Healthcare, Germany) by the Core 

Biochemical Assay Laboratory, University of Cambridge. The lysate results were normalised to total 

protein content measured using BCA assay. 

The basis for LDH, AST and ALT measurements are described in reference procedures (332–335). 

Briefly, LDH measurements involve supplying L-lactate substrate to the sample, whilst measuring the 

340nm absorbance formed due to increased NADH formation during the simultaneous reduction of 

lactate to pyruvate. ALT measurements involve supplying L-alanine substrate to the sample, which is 

metabolised to pyruvate. Pyruvate is then reduced to lactate via LDH, which simultaneously increases 

NADH oxidation to NAD+, the change of absorbance of which was then measured at 340nm. AST 

measurements involve supplying L-aspartate substrate to the sample, which is metabolised to α-

ketoglutarate as well as forming oxaloacetate. Oxaloacetate is then reduced to malate via malate 

dehydrogenase, which simultaneously increases NADH oxidation to NAD+, the change of absorbance 

of which was then measured at 340nm.  
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2.9 Techniques to analyse Gene Expression 

2.9.1 Real-time quantitative PCR (RT-qPCR) 
Mouse intestinal 2D monolayer cultures plated in 48 well plates were lysed in RLT plus buffer and the 

RNA was extracted using the RNeasy Micro Plus kit (Qiagen) according to manufacturer’s instructions. 

RNA-extraction from frozen intestinal tissues of HFD-fed mice was performed as described in (321). 

Briefly, ~100mg of tissue was lysed in 1ml Qiazol lysis reagent (Qiagen 79306l) using a Lysing Matrix D 

homogenisation tube and Fastprep 24 Homogeniser (MP Biomedicals) according to manufacturer’s 

instructions. RNA-extraction of homogenates was performed using RNeasy Micro Plus Kit.   

300ng-1µg of RNA was used for cDNA synthesis using a reaction mixture detailed in table 2.1 according 

to manufacturer’s instructions. The reverse transcription reaction was performed at 25oC for 10 

minutes, 40oC for 50 minutes and 70oC for 15 minutes on the Thermo-Cycler. For RT-qPCR reactions, 

5-25ng of cDNA/well was used, with TaqMan Universal master mix (Applied Biosystems) and TaqMan 

primer/probes (all from Fisher Scientific) added to the mixture. The RT-qPCR reaction was performed 

using the 7900 HT Fast Real-Time PCR system (Applied Biosystems, Fisher Scientific, Waltham, MA, 

USA) at 95oC for 20 seconds, followed by alternating between 95oC for 1 second and 60oC for 20 

seconds for 50 cycles. The probes for the genes used for RT-qPCR experiments are detailed in Table 

2.3.  

The qPCR results were normalised by calculating the difference in cycle threshold values (ΔCT) 

between the housekeeper gene β-actin and the gene of interest (CTβactin – CTgene). Relative gene 

expression was expressed as 2ΔCT for the given gene.   

 
Reagents  

 
RNA (diluted in Rnase free 
water) 

14 

Random primers 1 

Anneal random primers to RNA at 65oC for 5 minutes in 
Thermal Cycler. 
 

Master Mix: Volume (μl) 

First Strand Buffer  5 

DTT (100mM)  2.5 

Rnase OUT (inhibitor) 0.625 

dNTP (25mM) 0.5 

Rnase free water 0.375 

Superscript II enzyme  1 

Total 10 

Table 2.9. Composition of reagents used for reverse transcription using Superscript II. 
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2.9.2 RNA-Sequencing 
Two intestinal organoid lines (GIP-cre tdRFP and SST-cre tdRFP) were used for RNA-seq experiments. 

Mouse intestinal 2D monolayer cultures plated in 24 well plates were lysed in RLT plus buffer and the 

RNA was extracted using the RNeasy Micro Plus kit (Qiagen) according to manufacturer’s instructions. 

Removal of salt carryover was subsequently performed using RNeasy MinElute Cleanup kit (Qiagen). 

The quality of RNA was validated by Bioanalyser RNA Nano kit (Agilent) and Agilent Bioanalyser 2100 

system with RIN values were between 8.1-9.4.  

1µg of total RNA was used for library construction using Illumina's TruSeq Stranded mRNA Library Prep 

Kit according to the manufacturer’s protocol at the Institute of Metabolic Science Genomics and 

Transcriptomics Core Facility (Cambridge, UK).  Briefly, messenger RNA was enriched by poly-T oligo 

attached magnetic beads before reverse transcription.  Addition of a single ‘A’nucleotide 

(adenylation) after the synthesis of the double-stranded cDNA stopped the ligation of DNA fragments 

during the adapter ligation reaction.  Unique barcodes were added to individual samples allowing 

multiplexing in sequencing.  DNA fragments with successful adapters ligated were enriched with a 

limited amplification.  The second strand cDNA, with the incorporation of dUTP, was quenched during 

amplification to allow strand-specific sequencing.  Indexed libraries were purified, normalised, pooled 

and sequenced on the Illumina HiSeq 4000 platform at single read 50bp at the Genomics Core Facility, 

Cancer Research UK Cambridge Institute (Cambridge, UK).  

All RNA sequencing analyses were performed using Bioconductor software packages in RStudio. The 

Ensembl code for each read count of the gene was annotated to the corresponding gene name in the 

mouse genome using BiomaRt package. Differential expression of genes were calculated using the 

DESeq2 package. A first DESeq analysis was performed to obtain a list of non-differentially expressed 

(non-DE) genes (P adjusted value >0.05) between control and metformin treated samples pooled from 

both organoid lines combined by fitting a negative binomial generalised linear model. A second DESeq 

analysis was performed by estimating the size factors using only the non-DE genes from the first 

analysis. A local dispersion estimation fit were performed in the second DESeq analysis. A threshold 

with log2FoldChange of 0.3 was selected and any genes with <0.3 log2FoldChange were classified as 

non-DE genes. The raw counts were normalised by variance stabilising transformation (VST), which 

divides the raw count data by the Size Factors. PCA analysis was performed on the VST-normalised 

count data using the plotPCA function.  

Gene expression from the RNA-seq data were visualised using the following methods. Heatmaps were 

plotted using the Pheatmap package based on DE genes (filtered by P-adjusted value of <0.05, any 

gene with P adjusted value of >0.05 were excluded from the heatmap) which calculate the z-scores 

i.e. the relative expression of a VST-normalised gene in the sample compared to the calculated mean 
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expression of the gene in all 12 samples. Scatter plots were used to present the VST-normalised counts 

using the Geompoint function of the ggplot package. Volcano plots compare the Log2FoldChange (x-

axis) and –log10 P-adjusted value (y-axis) using the Geompoint function of the ggplot package, with 

DE genes highlighted in red compared to non-DE genes (grey).   

KEGG analysis was performed by mapping the KEGG pathway IDs to each gene associated with the 

pathway using the database extracted from the edgeR package. KEGG pathway enrichment analysis 

of DE genes were performed using the Clusterprofiler package, with a p-value cut-off of 0.05 and 

Benjamin-Hochberg corrections to account for false discovery rate. Gene Ontology (GO) analysis was 

performed in a subset of genes associated with the mitochondria, by mapping the GO terms for each 

gene using the Go.db package. GO enrichment analysis of DE genes were performed using the Goseq 

package, with a p-value cut-off of 0.05 and Benjamin-Hochberg corrections to account for false 

discovery rate. GO terms with over 300 DE genes in the category were automatically excluded from 

analysis.  

 

2.10 Statistical Analysis 
Results were analysed for normality distribution, and statistical differences between groups were 

analysed via GraphPad Prism 7.0 software. For RNA-seq data, statistical analysis of DE genes was 

performed via DE-Seq2 package using R Studio (Section 2.9). The specific statistical test used are stated 

in the Figure legends. All data were considered statistically significant when P<0.05.  
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Chapter 3: Transcriptomic characterisation of metformin responsive 

genes in intestinal cells 
 

3.1 Summary 
 

Although metformin is used in the clinic for the treatment of Type 2 Diabetes, the cellular mechanisms 

of metformin action are still being hotly debated. Whilst previous studies explaining cellular 

mechanisms of metformin action were based on the suppressing mitochondrial metabolism to inhibit 

ATP production and activation of the AMP-kinase signalling pathway downstream of increases in 

cellular AMP levels, other observations have suggested AMPK-independent mechanisms and the 

effects of metformin in other cellular processes (210, 220). Transcriptomic studies could provide 

insights into metformin responsive genes and identify novel pathways of metformin action in different 

cells and tissues. This chapter examines the effects of metformin in metabolic pathways, signalling 

mechanisms and cellular processes in intestinal cells.  

 

3.2 Background 
 

3.2.1 AMPK-dependent mechanisms of Metformin 

Previous studies into metformin action have centred on the role of AMPK in the regulation of cellular 

processes, particularly glucose and lipid metabolism (210–214). Reported AMPK-dependent effects of 

metformin include the activation of fatty acid metabolism (210, 211, 233, 336), suppressing 

adipogenesis (337), skeletal muscle glucose uptake (210, 336, 338–341) and inhibiting hepatic 

gluconeogenesis (210, 212, 342) (see chapter 6 for detailed description of metabolic pathways); many 

of the enzymes involved are directly phosphorylated by AMPK. AMPK also regulate gene expression 

through the regulation of CREB co-transcription activators, CREB-binding protein (CBP), CRTC2 and 

SHP, which inhibits the ability of CREB to regulate the expression of gluconeogenic genes (215–217). 

The activation of AMPK by metformin have been demonstrated to involve the inhibition of 

mitochondrial metabolism through increasing intracellular AMP levels (209). Yet, metformin activates 

AMPK even at 50μM (210); the concentrations are below its affinity of inhibiting mitochondrial 

complex I activity (204). Metformin also increased serine/threonine kinase mediated phosphorylation 

of the α-subunit of AMPK (210, 343). Experiments using mouse models with liver-specific knockout of 

the kinase LKB-1 reported a total loss of AMPK activity, which completely attenuated the glucose-

lowering effects of metformin administration (218).  
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3.2.2 Metformin and other signalling pathways 

A seminal study by Foretz et al., argued that metformin also mediates its effects through AMPK-

independent mechanisms (220). They reported that liver-specific knockout of AMPK displayed 

comparable blood glucose levels, normal hepatic glucose production and expression of gluconeogenic 

genes compared to wild-type mice (220). Metformin also achieved glucose-lowering effects despite 

the deletion of hepatic AMPK, whilst the allosteric AMPK activator A-769662 failed to achieve any 

noticeable physiological effects (220). However, the AMP analogue AICAR (which is also a known 

activator of AMPK) was reported to mimic glucose-lowering effects of metformin in the liver-specific 

AMPK-/- mouse, leading to the speculation that AMP, as opposed to AMPK is important in regulating 

hepatic glucose production (220). A more recent study confirmed this hypothesis by demonstrating 

that metformin (and phenformin) inhibited cAMP accumulation and PKA activity by increasing AMP 

concentrations in mouse primary hepatocytes (224). This effect of metformin antagonised glucagon 

receptor signalling in vivo, which was dependent on cAMP signalling to stimulate hepatic 

gluconeogenesis (224).  

Other studies have argued for the role of mTOR signalling downstream of metformin effects (221, 222, 

344), although the role of AMPK in this pathway is uncertain. Mechanistic studies in mouse embryonic 

fibroblasts (MEFs) and prostate cancer cell lines demonstrated that metformin inhibits mTORC1 

signalling independent of AMPK through activation of a Rag GTPase or the mTOR signalling inhibitor 

kinase REDD1 (221, 344). By contrast, experiments in mouse primary hepatocytes have demonstrated 

that at 0.5mM metformin concentration, the mechanism is dependent on AMPK and the TSC1/2 

complex (222). The latter study also demonstrated that metformin consequently inhibited protein 

synthesis of primary hepatocytes via the mTOR signalling pathway (222). 

Metformin has also been reported to activate the tumour-suppressor gene ATM, which is involved in 

the DNA-damage response and cell cycle control (125). This has been supported by the observations 

that the glycaemic responses of T2DM patients to metformin are linked to common genetic variants 

near the ATM locus (125). Another study into the roles of metformin in pancreatic islets demonstrated 

that metformin induces the PPAR-α pathway, which is involved in the induction of GLP-1 receptor 

expression via a mechanism independent of AMPK (223). Experiments in cancer cell lines have also 

shown that metformin, by reducing oxygen consumption which leads to increased oxygen tension and 

increased cellular oxygenation capacity, reduced protein levels of HIF-1α (345, 346). Interactions 

between the PPAR-α and HIF-1α signalling pathways (whereby HIF-1α inhibits PPAR-α expression) 

during hypoxia have previously been reported (347). 
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3.2.3 Metformin and cellular processes 

Recent interest into the potential for metformin in cancer therapy owes to its ability to inhibit cancer 

cell proliferation (219). Whether this is due to its indirect effects as a metabolic inhibitor is not known, 

although there is some evidence that metformin regulates cell cycle arrest genes. The mechanisms 

involved depend entirely on the cellular context and include; the activation of REDD1 (downstream of 

mTOR signalling) and P53 signalling pathways in prostate cancer cells (344), activation of P27, P21 

kinases in esophageal cancers (348) or downregulation of Cyclin D1 and E2Fs in breast cancer cell lines 

(349). Other studies have also demonstrated that metformin decreases the expression of cell 

senescence markers  (350, 351) and inhibits apoptosis (351).  

Metformin also induces autophagy (352–354). Studies in primary hepatocytes have shown that 

metformin activates autophagy through the activation of the protein deacetylase Sirt1 and is 

associated with alleviating hepatosteatosis in Ob/Ob mice (355). Metformin has also been reported 

to activate autophagy via an AMPK-dependent mechanism to mediate its cardioprotective effects 

against diabetic cardiomyopathy (354). Similar studies in cancer cell lines have also shown that 

metformin induces AMPK and mTOR-dependent autophagy in lymphoma and melanoma cells (352, 

353). 

Other effects of metformin include its role in the inflammasome (356, 357), and the regulation of ER 

stress signalling pathways (see chapter 4) (358, 359). Overall, there is growing evidence that 

metformin regulates cellular processes beyond mitochondrial metabolism. 

3.2.4 Metformin and intestinal functions 

Since the intestinal tract is the first site of exposure to high concentrations of orally administrated 

metformin, accumulating evidence investigate the role of metformin on intestinal function (116, 312). 

Other than the effects of metformin on intestinal glucose transport and nutrient metabolism in 

intestinal cells (which are covered in subsequent chapters), metformin has been reported to directly 

influence various aspects of intestinal function. These include suppressing the expression of 

inflammatory markers (360), promoting tight junction barrier function (360–362), increasing GLP-1 

secretion (262, 263, 267) and bile-acid homeostasis (253, 257, 260). Activation of AMPK and regulation 

of mTOR signalling by metformin have also been confirmed in the intestine (212, 360, 363, 364). 

Metformin also increases the length of villus but not crypts in the mouse ileum as well as increasing 

the expression of Paneth and goblet cell markers, suggesting a role of metformin in influencing 

differentiation of cells in the intestinal mucosa (360). These studies provide some indication of the 
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vast effects of metformin action in the intestine, but systematic analysis into the cellular and metabolic 

pathways in the intestinal cells has yet to be reported to date. 

3.2.5 Transcriptomic and genomic studies into metformin action 

Recent studies using sequencing techniques and bioinformatics analysis have systematically 

investigated metformin action in various primary tissues and cancer cell lines to identify novel genes 

and mechanisms (365–368). An influential study using RNA-sequencing of metformin treated human 

primary hepatocytes have identified metformin-responsive gene clusters associated with AMPK 

dependent and independent pathways (365). The investigation was followed by ChIP-seq, which 

identified thousands of gene-regulatory elements associated with the metformin response, notably 

the cAMP-dependent transcription factor ATF3 and a potential regulatory element for the ATM gene 

(365). A more recent study used RNA-seq to characterise pathways in skeletal muscle and 

subcutaneous adipose tissue biopsies from elderly participants taking metformin (366). The study 

reported the effects of metformin in pathways that are unique to muscle and adipose tissue, whilst 

altering the expression of genes including Mtor, Myc, Tnf, Tgfb1 and miRNA-29b (366). Other studies 

have studied the transcriptomic responses to metformin in fibroblasts (368) and cancer cell lines (367).  

 

3.3 Aims 

The aims of this study are:  

1. To characterise transcriptomic changes to metformin in intestinal cells using bulk RNA-

sequencing and DE-Seq analysis.  

2. To investigate the metabolic pathways altered by metformin. 

3. To examine the effect of metformin on signalling pathways and cellular processes. 

 

 

3.4 Results 
 

3.4.1 DE-Seq analysis of differentially expressed genes altered by metformin treatment 
 

Note: RNA library preparation and Illumina sequencing of RNA samples were performed by Marcella 

Ma. Alignment analysis and raw count quantification of RNA-seq results were performed by Brian Lam, 

and preliminary DE-Seq analysis of data was performed by Pierre Larraufie. 
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In  

preparation of samples for RNA-sequencing, two transgenic organoid lines (called GIP-cre tdRFP and 

SST-cre tdRFP) were plated as 2D monolayer cultures in 3 separate 24-well plates on day 1 followed 

by treatment with or without 1mM metformin for 24 hours. RNA extraction was performed on day 3, 

followed by library preparation and RNA sequencing. Changes in the expression of genes altered by 

metformin were analysed using DE-Seq2. Cluster analysis of the bulk-seq output identified 4 distinct 

subgroups according to the organoid line and the treatment (Figure 3.1A). There is a 76% variance in 

gene expression (PC1) between control and metformin treatments, whilst only 13% variance in gene 

expression (PC2) is observed between the organoid lines. Of the 15,194 genes mapped to the 

database, 2,378 genes were significantly upregulated, and 1,660 genes were significantly 

downregulated by metformin treatment, respectively. 

A volcano plot compares the genes based on the effect of metformin treatment on differential 

expression (Log2 of the fold change, x-axis) and the statistical significance of expression (-log10 of the 

P-adjusted value, y-axis), with the top 50 genes labelled (ranked based on statistical significance) 

(Figure 3.1B). Amongst the top genes significantly upregulated by metformin include the microtubule 

associated protein Eml2, growth factors Gdf15 and Areg, membrane-bound protein Sema7a, protein 

kinase Plk3 and the cysteine/glutamate transporter Slc7a11. Metformin decreased the expression of 

genes encoding for alcohol dehydrogenases Adh1, Adh4 and Adh6a (see Figure 3.4), 

Figure 3.1. Gene expression profiling of duodenal organoid cells seeded into 2D monolayers following 

treatment of 1mM metformin or no treatment control.  

(A) Principle component analysis (PCA) of subgroups from the RNA-seq output. Four subgroups were 

identified based on the drug treatment (PC1) and organoid line (PC2). (B) Volcano plot displaying the fold 

change (X-axis) compared to the P-adjusted values (Y-axis) of individual genes altered by metformin 

treatment. Red dots represent gene expression changes that were statistically significant (P<0.05), whilst 

black dots represent gene expression changes that were not statistically significant (Not Sig). Labelled genes 

represent the top 50 most differentially expressed genes (sorted by P values). Con; Control, Met; Metformin.  
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phosphomannomutase Pmm2 (see Figure 3.6), the glucose transporter Slc5a1 (See chapter 5 and 

figure 3.13), the mRNA decay regulation gene Smg5 and the FLAP endonuclease Fen1. 

The effect of metformin on the expression of different intestinal epithelial markers were investigated 

to provide some suggestion into whether metformin alters the populations of different intestinal cell 

types. There were no significant changes in any markers for enteroendocrine cells, with the exception 

for increased glucagon gene (Gcg) expression (Figure 3.2A). There were no changes in the expression 

of goblet cell markers Clca1 and Tff3 (Figure 3.2B), whilst the expression of the mucin goblet cell 

marker Muc2 was too low for detection (data not shown). Metformin increased the expression of the 

Paneth cell marker Lyz1, but not Defa22 or Defa24 (Figure 3.2C). Metformin also altered the 

expression of different stem cell markers (Figure 3.2D). Metformin increased the expression of the 

tuft cell marker Dclk1 (Figure 3.2E) and marginally altered the expression of enterocyte markers Alfi1 

and Gstm3 (Figure 3.2F). Whether metformin changes the different intestinal epithelial cell 

populations remain inconclusive based on the transcriptomic data. 

 

Figure 3.2. Expression of markers for the different intestinal cell types. 

The effect of metformin on the expression of biomarkers for (A) enteroendocrine cells, (B) goblet cells, 

(C) paneth cells, (D) stem cells, (E) tuft cells and (F) enterocytes. The raw count data for each gene is 

normalised by the size factors and the library size. *, P<0.05, **, P<0.01, ***, P<0.001 (P-adjusted 

values calculated via DE-Seq analysis). Biomarkers were identified based on single-cell RNA-seq data 

from (144, 369). 
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3.4.2 The effects of metformin on metabolic and signalling pathways in intestinal cells 
 

Next, Kyoto-Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis was 

performed. The dataset was mapped to a particular biological pathway from the KEGG database, and 

the KEGG enrichment analysis identifies cellular/biochemical processes altered in metformin-treated 

cultures based on the numbers of differentially expressed (DE) genes within each pathway. The 

metabolic pathways and cellular processes found in the KEGG enrichment analysis is shown in Figure 

3.3A and 3.3B. The following sections cover gene expression profiles involved in many of these 

pathways highlighted from pathway analysis. Pathways known to be important to intestinal 

metabolism or are associated with metformin action, but have not been highlighted in the pathway 

analysis, were also studied in more detail. Other pathways identified from the analysis which play 

important roles in other tissues or with little previous evidence supporting their role in the intestine 

(such as adipocytokine signalling, insulin resistance, glycan degradation, drug metabolism and Fanconi 

anaemia pathway), were not investigated further.  

 

Figure 3.3. Scatterplot of KEGG enrichment statistical analysis of pathways altered by metformin 

treatment. Changes in (A) metabolic pathways and (B) signalling pathways and processes altered by 

metformin vs control. Gene ratio is the number of differentially expressed (DE) genes in a KEGG 

pathway divided by total number of genes in the pathway. Count represents the numbers of DE genes. 

P adjusted value is the P-value corrected for the false-discovery rate using the Benjamin-Hochberg 

method, with more statistically significant values representing greater shading intensity. 
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3.4.2.1 Metabolism of glucose and hexose sugars       

Metformin has been reported to increase glycolytic production of lactate in the intestine (64, 116, 

207, 370). Glycolysis and gluconeogenesis were amongst the hexose sugar metabolism pathways 

highlighted in the KEGG enrichment analysis, with 21 out of 67 genes from the KEGG gene list being 

differentially expressed. Metformin increased the expression of all hexokinase isoforms (Hk1, Hk2 and 

Hkdc1), phosphofructokinases (Pfkm and Pfkp), aldolase A (Aldoa) and aldehyde dehydrogenases 

(Aldh1a3 and Aldh3b2) (Figure 3.4A, 3.4F). Metformin decreased the expression of enolase (Eno3), 

alcohol dehydrogenases (Adh1, Adh4, Adh7), and the gluconeogenesis glucose-6-phosphatase enzyme 

(G6pc). Starch and sucrose (glycogen) metabolism were also identified from the pathway analysis (14 

DE genes out of 33 genes total genes) and was investigated further. Metformin increased the 

expression of phosphoglucomutases (Pgm1 and Pgm2), genes promoting glycogen synthesis (Ugp2 

and Gyg) and the lysosomal glucosidase (Gaa), but decreased expression of phosphoglucomutase 

(Pgm1l1) (Figure 3.4B, 3.4F). Upregulated genes in the pentose phosphate pathway (enriched in the 

KEGG analysis, with 14 DE genes out of 32 genes total genes) include the rate-limiting enzyme glucose-

6-phosphate dehydrogenase (G6pdx), ribulose-phosphate 3 epimerase (Rpe) and transaldolase 

(Taldo1); the latter is involved in the reversible, non-oxidative reactions to generate more NADPH and 

re-join with the glycolysis pathway by generating fructose-6-phosphate. Ribokinase (Rbks), the 

enzyme involved in ribonucleotide biosynthesis in the pathway, was downregulated in metformin 

treated cultures (Figure 3.4C and 3.4F).  

Since glucose metabolism generates pyruvate and lactate, the expression of monocarboxylate 

transporters (MCTs) involved in their transport were investigated. Amongst the DE genes include Mct6 

and Mct13 (Figure 3.4D). Metformin decreased the expression of cytosolic glycerolphosphate shuttle 

gene Gpd1 but increased the expression of its mitochondrial counterpart Gpd2, both of which are 

involved in glycerol production and the transfer of reducing equivalents generated in glycolysis to the 

mitochondria (Figure 3.4E).  

Pyruvate metabolism and tricarboxylic acid (TCA) cycle were also investigated as the genes involved 

in glycolysis and pyruvate metabolism markedly overlap with each other.  Metformin increased the 

expression of pyruvate metabolism enzymes such as lactate dehydrogenase (Ldhd), malic enzymes 

(Me1, Me3) and dihydrolipoyl transacetylase involved in pyruvate dehydrogenase complex (Dlat) 

(Figure 3.5A, 3.5C). Metformin increased the expression of the mitochondrial phosphenolpyruvate 

carboxykinase (PEPCK) isoform Pck2 but decreased the expression of its cytosolic counterpart Pck1. 

Amongst the genes involved in TCA cycle flux, isocitrate dehydrogenase 1 (Idh1), citrate synthase (Cs) 

and oxoglutarate dehydrogenases (Ogdh, Ogdhl) were induced in metformin-treated cultures (Figure 
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3.5B). Metformin did not significantly alter the expression of most mitochondrial metabolite 

transporters, with the exception of Slc25a1 (the mitochondrial citrate transporter CIC) and Slc25a15 

(the mitochondrial ornithine translocase) (Figure 3.5C). 

 

Figure 3.4. The effect of metformin on the expression of genes involved in glucose metabolism. (A, 

B and C) Heatmaps showing DE genes (filtered by p-adjusted value of <0.05, genes with p-adjusted 

value of >0.05 were not included in the heatmap) involved in glycolysis and gluconeogenesis (pathway 

ID: mmu00010), glycogen metabolism (pathway ID: mmu00500) and pentose phosphate pathway 

(pathway ID: mmu00030), affected by metformin treatment. Since some genes are involved in 

multiple pathways, they are shown only in a single pathway to avoid duplication. The colour key is 

shown on the right and depicts the expression z-scores for each gene. Red indicates higher than 

average expression and blue indicates lower than average expression for a particular gene in a sample. 

(D and E) The effect of metformin on the expression of monocarboxylate transporters (MCT) and 

components of the glycerolphosphate shuttle. (F) Schematic showing the expression changes of genes 

involved in the glycolysis, glycogen metabolism and pentose phosphate pathways. For D and F, red 

and blue shows the upregulated and downregulated genes, respectively.  
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Figure 3.5. The effect of metformin on the expression of genes involved in mitochondrial metabolic 

transporters and pathways. (A and B) Heatmaps showing DE genes (filtered by p-adjusted value of 

<0.05, genes with p-adjusted value of >0.05 were not included in the heatmap) involved in pyruvate 

metabolism (pathway ID: mmu00620) and tricarboxylic-acid (TCA) cycle (pathway ID: mmu00020) 

affected by metformin treatment. Since some genes are involved in multiple pathways, they are 

shown only in a single pathway to avoid duplication. The colour key is shown on the right and depicts 

the expression z-scores for each gene. Red indicates higher than average expression and blue indicates 

lower than average expression for a particular gene in a sample. (C) Schematic showing the expression 

changes of genes involved in pyruvate metabolism and the TCA cycle. (D) The effect of metformin on 

the expression of pyruvate transporters and carriers. For C and D, red and blue shows the upregulated 

and downregulated genes, respectively. 
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Metformin decreased the expression of key genes involved in fructose metabolism, such as the rate-

limiting enzyme ketohexokinase (Khk), aldolase B (Aldob), and triokinase/FMN cyclase (Tkfc) (Figure 

3.6A, 3.6B). Genes involved in mannose metabolism include decreased expression of 

phosphomannomutase Pmm2 (involved in mannose metabolism to glycans) and increased expression 

of mannose-6-phosphate isomerase (Mpi), which connects mannose metabolism to glycolysis via 

interconversion of mannose-6-phosphate and fructose-6-phosphate (Figure 3.6A, 3.6B). 

 

 

 

 

Overall, the RNA-seq evidence suggests that metformin promotes the expression of genes involved in 

glycolysis and pyruvate metabolism. Metformin also seemed to increase the expression of several key 

pentose phosphate pathway genes despite decreasing ribokinase expression, but the effect on 

glycogen metabolism are inconclusive. Metformin decreased the expression of genes involved in 

fructose metabolism. 

3.4.2.2 Amino acid metabolism       

The expression profiles of genes involved in the glutamate/aspartate/alanine metabolism pathway 

were investigated in detail, since these amino acids play important roles in intestinal epithelial cells 

(178, 179, 183, 371). Metformin increased the expression of aspartate and alanine transaminases 

Figure 3.6. The effect of metformin on the expression of genes involved in fructose and mannose 

metabolism. (A) Heatmap showing DE genes (filtered by p-adjusted value of <0.05, genes with p-adjusted value 

of >0.05 were not included in the heatmap) involved fructose and mannose metabolism (pathway ID: 

mmu00051) affected by metformin treatment. The colour key is shown on the right and depicts the expression 

z-scores for each gene. Red indicates higher than average expression and blue indicates lower than average 

expression for a particular gene in a sample.  Some of the genes are involved in glucose metabolism pathways 

and are shown in the heatmaps in other figures. (B) Schematic showing the expression changes of genes 

involved in fructose and mannose metabolism. Red and blue shows the upregulated and downregulated genes, 

respectively. 



63 
 

(Got1 and Gpt) respectively (Figure 3.7A, 3.7E). Additionally, metformin increased the expression of 

aspartate metabolism genes Adss1, Adssl1, Ass1 and particularly Asns, which encodes asparagine  

  

Figure 3.7. The effect of metformin on the expression of genes involved in amino acid metabolism and 

transporters. (A-D) Heatmaps showing DE genes (filtered by p-adjusted value of <0.05, genes with p-adjusted 

value of >0.05 were not included in the heatmap) involved in (A) Glutamate, Aspartate, Alanine metabolism 

(pathway ID: mmu00250), (B) Arginine metabolism (pathway ID: mmu00220 and 00330), (C) Branched-chain 

amino acid metabolism (pathway ID: mmu00280 and 00290) and (D) Aromatic amino acid metabolism (pathway 

ID: mmu00350, 00360 and 00380). Since some genes are involved in multiple pathways, they are shown only in 

a single pathway to avoid duplication. The colour key depicts the expression z-score and is shown on the right. 

Red indicates higher than average expression and blue indicates lower than average expression for a particular 

gene in a sample. (E) An integrated schematic showing the expression changes of genes involved in amino acid 

metabolism. (F) The effect of metformin on the expression of amino acid metabolism. *: NHE3 is not an amino 

acid transporter but is involved in maintaining the ion gradients necessary for electrogenic transport of amino 

acids. The transporters were identified from the protein digestion and absorption KEGG pathway (pathway ID: 

mmu04974). For E and F, red and blue shows the upregulated and downregulated genes, respectively. 
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synthetase, an indicator of amino acid deprivation (372). Metformin decreased the expression of 

adenylosuccinate lyase (Adsl) associated with purine biosynthesis from aspartate, and glutaminase 

(Gls), the rate-limiting enzyme of glutamine metabolism. Because 20-55% of ingested branched chain 

amino acids (BCAAs- leucine, isoleucine and valine) are metabolised by the intestinal mucosa (371), 

the effects of metformin in BCAA metabolism were investigated. Metformin decreased the expression 

of key genes Bckdha (the enzyme involved in the second step of BCAA catabolism) and Hmgcs2, but 

upregulated Hibadh, Mccc1 and Hmgcs1, which encode enzymes involved in Acetyl-CoA and ketone 

body metabolism (Figure 3.7BC, 3.7E). The KEGG enrichment analysis highlighted arginine biosynthesis 

as an enriched pathway in metformin treated cultures (16 DE genes out of 50 total genes). Metformin 

decreased the expression of key urea (arginine-citrulline) cycle genes such as Otc, Arg1, Arg2 and Nags 

(Figure 3.7C, 3.7E). Metformin also altered the expression of some aromatic amino acid metabolism 

genes including fumarylacetoacetase (Fah, Fahd1) and kyneurinase (Kynu) (Figure 3.7D, 3.7E).  

