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Many proliferating cancer cells incorporate biomass precur-
sors such as amino acids, nucleic acids and lipids from 
their environment1–4. Nonetheless, nutrient and oxygen 

availability vary across tumors5–7 and these environmental differ-
ences can govern the functioning of metabolic pathways used to sup-
port proliferation5,8,9. Metabolism of nutrients to produce oxidized 
biomass precursors requires regeneration of the cofactor NAD+ to 
serve as an electron acceptor, and there is accumulating evidence 
that NAD+ availability can be limiting for biomass production and 
cell proliferation in vivo and in vitro10–17. NAD+ regeneration has 
been shown to be important for the biosynthesis of aspartate, nucle-
otides and serine11,13,17–19. Conversely, synthesis of other molecules 
such as select fatty acids has been proposed to support proliferation 
by enabling NAD+ regeneration20. However, a systems-level quanti-
tative analysis of the NAD+ consumption costs required to produce 
various biomass components is currently missing.

Lipids are essential components of cellular biomass, and de novo 
lipid biosynthesis is generally considered to be a reductive process. 
The production of reducing equivalents in the form of NADPH 
has long been known to be a prerequisite for fatty acid synthe-
sis21. Notably, the desaturation of fatty acids requires NAD(P)H 
and regenerates NAD(P)+, although these reactions also consume 
molecular oxygen20,22. Lipid metabolism is also connected with 
cellular energetics. The synthesis of free fatty acids is controlled 
by the energy-sensing AMP-activated protein kinase, as fatty acid 
synthesis requires ATP, while fatty acid oxidation can be an impor-
tant source of energy23,24. Previous studies have found that under  

conditions of oxygen limitation cancer cell proliferation and sur-
vival become dependent on access to exogenous lipids, suggest-
ing that this phenotype is driven by the requirement for oxygen in 
energy generation and/or lipid desaturation reactions25–28. However, 
oxygen also serves as a terminal electron acceptor used to regen-
erate NAD+, and this requirement can substantially exceed the 
demand for lipid desaturation reactions and ATP generation at least 
in some contexts29. Cells respond to oxygen limitation via stabiliza-
tion of hypoxia inducible factor (HIF1α)30, which promotes a shift 
in carbon source for lipogenic citrate from glucose oxidation to glu-
tamine reduction31–34. Nevertheless, in all known instances where 
reductive glutamine metabolism is used to generate fatty acids, the 
rate of fatty acid synthesis from the reductive pathway is lower than 
the rate from oxidative glucose metabolism, but why this is the case, 
and what ultimately governs the rates of lipogenic citrate produc-
tion from different carbon sources remains an open question.

In this study, we combined computational and experimen-
tal approaches to demonstrate that de novo synthesis of lipogenic 
citrate incurs a substantial NAD+ consumption cost. We then inves-
tigated the biochemical and regulatory mechanisms underlying 
the dependency of cancer cell proliferation on exogenous lipids in 
hypoxia or when the electron transport chain (ETC) is inhibited in 
normoxia. We first explored this question by enabling alternative 
pathways for NAD+ regeneration and by providing nutrients that 
can bypass or relieve the NAD+ requirement for de novo lipid syn-
thesis. We then performed kinetic isotope tracing experiments to 
identify specific reactions that gate lipogenic citrate synthesis from 
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glucose and glutamine when electron acceptors are limited. We also 
investigated regulatory interactions that may influence the rewir-
ing of lipid metabolism in hypoxia and when the ETC is inhibited. 
Finally, we analyzed the expression correlations of fatty acid syn-
thesis and uptake pathways with hypoxia markers across a large 
collection of tumors. Together, our experiments reveal how NAD+ 
availability can govern the rate of lipid biosynthesis, and thus pro-
vide a mechanistic biochemical explanation for the lipid auxotrophy 
of cancer cells in conditions where electron acceptors are limited.

Results
Computational analysis predicts a substantial NAD+ consump-
tion cost of lipogenic acetyl-CoA. NAD+ availability can be lim-
iting for cell proliferation in many contexts10–17. To quantify the 
potential requirements for NAD+ regeneration to support biomass 
synthesis and cell proliferation, we used a genome-scale stoichio-
metric model of human cell metabolism35. We applied flux balance 
analysis (FBA)36 to calculate the minimal levels of NAD+ consump-
tion required for the de novo synthesis of major biomass compo-
nents (Methods). To accomplish this, we first pruned the original 
genome-scale model to retain key metabolic reactions that are 
likely to be involved in biomass production37,38. The automatic 
pruning procedure was constrained such that the resulting mod-
els approximated experimentally measured metabolic exchange 
fluxes for each of the NCI-60 cell lines3. Each of the resulting FBA 
models comprised ~600 reactions that allowed the models to sup-
port biomass synthesis. We then used the obtained FBA models to 
estimate the minimum level of NAD+ consumption needed for the 
production of lipogenic acetyl-CoA from glucose and glutamine, 
as well as for the synthesis of nucleotides and nonessential amino 
acids (Methods). The modeling was able to recapitulate previous 
findings that aspartate, serine and nucleotides all have an associ-
ated NAD+ cost of production that can be limiting for proliferation  
(Fig. 1a)11,13,17–19. Surprisingly, the computational model also pre-
dicted a substantial NAD+ cost of lipid synthesis (Fig. 1a). In mam-
malian cells, lipogenic acetyl-CoA is reported to be synthesized 
either through glucose oxidation1,39–41, which requires NAD+ for 
glycolysis, the pyruvate dehydrogenase (PDH) reaction and tri-
carboxylic acid (TCA) cycle reactions. Alternatively, lipogenic 
acetyl-CoA can be synthesized through reductive carboxylation 
of glutamine-derived alpha-ketoglutarate (αKG), where the pro-
duction of αKG from glutamine-derived glutamate either directly 
consumes NAD+ or indirectly requires access to electron acceptors 
downstream of any transamination reaction11,39,42–44 (Fig. 1b). While 
the synthesis of fatty acids or sterols from acetyl-CoA is a reductive 
process that requires NADPH, the computational analysis predicted 
that de novo lipogenic acetyl-CoA synthesis, either from glucose or 
from glutamine, incurs a substantial NAD+ consumption cost that 
could exceed the demand for production of other major biomass 
precursors (Fig. 1a).

To test the model prediction that access to NAD+ can be limiting 
for lipid synthesis, we first examined whether increasing de novo 
lipid synthesis increases the rate of NAD+ regeneration via mito-
chondrial respiration, as this is a major route to regenerate NAD+ 
and support cellular oxidation reactions. To that end, we cultured 
cancer cells in standard normoxic conditions in medium with 
serum that was chemically stripped of lipids using n-butanol and 
diisopropyl ether extraction (−lipids), or in the same medium with 
lipids (0.02 μg ml−1 arachidonic acid and 0.1 μg ml−1 each of linoleic, 
linolenic, myristic, oleic, palmitic and stearic acids, and 2.2 μg ml−1 
cholesterol) added back (+lipids)1,45. As previously demonstrated, 
proliferation rates were similar in the presence or absence of exoge-
nous lipids (Fig. 1c,d)1; however, cells cultured in the absence of exog-
enous lipids had increased palmitate synthesis rates and increased 
sensitivity to fatty acid synthase (FASN) inhibition (Extended 
Data Fig. 1a,b). These data are consistent with a requirement  

for increased de novo lipogenesis in lipid-depleted conditions. Next, 
we reasoned that if increased NAD+ regeneration is necessary to 
support upregulated lipid synthesis, oxygen consumption may also 
increase25,28. Indeed, the oxygen consumption rate (OCR) increased 
in cells cultured in lipid-depleted conditions, and this elevated OCR 
was sensitive to the mitochondrial ETC inhibitors rotenone and 
antimycin A (Fig. 1e,f and Extended Data Fig. 1c,d). The difference 
in OCR between lipid-rich and lipid-depleted conditions is consis-
tent with our computational estimations of the NAD+ recycling need 
for lipid biosynthesis, which was inferred from the cells’ lipid com-
position and proliferation rates (Supplementary Methods). Both the 
experimental and computational results suggest that up to 30% of 
the overall oxygen uptake in cells primarily relying on de novo lipid 
biosynthesis is associated with the regeneration of NAD+ required 
for lipid production. This oxygen uptake requirement is about an 
order of magnitude higher than the oxygen consumption neces-
sary for fatty acid desaturation reactions (Supplementary Methods). 
Interestingly, the increased OCR in lipid-depleted conditions was 
rapidly reversible (within minutes) upon re-addition of lipids 
(Extended Data Fig. 1e).

