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Significance

Tools to track the primary cellular 
anabolic reductant, NADPH, are 
essential for understanding 
organismal health and disease. 
Here, we demonstrate that the 
variations in hydrogen stable 
isotope ratios of lipids are useful 
indicators of redox metabolism in 
the yeast Saccharomyces 
cerevisiae, a model microorganism 
for industry and studies of 
eukaryotic disease including 
cancer. Large differences in lipid 
hydrogen isotope ratios 
distinguish respiration and 
fermentation in yeast, reflecting 
shifts in the metabolic origins of 
NADPH. Changes in NADPH 
demand associated with cellular 
biochemical composition are also 
recorded in lipid hydrogen 
isotope ratios. These results 
provide promising tools to 
characterize eukaryotic 
metabolism, thus helping to 
elucidate the role of NADPH in 
health and disease.
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Shifts in the hydrogen stable isotopic composition (2H/1H ratio) of lipids relative to 
water (lipid/water 2H-fractionation) at natural abundances reflect different sources of 
the central cellular reductant, NADPH, in bacteria. Here, we demonstrate that lipid/
water 2H-fractionation (2εfattyacid/water) can also constrain the relative importance of key 
NADPH pathways in eukaryotes. We used the metabolically flexible yeast Saccharomyces 
cerevisiae, a microbial model for respiratory and fermentative metabolism in industry and 
medicine, to investigate 2εfattyacid/water. In chemostats, fatty acids from glycerol-respiring 
cells were >550‰ 2H-enriched compared to those from cells aerobically fermenting 
sugars via overflow metabolism, a hallmark feature in cancer. Faster growth decreased 
2H/1H ratios, particularly in glycerol-respiring cells by 200‰. Variations in the activ-
ities and kinetic isotope effects among NADP+-reducing enzymes indicate cytosolic 
NADPH supply as the primary control on 2εfattyacid/water. Contributions of cytosolic 
isocitrate dehydrogenase (cIDH) to NAPDH production drive large 2H-enrichments 
with substrate metabolism (cIDH is absent during fermentation but contributes up 
to 20 percent NAPDH during respiration) and slower growth on glycerol (11 percent 
more NADPH from cIDH). Shifts in NADPH demand associated with cellular lipid 
abundance explain smaller 2εfattyacid/water variations (<30‰) with growth rate during 
fermentation. Consistent with these results, tests of murine liver cells had 2H-enriched 
lipids from slower-growing, healthy respiring cells relative to fast-growing, fermenting 
hepatocellular carcinoma. Our findings point to the broad potential of lipid 2H/1H 
ratios as a passive natural tracker of eukaryotic metabolism with applications to distin-
guish health and disease, complementing studies that rely on complex isotope-tracer 
addition methods.

lipids | yeast | NADPH | fractionation | hydrogen isotope

Fractionation of hydrogen stable isotopes at natural abundance [2H/1H ratios typically 
expressed as δ2H values in permil (‰)] between lipids and growth water (lipid/water 
2H-fractionation, 2εlipid/water) varies greatly and is a potential tool to track metabolism in the 
present and past (1–4). Lipid production is biochemically well characterized and hydrogen 
has potential for large isotopic fractionations (5). In prokaryotes, lipid/water 2H-fractionation 
can shift from −200‰ to +300‰ within the same species in response to variations in central 
metabolism that lead to different enzymatic sources of nicotinamide adenine dinucleotide 
phosphate (NADPH), the primary anabolic reductant in cells (1, 2).

In eukaryotes, the metabolic basis of lipid/water 2H-fractionations is poorly understood. 
Similar fractionations observed in photosynthetic eukaryotes compared to photosynthetic 
prokaryotes are consistent with the same NADPH source (6–13). This suggests that 
2H-fractionations in eukaryotes should also record the NADPH source shifts accompanying 
different modes of heterotrophy. Isotope variability could be enhanced as a result of more 
complex metabolite trafficking at metabolite branchpoints (5) associated with the cellular 
compartmentalization in eukaryotes. Conversely, restriction of metabolite transport across 
intracellular compartment membranes in eukaryotes might mute isotopic signals of NADPH 
supply. A mechanistic understanding of natural abundance 2H/1H ratios would provide 
insights into underlying metabolic processes in eukaryotic heterotrophs.

Respiration and fermentation are two common metabolisms in eukaryotic heterotrophs 
distinguished by large differences in NADPH cycling. They have been extensively studied in 
the yeast Saccharomyces cerevisiae in diverse contexts, including in medicine where it is consid­
ered a microbial model of cancer metabolism (14, 15). S. cerevisiae engages in overflow metab­
olism when using sugars such as glucose as the growth substrate. This mode, termed the 
“Crabtree effect,” is analogous to the characteristic “Warburg effect” of cancer cells, in which 
energy is mainly generated by fermentation rather than normal respiration (15). In both yeast 
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and cancer cells, sugar fermentation produces “overflow” products 
despite the presence of oxygen, fulfilling a need for replenishment of 
oxidized redox cofactor NAD+ and continued adenosine triphosphate 
(ATP) production by substrate-level phosphorylation (16). Impor­
tantly, the higher glycolytic and pentose phosphate fluxes enabled by 
overflow metabolism satisfy the increased demands for biosynthetic 
precursors and protection against oxidative stress needed for fast cell 
proliferation, a key challenge of cancer cells (17, 18). Conversely, 
nonfermentable substrates such as glycerol are respired using central 
carbon pathways distinct from those in fermentative metabolism in 
yeast (Fig. 1 and SI Appendix, Fig. S1) (19–21).

