
1 

 

Effects of Saturated Fat, Polyunsaturated Fat, Monounsaturated Fat, and Carbohydrate on 1 

Glucose-Insulin Homeostasis: a Systematic Review and Meta-Analysis of Randomized Controlled 2 

Feeding Trials 3 

Macronutrients and Glucose-Insulin Homeostasis 4 

 5 

Fumiaki Imamura (*fumiaki.imamura@mrc-epid.cam.ac.uk)
1
, Renata Micha

2
, Jason H Y Wu

3
, Marcia C 6 

de Oliveira Otto
4
, Fadar O Otite

5
, Ajibola I Abioye

6
, Dariush Mozaffarian

2
 7 

 8 

1
Medical Research Council Epidemiology Unit, Institute of Metabolic Science, University of Cambridge 9 

School of Clinical Medicine, Cambridge Biomedical Campus, Cambridge, CB2 0QQ, United Kingdom 10 

2
Tufts Friedman School of Nutrition Science & Policy, 150 Harrison Ave, Boston, Massachusetts, 02111, 11 

United States 12 

3
George Institute for Global Health, The University of Sydney, Sydney Medical School, Level 10, 83-117 13 

Missenden Road, Camperdown, NSW 2050, Australia 14 

4
Department of Epidemiology, Human Genetics & Environmental Sciences, The University of Texas 15 

Health Science Center at Houston, 1200 Pressler St, Houston, Texas, 77030, United States 16 

5
Department of Neurology, University of Miami Miller School of Medicine / Jackson Memorial Hospital, 17 

1161 NW 21th Ave, Miami, Florida, 33136, United States 18 

6
Department of Global Health and Population, Harvard T. H. Chan School of Public Health, 677 19 

Huntington Ave, Boston, Massachusetts, 02115, United States 20 

 21 

Funding information: Dr Imamura received support from the Medical Research Council Epidemiology 22 

Unit Core Support (MC_UU_12015/5). Dr Mozaffarian received funding from The National Institute of 23 

Health in the United States (R01 HL085710). The funders had no role in study design, data collection and 24 

analysis, decision to publish, or preparation of the manuscript.  25 

mailto:fumiaki.imamura@mrc-epid.cam.ac.uk


2 

 

ABSTRACT 26 

Background: Effects of major dietary macronutrients on glucose-insulin homeostasis remain 27 

controversial and may vary by the clinical measures examined. We aimed to assess how saturated fat 28 

(SFA), monounsaturated fat (MUFA), polyunsaturated fat (PUFA), and carbohdyrate affect key metrics 29 

of glucose-insulin homeostasis. Methods and Findings: We systematically searched multiple databases 30 

(PubMed, EMBASE, OVID, BIOSIS, Web-of-Knowledge, CAB, CINAHL, Cochrane Library, SIGLE, 31 

Faculty1000) for randomized controlled feeding trials published by 26 Nov 2015 and testing effects of 32 

macronutrient intakes on blood glucose, insulin, HbA1c, insulin sensitivity, and insulin secretion in adults 33 

aged ≥18 years. We excluded trials with non-isocaloric comparisons and trials providing dietary advice or 34 

supplements rather than meals.  Studies were reviewed and data extracted independently in duplicate. 35 

Among 6,124 abstracts, 102 trials including 239 diet arms and 4,220 adults met eligibility.  Using 36 

multiple-treatment meta-regression, we estimated dose-response effects of isocaloric replacements 37 

between SFA, MUFA, PUFA, and carbohydrate, adjusted for protein, trans fat, and dietary fibre. 38 

Replacing 5% energy from carbohydrate with SFA had no significant effect on fasting glucose (+0.02 39 

mmol/L, 95% CI=-0.01, +0.04; n trials=99), but lower fasting insulin (-1.1 pmol/L; -1.7, -0.5; n=90).  40 

Replacing carbohydrate with MUFA lowered HbA1c (-0.09%; -0.12, -0.05; n=23), 2-hour post-challenge 41 

insulin (-20.3 pmol/L; -32.2, -8.4; n=11), and homeostasis model assessment for insulin resistance 42 

(HOMA-IR) (-2.4%; -4.6, -0.3; n=30). Replacing carbohydrate with PUFA significantly lowered HbA1c 43 

(-0.11%; -0.17, -0.05) and fasting insulin (-1.6 pmol/L; -2.8, -0.4). Replacing SFA with PUFA 44 

significantly lowered glucose, HbA1c, C-peptide, and HOMA. Based on gold-standard acute insulin 45 

response in 10 trials, PUFA significantly improved insulin secretion capacity (+0.5 pmol/L/min;  0.2, 0.8) 46 

whether replacing carbohydrate, SFA, or even MUFA. No significant effects of any macronutrient 47 

replacements were observed for 2-hour post-challenge glucose or insulin sensitivity (minimal-model 48 

index). Limitations included a small number of trials for some outcomes and potential issues of blinding, 49 

compliance, generalisability, heterogeneity due to unmeasured factors, and publication bias. Conclusions: 50 

This meta-analysis of randomised controlled feeding trials provides novel evidence that dietary 51 
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macronutrient have diverse effects on glucose-insulin homeostasis. In comparison to carbohydrate, SFA 52 

or MUFA, most consistent favourable effects were seen with PUFA, which improved glycaemia, insulin 53 

resistance and insulin secretion capacity.   54 
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INTRODUCTION 55 

The prevalence of insulin resistance and type 2 diabetes are rising sharply in nearly all nations globally 56 