Previous work has attributed the increased OCR associated with 
upregulation of lipid synthesis to increased ATP demand driving 
oxidative phosphorylation, as well as to an increased oxygen con-
sumption for desaturating fatty acids25,28. The finding that OCR is 
sensitive to inhibitors of the mitochondrial ETC (Extended Data 
Fig. 1c,d) argues that the use of molecular oxygen for desatura-
tion reactions cannot fully explain the observed increase in OCR. 
Furthermore, when the stearyl-CoA desaturase 1 (SCD1) inhibi-
tor A939572 was added to cells, we observed relatively minor 
changes in OCR compared to ones observed with mitochondrial 
ETC inhibitors (Extended Data Fig. 1f). These results suggest that 
the increased mitochondrial OCR could reflect both an increased 
demand for ATP and for NAD+ regeneration as an explanation for 
upregulated mitochondrial respiration.

NAD+ regeneration promotes cancer cell proliferation in 
lipid-free conditions. To investigate whether NAD+ regeneration 
is limiting for lipid synthesis and substantially contributes to the 
increased OCR observed in lipid-depleted conditions, we first con-
sidered the relationship between de novo lipid synthesis and hypoxia. 
Previous studies have implicated hypoxia in conferring lipid auxot-
rophy in vivo and in vitro25,46. These studies explored the possibil-
ity that hypoxia either directly limits oxygen availability for lipid 
desaturation reactions or downregulates citrate production through 
pyruvate dehydrogenase kinase 1 (PDK1)-mediated inhibition of 
PDH47,48, which catalyzes pyruvate conversion to acetyl-CoA26,49–54. 
However, hypoxia also reduces NAD+ regeneration via mitochon-
drial electron transport and therefore decreases the NAD+/NADH 
ratio5,8,30. Consistent with previous findings, culturing cells in the 
absence of exogenous lipids resulted in decreased proliferation in 
hypoxic but not normoxic conditions25,46 (Fig. 2a and Extended 
Data Fig. 2a). Exposing cells to inhibitors of mitochondrial electron 
transport in normoxia similarly decreased cell proliferation (Fig. 2b 
and Extended Data Fig. 2b,c). Culturing cells with phenformin, a 
mitochondrial complex I inhibitor55, resulted in reduced palmitate 
synthesis and decreased proliferation in the absence of exogenous 
lipids (Fig. 2b and Extended Data Figs. 1b and 2b,c); other mito-
chondrial ETC inhibitors, such as rotenone and antimycin A, had 
similar effects (Fig. 2c and Extended Data Fig. 2b,c). Notably, nei-
ther phenformin nor antimycin A altered PDH (S293) phosphory-
lation, suggesting that their effects on reducing cell growth cannot 
be explained by PDK-mediated inhibition of PDH (Extended Data  
Fig. 5b), and the presence of oxygen suggests that oxygen-dependent 
lipid desaturation also cannot explain inhibition of lipid synthe-
sis and cell proliferation in these experiments. Furthermore, add-
ing a mixture of exogenous lipids to phenformin-treated cells 
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rescued proliferation to the rates observed in culture conditions 
with non-delipidated serum (Extended Data Fig. 2d). The addition 
of individual lipids such as oleate and/or mevalonate was partially 
able to recapitulate the effects of adding the lipid mixture, suggest-
ing that ETC inhibition is limiting lipid synthesis en masse, rather 
than through production of any individual lipid species (Extended 
Data Fig. 2e,f). Taken together, these data suggest that the deficit in 
NAD+ regeneration substantially contributes to downregulation of 
lipid synthesis and reduces cancer cell proliferation in the absence 
of exogenous lipids.

To further test whether de novo lipogenesis is limited by NAD+ 
regeneration in hypoxia or when electron transport is inhibited, 
we investigated whether providing an alternative electron accep-
tor such as pyruvate would rescue cell proliferation in delipi-
dated media, as exogenous pyruvate can be converted to lactate 
to regenerate NAD+56,57. Indeed, we found that addition of pyru-
vate increased the NAD+/NADH ratio and the proliferation rate 
of cells exposed to mitochondrial electron transport inhibitors  
(Fig. 2b–d and Extended Data Fig. 3a–c) as well as cells in 
hypoxia (Fig. 2a and Extended Data Fig. 2a). Pyruvate addition 
also increased intracellular citrate levels (Fig. 2e) and the rate of 

palmitate synthesis (Fig. 2f). Because synthesis of lipids from 
citrate-derived acetyl-CoA also requires ATP hydrolysis for the 
ATP citrate lyase and acetyl-CoA carboxylase (ACC) reactions58, 
we considered the possibility that pyruvate is fueling ATP genera-
tion through the TCA cycle to rescue proliferation39. To test this, 
we assessed the ability of lactate to rescue fatty acid synthesis and 
cell proliferation in the same conditions. Similarly to pyruvate, lac-
tate can be metabolized by cells59,60 to provide carbons for citrate 
and ATP production, but lactate shifts the equilibrium of the lac-
tate dehydrogenase (LDH) reaction toward pyruvate formation and 
NAD+ consumption10,56,57,61. While lactate increased intracellular 
levels of pyruvate (Fig. 2g), it did not increase the NAD+/NADH 
ratio, intracellular levels of citrate, palmitate synthesis or cell pro-
liferation (Fig. 2a–f and Extended Data Figs. 2a and 3a–c). These 
results suggest that lipid synthesis is not limited by ATP genera-
tion or carbon availability when mitochondrial electron transport 
is impaired, but rather by the oxidative transformations that are 
required to produce lipogenic citrate. Notably, neither pyruvate nor 
lactate had any effect on phenformin-induced ACC phosphoryla-
tion (Extended Data Fig. 5a), a marker of increased AMP-activated 
protein kinase activity that is upregulated in cells experiencing  
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Fig. 1 | increased lipid synthesis results in increased oxygen consumption and is predicted to increase cellular demand for NAD+. a, Quantitative 
predictions for the NAD+ consumption cost of de novo synthesis of biomass components lipids (blue), nonessential amino acids (red) and nucleotides 
(yellow) based on metabolic flux modeling. The NAD+ consumption cost is shown separately for synthesis of lipids via oxidative glucose metabolism 
(glucose → lipids) and reductive glutamine metabolism (glutamine → lipids). Error bars denote the standard deviations of costs calculated across 
models of NCI-60 cancer cell lines. Each individual value denotes a single cell line prediction from the NCI-60 panel (n = 60 independent cell lines 
from NCI-60). b, Schematic showing routes of citrate production and their associated requirements for electron (e−) disposal. Reactions requiring e− 
disposal either directly or indirectly require NAD+ as an e− acceptor. c, Cell culture medium was prepared with delipidated serum, and then reconstituted 
with 1% lipid mixture (2 μg ml−1 arachidonic acid and 10 μg ml−1 each of linoleic, linolenic, myristic, oleic, palmitic and stearic acids, and 0.22 mg ml−1 
cholesterol) (+lipids) or vehicle (−lipids). Proliferation rate of HeLa cells cultured in media +lipids or −lipids as indicated (n = 3 per condition from a 
representative experiment). d, Proliferation rate of H1299 cells cultured in media +lipids or −lipids as indicated (n = 3 per condition from a representative 
experiment). NS, not significant. e, Mitochondrial OCR of HeLa cells cultured in media +lipids or −lipids as indicated. f, Mitochondrial OCR of H1299 
cells cultured in media +lipids or −lipids as indicated. In e and f, data are represented as box-and-whisker plots displaying the median, interquartile range 
(boxes) and minima and maxima (whiskers; n = 10 per condition from a representative experiment). In c and d, bar graphs show means with error bars 
representing ± s.d. Depicted P values were calculated using unpaired Student’s t-test. All experiments were repeated three or more times.
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energy stress62, potentially explaining why proliferation is only 
partially rescued in pyruvate-treated cells. We also found that 
orthogonal methods of increasing the NAD+/NADH ratio, such 
as supplementation with α-ketobutyrate, an alternative electron 
acceptor11,20, or expression of the Lactobacillus brevis NADH oxidase 
enzyme (lbNOX), which regenerates NAD+ by direct transfer of 
electrons to oxygen16, rescued proliferation of phenformin-treated 