The large differences in central carbon metabolism typically 
correspond to the different NADPH sources used for fermentative 
and respiratory growth (22, 23). Shifts in NADPH source can be 
imprinted on the lipid/water 2H-fractionation, as demonstrated 
in bacteria (1). The largest contributor of carbon-bound lipid (e.g., 
fatty acid) hydrogen in organisms is NADPH (24), and its isotopic 
composition has been shown to be influenced by a number of fac­
tors. Most important are the unique deuterium kinetic isotope 
effects (dKIEs) of different NADP+-reducing enzymes (SI Appendix, 
Table S1) and variable fluxes through these enzymes due to the 
operation of different central metabolic pathways (1, 2). Additional 
metabolic signals in NADPH can derive from the isotope com­
position of substrate sources of NADPH hydrogen (5), and 
enzyme-catalyzed exchange of hydrogen on NADPH with that in 
water and with nicotinamide adenine dinucleotide (NADH) 
(24–29) SI Appendix, SI Discussion 1).

In yeast, four enzymes are sources of cytosolic NADPH used 
for lipid biosynthesis (Fig. 1) (22, 23). Glucose-6-phosphate 

dehydrogenase (G6PDH) and 6-phosphogluconate dehydroge­
nase (6PGDH) are sources in the oxidative pentose phosphate 
pathway (oxPPP). Cytosolic NADP+-dependent isocitrate dehy­
drogenase (cIDH) provides a source of NADPH and alpha- 
ketoglutarate to the cytosol, whereas NADPH from mitochondrial 
IDH (mIDH) is not available for fatty acid synthesis in the cyto­
sol. The last source of cytosolic NADPH is aldehyde dehydroge­
nase (ALDH) in pyruvate degradation to acetate during ethanol 
production and/or lipid biosynthesis (Fig. 1 and SI Appendix, 
Fig. S1). Three of the four NADPH-generating enzymes (G6PDH, 
6PGDH, and ALDH) are active during both glucose fermentation 
and glycerol-respiration (22, 23). These have normal dKIEs 
(SI Appendix, Table S1), which strongly favor 1H-containing sub­
strates (30–32), and produce 2H-depleted NADPH. However, 
cIDH is only expressed during respiratory growth (33), and it has 
no dKIE (SI Appendix, Table S1) (34, 35), resulting in 2H/1H 
ratios of produced NADPH equal to that of isocitrate. Yeast lack 
a transhydrogenase (36) that can directly couple NADH-NADPH 
redox cycling, thus reducing the number of controls on NADPH 
2H/1H ratios (29).

Using S. cerevisiae as a model organism, we found large differ­
ences in lipid/water 2H-fractionation between respiring and fer­
menting cells and variable influences of growth rate. Shifts in lipid/
water 2H-fractionation reflect shifts in the hydrogen isotopic  
composition of NADPH. Those differences primarily depend on 
NADPH sources through changes in the activity and dKIE of 
NADPH-generating enzymes and can be slightly modulated by its 
sinks. Given similarities in yeast and cancer metabolism (14, 15), a 
test with murine cells revealed a shift in 2H-fractionation between 

Fig. 1.   Yeast S. cerevisiae central carbon metabolism pathways, NADPH hydrogen (H) sources, and deuterium kinetic isotope effects of NADPH supply enzymes 
indicated as enzyme 2H-fractionation factors (2ε). Sugar fermentation (brown arrows) and glycerol-respiration (blue dashed arrows) induce variable activity of 
NADPH supply enzymes (G6PD, glucose-6-phosphate dehydrogenase; 6PGDH; 6-phosphogluconate dehydrogenase in the oxidative pentose phosphate pathway 
(oxPPP); ALDH, aldehyde dehydrogenase; IDH, isocitrate dehydrogenase; TCA, tricarboxylic acid cycle; FE, flavin enzymes). H on NADPH originates from carbon 
substrate (pink H) and water (green H) and is transferred to fatty acids, accounting for half of lipid H, with the remainder derived from acetate (one quarter), and 
intracellular water (one quarter); some NAD(P)H hydrogen may exchange with water hydrogen by flavin enzymes (24–26). Detailed H tracking and deuterium 
kinetic isotope effects in SI Appendix, Fig. S1 and Table S1.
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healthy hepatocytes and proliferating hepatoma (37, 38) that is 
qualitatively consistent with yeast data. Our results demonstrate the 
potential of lipid/water 2H-fractionation to track NADPH cycling 
in metabolic processes important for health and disease.

Results and Discussion

We cultured S. cerevisiae under sugar-fermenting and glycerol-
respiring conditions at varying growth rates. To compare the effects 
of metabolism and strain, we used two S. cerevisiae strains: strain 
EXF-4126, capable of growth by aerobic fermentation on glucose or 
respiration on glycerol in minimal media (39), and strain FY4, which 
ferments sugars but does not respire glycerol in minimal media (40). 
To force cells to use a single metabolism we used nitrogen-limited 
chemostats (SI Appendix, Fig. S5) to control growth rate and maintain 
exponential growth, avoiding the diauxic shift that occurs in aerobic 
batch cultures upon glucose exhaustion when cells switch to ethanol 
utilization (41). All chemostat cultures had very low bioavailable 
nitrogen, representative of most natural environmental conditions 
(42). We measured 2H/1H ratios of fatty acids, growth water, and 
carbon substrate for all cultures. In cultures with strain EXF-4126, 
which tested the slowest growth rates, we also monitored key NADP+-
reducing enzyme activities, redox cofactor ratios, and biomass com­
position to elucidate the cellular mechanisms behind lipid δ2H 
variability. As a preliminary comparison with mammalian cancer, we 
then measured lipid/water 2H-fractionation for healthy murine hepat­
ocytes and proliferating HEPA1-6 hepatoma cells, a model cell line 
of murine liver cancer (37, 38).

