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Abstract 43 

The placenta is a highly metabolically active organ fulfilling the bioenergetic and biosynthetic needs 44 

to support its own rapid growth and that of the fetus. Placental metabolic dysfunction is a common 45 

occurrence in preeclampsia although its causal relationship to the pathophysiology is unclear. At the 46 

outset, this may simply be seen as an “engine out of fuel”. However, placental metabolism plays a 47 

vital role beyond energy production and is linked to physiological and developmental processes. In 48 

this review, we discuss the metabolic basis for placental dysfunction and propose that the 49 

alterations in energy metabolism may explain many of the placental phenotypes of preeclampsia 50 

such as reduced placental and fetal growth, redox imbalance, oxidative stress, altered epigenetic 51 

and gene expression profiles, and the functional consequences of these aberrations. We propose 52 

that placental metabolic reprogramming reflects the dynamic physiological state allowing the tissue 53 

to adapt to developmental changes and respond to preeclampsia stress whereas, the inability to 54 

reprogram placental metabolism may result in severe preeclampsia phenotypes. Lastly, we discuss 55 

common tested and novel therapeutic strategies for treating placental dysfunction in preeclampsia 56 

and their impact on placental energy metabolism as possible explanations into their potential 57 

benefits or harm.  58 

 59 
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Introduction 65 

The placenta plays a vital role in the development and severity of preeclampsia. It has long been 66 

established that the presence of the placenta and not the fetus is necessary for preeclampsia. For 67 

example, molar pregnancies are susceptible to preeclampsia and the syndrome resolves on removal 68 

of the placenta1.  69 

The prevailing hypothesis for the cause of preeclampsia centers on defective placentation and 70 

placental dysfunction. As such, preeclampsia shares common pathophysiology with other “disorders 71 

of placentation” often referred to as the “great obstetrical syndromes” which include spontaneous 72 

miscarriage, placental abruption and fetal growth restriction (FGR)2. Defective placentation in 73 

preeclampsia is characterized by abnormal trophoblast invasion and remodeling of the spiral arteries 74 

by extravillous trophoblast. Deficient spiral artery remodeling leads to a failure to establish an 75 

appropriate uteroplacental blood supply and therefore is thought to give rise to trophoblast damage 76 

which may be accompanied by an ischemia-reoxygenation type of injury3 and placental stress 77 

(oxidative, endoplasmic reticulum and inflammatory). The maternal peripheral endothelial activation 78 

and systemic inflammatory response are then triggered by placentally-released factors associated 79 

with placental stress.  80 

Perturbations in placental metabolism and oxidative stress are universally observed in preeclampsia, 81 

although the cause-and-effect relationship is not clear. Placental energy metabolism intermediates 82 

are inversely correlated with levels of placental-released soluble fms-like tyrosine kinase-1 (sFlt-1)4, 83 

suggesting that the deficiency in energy metabolism correlates with preeclampsia severity. In this 84 

review, we provide an overview of our understanding of the placental central energy metabolic 85 

pathways and their multifaceted contributions to cellular processes. We highlight the emerging role 86 

of metabolic intermediates as cell signaling and epigenetic modifiers and the significance of these 87 

links during placental development and implications for preeclampsia.  88 

Central carbon metabolism – contributions to ATP and beyond 89 

Central carbon metabolism describes the series of reactions that result in the transformation of 90 

nutrients into compounds containing high-energy phosphate bonds such as adenosine triphosphate 91 

(ATP). An overview of the metabolic pathways contributing to ATP generation is shown in Figure 1. 92 

In addition to fulfilling the bioenergetic functions of the cell, the metabolic intermediates, co-factors, 93 

and co-substrates generated by these reactions also provide biosynthetic precursors, balance 94 

reducing equivalents, and orchestrate the management of reactive oxygen species (ROS). Moreover, 95 

there is growing evidence of a role for these metabolic intermediates in regulating signal 96 

transduction and gene control through transcriptional and epigenetic processes.  97 

Bioenergetics 98 

The placenta produces ~5 mol of ATP per gram of tissue per minute from glucose5,6 equivalent to 99 

more than 2.5 kg of ATP per day in a term placenta. This metabolic activity is required to meet the 100 

high ATP demand of many energetically demanding tasks, such as nutrient transport and protein 101 

synthesis which constitute more than 50% of the total ATP consumption6,7. To support maternal 102 

cardiometabolic adaptations to pregnancy, the placenta secretes large quantities of hormones into 103 

the maternal circulation, a process that requires considerable ATP input. For example, human 104 

placental lactogen (hPL) production by the term placenta reaches 1-4 g per day8, which requires 105 
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~366 mg of ATP for hPL protein synthesis9. Therefore, high ATP-consuming processes such as protein 106 

synthesis10 and nutrient transport11,12 are impaired in preeclamptic placentas with ensuing FGR. 107 

Glucose is the major nutrient source for energy generation in the placenta. Approximately 50% of 108 

the glucose taken up from the maternal circulation is oxidized in the placenta, and only 20% 109 

transferred to the fetus with the remainder metabolized into lactate13. Glucose metabolism by 110 

glycolysis generates pyruvate with a net gain of two ATP molecules. 111 

This pyruvate is transported into the mitochondria and feeds into the tricarboxylic acid (TCA) cycle 112 

after oxidation into acetyl-coA either as citrate, or oxaloacetate. In addition to glucose, fatty acids 113 

and amino acids provide alternative fuel sources to feed into the TCA cycle via their conversion into 114 

the metabolic intermediate acetyl-coA. In the TCA cycle, only one ATP molecule is generated for 115 

each acetyl-coA, but the iterative oxidation reactions produce NADH and FADH2, which function as 116 

electron carriers to establish the proton gradient that drives ATP production through oxidative 117 

phosphorylation (OXPHOS) in the electron transport chain (ETC). Theoretically, one molecule of 118 