cells cultured in the absence of exogenous lipids (Extended Data 
Fig. 3g,h). The addition of lipids to phenformin-treated cells did 
not rescue the proliferation rate beyond the rate observed with 
pyruvate or α-ketobutyrate rescues alone, consistent with the 
notion that lipids and alternative electron acceptors rescue prolifer-
ation through similar mechanisms (Extended Data Fig. 3d–f). The 
supplementation of aspartate, previously shown to rescue some 
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in media +lipids or −lipids, without or with phenformin (100 µM), pyruvate (1 mM, P) and/or lactate (10 mM, L) as indicated (n = 3 per condition from 
a representative experiment). c, Bar chart shows the proliferation rates of HeLa cells cultured in media +lipids or −lipids, without or with antimycin A 
(200 nM), pyruvate (1 mM, P) and/or lactate (10 mM, L) as indicated. Line graph shows cell number over time of HeLa cells cultured in media +lipids 
or −lipids, without or with antimycin A (200 nM), pyruvate (1 mM, P) and/or lactate (10 mM, L) as indicated (n = 3 per condition from a representative 
experiment). d, Relative NAD+/NADH ratio in HeLa cells cultured in media +lipids or −lipids, without or with phenformin (100 µM), pyruvate (1 mM, P) 
and/or lactate (10 mM, L) as indicated (n = 3 per condition from a representative experiment). e, Relative intracellular citrate levels in HeLa cells cultured 
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calculated using unpaired Student’s t-tests. All experiments were repeated three or more times.
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conditions of electron acceptor limitation11,13, was unable to rescue 
proliferation of cells treated with phenformin and cultured in the 
absence of exogenous lipids (Extended Data Fig. 4a–c). This result 
suggests, in agreement with a quantitative prediction of our model 
(Fig. 1a), that in lipid-depleted conditions the oxidative demand of 
lipid production can substantially exceed that of aspartate produc-
tion. More generally, our results argue that beyond the availability 
of molecular oxygen for desaturation reactions25, mitochondrial 

respiration or alternative pathways for NAD+ regeneration are 
required for biosynthesis of fatty acids.

Both oxidative and reductive tricarboxylic acid cycle lipogenic 
fluxes are gated by NAD+ availability. To better understand the 
specific metabolic pathways and reactions that support de novo 
fatty acid synthesis, we next performed kinetic isotope tracing 
experiments to assess the metabolic fates of [U-13C]glucose or 
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NATuRE METABoLiSM | www.nature.com/natmetab

http://www.nature.com/natmetab


Articles NAturE MEtAbOliSM

[U-13C]glutamine. We found that culturing cells in the absence 
of exogenous lipids increased citrate synthesis from both glucose 
and glutamine via oxidative TCA cycling as measured by the rate 
of two-carbon-labeled citrate (M + 2) formation from [U-13C]glu-
cose, or the rate of four-carbon-labeled citrate (M + 4) formation 
from [U-13C]glutamine (Fig. 3a–c). These data indicate that cancer 
cells use oxidative pathways with high NAD+ requirements for fatty 
acid synthesis from glucose when electron acceptors are available. 
In agreement with isotopic-labeling experiments, the increased oxi-
dative metabolism in lipid starvation conditions was accompanied 
by an increase of FASN expression and a decrease of the inhibi-
tory Ser293 phosphorylation on the PDH E1/A subunit (Fig. 4a). 
Further investigation into the kinetics of PDH phosphorylation 
revealed that the three sites of inhibitory phosphorylation—Ser232, 
Ser293 and Ser300—were dephosphorylated in HeLa cells as rapidly 
as 2 h after lipid starvation (Fig. 4b). Notably, we were unable to 
detect any changes in expression of PDK1 or PDH phosphatase 1  
(PDP1) even after 24 h of lipid depletion. Relative to the kinetics 
of PDH phosphorylation, upregulation of FASN, which is a target 
of the sterol response element binding protein (SREBP), was much 
slower, with a detectable increase in expression occurring at ~6 h 
after lipid starvation (Fig. 4b)63. To directly test if the observed 
changes in PDH phosphorylation can be attributed to known tran-
scriptional responses to lipid starvation, we overexpressed consti-
tutively mature cleaved SREBP1a (mSREBP1a) in HeLa and H1299 
cells64. While mSREBP1a was able to induce expression of FASN in 
both HeLa and H1299 cells, it was unable to elicit any changes in 
PDH Ser293 phosphorylation or in total PDH levels (Extended Data  
Fig. 5b). These data suggest that a cellular response to lipid starva-
tion in normoxia is initiated by a fast posttranscriptional rewiring 
of central carbon metabolism to favor oxidative citrate produc-
tion, followed by a slower transcriptional upregulation of enzymes 
responsible for fatty acid biosynthesis.

Previous work has shown that hypoxia or pharmacological inhi-
bition of mitochondrial electron transport result in a decreased 
fractional contribution of glucose carbon to lipogenic citrate, and 
a concomitant increase in the fractional contribution of glutamine 
carbon via reductive carboxylation of glutamine-derived αKG31–33. 
In agreement with these findings, culturing cells with phenformin 
in the presence or absence of exogenous lipids decreased M + 4 
citrate labeling and increased M + 5 citrate labeling from [U-13C]
glutamine (Extended Data Fig. 6a). These changes were also 
accompanied by an increase in the αKG/citrate ratio (Extended 
Data Fig. 6b), also consistent with previous observations46,54.  

The change in αKG/citrate ratio was largely driven by a decrease 
in total citrate levels (Extended Data Fig. 6c). Surprisingly, kinetic 
tracing measurements in phenformin-treated cells revealed that 
the rates of both oxidative and reductive glutamine fluxes sub-
stantially decreased compared to untreated cells (Fig. 3c). The 
flux measurements, alongside smaller citrate levels under condi-
tions of ETC inhibition, suggest that reductive carboxylation can-
not fully compensate for decreased citrate synthesis from glucose 
when NAD+ is limited. Thus, these results support the computa-
tional prediction that both oxidative and reductive pathways of 
lipogenic citrate synthesis incur NAD+ consumption costs, and 
that both routes are compromised when the NAD+/NADH ratio 
decreases (Fig. 1a).

Using tracing experiments, we next sought to determine how 
the addition of pyruvate can increase intracellular citrate levels 
and upregulate fatty acid synthesis. To that end, we traced [U-13C]
glutamine to assess the rate of oxidative M + 4 and reductive M + 5 
citrate formation (Fig. 3a). In cells cultured with delipidated media 
and phenformin, the addition of pyruvate, but not lactate, increased 
the rates of citrate production through both oxidative and reduc-
tive routes; however, the rate of glutamine reductive carboxylation 
far exceeded the rates of glucose and glutamine oxidation (Fig. 3d). 
The elevated rate of reductive carboxylation appears to be facilitated 
by increased αKG production from glutamate and not by increased 
glutamate production from glutamine (Fig. 3e,f). As the conver-
sion of glutamate to αKG transforms a carbon–nitrogen bond into 
a carbon–oxygen double bond, the reaction is overall oxidative, 
and therefore likely depends on the NAD+/NADH ratio irrespec-
tive of whether this conversion proceeds through glutamate dehy-
drogenase or any transamination reaction11,42. We also confirmed 
that the citrate produced via reductive glutamine flux was further 
metabolized by ATP citrate lyase to generate lipogenic acetyl-CoA, 
as the rate of M + 3 aspartate production from [U-13C]glutamine 
was specifically elevated in the pyruvate-treated, but not in the 
lactate-treated cells (Fig. 3g).

To further corroborate the finding that pyruvate facilitates 
citrate production through its effects on NAD+ regeneration, and 
not due to pyruvate serving as a carbon source, we repeated the 
kinetic [U-13C]glutamine tracing experiments with the alternative 
electron acceptor α-ketobutyrate. As with pyruvate, α-ketobutyrate 
facilitated reductive citrate production from glutamine, and upreg-
ulation in the reductive TCA cycle flux similarly originated from 
an increased rate of conversion of glutamate to αKG (Fig. 5a–d).  
Thus, when mitochondrial electron transport is impaired, providing  
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alternative electron acceptors rescues lipogenic citrate synthesis pri-
marily through reductive glutamine carboxylation.

Because mitochondrial respiration and LDH regenerate NAD+ 
in different cellular compartments, we next wondered if the 
mechanism of stimulating reductive citrate production when 
electron transport is inhibited depends on the location of NAD+ 
regeneration. To address this question, we expressed lbNOX in 
the cytosol or mitochondria of HeLa cells16 and then performed 
kinetic [U-13C]glutamine tracing in lipid-depleted conditions 
(Fig. 6a). We observed that both cytosolic and mitochondrial 
lbNOX increased basal oxidative and reductive citrate production 
(Fig. 6b,c). In the presence of phenformin, oxidative and reduc-
tive citrate production were inhibited, and cells expressing lbNOX 
and mito-lbNOX produced the majority of citrate via reductive 
glutamine metabolism. Similarly to exogenous electron accep-
tors, the expression of either lbNOX or mito-lbNOX predomi-
nantly increased the conversion of glutamate to αKG (Fig. 6d–f). 
Taken together, these experiments support the observation that 
both oxidative and reductive carboxylation routes of fatty acid 
synthesis can be inhibited at oxidative reaction steps in hypoxia 
or when electron acceptors are limited. However, when cells are 
provided with alternative methods of generating electron accep-
tors in the context of mitochondrial electron transport inhibition, 
reductive carboxylation becomes the preferred route of producing  
lipogenic citrate.