[1,2], highlighting the need for broad preventive therapies.  Diet is a cornerstone of prevention and 57 

treatment in all major guidelines [3,4]. Dietary guidelines on macronutrient intakes to improve glucose-58 

insulin profiles and reduce or prevent type 2 diabetes generally recommend increasing foods rich in 59 

monounsaturated fat (MUFA) and reducing saturated fat (SFA) [3–6]. Yet, these guidelines have also 60 

emphasized the major gaps in established evidence for effects of dietary fats and carbohydrate on 61 

glucose-insulin homeostasis, including uncertainty as to whether benefits of MUFA in some trials were 62 

confounded by caloric restriction; and limited evidence on effects of either polyunsaturated fat (PUFA) or 63 

SFA [3–7].  Understanding the role of dietary macronutrients in glucose-insulin control is crucial to 64 

enable informed guidelines to clinical providers and policy makers around the world. 65 

 66 

Prior knowledge has been limited by several factors, including focus on limited metrics to assess glucose-67 

insulin homeostasis (e.g. fasting glucose alone), rather than multiple relevant outcomes such as HbA1c, 68 

fasting insulin, insulin resistance, insulin secretion capacity, and post-challenge measures [8]; insufficient 69 

statistical power in many smaller trials to confirm important effects; and difficulties in evaluating results 70 

of individual trials due to multiple and varying changes in several macronutrients simultaneously  [8–11].  71 

Due to these challenges, the effects of dietary fats and carbohydrate on glucose-insulin homeostasis 72 

remains uncertain [8]. 73 

 74 

To address these critical gaps in knowledge, we performed a systematic review and dose-response meta-75 

regression of randomized controlled feeding trials that tested effects of isocaloric diets with differing 76 

composition of dietary macronutrients on multiple key metrics of fasting and post-challenge glucose-77 

insulin homeostasis that represent degrees of glycaemia, insulin resistance, and insulin secretion capacity.   78 
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METHODS 79 

Eligibility criteria and literature search 80 

We developed the protocol (S1 Text) and conducted this study, following Preferred Reporting Items for 81 

Systematic reviews and Meta-Analysis (PRISMA) guidelines [12] (S2 Text). Details of literature search 82 

and data preparation are provided in S3 Text, respectively. We systematically searched for randomized 83 

controlled feeding trials in adults (age 18+ y) examining diets varying in composition of specific fats 84 

and/or carbohydrate. Eligibility criteria included: provision of meals; comparison of isocaloric 85 

interventions; and assessment of relevant glucose-insulin metrics. We focused on outcomes commonly 86 

assessed in clinical research or practice [8,13], including fasting glucose, fasting insulin, haemoglobin 87 

A1c (HbA1c), homeostasis-model-assessment-for-insulin resistance (HOMA-IR, a fasting or post-88 

challenge measure of insulin resistance calculated from glucose and insulin), C-peptide, 2-hour post-oral-89 

challenge glucose and insulin, and intravenous-infusion measures of Minmod-based insulin-sensitivity 90 

index (ISI) and acute insulin response (AIR) (gold-standard measures of insulin sensitivity and β-cell 91 

function, respectively) [8,13].   Study exclusions were: insufficient information on macronutrient 92 

composition or glycaemic outcomes; studies of supplements or dietary advice only; studies of acute 93 

(single meal) post-prandial effects only. We searched PubMed, EMBASE, OVID, BIOSIS, Web-of-94 

Knowledge, CAB, CINAHL, Cochrane Library, SIGLE, and Faculty 1000, without language restriction, 95 

for all publication up until November 2015.  Search terms included each of the dietary macronutrients and 96 

metabolic measurements of interest. Titles and abstracts were screened by one investigator for eligibility; 97 

the full-text of potentially eligible reports was reviewed independently and in duplicate.  Citations lists of 98 

included articles and identified prior reviews were similarly searched for relevant articles. 99 

 100 

Data extraction 101 

For each included trial, information was extracted independently (by FI,, RM, JHYW, MCOO, FOO, 102 

AIA) and in duplicate on first author, publication year, location, design, participant characteristics, dietary 103 

intervention, outcomes, compliance, and loss to follow-up. Any required information that was not 104 
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reported was obtained from direct contacts to authors (27 of 66 responded), other publications from the 105 

same trial, or trial-registry websites when available. Certain values were estimated using reported data: 106 

e.g., a mid-point was used if only a range was presented for age or body-mass index (BMI); in one trial, 107 

the reported consumption of rapeseed oil was combined with its macronutrient composition to estimate 108 

the intakes of specific dietary fats (S3 Text).  Study quality was examined by using Jadad scale [14]: two 109 

authors independently scored each of the 11 quality-related items, calculated total scores of the 11 110 

components and averaged two summed scores for each trial. Outcome measures presented in figures (e.g. 111 

insulin levels after glucose insulin) were digitalised to numeric information by two authors (FI and 112 

MCOO) using a software (Dagra®, Blue Leaf Software Ltd., Hamilton, New Zealand) and two values for 113 

a single estimate were averaged.  114 

 115 

Meta-analysis 116 

We evaluated the post-intervention values (means, standard errors) of trial arms as the primary outcomes. 117 

Changes in outcome values from baseline to endpoint were not used because certain procedures 118 