Yeast Lipid/Water 2H-Fractionation Depends Chiefly on Mode 
of Energy Metabolism and Secondarily on Growth Rate. Lipid/
water 2H-fractionations were extremely sensitive to carbon substrate 
(Fig.  2A and SI  Appendix, Fig.  S2), varying between large 2H-
enrichments and depletions in fatty acid 2H/1H ratios relative to 
water. Fatty acids from glycerol-respiring cells were >550‰ heavier 
in 2H than from fermenting cells in carbohydrate-fed chemostats, 
with palmitic acid yielding the most extreme enrichments. These 
effects are larger than those observed so far in prokaryotes from 
substrate-induced metabolic shifts (1). Substrate δ2H, which varied 
by only ~60‰ between glycerol and glucose and ~30‰ between 
glucose and galactose (SI Appendix, Fig. S3), cannot explain the 
much larger shifts in 2H/1H ratios relative to water [and neither can 
variations in water δ2H up to ~100‰ (SI Appendix, Figs. S2 and 
S3)]. The observed changes in lipid/water 2H-fractionation must 
thus stem from metabolism-specific processes induced by the class 
of carbon substrate, an interpretation supported by 2H-fractionation 
consistency across strain and sugar type (Fig. 2).

Chemostat experiments enabled direct investigation of the growth 
rate sensitivity of lipid/water 2H-fractionation. As expected, carbon 
substrate had the largest effect on lipid/water 2H-fractionation; none­
theless, the effect of growth rate was still significant. In the glycerol-fed 
chemostat, this fractionation decreased (less 2H-enrichment) linearly 
as growth rate increased, with a maximum difference of 200‰ for 
palmitic acid (R2 = 0.99, P << 0.001). The 2H-fractionation in 
sugar-fed cells was much less sensitive to growth rate (Fig. 2A and 
SI Appendix, Fig. S9) with 2H-enrichments of <60‰ (e.g., from −110 
to −170‰ or less, R2 = 0.74 to 0.97, P << 0.001). The largest differ­
ences in 2H-fractionation between glycerol- and glucose-based growth 
occurred in the slowest (~0.5 d−1) growth rate chemostats.

Cellular Redox Status, Ethanol Production, and Biomass Carbon 
Isotopes Vary between Respiration and Fermentation. To 
identify the metabolic causes of lipid/water 2H-fractionation in 
yeast (Fig. 2A), we evaluated cellular redox state (SI Appendix, 

Fig. S4) and central metabolic pathways used for the cycling of 
energy cofactors during growth on sugars and glycerol (Figs. 2B 
and 3 and SI  Appendix, Figs.  S2–S13 and Datasets S1–S4). 
Ratios of NAD+/NADH and NADP+/NADPH inform the redox 
balance of catabolism and anabolism, respectively. Higher NAD+/
NADH ratios and three times faster increase of NAD+/NADH 
with growth rate in glycerol-fed chemostats relative to glucose-fed 
chemostats (SI Appendix, Fig. S4) illustrate the greater oxidative 
capacity of respiratory processes for NAD+ regeneration compared 
to overflow metabolism (16). This aligns with ~fivefold higher 
ethanol concentrations in the glucose- vs. glycerol-fed chemostats 
(SI Appendix, Fig. S5). More oxidized NAD+/NADH ratios in 
glycerol-respiration are also consistent with its larger biomass/
substrate carbon isotope fractionation (Fig. 2B), which reflects 
the net effects of all isotopically fractionating steps of substrate 
metabolism (Fig. 1). Glycerol-fed biomass had a three times larger 
13C-fractionation than glucose-fed biomass (Fig. 2B) similar to 
results in other fungus species (43, 44) but in contrast to other 
heterotrophs in which biomass δ13C varies minimally (45). 
These data confirm the respiratory growth on glycerol and the 
fermentative growth on glucose in chemostats across a range of 
growth rates.
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Fig.  2.   S. cerevisiae (A) lipid/water 2H-fractionation and (B) biomass/sub
strate 13C-fractionation for chemostat growth on fermentable sugar and 
nonfermentable glycerol substrates at different growth rates. Strain EXF-4126 
grown with 2% glycerol (blue), 2% glucose (brown); strain FY4 grown with 0.75% 
glucose (orange), 0.75% galactose (yellow). Panel A bars, abundance weighted 
average 2εfattyacid/water of n = 3 replicate sampling timepoints; error bars are SD. 
Palmitic (n-C16:0) and palmitoleic (n-C16:1) acid 2εfattyacid/water indicated by filled 
and open circles, respectively (circle size, relative abundance of 16 carbon fatty 
acids). Panel B bars are biomass/substrate 13C-fractionation, mean of 3 to 6 
replicate sampling timepoints; error bars are SD of 3 to 6 timepoint replicates. 
See details in SI Appendix, Figs. S2 and S3 and Datasets S1–S3.
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Unlike NAD+/NADH ratios, NADP+/NADPH ratios at each 
growth rate were equivalent for glucose and glycerol-fed cultures 
(SI Appendix, Fig. S4). These ratios increase with growth rate 
(SI Appendix, Fig. S4), reflecting the greater use of reductant at 
faster growth. The nearly identical responses of NADP+/NADPH 
ratios in glycerol and glucose cultures indicate that the mechanism 
for lipid/water 2H-fractionation variability does not directly result 
from redox balance but instead lies in the constellations of 
NADP+-reducing enzymes that contribute to the NADPH pool 
during fermentation and respiration (Fig. 1).

NADPH Source Control on Yeast Lipid/Water 2H-Fractionation: 
Respiration vs. Fermentation. To quantify NADPH sources from 
different metabolisms (Fig.  1) and their effects on lipid/water 
2H-fractionation, we measured the activities of NADP+-reducing 
enzymes: G6PDH, 6PGDH, ALDH, and IDH (IDH as both 
mitochondrial and cytosolic) (Fig.  3). Higher total NAPDH 
production rates (Fig. 3E) and ~equal NADP+/NADPH ratios 
(SI  Appendix, Fig.  S4A) in glycerol-respiring compared to 
fermenting cells indicate greater anabolic costs of glycerol-based 
growth.

