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Regulation of PDH via cysteine oxidation
on DLAT

Fabiola Garcia-Cortizo 1,2,3, Tobias Weber 1,2,3, Hana Nůsková 1,2,3,
Daniel Pfaff1,2,4,5,6,7, Michael Büttner8, Angela Wirth9,10, Elisabeth Kliemank4,5,6,
Gernot Poschet 8, Marc Freichel 9,10, Thomas Fleming 4,5,6, Alba Sulaj 4,5,6,
Peter Paul Nawroth 7, Julia Szendroedi 4,5,6 & Aurelio A. Teleman 1,2,3

Pyruvate dehydrogenase (PDH) complex is a key regulator of metabolism,
controlling flux from glycolysis into the tricarboxylic acid (TCA) cycle. PDH is
often dysregulated in metabolic diseases and cancer. We discover here that in
addition to its well characterized regulation by phosphorylation, PDH activity
is also regulated via inhibitory oxidation of three cysteines of theDLAT subunit
- Cys488, Cys586 and Cys618. Oxidation of these cysteines increases under
oxidative stress, and is highly prevalent in mouse and human tissues. This
mechanism enables cells to efficiently fight oxidative stress. Under oxidative
stress, cells execute a metabolic shift, blocking glycolytic flux into the TCA
cycle to shunt glycolytic carbons toward the pentose phosphate pathway. This
generates NADPH which cells use to detoxify H2O2 and to reduce oxidized
cysteines. We find that DLAT oxidation is required for cells to mount an
effective antioxidant response. Mutations preventing DLAT oxidation render
PDH resistant to oxidative inhibition, impair NADPH generation, reduce per-
oxide detoxification, and sensitize cells to oxidative damage and death. DLAT
oxidation also drives a Warburg-like metabolic phenotype of increased glu-
cose uptake, elevated lactate secretion, and reduced TCA cycle activity. Thus
DLAT oxidation is a redox-sensing mechanism that regulates PDH activity and
central carbon metabolism.

The pyruvate dehydrogenase (PDH) complex occupies a pivotal posi-
tion at the junction between glycolysis and the tricarboxylic acid (TCA)
cycle by converting pyruvate into acetyl-CoA1,2. PDH thereby acts as a
gatekeeper that regulates metabolic flux from glycolysis into mito-
chondrial respiration, a function that is critical under both physiolo-
gical and pathophysiological conditions3,4. For instance, PDH is central

to metabolic flexibility - the ability of cells to switch from oxidizing
glucose to oxidizing alternative fuel sourceswhenglucose is limited. In
low-glucose conditions, PDH activity decreases, reducing glycolytic
flux into the TCA cycle, thereby causing cells to rely more heavily on
alternative substrates, such as fatty acids and amino acids, to sustain
TCA activity and energy production5,6. Metabolic inflexibility is a
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hallmark of type 2 diabetes in both humans and murine models7–9 and
has been linked to impaired PDH regulation7,10,11.

In addition to controlling the flux of carbons from glycolysis into
the TCA cycle, PDH also regulates, indirectly, the metabolic flux into
other pathways that branch off of glycolysis, such as the pentose
phosphate pathway (PPP) or lactate production. When PDH activity
declines, glycolytic intermediates are increasingly redirected toward
the PPP and into lactate generation12,13. Indeed, cells constantly adjust
the partitioning of glycolytic flux between the TCA cycle and the PPP.
The PPP provides themajority of cellular NADPH, which is essential for
lipid synthesis and for fighting oxidative stress14,15. Accordingly, when
cells experience oxidative stress, or when they are proliferating and
require increased membrane biosynthesis, they reduce flux into the
TCA cycle and divert more carbon into the PPP to boost NADPH pro-
duction. Thismetabolic reprogramming, characteristic of theWarburg
effect, is commonly observed in cancer cells, which face both elevated
oxidative stress and high lipid biosynthetic demands16–18. One
mechanismbywhich cells sense oxidative stress and reroute glycolytic
flux involves pyruvate kinase, the glycolytic enzyme immediately
upstream of PDH. Pyruvate kinase is inhibited by oxidation, creating a
homeostatic feedback loop in which increased oxidative stress sup-
presses pyruvate kinase activity, thereby enhancing PPP flux and
NADPH generation to counteract oxidative damage15,19,20. In principle,
because PDH resides at the junction between glycolysis and the TCA
cycle, it would bewell-positioned to sense oxidative stress tomodulate
glycolytic flux into the TCA cycle versus the PPP. Whether oxidative
stress directly regulates the PDH complex, however, remains poorly
understood.