(intravenous tests) were often implemented only at endpoints and because baseline values were more 119 

subject to bias due to a carry-over effect in a cross-over trial.  When values were log-transformed, they 120 

were standardized to non-transformed values [15], except for HOMA-IR that was standardised to log-121 

transformed values.  Between-arm correlations in trials using either crossover or Latin-square design were 122 

estimated and incorporated in meta-analysis by using reported p-values and outcome measures based on 123 

the function of within-individual correlations, interventional effects, their standard errors or deviations, 124 

and p-value [15,16]. Missing information on covariates (trans fat, dietary fibre), within-trial correlations, 125 

or precise post-intervention statistics (e.g., results expressed only as “p>0.05”; standard deviations of 126 

post-intervention values [17]) was imputed with a multiple imputation approach to incorporate the 127 

uncertainty in our estimation by generating 10 imputed datasets and pooling the estimates [18]. 128 

 129 
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We estimated dose-response effects of replacement between carbohydrate, SFA, MUFA, and PUFA using 130 

multiple-treatments meta-regression (command: SAS PROC GLIMMIX, SAS Inc., North Carolina, 131 

United States) [19]. This meta-regression is an extension of a standard inverse-variance weighted model, 132 

expressed as Yij = Ii + SFAij×βSFA + MUFAij×βMUFA + PUFAij×βPUFA + Covariatesijk ×βk + εij, modelling 133 

different macronutrients as multiple-treatment variables (SFAij, MUFAij, and PUFAij) of trial i’s arm j, as 134 

well as study-specific intercepts (Ii), arm-specific covariates k (protein, trans fat), arm-specific standard 135 

errors of post-intervention values (εij, standard deviationij / √nij), and their within-trial correlations based 136 

on trial design (r=0.01-0.99 in crossover or Latin-square trials; r=0 in parallel trials) specified in variance-137 

covariance structure of εij,[16,20]. We used fixed-effects models, assessing both main effects and also 138 

sources of heterogeneity (see below) [21]. In a stratum with a small number of trials, the model with five 139 

fixed-effects parameters was not fitted. We recognized the divergence of opinion on optimal weighting 140 

methods in the presence of statistical heterogeneity; in post hoc sensitivity analysis, we carried out 141 

random-effects meta-analyses (three τ
2
 for βSFA, βMUFA, and βPUFA, assumed to be independent) following 142 

stratification or restriction by significant sources of heterogeneity. 143 

 144 

We evaluated SFA, MUFA, and PUFA (% energy) as main treatments, in comparison to isocaloric 145 

replacement with carbohydrate, by including each of these dietary fats in the model as well as intakes of 146 

protein (% energy) and trans fat (% energy) [9–11]. Effects of interchanging different fats were estimated 147 

by subtraction of corresponding regression coefficients (i.e., βMUFA–βSFA, βPUFA–βSFA, βPUFA–βMUFA) [20].  148 

Because trans fat is a potential confounder not included in other meta-analyses of dietary fats [9,10], we 149 

extracted information on trans fat consumption in all trials reporting such data and imputed it within the 150 

remaining trials, with sensitivity analyses examining the effects of different methods for imputation and 151 

adjustment (S3 Text).  To account for differences in carbohydrate quality between arms and trials, we also 152 

adjusted for dietary fibre intake (g/1,000 kcal) in each arm.   153 

 154 

Assessment of heterogeneity, sensitivity analyses, and small study bias 155 
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Hypothesizing that differences in effects of dietary macronutrients on fasting glucose, fasting insulin, 156 

HbA1c, and HOMA-IR would not be at random, we explored pre-specified potential sources of 157 

heterogeneity.  These included study mean age (years), sex (%men), location (US/Canada, 158 

Europe/Australia, Asia), design (parallel, crossover/Latin-square), intervention duration (weeks), diabetes 159 

(yes/no), caloric restriction (yes/no), drop-out rate (%), participant blinding of meals provided (yes/no), 160 

mean BMI (kg/m
2
), mean baseline fasting glucose (mmol/L), mean fibre intake (g/1,000 kcal), mean 161 

weight change during intervention (kg), and study quality score (points). In post hoc analyses, we 162 

explored heterogeneity by extent of provision of all daily meals (full/partial). Each characteristic was 163 

tested as a potential source of heterogeneity by testing a standard Q-statistics for stratum-specific effects 164 

on the selected outcome for exchanging carbohydrate with SFA, MUFA, or PUFA, exchanging SFA with 165 

MUFA or PUFA, and exchanging MUFA with PUFA. For stratification by continuous variables, the 166 

median value across studies was used. To avoid false positive findings due to multiple testing of these 167 

exploratory interactions on the 4 outcomes, the α=0.05 was adjusted for the family-wise false-discovery 168 

rate [22]. To minimize additional multiple comparisons, we explored potential interactions for the other 169 

outcomes (2-hour glucose, 2-hour insulin, ISI, AIR) only for those characteristics identified as significant 170 

sources of heterogeneity for fasting glucose, insulin, HbA1c, or HOMA, again adjusted for the false-171 

discovery rate. Due to limited power, we did not explore heterogeneity for outcomes having 10 or fewer 172 

trials (C-peptide).  173 

 174 

We performed several sensitivity analyses for the main findings on fasting glucose, HbA1c, and fasting 175 

insulin, including varying the estimated between-arm correlation in cross-over trials (S3 Text), repeating 176 

meta-analysis with and without adjustment for protein, fibre, and trans fat; using different methods for 177 

imputing and adjusting for trans fat; and adjusting for total caloric intake and for within-trial weight 178 

change to examine the potential mediating effect of macronutrient composition on energy metabolism 179 