NADH and FADH2 produces 2.5 and 1.5 ATP molecules respectively. However, in practice, this is 119 

considerably less due to energy consumption by active mitochondrial transport of substrates (e.g. 120 

pyruvate, phosphate and ADP) used during mitochondrial metabolism, as well as by mitochondrial 121 

proton leak14.  122 

Under aerobic conditions, pyruvate metabolism provides the link between glycolysis and the TCA 123 

cycle. Lactate is also reversibly converted from pyruvate by lactate dehydrogenase (LDH), and this 124 

reaction was traditionally believed to occur only under anaerobic conditions resulting in the removal 125 

of lactate into the blood. However, this long-held view of lactate as a metabolic waste product has 126 

since been revised15,16,17. In vivo metabolic tracing using stable isotopes in non-pregnant mice 127 

indicates that the contribution of 13C-lactate towards TCA cycle metabolism is greater than 13C-128 

glucose in all tissues except the brain17. In vivo studies of the human fetal-placental metabolism are 129 

not possible, but studies in pregnant ewes using radioactive tracers indicate that 30% of the glucose 130 

from the maternal circulation is converted into lactate by the placenta18. This naturally raises the 131 

question of why so much of placental glucose metabolism is invested in generating lactate under 132 

normoxic conditions. Firstly, the reduction of pyruvate to lactate by LDH regenerates NAD+ allowing 133 

glycolytic flux to be maintained. In the absence of lactate, glycolysis must be tightly coupled with the 134 

TCA cycle, such that every molecule of NADH and pyruvate produced by glycolysis is cleared by 135 

mitochondrial metabolism15. Thus the production of lactate uncouples these pathways so that they 136 

can occur independently and it serves as a universal metabolic fuel source feeding into both the 137 

placenta and the fetus. Lactate produced by the placenta accounts for as much as 25% of fetal 138 

oxidative metabolism in sheep19 and reduced placental lactate transport to the fetus is associated 139 

with FGR20.  140 

Biosynthetic processes 141 

The intermediates of energy metabolism are also essential for the biosynthesis of nucleotides, fatty 142 

acids, cholesterol, and amino acids to form biomass (Figure 1). Glycolysis acts as a metabolic hub 143 

connecting with its branched pathways to generate biosynthetic precursors. Glucose-6-phosphate 144 

can be diverted into the pentose phosphate pathway (PPP) to generate ribose-5-phosphate, a 145 

nucleotide precursor. Fructose-6-phosphate branches off into the hexosamine biosynthetic pathway 146 

(HBP) to generate UDP-N-acetylglucosamine (UDP-glcNAc), a key substrate for protein glycosylation. 147 
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Dihydroxyacetone phosphate (DHAP) interconversion from fructose-bisphosphate provides the 148 

glycerol backbone necessary for triglyceride synthesis. Lastly, 3-phosphoglycerate can be used for 149 

serine and glycine synthesis, providing a source of methyl groups for one-carbon metabolic 150 

pathways that generate purines and glutathione.  151 

TCA cycle intermediates are also biosynthetic precursors. When these metabolites are transported 152 

to the cytosol, they exhibit different metabolic functions compared to the mitochondria. Citrate is 153 

exported from the mitochondria into the cytosol and converted into acetyl-coA. While mitochondrial 154 

acetyl-coA is used to generate energy, cytosolic acetyl-coA is metabolized into fatty acids or 155 

condensed in the mevalonate pathway to produce cholesterol and subsequently steroids. 156 

The use of TCA cycle metabolites in biosynthetic pathways requires that carbon be resupplied to the 157 

cycle and intermediate pools maintained. This is achieved through anaplerosis, i.e. the influx of 158 

metabolic intermediates into pathways to replace those used for biosynthesis. These anaplerotic 159 

pathways replenish TCA cycle metabolites at sites other than acetyl-coA. The mitochondrial export 160 

of citrate results in a decline in alpha-ketoglutarate (-KG), which is compensated for by 161 

glutaminolysis. In most tissues, this involves the extracellular uptake of glutamine and its conversion 162 

into glutamate by glutaminase (GLS), and subsequent metabolism into -KG. However, the placenta 163 

and the fetus coordinate a system of partitioning glutamate and glutamine between the different 164 

units (Figure 2). The placenta lacks GLS activity21,22 and therefore the majority of the glutamine taken 165 

up by the placenta is transferred to the fetus and accounts for up to 80% of the fetal glutamine, the 166 

remainder of which is derived from de novo fetal synthesis23. The fetal reliance on placental 167 

glutamine delivery may explain why neonates with deficiency in glutamine synthetase (GS), which 168 

synthesizes glutamine from glutamate, survive in utero development but die shortly after birth24. On 169 

the other hand, there is no net placental transfer of glutamate from the mother to the fetus. In fact, 170 

glutamate is transferred from the fetus to the placenta. Fetal glutamine is metabolized by the fetal 171 

liver into glutamate and up to 90% of this is taken back up by the placenta25,26. Placental glutamate is 172 

then converted back into glutamine by GS or metabolized into α-KG by glutamate dehydrogenase 173 

forming the anaplerotic reactions to replenish the TCA cycle23. This pathway highlights the 174 

importance of placental and fetal interrelationships in regulating key aspects of placental 175 

metabolism.  176 

Redox homeostasis and reactive oxygen species 177 

Mitochondrial ETC is a significant source of cellular ROS, arising from Complex I and III (Figure 3). 178 

During normal mitochondrial function, as many as 2% of electrons leak from the ETC and reduce 179 

oxygen to superoxide (O2-)27. O2- can be dismutated to produce hydrogen peroxide (H2O2), which 180 

in turn may be partially reduced to form hydroxyl radicals (OH-). ROS are highly reactive and 181 

excessive mitochondrial production causes oxidative damage to macromolecules, and therefore 182 

counterbalancing is required. Mitochondria rely on the combined activities of glutathione and 183 

thioredoxins to decompose the locally generated ROS. NADPH donates the reducing equivalent for 184 

the regeneration of glutathione and thioredoxin, necessary to neutralize (i.e. reduce) ROS. 185 

Considering the crucial role of NAD(P)+ and NAD(P)H in managing oxidative stress as well as 186 

providing essential co-factors for metabolic reactions, the maintenance of NAD(P)+/NAD(P)H 187 

balance is critical to cellular homeostasis. Glycolysis consumes NAD+, which can be resupplied by 188 

LDH conversion of pyruvate to lactate, with oxidation of NADH in the process. The PPP also produces 189 
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NADPH, providing the reducing equivalents for the biosynthesis of lipids, cholesterol and 190 

nucleotides. In the mitochondria, the reduction of NAD+ to NADH during isocitrate and -KG 191 

oxidation is resupplied by OXPHOS by complexes I and II which oxidizes NADH to NAD+. 192 

It is important to consider that while excessive ROS production is undesirable, low ROS 193 

concentrations are responsible for a wide variety of physiological processes in the placenta 194 