Since NADPH is the largest contributor of lipid H (Fig. 1 and 
SI Appendix, Fig. S1), lipid 2H/1H ratios track NADPH 2H/1H 
ratios. These are set by the relative fluxes of reductant from 
NADP+-reducing enzymes and their dKIEs which can vary by as 
much as ~700‰ (Fig. 1 and SI Appendix, Table S1). Hydrogen 
exchange between NADPH and NADH is absent in yeast as it 
lacks the necessary transhydrogenase enzyme (23) and substrate 
δ2H and growth water δ2H had no to minimal effect on lipid 

2H/1H ratios. Sizeable shifts in fractionation should correspond 
with changes in NADPH contribution from enzymatic sources 
with large differences in dKIEs.

The two oxPPP enzymes, G6PDH and 6PGDH, were impor­
tant sources of NADPH for glucose fermentation and glycerol- 
respiration at each growth rate (Fig. 3 A and B and SI Appendix, 
Fig. S6 A and B). For every condition, G6PDH was the largest 
source of NADPH (~50 to 70%), while 6PGDH contributions 
were <15% (SI Appendix, Fig. S6 A and B). Both oxPPP enzymes 
have large normal dKIEs (Fig. 1 and SI Appendix, Table S1), 
strongly favoring their 1H-containing substrates (glucose- 
6-phosphate and 6-phosphogluconate) to donate H to NADP+ 
(30, 31). However, these enzymes varied the least between sub­
strates (Fig. 3 A and B and SI Appendix, Fig. S7) and thus played 
a minimal role in shifting 2H-fractionation from negative to 
positive values (Fig. 2) in response to substrate.

ALDH activity in the respiring chemostat was two to five times 
higher than in fermenting chemostats (Fig. 3 and SI Appendix, 
Fig. S7), but its contribution to the total NAPDH flux remained 
<16% in any culture (SI Appendix, Fig. S6C). Importantly, ALDH 
also has a normal dKIE (32) (SI Appendix, Table S1) and thus 
cannot explain 2H-enrichment in fatty acids from glycerol 
cultures.

IDH activity was two times greater in respiring than in the 
fermenting cells (Fig. 3D and SI Appendix, Figs. S6D and Fig. S7) 
and the second most important respiratory NADPH source after 
G6PDH (SI Appendix, Fig. S6). In glycerol-fed cells, activities 
reflect mitochondrial plus cytosolic IDH, while those in glucose- 
fed cells reflect only the mIDH (33). Since NAD(P)(H) pools 
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remain within cellular compartments (36), mIDH-derived 
NADPH cannot affect cytosolic lipids. Cytosolic IDH provides 
relatively 2H-enriched NAPDH compared to all other NADPH 
sources in yeast (Fig. 1) since there is little to no kinetic isotope 
effect associated with the transfer of isocitrate-H from cIDH  
to NADP+ (34, 35) (SI Appendix, Table S1). The relatively 
2H-enriched NADPH supplied by the high cIDH activity during 
respiratory growth (Fig. 3 and SI Appendix, Fig. S6) can explain 
2H-enrichment in lipids from glycerol-fed chemostats (Fig. 2). 
This is supported by the very high correlation (Pval < 0.001) of 
IDH-derived NAPDH with lipid 2H-fractionations (Fig. 4A and 
SI Appendix, Fig. S9 and Table S2). Our data also suggest a sen­
sitive method to quantify NAPDH sources in yeast based on 
2H-fractionation. For example, we find a 1-percentage point 
increase in the total IDH contribution to NADPH production 
results in a ~30‰ increase in 2H-fractionation, with an estimated 
uncertainty of 5‰ based on the error of the slope (SI Appendix, 
Table S2).

The possibility of an inverse isotope effect for NADP+-specific 
IDH (34, 46, 47) (SI Appendix, Table S1) is intriguing and could 
help explain the remarkably 2H-enriched fatty acids in slow- 
growing glycerol-fed cells (Fig. 2). In the absence of transhydro­
genase enzymes in yeast (23), NADH cycling does not directly 
affect lipid δ2H since NAD(P)(H) pools do not cross cellular 
compartment membranes and are separately regulated (36). But 
it is possible that the substrates feeding all four enzymes in 
glycerol-respiring cells are additionally heavier in 2H. This could 
stem from TCA cycle fractionations that produce 2H-enriched 
isocitrate (see discussion in ref. 1). Additionally, intracellular water 
could be isotopically distinct from growth water through 
water-producing metabolic reactions (48–50), which might 
directly impact lipid-H during lipid biosynthesis (Fig. 1). Water 
hydrogen exchange with precursor metabolites to NAPD+-reducing 
enzymes (e.g., the exchange of 2H in cell water onto gluconeogenic 
metabolites by fast, reversible sugar isomerization reactions with 
an inverse dKIE, SI Appendix, Fig. S1) may also have helped 
increase 2H in glycerol-grown lipids (see SI Appendix, SI Discussion 
1 for details). In particular, the existence of isotopically distinct 
pools of intracellular water is more apparent as metabolism speeds 
up, but it is difficult to predict whether this water is enriched or 
depleted relative to medium (50). The decrease in 2H-enrichment 
with faster glycerol growth (Fig. 2) could reflect a 2H-depleted 
intracellular water pool formed by gluconeogenesis that directly 

contributes to lipid biosynthesis, muting the 2H-enrichment effect 
of NAPDH. However, the very high correlations of 2H-fractionation 
with IDH activity (Fig. 4A) indicate any water effect is minor. 
Collectively, yeast data are consistent with previous work on 
prokaryotes which established NADPH supply via diverse enzymes 
as a primary control on lipid hydrogen isotope ratios across dif­
ferent metabolisms (1, 2).