[23,24] and between-arm imbalance in compliance to isocaloric intervention. In post hoc sensitivity 180 

analysis, we restricted to trials with follow-up ≥4 weeks (the median of all trials), which may be 181 
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especially relevant for longer-term measures such as HbA1c [25]; to trials using caloric-restriction, to 182 

explore whether this altered overall findings; and to trials with primary aims of varying either SFA, 183 

MUFA, or PUFA, to explore potential influence of combining trials with different original aims [9,20].   184 

 185 

To assess publication bias or bias specific to small studies in multiple-treatment meta-regression, we 186 

utilized influence analyses [15].  Meta-regressions were repeated after excluding each single trial 187 

individually, with each new meta-regression finding plotted against the square root of the excluded trial’s 188 

effective sample size, accounting for within-trial correlations [26].  The resulting plots were inspected 189 

visually for patterns of bias by trial size; using linear regression to determine whether observed deviations 190 

were statistically significant, analogous to Egger’s test [15]; and using a non-parametric Wilcoxon rank 191 

test to examine whether estimates were symmetrical around the main estimate.   192 
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RESULTS 193 

Of 6,124 identified abstracts, 102 trials met inclusion criteria, evaluating a total of 4,220 unique subjects 194 

(45% male) across 239 dietary arms (Fig 1, Table 1, S1 Table, and S2 Table). Eleven trials implemented 195 

oral glucose or meal tolerance tests to assess 2-hr post-challenge glucose or insulin; 13 trials, intravenous 196 

infusion tests to assess insulin sensitivity; and 10 trials, intravenous tests to assess insulin secretion 197 

capacity. No trials reported significant energy imbalance between arms after interventions. The average 198 

study quality was moderate to high (out of a possible score range of 0 to 11, mean: 7.7, range: 4 to 10; see 199 

S2 Table). 200 

 201 

Fig 1. Flow diagram of systematic review of published trials evaluating effects of isocaloric replacement 202 

between macronutrient consumption on glucose homeostasis. * S3 Text for details of the databases, 203 

eligibility criteria, search terms, and prior review articles.  204 
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Table 1. Characteristics of 102 randomized controlled feeding trials (total 239 intervention arms, 4,220 participants) 205 

evaluating effects of isocaloric replacement of dietary fats and carbohydrate on glucose-insulin homeostasis.* 206 

Characteristics of trials or publications 
No. of trials or  

median (range) 

Publication year  

2000 or earlier 31 

2000 to 2009 38 

2010 or later 33 

Geographic area  

United States, Canada 35 

Europe, Australia, New Zealand 57 

Asia 7 

Central or South America, Africa 3 

Number of intervention arms  

2  76 

3  21 

4+  5 

Design  

Parallel 33 

Cross-over/Latin square 67 

Latin square 2 

Feeding duration, days 28 (3-168) 

Dietary intervention*  

Total energy, MJ/day 2148 (1000-3466) 

Carbohydrate, % energy 47.2 (5.0-65.0) 

Saturated fat, % energy 9.2 (3.0-30.8) 

Monounsaturated fat, % energy 13.6 (2.5-30.0) 

Polyunsaturated fat, % energy 6.4 (2.0-21.4) 

Protein, % energy 16.0 (10.1-33.0) 

Trans fat, % .6 (.0-3.4) 

Fibre, g/4.2 MJ (1000 kcal) 13.3 (5.5-24.4) 

Caloric restriction, yes 18 

Provided all meals (vs. partial), yes 55 

Blinding of participants, yes 62 

Restricted to participants with diabetes, yes 31 

No of participants per trial  

< 25 55 

25 to 49 26 

≥50 21 

Mean age of participants, years  

<30 18 

30 to 49.9  29 

≥50  55 

Mean body mass index of participants, kg/m
2
  

<25 24 

25 to 29.9 45 

 ≥30  33 

Mean fasting glucose, mmol/L  5.4 (4.0-11.9) 

Mean glycated hemoglobin, % 7.4 (4.1-11.9) 

Mean weight change during follow-up, kg -0.5 (-11.8-2.7) 

Overall study quality score † 8.0 (4.0-11.0) 

* Intervention arms and control arms combined. 207 
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† Possible range 0 to 11 (see S2 Table for details).  208 
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Fasting Glucose, HbA1c, and 2-Hr Glucose 209 

Ninety nine trials including 237 dietary arms evaluated fasting glucose. In pooled analysis, each 5% 210 

energy exchange of carbohydrate with SFA, MUFA, or PUFA did not significantly alter fasting glucose 211 

levels (p>0.16 each) (Table 2).  Exchanges between SFA, MUFA, and PUFA also did not alter fasting 212 

glucose (p>0.15 each), except for the replacement of SFA with PUFA (-0.04 mmol/L; 95% CI: -0.07, -213 

0.01; p=0.028).  214 

 215 

Among 23 trials including 54 dietary arms and assessing HbA1c, replacing either carbohydrate or SFA 216 

with either MUFA or PUFA lowered HbA1c (p<0.001 each) (Table 2).   Eleven trials assessed 2-hr post-217 

challenge glucose; no significant effects of macronutrient exchanges were identified.218 
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Table 2. Effects of isocaloric replacements between carbohydrate (CHO), saturated fat (SFA), monounsaturated fat (MUFA), and polyunsaturated fat 219 

(PUFA) on metrics of glucose-insulin homeostasis in randomized controlled feeding trials.* 220 

Outcome 
N trials 

(arms) 