(previously reviewed in 28). Therefore, the inappropriate suppression of ROS may have detrimental 195 

effects on placental development and/or function (discussed further below). 196 

Metabolites in the control of cell signaling and gene regulation 197 

Perturbations in cellular energy metabolism have additional consequences beyond bioenergetics 198 

and biosynthesis. This is because energy metabolism intermediates, co-factors, and co-substrates 199 

also function as signaling molecules (Figure 4). The signaling function provides a means of 200 

communicating the cellular status between different organelles and allows for metabolic pathways 201 

to be integrated to cellular function.  202 

Metabolic control of signal transduction 203 

Cellular ATP levels are directly sensed through the AMP-activated protein kinase (AMPK). AMPK 204 

plays a key role as a master regulator of energy homeostasis by directly phosphorylating metabolic 205 

enzymes or by phosphorylating transcription factors, co-activators and co-repressors. AMPK is 206 

activated by an increase in AMP/ATP ratio indicating a decline in energy levels. In turn, AMPK 207 

phosphorylates metabolic enzymes to switch on catabolic pathways that generate ATP such as 208 

glycolysis and fatty acid -oxidation. Additionally, AMPK represses ATP-consuming processes 209 

including protein translation by inhibition of the mechanistic target of rapamycin (mTOR). The mTOR 210 

signaling pathway integrates inputs from upstream extracellular growth factor signals and 211 

intracellular metabolites to regulate cell growth and metabolism. In the placenta, mTOR activity 212 

regulates mitochondrial metabolism and nutrient transfer29–33, and both the activity of mTOR and 213 

AMPK are altered in placental-related pregnancy complications associated with altered fetal growth, 214 

including preeclampsia10,34–36. The glycolytic intermediate DHAP activates mTOR through an AMPK 215 

independent route, thus allowing cells to respond to glucose availability in a manner independent of 216 

cellular energy status37. 217 

Transcriptional and epigenetic regulation of gene expression by central energy metabolism 218 

Hypoxia-inducible factors (HIFs) are well-characterized for their role in altering gene transcription to 219 

match oxygen demand with availability. Under normoxia, the proline residues of HIF-1 and 2 are 220 

hydroxylated by prolyl hydroxylase domain proteins (PHDs). This allows HIFs to be recognized by a 221 

ubiquitin ligase targeting them for proteasomal degradation. Under hypoxic conditions, PHD activity 222 

is impaired resulting in HIF-1 and 2 accumulation and nuclear translocation where they dimerize 223 

with HIF-1β and function as a transcription factor. PHDs are 2-oxoglutarate-dependent dioxygenases 224 

(2-OGDD) that catalyze -KG (also known as 2-oxoglutarate) into succinate and utilize O2 as a co-225 

substrate38. As with other OGDDs, PHDs are inhibited by succinate and fumarate under normoxic 226 

conditions39. Interestingly, mitochondrial ROS can also inhibit PHDs to activate HIF1 or 2 under 227 

normoxia40,41. Therefore, HIF activity is governed as much by the cellular metabolic state as by the 228 

oxygen tension. In the placenta both HIF-1 and HIF-2 are stabilized under hypoxia42,43 but may 229 

have different transcriptional targets. HIF-1 regulates glycolytic enzymes in several non-placental 230 
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cells44. HIF-2 promotes sFlt-1 transcription in trophoblast-derived cell lines42, which may explain 231 

why levels of sFlt-1 mRNA do not correlate with HIF-1α protein in normal or preeclamptic 232 

placentas43. 233 

Transcription is intimately associated with a permissive chromatin environment that is facilitated by 234 

specific histone modifications. Nearly all chromatin-modifying enzymes rely on substrates and co-235 

factors generated from central energy metabolism. Histone acetylation promotes an open chromatin 236 

state and thus gene transcription. Acetyl-coA is the rate-limiting substrate for histone acetylation 237 

and the regulation of acetyl-coA metabolism profoundly influences histone acetylation45–47. In the 238 

reversal to this process, acetyl-groups on histones are removed by histone deacetylases (HDACs). 239 

Deacetylation reactions are also metabolically sensitive. Lactate is a weak inhibitor of global HDAC 240 

activity48 whereas, the sirtuin class of HDACs requires NAD+ as a co-factor49. Interestingly, lactate 241 

also functions as an epigenetic modifier through histone lactylation promoting gene expression. 242 

Hence histone acetylation and lactylation provide a mechanism by which glycolytic and oxidative 243 

metabolism intermediates are uncoupled from energy metabolism and function in the regulation of 244 

gene expression. 245 

S-adenosyl-methionine (SAM) is a substrate for the methylation of histones and DNA. SAM 246 

generation by one-carbon metabolism requires NADPH and serine50,51, which are intermediates of 247 

central energy metabolism. PPP generates NADPH while 3-phosphoglycerate channels metabolites 248 

into the serine synthesis pathway (Figure 1). Notably, stimulating glycolysis increases SAM 249 

production by increasing carbon flux into these pathways52. Similarly, demethylation of histones and 250 

DNA is coordinately regulated by the same metabolites. The Jumonji C domain-containing histone 251 

demethylases (JMJDs) and ten-eleven translocation DNA demethylases (TETs) are 2-OGDD enzymes 252 

and as such, they require KG as a co-substrate and are inhibited by succinate and fumarate, 253 

intermediates downstream in the TCA cycle. Therefore, the balance of TCA cycle reactions can affect 254 

the level of DNA and histone methylation and thus influence gene expression.  255 

Reprogramming of placental metabolism during development 256 

While metabolic reprogramming has largely been discussed in the context of pathological states, it is 257 

clear that such reprogramming occurs in physiological settings. This is best appreciated in the 258 

context of placental development where metabolic reprogramming reflects changes in the 259 

requirements of bioenergy and biosynthetic precursors in response to the changing extracellular 260 

environment (e.g. histiotrophic to hemotrophic nutrition) and cellular demands (e.g. proliferation 261 

and differentiation). Due to the obvious constraints, less is known about the mechanisms 262 

underpinning human placental metabolism during early pregnancy (i.e. first and second trimester). 263 

However, we may infer these mechanisms based on metabolite and enzyme activity measurements. 264 