The effect of metformin on the expression of key amino acid transporters in intestinal epithelial cells 

were also investigated. From the transporters identified from the KEGG protein degradation and 

absorption pathway dataset, decreased expression of wide-spectrum amino acid transporters such as 

LAT1 (Slc7a8), B0AT1 (Slc16a9), SNAT1 (Slc38a1) and SNAT2 (Slc38a2) were observed (Figure 3.8A). 

The oligo-peptide transporter PEPT1 (Slc15a1) and the imino-based amino acid transporter PAT1 

(Slc36a1) were also downregulated, as well as the sodium/proton exchanger NHE3 (Slc9a3) involved 

in maintaining ion gradients for electrogenic activity to maintain amino acid transporter functions. To 

investigate whether decreased expression of the amino acid transporters would affect amino acid 

uptake, glutamine flux was monitored by live cell imaging of intestinal cells from Wild-type (Figure 

3.8B), SNAT2 null (Figure 3.8C) and B0AT1 null (Figure 3.8D) organoids transfected with a FRET-based 

glutamine sensor. No differences in glutamine flux were observed between the wild-type and 

knockout organoid lines, although SNAT2 null intestinal cells seemed to exhibit a reduced flux 

(P=0.123, Figure 3.8E). No differences were observed between control and metformin treated cells in 

any organoid line (Figure 3.8E). These results suggest that changes in amino acid transporter gene 

expression can be compensated by the functional activity of other glutamine transporters.   

Folate dependent metabolism was highlighted from the KEGG enrichment analysis. This pathway was 

investigated in more detail, along with glycine/serine/threonine metabolism (since serine is a key 1-

carbon substrate for the mitochondrial folate pool) and cysteine/methionine metabolism (the 

methionine cycle and folate metabolism pathways are interconnected). Metformin decreased the 

expression of many genes involved in folate dependent metabolism, with the exception of Mthfd2,  
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Figure 3.7. The effect of metformin on the expression of amino acid transporters and glutamine flux. (A) The 

effect of metformin on the expression of amino acid metabolism. *: NHE3 is not an amino acid transporter but 

is involved in maintaining the ion gradients necessary for electrogenic transport of amino acids. The transporters 

were identified from the protein digestion and absorption KEGG pathway (pathway ID: mmu04974). Red and 

blue shows the upregulated and downregulated genes, respectively. (B) Measurements of glutamine flux in 

intestinal cells from Wild-type organoids expressing a FRET-based glutamine sensor treated with control (Con) 

or metformin (Met). (C) Measurements of glutamine flux in intestinal cells from SNAT2 knockout organoids 

expressing a FRET-based glutamine sensor treated with control or metformin. (D) Measurements of glutamine 

flux in intestinal cells from B0AT1 knockout organoids expressing a glutamine sensor treated with control or 

metformin. (E) Changes in mTFP/Venus fluorescence of the glutamine sensor in control (red) or metformin (blue) 

treated intestinal cells from WT, SNAT2 KO and B0AT1 KO organoids. WT Control: N=62 cells from 18 dishes, WT 

Metformin: N=61 cells from 18 dishes, SNAT2 KO Control:  N=27 cells from 9 dishes, SNAT2 KO Metformin: N=25 

cells from 8 dishes, B0AT1 KO Control: N=32 cells from 7 dishes, B0AT1 KO Metformin: N=26 cells from 6 dishes. 

Bars are mean ± SEM. Two-way ANOVA and Bonferroni post hoc test. 
 



66 
 

which encodes for a multifunctional, rate-limiting enzyme of the mitochondrial folate cycle and has 

been associated with one-carbon pool imbalance in mitochondrial myopathies (Figure 3.9A, 3.9D) 

(373, 374). Similarly, many of the genes involved in glycine, serine and threonine metabolism were 

downregulated by metformin treatment, except for aminolevulinic acid synthetase (Alas1) involved in 

glycine metabolism (Figure 3.9B). Metformin also decreased the expression of genes involved in 

cysteine and threonine metabolism (Figure 3.9C, 3.9D). This included DNA methyltransferases (Dnmt1 

and Dnmt3a) involved in DNA methylation. Other genes involved in cysteine/methionine metabolism 

such as glutamate-cysteine ligase (Gclc) (involved in cysteine metabolism to glutathione) and 

adenosylhomocysteinase-like 1 (Ahcyl1) (involved in methionine metabolism to homocysteine) were 

increased in metformin-treated cultures. 

 

  

Figure 3.9. The effect of metformin on the expression of genes involved in the folate and methionine cycle. 

(A-C) Heatmaps showing DE genes (filtered by p-adjusted value of <0.05, genes with p-adjusted value of >0.05 

were not included in the heatmap) involved in (A) Folate dependent Metabolism (pathway ID: mmu00790), (B) 

Glycine/Serine/Threonine metabolism (pathway ID: mmu00260) and (C) Glycine/Serine/Threonine metabolism 

(pathway ID: mmu00270). Colour key of the heatmap depicts the expression z-score. Red indicates higher than 

average expression and blue indicates lower than average expression for a particular gene in a sample. Since 

some genes are involved in multiple pathways, they are shown only in a single pathway to avoid duplication. (D) 

An integrated schematic showing the expression changes of genes involved in folate and methionine cycle. Red 

and blue shows the upregulated and downregulated genes, respectively. *M represents Mthfd2 (abbreviated), 

which catalyses multiple reactions in the mitochondrial folate cycle. 
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In summary, metformin increased the expression of genes involved in aspartate metabolism but 

decreased expression of genes involved in folate dependent metabolism, glycine/serine/threonine 

metabolism and cysteine/methionine metabolism. Many of the genes involved in the arginine-

citrulline cycle were decreased by metformin. The expression of some of the amino acid transporters 

were also downregulated, although functional studies did not report differences in glutamine uptake. 

3.4.2.3 Lipid metabolism, the PPAR signalling pathway, peroxisome and lysosome function       

Since metformin has been reported to associate with cellular lipid metabolism and KEGG enrichment 

analysis highlighted increased fatty acid biosynthesis and cholesterol metabolism, the effects of 

metformin on lipid metabolism were investigated. In the fatty acid 

biosynthesis/elongation/degradation pathways, metformin increased the expression of acyl-CoA 

synthetases (Acsl1, Acsl3 and Acsl4, but downregulated Acsl6), and fatty acid elongation enzyme 

Elovl4, but decreased the expression of fatty acid synthase (Fasn) and Acetyl-CoA thioesterase (Acot4 

and Acot5) (Figure 3.10A, 3.10B). Mitochondrial fatty acid oxidation genes such as Echs1, Eci2, Mcat2 

and Oxsm were increased in metformin treated cultures, whilst expression of the peroxisomal fatty 

acid oxidation gene Acaa1b was decreased.  

Transporters involved in fatty acid and cholesterol uptake, such as Cd36, Abcg5 and Abcg8 were 

decreased in metformin treated cultures (Figure 3.10C, 3.10D). Amongst the cholesterol uptake 

receptors, the LDL uptake receptor (Ldlr) was increased, but the LDL receptor related protein (Lrp2) 

was decreased by metformin treatment. In the mitochondria, cholesterol transporters and metabolic 

enzymes Tspo, Vdac2 and Cyp27a1 were upregulated. Other DE genes include the lysosomal 

cholesterol trafficking genes (Npc1 and Npc2- increased), the mitochondrial cholesterol uptake 

mediator (Stard3 decreased), sterol O-acetyltransferase (Soat2- decreased) and lipoproteins (Apoa1 

and Apoc3- decreased) (Figure 3.10C, 3.10D).  

The peroxisome proliferator-activated receptor (PPAR) pathway was also investigated, since 

activation of the pathway is closely associated with lipid metabolism and it is highlighted in the KEGG 

enrichment analysis (28 DE genes out of 85 total genes). Metformin increased the expression of Pparg 

but downregulated its transcriptional partner Rxrb (Figure 3.11A, 3.11B). Amongst the upstream PPAR 

pathway components, metformin increased the expression of long chain fatty acid transporter 

Slc27a1, but decreased the expression of very-LCFA and bile acid synthetases (Slc27a2 and Slc27a5 

respectively), and fatty acid binding protein (Fabp). In addition to fatty acid metabolism genes 

(discussed in Figure 3.9), metformin increased the expression of PPAR target genes involved in glycerol 

metabolism/gluconeogenesis (Gk and Aqp7), and angiogenesis (Agptl4 and Sorbs1).  
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Figure 3.10. The effect of metformin on the expression of genes involved in fatty acid and cholesterol 

metabolism. (A and C) Heatmaps showing DE genes (filtered by p-adjusted value of <0.05, genes with p-

adjusted value of >0.05 were not included in the heatmap) involved fatty acid (pathway ID: mmu00061, 

00062 and 00071) and cholesterol metabolism (pathway ID: mmu04979). Since some genes are involved in 

multiple pathways, they are shown only in a single pathway to avoid duplication. The colour keys showing 

the expression z-scores are shown on the right. Red indicates higher than average expression and blue 

indicates lower than average expression for a particular gene in a sample. (B and D) Schematics showing 

the expression changes of genes involved in fatty acid and cholesterol metabolism. Red and blue shows the 

upregulated and downregulated genes, respectively. 
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The peroxisome is closely associated with fatty acid and cholesterol metabolism and KEGG genesets 

associated with peroxisome function and was investigated further. Metformin decreased the 

expression of many peroxin subtypes (except Pex11b) involved in targeted peroxisomal transport, and 

purine/retinol metabolism genes (Figure 3.12A and 3.12B). Other peroxisome-targeted lipid 

metabolism genes such as Nudt9, Amacr and Far2 were downregulated, and Nudt7 was increased by 

metformin treatment. Amino acid metabolism genes spermine oxidase (Paox) was upregulated and 

sarcosine oxidase (Pipox) was downregulated, respectively. Metformin also increased the expression 

of the genes Mpv17l and Gstk1 involved in peroxisomal ROS and antioxidant metabolism.  

Within the genes involved in lysosome function (highlighted from KEGG enrichment analysis), 

Metformin increased the expression of most lysosomal peroxidases and membrane proteins (except 

lysosomal lipases Acp2, Acp5 and the lysosomal sulfatase Sgsh, which were decreased in expression) 

Figure 3.11. The effect of metformin on the expression of genes involved in the PPAR signalling 

pathway. (A) Heatmap showing DE genes (filtered by p-adjusted value of <0.05, genes with p-

adjusted value of >0.05 were not included in the heatmap) involved in the PPAR signalling pathway 

(pathway ID: mmu03320). Some of the genes shown are involved in glucose and lipid metabolism 

pathways and are duplicated from previous figures to show their involvement in this pathway. The 

colour keys showing the expression z-scores are shown on the right. Red indicates higher than 

average expression and blue indicates lower than average expression for a particular gene in a 

sample. (B) Schematic showing the expression changes of genes involved in the PPAR signalling 

pathway. Red and blue shows the upregulated and downregulated genes, respectively. Schematic 

is adapted from the Pathview version of the pathway. 
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(Figure 3.12C, 3.12D). The ATP-dependent H+ transporter subunits Atp6v0d1, Atp6v0b and Atp6ap1, 

which is essential for maintaining the acid environment of the organelle, was also upregulated by 

metformin. Genes involved in the transport of lysosomal proteins such as Nagba, Ap3d1 and Ap4s1 

were decreased by metformin treatment, but expression of M6pr and Cltc were increased. 

 

Figure 3.12. The effect of metformin on the expression of genes involved in peroxisome and lysosome processes. 

(A and C) Heatmaps showing DE genes (filtered by p-adjusted value of <0.05, genes with p-adjusted value of >0.05 

were not included in the heatmap) involved in peroxisome (pathway ID: mmu04142) and lysosome (pathway ID: 

mmu04146) processes. Some of the genes shown are involved in other metabolism pathways and are duplicated 

from previous figures to show their involvement in this pathway. The colour keys showing the expression z-scores 

are shown on the right. Red indicates higher than average expression and blue indicates lower than average 

expression for a particular gene in a sample. (B and D) Schematics showing the expression changes of genes 

involved in peroxisome and lysosome processes. Red and blue shows the upregulated and downregulated genes, 

respectively. Schematic is adapted from the Pathview versions of the pathways. 
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Although KEGG enrichment analysis identified fatty acid biosynthesis, cholesterol metabolism and 

PPAR signalling pathways, detailed investigations did not reveal a conclusive pattern of expression. 

Most of the genes involved in lysosome function were upregulated under metformin treatment.        

3.4.2.4 Signalling pathways involved in nutrient and energy sensing 

Since metformin activates AMPK signalling, the transcriptomic responses of the AMPK signalling 

pathway were investigated in detail, despite that the AMPK signalling pathway was not highlighted in 

the KEGG pathway analysis. Whilst expression of the α-subunit (Prkaa2) was increased by metformin, 

expression of other subunits (Prkab1, β-subunit and Prkag1, γ-subunit) were downregulated (Figure 

3.13A, 3.13B). The expression of inhibitory protein phosphatases of AMPK signalling (Ppp2r5a, 

Ppp2r5b and Ppp2r5c) were increased in metformin treated cultures. Although the effects of 

metformin in the expression profiles of other downstream AMPK signalling pathways were not 

particularly conclusive, the expression of vesicular transport genes (Tdc1d1, Rab10 and Rab14) were 

induced by metformin.  

Within the mTOR signalling complex, whilst Mtor and Rictor expression were both induced by 

metformin, the expression of Mlst8 and Telo2 were decreased (Figure 3.13C, 3.13D). Moreover, very 

few of the genes downstream of the mTOR signalling complex were differentially expressed (Figure 

3.13D). Therefore, the effect of metformin on the transcriptomic expression profiles of mTOR 

signalling genes are inconclusive.       

The HIF-1α pathway was also selected for investigation, as mitochondrial dysfunction caused by 

metformin treatment might be associated with HIF-1α signalling. Hif1a expression was increased by 

metformin, as well as its transcriptional co-activator HIF-1B (Arnt) and the ribosomal protein Rps6 that 

regulates HIF-1A translation (Figure 3.14A, 3.14B). Genes that regulate targeted degradation of HIF-

1a under normoxic conditions, such as the prolyl hydroxylase Egln1 and the ubiquitin ligase Vhl were 

downregulated in metformin-treated cultures (the exception is the scaffold protein Cul2 with 

upregulated expression). The effect of metformin on the expression of HIF-1a target genes was 

investigated using a catalogue of established HIF-1A target genes from (375). From the catalogue, 20 

out of 87 mapped genes were DE genes, with 16 upregulated and 4 downregulated genes, respectively 

(Figure 3.14C). Prominent genes involved in glycolysis as mentioned in Figure 3.4 and vascular 

associated genes (Serpine1, Edn1, Nos3 and Pdgfa) were upregulated in metformin treated cultures 

(Figure 3.14C).  
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Figure 3.13. The effect of metformin on the expression of genes involved AMPK and mTOR signalling 

pathways. (A and C) Heatmaps showing DE genes (filtered by p-adjusted value of <0.05, genes with p-

adjusted value of >0.05 were not included in the heatmap) involved in the AMPK (pathway ID: 

mmu04152) and mTOR signalling (pathway ID: mmu04150) pathways, respectively. Some of the genes 

shown are involved in other pathways and are duplicated from previous figures to show their 

involvement in this pathway. The colour keys showing the z-scores are shown on the right. Red 

indicates higher than average expression and blue indicates lower than average expression for a 

particular gene in a sample. (B and D) Schematics showing the expression changes of genes involved in 

AMPK and mTOR signalling pathways. Red and blue shows the upregulated and downregulated genes, 

respectively. Schematic is adapted from the Pathview versions of the pathways. 
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Figure 3.14. The effect of metformin on the expression of genes involved Hif1a signalling. (A) 

Heatmaps showing DE genes (filtered by p-adjusted value of <0.05) involved in the HIF1A signalling 

pathway identified from KEGG analysis (pathway ID: mmu04066). The colour keys showing the z-scores 

are shown on the right. (B) Schematics showing the expression changes of genes involved in HIF-1A 

signalling. Red and blue shows the upregulated and downregulated genes, respectively. Schematic is 

adapted from the Pathview version of the pathway. (C) Volcano plot showing the effects of metformin 

on the expression of HIF-1A signalling target genes, red shows significantly expressed genes (padj<0.05), 

black shows non-significant genes (Not Sig). The database is derived from (375). 
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3.4.2.5 Growth factor signalling pathways 

The KEGG enrichment analysis identified growth factor signalling pathways such as Hippo and MAPK 

signalling. There seems to be general upregulation of genes involved in the Hippo signalling pathway 

(Figure 3.15A). Metformin increased Wwtr1 expression, which encodes the TAZ transcription factor 

central to the Hippo signalling pathway, as well as its co-transcription partners Tc7 and Tead1 (Figure 

3.15A and 3.15B). Other upregulated genes include upstream regulatory proteins including Stk3, 

Ppp2r2a, Ppp1cb, Rassf6 and Actg1. Casein kinase (Csnk1e), which is involved in the targeted 

degradation of TAZ, was also induced by metformin. Upstream signalling pathways that interact with 

Hippo pathway involve TGFβ, WNT and cell adhesion signalling. TGFβ signalling pathway genes Tgfb2, 

Bmp2, Bmp8 and Bmpr2 were upregulated by metformin; the pathway is involved in the activation of 

Smad transcription factors that associate with YAP or TAZ to coactivate transcription of a specific 

subset of genes. Genes involved in cell function Cdh1 and Ctnna1 were also increased by metformin, 

although they are involved the cytosolic retention of YAP and TAZ. Increased expression of 

downstream YAP/TAZ pathway genes, such as Areg, Afp, Serpine1 and Birc5 was also observed.  

Since the MAPK signalling includes a broad spectrum of pathways activated by stress as well as growth 

factors, EGFR and TNFα signalling pathways were selected for further investigation as they activate 

MAPK signalling under different contexts. Various autocrine/paracrine growth factors involved in the 

EGFR signalling pathway, Areg, Ereg, Btc, Hbegf and Tgfa, and the EGF receptor (Egfr) were 

upregulated by metformin, although Erbb2 was downregulated and Egf expression remain unchanged 

(Figure 3.16A and 3.16B). The ERK arm of the EGFR signalling pathway seem to be increased by 

metformin, notably ERK gene Mapk3 and upstream signalling component Braf, Pak2 and Pak4, but 

the genes Pak6 and Hras were also downregulated. In the PI3K arm of the EGFR pathway, the PI3K 

genes Pik3r1 and Pik3r3 genes were downregulated in metformin treated cultures whilst Akt 

expression was not significantly different. Genes involved in the Ca2+ dependent signalling arm of the 

Prkca and Camk2d of the EGFR signalling pathway were also upregulated by metformin.  

In the TNFα signalling pathway, although the expression of MAPK signalling kinases (Mapk3, Mapk8 

and Mapk13), pro-apoptotic caspases (Casp3, Casp7 and Casp8) and TNFα activated transcription 

factor Creb3 were increased in metformin-treated cultures, TNF-receptor signalling adaptors Ripk1, 

Traf2 and Fadd expression were downregulated (except Tradd, which was increased) (Figure 3.16C 

and 3.16D). Amongst TNFα signalling target genes affected by metformin include leukocyte 

recruitment, activation and cell adhesion/extracellular matrix genes (Figure 3.16D).  

The transcriptomic evidence could potentially suggest that increased EGFR activation by growth 

factors might involve activation of the ERK-dependent signalling pathway in metformin treated  
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Figure 3.15. The effect of metformin on the expression of genes involved in the Hippo signalling 

pathway. (A) Heatmap showing DE genes (filtered by p-adjusted value of <0.05) involved in the Hippo 

signalling pathway (pathway ID: mmu04390). Some of the genes shown are involved in other pathways 

and are duplicated from previous figures to show their involvement in this pathway. The colour keys 

showing the z-scores are shown on the right. (B) Schematic showing the expression changes of genes 

involved in Hippo signalling pathway. Red and blue shows the upregulated and downregulated genes, 

respectively. Schematic is adapted from the Pathview versions of the pathway. 
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Figure 3.16. The effect of metformin on the expression of genes involved in TNFα and EGFR 

signalling. (A and C) Heatmaps showing DE genes (filtered by p-adjusted value of <0.05) involved in 

the EGFR (pathway ID: mmu04012) and TNFα (pathway ID: mmu044668) signalling pathways. Some 

of the genes shown are involved in other pathways and are duplicated from previous figures to show 

their involvement in this pathway. The colour keys showing the z-scores are shown on the right. (B 

and D) Schematics showing the expression changes of genes involved in EGFR and TNFα signalling 

pathways. Red and blue shows the upregulated and downregulated genes, respectively. Schematic is 

adapted from the Pathview versions of the pathways. 
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cultures, although this cannot be conclusive based on transcriptomic data alone. The effects of 

metformin in the TNFα signalling pathway is elusive.  

3.4.2.6 P53 and the cell cycle 

As well as TNFα, the P53 signalling pathway was also identified in the KEGG enrichment analysis. The 

gene Trp53 was unexpectedly downregulated by metformin treatment, as well as its upstream DNA-

damage kinase Atr (Figure 3.17A, 3.17B). However, prominent downstream P53 target genes involved 

in cell cycle arrest (Sfn, Gadd45a, Gadd45b and Gadd45g), apoptosis (Casp3, Casp8, Pmaip1, Shisha5, 

Perp and Zmat3), serpins (Serpine1 and Serpin5), exosome (Steap3) were upregulated in metformin 

treated cultures. Other P53 target genes include downregulated apoptotic genes (Siah1b and Pidd1), 

P53 negative feedback genes (Ccng, Ppm1d) and DNA repair (Sesn3, Rrm2).    

 

Figure 3.17. The effect of metformin on the expression of genes involved in the P53 signalling 

pathway. (A) Heatmap showing DE genes (filtered by p-adjusted value of <0.05) involved in the P53 

signalling pathway (pathway ID: mmu04115). The colour keys showing the z-scores are shown on the 

right. (B) Schematic showing the expression changes of genes involved in the P53 signalling pathway. 

Red and blue shows the upregulated and downregulated genes, respectively. Schematic is adapted 

from the Pathview version of the pathway.  

 

 

As well as P53 target genes involved in cell cycle arrest, other genes directly involved in cell cycle 

regulation was also differentially expressed in metformin treated cultures. In the G1 phase checkpoint, 

metformin decreased the expression of transcription factors E2f1 and Tfdp2 necessary to promote G1 
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progression, but increased the expression of G1 phase regulators E2f5 and Rb1, and CDK inhibitors 

Cdkn2b and Cdkn1c (Figure 3.18A, 3.18B). Metformin also seemed to inhibit S phase progression by 

decreasing the expression of all minichromosome maintenance MCM complex genes, Cdc6, Cdc7 and 

Cdc45, as well as origin recognition complex (ORC) genes Orc5 and Orc6 (although in the latter Orc3 

and Orc4 were upregulated). Cdc25a, which promote both G1 and S phase progression, was 

downregulated in metformin cultures. In the G2 phase checkpoint, metformin decreased the 

expression of Cdc25c, which activate cyclins involved in G2 phase progression. Metformin decreased 

the expression of mitotic spindle assembly checkpoint genes such as Mad1l1, Ttk, Cdc23, Cdc30, 

Separase (Espl1) (which hydrolyses cohesins and triggers anaphase) and Cohesin (Smc1a) but 

increased the expression of Mad2l2 and cohesion gene Stag2. The transcriptomic data suggests that 

metformin could stall cell cycle progression particularly during the G1 and S phases.       

 

  

Figure 3.18. The effect of metformin on the expression of genes involved in cell cycle regulation. (A) Heatmap 

showing DE genes (filtered by p-adjusted value of <0.05) involved in cell cycle regulation (pathway ID: mmu04110). 

Some of the genes shown are involved in other pathways and are duplicated from previous figures to show their 

involvement in this pathway. The colour keys showing the z-scores are shown on the right. (B) Schematic showing 

the expression changes of genes involved in the P53 signalling pathway. Red and blue shows the upregulated and 

downregulated genes, respectively. Schematic is adapted from the Pathview version of the pathway. 
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3.4.2.7 Pyrimidine metabolism and DNA/RNA processes        

Other pathways identified from KEGG enrichment analysis are nucleotide metabolism and DNA/RNA 

processes. 22 out of 58 genes were differentially expressed in the pyridine metabolism pathway, 

metformin downregulated genes favouring pyrimidine nucleotide biosynthesis include nucleotide 

kinases (Nme6, Dtymk, Tk2 and Uck1), ribonucleotide reductase (Rrm2), dCMP deaminase (Dctd) and 

thymidylate synthetase (Tyms) (Figure 3.19A and 3.19B). The nucleotidases (Nt5c2 and Nt5m) were 

also downregulated by metformin. Genes encoding enzymes involved in the catabolism of 

nucleotides, notably Ectonucleotide triphosphate diphosphohydrolase (Entpd3) and 5’-nucleotidase 

(Nt5c1a), were increased in metformin treated cultures (Figure 3.19A and 3.19B). These 

transcriptomic results suggest that metformin might favour nucleotide catabolism over biosynthesis.    

 

Figure 3.19. The effect of metformin on the expression of genes involved in pyrimidine metabolism. 

(A) Heatmap showing DE genes (filtered by p-adjusted value of <0.05) involved in pyrimidine 

metabolism (pathway ID: mmu00240). The colour keys showing the z-scores are shown on the right. 

(B) Schematic showing the expression changes of genes involved in pyrimidine metabolism. Red and 

blue shows the upregulated and downregulated genes, respectively. 
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With the exception of genes Snrnp27, Prpf40b and Sf3b1, metformin robustly decreased the 

expression of genes involved in the spliceosome, the machinery involved in regulating RNA splicing 

(42 out of 133 of genes in the pathway, Figure 3.20A). Metformin robustly downregulated the 

expression of RNA polymerases that regulate transcription (13 out of 30 genes), except Polr2g (Figure 

3.20B). Moreover, metformin decreased the expression of genes involved in DNA replication, except 

DNA polymerase subunit Pold4 (20 out of 35 genes, Figure 3.20C). Metformin also downregulated the 

expression of DNA repair genes except Endonuclease 8-like 1 Neil1 (Figure 3.20D). The RNA-seq data 

provides evidence that metformin might be involved in downregulating the gene-expression 

machinery involved in DNA and RNA processes.               

 

  

Figure 3.20. The effect of metformin on the expression of genes involved in DNA processes. (A-D) 

Heatmaps showing DE genes (filtered by p-adjusted value of <0.05) involved in (A) spliceosome 

assembly (pathway ID: mmu03040), (B) RNA polymerases (pathway ID: mmu03020), (C) DNA 

replication (pathway ID: mmu03030) and (D) DNA repair (pathway ID: mmu03410, 03420 and 

03430). Some of the genes shown overlap with other pathways and may be duplicated. The colour 

keys showing the z-scores are shown on the right of each heatmap. 
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3.5 Discussion  
 

3.5.1 Metformin and glucose/sugar metabolism 

In this study, KEGG enrichment analysis highlighted glycolysis/gluconeogenesis as a key pathway 

altered by metformin treatment, by increasing the expression of hexokinases, phosphofructokinases 

and aldolase A (Figure 3.3, 3.4). Overexpression studies suggested that hexokinases and 

phosphofructokinases were rate-limiting enzymes of glycolysis flux (376). Other studies have shown 

that metformin increased the activity of hexokinase and phosphofructokinase in diabetic 

cardiomyocytes (377). The RNA-seq data in this study also demonstrated that metformin increased 

the expression of malic enzyme isoforms, alanine transaminase and lactate dehydrogenase D; all of 

these are involved in converting pyruvate to metabolites alternative to mitochondrial pyruvate 

oxidation (Figure 3.5). The RNA-seq data suggests that metformin could increase glycolytic flux by 

increasing the expression of these glycolytic enzymes, to generate alternative products such as 

malate, lactate and alanine in response to impaired mitochondrial function.    

The mechanisms that explain how the expression of glycolytic enzymes are regulated by metformin is 

speculative, since this is the first study that shows the effects of metformin on the transcriptomic 

expression of glycolysis genes in intestinal cells. The mechanism might involve AMPK, although the 

transcriptomic data in this study did not identify a particular trend of DE genes within the AMPK 

pathway (Figure 3.13). This is despite substantial evidence demonstrating that metformin activates 

AMPK at the posttranslational level in intestinal tissues (212, 360, 364, 378). A recent transcriptomic 

study into the effects of human hepatocytes investigating the AMPK-dependent and independent 

effects of metformin on transcriptomic responses, reported an upregulation of AMPK-signalling 

pathway components (including the AMPK subunit Prkaa1 and CREB transcription factors); 6-

phosphofructo-2 kinases (which convert fructose-6-phosphate to fructose-2,6-bisphosphate, the 

latter regulates the activity of PFKs) and GLUT1 transporter (Slc2a1) amongst the AMPK-dependent 

pathways activated by metformin, but that study did not report increased expression of glycolysis 

enzymes (365). Moreover, AMPK has been reported to regulate glycolysis at the post-translational 

levels (such as phosphorylation of phosphofructokinases) (379). The role of AMPK in the 

transcriptomic regulation of glycolysis enzyme expression could be investigated in future studies using 

a selective AMPK activator.    

An alternative explanation for the upstream regulation of glycolysis enzyme expression is activation 

of the HIF-1A pathway, since many of the signalling components of the pathway (including Hif1a and 

Arnt) and many HIF-1A target genes were upregulated in metformin treated cultures (Figure 3.14). 
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Previous observations in cancer cell lines reported that metformin (and other electron transport chain 

inhibitors) suppressed HIF-1A signalling as a consequence of impairing oxygen consumption and 

increasing cellular oxygenation capacity in hypoxic conditions (203, 345, 346). However, some studies 

in colorectal cancer cell lines report that metformin increases ROS generation which is known to 

stabilise HIF-1A activity (380, 381). Alternatively, the TCA-cycle metabolite a-ketoglutarate is an 

essential substrate of prolyl hydroxylases that destabilise HIF-1a, thus reduced a-ketoglutarate levels 

associated with reduced TCA-cycle flux and impaired mitochondrial function by metformin could 

increase HIF-1a stability (382). Increased pyruvate and lactate levels due to increased glycolysis 

associated with metformin treatment may also increase HIF-1a levels and stability, as reported in 

cancer cell lines (383). Lactate has been reported as a signal in mediating changes in gene expression 

in response to metabolic changes (384). A recent study reported increased HIF-1A expression in the 

small intestine of mouse models of Roux-en-Y gastric bypass surgery to enhance systematic glucose 

utilisation (42). Therefore, HIF-1A could potentially be a general stress-activated signalling molecule 

activated by metformin in the intestinal cells to increase glucose utilisation by upregulating the 

expression of glycolytic enzymes.  

In the liver, the effect of metformin in the expression of gluconeogenesis genes are well known (215, 

220, 385). DNA microarray analysis of liver samples from obese diabetic db/db mice have highlighted 

G6pc as one of the top genes downregulated by metformin treatment (385). In this study, despite the 

reported downregulation of the gluconeogenesis genes Pck1 and G6pc (Figure 3.4), Pck2 was 

upregulated (Figure 3.4, 3.5) whilst none of the fructose-1,6-bisphosphatase (FBP) expression were 

differentially expressed (data not shown). Conclusions cannot be drawn on the effects of metformin 

on gluconeogenesis in intestinal cells based on the RNA-seq data alone. Indeed, the capabilities and 

contributions of the intestine as a gluconeogenic organ is not entirely clear, although the importance 

of the liver in gluconeogenesis is undisputed with a physiologically important impact on glucose 

homeostasis (179, 386).   

The RNA-seq data also identified transcriptomic changes in the pentose phosphate pathway (PPP) 

(Figure 3.3 and 3.4). The pentose phosphate pathway interacts with glycolysis and uses glucose-6-

phosphate to generate NADPH and ribose as end products (387). The RNA-seq data increased the 

expression of G6pd, the rate-limiting enzyme in the pentose phosphate pathway. Metformin also 

increased the expression of Rpe and Taldo1, enzymes involved in the non-oxidative phase of PPP and 

interacts with glycolysis through fructose-6-phosphate, but decreased the expression of ribokinase 

(Rbk), an enzyme important for ribonucleotide synthesis (Figure 3.4). Bias of the PPP in favouring 

NADPH production verses ribonucleotide generation has been demonstrated in metabolomic 

experiments of mouse livers deficient in Taldo1, which reported increased levels of ADP-ribose and 
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other nucleotides, but significantly lower levels of NADPH and marked oxidative stress (388). The RNA-

seq results suggest that metformin could potentially bias the PPP to favour NADPH production to 

protect against oxidative stress, over ribonucleotide biosynthesis. This needs to be clarified in the 

future by metabolic tracing studies into glucose-6-phosphate metabolism.  