Acetate bypasses NAD+-consuming reactions and reduces depen-
dence on environmental lipids. Exogenous acetate can be metabo-
lized by cancer cells in culture and by tumors65,66. Previous studies 
have shown that acetate can have various and context-dependent 
metabolic fates, from participating in epigenetic modifications 
to serving as a carbon source for lipid synthesis, with higher 
usage of acetate for lipid synthesis in hypoxia65,67–69. We rational-
ized that our findings provide a novel mechanistic explanation 
for the ability of acetate to support cell proliferation in electron 
acceptor-limited conditions70. Specifically, acetate could circumvent 
the NAD+-consuming reactions that are essential for synthesis of 
cytosolic acetyl-CoA. Indeed, exogenous acetate rescued prolifera-
tion of cells cultured in lipid-depleted conditions in the presence of 
phenformin or antimycin A (Fig. 7a,b and Extended Data Fig. 7a,b)  
without altering the intracellular NAD+/NADH ratio (Fig. 7c 
and Extended Data Fig. 7c). Acetate also restored proliferation of 
lipid-deprived cells in hypoxia (Fig. 7g and Extended Data Fig. 7d). 
Consistent with its role as a carbon source for fatty acid synthesis, 
exogenous acetate also increased palmitate synthesis rate (Fig. 7d) 
without changing citrate levels (Fig. 7e), TCA cycle fluxes (Fig. 7f),  
levels of TCA cycle metabolic intermediates (Extended Data  
Fig. 8a–d) or ACC phosphorylation (Extended Data Fig. 5a). These 
data argue that acetate restores fatty acid synthesis by circumvent-
ing the NAD+ requirement for citrate production. Notably, acetate 
rescues lipid biosynthesis despite being incorporated into lipogenic 
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acetyl-CoA multiple reactions upstream of the lipid desaturation 
reactions that consume molecular oxygen. This further supports the 
crucial role played by NAD+-consuming reactions in gating lipid 
synthesis in hypoxia. The conversion of exogenous acetate to lipo-
genic acetyl-CoA also consumes ATP71, in agreement with a model 
in which lipid biosynthesis is primarily limited by the NAD+/NADH 
ratio rather than ATP availability in electron acceptor-depleted 
conditions.

Gene expression analysis suggests that de novo lipid biosynthesis 
is downregulated in hypoxia across tumors. To explore whether 
de novo lipid synthesis in tumors is affected by conditions where 
electron acceptors are limited in vivo, we next investigated if hypoxia 
was associated with coordinated changes in metabolic gene expres-
sion across human tumors. We used RNA-sequencing data from 
The Cancer Genome Atlas (TCGA) to calculate the correlations 
between mRNA expression of the 87 metabolic pathways defined 
in the Kyoto Encyclopedia of Genes and Genomes (KEGG)72 and 
expression of known tumor hypoxia markers30,73. Interestingly, 
analysis of over 10,000 primary tumor samples demonstrated that 
among all considered metabolic pathways, lipid biosynthesis has 
one of the strongest negative correlations with the expression sig-
nature of tumor hypoxia (Pearson’s R = −0.39, P < 10−16, Bonferroni 
corrected; Fig. 8a,b). The correlation was also significant when con-
trolling for the potential effects of tumor proliferation rate, using 
purine, pyrimidine or transfer RNA synthesis as a proxy for pro-
liferation rate (partial Pearson’s correlation R = −0.39, P < 10−16, 
R = −0.38, P < 10−16 and R = −0.32, P < 10−16, respectively). Of the 
34 investigated tumor types, 29 individually displayed a significant 

negative correlation (at 1% false discovery rate) between hypoxia 
and fatty acid biosynthesis (Extended Data Fig. 9a,b), confirm-
ing that this effect is observed generally across tumors. We next 
investigated the regulatory mechanisms that may mediate the tran-
scriptional response of lipid biosynthesis genes to hypoxia. While 
it is unlikely that a universal regulatory mechanism mediates this 
response in all tumors, we found that the expression of SREBF1 
and SREBF2—whose products, SREBP1/2, are canonical regulators 
of lipid biosynthesis—is strongly correlated with the expression of 
fatty acid biosynthesis genes across the entire expression range of 
hypoxia markers (Extended Data Fig. 10a)74. We also observed that 
SREBP2 expression is significantly anti-correlated with hypoxia 
markers (Pearson r = −0.22, P < 1 × 10−16). These results suggest that 
SREBPs are likely to be involved in regulating lipid synthesis both 
in normoxia and hypoxia, but further investigation into various 
regulatory mechanisms of lipid sensing in hypoxia and expression 
response in specific tumor types is warranted.

Analysis of the TCGA expression data also demonstrated that 
across all tumor samples, the hypoxia expression signature posi-
tively correlated with the expression of genes involved in fatty acid 
uptake (Pearson’s R = 0.41, P < 10−16; Fig. 8c), and this finding was 
also significant in 28 out of the 34 tumor types analyzed individually 
(at 1% false discovery rate; Extended Data Fig. 9a,c). Of note, while 
hypoxia markers strongly correlated with lipid uptake genes and 
anti-correlated with lipid biosynthesis genes (Fig. 8), the correlation 
between hypoxia markers and SCD1, a gene involved in lipid desat-
uration, was relatively weak (Extended Data Fig. 10b) both across 
all tumors (Pearson’s r = 0.03, P = 0.002), and for individual tumor 
types (out of 34 TCGA tumor types, 24 did not exhibit a significant 
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correlation). These results are consistent with our biochemical anal-
ysis indicating that lipid desaturation is unlikely to be the primary 
or the only bottleneck for lipid synthesis in hypoxia. Taken together, 

this analysis suggests that multiple tumor types adapt to hypoxia by 
downregulating fatty acid synthesis genes and upregulating genes 
involved in lipid acquisition from the environment. This conclusion  
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e, Relative intracellular citrate levels in HeLa cells cultured in medium −lipids without or with phenformin (100 µM) or acetate (200 µM) as indicated (n = 3 
per condition from a representative experiment). f, Assessment of M + 4 and M + 5 citrate production from [U-13C]glutamine over time in HeLa cells cultured 
in medium −lipids without or with phenformin (100 µM) or acetate (200 µM) as indicated. Data were normalized to M + 4 citrate in −lipids at t = 1 h (n = 3 
per condition from a representative experiment). g, Proliferation rates of HeLa cells cultured in media +lipids or −lipids, in normoxia (21% oxygen) or hypoxia 
(0.5% oxygen), and without or with acetate (200 µM) as indicated. Data from the first four conditions are the same as those presented in Fig. 2a. (n = 3 per 
condition). Depicted P values were calculated using unpaired Student’s t-tests. All experiments were repeated three times or more.
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Fig. 8 | Correlations between mRNA expression of fatty acid synthesis or fatty acid uptake genes and markers of tumor hypoxia. a, Ranking of 87 KEGG 
metabolic pathways based on the correlation between expression of their genes with expression of known markers of tumor hypoxia (tumor hypoxia 
scores); the correlations were calculated using TCGA expression data, such that stronger negative correlations correspond to stronger anti-correlations 
with hypoxia markers. b, Correlation between the tumor hypoxia score and expression of genes involved in fatty acid synthesis. c, Correlation between 
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multiple hypotheses were tested.
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is consistent with previous work showing that hypoxia can alter lipid 
metabolism in vitro and in vivo25,26,68, and in agreement with our 
biochemical analysis demonstrating that lipid synthesis is strongly 
inhibited in hypoxia.

We next investigated the cellular processes that may explain the 
considerable variability of lipid uptake across tumors. We rational-
ized that in addition to growth-related uptake mediated by inhibi-
tion of de novo lipid synthesis in hypoxia, a substantial fraction of 
lipid uptake variability may be also mediated by beta-oxidation, a 
process important for energy generation in some cancers with low 
or even intermediate hypoxia44. Interestingly, we found that a simple 
linear combination of the expression of beta-oxidation gene mark-
ers and hypoxia gene markers can indeed explain about half of the 
variance in the expression of lipid uptake markers across all tumors 
(Fig. 8d; Pearson r = 0.69, P < 1016). This result suggests that the 
adaptation of lipid synthesis to hypoxia and the utilization of lipids 
for beta-oxidation are the two major cellular processes explaining 
the diversity of lipid uptake across tumors.