N 

adults 

Effects (95% CI) of isocaloric replacement of 5% dietary energy 

CHO CHO CHO SFA SFA MUFA 

→SFA →MUFA →PUFA →MUFA →PUFA →PUFA 

Glucose, mmol/L 99 (237) 4144 0.02 0.00 -0.02 -0.02 -0.04 -0.02 

  (-0.01, 0.04) (-0.02, 0.02) (-0.05, 0.01) (-0.04, 0.00) (-0.07, -0.01)* (-0.05, 0.01) 
         

2-h glucose, mmol/L† 11 (29) 615 -0.04 -0.15 0.21 -0.10 0.26 0.36 

  (-0.39, 0.31) (-0.76, 0.47) (-0.35, 0.78) (-0.91, 0.70) (-0.34, 0.85) (-0.48, 1.20) 
         

Haemoglobin A1c, % 23 (54) 618 0.03 -0.09 -0.11 -0.12 -0.15 -0.03 

  (-0.02, 0.09) (-0.12, -0.05)*** (-0.17, -0.05)*** (-0.19, -0.05)*** (-0.23, -0.06)*** (-0.09, 0.03) 

         

Insulin, pmol/L 90 (216) 3774 -1.1 0.1 -1.6 1.2 -0.5 -1.6 

  (-1.7, -0.5)** (-0.3, 0.4) (-2.8, -0.4)* (0.6, 1.8)*** (-2.0, 1.1) (-2.8, -0.5)* 
         

2-h insulin, pmol/L† 11 (28) 598 1.9 -20.3 -24.9 -22.2 -26.8 -4.6 

  (-19.3, 23.1) (-32.2, -8.4)** (-53.9, 4.1) (-49.1, 4.6) (-72.5, 18.9) (-33.3, 24.1) 
         

C-peptide, nmol/L 7 (16) 175 0.03 0.02 -0.05 -0.01 -0.07 -0.06 

  (0.00, 0.05)* (-0.01, 0.04) (-0.11, 0.02) (-0.03, 0.01) (-0.14, -0.01)* (-0.14, 0.01) 

         

HOMA-IR, % change  30 (76) 1801 0.7 -2.4 -3.4 -3.1 -4.1 -1.0 

  (-1.6, 3.1) (-4.6, -0.3)* (-5.9, -0.8)* (-5.8, -0.4)** (-6.4, -1.6)* (-4.4, 2.6) 

         

Insulin sensitivity index,  

10-5/(pmol/L)/min‡ 

13 (38) 1292 -0.10 -0.01 0.14 0.08 0.24 0.16 

  (-0.21, 0.02) (-0.11, 0.08) (-0.14, 0.43) (-0.01, 0.17) (-0.13, 0.61) (-0.20, 0.52) 
         

Acute insulin response, 

pmol/L/min‡ 

10 (29) 1204 -0.02 -0.03 0.49 -0.01 0.51 0.52 

  (-0.11, 0.07) (-0.07, 0.01) (0.17, 0.80)** (-0.08, 0.06) (0.20, 0.82)** (0.21, 0.82)** 

*Values represent the pooled mean change (95% CI) for isocaloric exchange of the specified macronutrients, with the other macronutrients held constant.  All 221 
analyses adjusted for between-arm differences in protein (% energy), trans-fat (% energy), and dietary fibre (g/1000 kcal) within each trial. 1 mg/dL 222 
glucose=0.0555 mmol/L; 1 mU/L insulin= 6  pmol/L; HbA1mmol/mol=(HbA1c % - 2.15)×10.929.  * p<0.05, **p<0.01, *** p<0.001.  223 

† Oral glucose tolerance tests evaluating post-prandial glucose levels after ingestion of a test meal or drink. 224 

‡ Positive values for the insulin sensitivity index (Minimal Model) and acute insulin response, derived from intravenous infusion tests, indicate improvement of 225 
insulin sensitivity and insulin secretion capacity, respectively.226 
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Insulin, insulin sensitivity, and insulin secretion 227 

Ninety trials including 216 arms evaluated fasting insulin (Table 2). Compared with carbohydrate, both 228 

SFA and PUFA reduced fasting insulin by 1.1 pmol/L (0.6, 1.6; p=0.001) and 1.6 pmol (0.4, 2.8; 229 

p=0.015), respectively. MUFA had no significant effect (0.1 pmol/L; -0.03, 0.04; p=0.001), while MUFA 230 

increased insulin when substituted for SFA (+1.2 pmol/L; 0.6, 1.8; p=0.001). In 11 trials evaluating 2-hr 231 

post-challenge insulin, replacement of carbohydrate or SFA with MUFA or PUFA did not significantly 232 

reduce the levels; while replacing MUFA with carbohydrate significantly lowered 2-hr insulin (-20.3 233 

pmol/L; -32.2, -8.4; p=0.001).  In 7 trials, consuming SFA in place of carbohydrate significantly 234 

increased C-peptide (0.03 nmol/L; 0.00, 0.05; p=0.024).  235 

 236 

The effects on HOMA-IR of consuming MUFA or PUFA in place of carbohydrate or SFA (30 trials) 237 

were generally similar to findings for fasting glucose, HbA1c, and 2-hr insulin. For example, consuming 238 

PUFA in place of carbohydrate or SFA lowered HOMA-IR by  3.4% (0.8, 5.9%; p=0.010) and 4.1% (1.6, 239 