Metformin also changed the expression of genes involved in glycogen metabolism, particularly 

phosphoglucomutases and glycogen synthesis genes (Ugp2 and Gyg) (Figure 3.3). However, the 

transcriptomic evidence is insufficient to suggest that metformin is increasing glycogen synthesis in 

the intestinal cells, since none of the key enzymes involved in glycogen metabolism- glycogen synthase 

(Gys family of genes) and glycogen phosphorylase (Pyg family of genes) are differentially expressed. 

Although glycogen stores have been reported in the intestine (389, 390), their functions are unclear.    

Decreased gene expression for key enzymes involved in fructose metabolism was also observed in 

metformin treated cells (Figure 3.6). There is increased evidence for the role of fructose metabolism 

in the intestine (391, 392). Isotope tracing studies demonstrated that the rat intestine is capable of 

clearing ~90% of fructose at low levels, of which 40% is used for gluconeogenesis (391). Since fructose 

metabolism for gluconeogenesis is an energy consuming process (ketohexokinase function is 

dependent on ATP hydrolysis in addition to other energy consuming steps in the gluconeogenesis 

pathway), decreased fructose metabolism may be a mechanism to conserve ATP expenditure.  

 

3.5.2 Transcriptomic changes of amino acid sensing, transport and metabolism pathways by 

metformin 

Metformin inhibits mitochondrial respiration; this is the main pathway of metabolism for amino acids 

such as glutamine and branched-chain amino acids (BCAAs) (393). Although the RNA-seq data reports 

downregulation of the rate-limiting enzyme for glutamine metabolism glutaminase (Gls), many genes 

associated with aspartate metabolism were increased by metformin treatment (Figure 3.7). Previous 

studies have reported that metformin decreases glutamine metabolism in various cancer cell lines and 

in ovarian tumour biopsies from patients (381, 394, 395). Emerging evidence also demonstrates that 

metformin, through inhibition of mitochondrial respiration and redox balance, reprograms aspartate 

metabolism towards nucleotide biosynthesis in cancer and other highly proliferative cells (396, 397). 

Intestinal cells have a high turnover and metformin could increase the expression of aspartate 

metabolism genes as an adaptive survival mechanism to sustain the biosynthesis of some nucleotides 

(through adenylosuccinate). This should be investigated in the future by tracing aspartate metabolism 

using 13-Carbon labelled glutamine substrates.      
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Despite previous studies demonstrating that metformin disrupts BCAA metabolism in cancer cells 

(394), the effect of metformin on BCAA metabolism is inconclusive based on the transcriptomic data 

alone. Since BCAA metabolism is oxidised in the mitochondria, metformin is likely to reduce BCAA 

oxidation as well through general impairment of mitochondrial function. 

KEGG enrichment analysis also highlighted that the arginine biosynthesis pathway was altered by 

metformin (Figure Figure 3.3, 3.7). Detailed RNA-seq analysis revealed that metformin decreased the 

expression several citrulline biosynthesis genes (Figure 3.7) and the citrulline transporter ORC1 (Figure 

3.5), which hints that metformin might also decrease citrulline biosynthesis. The intestine is a major 

source of citrulline from glutamine sources, which is used for renal arginine biosynthesis via the 

citrulline-arginine cycle (398–400). Elevated citrulline levels have been implicated as a biomarker for 

intestinal inflammation and damage (399, 401, 402). Decreased expression of citrulline biosynthesis 

enzymes by metformin could be a mechanism of ATP conservation.  

The RNA-seq data has also shown that metformin decreased the expression of many broad-spectrum 

amino acid transporters and peptide transporters (Figure 3.8). However, metformin did not influence 

glutamine uptake based on live cell imaging studies using the FRET-based glutamine-sensor using 

duodenal organoids generated from B0AT1 and SNAT2 null mice (Figure 3.8). This suggests that 

transcriptomic changes in glutamine transporters may not correlate with posttranslational/functional 

regulation, or the possibility that reduced transporter expression is compensated by increasing the 

membrane expression of other transporters. The functional studies into glutamine flux do not reflect 

upon the effect of metformin on the uptake of other amino acids, which are often dependent on 

transporters that differ from the ones used for glutamine uptake.         

Detailed inspection of amino acid metabolism pathways in the RNA-seq data showed decreased 

expression of metabolic genes unique to glycine/serine/threonine metabolism and 

cysteine/methionine metabolism (Figure 3.9). These amino acids are involved in folate dependent 

metabolism (enriched in the KEGG analysis), which are important in DNA methylation, purine 

nucleotide biosynthesis and cell proliferation (403–405). In the intestine, glycine and serine 

metabolism have been reported to play a role in DNA biosynthesis (371, 400, 406). Previous studies 

using human cells and mitochondrial myopathy mouse models with defects in mtDNA replication 

causes an imbalance of the methyl cycle and impairs one-carbon metabolism by driving de-novo serine 

and glutathione biosynthesis (373, 374, 407). Induced expression of the mitochondrial folate-

metabolism enzyme Mthfd2 was observed in these mouse models (the gene was also upregulated by 

metformin in this study), causing an imbalance of nucleotide pools. Impaired mitochondrial function 

by metformin could affect flux through this metabolic pathway, which should be investigated in the 
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future using metabolic tracing studies. Decreased metabolism of these amino acids might provide one 

possible explanation for the general transcriptomic downregulation of DNA and RNA processes.   

The mTOR signalling pathway is crucial to the regulation of amino acid metabolism and protein 

synthesis; disruption of mTOR affects intestinal differentiation and homeostasis (408). Metformin has 

been reported to inhibit mTOR signalling and reduce protein synthesis in hepatocytes (221, 222), 

whilst a recent study shows that constitutively activating mTOR in the small intestine of rats (by 

adenoviral delivery) decreased the glucose infusion rate (performed under euglycaemic clamp 

conditons) stimulated by metformin (363). The RNA-seq data in this study does not provide conclusive 

evidence that metformin regulates mTOR signalling pathways in the intestinal cultures (Figure 3.13). 

It is likely that regulation of mTOR signalling by metformin could occur at the post-translational level; 

the effect of metformin on the expression of the various mTOR complex proteins should be 

investigated in future studies.  

 

3.5.3 Metformin and intestinal lipid metabolism 

Fatty acid biosynthesis, cholesterol metabolism and PPAR signalling were pathways highlighted from 

the KEGG enrichment analysis, although detailed examination showed that each pathway includes 

both upregulated and downregulated genes, even in the same enzyme isoforms (Figure 3.10 and 3.11). 

Based on the transcriptomic data alone, no conclusions could be drawn into the effects of metformin 

on intestinal lipid metabolism and PPAR signalling. This is by contrast to studies in other tissues such 

as adipocytes and hepatocytes, where the impact of metformin on lipid metabolism is more robust 

(210, 211, 233, 366, 409). GO analysis of RNA-seq data of subcutaneous adipose tissue from elderly 

participants on metformin have similarly identified overrepresentation of pathways associated with 

lipid metabolism such as biosynthesis of unsaturated fatty acids, PPAR and SREBP signalling (366). 

Metformin alters adipose tissue metabolism by decreasing the release of FFA from adipose tissue, 

promoting VLDL triglyceride clearance or increasing fatty acid oxidation (233, 409). Metformin is 

known to reduce cholesterol synthesis and promote fatty acid oxidation via the AMPK pathway in liver 

hepatocytes (210, 211). Furthermore, the PPARγ signalling pathway is an essential signalling pathway 

regulating metabolism in liver and adipose tissues (410), but its role in intestinal metabolism is still 

elusive. This might suggest that most intestinal cells are probably less reliant on lipids as a source of 

fuel, whilst lipid storage and fatty acid oxidation are likely important metabolic functions in liver and 

adipose tissues that can be altered by metformin treatment. 
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3.5.4 Transcriptomic effects of metformin to signalling pathways and cellular processes 

Autophagy is associated with nutrient deprivation and energy stress, and numerous studies have 

demonstrated the role of metformin in inducing autophagy (352–355). The RNA-seq data shows that 

metformin induced the expression of genes encoding lysosomal hydrolases, lysosomal membrane 

proteins and the V-type H+ ATP-ase (Figure 3.12), which may suggest increased activation of autophagy 

pathways in intestinal cells. AMPK is an essential regulator for autophagy, since knockout of AMPK 

causes defective autophagy in mouse hepatocytes (411). AMPK has been reported to directly 

phosphorylate autophagy regulators such as the Beclin-1 complex and ULK-1 (411–414), or via an 

indirect mechanism involving mTOR inhibition (353). In the intestine, autophagy is an essential 

regulator of host defence and tissue homeostasis (415, 416). Genetic variants of autophagy genes 

have been associated with the risk of inflammatory diseases, and mutations causing autophagy 

defects disrupt intestinal tissue integrity and functions of paneth cells (417–420). Metformin induced 

autophagy in intestinal cells could be an adaptive response to preserve intestinal mucosal function in 

an energy-stress environment or to remove defective mitochondria (via mitophagy) caused by the 

inhibitory effects of metformin on mitochondrial metabolism (411, 421). Further studies should 

functionally verify the induction of autophagy markers (such as LC3 or Beclin-1) in intestinal cells to 

confirm transcriptomic observations.  

This study also reported the effects of metformin on new signalling pathways, which to our 

knowledge, have not previously been described in the literature. Metformin increased the expression 

of key Hippo signalling pathway genes, particularly Wwtr1, its upstream regulators and many Hippo 

signalling target genes (Figure 3.15). The Hippo signalling pathway is activated to control cell growth 

and organ size, and emerging evidence demonstrate its role in intestinal tissue regeneration and 

controlling stem cell fate by antagonising WNT signalling (422–424). Direct evidence between 

metformin and the Hippo signalling pathway is unknown, although AMPK and LKB-1 has been reported 

to regulate Hippo signalling (425–428).  

Metformin also increased the expression of many EGF family of growth factors, EGFR and MAPKs 

(Figure 3.16). This is unexpected since mitochondrial and energy stress caused by metformin seemed 

to inhibit growth signalling pathways to limit proliferation, and EGFR is important for growth of 

intestinal stem cells and crypt expansion (429–431). Whether metformin activates the EGFR signalling 

pathway at a posttranslational level is undetermined and should be investigated in the future. Since 

metformin causes the activation of stress pathways which can lead to growth arrest, senescence and 

apoptosis, concurrent activation of MAPK signalling may potentially be an adaptive counter-

mechanism to ensure survival in intestinal cells.      
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The KEGG enrichment analysis highlighted stress and inflammatory pathways, such as TNFα, IL-17 and 

RIG-1 like receptor signalling altered by metformin treatment. However, detailed examination of the 

expression profiles within the TNFα signalling pathway, which also mediate its effects via MAPK albeit 

differences in other signalling components and transcriptional targets, are inconclusive (Figure 3.16). 

A recent study reported that metformin treatment did not alter TNFα, IFN-γ nor IL-1β mRNA 

expression in the ileum of wild-type mice, but attenuated the elevated expression of these cytokines 

in a IL-10 knockout mouse model of inflammatory bowel disease (360). In that study, metformin 

treatment reduced the abundance of M1 macrophages in the ileum of the IL-10 knockout mice and 

improved barrier integrity in Caco-2 cells via activating an AMPK-dependent pathway (360).    

KEGG enrichment analysis highlighted the cell cycle and P53 signalling pathways. Although no 

conclusions could be drawn based on investigating the effects of metformin on the P53 signalling 

pathway, metformin alters the expression profiles of genes which promote cell cycle arrest (Figure 

5.17 and 5.18). A previous study demonstrated that metformin regulates genes to promote cell cycle 

arrest in cancer cells (348, 349, 432). In vivo morphological analysis of mouse ileum demonstrates that 

metformin administration increased villus length and staining for Paneth and goblet cells, without 

altering either the length of crypts or Ki67 proliferative marker expression (360). The authors from the 

study suggested that metformin promoted intestinal differentiation (360). Another study reported 

increased crypt proliferation, reduced expression of intestinal differentiation markers and decreased 

the height of mucosa in a villin-cre specific AMPKα knockout mouse model (433). Perhaps by 

promoting cell cycle arrest of intestinal progenitors, metformin could alternatively increase the 

differentiation of the intestinal progenitors via an AMPK-dependent mechanism.  

The RNA-seq analysis also decreased the expression of genes involved in RNA polymerases in gene 

transcription, DNA replication, repair and the spliceosome (Figure 5.20), which may suggest 

deactivation of these energetically expensive processes (434). Analysis of pyrimidine metabolism 

pathways show that metformin generally downregulates genes involved in nucleotide biosynthesis 

but increase the expression of some genes that catabolise nucleotides, potentially causing an 

imbalance or reduction of the nucleotide pool for DNA processes (Figure 5.19). Other contributions to 

an imbalanced nucleotide pool could come from alterations in the PPP, folate dependent metabolism 

and aspartate metabolism. Perhaps reduced nucleotide metabolism could explain decreased DNA 

replication in metformin treated cultures and increased expression of cell cycle arrest genes in 

metformin treated cultures. Particularly, all of the genes encoding MCM complexes that initiate 

chromosome replication were downregulated in metformin treated cells, suggesting that reduced 

DNA replication prevents cell cycle progression beyond the S phase (Figure 5.18).      
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3.5.5 Conclusions 

In this study, bulk RNA-seq provided detailed examination of the metabolic and signalling pathways 

affected by metformin in intestinal cells. The RNA-seq analysis complemented existing studies that 

metformin altered pathways associated with glycolysis/gluconeogenesis, autophagy, the cell cycle and 

DNA/RNA processes, which are likely to play important roles in intestinal homeostasis and regulate 

the metabolism of intestinal cells. The data also provided insights into the potential roles of metformin 

in novel pathways, such as amino acid metabolism, EGFR/MAPK, Hippo and HIF-1A signalling, which 

may suggest additional mechanisms of action in intestinal cells.  

Transcriptomic analysis poses limitations in understanding the cellular processes that can also be 

influenced by translational and posttranslational control, or through compensatory mechanisms. For 

example, no difference in glutamine uptake was observed despite decreased mRNA expression of 

many amino acid transporters. A combination of transcriptomic, proteomic and metabolic analysis 

would be ideal to build a comprehensive picture to understand the effect of metformin in intestinal 

cells.  
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Chapter 4: Mechanisms of GDF-15 induction by metformin in intestinal 

cells 
 

4.1 Summary 
 

Growth differentiation factor 15 (GDF-15) is a well-established marker of cellular stress and is a 

recently discovered metabolic stress hormone associated with appetite regulation. Serum GDF-15 

levels are highly elevated in patients receiving metformin treatment, which is speculated to contribute 

to weight loss effects of the drug (76, 276, 295). The cellular mechanisms by which metformin induces 

GDF-15 secretion is unknown. The RNA-seq data identified GDF-15 as one of the most significantly 

upregulated genes in metformin treated intestinal cultures (see chapter 3). This is supported by 

experiments in HFD-fed mice orally administered with metformin, which reported induction of GDF-

15 only in the proximal, distal small intestine and the colon, demonstrating the importance of the 

gastrointestinal tract in stimulating GDF-15 release (321). This chapter examines the cellular 

mechanisms associated with GDF-15 secretion in intestinal cells.     

 

4.2 Introduction 
 

4.2.1 GDF-15 as a metabolic hormone  

The first insights into the metabolic effects of GDF-15 were from studies by Johnen et. al., who 

reported that mice bearing tumours overexpressing GDF-15 were cachexic and anorexic (291). When 

GDF-15 was injected into mice, or using transgenic mice overexpressing GDF-15, reduced food intake 

and secondary weight loss were observed without any effects on energy expenditure (291). GDF-15 

null mice were reportedly more obese when exposed to standard chow or high fat diet (HFD) than 

wild-type mice (292, 294). In human studies, GDF-15 levels were also elevated in obese patients, not 

just in patients with substantial weight loss, possibly due to increased adiposity during obesity and the 

ability of the adipose tissue to release GDF-15 (435, 436).  

Experiments in mice have demonstrated that GDF-15 administration directly results in conditioned 

taste aversion, whereby the animal associates the taste of a certain food with a toxic or aversive 

substance (287). The results indicate that the effects of GDF-15 on food intake involves a central 

mechanism. Interventricular administration of GDF-15 in mice led to reduced food intake and body 

weight, whereas intraperitoneal injection of GDF-15 increased cFos activation in the Area Postrema 

(AP) and the Nucleus Tractus Solitarii (NTS) of the brainstem, brain regions associated with nausea 
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and vomiting (293). Selective lesioning of these areas abolished the anorexigenic effects of GDF-15 

(293). Recent studies by Yang et. al., used cell-surface display screening of 2,762 potential 

transmembrane domains and identified GDNF family α-receptor like A (GFRAL) as a high affinity 

cognate receptor for GDF-15 (295). GFRAL associate with the receptor RET to form a heterodimer 

upon GDF-15 binding to facilitate signal transduction (295). The importance of GFRAL were 

demonstrated in knockout mice, which abolished the anorexigenic and weight-loss effects of GDF-15 

as well as sustained weight gain in response to HFD (295). Analysis of tissue expression of GFRAL found 

that they are only expressed in a selective number of neurons located exclusively in the NTS and AP 

of the brainstem (295). This reinforces the importance of GDF-15/GFRAL axis in the central regulation 

of food intake and body weight.   

Interestingly, transgenic mice with elevated GDF-15 levels also showed improvements in glucose 

tolerance and insulin sensitivity following high fat diet (HFD) (291). Some studies reported that GDF-

15 levels are transiently elevated in response to an oral glucose tolerance test, whilst euglycaemic 

hyperglycaemic clamp studies in obese women reported transient elevations in GDF-15 (437, 438). 

These studies suggest that acute changes in GDF-15 levels may correlate with insulin levels, although 

many of the patients in the study were also taking metformin, which could increase serum GDF-15 

levels (see Section 4.2.3 below) (437, 438). Furthermore, obese women with T2DM displayed elevated 

GDF-15 levels compared to obese women without diabetes (439). However, the physiological role of 

GDF-15 in diabetes is not completely understood to date (289).   

4.2.2 Mechanisms of GDF-15 induction 

GDF-15 was initially reported as a stress-responsive hormone elevated in various animal models of 

tissue injury, such as chemically induced liver and lung injury, surgical nephrectomy, ischaemic 

reperfusion injury and dilated cardiomyopathy (284, 285, 440, 441).  GDF-15 is also elevated in 

response to tissue inflammation, as in rheumatoid arthritis or liver cirrhosis (442, 443). GDF-15 has 

been reported to limit the extent of tissue damage, but its physiological role during injury and 

inflammation are incompletely understood (441, 443). Inflammatory markers such as C-reactive 

protein (CRP) have been reported to induce GDF-15 expression via the P53 pathway, which directly 

interacts with the Gdf15 promoter (444, 445). Activation of the NF-kB signalling pathway have also 

been reported to trigger GDF-15 induction by tumour cells to suppress the activity of inflammatory 

macrophages (446).  

GDF-15 is especially elevated in patients with mitochondrial diseases, a heterogeneous spectrum of 

genetically inherited disorders caused by mutations in proteins localised in the mitochondria which 

cause mitochondrial dysfunction (447, 448). Transcriptomic studies of skeletal muscle biopsies from 



91 
 

patients with mitochondrial encephalomyopathy caused by mutations of the thymidine kinase (Tk2) 

gene demonstrated substantial overexpression of GDF-15 amongst other genes associated with the 

P53 signalling pathway (449). Subsequent studies have identified elevated serum levels of GDF-15 and 

a similar stress-responsive hormone FGF-21 in patients with various mitochondrial disorders (447, 

448).    

Various in vivo and cellular models demonstrate that GDF-15 induction by cellular stressors are 

associated with the integrated stress response (ISR) (286, 374). Using a mouse model of mitochondrial 

myopathy caused by muscle specific mutations of the Twinkle mtDNA helicase (associated with 

mtDNA replication), Khan et. al., demonstrated induction of GDF-15 and FGF21 coinciding with ISR 

genes and mitochondrial unfolded protein response (mtUPR) genes downstream of mTORC1 

activation (374). Similarly, mouse models of mitochondrial myopathy due to mutations of the Crif1 

gene causing defective ribosomal translation, and global knockout of Polg (mitochondrial targeted 

DNA polymerase) caused GDF-15 overexpression and elevated serum levels associated with mtUPR 

and ISR genes (286). Inhibitors that disrupt mitochondrial dysfunction all associate with general ISR 

activation via induced ATF4 and CHOP expression (450). Recent studies by Patel et. al., demonstrated 

that other stressors that activate the ISR pathway, such as defective ER glycosylation, protein 

misfolding and hypoxia also caused an overexpression of GDF-15 in Mouse Embryonic Fibroblast (MEF) 

cells (287). CHOP has been demonstrated to bind directly to the promoter of GDF-15 to elicit gene 

expression, demonstrating that GDF-15 induction is directly regulated by ISR (451).  

4.2.3 Metformin and GDF-15  

A large scale clinical study (called the ORIGIN trial) involving 8,401 T2DM patients (and from this cohort 

2,317 patients on metformin) identified GDF-15 as a novel biomarker from a panel of 237 potential 

biomarkers that is strongly linked to the use and dosage of metformin (276). A recent study from the 

SUMMIT cohort of 1,438 patients with a history of T2DM and cardiovascular disease, revealed that 

metformin use was associated with a 40% elevation of serum GDF-15 levels that is independent of 

other factors (277). In a recent transcriptomic analysis of human hepatocytes pre-treated with 

metformin, Gdf15 was amongst the top upregulated genes associated with an AMPK-independent 

pathway of metformin action (365).  

As mentioned in chapter 3, Gdf15 is one of the most significantly upregulated genes in metformin 

treated intestinal 2D monolayer cultures (Figure 3.1). In a collaboration with Steve O’Rahilly and 

others, we have reported that metformin use in obese non-diabetic patients from the CAMERA clinical 

trial was associated with elevated GDF-15 levels (321). Metformin prevented weight gain in HFD mice 

but not in GDF15 and GFRAL knockout mice, demonstrating that the modest anorexigenic effects of 
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metformin are associated with GDF-15 (321). To investigate the site of metformin action, oral 

administration of metformin (single dose for 6 hours or long-term dosage for 11 days) elicited Gdf15 

mRNA expression in the small intestine, the colon and the kidneys, suggesting the potential 

involvement of these organs in the elevations of GDF-15 in response to metformin administration 

(321).   

 

4.3 Aims 

This chapter expands the investigation into the cellular mechanisms by which metformin causes GDF-

15 induction in the intestine.  The aims of this study are:  

1. To examine the mechanisms of mitochondrial stress caused by metformin in stimulating GDF-

15 secretion in intestinal organoids. 

2. To identify metformin responsive genes and pathways associated with mitochondria function 

to better understand the link between metformin and GDF-15 release. 

3. To elucidate the role of ISR in metformin stimulated GDF-15 secretion in intestinal cells. 

 

4.4 Results 
 

Note: Experiments involving metformin oral dosing in HFD-fed mice and RNA-extraction of organs 

were performed by Tony Coll, Irene Cimino and Debra Rimmington.  

4.4.1. Mitochondrial stress and GDF-15 induction in intestinal cells 

The effects of Gdf15 induction was compared with other GDF family growth factors, FGF family of 

growth factors and other known stress activated growth factors to investigate whether metformin 

treatment causes a general upregulation of stress hormones. Compared to other growth factors, the 

induction of Gdf15 expression by metformin was the most robust (Figure 4.1A). Metformin also, to a 

lesser extent, increased the expression of Fgf15, a hormone released in the GI tract involved in bile-

acid synthesis, and Tgfb1, the cytokine involved in inflammatory stress (Figure 4.1A). Metformin 

modestly increased the expression of Fgf21, another hormone that is induced by stress, although the 

expression of Fgf21 is very low compared to Gdf15 and other growth factor genes. Metformin 

treatment downregulated Gdf9 but was without effect on the expression of Gdf11 and other TGF-β 

growth factors. Confirming RNA expression studies, metformin also significantly increased the 
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secretion of GDF-15 in mouse duodenal organoids (between 2-6-fold) and ileal organoids (between 2-

3 fold) over a 24-hour period (Figure 4.1B and 4.1C). 

 

 

To provide some insight into how metformin elicited GDF-15 secretion, intestinal 2D monolayer 

cultures generated from mouse duodenal organoids were incubated with various inhibitors for 24 

hours. Rotenone, which like metformin inhibits Complex I of the electron transport chain, induced 

GDF-15 secretion response by 3.2 fold at a similar magnitude as metformin (4.1 fold) (Figure 4.2A and 

4.2B). Interestingly, the complex III inhibitor Antimycin A induced a more marked GDF-15 secretion 

response by 15.5 fold (Figure 4.2A and 4.2B). Other mitochondrial inhibitors such as the proton 

uncoupler FCCP (which dissipates the mitochondrial membrane potential) and the mitochondrial 

pyruvate carrier inhibitor UK-5099 (to investigate the effects of mitochondrial pyruvate oxidation from 

glucose metabolism) did not significantly increase GDF-15 secretion (Figure 4.2A and 4.2B). The AMPK 

activator Az-991 (to mimic the AMPK-dependent signalling arm of metformin) did not significantly 

increase GDF-15 secretion either (Figure 4.2B). Since other mitochondrial electron transport chain 

inhibitors in addition to metformin also stimulates GDF-15 secretion, the results suggest that 

metformin stimulates GDF-15 secretion through a mitochondrial dependent mechanism, but was 

independent to AMPK activation. 

Figure 4.1. Metformin stimulates Gdf15 expression and secretion in intestinal cultures. (A) The effect of 

metformin on the expression of Gdf15, other GDF family of growth factors, FGF family of hormones and TGF family 

of paracrine factors. The raw count data for each gene is normalised by the size factors and the library size. *, 

P<0.05, **, P<0.01, ***, P<0.001 (P-adjusted values calculated via DE-Seq analysis). N=6 plates from 2 different 

organoid lines. (B and C) Metformin (1mM) pre-treatment stimulates GDF-15 secretion in intestinal cultures 

generated from (B) mouse duodenal organoids (Control: N= 18 wells, Metformin: N=17 wells, 3-5 wells assessed 

in parallel from 5 independent experiments) and (C) mouse ileal organoids (N=9 wells from 3 independent 

experiments). Secretion normalised to the control. Results presented as mean ± SEM. Different colours represent 

different experiments. ***, P<0.001. Two-tailed t-test.  
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Given that metformin inhibits Complex I activity (which oxidises NADH to NAD+ in the mitochondria), 

GDF-15 secretion could be associated with the mitochondrial NADH/NAD+ redox state. This was 

 

 

 

 

 

 

 

 

 

 

 

investigated by supplementing 2D organoid cultures with nicotinamide mononucleotide (NMN) to 

stimulate NAD+ biosynthesis via the nicotinamide mononucleotide adenylyltransferase NMNAT in the 

NAD+ salvage pathway (Figure 4.3A). Since NMN affects both mitochondrial and cytosolic NADH/NAD+ 

redox states, the effects of the compound duroquinone, which elicits NAD+ synthesis as a substrate 

for the cytosolic quinone reductase NQO1 was investigated in metformin treated cultures (Figure 

4.3A) (452, 453). NMNATs and NQO isoforms are all expressed in intestinal cells, and metformin 

induced Nqo1 expression (Figure 4.3B and 4.3C). NMN supplementation reduced metformin 

stimulated GDF-15 secretion in both of the experiments, whilst duroquinone was without effect 

(Figure 4.3D). The results implicate the role of mitochondrial NADH/NAD+ redox state in metformin 

stimulated GDF-15 secretion.  

Metformin has been shown to stimulate ROS generation in cancer cell lines (381). The role of ROS in 

metformin stimulated GDF-15 secretion in intestinal cells were investigated by treatment with 

Figure 4.2. Inhibitors of the electron transport chain stimulate GDF-15 secretion in intestinal cells. 

(A) Schematic showing the mechanisms of action of metformin and different mitochondrial respiration 

inhibitors. (B) GDF-15 secretion in mouse duodenal 2D monolayer cultures pre-treated with 

metformin (1mM, N=12 wells, 3 wells assessed in parallel from 4 independent experiments), antimycin 

A (10µM, N=9 wells, 3 wells from 3 independent experiments), rotenone (10µM, N=9 wells, 3 wells 

assessed in parallel from 3 independent experiments), UK-5099 (10µM, N=3 wells from 1 experiment), 

FCCP (10µM, N=9 wells, 3 wells from 3 independent experiments) and Az-991 (10µM, N=9 wells, 3 

wells assessed in parallel from 3 independent experiments) for 24 hours. Secretion is normalised to 

the control (N=9 wells, 3 wells assessed in parallel from 3 independent experiments). Results 

presented as mean ± SEM. *, P<0.05, ***, P<0.001. One-way ANOVA and Bonferroni post-hoc test.  
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mitochondrial targeted ROS inducers and antioxidants. Co-treatment with MitoTEMPO, a 

mitochondrial antioxidant which functions as a superoxide dismutase mimetic to scavenge  

 

 

 

 

 

 

 

 

 

 

 

 

superoxides (454), modestly decreased metformin-stimulated GDF-15 secretion (in 3 out of 4 

experiments) but also modestly increased basal GDF-15 secretion in one experiment (Figure 4.4A and 

4.4B). Elevation of mitochondrial ROS using MitoParaquat (MitoPQ), a mitochondrial targeted redox 

cycler that elevates superoxide production (455), and MitoCDNB1, which disruption of thiol redox 

state by inhibiting glutathione-S-transferases (GSTs) and deplete mitochondrial glutathione (456), 

both modestly stimulated basal GDF-15 secretion (Figure 4.4B). The results suggest that mitochondrial 

ROS may make a small contribution to GDF-15 secretion and may be involved in metformin-stimulated 

GDF-15 secretion. It is unknown whether cytosolic ROS could play a more important role (since 

Figure 4.3. Restoring mitochondrial NADH/NAD+ redox balance reduces metformin-stimulated GDF-15 secretion. 

(A) Schematic showing the mechanisms of action of metformin, nicotinamide mononucleotide (NMN) and 

duroquinone. (B and C) The effect of metformin on the expression of (B) NMNATs and (C) NQOs. The raw count data 

for each gene is normalised by the size factors and the library size. ***, P<0.001 (P-adjusted values calculated via DE-

Seq analysis). (D) GDF-15 secretion in mouse duodenal 2D monolayer cultures co-treated with control or metformin 

(1mM) for 24 hours with NMN (5mM) and Duroquinone (50µM). Cultures were pre-treated with NMN or Duroquinone 

for an hour prior to co-treatment with or without metformin.  Secretion is normalised to the control. Results presented 

as mean ± SEM. N=6 wells, 3 wells assessed in parallel from 2 independent experiments. ***, P<0.001. Two-way 

ANOVA and Bonferroni post-hoc test.  
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MitoTEMPO may not eliminate all superoxide released from to the cytosolic side of Complex III), and 

this should be tested using some other non-mitochondrial targeted antioxidants. 