Early placental development takes place in an environment of low oxygen tension, and is supported 265 

by secretions from the endometrial gland that are rich in carbohydrates53.  Glycolysis as well as HBP 266 

and PPP enzyme activities are high in the first-trimester54, suggesting a preference for non-oxidative 267 

metabolism. The reliance on these pathways may be necessary to support biosynthetic and signaling 268 

functions, and the generation of reducing equivalents NADPH and GSH to protect against ROS- 269 

mediated teratogenesis55. Despite the low oxygen tension, this environment should not be 270 

considered hypoxic, since hypoxia reflects the metabolic state relating to cellular oxygen availability 271 

and demand, rather than oxygen tension per se, which varies considerably between different 272 

tissues56. For example, placental ATP:ADP ratio, glucose and lactate concentrations, and HIF-273 
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signaling do not change across gestation57. 274 

With the onset of the uteroplacental circulation, the oxygen tension rises and oxidative metabolism 275 

becomes dominant58. The activities of LDH and TCA cycle enzymes increase59,60 to meet the greater 276 

biosynthetic requirements associated with the rapid growth of the placenta and the fetus. 277 

Interestingly, placental bioenergetics (as determined by OXPHOS activity) does not change 278 

substantially between the first-trimester and term, despite >5-fold increase in mitochondrial DNA, 279 

suggesting that OXPHOS activity relative to mitochondrial content becomes less efficient58. It is 280 

possible that the significantly larger surface area and higher oxygen concentrations in the term 281 

placenta means that mitochondrial respiration is not required to proceed at full capacity. Indeed 282 

compared to the first-trimester, term placentas have greater spare respiratory capacity58 (defined as 283 

the differences between maximal and basal respiration) which may be important for buffering the 284 

effects of acute stress such as labor. 285 

Metabolism is not just a product of developmental programs; metabolic pathways also strongly 286 

influence signaling and epigenetic mechanisms associated with development61,62. Differentiation of 287 

the trophectoderm (from which all trophoblasts are derived) during mouse embryonic development 288 

is controlled by glucose metabolism63. However, this process is not associated with its bioenergetic 289 

function. Instead, glucose is metabolized into the PPP and HBP to provide nucleotide precursors and 290 

glycosylation substrates for post-translational modification and activation of developmental 291 

transcription factors63.  292 

In the first-trimester placenta, rapid cytotrophoblast proliferation is required to build a sufficient 293 

pool of progenitor cells for syncytiotrophoblast and extravillous trophoblast differentiation. An 294 

abundant cytotrophoblast pool may also be necessary to support the development of a durable 295 

cytotrophoblast shell that forms a primitive barrier at the maternal-fetal interface64. Low oxygen 296 

tension of the early placental microenvironment has been proposed as a requirement for 297 

cytotrophoblast proliferation, whereas differentiation is triggered by the rise in oxygen. However, all 298 

three trophoblast types are present in the placenta before the onset of uteroplacental circulation 299 

and thus the surge in oxygen. Moreover, studies using human cytotrophoblast stem cells and 300 

organoid models demonstrate continuous self-renewal under atmospheric oxygen concentrations65–301 
67. We propose an alternative hypothesis whereby the metabolic state, rather than oxygen per se 302 

regulates trophoblast fate. A common characteristic of progenitor cells (including cytotrophoblasts) 303 

is that they require high levels of histone acetylation to maintain an open chromatin state, whereas 304 

differentiation is associated with a rapid decline in global histone acetylation68,69. The metabolic 305 

support for histone acetylation is achieved through high glycolytic activity generating pyruvate and 306 

subsequent oxidation into acetyl-coA. At the same time, consumption of NAD+ during glycolysis 307 

reduces NAD+-dependent HDAC activity, thus also favoring histone acetylation. Consistent with this 308 

hypothesis, cytotrophoblasts exhibit higher glycolytic metabolism than their differentiated 309 

syncytiotrophoblasts70, and higher histone acetylation levels71. Moreover, loss of the HDAC Sirt1 in 310 

mice results in trophoblast differentiation failure and reduced fetal/placental weights71.  311 

Dysregulation of metabolic reprogramming in preeclampsia 312 

As metabolic reprogramming is a necessary component of physiology, the inability of the placenta to 313 

alter its metabolism to the changing environment may underlie abnormal placental development 314 

and/or dysfunction. Derangements in energy metabolism and its consequences are commonly 315 
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reported in the placentas of women with preeclampsia. However, the various sub-types of 316 

preeclampsia show differences in their (in)ability to reprogram their metabolism (Figure 5). 317 

Mitochondrial dysfunction and oxidative stress are commonly reported in preeclamptic placentas of 318 

various sub-types72,73. It is still unclear if mitochondrial dysfunction is the cause of oxidative stress or 319 

vice versa, but these two events are likely interrelated and may compound each other. Interestingly, 320 

women with known pathogenic mitochondrial DNA mutations entering pregnancy are highly likely to 321 

develop preeclampsia74,75. Although these cases are very rare, such “experiments of nature” 322 

underline the importance of mitochondria in the development of preeclampsia.  323 

ROS are triggered by hypoxia/reoxygenation associated with intermittent placental perfusion 324 

secondary to abnormally shallow invasion76,77. Paradoxically, prolonged hypoxia without 325 

reoxygenation also promotes mitochondrial ROS generation. This occurs because insufficient oxygen 326 

is available for reduction by the ETC, the reducing equivalents NADH and FADH2 accumulate, 327 

increasing the availability of electrons for the reduction of oxygen to O2- and subsequently into 328 

H2O2. Hypoxia and mitochondrial generated ROS stabilize both HIF-1/241. This leads to transcription 329 

of glycolytic enzymes through HIF-178 whereas HIF-2 increases anti-angiogenic factors including 330 

sFlt-1 to be released from the trophoblasts into the maternal circulation leading to maternal 331 

endothelial activation42,79.  332 

Varying degrees of mitochondrial dysfunction have been reported in different preeclampsia 333 

subtypes and may be proposed as the initial stimulus for altered energy metabolism. However, the 334 

degree of alterations or inability to adapt sufficiently in energy metabolism may exacerbate the 335 

disease. In less severe forms of preeclampsia associated with term delivery, mitochondrial function 336 

adapts by upregulating OXPHOS and antioxidant activity80. Failure to adapt may result in 337 

mitochondrial dysfunction placing greater reliance on glycolysis to maintain the bioenergetic 338 

requirements but may lead to reduced net ATP production due to the lower efficiency of glycolysis. 339 