6.4%; p=0.001), respectively.   240 

 241 

Intravenous gold-standard measures of insulin sensitivity (ISI) and insulin secretion capacity (AIR) were 242 

assessed in 13 trials and 10 trials, respectively (Table 2). No significant effects of macronutrient 243 

replacements were seen for ISI. In comparison, AIR significantly improved by consuming PUFA, 244 

whether in place of carbohydrate, SFA, or even MUFA (p<0.004 each).  245 

 246 

Exploration of Heterogeneity 247 

For effects on fasting glucose, several sources of heterogeneity were identified (Fig 2, S3 Table). MUFA, 248 

compared with carbohydrate, lowered fasting glucose to a greater extent in trials with blinded participants 249 

and in trials recruiting adults with diabetes, older age, men, or higher BMI (p heterogeneity<0.004 each). 250 

Older age and presence of diabetes also strengthened glucose-lowering effects of PUFA (p 251 

heterogeneity<0.002 each).  252 
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 253 

Fig 2. Effects on fasting glucose of isocaloric replacements between carbohydrate (CHO), saturated 254 

fat (SFA), monounsaturated fat (MUFA), and polyunsaturated fat (PUFA) in randomized 255 

controlled feeding trials. Values represent pooled mean effects (95% CI) of specified macronutrient 256 

replacements, with other macronutrients held constant. *Significant heterogeneity across strata after 257 

correction for false-discovery rate (exploration of multiple characteristics for heterogeneity).  †Estimates 258 

not shown due to wide 95% CIs; see S3 Table for numeric information. 1 mg/dL=0.0555 mmol/L. 259 

 260 

Effects on fasting glucose appeared possibly smaller in trials without participant blinding, although these 261 

differences were not statistically significant (false-discovery corrected).  Replacing carbohydrate with 262 

MUFA reduced fasting glucose in participant-blinded trials; but increased fasting glucose in participant-263 

unblinded trials (p heterogeneity<0.001).  In post-hoc analyses, whether trials provided all or partial 264 

meals did not consistently influence the direction or strength of various findings.  No significant sources 265 

of heterogeneity were observed for effects of macronutrients on fasting insulin (Fig 3). 266 

 267 

Fig 3. Effects on fasting insulin of isocaloric replacements between carbohydrate (CHO), saturated 268 

fat (SFA), monounsaturated fat (MUFA), and polyunsaturated fat (PUFA)  in randomized 269 

controlled feeding trials. Values represent pooled mean effects (95% CI) of specified macronutrient 270 

replacements, with other macronutrients held constant. No significant sources of heterogeneity were 271 

detected. †Estimates not shown due to wide 95% CIs; see S3 Table for numeric information. 1 μIU/mL= 272 

6 pmol/L. 273 

  274 

The HbA1c-lowering effect of PUFA, compared with SFA, was significantly larger in North American 275 

than European trials (p heterogeneity<0.0001) (S3 Table); yet despite the statistical heterogeneity, the 276 

direction of effects was the same.  No other significant sources of heterogeneity were observed for effects 277 

of macronutrients on HbA1c or HOMA-IR. 278 
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Sensitivity Analyses and Small Study Bias 279 

To evaluate robustness of the main findings, we repeated meta-analyses using random-effects in five 280 

selected strata which were significant sources of heterogeneity: trials conducted in Western nations; trials 281 

of adults with diabetes; trials of adults without diabetes; trials proving whole meals; and trials with 282 

blinding of meals provided (S4 Table). Findings using random effects were generally similar, with some 283 

results having wider CI’s and failing to achieve statistical significance (e.g., for HbA1c); most results 284 

being statistically significant in both fixed-effects and random-effects models, in particular for 2-hour 285 

insulin, HOMA-IR, and AIR; and rarely some findings being significant in random-effects but not fixed-286 

effects models. Other sensitivity analyses also supported robustness of our main findings, including 287 

evaluating a range of assumed between-arm correlations in crossover or Latin-square trials (S1 Fig) and 288 

altering model covariates, imputation methods for trans fat, and restrictions on trial subtypes (S5 Table). 289 

For example, while a smaller subset of trials (31 of 102) specifically aimed to achieve major variation in 290 

PUFA, analysis restricted to these trials showed generally similar findings, with wider confidence 291 

intervals, as the primary analyses. We also identified little evidence for small study bias based on 292 

influence analysis tested by linear regression (analogous to Egger’s test: p>0.24 each) or non-parametric 293 

Wilcoxon rank tests (p>0.28 each) (S2 Fig).294 
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DISCUSSION 295 

The results of this systematic review and meta-analysis of randomised controlled feeding trials provide, to 296 

our knowledge, the most robust available evidence for the effects of dietary fats and carbohydrate on 297 

diverse glucose-insulin metrics.  We identified divergent relationships of specific dietary fats with 298 

different measures of glucose-insulin homeostasis. For example, only PUFA was seen to lower fasting 299 

glucose, lower HbA1c, improve HOMA-IR, and improve insulin secretion capacity.  These effects were 300 

generally seen whether PUFA replaced carbohydrate or SFA; interestingly, insulin secretion capacity also 301 

improved when PUFA replaced MUFA.  In comparison, MUFA consumption did not appear to 302 

significantly influence fasting glucose, compared to others macronutrients; but was seen to reduce HbA1c 303 

and improve HOMA-IR in comparison to either carbohydrate or SFA.  Exchange of SFA for carbohydrate 304 

had little observed effects on most measures, except for reduced fasting insulin and a borderline 305 

significant effect on C-peptide.   306 

 307 

These novel findings help inform dietary guidance on macronutrients to influence metabolic health.  308 