 

 

 

 

 

 

The effects of the drugs that alter mitochondria protein homeostasis (proteostasis) were also 

investigated, since they have previously been shown to induce the mtUPR response which was linked 

to GDF-15 secretion (450). Co-treatment with doxycycline, an inhibitor of mitochondrial translation 

(457), stimulated GDF-15 secretion in control cultures, but did not further stimulate GDF-15 secretion 

in the presence of metformin in 3 out of 4 experiments, whereas there seems to be an additive effect 

in one experiment (Figure 4.5A and 4.5B). Actinonin, which affects the de novo turnover of 

mitochondrial proteins (458), further stimulated GDF-15 secretion in metformin co-treated cultures, 

and seemed to increased basal GDF-15 secretion, although not statistically significant (P=0.1644, 

Figure 4.5A and 4.5C).  Co-treatment with mitoBloCK6, an inhibitor of mitochondrial protein import 

through TIM22 and Mia40/Erv1 pathways (459), stimulated additional GDF-15 secretion in control and 

metformin treated cultures (Figure 4.5A and 4.5D). Ciprofloxacin, which inhibits mtDNA replication by 

inhibiting mitochondrial topoisomerases from relaxing its supercoil structure also further stimulated 

GDF-15 secretion in both control and metformin treated cultures (Figure 4.5A and 4.5E). These results 

Figure 4.4. The effect of ROS in metformin-stimulated GDF-15 secretion. (A) Schematic showing the mechanisms 

of action of metformin, and different mitochondrial ROS stimulators. (B) GDF-15 secretion in mouse duodenal 2D 

monolayer cultures pre-treated with MitoPQ (5µM, N=9 wells, 3 wells assessed in parallel from 3 independent 

experiments), MitoCDNB1 (5µM, N=6 wells, 3 wells assessed in parallel from 2 independent experiments) or 

metformin (1mM, N=12 wells, 3 wells assessed in parallel from 4 independent experiments) with MitoTEMPO 

(100µM N=9 wells, 3 wells assessed in parallel from 3 independent experiments). Secretion is normalised to the 

control (N=12 wells, 3 wells assessed in parallel from 4 independent experiments). Cultures were pre-treated with 

MitoTEMPO for an hour prior to co-treatment with or without metformin. Results presented as mean ± SEM. Basal 

control: N=12 wells, 3 wells assessed in parallel from 4 independent experiments. *, P<0.05, **, P<0.01, ***, 

P<0.001. Two-way ANOVA and Bonferroni post-hoc test.  
 



97 
 

suggest that mitochondrial translation, and not mitochondrial protein import or protein turnover, may 

form a part of the mechanism of metformin stimulated GDF-15 secretion.  

 

 

 

 

 

 

 

 

 

Figure 4.5. The effect of mitochondrial proteostasis inhibitors in GDF-15 secretion. (A) Schematic 

showing the mechanisms of action of doxycycline, actininonin and MitoBloCK6 in the mitochondria. 

(B-D) GDF-15 secretion in mouse duodenal 2D monolayer cultures pre-treated with metformin (1mM) 

with (B) doxycycline (50µM, N=12 wells, 3 wells assessed in parallel from 4 independent experiments), 

(C) actinonin (100µM, N=9 wells, 3 wells assessed in parallel from 3 independent experiments), (D) 

MitoBloCK6 (50µM, N=6 wells, 3 wells assessed in parallel from 2 independent experiments) and (E) 

ciprofloxacin (100µg/ml, N=6 wells, 3 wells assessed in parallel from 2 independent experiments). 

Cultures were pre-treated with doxycycline, actinonin, MitoBloCK6 or ciprofloxacin for an hour prior 

to co-treatment with or without metformin. Secretion is normalised to the control. Results presented 

as mean ± SEM. *, P<0.05, ***, P<0.001 compared to control. ###, P<0.001 compared to metformin. 

Two-way ANOVA and Bonferroni post-hoc test.  
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4.4.2. The effect of metformin on the expression of mitochondria-associated genes 

Further insights into mechanisms of metformin stimulated GDF-15 secretion could be gained from 

investigating the expression profiles of genes assoaciated with the mitochondria function. Sub-

analysis of expression profiles from 1,158 nuclear-encoded genes associated with or localised to the 

mitochondria were performed using the MitoCarta 2.0 database (460). 1,056 out of 1,158 genes were 

mapped to the database, and 289 DE genes (27.3%) were identified. The most statistically significant 

DE genes from the MitoCarta 2.0 database are shown as a volcano plot (Figure 4.6A). Gene ontology 

(GO) enrichment analysis was conducted to identify the mitochondrial processes altered in the 

metformin treated cultures. The top 30 GO terms associated with upregulated genes mostly involve 

 

  

Figure 4.6. RNA-seq analysis of mitochondria associated genes based on the MitoCarta 2.0 database. (A) Volcano 

plot displaying the fold change (X-axis) compared to the P-adjusted values (Y-axis) of individual genes altered by 

metformin treatment. Red dots represent gene expression changes that were statistically significant (P<0.05), 

whilst black dots represent gene expression changes that were not statistically significant (Not Sig). Labelled genes 

represent the top 50 most differentially expressed genes (sorted by P-adjusted values). Con; Control, Met; 

Metformin. (B and C) Gene ontology (GO) analysis of (B) upregulated and (C) downregulated genes altered by 

metformin. Hits (%) is the number of differentially expressed (DE) genes in a particular GO term divided by total 

number of genes in the pathway. Count represents the numbers of DE genes in the GO term. P adjusted value is 

the P-value corrected for the false-discovery rate using the Benjamin-Hochberg method, with more statistically 

significant values representing greater shading intensity. 
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metabolic processes, although the terms were <15% hit, except for mitochondrial protein processing 

(Figure 4.6B). The top 30 GO terms associated with downregulated genes particularly include RNA 

processes and genome maintenance (Figure 4.6C). The hit % of downregulated GO processes were 

much more dispersed (between 5%-40% hit), which may suggest more notable influences of 

metformin on mitochondrial DNA and RNA processes (Figure 4.6C).  

The effect of metformin on the expression profiles of mitochondrial and cytosolic translation 

machinery were investigated since many of the downregulated GO terms were tRNA processes and 

translation. 8 out of 17 genes encoding mitochondrial aminoacyl tRNA synthetases were DE genes, 

with 7 downregulated and 1 upregulated by metformin (Figure 4.7A). In comparison, only 2 out of 25 

cytosolic aminoyacyl tRNA synthetases were DE genes (aminoacyl tRNA synthetase complex 

interacting protein Aimp2 and cysteinyl tRNA-synetase Cars) (Figure 4.7B). Similarly, 18 out of 78 

genes encoding mitochondrial ribosomes were DE genes, with 15 downregulated genes and 3 genes 

induced by metformin (Figure 4.7C). This was compared to only 7 out of 94 cytosolic ribosomes 

identified as DE genes (Figure 4.7D). Metformin also markedly decreased the expression of essential 

genes involved in mitochondrial DNA replication, particularly mitochondrial DNA polymerases (Polg 

and Polg2), mitochondrial RNA polymerase (Polrmt), mtDNA helicases (Twnk, Dna2), mtDNA 

ribonuclease (Rnaseh) and mitochondrial nucleotide metabolism enzymes (Mgme1, Ung, Apex2 and 

Tk2) (Figure 4.7E). These results indicate that metformin downregulates the expression of genes 

involved in mitochondrial translation and mtDNA replication.  

The effect of metformin on other aspects of mitochondrial function were also explored. The effects of 

metformin on the expression of mitochondrial import proteins were mixed- downregulation of inner 

membrane translocases (Timm8a1, Timm9 and Timm22), upregulation of mitochondrial peptidases 

(Pmpca and Pmpcb), as well as altered expression of outer membrane translocases (Tomm40l 

increased, Tomm5 decreased) and inner mitochondrial membrane proteases (Immp2l increased, 

Immp1l decreased) (Figure 4.8A). Amongst the genes associated with mitochondrial protein folding, 

metformin increased the expression of key genes encoding proteases involved in the mtUPR response 

(Lonp1, Yme1l1 and Oma1) and mitochondrial chaperones (Hspa9, Grpel2 and Dnajc2, although 

Dnajc11 was downregulated) (Figure 4.8B). The effects of metformin in the expression of oxidative 

phosphorylation genes were inconclusive, with up- and down-regulation of some complex enzyme 

subunits such as cytochrome c oxidases (Cox18 increased, Cox10 decreased) and NADH 

dehydrogenases (Ndufc2 and Ndufaf6 increased, Ndufaf4 decreased) (Figure 4.8C). Furthermore, no 

conclusions could be drawn on the effects of metformin on mitochondrial dynamics; whilst the 

mitochondrial fission protein Mtfp5, the mitophagy GTPase Rab35 and the mitophagy kinase Pink1 

were downregulated by metformin, the mitophagy protein Snap29, mitochondrial fission proteins  
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Figure 4.7. Metformin decreased the expression of genes involved in mitochondrial translation 

and mtDNA replication. (A-D) Volcano plot displaying the fold change (X-axis) compared to the P-

adjusted values (Y-axis) of genes encoding (A) mitochondrial tRNA aminoacyl synthetases (B) 

cytosolic tRNA aminoacyl synthetases (C) mitochondrial ribosomal proteins and (D) cytosolic 

ribosomal proteins. Red dots represent gene expression changes that were statistically significant 

(P<0.05), whilst black dots represent gene expression changes that were not statistically significant 

(Not Sig). Labelled genes represent DE genes. (E) Heatmap showing DE genes (filtered by p-adjusted 

value of <0.05) involved in mtDNA replication, transcription and repair affected by metformin 

treatment. The colour key depicts the z-score and is shown on the right. N=6 plates from 2 different 

organoid lines. 
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Figure 4.8. The effect of metformin on the expression of genes involved in mitochondrial processes. (A-E) 
Heatmaps showing DE genes (filtered by p-adjusted value of <0.05) involved in (A) mitochondrial protein import 
(B) Mitochondrial protein folding, , (C) oxidative phosphorylation (D) mitochondrial dynamics, (E) ROS defences and 
(F) mitochondrial Ca2+

 
signalling. The colour key depicts the z-score and is shown on the right of each heatmap. N=6 

plates from 2 different organoid lines. 
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Mff, Mtfr1l, Dnm1l and mitochondrial fusion protein Opa1 were also upregulated (Figure 4.8D). 

Metformin did not cause marked changes in the expression of genes involving ROS defences (Figure 

4.8E), Metformin increased the expression of genes associated with mitochondrial Ca2+ signalling, 

including the mitochondrial Ca2+ uptake transporter complex Mcu, Micu1 and Afg3l2 (although the 

regulatory protein Mcur1 was downregulated), the mitochondrial Ca2+ transport channel Vdac1 and 

the Ca2+ dependent mitochondrial phosphate carrier Slc25a33 (Figure 4.8E).  

4.4.3. Metformin activates ISR and the HIF-1A signalling pathway to stimulate GDF-15 induction 

Since GDF-15 induction is associated with activation of ISR in response to a number of stressors 

including mitochondrial dysfunction (287, 450), the possibility of ISR activation as part of metformin 

stimulated GDF-15 secretion were explored. From the intestinal tissues in HFD-fed mice, oral dosing 

of metformin for 6 hours elicited an increase in Ddit3 expression (which encodes the CHOP  

  

Figure 4.9. Metformin induces Ddit3 (CHOP) expression in the intestines of HFD-fed mice. (A-C) HFD-fed mice fed 

with a single dose of 600mg/kg metformin for 6 hours induced Ddit3 expression in (A) proximal small intestine (SI) and 

(C) colon, but not (B) distal SI. mRNA analysis of fresh frozen tissue normalised to expression levels of b-actin (Actb). 

N=6-7 mice per group. *, P<0.05. Two-tailed independent t-test. (D and E) HFD-fed mice fed with 300mg/kg metformin 

for 11 days induced Ddit3 expression in (D) distal SI and (E) colon. mRNA analysis of fresh frozen tissue normalised to 

expression levels of b-actin (Actb). N=6 mice per group. *, P<0.05. Two-tailed independent t-test.  
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transcription factor activated during ISR) in the proximal small intestine and colon, but not the distal 

small intestine (Figure 4.9A-4.9C). These segments of the intestine coincided with induction of Gdf15 

mRNA expression by metformin treatment (321). Similarly, long-term oral treatment of metformin for 

11 days also increased Ddit3 mRNA expression in the distal small intestine and colon (Figure 4.9D and 

4.9E), which correlates with the induction of Gdf15 expression (321). This suggests that metformin 

activates ISR to elicit Gdf15 expression in the intestine.  

To confirm the observations in the mouse intestine, the effects of ISR on GDF-15 secretion were 

confirmed using 2D monolayer cultures from intestinal organoids. ISR is activated by the 

phosphorylation of translation initiation factor eIF2α by serine/threonine kinases, which are in turn 

activated by various cellular stressors (Figure 4.10A) (461, 462). Phosphorylated eIF2α preferentially 

translates transcription factors with specific upstream open reading frames (uORFs) such as ATF4 and 

ATF5 over general protein synthesis, leading to induction of a transcriptional cascade such as 

upregulation of Ddit3 (CHOP) and Atf3, amongst others (463). The contribution of ISR to metformin 

stimulated GDF-15 secretion was investigated by co-treatment with ISRIB, an inhibitor which prevents 

the phosphorylation of the translation initiation factor eIF2α. ISRIB co-treatment significantly 

diminished metformin stimulated GDF-15 secretory response at 1µM but was without effect at 0.1µM 

concentrations and no differences were found on basal secretion (Figure 4.10B and 4.10C). Co-

treatment with the PERK inhibitor GSK-2606414 (associated with the ER stress arm of ISR) modestly 

reduced metformin-stimulated GDF-15 secretion and increased basal secretion in one experiment 

(Figure 4.10D), suggesting some contribution of PERK in metformin elicited ISR. Co-treatment with the 

GCN2 inibitor A-92 (activated by amino acid deprivation in the ISR pathway) did not alter metformin-

stimulated GDF-15 secretion but inhibited GDF-15 secretion stimulated by the histidyl-tRNA 

synthetase inhibitor Histidinol to mimic amino acid deprivation (Figure 4.10E).  

RNA-sequencing analysis demonstrate that metformin did not alter the expression of Eif2a, Eif2ak3 

(PERK) or Eif2ak4 (GCN2), but increased the expression of Eif2ak2 (PKR) and downregulated Eif2ak1 

(HRI) (Figure 4.10F). This likely reflects the importance of posttranslational regulation as opposed to 

transcriptomic changes in Eif2a and stress-activated kinases during ISR. The effects of metformin on 

the expression of confirmed ATF4 target genes were also investigated (Figure 4.10F). Only Asns and 

Pck2 expression were increased by metformin treatment (associated with asparagine and glucose 

metabolism, respectively), whilst Atf3 and Atf5 were downregulated by metformin treatment (Figure 

4.10F). Notably, metformin did not alter the expression of Atf4, Ddit3, Chac1 (involved in UPR and 

glutathione biosynthesis), Psph (serine metabolism) and Trib3 (involved in NF-kB and cytokine 

signalling responses) (Figure 4.10F). These results do not provide conclusive evidence that metformin 

elicits the expression of ATF-4 dependent genes.   
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Figure 4.10. Metformin activates ISR to stimulate GDF-15 secretion. (A) Schematic showing the ISR pathway and 

mechanisms of action of ISRIB, A-92 and GSK-2606414. (B-D) GDF-15 secretion in mouse duodenal 2D monolayer cultures 

pre-treated with metformin (1mM) with (B and C) ISRIB (0.1µM and 1µM respectively), (D) GSK-2606414 (0.2µM) and (E) 

A-92 (20µM). Cultures were pre-treated with ISRIB, GSK-2606414 or A-92 for an hour prior to co-treatment with or without 

metformin. ISRIB: N=6 wells, 3 wells assessed in parallel from 2 independent experiments. GSK-2606414: N=6 wells, 3 wells 

assessed in parallel from 3 independent experiments. A-92: N=6 wells, 3 wells assessed in parallel from 2 independent 

experiments except for Histindol, where N=3 wells from 1 experiment. For (B-E), *, P<0.05, **, P<0.01, ***, P<0.001 vs 

control, #, P<0.05, ###, P<0.001 vs metformin. Two-way ANOVA and Bonferroni’s post hoc test. (F and G) The effect of 

metformin on the expression of (F) Eif2a and stress-activated kinases and (G) ATF target genes from the RNA-seq data. The 

raw count data for each gene is normalised by the size factors and the library size. *, P<0.05, **, P<0.01, ***, P<0.001 (P-

adjusted values calculated via DE-Seq analysis).  
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Previous studies reported that overexpression of CHOP, but not ATF4, ATF5 or ATF6 was associated 

with increased Gdf15 promoter activity (286), the effects of CHOP in the downstream ISR pathway 

was examined. Duodenal organoids generated from CHOP null mice were still able to elicit GDF-15 

secretion in response to metformin comparable to wild-type organoids (when normalised to control 

of the organoid line) (Figure 4.11A). However, when the results were normalised to wild-type control, 

GDF-15 secretion in CHOP-KO organoids were lower, but metformin was able to still elicit GDF-15 

secretion (Figure 4.11B). The results suggests that metformin-stimulated GDF-15 secretion might be 

partially dependent on CHOP in intestinal cultures.  

 

 

 

 

 

 

 

Since Hif1a gene expression and target genes in the HIF-1A signalling pathway were upregulated in 

the RNA-seq data (chapter 3, Figure 3.14), the effects of HIF-1A inhibitors on GDF-15 secretion were 

investigated using two inhibitors, KC7F2 (an inhibitor of HIF-1A translation) and NSC-134754 (an 

inhibitor of HIF-1A activity and protein levels) (464, 465). Metformin-stimulated GDF-15 secretion was 

completely abolished when co-treated with KC7F2, and NSC-134754 in all of the experiments (Figure 

4.12A and 4.12B). The inhibitors modestly reduced basal GDF-15 secretion (Figure 4.12A and 4.12B). 

The results suggest that activation of the HIF-1A signalling pathway is indispensable for metformin-

stimulated GDF-15 secretion. 

 

Figure 4.11. Metformin-stimulated GDF-15 secretion in CHOP knockout mouse duodenal organoids. (A) 

GDF-15 secretion in mouse duodenal 2D monolayer cultures generated from wild-type and CHOP-null (CHOP 

KO) mice pre-treated with metformin (1mM). Wild-type organoids control and metformin: N=6 wells, CHOP 

KO control: N=4 wells, CHOP KO metformin: N=6 wells, 1-3 wells assessed in parallel from 2 independent 

experiments. Metformin-stimulated GDF-15 secretion was normalised to the control of the organoid line. 

(B) The same set of data generated in A, but all of the data was normalised to basal control of the wild-type 

line only.  ***, P<0.001 vs wild-type control, ###, P<0.001 vs wild-type metformin. Two-way ANOVA and 

Bonferroni’s post hoc test. 
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4.5 Discussion 
 

4.5.1 Mechanisms of metformin-stimulated GDF-15 secretion in intestinal cells 

This study characterised the mechanisms of metformin stimulated GDF-15 secretion in cells seeded in 

2D monolayer cultures from intestinal organoids, using pharmacological compounds and analysis of 

mitochondrial genes by RNA-seq. The experiments were a follow up investigation based on the RNA-

seq data from intestinal organoids (chapter 3) and analysis of Gdf15 expression in intestinal tissues of 

HFD-mice treated with metformin (321), which revealed the importance of the intestine in GDF-15 

induction by metformin.  

This study provides two lines of evidence to show that metformin stimulated GDF-15 secretion is 

dependent on the inhibition of mitochondria Complex I activity, and not by AMPK activation (Figure 

4.2 and 4.3). First, metformin stimulated significant GDF-15 secretion in a comparable manner to 

rotenone, but the AMPK activator Az-991 failed to elicit significant GDF-15 secretion (Figure 4.2). 

Second, the NAD+ biosynthesis precursor NMN, which has been shown to reduce Complex I 

dependency of cancer cells treated with metformin (396), decreased GDF-15 secretion elicited by 

metformin (Figure 4.3). These observations complemented a similar RNA-seq study performed on 

Figure 4.12.  HIF-1A inhibitors inhibited GDF-15 secretion. (A) GDF-15 secretion in mouse duodenal 

2D monolayer cultures pre-treated with metformin (1mM) HIF-1A inhibitors KC7F2 (50uM, A) and NSC-

134754 (10uM, B). N=3 wells from 1 experiment. Cultures were pre-treated with KC7F2 or NSC-134754 

for an hour prior to co-treatment with or without metformin. (b) GDF-15 secretion in mouse duodenal 

2D monolayer cultures generated from wild-type and CHOP-null (CHOP KO) mice pre-treated with 

metformin (1mM). N=12 wells, 3 wells assessed in parallel from 4 independent experiments. For (B-

E), **, P<0.01, ***, P<0.001 vs control, ###, P<0.001 vs metformin. Two-way ANOVA and Bonferroni’s 

post hoc test.  
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metformin treated human hepatocytes, revealing that Gdf15 induction occurs via an AMPK 

independent pathway (365). Moreover, inhibitors that directly impair electron transport chain 

function (Antimycin A and oligomycin) induced Gdf15 expression in C2C12 myotubes, whilst various 

mouse models with other impaired mitochondrial processes also induced Gdf15 expression, as 

discussed later (286, 374). The strongest evidence comes from observations in patients with 

mitochondrial diseases, who were reported to have elevated serum GDF-15 levels (447, 448). This 

study supports the accumulating literature in confirming that metformin stimulated GDF-15 secretion 

via a direct mitochondrial mechanism in cells, mice and humans.  

Although metformin is known to inhibit mitochondrial metabolism, the mechanisms involving other 

mitochondria processes are less known. RNA-seq analysis was used to investigate the effect of 

metformin on mitochondrial genes to suggest which mitochondrial processes were disrupted in 

intestinal cells and further interpret the mechanisms of metformin stimulated GDF-15 secretion. The 

RNA-seq data showed downregulation of GO processes involving RNA processes and translation, and 

decreased expression of many genes encoding mitochondrial ribosomes and aminoacyl tRNA 

synthetases, but not a general shutdown of the cellular translation machinery (Figure 4.6 and 4.7). 

This is also supported by the observations that inhibition of mitochondrial translation by doxycycline 

did not elicit additive GDF-15 secretion upon co-treatment with metformin, in contrast to other 

mitochondrial proteostasis and mtDNA replication inhibitors (Figure 4.5). This is consistent with a 

recent study by Quiros et. al., who reported consistent downregulation of mitochondrial ribosomes at 

the proteomic level in response to different mitochondrial inhibitors, including FCCP (450). Whether 

this reflects decreased mitochondria numbers in the cells needs to be determined in the future. 

Doxycycline and muscle-specific Crif1 deleted mice also reported GDF-15 induction in muscle cells 

(286). These experiments suggest that metformin impairs OXPHOS and disrupting mitochondrial 

translation as a mechanism to stimulate GDF-15 secretion.  

Evidence from mitochondrial encephalomyopathy patients with a mutation of the gene encoding 

pyrimidine synthesis enzyme thymidine kinase (Tk2), and experiments in a mouse model with 

deletions of Twinkle mtDNA helicase, shows the importance of mtDNA replication in GDF-15 induction 

(374, 449). This study revealed that genes involved in mtDNA replication were downregulated by 

metformin treatment (Figure 4.7). However, unlike mitochondrial translation, metformin also 

downregulated genes involved in DNA transcription, replication and repair in the nucleus (see chapter 

3, Figure 3.20). Impaired mitochondrial respiration have been reported to decrease de novo 

nucleotide biosynthesis and nucleotide pools, which could affect mtDNA (as well as nuclear DNA) 

maintenance processes (466–470). However, co-treatment of ciprofloxacin, which inhibits mtDNA 

replication, increased GDF-15 secretion in both control and metformin-treated cultures (Figure 4.5), 
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suggesting that metformin stimulated GDF-15 secretion is unlikely to be dependent on decreased 

mtDNA replication.   

Metformin, as well as complex I inhibitor Rotenone and complex III inhibitor Antimycin A, has been 

reported to alter mitochondrial ROS production (381, 471–473). Mitochondrial targeted compounds 

that stimulate ROS production, MitoPQ and MitocDNB1, only elicited a modest GDF-15 secretory 

response, whilst high concentrations of MitoTEMPO also weakly decreased metformin stimulated 

GDF-15 secretion (Figure 4.4). Whether the partial inhibition observed in response to MitoTEMPO is 

due to the contribution of non-mitochondrial ROS should be considered in future studies. 

Furthermore, whether these compounds were influencing GDF-15 secretion at their optimal 

concentrations should be examined. RNA-seq analysis did not show any marked changes in the 

expression of ROS defence genes (Figure 4.8). Other studies using C2C12 myotubes have shown that 

the antioxidant Trolox did not affect Gdf15 mRNA expression induced by Antimycin A and Oligomycin, 

demonstrating that the mechanism might be ROS independent (448). This study shows that ROS 

signalling probably plays a minor role in metformin stimulated GDF-15 secretion.  

Perturbed mitochondria function activates the mtUPR, a mechanism associated with accumulation of 

misfolded and unfolded proteins which leads to the induction of mitochondrial proteases and 

chaperone expression to restore mitochondrial function (450, 474–476). The RNA-seq data revealed 

upregulation of mtUPR proteases such as Lonp1, Yme1l1, Oma1, Grpel and the chaperone Hspa9, 

suggesting that metformin might also activate mtUPR in intestinal cells (Figure 4.8). The mtUPR 

response, such as that elicited by doxycycline or inhibiting LONP1 proteases by CDDO, also activates 

ISR via the induction of the master regulator ATF4 (286, 450). This response may also be mediated by 

the eIF2α kinases GCN2 or PKR, although this is not completely understood (477, 478). However, the 

GCN2 inhibitor suppressed GDF-15 secretion elicited by histidinol but not metformin, suggesting that 

GCN2 function is redundant to metformin-stimulated GDF-15 secretion (Figure 4.10).  

As well as mitochondrial stress, metformin has also been reported to initiate ER stress via the 

activation of PERK-ATF4 signalling pathway in rat primary cardiomyocytes (479). Inhibition of PERK 

activity via GSK-2606414 modestly decreased metformin-stimulated GDF-15 secretion in intestinal 2D 

monolayer cultures (Figure 4.10). This contrasts with experiments in MEF cells, in which the same 

concentrations of GSK-2606414 had no effect on phenformin stimulated Gdf15 mRNA expression 

(321). The differences in effect could be time-dependent (6 hours in MEFs compared to 24 hours in 

organoids) or dependent on a cellular context (321). Perhaps depletion of cellular ATP levels by high 

dose metformin treatment could disrupt protein folding and trigger ER stress in intestinal cells, 

although the importance of this pathway remains to be elucidated.    
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Despite the modest effect (if at all) of the GCN2 and PERK inhibitors on metformin-stimulated GDF-15 

secretion, the eIF2a phosphorylation inhibitor ISRIB mostly inhibited metformin stimulated GDF-15 

secretion (Figure 4.10), demonstrating the importance of ISR and supporting other studies showing 

the importance of ISR in Gdf15 induction (286, 287, 374, 451). Other eIF2a kinases such as PKR or HRI 

could be involved in the upstream mechanisms of the ISR pathway, which should be investigated in 

future experiments with selective inhibitors. Similarly, metformin treatment induces the expression 

of ISR transcription factors ATF4 and CHOP in the colon (Figure 4.9 and (321)), although this is not 

reflected in the RNA-seq data in duodenal organoids (Figure 4.10). This could be due to a temporary 

induction of ISR genes at the transcriptomic level in the intestinal cells at an earlier time point, or 

increased abundance of the transcription factors at protein level, which should be confirmed in future 

studies.  

CHOP has been reported to bind directly to the promoter of Gdf15, and studies in MEF cells 

demonstrate that siRNA-mediated knockdown of CHOP reduced the induction of Gdf15 expression by 

Phenformin (286, 321, 451). Metformin pre-treatment still elicited significant GDF-15 secretion in 

CHOP knockout mouse intestinal cells despite that GDF-15 secretion were already lower in CHOP 

knockout compared to wild-type organoids (Figure 4.11). However, we acknowledge that no form of 

normalisation has been performed to account for differences in cellular content between different 

organoid lines. CHOP could be partially involved in metformin-stimulated GDF-15 secretion, whilst 

CHOP independent pathway such as activation of IRE1-XBP-1 signalling (as XBP-1 also binds to the 

promoter of GDF-15) could be involved (480, 481).      

Described in a recent study by Loubiere et. al., metformin stimulates mitochondrial Ca2+ uptake as an 

indirect result of triggering ER Ca2+ release in prostate cancer cells, which promotes mitochondrial 

swelling and disorganisation of cristae (482). In the study, metformin treatment for 24 hours increased 

the expression of MCU mRNA and VDAC protein levels (482). The RNA-seq data reported increased 

expression of many key mitochondrial Ca2+ signalling genes (including Mcu and Vdac1), which may 

suggest a role of mitochondrial Ca2+ signalling in mitochondrial stress or dysfunction in intestinal cells. 

This could have an impact on metformin stimulated GDF-15 secretion and should be tested in the 

future using MCU inhibitors.   

The RNA-seq data highlighted that metformin increased the expression of HIF-1A, its co-

transcriptional partners and many known HIF pathway target genes, whilst decreasing the expression 

of HIF regulatory factors (Chapter 3, Figure 3.14). The observations that HIF-1A inhibitors abolished 

metformin-stimulated GDF-15 secretion suggests that the mechanism is dependent on the HIF-1A 

signalling pathway (Figure 4.12). A previous study by Lakhsal et al., reported that chelation of iron with 
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2,2-Bipyridyl (BiP) induced Gdf15 gene expression in numerous human cell lines, but siRNA knockdown 

of Hif1a exhibited modest reduction on the induction response, by contrast to the effects of the HIF-

1A inhibitors (483). The mechanisms by which HIF-1A could be activated by metformin in this study is 

not known. This study contradicts with the results from previous studies which reported that 

metformin, via the inhibition of complex I of the electron transport chain, inhibited HIF-1A activity 

through decreasing oxygen consumption and increasing the cellular oxygenation ability in various 

cancer cells (203, 345, 346). Therefore, the alternative explanation for why Metformin could increase 

HIF-1A signalling is by an indirect mechanism, such as by increasing ROS production which could 

increase mRNA expression levels and stability of HIF-1A (484). Indeed as discussed above, MitoTEMPO 

modestly decreased metformin-stimulated GDF-15 secretion, although the effects were not as potent 

compared to the HIF-1A inhibitors. Future studies should measure the effects of metformin on ROS 

production in intestinal cells, such as measurements of superoxide production via MitoSOX indicator.  

4.5.2 The gastrointestinal tract in metformin-stimulated GDF-15 secretion 

This study, supporting collaborative in vivo observations in HFD-fed mice, suggests that the 

gastrointestinal tract is an important site for GDF-15 release in response to oral metformin treatment 

(321). The only other organ with elevated Gdf15 mRNA expression to metformin was the kidneys, the 

site by which metformin is excreted in urine (321). Other organs with putative metformin action, such 

as the liver and adipose tissues, did not report induction of Gdf15 expression despite previous 

evidence demonstrating that these tissues were capable of inducing Gdf15 expression under stress 

(279, 443).  

Studies involving oral gavage of C14-labelled metformin tracer by Wilcock and Bailey have 

demonstrated that the gastrointestinal tract accumulates metformin at the highest (millimole/kg) 

concentrations compared to other organs after a single oral gavage in wild type and STZ diabetic rats, 

which was followed by the kidney (~400µmol/kg) (312). Metformin concentrations in the liver and 

adipose tissues were always lower by comparison at these same time points in vivo (312). 

Furthermore, intestinal enterocytes have been reported to express various metformin transporters 

(PMAT, SERT, OCT1 and OCT3), particularly biased expression of transporters at the apical side rather 

than the basolateral side, which enables enterocytes to accumulate metformin at high concentrations 

and only permitting ≤60µmol/kg concentrations to be absorbed in the blood (263, 312, 315). Since 

metformin could only disrupt mitochondrial function at high concentrations inside cells (204), and 

GDF-15 induction occurs via a mitochondrial dependent mechanism, this study suggests that 

gastrointestinal tract is likely to be the main organ of GDF-15 release into the blood in response to 

oral metformin treatment.   
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Interestingly, in situ hybridisation studies demonstrate that Gdf15 expression is only localised in the 

crypts of a subset of enterocytes and colonocytes in mouse intestinal sections in response to 

metformin (321). Although the identity of these cell types were not clarified in the study, the 

abundance of these cells and their location in the intestinal mucosa likely represent transit amplifying 

cells, which are known to rely on mitochondrial function to determine cell fate (189, 485). Future 

studies should investigate the functional identity of these Gdf15 positive cells and whether selective 

ablation of Gdf15 in these intestinal cells can sufficiently reduce the effect of metformin on GDF-15 

levels in the serum. 

4.5.3 Comparing the effects of metformin on GDF-15 and other stress hormones/metabolic 

growth factors 

Similar to GDF-15, FGF21 is also elevated in children with mitochondrial disorders and in mouse 

models of defective mtDNA replication (374, 448). FGF21 levels are also elevated in the serum of 

patients on metformin therapy, and metformin induce FGF-21 mRNA expression and secretion in 

hepatocytes via an ISR-dependent mechanism (although an involvement of AMPK is debateable) (297, 

471). The induction of FGF21 seems to occur via a pathway which relies on oxidative stress, since 

MitoTEMPO suppressed metformin induced Fgf21 expression in hepatocytes and the antioxidant 

Trolox inhibited induction of Fgf21 by Antimycin A and Oligomycin in C2C12 myotubes (297, 448). 