NADPH Source Control on Yeast Lipid/Water 2H-Fractionation 
for Slow and Fast Respiration. In glycerol-respiring cells, faster 
growth was associated with large variations in enzyme activities 
(Fig. 3 and SI Appendix, Fig. S6) and in 2H-fractionation (up to 
~200‰ 2H-depletion with faster growth) (Fig. 2). Faster growth 
in glucose-fermenting cells was associated with less variability in 
enzyme activity (Fig. 3 and SI Appendix, Fig. S6) and much smaller 
2H-depletion (Fig. 2A). This indicates important differences in the 
metabolic mechanisms used by respiring and fermenting yeast to 
adjust their growth rate.

Faster growth has larger anabolic requirements for NAPDH 
and cellular precursors, as shown by higher total NAPDH pro­
duction rates for both substrates (Fig. 3E). In glycerol chemostats, 
NAPDH supplied by IDH (~constant across growth rates, 
Fig. 3D) was supplemented with increasing amounts from oxPPP 
and ALDH enzymes (Fig. 3 A–C and SI Appendix, Fig. S6) to 
support nucleotide and lipid biosynthesis (Fig. 1 and SI Appendix, 
Fig. S1). As a result, the relative contributions of 2H-enriched 
NAPDH from IDH decreased (Fig. 4A and SI Appendix, Fig. S6) 
while 2H-depleted NADPH contributions from oxPPP dehydro­
genases and ALDH (all with large normal dKIEs, Fig. 1 and 
SI Appendix, Table S1) increased with faster growth. This dynamic 
in glycerol-fed cells is reflected accordingly as large changes in 
2H-fractionation with faster growth (~200‰ 2H-depletion as the 
IDH contribution to total NADPH production decreased from 
~37 ± 6 percent to 27 ± 2 percent, Fig. 4A and Dataset S2). This 
sensitivity to IDH is in line with that observed for changes in 
fractionation depending on growth substrate.

For the glucose-fermenting chemostats at different growth rates, 
relative changes in NADPH sources are barely detectable com­
pared to those occurring in glycerol-respiration (Figs. 3 and 4A 
and SI Appendix, Fig. S6). Relative contributions from G6PDH 
scarcely decrease with growth rate, and contributions from 
6PGDH only slightly increase (SI Appendix, Fig. S6). Glucose 
repression of cIDH (33) indicates the measured IDH activity is 

A B

Fig. 4.   Fatty acid/water 2H-fractionations are primarily controlled by (A) relative NADPH supply from IDH and can be modulated by shifts in (B) biomass lipid levels. 
(A) Yeast 2εfattyacid/water vs. total IDH contributions to NADPH production (%, note inverse x-axis scale) calculated using enzyme activities (Pearson rtotIDH = 0.98, ptotIDH 
< 0.001, York corr < 0.001, York = 0.08, SI Appendix, Table S2). Total IDH activity in fermentation should solely reflect mIDH (33). (B) Yeast 2εfattyacid/water in glucose-fed 
yeast biomass vs. the relative abundance of fatty acids (Pearson rlipid% = 0.98, plipid% = 0.12, York corr = 0.12, York = 0.3). Error bars, 1 SD propagated error from 
enzyme activities (n = 4 to 11 replicates, Fig. 3) and biomass composition measurements (n = 3 replicates). Details in SI Appendix, Fig. S9 and Datasets S1–S4.
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mitochondrial. This activity did not vary with growth rate (Fig. 4A 
and Dataset S2), and did not affect cytosolic lipids (36), as dis­
cussed above. The enzyme data are consistent with the relatively 
minor changes in 2H-fractionation (<30‰ decrease) in response 
to faster growth by fermentation (Figs. 2 and 4).

It is notable that only 6PGDH but not G6PDH had slightly 
increased activity at higher growth rate in glucose-fed cultures 
(Fig. 3 and SI Appendix, Fig. S6), most likely to help fulfill the 
greater demand for pentose phosphates in addition to NADPH. 
The small change in oxPPP enzyme activities in glucose-fermenting 
cells might reflect the glycolytic origins of oxPPP precursors, 
which are readily available for synthesis of biomass carbon con­
stituents and NADPH under all conditions. In contrast, glycerol- 
respiring cells, which rely on TCA cycle activity for energy and 
certain precursors, must operate gluconeogenesis and related upper 
central metabolic pathways to obtain sufficient anabolic precursors 
for fast growth.

NADPH Sink Controls on Yeast Lipid/Water 2H-Fractionation in 
Slow vs. Fast Fermentation. Given the unremarkable changes 
in NADPH sourcing within glucose-fermenting cells, we 
hypothesized that the small lipid 2H-fractionation shifts with 
growth rate could instead reflect NADPH demand. Variation in 
lipid isotopes with NADPH consumption has been documented 
(4, 5). To evaluate this possibility, we analyzed biomass composition 
focusing on lipids (weight abundance in biomass, Fig. 4B); fatty 
acid compositions SI Appendix, Fig. S8, elemental stoichiometry 
(C:N ratios, SI  Appendix, Fig.  S8), and bulk biomass carbon 
stable isotope fractionation (Fig. 2B, SI Appendix, Fig. S13, and 
Dataset S4).

Glucose-fermenting cells had higher fatty acid relative abun­
dances in biomass, greater % lipid unsaturation, and higher bio­
mass C:N ratios than glycerol-respiring cells (SI Appendix, Fig. S8). 
We identified a significant linear relationship (Pearson Pval < 0.1, 
York Pval < 0.2) between fractionation and the reciprocal of fatty 
acid relative abundance in biomass (Fig. 4B, SI Appendix, Fig. S9, 
and Dataset S3). Correlations with fatty acid weight abundance 
and lipid unsaturation (% unsaturated lipids) were also notable 
but less well supported (Pearson Pval = 0.12, York Pval < 0.3, 
SI Appendix, Fig. S11 and Dataset S3). In glycerol-respiring cells, 
we found no change in the biomass fatty acid abundances and 
lipid composition (% unsaturated fatty acids) with growth rate 
(SI Appendix, Figs. S8 and S9 and Dataset S3). These data point 
to biomass lipid abundance in sugar-fermenting cultures as the 
driver for their small shifts in 2H-fractionation with growth rate 
(Fig. 2A).