Currently, major organizations recommend that SFA be replaced with MUFA or PUFA, largely to 309 

improve lipid profiles rather than glucose-insulin metrics, for the primary and secondary prevention of 310 

diabetes [3,4].  Our investigation of trials with relatively short average duration (28 days) suggests that 311 

consuming more unsaturated fats (MUFA, PUFA) in place of either carbohydrate or SFA will improve 312 

HbA1C and HOMA-IR; and that focusing on PUFA in particular will have additional benefits on insulin 313 

secretion capacity.  The comparatively similar effects of SFA vs. carbohydrate on glucose-insulin 314 

homeostasis are consistent with their similar overall associations with both incident diabetes and 315 

cardiovascular events [27].  Translated to foods, these finding support increased consumption of 316 

vegetable oils and spreads, nuts, fish, and vegetables rich in unsaturated fats (e.g. avocado), in place of 317 

either animal fats or refined grains, starches, and sugars. 318 

 319 
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The magnitudes of the observed effects deserve consideration. For example, for each 5% energy of 320 

increased MUFA or PUFA, HbA1c improved by approximately 0.1%. Based on the relationship between 321 

HbA1c and clinical events, a 0.1% reduction would be estimated to reduce the incidence of type 2 322 

diabetes by 22.0% (95% CI=15.9, 28.4%) [28] and cardiovascular diseases by 6.8% (1.3, 13%) [29].  323 

Such an effect could clearly be clinically meaningful, especially given the current global pandemic of 324 

type 2 diabetes [1,2]. 325 

  326 

While both MUFA and PUFA similarly improve blood lipid profiles [9,10], their associations with 327 

clinical cardiovascular events are less similar [27].  Due to these differences, the US Dietary Guidelines 328 

Advisory Committee concluded that strong evidence exists for cardiovascular benefits of PUFA, but 329 

limited evidence for cardiovascular benefits of MUFA [30].  Given the similar effects of these unsaturated 330 

fats on blood lipids, the present investigation may partly elucidate why PUFA might have greater overall 331 

CVD effects, given its additional benefits on fasting glucose and insulin secretion capacity, key 332 

pathological markers for development and progression of metabolic disease.  The independence of these 333 

benefits whether PUFA replaces carbohydrate or SFA (or for insulin secretion capacity, even MUFA) is 334 

consistent with growing evidence for specific cardiometabolic benefits of PUFA, regardless of the 335 

replacement nutrient [31,32]. 336 

 337 

Biologic plausibility of these findings is supported by experimental evidence that PUFA suppress 338 

oxidative stress, hepatic lipogenesis and steatosis, pancreatic lipotoxicity, and insulin resistance [33–37].  339 

PUFA may also help counter toxicity of tissue free fatty acids [35]; and increase membrane fluidity, 340 

which might augment insulin sensitivity and lower risk of type 2 diabetes [38,39].  These effects have 341 

been seen with omega-6 linoleic acid, the predominant PUFA (generally 90%+ of total PUFA), rather 342 

than only omega-3 PUFA.  Meta-analyses of omega-3 supplementation as well as dietary intakes and 343 

blood biomarker levels of omega-3 PUFA demonstrate no significant effects on fasting glucose or 344 
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incident diabetes [40,41].  Together with our results, these findings suggest that metabolic benefits of 345 

PUFA relate to n-6 PUFA or total PUFA, and not n-3 PUFA alone.  346 

 347 

Compared with PUFA (consumed from a small number of vegetable oils and nuts), MUFA derives from 348 

diverse types of foods including red meats, dairy, nuts, and vegetable oils.  Cardiometabolic effects of 349 

these different foods vary widely [27]: red meats and especially processed meats appear to increase risk of 350 

diabetes; milk, cheese, and yogurt appear relatively neutral or modestly beneficial; while specific plant 351 

sources of MUFA, such as nuts and virgin olive oil, have cardiometabolic benefits [27,42,43].  In the 352 

present investigation, most trials that sought to increase MUFA consumption did so via increased plant 353 

sources (olive oil, canola oil, sunflower oil, nuts); trials that lowered MUFA generally did so by lowering 354 

animal fats (which contain both SFA and MUFA). Thus, effects of altering MUFA consumption could 355 

vary depending on the food source.  Yet, in all these foods, the MUFA molecule is identical (nearly 356 

entirely – >95% – oleic acid), so that if effects vary by food source, it should be due to other compounds 357 

in these foods (e.g., phenolics in nuts and oils; haeme iron in meats; probiotics in yogurt), rather than 358 

different effects of plant- vs. animal-origin MUFA per se.  359 

 360 

Our findings for SFA are consistent with observed relationships with incident diabetes and clinical 361 

cardiovascular events.  Compared to the average background diet (predominantly carbohydrates), SFA 362 

consumption is not associated with risk of incident diabetes in long-term cohorts [44]; nor did reduction 363 

of SFA, when replaced with carbohydrate, alter risk of incident diabetes in the Women’s Health Initiative 364 

randomized trial [45]. Because diabetes and insulin resistance are major risk factors for cardiovascular 365 

disease, our findings also support and help explain meta-analyses demonstrating no association of overall 366 