Metformin increased Fgf21 expression in intestinal cells within the RNA-seq database, although the 

expression levels are low (Figure 4.1). This is not unexpected since FGF21 is known to be released 

primarily by the liver, where it mediates metabolic effects on adipose tissues to improve insulin 

sensitivity, as well as regulating food intake and energy expenditure (304, 306–308). 

In addition to FGF21, metformin also increased Fgf15 expression (the feedback hormone involved in 

bile acid homeostasis) in intestinal cells (Figure 4.1). This is in contrast to a recent study reporting that 

metformin treatment in T2DM patients decreased serum FGF19 (the human homologue of FGF15) 

levels (260). Perhaps these different observations could be due to species differences in metformin 

regulated Fgf15/19 expression, or comparisons between the 2D monolayer cultures to the human 

studies where human intestinal enterocytes are regularly exposed to an environment of high bile acid 

levels. 

The RNA-seq data also highlighted downregulation of Tgfb1 expression, a paracrine growth factor 

induced by cellular stress which is also involved in intestinal inflammation (486). This observation also 

supports a different study reporting that metformin inhibits TGF-B1 signalling and may explain 

putative inflammation protective effects of metformin (360, 487).  



112 
 

4.5.4 Conclusions  

The results from this chapter connects the findings presented from previous studies to suggest a 

working mechanism to explain metformin stimulated GDF-15 secretion, which are presented in Figure  

 

 

 

4.13. In response to the inhibition of mitochondrial respiration by metformin, the mitochondria 

attenuate protein translation. This activates ISR via eIF2α phosphorylation to stimulate GDF-15 

secretion. Metformin also activates HIF-1A signalling pathway via an unknown mechanism (the most 

plausible candidate is oxidative stress) to stimulate GDF-15 secretion. ER stress could also contribute 

to metformin stimulated GDF-15 secretion to some extent.  This chapter implicates the role of the 

gastrointestinal tract as an endocrine organ to stimulate GDF-15 release in response to metformin 

treatment.  

 

  

Figure 4.13. Working model describing the effects of metformin on GDF-15 induction.  
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Chapter 5: Mechanisms of metformin action on glucose uptake in 

intestinal cells 
 

5.1 Summary 

Despite clinical application of metformin for the treatment of type 2 diabetes mellitus for over 50 

years, the mechanisms explaining the glucose lowering effects of metformin are not completely 

understood. Recent studies have identified glucose uptake and transport in the gut as targets of 

metformin action (116). Whilst some studies demonstrate that metformin could directly alter 

intestinal glucose absorption, metformin has also been reported to increase intestinal glucose 

utilisation from the blood (207, 236, 237, 488–490). However, the cellular mechanisms that explain 

the effects of metformin on glucose transport are unclear. This chapter examines the effects of 

metformin on glucose uptake and transporter expression in intestinal enterocytes.       

 

5.2 Introduction 
 

5.2.1 Glucose transport in intestinal enterocytes  

In the gastrointestinal tract, glucose transporters play essential roles in the uptake and absorption of 

glucose in intestinal epithelial cells. Glucose absorption involves the uptake of glucose mediated by 

the sodium-dependent glucose transporter SGLT1 incorporated into the apical (brush border) 

membrane of epithelial cells (491, 492). This glucose transporter utilises the electrochemical gradient 

of sodium ions to transport glucose into cells (493). The predominant role of SGLT1 in glucose 

absorption was demonstrated from observations in patients with the potentially fatal condition of 

glucose and galactose malabsorption caused by loss-of-function mutations in the transporter (494–

496). Similarly, Sglt1 knockout mice displayed impaired glucose absorption and a decreased rate of 

glucose appearance in the blood following an oral glucose tolerance test (491).  

It has been generally accepted that the facilitative transporter GLUT2 is involved in the basolateral 

exit of intracellular glucose via facilitated diffusion from enterocytes. GLUT2 is a low affinity but high 

capacity glucose transporter also capable of transporting fructose and glucosamine (497, 498). The 

evidence supporting GLUT2 in glucose absorption was based on the observations of GLUT2 localisation 

in the basolateral membrane of enterocytes, and of GLUT2 mediated glucose and fructose transport 

in vesicles derived from basolateral membranes (492, 498, 499). Some evidence also suggests that 

GLUT2 vesicles could be recruited to the apical membrane under high glucose conditions, or in 
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response to taste receptor or GLP-2 receptor activation to further facilitate luminal glucose 

absorption, although evidence supporting this mechanism has been inconsistent (491, 492, 500–505). 

Unlike SGLT1 however, patients with Fanconi-Bickel syndrome (caused by inactivating mutations in 

the gene encoding GLUT2) and GLUT2 knockout mice showed normal intestinal glucose absorption 

and glucose appearance in the blood following glucose tolerance tests (506–508). This suggests a 

redundant role of GLUT2 in glucose absorption and possible compensation by other mechanisms, such 

as exocytosis mediated by glucose-6-phosphate translocase as was previously reported (506). 

The high affinity and low capacity glucose transporter GLUT1 is also expressed in the basolateral 

membrane of intestinal cells, although GLUT1 was detectable in the stomach and the colon but was 

barely expressed in the small intestine (509). The contributions of GLUT1 in intestinal glucose 

transport under physiological conditions is unknown. However, GLUT1 expression was induced in the 

basolateral membranes of the small intestine in mice with streptozocin-induced diabetes (510). 

Interestingly, GLUT1 was also overexpressed in the alimentary limbs of rats and patients after Roux-

en-Y gastric bypass, which was associated with intestinal hyperplasia and increased intestinal serosal 

to mucosal glucose transport in mice and patients with RYGB (RYGB) (42, 43). GLUT1 has also been 

shown to be upregulated in rats after sleeve-gastrectomy with duodenojejunal bypass, but not after 

sleeve-gastrectomy alone (43, 511).  

GLUT5 is also expressed in the apical membrane of the small intestine and transports solely fructose 

(512, 513). Experiments in GLUT5 knockout mice demonstrate reduced dietary fructose absorption in 

the jejunum by 75% and negligible appearance of fructose in the plasma following oral fructose 

administration (514). Moreover, the glucose transporter GLUT7 is expressed in the apical membrane 

of the jejunum, ileum and colon, although functional studies into its contribution to intestinal glucose 

transport are still lacking (515).      

 

5.2.2 Metformin and intestinal glucose absorption 

Several studies demonstrate that oral metformin administration alters intestinal glucose absorption, 

which may contribute to the glucose lowering effects of metformin (234–236, 488, 489, 516). Early 

studies using isolated hamster and rat intestine models demonstrated that following pre-treatment 

with various biguanides (234, 235) or 2 hours after oral metformin administration (489) intestinal 

glucose transport was inhibited. Similarly, intraduodenal, but not intravascular administration of 

metformin inhibited glucose transport in the perfused small intestines (488).  
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A recent study using PET/CT scan imaging demonstrated that oral metformin administration delayed 

intestinal transit of orally administered F-2DG in HFD-fed mice (236). The authors performed ex vivo 

examination of glucose transport using everted gut sacs from HFD-fed mice treated with oral 

metformin and observed that mucosal to serosal transport of F-2DG in the proximal jejunal and 

proximal ileal intestinal segments were decreased (236). Furthermore, the rate of glucose appearance 

in the blood following intraduodenal administration of glucose was lower in metformin treated mice 

compared to vehicle treated mice, providing direct evidence that metformin reduced glucose 

absorption (236).  

Metformin has also been reported to decrease intestinal glucose absorption in one clinical study 

involving 12 patients with T2DM (516). The study involved administering metformin to the patients 

for 30 minutes followed by introducing a non-metabolisable glucose analogue 3-O-methylglucose (3-

OMG) via an intraduodenal catheter over the course of 120 minutes (516). The results demonstrated 

that metformin administration was associated with reduced serum 3-OMG levels, which correlated 

with increased serum GLP-1 levels, possibly due to increased intestinal transit of glucose to the distal 

small intestine to stimulate GLP-1 secretion from L cells (516).  

 

5.2.3 The “glucose sink” model of metformin action in the intestines  

Metformin has also been reported to increase glucose utilisation in the mouse and human intestine 

(116). Multiple observations from position-emission tomography – computed tomography (PET-CT) 

imaging involving intravenous injection of a non-metabolisable glucose analogue tracer 18F-

fluorodeoxyglucose (18F-DG) demonstrated that long-term oral metformin administration was 

associated with accumulation of the tracer in the small intestine and the colon (237, 364, 490, 517–

519). Additionally, the tracer stops accumulating in the GI tract in patients who have ceased taking 

metformin (238, 490, 520, 521). The phenomenon of increased intestinal glucose uptake in patients 

on metformin has been reported to interfere with radiological assessments of gastrointestinal and 

genitourinary malignancies, leading to false-negative diagnoses (490, 522). Similar results have also 

been reported in metformin treated HFD-fed mice administered [3H]-2DG, which showed increased 

uptake only in the small intestines and the brain, but to a lesser extent in the liver (236).  

A recent phase 2 clinical trial in T2DM patients reported that under euglycaemic hyperinsulinaemic 

conditions (which maintain constant blood glucose levels), metformin increased F-DG uptake in the 

small intestine and colon, demonstrating that the mechanism is independent of insulin (237). The 

observed increase in F-DG uptake in the colon positively correlated with reduced fasting plasma 
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glucose levels in patients (237). The authors proposed that the gastrointestinal tract acts as a “sink” 

in depositing glucose from the circulation as a mechanism to explain the glucose-lowering effects of 

metformin (237). Studies in rodents and patients with type 2 diabetes demonstrate that glucose is 

most likely to be metabolised by intestinal enterocytes (64, 207). However, some studies 

demonstrated that AMPK activation (a pathway activated by metformin) increases the abundance of 

GLUT2 in the brush border membrane, which is associated with improved glucose homeostasis and 

could potentially facilitate glucose efflux into the lumen (523, 524). The molecular mechanisms 

underlying the effects of metformin in glucose utilisation are therefore still elusive.  

 

5.3 Aims 

This chapter investigates the cellular mechanisms of action of metformin on glucose uptake and 

expression of glucose transporters in the gastrointestinal tract.  The aims of this study are:  

1. To examine the effects of metformin on the expression of glucose transporters in intestinal 

enterocytes from organoids and intestinal tissues from HFD-fed mice administered with 

metformin. 

2. To investigate the effects of metformin on glucose uptake in enterocytes in vitro and identify 

the transporters and mechanisms involved.   

 

 

5.4 Results 
 

5.4.1 The effect of metformin on the mRNA expression of glucose transporters in intestinal 

cultures 

To identify a lead into studying the molecular mechanisms of metformin on glucose transport in 

intestinal cells, the RNA-seq database obtained from murine intestinal 2D monolayer cultures treated 

for 24 hours with 1mM metformin was initially used to investigate the effects of metformin on the 

mRNA expression of the GLUT family of facilitative transporters (Slc2aX) and the sodium-dependent 

glucose transporter SGLT1 in mouse 2D monolayer cultures generated from duodenal organoids. 

Metformin treatment decreased the expression of GLUT transporters Slc2a2 (GLUT2), Slc2a4 (GLUT4), 

Slc2a5 (GLUT5), Slc2a7 (GLUT7) and the SGLT1 transporter Slc5a1 (Figure 5.1A). Slc2a1 (GLUT1) was 

the only glucose transporter transcript that was upregulated by metformin treatment from the list of 

transporters investigated (Figure 5.1A). The glucose transporter genes Slc5a1, Slc2a1, Slc2a2 and  
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Figure 5.1. The effect of metformin on the expression of GLUT and SGLT transporters in duodenal 

organoid cells seeded into 2D monolayer cultures. (A) RNA-sequencing analysis of the mRNA transcript 

expression of all GLUT (Slc2a) transporter isoforms and the SGLT1 (Slc5a1) transporter in duodenal 

organoid 2D monolayer cultures in response to 1mM metformin pre-treatment for 24 hours. ***, 

P<0.001 (p-adjusted value). DE-seq analysis and Benjamin-Hochberg corrections. Each point represents 

a plate (N=6 plates from 2 organoid lines). Red and blue labels surrounding each DE gene shows the 

up- and down-regulated genes, respectively. (B-E) qPCR analysis of expression of select glucose 

transporters in duodenal organoid 2D monolayer cultures; (B) Slc5a1 (SGLT1), (C) Slc2a1 (GLUT1), (D) 

Slc2a2 (GLUT2) and (E) the fructose transporter Slc2a5 (GLUT5) in response to metformin pre-

treatment from 10µM to 1mM for 24 hours. N=9 wells, with 3 wells assessed from 3 independent 

experiments except for SGLT1 where N=15 wells with 3 wells assessed in parallel from 5 independent 

experiments. *, P<0.05, **, P<0.01, ***, P<0.001. One way ANOVA and Bonferroni post-hoc test.  
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Slc2a5 were selected for further investigation since the expression levels for these genes were the 

highest in the RNA-seq data and previous literature confirmed their importance in intestinal cells (43, 

491, 492, 510, 514). RT-qPCR analysis demonstrated that treatment of metformin at 1mM, but not at 

any lower concentrations, significantly altered the expression of these transcripts in duodenal 2D 

monolayers that replicated the observations from the RNA-seq data (Figure 5.1B-E). These results 

demonstrate that the effects of metformin could only be observed at high concentrations. 

The effects of metformin on the mRNA expression of the glucose transporters were also examined in 

2D monolayer cultures generated from mouse ileal organoids. Metformin treatment at 1mM (but not 

at any lower concentrations) caused a trend towards lower expression of Slc5a1 (Figure 5.2A), Slc2a2 

(Figure 5.2C) and Slc2a5 (Figure 5.2D), although the results were not statistically significant. Similar to 

duodenal organoid 2D monolayers, metformin (only at 1mM concentration) significantly increased the 

expression of Slc2a1 (Figure 5.2B). These results suggest that the effects of metformin were not 

exclusive to duodenal organoids/cells. The effects of the different metformin treatments on the mRNA 

expression of suspended 3D duodenal organoids in matrigel domes were also investigated.  

 

 

 

 

Figure 5.2. The effect of metformin on the expression of GLUT1, GLUT2, GLUT5 and SGLT transporters in 
ileal organoid cells seeded into 2D monolayers. (A-D) qPCR analysis of expression of select glucose 
transporters in ileal organoid 2D monolayer cultures; (B) Slc5a1 (SGLT1), (C) Slc2a1 (GLUT1), Slc2a2 (GLUT2) 
and the fructose transporter Slc2a5 (GLUT5) in response to metformin pre-treatment from 10uM to 1mM 
for 24 hours. N=9 wells, with 3 wells assessed in parallel from 3 independent experiments. *, P<0.05, **, 
P<0.01, ***, P<0.001. One way ANOVA and Bonferroni post-hoc test.  
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Unlike 2D monolayer cultures, metformin treatment did not alter the mRNA expression levels of 

Slc5a1 (Figure 5.3A) or Slc2a2 in 3D organoids (Figure 5.3B). This likely suggests that the “inside-out” 

conformation of 3D organoids (i.e. the apical face of intestinal cells facing the inside of the organoid 

lumen) prevents metformin uptake into intestinal cells in a 3D organoid model.       

 

 

 

 

 

 

5.4.2 Metformin increases glucose uptake in intestinal cells mediated by a GLUT transporter  

The effects of metformin on glucose uptake in intestinal 2D monolayer cultures were investigated via 

fluorescence imaging of cells transfected with the intracellular FRET glucose sensor, FLII12Pglu-

700µδ6. Duodenal 2D organoid cultures were treated overnight prior to analysis with either 1 mM 

metformin or vehicle control. Application of glucose at 10mM concentration increased the YFP/CFP 

ratio (a relative measure of increased glucose uptake) in control and metformin treated cells (Figure 

5.4A and 5.4B). Application of glucose at 1mM concentration increased the YFP/CFP ratio in all of the 

metformin-treated, but only 4/27 control cells (Figure 5.4A and 5.4B). Metformin treatment increased 

the uptake of glucose when applied at 1mM and 10mM concentrations (Figure 5.4C). Since different 

glucose concentrations were often applied sequentially in the same experiment, whether the function 

of the FRET sensor was saturated by repeated glucose exposure was investigated by monitoring the 

YFP/CFP ratio following two repeated applications of 10mM glucose. As expected, changes in the 

YFP/CFP ratio after applying 10mM glucose for a second time did not significantly differ from the first 

glucose application (Figure 5.4D and 5.4E).         

To explore the functional identity of the glucose transporter(s) involved in metformin stimulated 

glucose uptake, changes in the YFP/CFP ratio were monitored in response to 10mM glucose following 

pre-application of different glucose transport inhibitors. Application of the broad-spectrum SGLT  

Figure 5.3. The effect of metformin on the expression of SGLT1 and GLUT2 transporters in 3D 

duodenal organoids. (A and B) qPCR analysis of expression of glucose transporters (A) Slc5a1 (SGLT1) 

and (B) Slc2a2 (GLUT2) in 3D duodenal organoids in response to metformin pre-treatment from 

10µM to 1mM for 24 hours. N=9 wells, with 3 wells assessed in parallel from 3 independent 

experiments.  
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inhibitor phloridzin at 5µM, which has been reported to inhibit SGLT1 and SGLT2-mediated glucose 

transport in previous studies (525), did not alter glucose uptake in either control or metformin treated 

cells (Figure 5.5A-5.5C). This suggests that the SGLT family of transporters (such as SGLT1) do not play 

a major role in glucose uptake in intestinal cells in the 2D monolayer cultures. Pre-treatment with the 

broad-spectrum GLUT transport inhibitor phloretin at both 10µM and 100µM reduced glucose uptake 

in control and metformin treated cells (Figure 5.6A-5.6F). This suggests that a GLUT transporter is 

responsible for the observed glucose uptake. In an attempt to examine which GLUT transporter 

isoform was involved in mediating glucose uptake, cytochalasin B was applied at 1µM, which had 

previously been reported to completely inhibit GLUT1, GLUT3 and GLUT4 dependent transport at that 

concentration but partially inhibits GLUT2 (as the Ki for GLUT2 was 2µM whereas the Ki for GLUT1, 

GLUT3 and GLUT4 were 0.1µM) (526). Application of cytochalasin B completely inhibited glucose 

Figure 5.4. Metformin increase glucose uptake in intestinal cells from duodenal organoid 2D 

monolayers. (A and B) Example traces of YFP/CFP fluorescence ratios from Control (A) and 

Metformin (B) treated cells. Glucose treatments at 1mM (1G) and 10mM (10G) concentrations were 

applied as indicated. (C) The effect of 1mM and 10mM glucose on the YFP/CFP fluorescence ratios 

in control (red) and metformin-treated (blue) cells normalised to the baseline (*; P<0.05, ***; 

P<0.001, Two-way ANOVA and Bonferroni post-hoc test). Results shown as a violin plot with the 

median and confidence intervals indicated as dotted lines. Numbers of cells studied for each 

condition are indicated in the graph. (D and E) The effect of repeated 10mM glucose application on 

the YFP/CFP fluorescence ratio (control: N= 17 cells from 7 dishes, metformin: N=16 cells from 5 

dishes, paired t-test).  Abbreviations: 10G; 10mM glucose, 1G; 1mM glucose. 
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transport in 11/13 of control cells and 14/15 of metformin treated cells (Figure 5.6G-5.6I). Forskolin, 

which had previously been reported to preferentially inhibit glucose uptake mediated by GLUT1 and 

GLUT4 over GLUT2 (527, 528), also reduced glucose uptake in control and metformin treated cells 

(Figure 5.6J-5.6L).  

 

 

 

To examine the contribution of GLUT2 over other glucose transporters, the GLUT2 substrate 

glucosamine was co-applied with glucose in an attempt to inhibit glucose transport via competitive 

inhibition (since transport studies previously showed that glucosamine exhibited a Kd of ~1.5mM 

compared to a Kd of ~17mM for glucose) (497). Application of glucosamine (10mM) did not affect 

glucose transport in either control or metformin treated cells (Figure 5.7A-5.7C). Similarly, other 

studies have reported that fructose is transported via GLUT2 at a similar transport affinity compared 

to glucose, which could be used to inhibit GLUT2-dependent glucose transport through competitive 

inhibition (498). Co-application of fructose at 100mM (which should otherwise saturate GLUT2 

mediated transport) did not affect glucose uptake (Figure 5.7D-5.7F). The observations that 

glucosamine and fructose did not influence glucose uptake could suggest that glucose uptake in 

intestinal cells may not be dependent on GLUT2, although there are no positive controls to show that 

glucosamine or fructose could influence glucose transport in this study.  

 

 

  

Figure 5.5. The SGLT inhibitor Phloridzin did not affect glucose transport in enterocytes. (A and B) 

Example traces of YFP/CFP fluorescence ratios from (A) Control and (B) Metformin treated cells. Glucose 

(10mM, 10G) and phloridzin (5µM) were applied as indicated. (C) The effect of glucose with and without 

5µM phloridzin on the YFP/CFP fluorescence ratios in control (red) and metformin-treated (blue) cells 

normalised to the baseline. Control: N= 9 cells from 4 dishes, metformin: N=7 cells from 3 dishes. Paired 

t-test. Abbreviations: 10G; 10mM glucose, Phlz; Phloridzin.   
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Figure 5.6. GLUT transporter inhibitors reduced glucose uptake in enterocytes. (A-B) Example traces of YFP/CFP 

fluorescence ratios from Control (A) and Metformin (B) treated cells. Glucose (10mM, 10G) and phloretin (10uM) 

were applied as indicated. (C) The effect of glucose with and without 10µM phloretin on the YFP/CFP fluorescence 

ratios in control (red) and metformin-treated (blue) cells normalised to the baseline (**; P<0.01, ***; P<0.001, 

paired T-test). Control: N= 23 cells from 9 dishes, metformin: N=24 cells from 8 dishes. (D-F) Same as A-C except 

where phloretin was applied at 100µM instead (***; P<0.001, paired-t-test). Control: N= 11 cells from 5 dishes, 

metformin: N=16 cells from 6 dishes. (G-I) Example traces of YFP/CFP fluorescence ratios from Control (A) and 

Metformin (B) treated cells. Glucose (10mM, 10G) and the GLUT transport inhibitor Cytochalasin B (1µM) were 

applied as indicated. (I) The effect of glucose with and without 1µM cytochalasin B on the YFP/CFP fluorescence 

ratios in control (red) and metformin-treated (blue) cells normalised to the baseline (***; P<0.001, paired T-test). 

Control: N= 13 cells from 4 dishes, metformin: N=15 cells from 5 dishes. (J-K) Example traces of YFP/CFP 

fluorescence ratios from Control (A) and Metformin (B) treated cells. Glucose (10mM, 10G) and the putative GLUT 

transport inhibitor Forskolin (10uM) were applied as indicated. (L) The effect of glucose with and without 10µM 

Forskolin on the YFP/CFP fluorescence ratios in control (red) and metformin-treated (blue) cells normalised to the 

baseline (***; P<0.001, paired T-test). Control: N= 23 cells from 8 dishes, metformin: N=24 cells from 9 dishes. For 

the example traces, different colours denote different cells as shown in the legends. Abbreviations: 10G; 10mM 

glucose, Phlt; Phloretin, CytB; Cytochalasin B, Fsk; Foskolin. 
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5.4.3 Signalling pathways involved in the regulation of glucose uptake and expression of 

glucose transporters by metformin 

The effects of different candidate signalling pathways on the expression of glucose transporters and 

glucose uptake were also examined. As discussed in chapter 3, AMPK and HIF-1A signalling were 

identified as the candidate pathways that were most likely to influence glucose metabolism based on 

the RNA-seq data. The role of the AMPK signalling pathway on glucose transporter expression and 

glucose transport was examined by investigating the effects of treating intestinal monolayer cultures 

with the AMPK activator Az-991 at 1µM or 10µM concentrations for 24 hours, concentrations which 

have previously been reported to activate AMPK (529, 530). Az-991 treatment at either concentration 

did not affect the expression of either Slc5a1, Slc2a1, Slc2a2 or Slc2a5 (Figure 5.8A-5.8D). However, 

the YFP/CFP ratio was modestly increased in Az-991 treated cells compared to control cells in response 

to 10mM glucose (Figure 5.8E-5.8G). These observations suggest that AMPK activation mediated by 

Figure 5.7. Co-application of GLUT2 substrates with glucose does not affect glucose transport. (A-B) Example 

traces of YFP/CFP fluorescence ratios from Control (A) and Metformin (B) treated cells. Glucose (10mM, 10G) 

and the high-affinity GLUT2 transporter glucosamine (10mM) were applied as indicated. (C) The effect of 

glucose with and without 10mM glucosamine on the YFP/CFP fluorescence ratios in control (red) and 

metformin-treated (blue) cells normalised to the baseline Control: N= 22 cells from 7 dishes, metformin: N=17 

cells from 9 dishes. Paired T-test. (D-F) Same as A-C except where fructose was applied at 100mM instead. 

Control: N= 16 cells from 6 dishes, metformin: N=15 cells from 6 dishes. For the example traces, different 

colours denote different cells as shown in the legends. Abbreviations: 10G; 10mM glucose, GlcN; Glucosamine, 

Fruc; Fructose. 
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metformin may increase glucose uptake at a post-translational but not at a transcriptomic level, which 

might be a downstream mechanism of metformin action.  

 

 

 

 

The role of the HIF-1A signalling pathway on the expression of the glucose transporters was 

investigated using the two inhibitors, KC7F2 and NSC-134754 previously reported to inhibit 

metformin-stimulated GDF-15 secretion (Chapter 4, Figure 4.12). KC7F2 treatment alone decreased 

the expression of Slc5a1 (Figure 5.9A), Slc2a1 (Figure 5.9B) and Slc2a2 (Figure 5.9C). Treatment of 

KC7F2 abolished the effects of metformin in inducing Slc2a1 expression (Figure 5.9B). The expression 

of Slc5a1 and Slc2a2 were lower in metformin treated cells compared to control cells in the presence 

of the inhibitor (Figure 5.9A and 5.9C). Similar to KC7F2, application of NSC-134754 also decreased the 

expression of Slc5a1 (Figure 5.9D), Slc2a1 (Figure 5.9E) and Slc2a2 (Figure 5.9F) and abolished the  

Figure 5.8. The AMPK activator AZ-991 does not affect the expression of glucose transporters but 

modestly increased glucose uptake. (A-D) qPCR analysis of expression of select glucose transporters 

in 2D duodenal organoid monolayers; (a) Slc5a1 (SGLT1), (b) Slc2a1 (GLUT1), (C) Slc2a2 (GLUT2) and 

(D) fructose transporter Slc2a5 (GLUT5) in response to AZ-991 pre-treatment at 1µM and 10µM for 24 

hours. N=6 wells, with 3 wells assessed in parallel in 2 independent experiments. (E and F) Example 

traces of YFP/CFP fluorescence ratios from Control (A) and 10µM AZ-991 (B) pre-treated cells. Glucose 

(10mM, 10G) was applied as indicated. (G) The effect of AZ-991 on the YFP/CFP fluorescence ratios in 

control (red) and AZ-991-treated (orange) cells normalised to the baseline Control: N= 20 cells from 7 

dishes, AZ-991: N=20 cells from 7 dishes. *, P<0.05, Two-tailed independent t-test. 



125 
 

   

Figure 5.9. Inhibition of HIF1A decreased the expression of glucose transporters and inhibited glucose uptake.  

(A-F) The effect of metformin and HIF-1A translation inhibitors (A-C) 50µM KC7F2 or (D-F) NSC-134754 on Slc5a1 

(SGLT1), Slc2a1 (GLUT1) and Slc2a2 (GLUT2) mRNA expression in 2D duodenal organoid monolayers. KC7F2: N=3 

wells from 1 experiment. NSC-134754: N=8-9 wells, with 2-3 wells assessed in parallel from 3 independent 

experiments. Cells were pre-treated with vehicle, KC7F2 or NSC-134754 for 1 hour, followed by co-treatment 

with control or 1mM metformin for 24 hours. ***, P<0.001 vs vehicle control. ###, P<0.001 vs metformin and 

KC7F2 or NSC-134754 co-treatment. (G-J) Example traces of YFP/CFP fluorescence ratios from Control (G), 

Metformin (H), Control + 10µM NSC-134754 (I) and Metformin + 10µM NSC-134754 (J) pre-treated cells. The 

effect of NSC-134754 on the YFP/CFP fluorescence ratios in control (red) and metformin treated (blue) cells 

normalised to the baseline Control: N= 18 cells from 4 dishes, Control + NSC-134754: N=10 cells from 4 dishes, 

Metformin: N=25 cells from 5 dishes, Metformin + NSC-134754: N=13 cells from 5 dishes. ##, P<0.01 control vs 

metformin vehicle. ***, P<0.001 vs vehicle control, Two-way ANOVA and Bonferroni post hoc test. 

Abbreviations: 10G; 10mM glucose, NSC; NSC-134754.  



126 
 

effects of metformin in eliciting Slc2a1 expression (Figure 5.9E). Unlike KC7F2, NSC-134754 did not 

affect the expression of Slc5a1 or Slc2a2 in the presence of metformin (Figure 5.9D, 5.9F). This could 

suggest that KC7F2 might be less selective as KC7F2 is known also to affect the S6 kinase and EIF2B 

pathways (464). These results suggest that the HIF-1A pathway plays a role in inducing Slc2a1 

expression by metformin, but the changes in the expression of Slc5a1 or Slc2a2 mediated by 

metformin might be mediated by other, as yet to be identified pathways.  

To investigate the effects of the HIF-1A signalling on glucose uptake, intestinal cultures transfected 

with the FRET-based glucose sensor were pre-treated with and without metformin and/or NSC-

134754 for 24 hours. NSC-134754 markedly reduced glucose uptake in both control and metformin 

treated cells and abolished the differences in glucose uptake between control and metformin treated 

cells (Figure 5.9G-5.9K). These observations suggest that glucose uptake is controlled by the HIF-1A 

signalling pathway.   

 

5.4.4 The effects of metformin on the mRNA expression of glucose transporters in intestinal 

tissues of HFD-fed mice 

To confirm that the effects of metformin on the expression of glucose transporters were not exclusive 

to an intestinal monolayer culture system, the effects of metformin on the mRNA expression of 

glucose transporters in different tissue segments of the small intestine and colon were investigated 

using the HFD-fed mouse model. Oral dosing of metformin for 6 hours decreased the expression of 

Slc5a1 in the lower small intestine, but not the upper or middle small intestinal tissues (Figure 5.10A-

5.10C). Metformin also increased Slc2a1 expression in the lower small intestine (p=0.05) but no 

significant changes were observed in the upper or middle small intestine or the colon (Figure 5.10D-

5.10G). Similarly, metformin decreased Slc2a2 expression in the upper and lower small intestine, 

although there was a trend towards decreased expression in the middle small intestine, and the 

expression was very low in the colon (Figure 5.10H-5.10K).  