Carbon flows at branchpoints leading to different compound 
classes play a well-established role in the compound-specific car­
bon isotopic fractionations relative to biomass (5). Following this, 
we hypothesized changes in NADPH flux between lipids, which 
are the most 2H-depleted of cellular compounds (5), and other 
organic compounds caused the small shifts in lipid/water 
2H-fractionation in fermenting chemostats (Fig. 4B). We tested 
this with an isotopic model based on mass balance between lipids 
and other biomass precursor compounds, their relative NAPDH 
demands, and their 2H-fractionations (SI Appendix, Fig. S10). 
Indeed the 2H-depletion of glucose 2εfattyacid/water with faster fer­
mentative growth (Fig. 4B) can be explained by greater expression 
of the large biosynthetic dKIE of lipid biosynthesis that originates 
from decreased NAPDH allocation to lipid synthesis vs. other 
materials (e.g., proteins, nucleic acids), which are less 2H-depleted 
and require less NADPH (SI Appendix, Fig. S10).

Lipid accumulation in the slowest growing glucose-fermenting 
cells which contained ~20 percent more palmitoleic acid than in 

fast growth (SI Appendix, Fig. S8) likely reflected extreme nutrient 
limitation (51) and dumping of excess NADPH. This is consistent 
with lower NADP+/NADPH ratios at slower growth (SI Appendix, 
Fig. S4). Faster input of nitrogen, the limiting nutrient in chemo­
stats (SI Appendix, Fig. S5), enabled faster steady-state growth and 
the accumulation of more nitrogen-rich protein and RNA (52) and 
less build-up of carbon-rich lipid stores (53). This dynamic resulted 
in decreasing biomass C/N ratios at faster growth rates (SI Appendix, 
Figs. S8D and S13), as expected in glucose-fed cells (54).

Other Metabolic Isotope Signals in Yeast. The production of 
unsaturated fatty acids from saturated fatty acids by desaturase 
enzymes with normal dKIE is expected to yield 2H-depleted 
unsaturated lipids relative to their saturated counterparts (55). 
We observed variable 2H-depletions between palmitoleic acid 
(one unsaturation) to fully saturated palmitic acid (2ε16:1/16:0 
between ~ −50‰ and −150‰, SI  Appendix, Figs.  S11 and 
S12), especially in glycerol-fed cells (Fig. 2A and SI Appendix, 
Figs. S11 and S12). These could signify changes in the production/
degradation turnover patterns between saturated and unsaturated 
lipid biosynthesis (SI Appendix, SI Discussion 2).

The 13C-enrichment of biomass from glycerol-respiration rel­
ative to that from sugar fermentation is also interesting (Fig. 2) 
and could reflect multiple metabolic differences. These include a 
large site-specific 13C isotopic fractionation associated with decar­
boxylation of substrate (56) and/or minimal 13C-fractionation by 
glycolysis enzymes (57) relative to the possible 13C preference of 
gluconeogenesis in certain fungi (58). Finally, it could reflect auto­
phagic or possibly apoptotic yeast biomass recycling (59, 60), in 
which the release of 13C-depleted CO2 leads to 13C-enrichment 
of the biomass, which is consistent with enzyme activity, lipid 
unsaturation, and cell behavior in chemostats (SI Appendix, SI 
Discussion 3).

Conceptual Model of NADPH Source and Sink Control of Yeast 
Lipid/Water 2H-Fractionation. Our data exemplify how variations 
in NADPH sources and sinks across metabolisms and growth rates 
act in tandem to constrain the 2H-composition of the NADPH 
pool and determine lipid/water 2H-fractionation in yeast (Fig. 5). 
NADPH sources are the principal control on fractionation. The 
enzymatic sources of NADPH (Fig. 1), which have diverse dKIEs 

Fig.  5.   Schematic diagram showing the primary importance of NADPH 
sources and secondary importance of NADPH sinks on the 2H-composition 
of NAPDH and lipid/water 2H-fractionation (2εlipid/water). The size of the gray box 
indicates the magnitude of change. Other tertiary sources include exchange 
of hydrogen atoms on NADPH with that in water and metabolites (SI Appendix, 
SI Discussions 1 and 4). IDH, isocitrate dehydrogenase; G6PDH, glucose-6-
phosphate dehydrogenase, and 6PGDH, 6-phosphogluconate dehydrogenase 
in the oxPPP.
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(SI Appendix, Table S1), strongly depend on yeast metabolism 
(Fig. 1) (22, 23) and can be affected by the NADPH demands 
of variable growth rates (e.g., NADPH sources shift with the rate 
of glycerol-fed growth, Fig. 4). This sets the stage for the largest 
differences in NADPH 2H/1H ratios, which are reflected in lipid 
2H-compositions and thus in lipid/water 2H-fractionation (Fig. 5) 
due to the role of NADPH as a primary hydride donor for fatty acid 
biosynthesis (Fig. 1). NADPH consumption can act as a secondary 
and relatively minor control on lipid 2H (Fig. 5) through changes 
in the proportion of NADPH allocated between lipids and other 
cellular constituents, which vary in their NADPH requirements 
and biosynthetic 2H-fractionations (61–63). Additional factors 
such as antioxidant demand and enzyme-mediated hydrogen atom 
exchange (SI  Appendix, SI Discussion 4) and enzyme substrate 
H (SI Appendix, SI Discussion 1) are possible tertiary levers on 
NADPH 2H/1H ratios.

The data and interpretations presented here may help explain 
the diversity of growth rate vs. lipid/water 2H-fractionation trends 
observed so far in other microorganisms (SI Appendix, Fig. S14 
and SI Discussion 5). Despite the fundamental differences between 
prokaryotes and compartmentalized eukaryotes, collectively yeast 
data are consistent with previous work on prokaryotes which 
established NADPH supply via diverse enzymes and δ2H of the 
substrate as the primary levers controlling lipid hydrogen isotope 
ratios across different metabolisms (1, 2).