This can also result in greater flux into the HBP81,82 which promotes cell survival through UDP-glcNAc-340 

dependent glycosylation and inhibition of apoptotic proteins83.  341 

In severe preeclampsia associated with preterm delivery and FGR, glycolytic function is also 342 

impaired, suggesting a failure in reprogramming of metabolism. In these placentas, glycolytic 343 

enzyme activities are decreased resulting in lower production of pyruvate and lactate84, the latter of 344 

which provides fuel for fetal oxidation. Anaplerotic flux into the TCA cycle via the placental-fetal 345 

glutamine-glutamate shuttle is also dysregulated in FGR associated placentas85, which would affect 346 

the fetal amino acid supply as well as the provision of biosynthetic precursors and bioenergetic 347 

functions in the placenta. The ensuing decline in placental ATP levels activates AMPK which 348 

functions to restore energy balance by reducing ATP-demanding processes including placental 349 

nutrient transport and protein synthesis via mTOR inhibition, contributing to placental-related FGR33. 350 

Protein synthesis occurs in the endoplasmic reticulum (ER), which consumes large amounts of ATP 351 

imported from the cytosol and the mitochondria. Significant cross-talk between the mitochondria 352 

and the ER membranes exist via direct contact sites called mitochondrial associated membranes 353 

(MAM) to signal cellular metabolic status as well as stress. For example, to meet the energy 354 

demands for protein synthesis, calcium signaling by the MAM stimulates TCA cycle enzymes leading 355 

to enhanced ATP production via OXPHOS86. Severe preeclampsia is associated with ER stress87 which 356 

decreases protein synthesis to reduce the demand for ATP10. Moreover, the ER stress mediated 357 

transcription factor XBP-1s increases the transcription of HBP enzyme to promote cell survival88, 358 
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suggesting that ER stress response may support metabolic reprogramming towards glycolysis. An 359 

additional consequence of altered energy metabolism relates to its epigenetic functions. Reductions 360 

in trophoblast acetyl-coA synthesis and/or NAD+ homeostasis may lead to reduced cytotrophoblast 361 

proliferation leading to incomplete development of the cytotrophoblastic shell and a reduction in 362 

the source of extravillous trophoblasts for adequate trophoblast invasion. Indeed, a single-cell 363 

transcriptomic study indicated altered extravillous trophoblast transcript signatures in preeclamptic 364 

placentas suggesting differentiation defects89. However, the mechanistic relationship between 365 

metabolism and trophoblast differentiation in preeclampsia remains to be investigated.  366 

Collectively, these studies suggest that impaired placental energy metabolism in preeclampsia may 367 

have widespread effects on cellular processes beyond ATP production, and may lead to alterations in 368 

biosynthetic precursors, oxidative stress, and transcriptional and epigenetic modifications.  369 

Sex differences in placental metabolism may underlie preeclampsia severity 370 

Fetal sex differences are increasingly recognized as an important determinant of the incidence and 371 

outcome in placental-related pregnancy complications90–92. Overall pre-eclampsia risk is higher in 372 

male fetuses. However, when stratified by sub-type, term preeclampsia was associated with male 373 

fetus whereas preterm preeclampsia is more common when the fetus was female90,93. One 374 

hypothesis that has been proposed to explain these differences relates to early placental 375 

development94. Male embryos are more susceptible to suboptimal implantation and abnormal 376 

placental development95. Therefore, pregnancies with a male embryo that are susceptible to 377 

develop preeclampsia due to impaired placentation may already have miscarried in the first-378 

trimester. This is consistent with the higher rates of first-trimester miscarriage in male embryos96. In 379 

those preeclamptic pregnancies that proceed past the first-trimester, the male placentas 380 

consistently show greater pathological features such as inflammatory and oxidative stress94,97. 381 

Fetal sex differences in placental metabolism may underlie some of the effects of preeclampsia 382 

pathophysiology. Placental-sex dependent alterations in oxidative metabolism have been reported 383 

in several pregnancy complications including preeclampsia97–99. These studies indicate that the male 384 

placenta demonstrates a lower capacity to reprogram their metabolism in response to changes in 385 

nutrient source or stress stimuli.  386 

The human placental transcriptome exhibits profound sex differences throughout gestation100–104. 387 

These sex differences may be explained by genes which escape X-chromosome inactivation (or XCI 388 

escapees) resulting in female-biased (over)expression105,106. In term placentas, ~15% of the XCI 389 

escapees are involved in metabolism104. One of these escapees, spermine synthase (SMS) 390 

participates in polyamine metabolism which is dysregulated in preeclampsia104. Although polyamine 391 

metabolism is not directly associated with energy metabolism, our preliminary findings show that 392 

polyamine metabolites strongly correlate with TCA cycle intermediates in the placenta107. Moreover, 393 

polyamine depletion decreased both glycolytic and oxidative metabolism resulting in reduced TCA 394 

cycle intermediates and OXPHOS activity107, which recapitulates the metabolic phenotypes of 395 

placental dysfunction in severe preeclampsia84. Importantly, female trophoblasts were resistant to 396 

polyamine depletion due to the higher SMS expression associated with XCI escape. Moreover, the 397 

decrease in glycolysis and oxidative metabolism with polyamine depletion led to reduced acetyl-coA 398 

availability and decreased histone acetylation resulting in widespread changes in gene expression108. 399 

These findings suggest that fetal-sex differences in placental metabolism have far-reaching effects 400 
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beyond bioenergetics and affect epigenetic regulation of placental function.  401 

Placental energy metabolism as a target for the treatment of preeclampsia 402 

There is no universally accepted treatment for preeclampsia. The current standard of care is aimed 403 

at resolving the maternal symptoms, and delivery remains the only cure. Given the central role of 404 

the placenta in preeclampsia pathophysiology, treatments aimed at resolving placental dysfunction 405 

are warranted. We briefly review the role of antioxidants and metformin as therapeutic strategies 406 

for the prevention or treatment of preeclampsia and examine their potential implications on 407 

placental energy metabolism and provide possible explanations for their effectiveness.  408 

Antioxidants to diminish placental oxidative stress 409 

Based on the evidence that preeclampsia is commonly associated with maternal and placental 410 

oxidative stress, several clinical studies have examined the effectiveness of antioxidants, and in 411 

particular vitamins C and E, to prevent or ameliorate the course of preeclampsia. Vitamins C and E 412 

are readily available over-the-counter supplements with potent antioxidant properties. Vitamin C is 413 

a water-soluble antioxidant that scavenges free radicals, whereas Vitamin E is a lipid-soluble peroxyl 414 

radical scavenger109. Therefore, the combined use of Vitamin C and E offers protection against 415 

multiple forms of ROS.  416 

The initial clinical trials of Vitamin C and E supplementation beginning at mid-pregnancy in women at 417 

risk of preeclampsia suggested improved oxidative stress markers110,111 and clinical outcomes112. 418 