Similarly, long-term oral treatment with metformin for 11 days also reduced Slc5a1 mRNA expression 

in the lower, but not the upper or middle small intestine segments (Figure 11A-5.11C). Metformin also 

significantly increased the expression of Slc2a1 in the lower small intestine but not in the small 

intestinal tissues from other regions (Figure 5.11D-5.11G). Metformin decreased the expression of 

Slc2a2 in the middle small intestine, and there was a trend towards decreased expression in the lower 

small intestine, whereas transcript expression was not affected in the upper small intestine or the 

colon (Figure 5.11H-5.11K).  
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Figure 5.10. The effects of a single dose of metformin (600mg/kg) on the expression of glucose 

transporters in the small intestinal tissues of HFD-mice after 6 hours. (A-C) The effects of metformin 

on the mRNA expression of Slc5a1 (SGLT1) in the (A) upper small intestine (SI), (B) middle SI and (C) 

lower SI. (D-G) The effects of metformin on the mRNA expression of Slc2a1 (GLUT1) in the (D) upper 

SI, (E) middle SI, (F) lower SI and (G) colon. (H-K) The effects of metformin on the mRNA expression of 

Slc2a2 (GLUT2) in the (H) upper SI, (I) middle SI, (J) lower SI and (K) colon. mRNA analysis of fresh 

frozen tissue normalised to expression levels of b-actin (Actb). N=6 mice per group. *, P<0.05, **, 

P<0.01, ***, P<0.001. mRNA analysis of fresh frozen tissue normalised to expression levels of b-actin 

(Actb). Abbreviations: SI; Small Intestine. 
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Figure 5.11. The effects of once daily oral metformin administration (300mg/kg) on the expression 

of glucose transporters in the small intestinal tissues of HFD-mice after 11 days. (A-C) The effects of 

metformin on the mRNA expression of Slc5a1 (SGLT1) in the (A) upper small intestine (SI), (B) middle 

SI and (C) lower SI. (D-G) The effects of metformin on the mRNA expression of Slc2a1 (GLUT1) in the 

(D) upper SI, (E) middle SI, (F) lower SI and (G) colon. (H-K) The effects of metformin on the mRNA 

expression of Slc2a2 (GLUT2) in the (H) upper SI, (I) middle SI, (J) lower SI and (K) colon. mRNA analysis 

of fresh frozen tissue normalised to expression levels of b-actin (Actb). N=6-7 mice per group (7 

control, 6 metformin). *, P<0.05, **, P<0.01. mRNA analysis of fresh frozen tissue normalised to 

expression levels of b-actin (Actb). Abbreviations: SI; Small Intestine. 
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The results demonstrated that metformin treatment for either 6 hours or 11 days altered the 

expression of glucose transporters in the distal intestine in a similar manner to that observed in 

intestinal 2D monolayer cultures. 

 

 

5.5 Discussion 

 

5.5.1 Does metformin increase basal glucose uptake by upregulating GLUT1 transporters? 

To date, the number of studies reporting the cellular effects of metformin on glucose uptake have 

been limited, even though observations from multiple studies established that oral metformin 

administration dramatically increased intestinal glucose uptake and utilisation in rodents and humans 

(237, 364, 490, 517–519). This study examines the cellular mechanisms by which metformin increases 

glucose uptake and changes the expression of glucose transporters in the small intestine.   

The expression and functional studies presented in this study suggest that metformin increases GLUT1 

mediated glucose transport. These were supported by several lines of evidence. First, from the RNA-

seq and qPCR studies of the different expression of glucose transporters, the Slc2a1 gene encoding 

GLUT1 was amongst the highest in expression and was the only gene from the GLUT family of 

transporters upregulated by metformin treatment in both duodenal and ileal organoids, whereas the 

expression of other glucose transporters were either decreased or not affected by metformin 

treatment (Figure 5.1 and 5.2). Second, live-cell imaging studies using a FRET-based glucose sensor 

demonstrated that metformin increased the uptake of glucose that was inhibited by multiple GLUT 

transport inhibitors, particularly inhibitors with a preferential inhibition for GLUT1, GLUT3 and GLUT4 

over GLUT2, whereas inhibition of SGLT1 did not affect glucose uptake (Figure 5.4 and 5.6). Finally, 

glucosamine and fructose previously reported to be transported by GLUT2 did not alter glucose 

uptake, which could suggest that glucose uptake mediated by GLUT2 in intestinal cells is relatively 

unimportant (Figure 5.7). However, it should be acknowledged that there were no positive controls 

available to confirm that these GLUT2 co-substrates exhibit any competitive inhibition of glucose 

uptake, which could be confirmed in the future by using cell lines that overexpress GLUT2. Future 

experiments could involve transgenic knockout of GLUT1 in intestinal organoids to verify the role of 

GLUT1 in glucose uptake.        
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A recent study investigating the arterial-venous exchange of metabolites in pigs demonstrated that 

the gut consumes the largest quantities of glucose compared with other organs, establishing the 

importance of the gut as a “glucose sink” (186). However, the mechanisms involved in the basolateral 

uptake of glucose from the blood into intestinal epithelial cells are not known, despite well-established 

knowledge that SGLT1 and GLUT2 are involved in the transepithelial absorption of glucose. Two key 

glucose transporters are expressed in the basolateral membrane of intestinal epithelial cells; GLUT1 

and GLUT2, whereas SGLT1 is only expressed in the apical membrane of enterocytes that have apical-

basolateral polarity (492, 509, 510). This could explain why the SGLT transport inhibitor phloridzin did 

not affect glucose uptake in the intestinal 2D monolayers, which loses its apical-basal polarity when 

seeded onto a matrigel-coated surface. Alternatively, the transport capacity of SGLT1 could be much 

lower than GLUT1. Previous experiments demonstrated that expression of GLUT1 transporters in the 

GI tract is low in comparison with the expression of the transepithelial glucose transporters GLUT2 

and SGLT1 in the small intestine, although no functional studies were performed in that study 

regarding the contribution of GLUT1 on basolateral glucose uptake (509). However, it should be noted 

that GLUT1 is a high affinity (with a Km value of ~1.5mM) but low capacity transporter, whereas GLUT2 

is a low affinity (with a Km value of ~17mM) and high capacity transporter (497). This seems to suggest 

that GLUT1 could play a more important role in mediating glucose transport from the blood into 

intestinal epithelial cells compared to GLUT2, considering that the physiological concentrations of 

glucose in the blood are ~5-6mM.      

Furthermore, GLUT1 is overexpressed in the alimentary limb after RYGB surgery and has been 

reported to mediate increased intestinal glucose utilisation, along with adaptive changes such as 

hypertrophy and transcriptomic changes in glucose metabolism genes (42, 43). Similarly, GLUT1 gene 

expression was also increased in rats following sleeve-gastrectomy with duodenojejunal bypass (511). 

From the experiments performed on HFD-fed mice, oral metformin administration for 6 hours or 11 

days increased the expression of Slc2a1 in the distal small intestine, which could provide further 

evidence that metformin increases glucose uptake by upregulating GLUT1 transporters (Figure 5.10 

and 5.11). These experiments suggest that upregulating the GLUT1 transporter and increasing basal 

uptake of glucose in the intestine may be shared mechanisms of bariatric surgery and metformin in 

achieving the glucose lowering effects.        

 

5.5.2 The effect of metformin on the expression of other glucose transporters 

Although metformin has been reported to affect intestinal glucose absorption, the cellular 

mechanisms that explain this effect are unclear and often contradictory. An early study investigated 



131 
 

the effects of metformin on the expression of intestinal glucose transporters, revealing that oral 

metformin treatment in rats for 3 days increased the abundance of SGLT1 in the duodenum and 

jejunum, and GLUT5 in the jejunum, whilst the expression of GLUT2 was unaltered (531). A separate 

study demonstrated that acute administration of metformin (for 3 minutes) in intraluminal intestinal 

loops decreased the abundance of SGLT-1 protein associated with AMPK activation and decreased 

short circuit currents in acute metformin treated tissues as measured by Ussing chamber experiments 

(523). Observations reported by other groups studying the effects of the AMPK activator AICAR also 

argued that AMPK activation by metformin increases the abundance GLUT2 protein in the brush 

border membranes associated with AMPK activation (523, 524). Similarly, studies in insulin-resistant 

animal models argue for the case that GLUT2 is translocated to the brush border of enterocytes to 

allow glucose flux from the blood into the intestinal lumen (505, 523). However, the evidence 

regarding apical GLUT2 translocation is by itself conflicting as other studies could not replicate these 

observations (491, 492). A recent investigation by Bauer et al., reported that metformin increases 

SGLT-1 mediated glucose sensing in the small intestine by altering the composition of the microbiota, 

which was associated with improved glucose sensing and increased GLP-1 secretion, further 

complicating the molecular mechanisms of metformin action on glucose absorption (251).   

The data presented in this study demonstrated that metformin treatment decreased the expression 

of both Slc5a1 (SGLT1) and Slc2a2 (GLUT2) in intestinal cells from the 2D organoid monolayer model 

system (Figure 5.1 and 5.2) and the distal small intestinal tissues of HFD-fed mice treated with 

metformin for 6 hours or 11 days (although Slc2a2 expression was also decreased in the tissues from 

the middle small intestine as well) (Figure 5.10 and 5.11). The limitation of the intestinal 2D monolayer 

culture model should be acknowledged, as the lack of apical-basolateral polarity of intestinal cells in 

culture limits the ability to study transepithelial glucose transport. However, numerous other studies 

in mice have also reported that oral metformin use decreases the absorption of glucose and increases 

the transit of glucose down the small intestine (234–236, 488, 489). Furthermore, various 

pharmacogenetic studies demonstrate that a “reduced function” genetic variant for Slc2a2 

(rs8192675) was associated with a modestly greater effect of metformin on glycaemic control (129, 

130). Although Slc2a2 is the predominant glucose transporter in hepatocytes (involved in release of 

glucose produced from gluconeogenesis) and was therefore the main focus in one of the studies (129), 

reduced Slc2a2 function could also affect the ability of the gut to absorb glucose which may also 

contribute to the effects of metformin on glycaemic control. Future studies should examine the effect 

of metformin on transepithelial glucose transport in cells plated in transwell inserts, which have the 

advantage of retaining apical-basolateral polarity of intestinal cells.  
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It should be acknowledged from the experiments in HFD-fed mice that metformin only altered the 

expression of the glucose transporters (especially Slc5a1 and Slc2a1) in the distal small intestine, 

whereas the effects in other intestinal regions were highly variable (Figure 5.10 and 5.11). These 

regional differences are likely to be explained by variations of metformin biodistribution in the GI tract 

as opposed to differences in metformin action in different regions of the intestinal tract. Studies by 

Wilcock and Bailey demonstrated that metformin accumulates at the highest concentrations in the 

distal small intestine compared to other intestinal regions after metformin oral gavage in mice (312). 

The observations that metformin can also induce similar expression changes in duodenal organoids 

from 2D monolayers at millimolar concentrations also suggest that metformin concentrations in the 

intestinal tissues underlie the expression changes in glucose transporters. 

In the RNA-sequencing data and confirmation from RT-qPCR in intestinal cultures, metformin also 

decreased the expression of Slc2a5 (GLUT5), the predominant transporter for fructose (514). As 

discussed in chapter 3, metformin also decreased the expression of fructose metabolism genes, Khk, 

Aldob and Tkfc (Figure 3.6). This provides further evidence from the expression data that fructose 

uptake and metabolism could be decreased by metformin treatment, which requires functional 

validation in future studies. Furthermore, metformin also decreased the expression of Slc2a7 (GLUT7), 

a recently characterised glucose transporter expressed in the apical membranes of the small intestine 

which has a high affinity for glucose and fructose, although its role in intestinal glucose uptake is not 

known (515).  

 

5.5.3 The contributions of the AMPK and HIF-1A signalling pathways to glucose transport 

changes mediated by metformin  

Metformin is known to cause the activation of AMPK, which was postulated to be the initial candidate 

signalling pathway that regulates glucose uptake by metformin (210). Indeed, studies in skeletal 

muscle have reported that metformin increases glucose uptake via an AMPK-dependent mechanism 

involving the translocation of GLUT4 vesicles to the cell membrane (340). This study reports that 

treatment with the AMPK activator AZ-991 for 24 hours did not alter the mRNA expression of the 

glucose transporters that were altered in expression by metformin, but modestly increased glucose 

uptake (Figure 5.8). Although Slc2a1 has previously been identified as a target gene that was 

upregulated by the AMPK-dependent arm of metformin in hepatocytes (365), this study and others 

suggest that the effects of AMPK are translational or post-translational in intestinal cells. Furthermore, 

our RNA-seq data demonstrated that genes encoding vesicle trafficking proteins potentially 

responsible for the translocation of glucose transporters to the cell membrane, Rab10 and Rab14, 
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were upregulated in metformin treated cultures (Chapter 3, Figure 3.13). Of note, this study did not 

investigate whether metformin increases AMPK activation in the intestinal cultures, although previous 

studies have reported that metformin increases AMPK phosphorylation in intestinal cells/tissues in 

vitro and ex vivo (264, 378, 523).  

Since HIF-1A signalling activation is associated with transcriptional upregulation of genes encoding 

glucose transporters and glycolysis, this prompted further investigations into the effects of inhibiting 

HIF-1A on the expression of glucose transporter transcripts. Supporting the RNA-seq data, the results 

showed that pharmacological inhibition of HIF-1A abolished the effects of metformin on Slc2a1 

expression, but not Slc2a2 or Slc5a1 expression (Figure 5.9). Similarly, imaging studies of intracellular 

glucose concentrations demonstrate that the HIF-1A inhibitor NSC-134754 markedly attenuated 

glucose uptake in both control and metformin treated cells, suggesting that the HIF-1A signalling 

pathway is essential for maintenance of glucose uptake pathways (Figure 5.9). This also provides 

another indirect line of evidence that glucose uptake is mediated by GLUT1, since NSC-134754 

abolished any effects of metformin on glucose uptake, similar to its effects on Slc2a1 expression. Also, 

Slc2a1 is the bona fide target gene of the HIF-1A signalling pathway, upregulation of which drives 

glycolysis in cancer cells (532, 533).  

Interestingly, inhibition of HIF-1A also decreased the expression of Slc5a1 and Slc2a2 in control 

cultures (Figure 5.9). Although reduced Slc2a2 expression has previously been reported in isolated 

islets derived from HIF-1A knockout mouse (and therefore pharmacological inhibition of HIF-1A in this 

study achieved the same effect in intestinal cells) (534), the mechanisms that regulate Slc5a1 

transcript expression are unclear. The observations that metformin altered the mRNA expression of 

transporters at millimolar concentrations could potentially suggest a mitochondrial dependent 

mechanism, since metformin is known to only inhibit complex I activity at millimolar concentrations 

(204, 205).  

A role of HIF-1A was also demonstrated in experiments involving bariatric surgery (42, 43). Mouse 

models that had undergone RYGB surgery exhibited transcriptomic changes in HIF-1A and many of its 

target genes in the alimentary limb, which was responsible for the effects of increased glucose 

utilisation and intestinal hypertrophy post-surgery (43). The results from this study suggest that the 

HIF-1A signalling pathway is important in the effects of metformin and may share a similar mechanism 

to RYGB surgery in increasing intestinal glucose utilisation.   
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5.5.4 Conclusions  

This study describes a potential cellular mechanism that supports the effects of metformin on glucose 

utilisation and absorption in the GI tract. High concentrations of metformin increased the expression 

of Slc2a1 (GLUT1) and increased glucose uptake in intestinal cells, which may explain the increased 

glucose utilisation by the small intestine in mice and humans. This mechanism could be mediated by 

the AMPK and especially HIF-1A signalling pathways. Future experiments should investigate the 

functional effects of AMPK and HIF-1A modulators in mouse models via glucose tolerance tests. In 

addition, metformin also decreased the expression of Slc2a2 (GLUT2) and Slc5a1 (SGLT1) by an 

unknown mechanism, which could potentially contribute to the effects of metformin in decreasing 

intestinal glucose absorption in other studies. 
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Chapter 6: Metformin and nutrient metabolism in intestinal cells 
 

6.1 Summary 
 

Intestinal nutrient metabolism has a major influence on whole-body energy expenditure (175). Since 

orally administered metformin is more effective at glycaemic control than intravenous administration 

(319), and metformin accumulates at high concentrations inside intestinal cells (312, 315), it is 

speculated that the actions of metformin on intestinal metabolism would greatly contribute to its 

effects as a glucose-lowering agent. However, knowledge into effects of metformin and nutrient 

metabolism in intestinal cells is still limited, since much of the existing literature were previously 

reported in liver and cancer cells (116, 240). This chapter examines the effects of metformin on 

nutrient metabolism in intestinal cells using extracellular flux analyser assays and live-cell imaging of 

metabolites. 

 

6.2 Background 
 

6.2.1 Nutrient metabolism in intestinal cells 

The small intestine is highly metabolically active to sustain the energy demanding processes of 

nutrient digestion and absorption (175, 176). Earlier studies have identified glucose and glutamine as 

the main sources of fuel utilised by intestinal cells (177–185). Intestinal glucose metabolism is 

responsible for 15% and 30% of CO2 production from luminal and arterial sources, respectively (180). 

Carbon tracer studies demonstrated that intestinal cells are highly glycolytic, with most of the glucose 

metabolised to produce lactate or alanine (535), whilst only ~10% of glucose is oxidised in the 

mitochondria (177). Glutamine is reported to be a more important fuel; its oxidation is responsible for 

35% and 52-70% of total CO2 production during postabsorptive and fasting states, respectively (177, 

180). Glutamine is an important substrate for the generation of alanine through alanine 

aminotransferases, as well as other amino acids such as proline and citrulline (178, 179, 536), with 

some studies arguing that glutamine is an important substrate for intestinal gluconeogenesis (179, 

386, 535). The intestine has been demonstrated to also be capable of metabolising ketone bodies 

(177, 181, 182, 536) , fatty acids (177, 537–539) and fructose (391). 

Recent studies demonstrated that nutrient metabolism is heterogeneous amongst different cell types 

along the crypt-villus axis (150, 187–189). Intestinal organoids grown under high Wnt conditions (to 

model intestinal stem cells) were more reliant on glycolysis than organoids grown in standard medium 
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(150). Inhibitors of mitochondrial function (150) or using an intestine-selective HSP60 knockout mouse 

model that causes mitochondrial dysfunction (485) disrupted intestinal differentiation, demonstrating 

that mitochondrial respiration is a feature of more differentiated cells. Measurements of NADH 

lifetime distribution of cells along the crypt-villus axis similarly confirmed that intestinal stem cells are 

highly glycolytic, whilst terminally differentiated villus cells require mitochondrial oxidation (189). 

Intestinal organoids with impaired mitochondrial pyruvate metabolism (187), impaired fatty acid 

oxidation (188) or glutamine deprivation (540) displayed reduced intestinal crypt expansion and 

organoid formation. These observations were also supported by proteomic analyses of the crypt-villus 

axis in the intestines of neonatal piglets, which demonstrated increased expression of proteins 

involved in the tricarboxylic acid (TCA) cycle, fatty acid and amino acid oxidation in the villus factions 

compared to the crypts (541). These studies highlighted that, in contrast to earlier studies, fuel 

metabolism are heterogeneous and defines different intestinal cell types along the crypt-villus axis.  

6.2.2 Cellular mechanisms of metformin on nutrient metabolism 

At the cellular level, metformin accumulates at high concentrations in the mitochondria compared to 

other cellular compartments (201). Previous studies extensively focussed on the inhibition of complex 

I (NADH dehydrogenase) of the mitochondrial electron transport chain to attenuate oxidative 

phosphorylation, although much of these effects were studied at high concentrations of metformin 

(201–204). Other studies also reported that metformin inhibited other aspects of mitochondrial 

bioenergetics such as uncoupled respiration (205) or ATP-synthase activity (201). Metabolic tracing 

studies from cancer cells demonstrated that metformin reduced flux of TCA cycle intermediates 

responsible for oxidative metabolism (205, 206). As a result of inhibiting mitochondrial respiration, 

metformin indirectly increases lactate production from glycolysis in a variety of cell types (59, 64, 207, 

208). A recent study of whole-body metabolism in HFD-fed mice reported reduced whole-body 

glucose oxidation (calculated as the changes in respiratory quotient values as measured by indirect 

calorimetry in response to oral gavage) during an early response to a single oral metformin gavage, 

whilst increasing the amount of non-oxidised glucose (236). This translates the cellular effects of 

metformin in inhibiting mitochondrial respiration/glucose oxidation to an in vivo setting.     

The evidence associating metformin and hepatic gluconeogenesis is controversial. Earlier studies in 

rodent and humans support the hypothesis that metformin mediates its glucose-lowering effects by 

inhibiting hepatic gluconeogenesis (220, 225–227). The mechanisms involved is still disputed. 

Madiraju et al., demonstrated that low-dose metformin directly inhibited the mitochondrial 

glycerolphosphate dehydrogenase involved in the glycerolphosphate shuttle, which suppressed 

hepatic gluconeogenesis from lactate and glycerol (but not pyruvate or alanine) sources in a redox 

dependent manner (225, 226). Other studies demonstrate that metformin decreased hepatic 



137 
 

gluconeogenesis by inhibiting fructose 1,6-bisphosphatase (FBP-1) (542), or by decreasing glycogen 

cycling (389, 543, 544). However, some of the recent studies challenge this mechanism to show that 

metformin increases endogenous glucose production in Carbon-14 tracer experiments on liver 

samples from HFD-fed mouse models and in patients with recent onset type-2 diabetes (207, 228). 

Due to AMPK activation, metformin also suppresses lipogenesis and increase fatty acid oxidation 

(FAO) (210, 211, 229, 230). Several studies have demonstrated that metformin inhibits the activity of 

Acetyl-CoA carboxylase (ACC) to promote FAO, as well as inhibiting the expression of SREBP-1 and 

fatty acid synthase (Fasn) to suppress lipogenesis in hepatocytes (210, 211, 233, 545). The effects of 

metformin in promoting FAO despite inhibiting mitochondrial respiration seem paradoxical (since FAO 

is dependent on mitochondrial respiration). However,  Gonzalez-Barroso et al., demonstrated that 

metformin did not inhibit palmitate oxidation in 3T2-L1 adipocytes, despite inhibiting basal oxygen 

consumption, increasing extracellular acidification and activating AMPK (545). The mechanisms 

underlying the permissive effect of metformin on FAO remain elusive. 

6.2.3 Metformin and intestinal nutrient metabolism 

Metformin accumulates at milimole concentrations within intestinal cells despite micromolar 

concentrations present in plasma (312, 315, 394). Metformin decreases mitochondrial function in 

intestinal cells, as oral administration decreased the NADH/NAD+ ratio in the intestinal mucosa of HFD 

mice (207) and reduced oxygen consumption in intestinal organoids (546). Several ex vivo and in vivo 

studies performed in rodents demonstrated that metformin increased intestinal glucose utilisation 

and lactate release into the splanchnic bed as a result from inhibiting mitochondrial respiration (64, 

116, 207, 239–242, 312).  

 

6.3 Aims 

This chapter investigates the effects of metformin on nutrient metabolism to complement the 

observations that metformin increases glucose uptake in intestinal cells from the previous chapter. 

The aims of this study are:  

1. To examine the role of metformin in glycolysis and glucose oxidation in intestinal cells 

2. To investigate the mechanisms of metformin in maintaining glycolysis 

3. To examine the role of the mitochondria in pyruvate and glutamine oxidation in intestinal cells 

4. To assess the effect of metformin on the endogenous metabolism of glycogen and fatty acids 
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6.4 Results 
 

All metformin (1mM) treatments were overnight (18-28 hours) prior to imaging experiments or for 24 

hours prior to Seahorse and lactate measurements. 

6.4.1 Metformin decreases glucose oxidation but maximises glycolysis in intestinal cells 
 

To assess the effects of metformin on glucose oxidation and confirm that metformin inhibits 

mitochondrial respiration in intestinal cells, the mitochondrial stress test was performed using the 

Seahorse flux bioanalyser in the presence of glucose (10mM) in the Seahorse media. Oxygen 

consumption was consistently lower in metformin treated cells in comparison to control cells, even in 

the presence of mitochondrial respiration inhibitors; oligomycin (ATP-synthase inhibitor), FCCP 

(proton uncoupler) and Rotenone/Antimycin A (Complex I and III inhibitors, respectively) (Figure 

6.1A). Metformin treatment reduced basal, maximal, ATP-linked and uncoupled oxygen consumption 

rate, whilst the respiratory reserve was unaffected (Figure 6.1B). This confirms that metformin inhibits 

mitochondrial glucose metabolism (Figure 6.1B).  

 

  

Figure 6.1. Metformin decreases glucose oxidation in intestinal cells. (A) Changes in oxygen 

consumption rate (OCR) over time during the mitochondrial stress test in which intestinal cells were 

previously treated with control or without metformin for 24 hours. Cells were incubated with glucose 

(10mM) in XF basal media for 1 hour prior to measurements. Dotted lines indicate when a compound 

was added. Oligomycin-A (OliA, 1μM), FCCP (1μM), Rotenone/Antimycin A (Rot/AA, 1μM each). (B) 

The effect of metformin on the measured parameters. The methods on how the parameters were 

calculated are described in detail in chapter 2, section 2.7. N=4-5 wells from 4 independent 

experiments. ***; P<0.001. Two-way ANOVA and Bonferroni post-hoc test. 
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To support the observations from the mitochondrial stress test, the effects of metformin on the 

cellular redox state was studied by live-cell imaging of NAD(P)H and FAD autofluorescence. Previous 

studies have demonstrated that NAD(P)H autofluorescence is dominated by mitochondrial, as 

opposed to cytosolic NADH (547–550). Glucose increases NADH generation through TCA-cycle 

oxidation, whilst decreasing FAD autofluorescence mediated by succinate metabolism in the TCA cycle 

(551, 552). The proton uncoupler FCCP was used as a positive control, as depletion of the 

mitochondrial membrane potential by FCCP maximises fuel oxidation and electron transport chain 

activity, thereby forcing the mitochondria to oxidise NADH to NAD+ and oxidise FADH2 to FAD (327, 

553). Glucose simultaneously increased NAD(P)H and reduced FAD autofluorescence in control cells, 

respectively, which was reversed in the presence of FCCP (Figure 6.2A, 6.2C 6.2D). Metformin pre-

treatment significantly diminished the effects of glucose and FCCP on NAD(P)H and FAD 

autofluorescence (Figure 6.2B, 6.2C and 6.2D). This is consistent with metformin impairing 

mitochondrial function through redox metabolism.     

 

  

Figure 6.2. The effect of metformin on the redox state in intestinal cells. (A and B) Example 

traces of NAD(P)H (yellow) and FAD (green) autofluorescence measurements in control (A) and 

metformin (B) treated cells. (C and D) The effect of control (red dots) and metformin (blue dots) 

on NAD(P)H (C) and FAD (D) autofluorescence in the presence of glucose (Gluc, 10mM) with or 

without FCCP (1μM). Each dot denotes one cell. N= 92 cells (control) and 70 cells (metformin), 

experiments from 4 dishes. **; P<0.01, ***; P<0.001, Two-way ANOVA and Bonferroni post-hoc 

test. 
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A glycolytic stress test was performed to assess the glycolysis parameters of intestinal cells by 

measuring pH changes in the media to calculate the extracellular acidification rate (ECAR) (see chapter 

2, section 2.7 for methods). Metformin treated cultures increased glycolysis, and abolished the 

glycolytic reserve, suggested by the fact that they were unable to further increase glycolytic flux as 

measured by ECAR upon oligomycin addition (Figure 6.3A and 6.3B). Metformin also modestly 

increased the glycolytic capacity; the maximum cellular capacity to undergo glycolysis (Figure 6.3B) 

(554). Note that this appeared in part to be a consequence of a lower non-glycolytic acidification 

(changes in ECAR prior to glucose addition, thus not attributed to glycolysis and thought to be a 

consequence of CO2 production in the citric acid cycle) in the metformin-treated cells compared to 

control cells, although this did not reach statistical significance (Figure 6.3B). The results suggest that 

metformin increased glycolysis consequent to inhibiting mitochondrial respiration. 

 

 

 

 

 

 

 

The effects of metformin on ATP generation from glucose metabolism was monitored via live-cell 

imaging of intestinal cells transfected with the fluorescent ATP sensor PercevalHR. Each glycolysis 

reaction produces a net 2 molecules of ATP for each molecule of glucose, whilst glucose oxidation 

produce ~36 molecules of ATP (Figure 6.4A). Changes in Perceval fluorescence was observed only in 

21/26 of control cells in response to washout of glucose with saline (Figure 6.4B-6.4D), whilst all of 

the cells treated with metformin responded, indicating that metformin pre-treatment robustly  

Figure 6.3 Metformin increases intestinal glycolysis to its maximal capacity. (A) Changes in extracellular 

acidification rate (ECAR) over time during the glycolytic stress test wherein intestinal cells were previously 

treated with control or with 1mM metformin for 24 hours. Dotted lines indicate when a compound was added: 

Gluc; glucose (10mM), OliA; oligomycin-A (1μM), 2-DG; 2-deoxyglucose (50mM). (B) The effect of metformin 

on the measured parameters of the glycolysis stress test. The methods on how the parameters were calculated 

are described in detail in Chapter 2, section 2.7. N=10 wells from 3 independent experiments. NS; not 

significant. ***; P<0.001. Two-way ANOVA and Bonferroni post-hoc test. 
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Figure 6.4. Metformin inhibits ATP generation from glucose oxidation but increases glycolytic ATP production. 

(A) Schematic showing the effects of rotenone and antimycin A (Rot and AA respectively) and 2-deoxyglucose (2-DG) 

on cellular ATP generation. (B and C) Example traces of Perceval fluorescence ratios from Control (B) and Metformin 

(C) treated cells. The treatments glucose (Gluc, 10mM), Rot/AA (1μM) and 2-DG (50mM) were applied as indicated. 

Different coloured lines denote responses from different cells. (D) Measured Perceval fluorescence ratios in control 

(red) and metformin-treated (blue) cells where glucose was switched to saline and re-applied. **; P<0.01, ***; 

P<0.001, control: Friedman test and Dunn’s post-hoc test, N=24 cells from 9 dishes, metformin: Repeated-measures 

ANOVA and Bonferroni post-hoc test, N=24 cells from 8 dishes). (E) The effect of 10mM glucose (Gluc), Rot/AA and 

2-DG on the Perceval fluorescence ratios in control (red) and metformin-treated (blue) cells (***; P<0.001, Repeated-

measures ANOVA and Bonferroni post-hoc test. Control: N=14 from 5 dishes, metformin: N=20 cells from 4 dishes). 

(F) Rot/AA decreased Perceval fluorescence in control cells, not metformin-treated cells. (***; P<0.001, Repeated 

measures Two-way ANOVA.). (G and H) Example traces of Perceval fluorescence ratios from Control (G) and 

Metformin (H) treated cells in response to 2-DG alone. Different coloured lines denote responses from different cells. 

(I) 2-DG significantly decreased Perceval fluorescence in metformin treated cells relative to control cells. ***; 

P<0.001, student’s t-test. Control; N=14 from 4 dishes and metformin; N=17 from 4 dishes).   
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increased ATP generation from glucose metabolism (Figure 6.4B-6.4D). The contribution of glucose 

oxidation in glycolytic ATP generation was assessed with rotenone and antimycin A (Rot/AA). Rot/AA 

decreased Perceval fluorescence ratio in control cells but was without a significant effect on 

metformin treated cells (Figure 6.4E and 6.4F). Subsequent exposure to 2-DG on top of Rot/AA 

markedly decreased Perceval fluorescence, to a larger extent in control than in metformin treated 

cells (Figure 6.4E-6.4F). Exposure to 2-DG alone in the presence of glucose decreased the Perceval 

fluorescence in metformin treated cells more than the control (Figure 6.4G-6.4I), confirming that 

metformin treated cells rely on glycolytic ATP production, whereas control cells show greater 

metabolic flexibility, presumably oxidising an alternative fuel to buffer ATP production through 

mitochondrial respiration.  

 

6.4.2 Metformin increases glycolytic metabolism of pyruvate towards lactate and alanine  
  

Lactate production could influence glycolysis in two ways: (1) The forward lactate dehydrogenase 

reaction regenerates NAD+ that is required to maintain glycolysis and (2) lactate production causes 

intracellular acidification which reduces the glycolysis rate by inhibiting phosphofructokinase, thus 

necessitating functional monocarboxylate transporters (MCTs) for lactate efflux (549, 555, 556). The 

competitive LDH inhibitor Oxamate, and high affinity MCT inhibitors AR-C155858 (MCT1/2 blocker) 

(557) and Syrosingopine (MCT1/4 blocker) (556) were used to study the pyruvate-lactate metabolism 

pathway (Figure 6.5A). Metformin pre-treatment increased lactate secretion in the intestinal cultures 

in the presence of 10mM glucose, whilst inhibition of LDH by Oxamate or inhibition of MCTs by AR-

C155858 and Syrosingopine partially reduced the lactate secretion response elicited by metformin 

(Figure 6.5B). Unexpectedly, metformin treatment significantly, but modestly decreased LDH activity, 

which likely reflects lower LDH levels (Figure 6.5C). The effects of these inhibitors on the cytosolic 

NAD+/NADH ratio was also investigated by live-cell imaging of cells transfected with the Peredox 

sensor. In control cells, Oxamate application did not elicit notable changes in the Peredox 

fluorescence, but significantly increased Peredox fluorescence in metformin pre-cultured cells (Figure 

6.5D). Similarly, application of MCT inhibitors AR-C155858 and Syrosingopine elicit increased Peredox 

fluorescence in metformin pre-cultured cells than control cells, although this did not reach statistical 

significance (Figure 6.5E).   