Lipid/Water 2H-Fractionation in Healthy and Cancerous Murine 
Liver Cells. Studies of disease metabolism often rely on metabolic 
flux analyses (MFA) that use isotopes introduced into metabolism 
at tracer levels (>10s of 1,000 per mil) in laboratory settings (64, 
65). In contrast, changes in the natural abundance stable isotope 
composition of biomass and metabolites, traditionally applied to 
track biogeochemical processes, offer a passive/noninvasive tool 
to track metabolic processes important for health and disease. 
Importantly, the breadth of samples supporting such studies could 
be very large and include both living and nonliving organisms.

In view of metabolic similarities between yeast and cancer cells 
(15), we hypothesized that healthy cells using respiration would 
produce 2H-enriched lipids relative to cancer cells reliant on over­
flow metabolism due to respiration’s larger cytosolic IDH supply of 
NADPH. In a direct assessment of lipid 2H for disease, we cultured 
slow-growing, primary hepatocytes (liver cells) and fast proliferating, 
HEPA1-6 hepatocellular carcinoma cells (37, 38) from mice for 24 
h on glucose-supplemented rich medium plates (65). Our pilot 
measurements of lipid/water 2H-fractionation (Table 1), which 
reflect both de novo synthesized lipids and those assimilated from 
diet or medium, are qualitatively consistent with both the growth 
rate and substrate patterns observed in yeast. Fast-growing cancer 
(fermenting) cells had lower lipid/water 2H-fractionation compared 
to slow-growing healthy (respiring) cells (Table 1, see schematic in 
Fig. 5). NADPH fluxes for de novo lipid synthesis have been deter­
mined by MFA in the same healthy murine hepatocytes and in the 
HepG2 human hepatocarcinoma-lineage under the conditions 

employed here (65). These results suggest IDH activity as the source 
of the observed lipid 2H-enrichment in respiring murine hepato­
cytes, similar to yeast. The sensitivity of hepatocyte lipid/water 
2H-fractionation to IDH activity is much lower than in yeast. This 
likely reflects the large but unconstrained direct contribution of 
dietary and medium lipids [e.g., ~50 to 90% total lipids in healthy 
murine hepatocytes (65)] to lipid 2H, which would mute the 
NADPH source signals present in the de novo synthesized lipid 
pool. Other factors may also affect the interpretation of the data 
(SI Appendix, SI Discussion 6). Further study, including additional 
replicates, cell types, tissues, and species, is needed to assess lipid/
water 2H-fractionation as a tool for NADPH flux tracking in 
animals.

The normal and aberrant operation of NADPH flows is thought 
to distinguish health and disease across many of life’s lineages, 
including cancer (65), viral infections in coccolithophores (66), 
postviral syndromes (67) and immune dysfunction (68) in 
humans, and bacterially infected plant crops (69). Our collective 
data, in conjunction with those of prokaryotes (1, 2), strongly 
point to the underrecognized potential of 2H-fractionation as a 
noninvasive screening tool for NADPH source tracking with 
diverse applications.

Conclusion

Studies of disease metabolism typically rely on complex stable 
isotope tracer additions into living organisms under specialized 
settings. The application of natural abundance stable isotope ratios 
that act as natural process tracers to study disease is underexplored. 
We have shown that lipid/water 2H-fractionation is sensitive to 
broad differences in NADPH cycling between respiration and 
overflow metabolism in yeast and, according to our preliminary 
data, in healthy and diseased murine liver cells. Our results help 
establish natural abundance hydrogen isotope ratios of lipids as a 
screening tool of metabolic change in eukaryotic organisms with 
potential wide applicability. Natural abundance 2H/1H ratios in 
lipids complement and provide direction for more complex and 
resource-intensive isotope tracer and -omics approaches that aim 
to quantify pools and fluxes of various metabolites. Our results 
point to diverse opportunities for developing natural abundance 
isotope tools to detect and characterize disease in eukaryotic organ­
isms, including in humans.

Materials and Methods

Yeast Cell Cultures. S. cerevisiae strain EXF-4126 (39) was obtained from The 
Microbial Culture Collection Ex, University of Ljubljana. Strain FY4 was obtained 
from the Rabinowitz lab at Princeton University. Chemostats consisted of autoclave-
sterilized 2 L bioreactors (Chemglass Inc.,) at ~1 L working volumes at 30 °C, 400 
rpm, aerated with filtered house air, and equipped with a pH/Temp/ORP InPro sensor 
(3253i Mettler-Toledo LLC, Columbus, OH), optical O2 sensors for strain EXF-4126 only 
(6860i Mettler-Toledo LLC, Columbus, OH), and a data-logging scale to continuously 
monitor conditions. Nitrogen-limited minimal media contained 0.053 g L−1 ammo-
nium sulfate and 1.7 g L−1 yeast nitrogen base without ammonium sulfate and amino 

Table 1.   Fatty acid/water 2H-fractionations for healthy and cancerous murine liver cells

Sample Metabolism
Growth  

(qualitative) 2εC16:0/water (‰)
SD 2εC16:0/water 

(‰) 2εC18:0/water (‰) SD 2εC18:0/water (‰)

Primary 
hepatocyte

Respiration, healthy Slow/no growth −200 2.0 −137 2.7

Hepatoma 
(Hepa1-6)

Fermentation, cancer Fast growth −218 0.4 −192 1.2

NADPH fluxes for de novo lipid synthesis were previously characterized by isotope tracing methods in the same or similar cell types (65). Data derive from n = 1 sample of each cell type 
and SD are from 3 to 4 analytical measurements.
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acids. Carbon substrates were 2% (20 g L−1) glucose or glycerol (strain EXF-4126) or 
0.75% (7.5 g L−1) of glucose or galactose (strain FY4, which does not grow on glycerol). 
Batch cultures of strain FY4 were also grown in 150 mL baffled polycarbonate flasks, 
shaken at 250 rpm. See details on media, chemostat setup, operation, sampling, 
supernatant analyses, and strain integrity in SI Appendix, SI Methods 1.