However, larger clinical trials and several meta-analyses failed to show any benefits and even 419 

demonstrated some harm including reduced fetal growth, preterm birth and stillbirth112–117. Taken 420 

together, these trials as well as several other studies118,119 targeting oxidative stress have failed to 421 

improve preeclampsia outcome. The exact reasons and mechanisms as to why these studies have 422 

failed to produce the expected beneficial effects remain largely unknown but several explanations 423 

can be posited. These include the failure to translate the beneficial in vitro effects to in vivo findings 424 

due to poor bioavailability and pharmacokinetic profiles, heterogeneity in the types of antioxidants 425 

and doses, and the lack of an appropriate preclinical animal model for preeclampsia. The 426 

discrepancies may also be due to the possibility that oxidative stress represents one endpoint in a 427 

cascade of events related to placental metabolic dysfunction and therefore targeting oxidative stress 428 

alone is unlikely to produce significant overall benefits. It is also interesting to note that in addition 429 

to pregnancy disorders, antioxidant supplementation has failed to deliver the expected benefits for 430 

many other diseases unrelated to pregnancy and may even increase mortality120.  431 

The evidence for antioxidants to cause harm reinforces the notion that ROS play an important 432 

physiological role during pregnancy and that undue suppression of ROS may have detrimental 433 

effects. This was elegantly demonstrated in mice where experimental induction of a master 434 

transcriptional regulator of the cellular antioxidant system, paradoxically led to adverse pregnancy 435 

outcomes121. Nuclear factor erythroid 2–related factor 2 (NRF2) is a transcription factor which is 436 

activated in response to oxidative stress. Its activity is suppressed under basal conditions by binding 437 

of Kelch like-ECH-associated protein 1 (KEAP1) which facilitates NRF2 degradation in the 438 

proteasome122. However, on exposure to ROS, KEAP1 is oxidized which causes NRF2 release into the 439 

nucleus where it binds to antioxidant response elements in promoter regions of numerous 440 

antioxidant genes initiating their transcription. Hence knockout of Nrf2 in mice does not produce any 441 

obvious phenotypes. However, genetic or pharmacological induction of Nrf2 in a mouse 442 
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preeclampsia model worsened FGR and decreased placental size, despite reductions in oxidative 443 

damage. Similarly, human placental trophoblasts and explants treated with pharmacologically-444 

relevant concentrations of Vitamin C and/or E demonstrate higher apoptosis even though oxidative 445 

stress was improved123,124. Clearly, targeting of ROS remains an important therapeutic strategy but 446 

this needs to be finely balanced to avoid inhibiting the low physiological concentrations of ROS that 447 

are required for physiological functions. 448 

Metformin targets multiple pathways of placental energy metabolism 449 

Metformin is commonly prescribed for the management of Type 2 diabetes primarily due to its 450 

effects in reducing hepatic glucose production. The precise mechanism of action of metformin 451 

remains unclear as it has been associated with pleiotropic effects in different tissues and has been 452 

proposed to have many beneficial effects. As such over 1700 clinical trials have been registered to 453 

test the effects of metformin in different diseases (https://clinicaltrials.gov). Due to its anti-454 

hyperglycemic and insulin-sensitizing effects, metformin is prescribed during pregnancy for the 455 

treatment of pre-gestational Type 2 diabetes, gestational diabetes and polycystic ovarian 456 

syndrome125. In a randomized control trial examining the effects of metformin compared with 457 

placebo in non-diabetic obese women, metformin had no effect on the primary outcome (birth 458 

weight) but reduced preeclampsia incidence by more than 3-fold126, thus prompting subsequent 459 

studies investigating its effectiveness for preeclampsia. However, meta-analyses of metformin have 460 

raised the concern that it may increase the risk of small-for-gestational-age infants127,128 compared 461 

to other glucose-normalizing therapeutic approaches. 462 

Metformin has profound effects on cellular energy metabolism that may explain some of the 463 

observed effects on the preeclamptic placenta (Figure 6). Metformin inhibits complex I activity 464 

resulting in reduced OXPHOS but decreases mitochondrial ROS generation in the process. Complex I 465 

inhibition also prevents NADH oxidation decreasing the availability of essential co-factors required to 466 

run the TCA cycle129. The decrease in the TCA cycle metabolite -KG may explain the decrease in HIF-467 

2 stabilization by PHDs in metformin-treated primary trophoblasts and suppression of sFlt-1 and 468 

sEng secretion, lessening the impact of placental stress-mediated endothelial dysfunction130. The 469 

reduction in -KG by metformin will also inhibit other 2-OGDD enzymes including JMJD histone 470 

demethylases131. The decline in ATP as a result of reduced OXPHOS activity leads to AMPK 471 

activation132. In preeclamptic placentas, AMPK activation by metformin may have beneficial adaptive 472 

effects by removing damaged mitochondria by mitophagy. Moreover, AMPK activates peroxisome 473 

proliferator-activated receptor gamma coactivator 1-alpha (PGC-1α)133, which functions as a 474 

transcription co-activator that interacts with a range of transcription factors. PGC-1α plays a 475 

prominent role in regulating the transcription of nuclear-encoded mitochondrial proteins promoting 476 

mitochondrial biogenesis. Therefore, AMPK activation by metformin may have dual effects on the 477 

mitochondria by removing damaged mitochondria concomitant with mitochondrial biogenesis to 478 

restore mitochondrial function.  479 

Metformin re-routes metabolic flux into glycolytic pathways through AMPK-dependent and 480 

independent mechanisms. AMPK activation stimulates glycolysis by phosphorylating and activating 481 

phosphofructokinase134 and promoting hexokinase II transcription135. Independently of AMPK, 482 

metformin inhibits gluconeogenesis by  inhibiting glucose-6-phosphatase mediated conversion of 483 

glucose-6-phosphate to glucose136. Given that gluconeogenesis and glycolysis are regulated in a 484 

reciprocal manner to prevent concurrent activity of the opposing pathways, metformin inhibition of 485 

https://clinicaltrials.gov/
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glucose-6-phosphatase further supports glycolytic activity. The subsequent increase in glucose-6-486 

phosphate and fructose-6-phosphate may also promote flux into the PPP and the HBP respectively. 487 