Discussion
Cancer cells adapt their metabolism to support proliferation in 
diverse tissue and environmental contexts5,6,9,75–77. Environmental 
metabolic constraints on cancer cell proliferation include the avail-
ability of nutrients, such as exogenous amino acids, nucleotides 
and lipids, as well as access to oxygen. An important metabolic role 
of environmental oxygen is to serve as a terminal electron accep-
tor for the regeneration of NAD+ via mitochondrial respiration to 
support cellular oxidation reactions. Some tumors, in contrast to 
many normal tissues, synthesize a substantial fraction of their lip-
ids de novo44, and lipid synthesis can be essential for tumor growth 
in tissues where access to environmental lipids is limited78,79. Our 
computational and experimental analyses demonstrate that de novo 
lipid synthesis incurs a substantial NAD+ consumption cost, which 
may dominate the consumption costs of producing other biomass 
components. Notably, despite lipid biosynthesis being canonically 
considered to be a reductive process, our results demonstrate that 
up to 30% of the total oxygen uptake in cells growing without access 
to environmental lipids is likely due to de novo biosynthesis of lip-
ids. This can make lipogenic citrate production limiting for prolif-
eration in hypoxia or other conditions where NAD+ regeneration is 
impaired. This limitation may substantially contribute to the depen-
dence of hypoxic tumors on exogenous acetate and lipids25,26,68. We 
note that a large amount of molecular oxygen is also consumed in 
reactions involved in the desaturation and maturation of sterols that 
comprise a substantial fraction of membrane lipids80. However, sim-
ilarly to fatty acid desaturation, oxygen consumption in sterol matu-
ration reactions cannot explain the NAD+ regeneration bottlenecks 
located multiple biochemical steps upstream of these reactions.

Previous work has shown that cancer cells can rewire their 
metabolism to rely on reductive glutamine carboxylation for lipid 
synthesis when mitochondrial respiration is impaired31–33. Because 
the usage of glutamine carbon to synthesize fatty acids is chemically 
net reductive, it might be expected that this pathway is upregulated 
in hypoxia or in the presence of mitochondrial electron transport 
inhibitors that compromise NAD+ regeneration. However, surpris-
ingly, we find that this net reductive pathway is also impaired in the 
absence of exogenous electron acceptors. Notably, this impairment 
cannot be explained by known metabolic regulatory mechanisms, 
such as phosphorylation-mediated inhibition of PDH activity, or 
the requirement for molecular oxygen in lipid desaturation reac-
tions. Rather, our data suggest that reductive carboxylation is 
gated by NAD+ availability for the conversion of glutamate to αKG, 
potentially explaining why this net reductive pathway cannot fully 
compensate for oxidative lipid synthesis from glucose when elec-
tron acceptors are limited. More generally, our work demonstrates 
that the availability of oxidizing and reducing equivalents required 

for specific metabolic reactions may gate a biochemical pathway 
whether or not the pathway is overall net reductive or net oxidative.

Beyond de novo lipid synthesis, the requirement for NAD+ 
regeneration to produce other biomass components has been shown 
in several contexts. A hypoxia-induced auxotrophy for aspartate has 
been reported in some tumors12,14, and select cancers are also sensi-
tive to both serine and nucleotide levels77,81,82. Our computational 
model predicts that, in addition to lipids, there can also be a con-
siderable oxidative cost of arginine, glycine and alanine production, 
consistent with evidence supporting sensitivity of select cancers to 
some of these nutrients in vivo83–85. Deficiencies in NAD+ regenera-
tion, which is required to synthesize diverse biomass components, 
may explain why and how various tumors become dependent on 
specific synthesis pathways or on uptake of specific nutrients avail-
able in their environment.

Methods
Computational analysis of the NAD+ consumption costs associated with 
synthesis of biomass components. To estimate the NAD+ consumption 
costs associated with synthesis of various biomass components, we used the 
genome-scale FBA model of human cellular metabolism35 that contains 3,744 
reactions and 2,766 metabolites. To constrain internal and exchange metabolic 
fluxes, we used the experimentally measured NCI-60 cell line fluxomics data3. 
For each cell line in the NCI-60 panel, we constrained the FBA model based 
on the nutrient exchange fluxes experimentally measured for that cell line, 
and then pruned the model to identify essential metabolic reactions that are 
required to synthesize all key biomass components. The consumption costs were 
then estimated, for each considered biomass component, by solving a linear 
optimization problem to find the minimal NAD+ consumption required for the 
biosynthesis of that component for a unit of cellular biomass (Supplementary 
Methods).

Metabolic gene expression analysis of primary tumors. To perform pathway 
expression analysis of primary tumors, we utilized mRNA-sequencing data from 
~11,000 primary tumor samples spanning 34 human tumor types from TCGA. 
For the metabolic pathway analyses, we used metabolic gene annotations from 
the KEGG database72. Using the TCGA data, we calculated correlations between 
mRNA expression of genes forming distinct metabolic pathways and gene markers 
of tumor hypoxia and lipid uptake (Supplementary Methods).

Cell culture experiments. Cell lines were maintained in RPMI (Fisher Scientific, 
MT10040CV) supplemented with 10% fetal bovine serum (FBS). For all 
experiments, cells were washed three times in phosphate buffered saline (PBS), 
and then cultured in 4 ml of RPMI with 10% dialyzed FBS, and supplemented with 
lactate, pyruvate and acetate as indicated. The reagents used for the cell culture 
experiments are as follows: sodium pyruvate (Sigma, P2256), sodium l-lactate 
(Sigma, L7022), sodium acetate (Sigma, S2889), Lipid Mixture 1, Chemically 
Defined (Sigma, L0288), rotenone (Sigma, R8875), phenformin hydrochloride 
(Sigma, P7045 FLUKA), antimycin A from streptomyces sp. (A8676), GSK2194069 
(Tocris, 5303), [U-13C]glucose (Cambridge Isotope Laboratories, CLM-1396), 
[U-13C]glutamine (Cambridge Isotope Laboratories, CLM-1822), [U-13C]pyruvate 
(Cambridge Isotope Laboratories, CLM-2440), [U-13C]lactate (Cambridge Isotope 
Laboratories, CLM-1579) and 99% enriched deuterium oxide (Sigma, 151882). 
All cells were cultured at 37 °C with 5% CO2. When indicated, +lipid culture 
conditions refer to RPMI supplemented with 10% delipidated serum and 1% 
Lipid Mixture 1. The cell lines A549 (CCL-185), PANC-1 (CRL-1469), H1299 
(CRL-5803), 143B (CRL-8303) and HeLa (CRM-CCL-2) were acquired from 
the American Type Culture Collection. The cell line AL1376 was derived from 
a pancreatic ductal adenocarcinoma isolated from a KP−/−CT [LSL-KrasG12D/+, 
TP53flox/flox, Pdx-1-Cre, LSL-tdTomato] mouse on a C57BL6/J background. All cell 
lines were tested for mycoplasma contamination quarterly and confirmed to be 
negative before experimentation.

Oxygen consumption. An Agilent Seahorse Bioscience Extracellular Flux 
Analyzer (XF24) was used to measure OCRs. Cells were plated at 50,000 cells 
per well in Seahorse Bioscience 24-well plates in 50 μl of RPMI supplemented 
with 10% dialyzed FBS. An additional 500 μl of medium was added following a 
1-h incubation. The following day, cells were washed three times with PBS and 
incubated in RPMI with the indicated treatment, and OCR measurements were 
made after 5 h of incubation. After OCR data acquisition, each well of the plate was 
collected for cell number analysis. Basal OCR was calculated by subtracting the 
residual OCR following the addition of rotenone and antimycin A from the initial 
OCR measurements.