Similar observations were also observed in the Perceval imaging experiments to observe the effects 

of the inhibitors on intracellular ATP. Oxamate did not affect Perceval fluorescence in the presence of 

glucose in control cells, but significantly decreased Perceval fluorescence in metformin treated cells 

(Figure 6.6A). Combined AR-C155858 and Syrosingopine treatment modestly decreased Perceval  
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Figure 6.5. The effect of metformin on lactate production, LDH activity and Peredox fluorescence 
elicited by lactate metabolism/transport inhibitors (A) Schematic showing the effects of the LDH 
inhibitor Oxamate and MCT inhibitors AR-C155858 (MCT1 and MCT2) and Syrosingopine (MCT1 and 
MCT4) on glycolysis pathway. (B) Lactate secretion levels in control and metformin pre-treated cultures 
in glucose (10mM, 10G), with oxamate (50mM) or AR-C155858 (AR-C, 10μM) and Syrosingopine (Syro, 
50μM). Error bars are mean ± SEM. *; P<0.05, **; P<0.01, ***; P<0.001, vs control. †††; P<0.001 vs pre-
treated conditions in 10G.  Two-way ANOVA and Bonferroni post-hoc test. N=2-3 wells from 4 
independent experiments except AR-C/Syro, where 3 independent experiments were performed. (C) LDH 
activity in control and metformin treated cultures. Error bars are mean ± SEM. ***; P<0.001, vs control. 
Independent t test. N=3 wells from 4 independent experiments. (D) The effects of oxamate on Peredox 
fluorescence in Control (red) and Metformin (blue) treated cells. Glucose (Gluc, 10mM) and oxamate 
(50mM) were applied as indicated. Different coloured lines denote responses from different cells. Error 
bars are median ± confidence intervals.  *; P<0.05, Mann-Whitney test. Control: N= 15 cells from 4 dishes; 
Metformin: N=18 cells from 4 dishes. (E) The effects of AR-C155858 and Syrosingopine on Peredox 
fluorescence in Control (red) and Metformin (blue) treated cells. Glucose (Gluc, 10mM), AR-C155858 
(10μM) and Syrosingopine (50μM) were applied as indicated. Different coloured lines denote responses 
from different cells. Error bars are mean ± SEM.  Control: N= 14 cells from 4 dishes; Metformin: N=19 cells 
from 4 dishes. Independent t-test.  
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Figure 6.6. Inhibiting lactate production and transport decreases Perceval fluorescence but does 

not completely inhibit glycolysis in metformin treated cells. (A) The effects of oxamate on 

Perceval fluorescence in Control (red) and Metformin (blue) treated cells. Glucose (Gluc, 10mM), 

oxamate (50mM) and 2-DG (50mM) were applied as indicated. Different coloured lines denote 

responses from different cells. Control: N=23 cells from 6 dishes; metformin: N=25 cells from 6 

dishes. (B) The effects of MCT inhibitors AR-C155858 and Syrosingopine on Perceval fluorescence 

in Control (red) and Metformin (blue) treated cells. The treatments glucose (Gluc, 10mM), AR-

C155858 (AR-C, 10μM), Syrosingopine (Syro, 50μM) and 2-DG (50mM) were applied as indicated. 

Different coloured lines denote responses from different cells. Control: N=22 cells from 6 dishes; 

metformin: N=16 cells from 5 dishes. For A and B: repeated measures ANOVA and Bonferroni post 

hoc test or Friedman test with Dunn’s post-hoc test (if normality is not passed) for before-after 

comparisons. (C and D) Oxamate (C) and MCT inhibitors (D) decreased Perceval fluorescence more 

profoundly in metformin treated cells than control cells. For C and D, Error bars are mean ± SEM. 

**; P<0.01, ***; P<0.001, two-way ANOVA and Bonferroni post-hoc test. 
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fluorescence in control cells, but the effects were more profound in metformin treated cells (Figure 

6.6B). 2-DG further decreased Perceval fluorescence in both control and metformin treated cells 

independent of the inhibitors (Figure 6.6C, 6.6D). This could be due to incomplete inhibition of 

glycolysis by the LDH and MCT inhibitors, or that glycolysis could be sustained by the metabolism of 

pyruvate to alanine or other alternative pathways.  

Aspartate and alanine transaminases are also involved in glycolysis; aspartate transaminases are 

involved in the malate aspartate shuttle, another mechanism that regenerates cytosolic NAD+ (whilst 

mitochondrial NAD+ is simultaneously reduced), whereas alanine transaminases are involved in the 

metabolism of pyruvate to alanine. Particularly, alanine aminotransferases are expressed and 

functionally important in intestinal cells (535, 558) and both transaminases were upregulated by 

metformin treatment in monolayer cultures (See chapter 3). The activities of aspartate (AST) and 

alanine (ALT) transaminases were increased in metformin pre-treated cultures (Figure 6.7A and 6.7B). 

Aminooxyacetate (AOA), a broad-spectrum aminotransferase inhibitor, was used to examine changes 

in perceval fluorescence in metformin-treated cells (Figure 6.7C). Application of AOA decreased 

Perceval fluorescence in metformin-treated cells more so than control cells, although this was not 

statistically significant (Figure 6.7D, P=0.06). To distinguish the contribution of alanine transaminases 

from aspartate transaminases, Perceval fluorescence was monitored upon application of the selective 

alanine-aminotransferase inhibitor β-chloro-L-alanine (βCLA) and AOA sequentially (see Figure 6.7C 

for schematic). βCLA similarly decreased Perceval fluorescence in metformin, but not control cells 

(Figure 6.7E). Subsequent AOA application weakly reduced Perceval fluorescence, whilst 2-DG further 

decreased Perceval fluorescence independent of the inhibitors (Figure 6.7E). These observations 

suggest that despite increased activity of alanine and aspartate transaminases, alanine 

aminotransferases but not aspartate transaminases may contribute to glycolytic ATP production 

despite not being essential to maintain glycolysis.    

Further evidence against an important role of the malate-aspartate shuttle in glycolytic ATP 

production was demonstrated by Perceval fluorescence measurements involving the oxoglutarate-

glutamate transporter inhibitor phenylsuccinate. Application of phenylsuccinate did not differently 

affect the Perceval fluorescence between control and metformin pre-treated cells (Figure 6.8A and 

6.8C). The roles of the glycerolphosphate shuttle in Perceval fluorescence was also investigated, since 

the conversion of glycerol-3-phosphate (G3P) to dihydroxyacetone phosphate (DHAP) by cytosolic 

glycerolphosphate dehydrogenase (GPDH) also regenerates cytosolic NAD+ (but also requiring 

mitochondrial FAD metabolism). 100μM concentrations of the putative glycerolphosphate shuttle 

inhibitor iGP-1 did not affect the Perceval fluorescence produced from glycolysis in control and  
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Figure 6.7. The effect of metformin on alanine and aspartate transaminases in intestinal cells. (A) Aspartate 
transaminase (AST, or GOT) and (B) Alanine transaminase (ALT or GPT) activity in control and metformin treated 
cultures. Error bars are mean ± SEM. **; P<0.01, *; P<0.05, vs control. Independent t test. N=3 wells from 4 
independent experiments. (C) Schematic showing the effects of transaminase inhibitors Aminooxyacetate (AOA) and 
β-chloro-L-alanine (βCLA) on metabolic pathways. (D) The effects of AOA on Perceval fluorescence in Control (red) 
and Metformin (blue) treated cells. Glucose (Gluc, 10mM), AOA (10mM) and 2-DG (50mM) were applied as indicated 
on the traces. Different coloured lines denote responses from different cells. Control: N=19 from 4 dishes, 
metformin: N=22 cells from 3 dishes. (E) Distinguishing alanine aminotransferase from aspartate aminotransferase 
activity on Perceval fluorescence in control (red) and metformin (blue) treated cells. Glucose (Gluc, 10mM), βCLA 
(1mM), AOA (10mM) and 2-DG (50mM) were applied as indicated. Control: N=16 from 3 dishes, Metformin: N=15 
cells from 3 dishes. *; P<0.05, **; P<0.01, ***; P<0.001. Error bars are means ± SEM. Repeated measures ANOVA 
and Bonferroni post hoc test or Friedman test with Dunn’s post-hoc test (if normality is not passed) for before-after 
comparisons between different treatments, two-way ANOVA and Bonferroni post-hoc test for ΔPerceval 
Fluorescence comparisons between control and metformin. 
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Figure 6.8. Inhibitors of the malate aspartate shuttle and glycerolphosphate shuttle does not affect 

Perceval fluorescence. (A) The effects of the oxoglutarate-glutamate transport inhibitor 

Phenylsuccinate (PhS) on Perceval fluorescence in Control (red) and Metformin (blue) treated cells. 

Glucose (Gluc, 10mM), Phenylsuccinate (10mM) and 2-DG (50mM) were applied as indicated. Control: 

N=18 from 4 dishes, metformin: N=33 cells from 5 dishes.  Repeated-measures ANOVA and Bonferroni 

post-hoc test.(B) The effects of the mitochondrial glycerolphosphate dehydrogenase inhibitor iGP1 on 

Perceval fluorescence in Control (red) and Metformin (blue) treated cells. Glucose (Gluc, 10mM), iGP1 

(100μM) and 2-DG (50mM) were applied as indicated on the traces. Different coloured lines denote 

responses from different cells. Control: N= 15 cells from 5 dishes, metformin: N=14 cells from 4 dishes. 

NS; not significant. ***; P<0.001, Repeated-measures ANOVA and Bonferroni post-hoc test. (C and D) 

Changes in Perceval fluorescence in control and metformin treated cells to PhS (C) or iGP-1 (D) and 2-

DG. NS; not significant, ***; P<0.001, Two-way ANOVA and Bonferroni post-hoc test. 
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metformin treated cells, despite reported effects on other cell types and animal models at the same 

concentrations (559–563) (Figure 6.8A-6.8D).  

 

6.4.3 The effect of metformin on pyruvate and glutamine metabolism 
 

Following glycolysis, pyruvate enters the mitochondria where it is converted into acetyl-CoA and joins 

the TCA cycle for oxidative metabolism. The contributions of endogenous mitochondrial pyruvate 

oxidation in control and metformin pre-treated cultures were investigated using the mitochondrial 

pyruvate carrier inhibitor UK-5099 (which inhibits mitochondrial uptake of pyruvate) in the presence 

of 10mM glucose. Application of UK-5099 (10µM) significantly decreased OCR in control cultures 

compared to DMSO, but the drug did not affect OCR in metformin treated cultures compared to DMSO 

(Figure 6.9A and 6.9B). This suggests that cells are not actively oxidising the pyruvate generated from 

glycolysis in metformin-treated cultures. UK-5099 also modestly decreased Perceval fluorescence in 

control but not metformin treated cells (Figure 6.9C-6.9E), but the changes in Perceval fluorescence 

were indistinguishable between treatments (Figure 6.9F). This might suggest that intestinal cells are 

not dependent on endogenous pyruvate oxidation for glycolytic ATP production. UK-5099 application 

also abolished the different effects of 2-DG on the Perceval fluorescence in control and metformin 

treated cells (Figure 6.9F). This probably indicates that at least in 5 out of 17 control cells, its metabolic 

flexibility is compromised in the presence of UK-5099 and is therefore more dependent on glycolysis 

for ATP production (Figure 6.9F). The other 12 of 17 cells are still resistant to the effects of 2-DG on 

Perceval fluorescence (compared to metformin treated cells), which could be that these control cells 

were able to utilise pyruvate from another source to sustain mitochondrial respiration and TCA-cycle 

metabolism (and therefore maintain their metabolic flexibility).  

Since intestinal cells express MCTs (see Chapter 3) which exports lactate generated from glycolysis 

(Figure 6.3), the effects of exogenous pyruvate (1mM) application, a substrate of MCTs, was also 

investigated using Perceval imaging. Perceval fluorescence in control intestinal cells did not change 

despite switching the perfusion from pyruvate to saline (Figure 6.10A-6.10B), although subsequent 

application of Rot/AA decreased Perceval fluorescence in control cells (Figure 6.10D). None of the 

treatments (not even Rot/AA) altered Perceval fluorescence in metformin treated cells (Figure 6.10C-

6.10D), except for 10mM glucose (Figure 6.10D). This observation also confirms the effects of UK-5099 

in demonstrating that intestinal cells are not dependent on pyruvate oxidation for ATP synthesis, 

whereas metformin treated cells are highly dependent on glucose as a fuel for ATP-production. 
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Figure 6.9. Inhibiting mitochondrial pyruvate transport decreases oxygen consumption in control cells, 

but does not remarkably affect Perceval fluorescence in control and metformin treated cells.  

(A and B) The effects of the mitochondrial pyruvate carrier inhibitor UK-5099 compared to DMSO on oxygen 

consumption of control and metformin cultured cells as measured by the seahorse bioanalyser.  For B, 

normalised OCR was calculated as differences after drug application and third time point measured before 

application ***, P<0.001 compared to DMSO in control cultures. N=4-5 wells from 4 independent 

experiments. (C and D) The effects of the mitochondrial pyruvate carrier inhibitor UK-5099 on Perceval 

fluorescence in Control (red, C) and Metformin (blue, D) treated cells. Glucose (Gluc, 10mM), UK-5099 

(10μM) and 2-deoxyglucose (2-DG, 50mM) were applied as indicated on the traces. Different coloured lines 

denote responses from different cells. (E) Measured Perceval fluorescence ratios in control (red) and 

metformin-treated (blue) cells in the presence of UK-5099. Control: N= 17 cells from 3 dishes, metformin: 

N=24 cells from 3 dishes. NS; not significant. ***; P<0.001, Repeated-measures ANOVA and Bonferroni post-

hoc test. (F) Changes in Perceval fluorescence in control and metformin treated cells to iGP-1 and 2-DG. NS; 

not significant, Two-way ANOVA and Bonferroni post-hoc test. 
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Live cell imaging of intracellular pyruvate generated from glycolysis were also performed by using the 

genetically encoded FRET-based fluorescent pyruvate sensor Pyronic. Inhibition of mitochondrial 

pyruvate uptake using UK-5099 in the presence of glucose (10mM) modestly increased pyruvate levels 

in control cells, but not metformin treated cells (Figure 6.11A). However, inhibiting the mitochondrial 

electron transport chain using rotenone and antimycin A in the presence of glucose did not increase  

Figure 6.10. Exogenous pyruvate exposure does not affect Perceval fluorescence.  

(A and B) The effects of pyruvate exposure on Perceval fluorescence in Control (red, A) and 

Metformin (blue, B) treated cells. For metformin treated cells, glucose (Gluc, 10mM) was 

applied as a positive control, but not included for analysis. Pyruvate (Pyr, 1mM) and 

Rotenone/Antimycin A (Rot/AA, 1μM each) were applied as indicated on the traces. 

Different coloured lines denote responses from different cells. (C) Measured Perceval 

fluorescence ratios in control (red) and metformin-treated (blue) cells to pyruvate, saline 

and Rot/AA. Control: N= 17 cells from 6 dishes, metformin: N=16 cells from 5 dishes. NS; not 

significant. ***; P<0.001, Friedman test and Dunn’s post-hoc test. (D) Changes in Perceval 

fluorescence in response to Rot/AA in control and metformin treated cells. Bars are median 

± 95% confidence interval. ***, P<0.001. Mann-Whitney test.   
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pyruvate levels in either control or metformin treated cells (Figure 6.11B). This suggests that under 

conditions where mitochondrial electron transport is blocked, pyruvate is not accumulating in the 

cytosol but instead metabolised through alternative pathways.  

The effects of glutamine metabolism on oxygen consumption and ATP generation was also studied, 

since glutamine is highly metabolised in intestinal cells, and like pyruvate can only generate ATP via 

oxidative phosphorylation. In the presence of glutamine (4mM), metformin treated cells displayed 

lower basal, ATP-linked, maximal and uncoupled oxygen consumption (Figure 6.12A, 6.12B). The 

respiration in the presence of FCCP was lower than basal respiration in control cells  

  

Figure 6.11. The effects of UK-5099 and electron transport chain inhibitors on Pyronic fluorescence.  

(A) The effects of the mitochondrial pyruvate carrier inhibitor UK-5099 (10µM) on Pyronic fluorescence 

in Control (red) and Metformin (blue) treated cells. Different coloured lines denote responses from 

different cells. Changes in Pyronic fluorescence expressed as fold change. Data expressed as Bars are 

median ± 95% confidence interval. Control: N= 27 cells from 4 dishes, metformin: N=17 cells from 3 

dishes. **, P<0.01. Mann-Whitney U test.  (B) The effects of rotenone and antimycin A (Rot/AA, 1µM 

each) on Pyronic fluorescence in Control (red) and Metformin (blue) treated cells. Different coloured 

lines denote responses from different cells. Changes in Pyronic fluorescence expressed as fold change. 

Data expressed as Bars are mean ± SEM. Control: N= 15 cells from 2 dishes, metformin: N=12 cells from 

2 dishes. NS; not significant. Student’s t-test.  
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Figure 6.12. Metformin decreases glutamine oxidation in intestinal cells, but glutamine is not a dependent 

fuel for ATP production. (A) Changes in oxygen consumption rate (OCR) over time during the mitochondrial 

stress test in intestinal cells previously treated with control or without metformin for 24 hours. Cells were 

incubated with glutamine (4mM) for 1 hour prior to measurements. Dotted lines indicate when a compound 

was added. Oligomycin-A (OliA, 1μM), FCCP (1μM), Rotenone/Antimycin A (Rot/AA, 1μM each). (B) The 

effect of metformin on the parameters measured during the mitochondrial stress test. N=4-5 wells from 4 

independent experiments. ***; P<0.001. Two-way ANOVA and Bonferroni post-hoc test. (C and D) The 

effects of glutamine on Perceval fluorescence in Control (red, C) and Metformin (blue, D) treated cells. For 

metformin treated cells, glucose (Gluc, 10mM) was applied as a positive control, but was not included for 

analysis. Glutamine (Gln, 4mM) and Rotenone/Antimycin A (Rot/AA, 1μM each) were applied as indicated 

on the traces. Different coloured lines denote responses from different cells.(E) Measured Perceval 

fluorescence ratios in control (red) and metformin-treated (blue) cells to glutamine, saline and Rot/AA. 

Control: N= 20 cells from 4 dishes, metformin: N=18 cells from 4 dishes. NS; not significant. ***; P<0.001, 

Friedman test and Dunn’s post-hoc test. (F) Changes in Perceval fluorescence in response to Rot/AA in 

control and metformin treated cells. Bars are mean ± SEM. ***, P<0.001. Student’s t-test. 
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(Figure 6.12B). This observation was also previously reported for palmitate metabolism in neonatal 

cardiomyocytes (564). This could suggest that basal glutamine oxidation is already at maximal levels 

and intestinal cells might be running out of glutamine before the addition of FCCP. Abolition of the 

mitochondrial membrane potential via FCCP could also disrupt the transport of glutamate into the 

mitochondria via the aspartate-glutamate carrier (AGC), which is dependent on H+ co-transport (565). 

Alternatively, prior inhibition of mitochondrial ATP synthesis by oligomycin could also perturb the 

functions of Na+/K+ ATP-ase, which maintains Na+ electrochemical gradient and suppress electrogenic 

transport of glutamine across the plasma membrane. Perceval fluorescence imaging demonstrated 

that glutamine exposure was without effect on Perceval fluorescence in control and metformin 

treated cells (Figure 6.12C-6.12F). Rot/AA application consistently attenuated Perceval fluorescence 

in control but not metformin treated cells (Figure 6.12E and 6.12F).  

 

6.4.4 The effect of metformin on ATP generation from glycogen and lipid sources in intestinal 

cells 
 

Although the mitochondrial fuels pyruvate and glutamine did not affect Perceval fluorescence, 

decreased Perceval fluorescence was observed in control treated intestinal cells in the presence of 

Rotenone and Antimycin A, suggesting that intestinal cells are able to metabolise an endogenous 

energy store to sustain intracellular ATP levels in the absence of these fuels. The role of glycogen 

metabolism was explored by measuring the Perceval fluorescence of cells exposed to saline buffer and 

the sequential exposure of: (1) glycogen phosphorylase inhibitor GPi-688, (2) glycolysis inhibitor 2-DG 

(inhibits glucose phosphorylation via hexokinase) to inhibit other pathways of glycogen mobilisation 

such as debranching enzyme activity or lysosomal α-glucosidases which produce glucose from 

glycogen and (3) Rotenone and antimycin A as a positive control (Figure 6.13A). GPi-688 treatment 

alone decreased Perceval fluorescence in 26/31 control cells and 11/27 metformin-treated cells 

incubated in saline, although the changes in metformin treated cells were small and not statistically 

significant. 2-DG and Rot/AA treatments further reduced Perceval fluorescence in control cells (Figure 

6.13B, 6.13C). 2-DG modestly but significantly alter the Perceval fluorescence in metformin treated 

cells (Figure 6.13D, 6.13E). The changes in Perceval fluorescence to all the treatments was consistently 

lower in metformin treated cells compared to control cells (Figure 6.13F). This suggests that there 

were less glycogen stores in metformin treated cells at the start of the imaging experiment.  It should 

also be noted that Perceval fluorescence was markedly lower in metformin treated cells from the 

beginning of the experiment, which is likely to be due to low intracellular ATP levels and metabolism 

in the absence of glucose to ensure survival (Figure 6.13B-6.13E).     
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Figure 6.13. Metformin decreases glycogen mobilisation in intestinal cells. (A) Diagram showing the 

actions of glycogenolysis inhibitors used in the experiments. (B and C) The effects of glycogenolysis 

inhibitors on Perceval fluorescence in Control (red, B) and Metformin (blue, C) treated cells. GPi-688 

(20μM), 2-deoxyglucose (2-DG, 50mM) and Rotenone/Antimycin A (Rot/AA, 1μM each) were applied 

as indicated on the traces. The cells were incubated with 4mM glutamine prior to experiments, before 

switching to saline during the first 3 minutes of imaging. Different coloured lines denote responses 

from different cells. (D) Measured Perceval fluorescence ratios in control (red) and metformin-treated 

(blue) cells to GPi-688, 2-DG and Rot.AA. Control: N=30 cells from 8 dishes, metformin: N=27 cells 

from 7 dishes. NS; not significant. *; P<0.05, **; P<0.01, ***; P<0.001, Friedman test and Dunn’s post-

hoc test. (E) Changes in Perceval fluorescence in control and metformin treated cells to GPi-688, 2-DG 

and Rot/AA. **; P<0.01, ***; P<0.001. Two-way ANOVA and Bonferroni post-hoc test. 
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Endogenous lipid mobilisation was also considered as a candidate internal fuel source since fatty acid 

oxidation has previously been reported in intestinal cells (177, 537–539). Contributions of fatty acid 

oxidation were investigated by measuring the effect of the mitochondrial carnitine 

palmitoyltransferase 1 (CPT1) shuttle inhibitor etomoxir (which prevents fatty acid transport into the 

mitochondria) on Perceval fluorescence in cells exposed to saline. Rotenone/antimycin A was used as 

positive control. When used at 20μM concentrations, etomoxir was without effect in control cells, but 

modestly reduced Perceval fluorescence in metformin treated cells (Figure 6.14A-6.14E). Considering 

that the Perceval fluorescence in metformin treated cells were already low at the beginning of the 

experiments, whether the changes in perceval fluorescence was due to the genuine effects of 

etomoxir, or a false positive effect due to the gradual decline in intracellular ATP levels in the absence 

of glucose, is unknown. 100μM etomoxir decreased Perceval fluorescence in both control and 

metformin treated cells, but the differences between treatments were not observed (Figure 4.14F). 

This is likely due to the reported off-target effects of etomoxir on mitochondrial respiration when used 

at ≥100μM concentrations, such as complex I inhibition and disruption of CoA homeostasis, in addition 

to inhibiting FAO (566–568). The observations do not suggest that stored lipids are an important fuel 

source in intestinal cells.      
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Figure 6.14. Metformin slightly increased fatty acid oxidation in intestinal cells. (A and B) The effects of 20μM 

etomoxir on Perceval fluorescence in Control (red, A) and Metformin (blue, B) treated cells. Etomoxir (Eto, 20μM) 

and Rotenone/Antimycin A (Rot/AA, 1μM each) were applied as indicated on the traces. Different coloured lines 

denote responses from different cells. (C) Measured Perceval fluorescence ratios in control (red) and metformin-

treated (blue) cells to 20μM etomoxir and Rot/AA. Control: N=30 cells from 8 dishes, metformin: N=27 cells from 

7 dishes. NS; not significant. ***; P<0.001, Friedman test and Dunn’s post-hoc test. (D) Changes in Perceval 

fluorescence in response to 20μM etomoxir and Rot/AA in control and metformin treated cells. Data are mean ± 

SEM. ***, P<0.001. Two-way ANOVA and Bonferroni post-hoc test. (E) Changes in Perceval fluorescence in 

response to 100μM etomoxir and Rot/AA in control and metformin treated cells. Data are mean ± SEM. ***, NS; 

not significant, ***; P<0.001. Two-way ANOVA and Bonferroni post-hoc test. 
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6.5 Discussion 
 

6.5.1 Metformin and mitochondrial oxidation in intestinal cells 

Confirming a vast body of literature that metformin is a complex I inhibitor of mitochondrial 

respiration (203, 204, 207, 569, 570), the metabolic flux experiments demonstrated that metformin 

decreased oxygen consumption rate during glucose and glutamine metabolism in intestinal 

monolayers (Figure 6.1 and Figure 6.12), whilst metformin abolished the effect of rotenone and 

antimycin A in Perceval fluorescence from glucose oxidation (Figure 6.4). Furthermore, application of 

the mitochondrial pyruvate carrier UK-5099 to inhibit the uptake of pyruvate (produced from 

glycolysis) had little to no effect on Pyronic fluorescence or oxygen consumption in metformin treated 

cells, demonstrating little to no oxidation of pyruvate produced from glycolysis (Figure 6.9 and Figure 

6.11). Autofluorescence imaging experiments demonstrated that metformin diminished the 

magnitude of NAD(P)H autofluorescence increased by glycolysis and lowered by FCCP (Figure 6.2). 

Metformin treatment also blunted the effect of glucose and FCCP on FAD autofluorescence. These 

results support existing literature reporting that metformin reduces TCA cycle flux (205, 206), either 

caused by elevated mitochondrial NADH (which would indirectly inhibit oxidative TCA cycle reactions 

and thus FAD oxidation) (396, 569, 571), or extraneous effects on mitochondrial bioenergetics such as 

uncoupled respiration (205).  

The mitochondria of intestinal cells seem to exhibit some degree of fuel flexibility. This is supported 

by multiple observations. First, application of UK-5099 to inhibit mitochondrial pyruvate transporter 

changes the Pyronic fluorescence and oxygen consumption but has no effect on the Perceval 

fluorescence in control cells (Figure 6.9 and Figure 6.11). Second, exogenous pyruvate and glutamine 

treatments (Figure 6.10 and Figure 6.12) showed negligible effects on Perceval fluorescence in 

intestinal cells, despite evidence for glutamine oxidation and endogenous pyruvate oxidation in 

control cells in the Seahorse data. Since Rotenone and Antimycin A drastically decreased 

mitochondrial respiration in control cells in the presence of glucose, glutamine or pyruvate (with 

limited effect in metformin treated cells), this clearly indicates an important role of the mitochondria 

in ATP production. Metformin, by inhibiting mitochondrial respiration, could potentially handicap the 

capability of the mitochondria to metabolise fuels resulting in a lower cellular ATP/AMP ratio (204), 

which would activate AMPK signalling (210) and glycolysis (207).  

Although metformin has been demonstrated to deplete TCA cycle intermediates in cancer cells from 

some studies (205, 206, 572), others argue that inhibition of mitochondrial complex I rewires the TCA 

cycle towards alternative pathways involving biosynthesis (394, 396, 397, 571, 573, 574). Amongst 
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these pathways include altering the malate aspartate shuttle towards aspartate synthesis (396, 397, 

573), and increased reductive glutamine carboxylation towards lipid and amino acid generation (394, 

571, 574, 575). Although it remains to be proven whether these pathways are altered by metformin 

in intestinal cells, the observations that intestinal cells do not depend on glutamine and pyruvate as 

fuels for ATP generation may alternatively suggest the roles of these fuels in metabolic biosynthesis. 

The observations that pyruvate (187), glutamine (540) and fatty acid (188) metabolism are important 

in regulating proliferation and/or fate determination of intestinal cells along the crypt/villus axis 

seems to suggest the importance of mitochondrial metabolism beyond ATP generation. 

6.5.2 Metformin and intestinal glucose metabolism 

The evidence presented in this study demonstrates that metformin maximises glycolysis, increased 

glycolytic capacity and glycolytic ATP production in intestinal cells (Figure 6.3 and Figure 6.4). This is 

supported by the transcriptomic data which highlighted increased expression of key glycolytic 

enzymes by metformin (see chapter 3). Increased glucose utilisation and lactate production were 

previously observed as the intestinal mucosa accumulates high levels of metformin (64, 116, 207, 239–

242, 312). A recent study by Schommers et al., further elaborated this by demonstrating that 

metformin increased lactate release from the intestinal wall into the splanchnic bed, and that 

metformin increased the ratio of Ldha/Ldhb expression in the intestine (favouring pyruvate 

metabolism to lactate) and decreased Ldha/Ldhb expression (favouring lactate metabolism to 

pyruvate) in the liver (207). The authors suggested that metformin causes a futile glucose-lactate cycle 

involving glycolysis in the intestine and gluconeogenesis in the liver predominantly through altered 

LDH expression, despite several studies demonstrating that metformin suppresses hepatic 

gluconeogenesis (207, 220, 225–227). In the RNA-seq data, metformin did not change mRNA 

expression of either of those LDH isoforms (data not shown), despite increasing the expression of Ldhd 

expression (see chapter 3). However, LDH activity was decreased in metformin treated cells (Figure 

6.5C), which challenges the observations in that study in describing the precise molecular mechanisms 

involved in glucose metabolism to lactate.  

Inhibition of LDH by oxamate or inhibiting lactate-transport by MCT inhibitors AR-C155858 and 

Syrosingopine partially suppressed lactate secretion, elicited increases in Peredox fluorescence (Figure 

6.5) and modestly decreased Perceval fluorescence in metformin treated cells (Figure 6.6). This could 

suggest that pyruvate metabolism to lactate plays only a minor contribution in maintaining glycolysis 

under metformin treatment, with some flexibility to discard of surplus pyruvate/lactate through other 

pathways, for example transamination to alanine (see below). The alternative explanation is 

incomplete pathway inhibition by the drugs. Inhibiting NAD+ regeneration through the LDH pathway 
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could also lead to compensation by other pathways such as the glycerolphosphate shuttle in sustaining 

glycolysis. In the case of MCT transport inhibition, changes in intracellular pH mediated by lactate 

accumulation may decrease Perceval fluorescence due to interference of the fluorescent protein, 

although lactate accumulation would also inhibit NAD+ regeneration and this could reduce glycolysis 

flux (556).  

 

Metformin treatment also increased aspartate and alanine transaminase activity in metformin treated 

cells (confirming increased Gpt1 expression in transcriptomic data), and perceval imaging studies 

demonstrate some role for alanine aminotransferases in contributing to intestinal glycolysis (Figure 

6.7). In the liver, pyruvate-alanine cycling is important in regulating gluconeogenesis from alanine as 

substrates, particularly under conditions where mitochondrial uptake of pyruvate is blocked (535, 

576–580). Gpt1 transcript and protein expression in the mouse and rat intestine is comparable to the 

liver (558, 581). Several studies have confirmed that pyruvate generated from glycolysis are used for 

glutamine transamination in intestinal cells, and that alanine is a major fate of glutamine metabolism 

(177–179, 535). A recent study investigating L-alanine administration in hepatic cell lines reported 

decreased ATP levels, but increased the NAD+/NADH ratio and intracellular lactate levels (582). If 

transamination to alanine is an important fate of pyruvate in intestinal cells in the presence of 

metformin, inhibiting alanine aminotransferases could lead to pyruvate accumulation and redirecting 

pyruvate towards lactate production, which may decrease Perceval fluorescence via lactate 

accumulation and alter the intracellular pH or the cytosolic NAD+/NADH ratio.  