SFA consumption, when compared with the average background diet or total carbohydrate, with risk of 367 

coronary heart disease or stroke [30,46]. 368 

 369 
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In vitro, even-chain SFA including myristic acid (14:0) and palmitic acid (16:0) activate pro-370 

inflammatory cascades, induce skeletal muscle insulin resistance, and damage pancreatic β-cells, while 371 

the MUFA oleic acid (18:1) may partly protect against some of these effects  [35,47–49].  However, in 372 

vivo, dietary SFA and MUFA may be readily oxidized as energy sources [50,51], while tissue levels of 373 

major SFA and MUFA may be at least equally influenced by endogenous hepatic synthesis of fatty acids 374 

rather than direct dietary intake [52].  This explains why dietary starch and sugars, which activate hepatic 375 

de novo lipogenesis, are positively associated with blood levels of major SFA and MUFA [52–54].  Thus, 376 

effects of blood and tissue SFA and MUFA may not inform and should be separately considered from 377 

biologic effects of dietary SFA and MUFA. 378 

 379 

In exploratory analyses, we identified some sources of potential heterogeneity in effects of dietary 380 

macronutrients.  The most compelling interactions, based on consistency across different measures and 381 

with reasonably large numbers of trials in each subgroup, were for stronger benefits of MUFA and PUFA 382 

on fasting glucose among older adults and patients with prevalent diabetes. Both our identified and null 383 

findings for heterogeneity should be interpreted with caution: absence of significant heterogeneity could 384 

result from insufficient power (e.g., by region, trials in non-Western countries were scarce), while 385 

positive interaction could result from chance, even corrected for false-discovery.  Our findings advance 386 

the field by exploring interactions, using all currently available data from feeding trials, that generate 387 

hypothesis to be tested in new studies, including studies of gene-diet interactions across diverse 388 

populations, controlled trials of glucose-insulin biomarkers, and prospective studies of clinical events. 389 

 390 

Our investigation has several strengths. Our systematic search, rigorous screening, and data extraction 391 

protocols made it unlikely that any large studies or relevant data were missed or erroneously extracted. In 392 

addition, the large number of identified studies makes it unlikely that any single study, whether included 393 

or missed, would appreciably alter our findings.  We focused on randomized, controlled trials using 394 

feeding interventions, maximizing inference for true biological effects.  We examined different 395 



22 

 

replacement scenarios among major macronutrients, providing novel insights for the most relevant 396 

replacements; confirmed robustness of our findings in sensitivity analyses and adjusted for between-arm 397 

differences in protein, trans fat, and dietary fibre, reducing the influence of variation in these factors.  We 398 

evaluated multiple relevant metrics, including fasting, post-prandial, and long-term glycaemia, insulin 399 

levels, and insulin resistance, providing a more comprehensive picture of the full effects of dietary 400 

macronutrients. 401 

 402 

Potential limitations should be considered. While feeding trials maximize inference for biologic effects, 403 

the findings may not be generalisable to effects of dietary advice, which can be influenced by knowledge 404 

and compliance; and to effects of long-term habitual diet.  Conversely, we found little evidence for 405 

heterogeneity by duration of intervention ranging from 3 to 168 days: and our overall findings are 406 

consistent with meta-analyses of incident diabetes and clinical cardiovascular events.  While all trials 407 

were randomised, not all were double blind; yet, food-based dietary trials are often, by necessity, 408 

challenging to blind for participants. This importance was implicated in our study because replacing SFA 409 

or carbohydrate with MUFA was shown to lower fasting glucose, 2-hr glucose, 2-hr insulin and HOMA-410 

IR in trials implementing blinding intervention but not in trials not blinding for participants. Sufficient 411 

information was not available to classify subtypes of fatty acids, so our findings should be considered 412 

most relevant to effects of total dietary SFA (predominantly palmitic acid), total PUFA (predominantly 413 

linoleic acid), total MUFA (almost entirely oleic acid), and total carbohydrate (mostly refined starch and 414 

sugars).  For instance, our results should not be extrapolated to potential effects of carbohydrate in fruit, 415 

legumes, or minimally processed whole grains. Trials inconsistently provided information on food 416 

sources of macronutrients (e.g, specific oils) or cooking methods; future studies should evaluate whether 417 

these characteristics modify physiologic effects. Most trials were in North America and Europe, and 418 

findings may not be generalizable to other world regions. Our analysis evaluated relatively few trials 419 

measuring C-peptide, post-challenge glucose and insulin, ISI, and AIR, and did not evaluate outcomes 420 

specific to peripheral or hepatic insulin sensitivity, not capturing the potential effects of fatty acids on 421 
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insulin sensitivity of specific tissues. Unmeasured sources of heterogeneity may exist, such as effects of 422 

genes and cooking methods. Therefore, our meta-analysis highlights the gaps in knowledge for potential 423 

effect-modifiers for various metrics of glucose-insulin homeostasis.  Our results and available evidence 424 

support the importance of further experimental studies and large, adequately powered feeding trials 425 

examining ISI and AIR.  Meta-analyses can be influenced by small study bias; yet, influence analysis did 426 

not support the presence of such bias, and findings for our main endpoints were based on large numbers 427 

of trials, making it unlikely that inclusion of any unpublished trials would substantially alter the results.  428 

 429 

In conclusion, this systematic review and meta-analysis provides novel quantitative evidence for effects 430 

of major dietary fats and carbohydrate on glucose-insulin homeostasis.  The results support guidelines to 431 

increase MUFA to improve glycaemia and insulin resistance, with possibly stronger effects among 432 

patients with type 2 diabetes; and to increase PUFA in the general population to improve long-term 433 

glycaemic control, insulin resistance, and insulin secretion capacity, in place of SFA or carbohydrate. 434 

These findings help inform public health and clinical dietary guidelines to improve metabolic health.   435 
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