Proliferation rates. Cells were plated in replicate six-well plates in 2 ml at an initial 
seeding density of 20,000 cells. Cells were permitted to settle overnight and cells on 
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a six-well dish were counted to calculate the starting cell number at the initiation 
of the experiment. For all remaining plates, cells were washed three times with 
PBS and 4 ml of treatment medium was added to each well. Three days after the 
initial treatment, cells were quantified using a sulforhdamine B (SRB) colorimetric 
assay. All SRB measurements were normalized to a blank. Proliferation rates were 
calculated using Equation (1):

Proliferation rate (doublings/day) =
log2

(

SRB absorbance day 3
SRB absorbance day 0

)

3 d (1)

GC–MS metabolite measurements. For polar metabolites, dried samples were 
derivatized with 20 μl of methoxamine reagent (Thermo Fisher, TS-45950) 
and 25 μl of N-tert-butyldimethylsilyl-N-methyltrifluoroacetamide with 1% 
tert-butyldimethylchlorosilane (Sigma 375934). Following derivatization, samples 
were analyzed using a DB-35MS column (30 m × 0.25 mm i.d. × 0.25 μm, Agilent 
J&W Scientific) in an Agilent 7890 gas chromatograph coupled to an Agilent 
5975C mass spectrometer (GC–MS). For fatty acids, dried samples were first 
resuspended in 100 μl toluene (Sigma, 650579) and 200 µl of 2% sulfuric acid in 
methanol was added. Samples were incubated overnight at 50 °C. The next day, 
500 µl 5% NaCl and 500 µl hexane (Sigma, 34859) were added to the sample. The 
top fraction was collected, followed by a second hexane extraction with 500 µl. 
The hexane fractions were pooled and dried down under nitrogen gas. The dried 
samples were resuspended in 50 µl hexane and transferred into glass inserts for 
GC–MS analysis. Fatty acid methyl ester (FAME) samples were analyzed using 
a DB-FastFAME GC Column, 30 m × 0.25 mm × 0.25 µm, 7-inch configuration, 
Agilent J&W Scientific) in an Agilent 7890 gas chromatograph coupled to an 
Agilent 5975C mass spectrometer. The chromatograph method for fatty acid 
analysis was as follows: hold at 100 °C for 5 min, followed by a ramp of 8 °C per min 
to 180 °C, then followed by a ramp of 1 °C per min to 230 °C. Data were analyzed 
and corrected for natural isotope abundance using in-house algorithms and/or 
MZmine 2.

Dynamic [U-13C]glutamine tracing experiments. Cells were plated in six-well 
plates at a seeding density of 150,000 cells per well. Cells were permitted to 
settle overnight. The following day, cells were washed three times with PBS and 
cultured in the indicated treatment conditions for 24 h until metabolic steady 
state was reached. For cells expressing pInducer20-EV, pInducer20-lbNOX and 
pInducer20-mito-lbNOX, 500 ng ml−1 of doxycycline was added to the medium. 
Before the initiation of the dynamic isotope tracing, cells were washed once with 
PBS, and then cultured in 2 ml of medium containing the 2 mM [U-13C]glutamine 
and the indicated treatment condition. For cells expressing pInducer20-EV, 
pInducer20-lbNOX and pInducer20-mito-lbNOX, 500 ng ml−1 of doxycycline was 
also added to all treatment and tracer media. Following the appropriate incubation, 
wells were washed as quickly as possible with ice-cold blood bank saline and lysed 
on the dish with 400 μl of ice-cold 80% HPLC-grade methanol (Sigma, 646377) in 
HPLC-grade water (Sigma, 270733) with 1 μg per 400 μl norvaline (Sigma, N7627) 
to use as an internal extraction standard.

Dynamic [U-13C]glucose tracing experiments. Cells were plated in six-well plates 
in at a seeding density of 200,000 cells per well. Cells were permitted to settle 
overnight. The following day, cells were washed three times with PBS and cultured 
in the indicated treatment conditions for 24 h until metabolic steady state was 
reached. Before the initiation of the dynamic isotope tracing, cells were washed 
once with PBS, and then cultured in 1.5 ml of medium containing 5 mM unlabeled 
glucose and the indicated treatment condition for 5 h. Then, 30 µl of 1 M [U-13C]
glucose was added to each well to reach a final glucose enrichment of 80% and 
incubated for the indicated times. Following the appropriate incubation, cells were 
washed as quickly as possible with ice-cold blood bank saline and lysed on the dish 
with 400 μl of ice-cold 80% HPLC-grade methanol (Sigma, 646377) in HPLC-grade 
water (Sigma, 270733) with 1 μg per 400 μl norvaline (Sigma, N7627) to use as an 
internal extraction standard.

Palmitate synthesis rate. Cells were plated in six-well plates at a seeding density 
of 150,000 cells per well. Cells were permitted to settle overnight. Before the 
initiation of the experiment, cells were washed three times with PBS, and then 
cultured for 24 h in the indicated treatment condition. After 24 h, medium with 
the indicated treatment condition and reconstituted with 99% deuterium oxide 
was added to each well to achieve a final deuterium oxide enrichment of 45%. 
After 2 h of culture in tracer medium, wells were washed three times as quickly as 
possible with ice-cold blood bank saline and lysed on the dish with 700 μl of (4:3) 
methanol:0.88% KCl in water with 0.25 μg ml−1 tridecanoic acid (Sigma, T0502) to 
use as an internal extraction standard. Samples were scraped, collected into glass 
vials (Thermo Fisher Scientific, C4010-1) and 800 μl HPLC-grade dichloromethane 
(Thermo Fisher Scientific, 402152) was added. Samples were vortexed for 10 min at 
4 °C and centrifuged at 5,000g for 10 min at 4 °C. The bottom fraction was collected 
into glass vials and dried down under nitrogen gas for subsequent FAME analysis 
by GC–MS. Palmitate synthesis rates were calculated by integrating the sum of all 
labeled species and normalized to cell number and time of label treatment.

NAD+/NADH measurements. Cells were seeded at 20,000 cells per well in six-well 
plates and permitted to adhere overnight. Next, cells were washed three times in 
PBS and incubated in 4 ml of the indicated treatment media for 5 h. Cells were 
then rapidly washed three times in 4 °C PBS and extracted in 100 μl of ice-cold 
lysis buffer (1% dodecyltrimethylammonium bromide in 0.2 N of NaOH diluted at 
a ratio of 1:1 with PBS), snap frozen in liquid nitrogen and frozen at −80 °C. The 
NAD+/NADH ratio was measured using a protocol adapted from the manual of the 
NAD/NADH-Glo Assay kit (Promega, G9072). To measure NAD+, 20 μl of lysate 
was transferred to PCR tubes and diluted with 20 μl of lysis buffer and 20 μl 0.4 N 
HCl, and subsequently incubated at 60 °C for 15 min. For NADH measurement, 
20 μl of freshly thawed lysate was transferred to PCR tubes and incubated at 75 °C 
for 30 min. The acidic conditions permit for selective degradation of NADH, while 
the basic conditions degrade NAD+. Following the incubation, samples were spun 
on a bench-top centrifuge and quenched with 20 μl neutralizing solution. The 
neutralizing solution consisted of 0.5 M Tris base for NAD+ samples and 0.25 M 
Tris in 0.2 N HCl for the NADH samples. The instructions in the Promega G9072 
technical manual were then followed to measure NAD+ and NADH levels using a 
luminometer (Tecan Infinite M200Pro).

Immunoblotting. Cells were washed with ice-cold PBS, and scraped into cold 
RIPA buffer containing cOmplete Mini protease inhibitor (Roche, 11836170001) 
and PhosStop Phosphatase Inhibitor Cocktail Tablets (Roche, 04906845001). 
Protein concentration was calculated using the BCA Protein Assay (Pierce, 23225) 
with BSA as a standard. Lysates were resolved by SDS–PAGE and proteins were 
transferred onto nitrocellulose membranes using the iBlot2 Dry Blotting System 
(Thermo Fisher, IB21001 and IB23001). Protein was detected with the primary 
antibodies anti-PDH E1-alpha subunit (phospho S232; 1:1,000 dilution; EMD 
Millipore, AP1063), anti-PDH E1-alpha subunit (1:1,000 dilution; phospho 
S293; Abcam, ab92696), anti-PDH E1-alpha subunit (phospho S300; 1:1,000 
dilution; EMD Millipore, AP1064), anti-PDH E1-alpha subunit (total; 1:1,000 
dilution; Proteintech, 18068-1-AP), anti-PDHK1 (1:1,000 dilution; Cell Signaling 
Technologies, C47H1), anti-PDP1 (1:1,000 dilution; Cell Signaling Technologies, 
D8Y6L), anti-FASN (1:1,000 dilution; Cell Signaling Technologies, 3180S), 
anti-ACC1 (1:1,000 dilution; Cell Signaling Technologies, 4190S), anti-ACC1 
(1:1,000 dilution; phospho S79, Cell Signaling Technologies, 3661S) and 
anti-vinculin (1:1,000 dilution; Sigma, V9131). The secondary antibody used was 
anti-rabbit IgG horseradish peroxidase-linked antibody (1:5,000 dilution; Cell 
Signaling Technologies, 7074S).