These putative effects of metformin are consistent with our preliminary findings in primary human 488 

trophoblasts, where metformin treatment at concentrations typically achieved in pregnant women 489 

reprogrammed metabolism from OXPHOS towards glycolysis (unpublished observations). Although 490 

metformin reduces mitochondrial ATP production in normal placentas, in preeclamptic placentas 491 

where mitochondrial dysfunction is prevalent, this effect of metformin may be advantageous 492 

because it promotes the reliance on glycolysis over mitochondrial metabolism to restore energy 493 

homeostasis as well as supporting survival through increased flux into the PPP and the HBP.  494 

The use of metformin in pregnancy is not without risks. Metformin crosses the placenta and 495 

metformin treatment is associated with reduced birth weight128 although it is currently unclear if 496 

these effects are mediated directly via placental or fetal shifts in cellular energy metabolism, or 497 

indirectly via alterations in fetal glucose homeostasis. In the placenta, AMPK activation by metformin 498 

may inhibit mTOR-mediated nutrient transport and protein synthesis. Fetal exposure to metformin, 499 

could lead to reductions in TCA cycle intermediates such as citrate which are substrates for 500 

lipogenesis and biomass production137 contributing to the small-for-gestational-age phenotype. 501 

Recent studies suggest that metformin mediates additional metabolic effects independent of 502 

glucose homeostasis through increased levels of the hormone growth/differentiation factor 15 503 

(GDF15)138,139. The placenta exhibits the highest tissue levels of GDF15 and secretes large amounts 504 

into the maternal circulation140. The physiological significance of placental GDF15 secretion is 505 

currently unclear, although it is interesting to note that preeclampsia is associated with a decline in 506 

maternal serum GDF15 levels141. Future studies investigating the role of GDF15 in the placenta and 507 

the effects of metformin may reveal novel insights into placental metabolic dysfunction.  508 

Conclusions 509 

It is now evident that metabolism is much more than a “housekeeping” process and fulfills 510 

regulatory roles in physiology. However, a major future task will be to establish clear causal 511 

relationships between metabolism and placental developmental programs and to determine 512 

whether these links are misaligned during placental-related pregnancy complications including 513 

preeclampsia.  514 

Reprogramming of energy metabolism is a hallmark of placental development but may also underpin 515 

the ability to respond to the pathophysiology underlying preeclampsia. For instance, placental 516 

mitochondrial dysfunction is a common observation in preeclampsia but the inability to up-regulate 517 

glycolysis is associated with increased severity. It is currently unclear what factors influence 518 

placental metabolic flexibility and stress response but emerging evidence suggests that fetal sex may 519 

play an important role. Future therapies aimed at altering energy metabolism may provide an 520 

alternative or add-on strategies for the treatment of the preeclamptic placenta. However, given the 521 

multiple phenotypes associated with targeting energy metabolism, the potential risks must be 522 

carefully weighed.  523 

 524 

 525 

 526 
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Glossary of Terms: 527 

1. Anaplerosis: Metabolic pathways that result in the replenishing of metabolic intermediates 528 

(especially tricarboxylic acid cycle intermediates) to replace those metabolites that have been 529 

extracted for biosynthetic processes. The reverse process, i.e. the removal of metabolic 530 

intermediates from a metabolic cycle, is referred to as cataplerosis.  531 

2. Bioenergetic metabolism: Cellular processes that lead to the transformation of nutrients (e.g. 532 

glucose, amino acids and fatty acids) into energy-rich metabolites, usually in the form of ATP. In 533 

this review, bioenergetic metabolism refers collectively to the metabolic pathways glycolysis, 534 

tricarboxylic acid cycle and oxidative phosphorylation.  535 

3. Biosynthetic processes: Cellular processes by which substrates are converted into more complex 536 

macromolecules such as proteins, lipids and nucleotides, which can be used for building cellular 537 

organelles and biomass. 538 

4. Central carbon metabolism: A series of metabolic pathways that result in the flow of carbon 539 

atoms from nutrients into pathways generating reducing equivalents for energy production and 540 

biosynthetic precursors. In eukaryotes, this refers to glycolysis, tricarboxylic acid cycle and the 541 

pentose phosphate pathway.  542 

5. Glycolysis: Metabolic pathway that converts glucose into pyruvate or lactate. The true end 543 

product of glycolysis (i.e. pyruvate or lactate) is currently a matter of debate.  544 

6. Hexosamine biosynthetic pathway: A metabolic pathway that operates in parallel to glycolysis 545 

and results in the production of UDP-N-acetylglucosamine, a key substrate for protein 546 

glycosylation reactions.  547 

7. Metabolic reprogramming: Refers to the ability of cells to alter their metabolism allowing them 548 

to adapt to changing internal and environmental conditions. It is important to note that 549 

metabolic reprogramming occurs under normal physiological as well as under pathological 550 

conditions. 551 

8. Pentose phosphate pathway: A metabolic pathway that operates in parallel to glycolysis that 552 

results in the generation of pentoses (5-carbon sugars), ribose-5-phosphate (a precursor for 553 

nucleotide synthesis), and produces NADPH. 554 

9. Redox: An oxidation-reduction (redox) reaction involves the transfer of electrons between two 555 

species. Reducing equivalents and oxidizing agents play important roles as co-factors for 556 

numerous enzymes involved in energy metabolism and epigenetics. An imbalance in the redox 557 

state may result in oxidative stress.  558 

10. TCA Cycle: Tricarboxylic acid cycle (also known as the citric acid cycle or Krebs cycle) is a series of 559 

chemical reactions that result in the release of stored energy through the oxidation of acetyl-coA 560 

derived from glucose, amino acids and fatty acids. The TCA cycle is both a major bioenergetic 561 

and a biosynthetic pathway. As a bioenergetic pathway, the TCA cycle generates reduced 562 

coenzymes (NADH and FADH2) that are used in the electron transport chain for ATP synthesis. As 563 

a biosynthetic pathway, the TCA cycle intermediates can be used in the biosynthesis of 564 

macromolecules. 565 

11. XCI and XCI escape: X chromosome inactivation (XCI) is a process whereby one of the two X 566 

chromosomes is silenced to balance gene dosage between XX females and XY males. XCI escape 567 

genes are specific genes that escape XCI silencing resulting in the expression from the 568 

inactivated X chromosome. XCI escape can result in female-biased (i.e. increased) gene 569 

expression.  570 
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Figure legends 920 