Murine Liver Cell Cultures. Primary hepatocytes isolated from wild-type 
C57BL/6 mice were cultured overnight in high glucose (4.5 g L−1, the same 
glucose stock used for yeast cell culturing) Dulbecco’s Modified Eagle Medium 
(DMEM) supplemented with 1% penicillin–streptomycin, 100 nM insulin, 100 
nM dexamethasone, and 1% GlutaMAX in collagen-coated six-well plates in a  
37 °C, 5% CO2 incubator (65). Murine hepatoma HEPA1-6 cells from the American 
Type Culture Collection ATCC (CRL-1830) were cultured in DMEM with 10% fetal 
bovine serum (65). For plate experiments, primary hepatocytes and Hepa1-6 
cells were grown for 24 h under identical conditions in the primary hepatocyte 
medium described above with the additional amendment of 0.584 g L−1 glu-
tamine (SAFC). Plate experiments were terminated at 24 h by scraping cells off 
plates into collection tubes on dry ice and frozen until analysis. Mouse rearing 
followed previously described methods (65). Mouse work was approved by the 
Princeton University Institute Animal Care and Use Committee.

Fatty Acid Extraction and Analysis. Fatty acids were extracted using 9:1 dichlo-
romethane:methanol after freeze-drying samples. Cells collected on filters (strain 
FY4 cultures) were extracted by Automated Solvent Extraction (ASE-200, Dionex 
Corp., Sunnyvale, CA) at 1,500 psi and 100 °C for three 5 min cycles. Biomass 
from the 2% glycerol and glucose chemostats (strain EXF-4126) was quantitatively 
extracted via sonication and methylated in a single step (70) from 20 to 30 mg of 
dried biomass plus a recovery standard. Fatty acids from primary hepatocytes and 
HEPA1-6 cells were also extracted via sonication and methylated in a single step 
(70). Lipids were identified and quantified using a Trace 1310 gas chromatograph 
equipped with a flame ionization detector and an ISQTM mass spectrometer (MS) 
(Thermo Fisher Scientific, Waltham, MA). Lipids in sufficient abundance for isotope 
analysis were palmitic (n-C16:0), palmitoleic (n-C16:1), and oleic (n-C18:1) fatty acids. 
Fatty acid hydrogen isotope ratios were measured using a Trace 1310 gas chroma-
tograph-GC Isolink II coupled to a 253 Plus isotope ratio mass spectrometer (IRMS) 
via a ConFlo IV (Thermo Fisher Scientific, Waltham, MA) in the Dept. of Geological 
Sciences, University of Colorado, Boulder. See SI Appendix, SI Methods 2 for detailed 
instrument settings.

Water and Substrate Hydrogen Isotopic Analysis. Water samples from fresh 
media and filtered supernatant were analyzed for δ2Hwater by GasBench-IRMS at 
the UC Davis Stable Isotope Lab. Biosynthetic 2H-fractionation between media 
and lipids was calculated as 2εlipid/water = (2α − 1), where 2α = (δ2Hlipid + 1)/
(δ2Hwater + 1). Substrate hydrogen isotope composition was determined by both 
substrate acetylation and equilibration methods (71), yielding average δ2H values 
of nonexchangeable substrate H of δ2Hglycerol = −45 ± 5‰, δ2Hglucose = 8 ± 
10‰, and δ2Hgalactose = 40 ± 20‰. See SI Appendix, SI Methods 3 for details.

Biomass Biochemical Composition and Carbon Isotope Analysis. Biomass 
samples for elemental analyses were collected from cultures, stored frozen, or 
freeze-dried until further analyses (see SI Appendix, SI Methods 4 for details). Total 

C and N of oven-dried (60 °C, overnight) samples prepared in tin capsules (9 × 
10 mm, Elemental Microanalysis and Costech) were analyzed on a Vario ISOTOPE 
select CHNOS Elemental Analyzer (Elementar, Langenselbold, Germany), with 
measurements calibrated with an in-house aminocaproic acid standard (ACROS). 
Gases continued to the ISOPRIME IRMS (Elementar, Langenselbold, Germany) for 
subsequent isotope analysis and calibrated to certified standards including USGS25, 
USGS40, USGS65, USGS41, and our in-house aminocaproic acid standard (δ15N = 
+4.75‰; δ13C = −27.5‰). Biomass/substrate 13C isotope fractionation calculated 
as 13εbiomass/substrate = (13α − 1), where 13α = (δ13Cbiomass + 1)/(δ13Csubstrate + 1).

Enzyme and NAD(P)(H) Assays. Enzyme and NAD(P)+/NAD(P)H assays were 
performed on fresh or frozen (−80 °C, less than 1 wk) cells for strain EXF-4126 
only, using 35 to 50 mL samples obtained simultaneously from each batch culture 
collected from a sterile 50 mL syringe or from chemostat overflow into sterile  
50 mL centrifuge tubes on ice (approximately 15 to 30 min collection time depend-
ing on growth rate). For the enzyme assays, samples were pelletized (2 °C, 1 min, 
max rpm), rinsed with 1 mL wash buffer [100 mM Tris HCL, pH = 8, 10 mM MgCl2, 
and protease inhibitor tabs (5 Complete Mini, EDTA-free tabs per 50 mL buffer)], 
repelletized, and then either frozen or processed immediately. See SI Appendix, 
SI Methods 5 for details. The NAD(P)(H) assays followed methods from ref. 72.

Data, Materials, and Software Availability. Analysis scripts data have been 
deposited in GitHub (https://github.com/kopflab/2024_maloney_et_al) (73). All 
study data are included in the article and/or supporting information.
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