Statistics and reproducibility. All statistical tests using experimental data were 
performed with Prism 8 software unless mentioned otherwise. FBA calculations 
were performed using MATLAB (version R2019a) and Gurobi Optimizer (version 
8.1.1.). TCGA correlation analysis was performed in R (version 4.2.0). No 
statistical method was used to predetermine samples size. Sample sizes were  
chosen based on pilot experiments using three or more technical replicates.  
No data were excluded from the analyses. The experiments were not randomized  
and the investigators were not blinded to allocation during experiments and 
outcome assessment.

Reporting summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
 Source data are provided with this paper.

Code availability
All code is available at https://github.com/kostyat/Lipid_synthesis/.
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Extended Data Fig. 1 | Effects of lipid depletion and fatty acid synthesis inhibition on cell proliferation. a, Cell culture media was prepared with 
delipidated serum, and then reconstituted with 1% Lipid Mixture (2 μg/ml arachidonic and 10 μg/ml each linoleic, linolenic, myristic, oleic, palmitic 
and stearic acid, and 0.22 mg/ml cholesterol) (+lipids) or vehicle (–lipids). Proliferation rates of HeLa cells cultured in media +lipids or –lipids without 
and with the FASN inhibitor GSK2194069 (0.3 µM) as indicated (n = 3 per condition from a representative experiment). b, Relative palmitate synthesis 
rates of HeLa cells cultured in media +lipids or –lipids without and with GSK2194069 (0.3 µM), or without and with phenformin (100 µM) as indicated 
(n = 3 per condition from a representative experiment). c, Oxygen consumption rate (OCR) of HeLa cells cultured in media +lipids or –lipids as indicated 
(n = 10 per condition from a representative experiment). d, OCR of H1299 cells cultured in media +lipids or –lipids as indicated (n = 10 per condition 
from a representative experiment). e, OCR of H1299 cells cultured in –lipid and acutely treated with 1% Lipid Mixture or Tween-80 and Pluronic F-68 
equivalent to what is present in 1% Lipid Mixture (n = 10 per condition from a representative experiment). f, OCR of HeLa cell cultures in media +lipids 
or –lipids acutely treated with the SCD1 inhibitor A939572 (1 µM) and rotenone (1.5 µM) + antimycin A (1.5 µM) as indicated (n = 8 per condition from a 
representative experiment). All bar charts and line graphs show means with error bars representing ± s.d. Unpaired Student’s t-test was performed where 
statistics are shown. All experiments were repeated three times or more.
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Extended Data Fig. 2 | Electron acceptor availability dictates proliferation rate in the absence of exogenous lipids. a, Proliferation rates of H1299, PANC-
1, AL1376, A549, and 143B cells cultured in media +lipids or –lipids in normoxia (21% oxygen) or hypoxia (0.5% or 1% oxygen), without or with pyruvate 
(1 mM, P) and/or lactate (10 mM, L) as indicated (n = 3 per condition from a representative experiment). b, Proliferation rate of HeLa cells cultured in 
media +lipids or –lipids with a titration of phenformin (Complex I inhibitor), rotenone (Complex I inhibitor), or antimycin A (Complex III inhibitor) as 
indicated (n = 3 per condition from a representative experiment). c, Proliferation rate of H1299 cells cultured in media +lipids or –lipids with a titration of 
phenformin, rotenone, or antimycin A as indicated (n = 3 per condition from a representative experiment). d, Proliferation rates of HeLa cells cultured in 
media containing the indicated doses of Phenformin with dialyzed fetal bovine serum that has been untreated, delipidated and reconstituted with 1% Lipid 
Mixture (2 μg/ml arachidonic and 10 μg/ml each linoleic, linolenic, myristic, oleic, palmitic and stearic acid, and 0.22 mg/ml cholesterol), or delipidated 
and reconstituted with Tween-80 and Pluronic F-68 equivalent to what is present in 1% Lipid Mixture (n = 3 per condition from a representative 
experiment). e, Proliferation rates of HeLa cells cultured in media –lipids treated with phenformin (100 µM), when indicated, and supplemented with either 
1% Lipid Mixture or the equivalent amounts of oleate (O) and/or mevalonate (M) found in 1% Lipid Mixture (n = 3 per condition from a representative 
experiment). f, Proliferation rates of H1299 cells cultured in media –lipids treated with phenformin (10 µM), when indicated, and supplemented with either 
1% Lipid Mixture or the equivalent amounts of oleate (O) and/or mevalonate (M) found in 1% Lipid Mixture (n = 3 per condition from a representative 
experiment). All bar charts show means with error bars representing ± s.d. Unpaired Student’s t-test was performed where statistics are shown. All 
experiments were repeated three times or more.
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Extended Data Fig. 3 | orthogonal mechanisms of electron acceptor regeneration restore lipid synthesis under ETC inhibition. a, Proliferation rates of 
H1299 cells cultured in media +lipids or –lipids, without or with phenformin (10 µM), pyruvate (1 mM, P), and/or lactate (10 mM, L) as indicated (n = 3 per 
condition from a representative experiment). b, Proliferation rates of H1299 cells cultured in media +lipids or –lipids without or with antimycin A (15 nM), 
pyruvate (1 mM, P), and/or lactate (10 mM, L) as indicated (n = 3 per condition from a representative experiment). c, Relative NAD+ /NADH ratio in 
H1299 cells cultured in media +lipids or –lipids without or with phenformin (10 µM), pyruvate (1 mM, P), and/or lactate (10 mM, L) as indicated (n = 3 per 
condition from a representative experiment). d, Proliferation rates of HeLa cells cultured in medium –lipids without or with 1% Lipid Mixture, phenformin 
(100 µM), and/or pyruvate (1 mM, P), as indicated (n = 3 per condition from a representative experiment). e, Proliferation rates of H1299 cells cultured in 
medium –lipids without or with 1% Lipid Mixture, phenformin (10 µM), and/or pyruvate (1 mM, P), as indicated (n = 3 per condition from a representative 
experiment). f, Proliferation rates of HeLa cells cultured in medium –lipids without or with 1% Lipid Mixture, phenformin (100 µM), and/or α-ketobutyrate 
(1 mM, αKB), as indicated (n = 3 per condition from a representative experiment). g, Proliferation rates of HeLa cells cultured in media +lipids or –lipids 
without or with phenformin (100 µM), pyruvate (1 mM, P), and/or alpha-ketobutyrate (1 mM, Ak) as indicated (n = 3 per condition from a representative 
experiment). h, Relative proliferation rates of HeLa cells expressing empty vector (EV) or lbNOX cultured in –lipids with phenformin (100 µM) as 
indicated. Data were normalized to HeLa-EV cells (n = 3 per condition from a representative experiment). All bar charts show means with error bars 
representing ± s.d. Unpaired Student’s t-test was performed where statistics are shown. All experiments were repeated three times or more.
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Extended Data Fig. 4 | Effects of aspartate on proliferation in the absence of lipids. a, Proliferation rates of HeLa cells cultured in media +lipids or –lipids, 
without or with phenformin (100 µM), and/or aspartic acid (10 mM or 20 mM) as indicated (n = 3 per condition from a representative experiment).  
b, Proliferation rates of HeLa cells cultured in media +lipids or –lipids, without or with phenformin (100 µM), and/or sodium aspartate (10 mM) as indicated 
(n = 3 per condition from a representative experiment). c, Proliferation rates of H1299 cells cultured in media +lipids or –lipids, without or with phenformin 
(10 µM), and/or sodium aspartate (10 mM) as indicated (n = 3 per condition from a representative experiment). All bar charts show means with error bars 
representing ± s.d. Unpaired Student’s t-test was performed where statistics are shown. All experiments were repeated three times or more.
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Extended Data Fig. 5 | Effects of exogenous metabolites on ACC phosphorylation. a, Representative immunoblot of total ACC and ACC serine 79 
phosphorylation in HeLa cells cultured for 24 hours in media +lipids or –lipids without or with phenformin (100 µM), pyruvate (1 mM, Pyr), lactate (10 mM, 
Lac), and/or acetate (200 µM, Ac) as indicated. b, (top) Representative immunoblot of FASN, phosphorylated PDHA (Serine 293), total PDHA, and 
vinculin in HeLa or H1299 cells overexpressing eGFP or constitutively mature SREBP1a. (bottom) Representative immunoblot of phosphorylated PDHA 
(Serine 293) and Vinculin in HeLa cultured in –lipids for 24hrs, treated with vehicle, phenformin, antimycin, pyruvate, and/or alpha-ketobutyrate at the 
indicated doses. All experiments were repeated three times or more.
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Extended Data Fig. 6 | inhibition of mitochondrial electron transport decreases intracellular citrate levels. a, Relative fractional distribution of citrate 
isotopomers in HeLa cells cultured for 24 hours in media +lipids or –lipids with U-13C-Glutamine, without and with phenformin (100 µM), pyruvate (1 mM, 
Pyr), and/or lactate (10 mM, Lac) as indicated (n = 3 per condition from a representative experiment). b, Normalized intracellular ratio of αKG to citrate 
in HeLa cells cultured in +lipids or –lipids with or without phenformin (100 µM). (n = 6 per condition from a representative experiment). c, Isotopomer 
distribution of total levels of intracellular citrate in HeLa cells cultured for 24 hours in media +lipids or –lipids with U-13C-Glutamine, without and with 
phenformin (100 µM), pyruvate (1 mM, Pyr), and/or lactate (10 mM, Lac) as indicated (n = 3 per condition from a representative experiment). All bar 
charts show means with error bars representing ± s.d. Unpaired Student’s t-test was performed where statistics are shown. All experiments were repeated 
three times or more. (n = 3 per condition from a representative experiment).
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Extended Data Fig. 7 | Bypassing oxidative steps in fatty acid synthesis rescues proliferation in electron acceptor-deficient cells. a, Proliferation rates 
of H1299 cells cultured in media +lipids or –lipids without or with phenformin (10 µM) and/or acetate (200 µM) as indicated (n = 3 per condition from a 
representative experiment). b, Proliferation rates of H1299 cells cultured in media +lipids or –lipids without or with antimycin A (15 nM) and/or acetate 
(200 µM) as indicated (n = 3 per condition from a representative experiment). c, Relative NAD+ /NADH ratio in H1299 cells cultured in media +lipids or 
–lipids without or with phenformin (10 µM) and/or acetate (200 µM) as indicated (n = 3 per condition from a representative experiment). d, Proliferation 
rates of H1299 cells cultured in media +lipids or –lipids in normoxia (21% oxygen), hypoxia (1% oxygen), and/or acetate (200 µM) as indicated. Data from 
the first four conditions are the same as those presented in Extended Data Fig. 2a. (n = 3 per condition from a representative experiment). All bar charts 
show means with error bars representing ± s.d. Unpaired Student’s t-test was performed where statistics are shown. All experiments were repeated three 
times or more.
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Extended Data Fig. 8 | Effect of exogenous acetate on levels of TCA cycle intermediates. a, Relative intracellular alpha-ketoglutarate (αKG) levels in 
HeLa cells cultured for 24 hours in medium –lipids without or with phenformin (100 µM) and/or acetate (200 µM) as indicated (n = 6 per condition from 
a representative experiment). b, Relative intracellular succinate levels in HeLa cells cultured for 24 hours in medium –lipids without or with phenformin 
(100 µM) and/or acetate (200 µM) as indicated (n = 6 per condition from a representative experiment). c, Relative intracellular fumarate levels in 
HeLa cells for 24 hours in medium –lipids without or with phenformin (100 µM) and/or acetate (200 µM) (n = 6 per condition from a representative 
experiment). d, Relative intracellular malate levels in HeLa cells cultured for 24 hours in medium –lipids without or with phenformin (100 µM) and/or 
acetate (200 µM) (n = 6 per condition from a representative experiment). All bar charts show means with error bars representing ± s.d. Unpaired Student’s 
t-test was performed where statistics are shown. All experiments were repeated three times or more.
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Extended Data Fig. 9 | See next page for caption.