Figure 1. Central carbon metabolism and its contribution to bioenergetic and biosynthetic 921 

processes. Key metabolic pathways involved in the generation of ATP and biosynthetic precursors 922 

from nutrients. Description of the metabolic pathways is discussed in the main text. The glycolytic 923 

shunt pathways: pentose phosphate pathway and hexosamine biosynthetic pathway are shaded in 924 

yellow and pink respectively. Co-factors are depicted in blue and orange, biosynthetic precursors are 925 

shown in red. Cyt c, cytochrome C; Co Q, coenzyme-Q; TCA, tricarboxylic acid. 926 

 927 

Figure 2. Placental-fetal glutamine-glutamate shuttle. Due to the absence of the glutaminase 928 

enzyme, placental glutamine metabolism requires the input of fetal liver enzymes to convert 929 

glutamine to glutamate which is then re-extracted by the placenta from the fetal circulation. 930 

Glutamate is converted back to glutamine or α-ketoglutarate which provides the substrate for TCA 931 

anaplerosis. GLUD, glutamate dehydrogenase; GLS, glutaminase; GS, glutamine synthetase; TCA, 932 

tricarboxylic acid. 933 

 934 

Figure 3. Mitochondrial generation of reactive oxygen species and their scavenging by endogenous 935 

antioxidant defenses. Mitochondrial reactive oxygen species are formed from the leakage of 936 

electrons from the electron transport chain complex I and complex III. O2- is generated by the 937 

addition of an electron to molecular oxygen. O2- is dismutated into H2O2 by SOD. H2O2 forms 938 

hydroxyl radical in the presence of Fe2+ or is reduced to H2O by GPx and TPx in the presence of their 939 

reducing equivalents GSH and TRXRed respectively. The reducing capacity of GPx and Prx is dependent 940 

on the supply of NADPH from the pentose phosphate pathway. Complexes I and II require NADH and 941 

FADH2 which are supplied by the TCA cycle. CoQ, coenzyme Q; Cyt c, cytochrome c; TCA cycle, 942 

tricarboxylic acid cycle; O2-, superoxide; H2O2, hydrogen peroxide; GPx, glutathione peroxidase; 943 

GSH, reduced glutathione; GSSG, oxidized glutathione; TPx, thioredoxin peroxidase; TRXRed, reduced 944 

thioredoxin; TRXOx, oxidized thioredoxin.  945 

 946 

Figure 4. Signaling functions of metabolic intermediates. Intermediaries of central energy 947 

metabolism have diverse non-metabolic signaling roles with important effects on placental 948 

physiology and disease. Glycolytic intermediates and ATP:ADP ratio signal towards the cellular 949 

energy and nutrient sensors AMPK and mTOR respectively. AMPK is a protein kinase that can inhibit 950 

protein synthesis by directly phosphorylating and inhibiting translation elongation proteins or by 951 

inhibiting mTOR-dependent protein synthesis. mTOR is also a protein kinase that phosphorylates key 952 

proteins regulating protein synthesis and amino acid transport in the placenta. Acetyl-coA and 953 

lactate provide rate-limiting substrates for acetylation and lactylation of histones. Lactate also 954 

inhibits HDACs. SIRT-class of HDACs require NAD+ as co-factors. DNA and histone methylation by TET 955 

and JMJD are activated by α-ketoglutarate and inhibited by succinate and fumarate. High α-956 

ketoglutarate to succinate or fumarate ratio enhances PHD activity leading to hydroxylation of HIF-957 

1/2α leading to its ubiquitination and proteasomal degradation. Low α-ketoglutarate to succinate or 958 

fumarate ratio, hypoxia and ROS inhibit PHDs leading to HIF-1/2α stabilization and nuclear 959 

translocation where it promotes transcription of their respective target genes. Ac, acetyl-group; 960 

AMPK, AMP protein kinase; FLT1, fms-like tyrosine kinase 1; HAT, histone acetyltransferase; HDAC, 961 

histone deacetylase; HIF, hypoxia-inducible factor; JMJD, jumonji C domain-containing proteins; La, 962 
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lactyl-group; Me, methyl-group; mTOR, mechanistic target of rapamycin; PHD, prolyl-hydroxylase 963 

domain enzymes; ROS, reactive oxygen species; TCA cycle, tricarboxylic acid cycle; TET, ten-eleven 964 

translocation enzymes; Ub, ubiquitin.  965 

 966 

Figure 5. Placental metabolic reprogramming during development and adaptation to 967 

preeclampsia. First-trimester placentas utilize glycolysis and its shunt pathways to generate 968 

bioenergy and biosynthetic precursors, although they do retain some mitochondrial activity. Mild 969 

preeclampsia resulting in term delivery may allow the placenta to adapt to mitochondrial 970 

dysfunction by reverting its metabolism to the early developmental state. Failure in metabolic 971 

reprogramming may result in the loss of bioenergetic and biosynthetic homeostasis resulting in the 972 

severe form of preeclampsia associated with preterm delivery and fetal growth restriction. Solid 973 

arrows indicate changes previously reported in literature, and dashed arrows indicate predicted 974 

effects. α-KG, α-ketoglutarate; Glu, glutamine; ROS, reactive oxygen species.  975 

 976 

Figure 6. Metformin targets multiple pathways in energy metabolism. The key metabolic effects of 977 

metformin are a result of complex I inhibition and activation of AMPK. Detailed description of the 978 

potential effects are described in the main text. In summary, the outcomes include reduction in 979 

mitochondrial-ROS generation, re-routing of metabolism towards glycolysis, restoring mitochondrial 980 

biogenesis and inhibition of 2-oxoglutarate dependent dioxygenases such as TET, JMJD and PHD, and 981 

activation of AMPK and its downstream effects. CoQ, coenzyme Q; Cyt c, cytochrome c; sFlt-1, 982 

soluble fms-like tyrosine kinase-1; G6Pase, glucose-6-phosphatase; HIF, hypoxia-inducible factor; HK, 983 

hexokinase; JMJD, Jumonji C domain-containing histone demethylases; PFK2, phosphofructokinase 984 

2; PHD, prolyl-hydroxylase domains; PGC1α, peroxisome proliferator-activated receptor-gamma 985 

coactivator-1 alpha; ROS, reactive oxygen species; TCA, tricarboxylic acid; TET, ten-eleven 986 

translocation DNA demethylases; Ub, ubiquitin. 987 