 

However, neither LDH nor alanine aminotransferase inhibition alone influenced the effects of 2-DG on 

the Perceval fluorescence in control and metformin treated cells, suggesting that neither of these 

pathways are rate-limiting to glycolysis. Future studies should investigate whether combining LDH or 

alanine aminotransferase inhibitors are sufficient to inhibit glycolysis by measuring Perceval 

fluorescence in control and metformin treated cells. The limitations of pharmacological compounds 

used in this study should also be acknowledged, particularly the putative glycerolphosphate shuttle 

inhibitor iGP1 and the MAS inhibitor phenylsuccinate (Figure 6.8), in which no appropriate controls 

were available. Even so, the steps that control glycolytic flux are still debateable. Whilst previous 

literature suggested that NADH regeneration via mitochondrial shuttles and LDH activity involved in 

maintaining glycolysis flux (583, 584), other studies identified the importance of enzymes such as 

aldolase A (585), GAPDH (586), pyruvate kinase (587) and LDHA (207, 588). A recent study 

demonstrated that glucose uptake, lactate export, hexokinase and phosphofructokinase activity were 

essential in determining glycolytic flux when glycolysis enzymes or transporters were individually 
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overexpressed in two mammalian cell lines(376). The transcriptomic and functional data in this study 

suggests that glycolysis and glycolytic capacity is determined by the functions of glycolysis enzymes 

such as hexokinases, as opposed to downstream pyruvate metabolism enzymes such as LDH or alanine 

transaminases. 

 

What are the signalling mechanisms that explain the effect of metformin on glycolysis? The evidence 

in this study suggests that attenuating mitochondrial respiration seem sufficient to increase glycolysis 

as a compensatory mechanism. The observations that (1) oligomycin A further increased glycolytic 

ECAR (Figure 6.3) and (2) inhibition of pyruvate uptake into the mitochondria abolished the differences 

of 2-DG in glycolytic ATP production between control and metformin treated cells (Figure 6.9), seem 

to support this hypothesis. Moreover, hexokinase and phosphofructokinase directly interacts with, 

and are regulated by ATP/AMP (219). Alternative explanations could be the regulation of 

phosphofructokinases by AMPK (379), or transcriptomic changes in glycolysis genes (Chapter 3). This 

would explain metformin causing a Warburg effect in intestinal cells to maximise glycolytic ATP 

production as a quick ATP source to sustain cellular processes. 

6.5.3 Metformin and intestinal energy stores 

The existence of intestinal glycogen stores has previously been reported and is particularly elevated 

in diabetic or suckling rats, which were associated with increased intestinal gluconeogenesis (386, 390, 

589). The observations from the Perceval fluorescence imaging seem to suggest a role of glycogen 

breakdown in sustaining ATP levels in intestinal cells in the absence of glucose. Existing literature 

reporting the functional significance of intestinal glycogen are limited, with some speculating that it 

may contribute to intestinal gluconeogenesis (590, 591). Metformin seemed to decrease 

glycogenolysis in intestinal cells, and it seems that intestinal cells metabolise glycogen for ATP 

production in the absence of glucose (Figure 6.13). The effects of metformin on intestinal glycogen 

stores remains to be determined. The role of metformin in hepatic glycogenolysis is controversial, with 

some studies demonstrating reduced glycogenolysis or a glycogen-sparing effect of metformin in the 

liver (389, 543, 544), whilst a study in type-2 diabetic patients indicated that metformin does not affect 

hepatic glycogenolysis (227). 

In contrast to the effects of metformin in glucose and glutamine oxidation, metformin paradoxically 

increases fatty acid oxidation (210, 211, 229, 230). Etomoxir (at 20µM) seemed to mediate a slight 

reduction in Perceval fluorescence in metformin (but not control) treated cells, which may suggest 

increased endogenous fatty acid oxidation in metformin treated cells(Figure 6.14). The RNA-seq data 

does not show substantialchanges in fatty acid metabolism genes either (chapter 3). Although 
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evidence for intestinal fatty acid metabolism has been reported (177, 537–539), stored lipids does not 

seem to be the main choice of fuel in intestinal cells. 

 

 6.6 Conclusions 

In summary, the following working model is proposed (see Figure 6.15). Intestinal cells normally 

produce ATP from glycolysis and mitochondrial oxidation, whilst maintaining some intestinal glycogen 

to maintain ATP levels in the absence of glucose. The mitochondria may also have the flexibility to 

metabolise glutamine or pyruvate. Metformin inhibits mitochondrial respiration, which causes the 

cells to compensate by increasing glucose uptake and glycolysis to produce lactate and alanine. 

Metformin could potentially increase the limited metabolism of stored lipids although it is not certain 

whether the modest effects of etomoxir on ATP levels are genuine, or a false positive effect associated 

with declining ATP levels in the absence of glucose. Therefore, intestinal cells could metabolise glucose 

(via glycolysis), pyruvate, glutamine and glycogen, but seem to mostly rely on glycolysis in the 

presence of metformin. 

 

  

Figure 6.15. Working model describing the effects of metformin on intestinal metabolism. Red indicates 

hallmarks of cellular metabolism in control cells, whilst blue indicates changes in metabolic pathways by 

metformin. GLUTs; facilitative glucose transporters, MCTs; monocarboxylate transporters, MPC; 

mitochondrial pyruvate carrier.  
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Altogether, this model provides a cellular mechanism supporting the existing literature to 

demonstrate the importance of metformin in increasing glucose utilisation in the intestine (116). This 

supports the developing hypothesis that the intestine acts as a “glucose sink” to metabolise glucose 

from the blood as a potential mechanism to support the effects of metformin in improving glycaemic 

control in patients with Type 2 Diabetes. Future studies should follow up the data with metabolomic 

or metabolic flux experiments to confirm the effects of metformin on the metabolic pathways in 

intestinal cells.        
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Chapter 7: General Discussion 

 

7.1. Summary of findings 

7.1.1. Metformin alters the transcriptome of intestinal cells 

Previous transcriptomic profiling to investigate mechanisms of metformin action have been 

performed on hepatocytes, skeletal muscle and adipose tissue biopsies, but not in intestinal cells (365, 

366). In chapter 3, RNA-Sequencing was performed in duodenal 2D monolayer cultures, which 

identified metformin-responsive genes and pathways. Amongst the prominent findings in the RNA-

seq data were the alterations in glucose metabolism pathways. This included upregulation of key 

genes involved in glycolysis, downregulation of fructose metabolism genes and altered expression of 

genes involved in the pentose phosphate pathway. Metformin also altered the expression of genes 

involved in amino acid metabolism, such as serine/threonine and folate metabolism. In mouse 

hepatocytes, metformin has been reported to alter the expression of genes and result in suppression 

of gluconeogenesis and lipogenesis, and it was speculated that these changes are part of the 

mechanism by which metformin lowers blood glucose levels and reduces fatty liver disease 

development, respectively (210, 365). In human skeletal muscle, metformin increased the expression 

of genes involved in glycolysis and pyruvate metabolism; supporting other functional studies that 

metformin may be involved in peripheral glucose uptake (366). The transcriptomic studies suggest 

that differences in metabolism in different organs could contribute to the beneficial metabolic effects 

of metformin.  

In contrast to hepatocytes, metformin did not cause a consistent alteration of genes involved in the 

AMPK signalling pathway in intestinal cells (365). However, the potential post-translational effects of 

metformin on AMPK activity in intestinal cells cannot be ruled out. Changes in other signalling 

pathways such as the upregulation of HIF1A signalling, Hippo signalling and lysosome pathways were 

also identified. As discussed in chapter 4 and 5, HIF1A appears to be involved in GDF-15 secretion and 

glucose uptake in intestinal cells. Furthermore, activation of autophagy is an established downstream 

mechanism of AMPK activation by metformin and autophagy is essential to preserve intestinal 

epithelia function (352–355). No previous study has identified transcriptomic changes in the Hippo 

signalling pathway associated with the metformin response, which warrants further confirmation via 

functional studies.        
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 7.1.1.1 Future directions 

Although transcriptomic changes could suggest potential changes in function in intestinal cells, it is 

possible that the gene expression findings may not be entirely replicated at the protein level (450). 

Therefore, assessment of protein changes should also be incorporated in future studies to provide a 

more substantial picture of metformin action in intestinal cells. The transcriptomic changes in 

metabolism genes should also be studied further, such as via metabolic tracing of metabolites. This 

would support the functional effects of the transcriptomic changes in metabolic pathways in the 

presence of metformin and possibly identify novel metabolic pathways. Metabolic tracing has 

provided detailed insights into the different metabolic adaptations by metformin in cancer cells (206, 

394, 396).  

Some of the metabolism/signalling genes (such as key glycolysis and HIF1A signalling genes) identified 

in the organoid studies should be confirmed in the intestinal tissues of metformin-treated HFD-fed 

mice. An even more ambitious future direction would be to compare global expression changes in 

different sections of the mouse intestines, as well as other metabolically important organs such as the 

liver, adipose tissue and skeletal muscle in HFD-fed mice that had been orally administered metformin. 

A “temporal” transcriptomic analysis could be performed to compare acute (e.g. 6 hours) or chronic 

(11 days) effects of metformin in different organs. A similar inter-organ systems transcriptomic 

approach has been performed to investigate organ-specific changes in metabolism and signalling 

genes after Roux-en-Y gastric bariatric surgery in mice and humans (42). Investigating the 

transcriptomic changes in different organs following metformin treatment could validate many of the 

previous observations regarding metformin in mice and provide a more integrative picture into the 

metabolic responses of the different organs to metformin. 

 

7.1.2. Metformin stimulates GDF-15 secretion through mitochondrial stress 

As mentioned in chapter 4, our collaborators observed that plasma GDF-15 concentrations are 

associated with the weight-loss effects of metformin and that GDF-15 expression is upregulated in 

small intestinal and colonic tissues (but not in the other metabolically important organs such as the 

liver and adipose tissue) after oral metformin gavage. From the RNA-seq data in 2D monolayer 

intestinal cultures, Gdf15 was one of the top significantly upregulated genes by metformin, and 

metformin robustly stimulated GDF-15 secretion from these cultures. The RNA-seq and secretion data 

also demonstrated that metformin stimulated GDF-15 secretion via mitochondrial stress whilst 

metformin downregulated the expression of genes involved in mitochondrial translation and mtDNA 

genome maintenance. Studies involving human primary hepatocytes also identified Gdf15 as an 
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upregulated gene not associated with the activation of the AMPK signalling pathway by high 

concentrations of metformin (365). Similarly, serum levels of GDF-15 are elevated in patients with 

mitochondrial disease and mouse models of mitochondrial myopathy (286, 374, 447, 448). This study, 

consistent with studies in other models, suggested that metformin increases GDF-15 expression and 

secretion via a mitochondria-dependent mechanism.   Metformin stimulated GDF-15 secretion via the 

ISR, since the EIF2A phosphorylation inhibitor ISRIB attenuated metformin-stimulated GDF-15 

secretion whilst Ddit3 mRNA expression was upregulated in intestinal tissues of HFD-fed mice treated 

with metformin. These studies are consistent with the findings from other collaborators involving 

metformin in primary hepatocytes and the effects of phenformin on ISR in MEF cells (321). The ISR 

has previously been reported to be important for the induction of Gdf15 expression in response to a 

variety of cellular stressors such as ER stress and hypoxia (287). It is unknown how mitochondrial stress 

elicited by metformin stimulates GDF-15 secretion; inhibition of GCN2 (reportedly activated by 

oxidative stress) did not affect GDF-15 secretion and the PERK inhibitor GSK-2606414 modestly 

reduced metformin-stimulated GDF-15 secretion. Other EIF2A kinases (such as PKR or HRI) might be 

associated with metformin-stimulated GDF-15 secretion, which could be investigated in future 

studies.       

Interestingly, HIF-1A inhibitors also inhibited metformin stimulated GDF-15 secretion, which to our 

knowledge have not previously been reported in the literature. The results suggest that the HIF 

signalling pathway is important in determining metformin stimulated GDF-15 secretion. Currently, 

studies are underway to investigate metformin and HIF-1A protein levels in intestinal cells. Future 

studies would investigate the effects prolyl hydroxylase or VHL inhibitors, or using Hif1a or Vhl 

knockout mouse intestines on GDF-15 secretion.      

The results in chapter 4 confirm that intestinal cells are capable of secreting GDF-15 into the media in 

response to metformin and other mitochondrial stressors. From the in situ hybridisation data, Gdf15 

induction by metformin seems to be localised to the numerous transit-amplifying cells of the epithelia 

in the distal small intestine and colonocytes in the colonic epithelia, whereas almost all other gut 

hormones identified to date are released by enteroendocrine cells that encompass 1% of the intestinal 

epithelial population (159). Therefore, based on this study and supporting in vivo data (321), GDF-15 

could be a novel and atypical “gut hormone” released by intestinal epithelial cells that may provide a 

cellular mechanism that explains the effects of metformin on body weight.        

7.1.2.1 Future directions 

Although this study suggests that metformin stimulates GDF-15 secretion via mitochondrial stress, 

there is no direct evidence that metformin causes other aspects of mitochondrial dysfunction other 
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than inhibiting oxidative phosphorylation (OXPHOS) in intestinal cells. Furthermore, transcriptomic 

analysis did not reveal changes in mitochondrial OXPHOS or oxidative stress genes. A more 

comprehensive study into other aspects of mitochondrial stress is warranted, such as superoxide 

production (such as using the MitoSOX dye) as an indicator of oxidative stress, mitochondrial 

membrane potential (using Mitotracker Orange), mitochondrial morphology (such as Mitotracker 

Green or electron microscopy), or mitochondrial calcium signalling (via measurements using the Rhod-

2 dye). Downregulation of mitochondrial translation genes and altered expression of mitochondrial 

folding genes could also be studied via other in vitro studies (e.g. proteomics of mitochondrial 

translation proteins).  

The results in chapter 4 and findings from our collaborators collectively suggest that the weight loss 

effects of metformin might be mediated by a mechanism involving the gut-brain axis involving GDF-

15 released from the gut, which targets the brainstem to cause weight loss (see Figure 7) (321). To 

provide direct evidence and fully establish the role of GDF-15 as a potential hormone involved in a 

gut-brain axis that addresses the weight loss effects of metformin, one of the future directions could 

involve physiological investigations into an intestine specific (e.g. Villin-cre) Gdf15 knockout mouse 

model. The effects of metformin on metabolic parameters such as body weight, food intake and 

energy expenditure could be measured in these mice to investigate the role of this gut-brain cross-

talk in metformin suppression of appetite. Alternatively, comparisons in serum levels of GDF-15 and 

food intake could be made in mice that had been intravenously or orally administered metformin, as 

differences in glycaemic control have previously been reported to be dependent on different routes 

of metformin administration (316).   

 

7.1.3. Metformin increases GLUT transporter mediated glucose uptake 

In chapter 5, expression data in 2D monolayer cultures and intestinal tissues from HFD-fed mice 

showed that metformin decreased the expression of numerous hexose transporters, such as Slc2a2 

(GLUT2) and Slc5a1 (SGLT1), but increased the expression of Slc2a1 (GLUT1). Metformin also increased 

glucose uptake in intestinal cells mediated by GLUT (presumably GLUT1) transporters (See Figure 7). 

To our knowledge, no previous study has investigated the effects of metformin on GLUT1 expression 

in intestinal cells. The upregulation of GLUT transporters in the small intestine may explain the 

observed increase in intestinal glucose accumulation as reported in PET-CT imaging studies in mice 

and humans (Figure 7) (237, 364, 490, 517–519). After RYGB surgery, GLUT1 expression was increased 

in the alimentary limb, which was directly associated with increased glucose utilisation and glucose-

lowering effects (42, 43). Similarly, downregulation of Slc2a2 (GLUT2) and Slc5a1 (SGLT1) genes could 
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potentially suggest a molecular basis by which metformin decreases intestinal absorption of ingested 

glucose (234–236, 488, 489, 516, 523). Yet, these findings do not support other investigations that 

report increased GLUT2 abundance in the intestinal epithelium (523, 592). 

 

 

The roles of the AMPK and HIF1A signalling pathways in metformin altered glucose transporter 

expression and glucose uptake in intestinal cells were investigated to identify the plausible signalling 

pathways involved. The results suggest that upregulation of the HIF1A pathway, and to a lesser extent 

increased post-translational AMPK activation, are involved in metformin stimulated glucose uptake. 

The role of AMPK activation in glucose uptake in muscle cells has been well established (210, 336, 

338–341), so it is not surprising that the AMPK activator stimulates glucose uptake in intestinal cells. 

HIF1A is important in regulating intestinal function (593), but the apparent role of the HIF-1A signalling 

pathway in the mechanism of metformin-stimulated glucose transporter expression and glucose 

uptake was unexpected. The observations that HIF-1A inhibitors decreased Slc2a1 (GLUT1) expression 

and glucose uptake in both control and metformin treated cells suggests that GLUT mediated glucose 

uptake seems to be dependent on the HIF-1A signalling pathway (chapter 4). The results also 

Figure 7. A proposed physiological mechanism of metformin action in increasing GDF-15 secretion 

and glucose utilisation in intestinal cells to achieve glycaemic control and weight loss.  
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complement the RNA-seq data which identified upregulation of HIF1A signalling/target genes in 

metformin treated intestinal cultures.  

7.1.3.1 Future directions 

This results in chapter 5 suggest that metformin increases glucose uptake mediated by GLUT1 

transporters, based on the RNA-seq data and examination of pharmacological inhibitors on glucose 

uptake. Generation of a GLUT1 knockout mouse intestinal organoid line is currently in progress. 

Studies investigating glucose transporter expression and glucose uptake involving GLUT1 knockout 

organoids would provide direct evidence of GLUT1 on glucose uptake.  

Furthermore, the role of HIF1A on glucose utilisation in intestinal cells could be investigated using 

HIF1A inhibitors, HIF1A knockout mice, or mouse models of increased HIF1A stability (such as VHL 

knockout mice). This could strengthen the evidence in support of a role for HIF1A downstream of 

metformin action in intestinal cells. 

Since the distal small intestine is predominantly associated with changes in glucose transporter 

expression in metformin treated HFD fed mice, it would also be important to replicate the experiments 

of glucose uptake in mouse ileal organoids.  

 

7.1.4. Metformin limits the metabolic plasticity of intestinal cells 

Although the evidence for metformin action on intestinal glucose uptake is well established based on 

PET-CT scan observations, the effects on glucose handling in the small intestine are not fully 

understood since there is evidence supporting both altered intestinal glucose metabolism as well as 

basal-to-apical export of glucose into the lumen via GLUT2 expression on the brush-border membrane 

(207, 488, 523). The results from chapter 6 in this study support the RNA-seq data, showing that 

metformin increases glucose metabolism through glycolysis and lactate production/secretion as an 

indirect consequence of inhibiting OXPHOS. Indeed, the results from Perceval imaging measurements 

suggest that intestinal cells exhibit metabolic flexibility of glutamine, pyruvate (generated from 

glycolysis) and glycogen metabolism, which is lost in metformin treated cells as they rely almost solely 

on glycolysis (and very limited oxidation of fatty acids) for ATP synthesis.  

Recent studies involving metabolomics measurements of arterial-venous differences in pigs revealed 

that visceral organs (including the GI tract) are the biggest consumers of glucose (60%) and amino 

acids (186). Furthermore, orally administered metformin also accumulates at the highest 

concentrations in the GI tract; these concentrations are high enough to inhibit mitochondrial 

respiration (204, 312). Furthermore, Schommers et al., used metabolic tracing in HFD-fed mice to 
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demonstrate that metformin increases glucose metabolism to lactate in the intestine as a result of 

mitochondrial dysfunction (207). These studies provide in vivo evidence in support of our observations 

in intestinal 2D cultures in suggesting the importance of intestinal glucose metabolism in metformin 

action.     

The effects of metformin in increasing fasting plasma lactate levels are well established, and lactic 

acidosis is a side effect in a small number of patients associated with metformin use (45, 594). 

However, the underlying physiological mechanisms are not clear. The kidney was thought to be 

involved due to the clinical observations that the risk of lactic acidosis was more closely associated 

with metformin use in patients with acute kidney injury (312, 595). The liver was another candidate 

since inhibition of the glycerolphosphate shuttle by metformin has been associated with reduced 

metabolism of lactate to glucose via gluconeogenesis, which would instead lead to the release of 

lactate by the liver (226). The exact mechanisms that explain the effects of metformin on lactic acidosis 

are therefore not completely understood. In pigs, the spleen and the colon made the largest 

contributions to net lactate release into the circulation whereas the liver and kidneys were associated 

with net lactate uptake under physiological conditions (186). Oral metformin administration has been 

associated with increased lactate generation in the walls of the small intestine in mice and human 

intestinal tissues (64, 207, 370). It remains to be demonstrated how much the GI tract contributes to 

lactate generation during metformin administration, and studies into the contributions of different 

organs in lactate generation in metformin treatment are warranted.        

7.1.4.1 Future directions 

This study provides evidence to support the observations from the KEGG pathway analysis through 

live cell imaging of metabolites and Seahorse bioanalyser assays in 2D monolayer cultures. As 

mentioned in section 7.1.1.1, a metabolomics approach to study the effects of metformin in intestinal 

cells would provide the most direct evidence to support the observations that metformin alters 

nutrient metabolism. Another warranted investigation is to examine the contributions of glucose 

metabolism and lactate production by the small intestine in contributing to the glucose lowering 

effects of metformin. Currently, collaborations are underway with Professor Jens Holst (University of 

Coppenhagen, Denmark) to examine mechanisms of metformin treatment on glucose metabolism and 

lactate release in the perfused intestine model. Validation of this technique to study glucose 

metabolism could enable more detailed investigations into the signalling mechanisms and metabolic 

alterations affected by metformin in intestinal tissues in a more physiological setting.   
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As an extension from chapter 3 and 5, the contributions of the various cellular pathways such as AMPK 

and HIF1A signalling to the changes of glucose metabolism in metformin treated cells should also be 

investigated using the Seahorse bioanalyser or Perceval/Peredox imaging of intracellular metabolites.      

 

7.2 Limitations of this study 

One of the limitations of this study is the use of the 2D monolayer culture system involving intestinal 

cells seeded in Matrigel-coated dishes/plates to investigate the transcriptomic and functional changes 

triggered by metformin in intestinal cells. Although these intestinal cultures do not alter the 

specifications of cell-types in the intestine (the presence of goblet cells and enteroendocrine cells is 

maintained, and GLP-1 secretion has been reported using this model), the intestinal cells in this culture 

system lose apical-basolateral polarity (324, 596). This limits the ability to study the roles of SGLT1 and 

GLUT2 in transepithelial transport, which could not be investigated using this model. Future studies 

could incorporate transport studies using monolayers seeded into transwell systems, which maintain 

this apical-basolateral polarity (597, 598). However, using the transwell system also limits the ability 

to study other aspects of intestinal function, such as nutrient metabolism via live-cell imaging and 

Seahorse bioanalyser assays. The effects of metformin on the mRNA expression of glucose 

transporters and Gdf15 in the intestinal 2D monolayer culture model were also validated in intestinal 

tissues of HFD-fed mice, which suggests that some of these observations in vitro might not be too 

different from the intestinal epithelia in vivo.        

Another limitation in this study is that the RNA-seq data was generated using murine intestinal cells 

from organoids. Transcriptomic observations performed in human intestinal cells are likely to be 

different. This was the case in investigating the effects of metformin in hepatocytes since genes 

encoding the glucose-6-phosphatase (G6pc) isoforms were amongst the top downregulated genes 

identified in hepatocytes from db/db mice treated with metformin but were not differentially 

expressed in human hepatocyte cultures (365, 599). Furthermore, the transcriptomic changes 

observed in mouse organs and tissues after RYGB surgery in mice were only partially replicated in 

humans (42). Future experiments should replicate and validate the experiments in human organoids 

in 2D cultures, which have recently been established in our laboratory.   
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7.3. Other considerations into metformin action in the GI tract 

7.3.1. The physiological effects of metformin: the liver or the gut? 

This study suggests that the GI tract is an important site of metformin action in the regulation of 

glycaemic control and body weight. The results from this study support other findings in suggesting 

that accumulation of metformin at high concentrations in intestinal cells increased intestinal glucose 

utilisation and GDF-15 secretion, both of which probably involve the mitochondria. Metformin also 

inhibits hepatic glucose production in the liver to regulate blood glucose levels (210, 220, 225–227, 

544). However, several recent studies reported an opposite effect of increasing hepatic glucose 

production by metformin (207, 228). Particularly, Schommers et al., demonstrated that lactate 

generated from intestinal glycolysis is taken up by the liver for gluconeogenesis (207). Clinical trials 

involving the “delayed-release” formulation of metformin also seem to suggest a more important role 

of the gut compared to the liver in mediating the glycaemic control effects of metformin (86, 319, 

320). Moreover, although the liver is capable of inducing Gdf15 expression in primary hepatocytes in 

response to supraphysiological metformin concentrations in culture, Gdf15 expression was induced in 

the distal intestine, but not in the liver of HFD-fed mice given metformin for 6 hours or 11 days (321). 

This observation suggests that the small intestine, rather than the liver, is the primary organ that 

releases GDF-15 in response to metformin to mediate its weight-loss effects (321).   

7.3.2. Metformin stimulated GDF-15 secretion and glucose utilisation- all of the cells? 

Two of the key findings presented in this study are the roles of metformin in stimulating GDF-15 

secretion and increasing glucose uptake and glycolysis which may explain the roles of metformin in 

weight loss and glycaemic control, respectively. The imaging experiments and other in vitro assays did 

not specify whether all, or some of the intestinal cells are involved. It would be interesting to 

investigate whether the same effects of metformin occur in every cell type in the small intestinal 

epithelium or in a specialised group of cells. As discussed in chapter 4 and in section 7.1.2, in-situ 

hybridisation experiments in mouse colonic tissues suggest that cells situated predominantly in the 

crypts are involved in metformin induced Gdf15 expression (321). This suggests that some, but not all 

of the intestinal cells in the small intestine and colon respond with induction of Gdf15 expression. 

Although GLUT1 expression is generally low in the small intestine, it is unknown how GLUT1 expression 

changes in the small intestine in response to metformin and this should be investigated via in-situ 

hybridisation.     
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7.3.3 Are the mechanisms of metformin action in the gut the same as those following bariatric 

surgery? 

Bariatric surgery greatly improves glycaemic control and causes profound weight loss. Like metformin, 

the alimentary limb of the small intestine also exhibits upregulated HIF1A and GLUT1 expression, and 

increased glucose uptake and glycolysis after RYGB surgery (42, 43). Increased intestinal glucose 

utilisation after RYGB has also been reported to contribute to its glucose-lowering effects (43, 600). 

Other gastrointestinal changes during metformin treatment and after gastric bypass exhibit a number 

of similarities. First, metformin and RYGB cause altered bile acid metabolism, although this is due to 

reconstruction of the GI tract in bariatric surgery as opposed to reduced intestinal reabsorption of bile 

acids by metformin (601). Second, like metformin, RYGB surgery decreases glucose absorption and 

postrandial glucose response in humans, which has been reported to associate with diversion of bile 

and decreasing the amount of sodium usually brought about with bile transit in the intestines, which 

decreases sodium dependent glucose cotransport (602). Third, metformin and bariatric surgery 

increased circulating GLP-1 and PYY levels, likely due to a relative shift of glucose absorption to the 

distal gut (41). Fourth, both metformin and RYGB cause changes in the gut microbiome (603). 

Furthermore, serum levels of GDF-15 were significantly elevated after 2 weeks in a cohort of 47 obese 

patients that had undergone RYGB surgery (604). However, by contrast to the crucial role of the GDF-

15/GFRAL axis in mediating the weight loss effects of metformin from food intake studies in knockout 

mice, GDF-15 does not seem to be necessary for mediating the weight loss effects after bariatric 

surgery in mice (321, 605). Unlike bariatric surgery, the clinical trials investigating the effects of 

metformin on body weight did not report consistent weight loss across all of the studies (32, 81). There 

are no clinical trials to date that compared the effects of metformin and bariatric surgery interventions 

on glycaemic control. It would be tempting to speculate that some of the effects of metformin in the 

gut are similar to, but more modest than, those observed after bariatric surgery.      

7.4. Concluding remarks 

This PhD thesis has provided a comprehensive transcriptomic characterisation of metformin action in 

small intestinal cells, which was used as a basis to study functional mechanisms of metformin action. 

Metformin caused transcriptomic changes in metabolism and signalling pathways in intestinal cells. 

Metformin also robustly stimulated GDF-15 secretion in intestinal cells via a mechanism dependent 

on mitochondrial stress, the integrated stress response and the HIF-1A signalling pathway. Increased 

basal intestinal glucose uptake mediated by metformin could be associated with upregulation of GLUT 

transporters by a mechanism that could involve AMPK and HIF-1A signalling. By inhibiting 

mitochondrial respiration, metformin limits the metabolic plasticity of intestinal cells, which instead 

rely predominantly on glycolysis for energy. Together, the results of this thesis argue for the role of 
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the GI tract in mediating the effects of metformin in the control of blood glucose levels and body 

weight. 
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Appendix 
 

Drug/Reagent Mechanism of Action and Target  

Chapter 4 

Antimycin A Inhibitor of mitochondrial respiration and oxygen consumption by 
targeting Complex III of electron transport chain 

Rotenone Inhibitor of mitochondrial respiration and oxygen consumption by 
targeting Complex I of electron transport chain 

FCCP Mitochondrial proton uncoupler that maximises oxygen consumption 

Az-991 AMPK activator 

UK-5099 Inhibitor of mitochondrial pyruvate carrier (MPC) 

NMN (Nicotinamide 
Mononucleotide) 

Increases cellular NAD+ via the salvage pathway 

Duroquinone Substrate for NAD(P)H dehydrogenase (NQOs) involved in redox 
balance predominantly in the cytosol. 

MitoTEMPO MnSOD mimetic superoxide scavenger (Mitochondrial targeted 
antioxidant) 

MitoPQ Redox cycler that stimulates mitochondrial superoxide production  

MitocDNB1 Depletes glutathione by acting as a substrate for glutathione S-
transferase 

Doxycycline Inhibitor of mitochondrial translation 

Actinonin Inhibitor of de novo turnover of mitochondrial proteins 

MitoBloCK6 Inhibitor of mitochondrial protein import through TIM22 and 
Mia40/Erv1 pathways 

Ciprofloxacin Inhibitor of mtDNA replication by inhibiting mitochondrial 
topoisomerases from relaxing its supercoil structure 

ISRIB Inhibitor of eIF2A phosphorylation and activation of the integrated 
stress response 

GSK-2606414 Inhibits PERK activation 

A-92 Inhibitor of GCN2 

Histidinol Inhibitor of histidyl-tRNA syntethetase to mimic amino acid deprivation 

KC7F2 Inhibitor of HIF-1A translation by targeting Rps6 pathway 

NSC-134754 Inhibitor of HIF-1A transcription, translation and stability 

Chapter 5 

Phloridzin Non-specific blocker of SGLTs 

Phloretin Non-specific blocker of GLUTs 

Cytochalasin B Non-specific blocker of GLUTs 

Forskolin Non-specific blocker of GLUTs, with a higher affinity for GLUT1/3/4 
compared to GLUT2 

Glucosamine High affinity substrate for GLUT2 

Fructose Substrate for GLUT2 with similar affinity compared to glucose 

Chapter 6 

2-Deoxyglucose Inhibitor of hexokinase and therefore glycolysis 

Oxamate Inhibitor of LDH 

AR-C155858 Inhibitor of MCT2 and MCT4 

Syrosingopine Inhibitor of MCT1 and MCT4 
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AOA (Aminooxyacetate) Broad-spectrum inhibitor of transaminase enzymes, including aspartate 
transaminases involved in the malate-aspartate shuttle and alanine 
transaminases 

βCLA (β-chloro-alanine) Selective inhibitor of alanine transaminases 

Phenylsuccinate Inhibitor of oxoglutarate-glutamate transporters involved in the malate-
aspartate shuttle 

iGP-1 Inhibitor of mGPDH involved in the glycerolphosphate shuttle 

GPi-688 Inhibitor of glycogen phosphorylase, therefore glycogenolysis 

Etomoxir Inhibitor of CPT-1 shuttle involved in fatty acid oxidation in the 
mitochondria 

 

Appendix 1: Mechanisms of drugs and reagents used in this study. 

 