NATuRE METABoLiSM | www.nature.com/natmetab

http://www.nature.com/natmetab


ArticlesNAturE MEtAbOliSM ArticlesNAturE MEtAbOliSM

Extended Data Fig. 9 | Gene expression correlations between lipid metabolism genes and hypoxia signature genes. a, Pearson correlation coefficients 
and corresponding p-values, for each of 34 different tumor types, between expression of hypoxia signature genes and expression of fatty acid synthesis 
genes (third column), lipid uptake genes (fourth column), and beta-oxidation genes (fifth column). Insignificant correlations, based on the 1% FDR cutoff, 
are marked in red. Depicted p-values on Pearson correlation coefficients are calculated using two-sided Student’s t-test, and significance threshold is 
adjusted for multiple comparisons at 1% FDR using the Benjamini-Hochberg method. b, Scatter plots showing, for each considered tumor type, the 
correlation between the tumor hypoxia score and expression of genes participating in fatty acid synthesis, with dots representing individual TCGA 
samples. c, Scatter plots showing, for each considered tumor type, the correlation between the tumor hypoxia score and expression of genes participating 
in lipid uptake, with dots representing individual TCGA samples.
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Extended Data Fig. 10 | Gene expression correlations between lipid metabolism genes and hypoxia signature genes. a, Correlation of mRNA expression 
of SREBF1/2 and of gene markers of fatty acid synthesis within individual hypoxia score quintiles. Pearson’s correlation coefficients were calculated for 
each of five equally-sized bins of TCGA samples, corresponding to five hypoxia score quintiles, for SREBF1 (left) and SREBF2 (right). TCGA samples 
were sorted into quintiles based on their hypoxia scores from the lowest hypoxia score (quintile 1) to the highest score (quintile 5). b, Density plot of the 
correlation between the average mRNA expression of gene markers of tumor hypoxia and mRNA expression of Stearoyl-CoA desaturase 1 (SCD1) gene. 
Density counts represent the number of TCGA samples with the corresponding expression values, with red color representing high-density regions and 
blue color representing low-density regions, and the Pearson’s correlation coefficient (R) and the p-value are shown in the figure. Depicted p-value on 
Pearson correlation coefficients is calculated using two-sided Student’s t-test.
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- For clinical datasets or third party data, please ensure that the statement adheres to our policy 

 

The datasets generated during and/or analysed during the current study are available from the corresponding author on reasonable request and/or are present as 
Source Data in the accompanied files.
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Field-specific reporting
Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.
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For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size Sample size were determined by pilot studies to establish the range of effect sizes expected from each experiment. No formal power studies 
were performed in determining sample size.

Data exclusions No data were excluded from this study.

Replication Each experiment was replicated at least 3 times by the lead experimental author. Some experiments were replicated independently by the 
other authors listed.

Randomization Samples were not formally randomized in this study. When possible, samples IDs were assigned a numerical value prior to analysis.Data 
acquisition and analysis were largely automated and deemed to be independent of manual analysis. Covariates were controlled by performing 
experiments on different days.

Blinding The investigators were not formally blinded in this study due to practical limitations of the experimental being performed and data collected/ 
analyzed by the same researcher.

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Human research participants

Clinical data

Dual use research of concern

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used Protein was detected with the primary antibodies anti-Pyruvate Dehydrogenase E1-alpha subunit (phospho S232) (EMD Millipore, 

AP1063), anti-Pyruvate Dehydrogenase E1-alpha subunit (phospho S293) (Abcam, ab92696), anti-Pyruvate Dehydrogenase E1-alpha 
subunit (phospho S300) (EMD Millipore, AP1064), anti-Pyruvate Dehydrogenase E1-alpha subunit (total) (Proteintech, 18068-1-AP), 
anti-PDHK1 (Cell Signaling Technologies, C47H1), anti-PDP1 (Cell Signaling Technologies, D8Y6L), anti-FASN (Cell Signaling 
Technologies, 3180S), anti-ACC1 (Cell Signaling Technologies, 4190S), anti-ACC1 (phospho S79) (Cell Signaling Technologies, 3661S), 
and anti-Vinculin (Sigma, V9131). The secondary antibody used was anti-rabbit IgG HRP-linked antibody (Cell Signaling Technologies, 
7074S).

Validation The antibodies were validated by the manufacturer as shown through immunoblot analysis on the manufacturer website(s).

Eukaryotic cell lines
Policy information about cell lines

Cell line source(s) The cell lines A549, PANC-1, H1299, 143B, and HeLa were acquired from ATCC. The cell line AL1376 was derived from a 
pancreatic ductal adenocarcinoma isolated from a KP(-/-)CT [LSL-KrasG12D/+, TP53flox/flox, Pdx-1-Gre, LSL-tdTomato) 
mouse in a C57Bl6/J background.
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Authentication A549, PANC-1, H1299, 143B, and HeLa cells were authenticated using SNP analysis. AL1376 was authenticated using PCR 

analysis to asses for the KP(-/-)CT genotype.

Mycoplasma contamination All cell lines were tested for mycoplasma contamination quarterly and confirmed to be negative.

Commonly misidentified lines
(See ICLAC register)

A549 and HeLa cells were included in this study due to preexisting metabolic flux analysis being performed in this model, and 
thus these cells were used to validated the model predictions.
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