The PDH complex is one of the largest protein complexes known
to date, with a molecular weight of 9 megadaltons1,21. Although the
exact composition of the eukaryotic complex is still debated, it is
thought to have a core composed of 60 copies of the E2 subunit
DLAT plus 12 copies of E3BP. Attached to this central core are 20-30
subunits of the E1 enzyme, composed of two PDHA and two PDHB
proteins, and 6-12 subunits of E3 composed of the DLD protein1,22.
Activity of the PDH complex is primarily known to be regulated via
inhibitory phosphorylation on three sites of PDHA: Ser 232, Ser293
and Ser3001,23,24. These sites are phosphorylated by four different
pyruvate dehydrogenase kinases (PDKs) and dephosphorylated by
two different pyruvate dehydrogenase phosphatases (PDP). In addi-
tion, phosphorylation of Tyr30125 and of Tyr289 by Src kinase26 also
inhibits PDH activity. Recently, PDH was found to be inhibited by
lactylation of PDHA1 on Lys336 in response to hypoxia27. Further-
more, in macrophages undergoing M1 polarization, DLD is modified
by HNO on Cys477 and Cys484 in a DLAT-dependent and irreversible
manner, thereby inhibiting DLD homodimer formation and activity28.
Whether PDH activity is directly regulated by oxidative stress is not
well understood.

Here, we study the effect of oxidative stress on PDH activity.
Oxidative stress occurs when levels of reactive oxygen species (ROS)
such as superoxide (O2•

-) or hydrogen peroxide (H₂O₂) increase. This
can occur in multiple different circumstances, such as (1) mitochon-
drial dysfunction or hypoxia, both of which cause impaired electron
transport chain function and increased electron leakage to molecular
oxygen, producing superoxide, (2) exposure to toxins, (3) exposure to
radiation, (4) hyperactive oncogenic signaling, or (5) impaired anti-
oxidant systems29–31. One situation where antioxidant systems are
impaired is cells with elevatedmethylglyoxal (MG). MG is a metabolite
that is produced non-enzymatically via the spontaneous depho-
sphorylation of the glycolytic intermediates dihydroxyacetone phos-
phate (DHAP) and glyceraldehyde-3-phosphate (GAP)32. As an α-
oxoaldehyde, MG is highly reactive, interacting with macromolecules
such as DNA and protein to form both reversible adducts33 and irre-
versible adducts referred to as advanced glycation end products
(AGEs), which damage DNA and disrupt protein function34. MG levels

are elevated in individuals with diabetes35,36, and MG is thought to
mediate part of the tissue damage, complications, and pain observed
in the disease35,37,38. In addition to these effects, elevated MG also
causes oxidative stress39–42. This is due in part to increased ROS
production43 and in part to decreased activity of key antioxidant
enzymes44. Because the detoxification of both ROS and MG relies on
reduced glutathione (GSH), elevated MG also impairs ROS detoxifica-
tion by depleting reducedGSH41. Thus, we selected twomodel systems
to study the effects of oxidative stress on PDH activity - treatment of
cells with H2O2, and elevation of MG.

Results
High MG inhibits PDH activity
We first aimed to establish a cell culture model whereby MG levels are
mildly, but chronically elevated, consistent with what is observed in
individuals with diabetes36,45. To achieve this, we knocked out Glyox-
alase 1 (GLO1), one of the enzymes capable of detoxifying MG42,46,47, in
HEK293T cells using CRISPR-Cas9. This yielded a GLO1 knockout line
(GLO1KO) with no detectable GLO1 protein or activity (Supplementary
Fig. 1a–c). Although GLO1KO cells do not exhibit elevated levels of free
MG (Supplementary Fig. 1d), they do showmildly elevated levels ofMG
adducts such asMG-H1 andCEL48 on somemitochondrial proteins, but
not cytosolic proteins (Suppl. Figure 1e). This indicates that excessMG
is primarily sequestered by on proteins49, consistent with observations
in other systems48,50,51. As expected, a flow cytometry assay using
DCFDA52, confirmed that GLO1KO cells have elevated ROS levels com-
pared to GLO1WT cells (Supplementary Fig. 1f). From this, we conclude
thatGLO1KO cells are a suitablemodel for studying the consequencesof
mildly elevated MG and ROS.

Next, we tested the activity of pyruvate dehydrogenase (PDH).
This revealed that GLO1KO cells have reduced PDH activity (Fig. 1a). All
PDH activity measurements were done on purifiedmitochondrial, and
normalized to total protein in the prep. We confirmed this phenotype
using a transient siRNA-mediated knockdown of GLO1 to exclude
clonal effects that can result from monoclonal selection of CRISPR-
ized lines (Fig. 1b). In contrast, activity of other dehydrogenases, such
as GAPDH or the mitochondrial α-ketoglutarate dehydrogenase
(KGDH) are not reduced in GLO1KO cells (Fig. 1c, d), indicating that the
effect is specific for PDH. Interestingly, although KGDH and PDH share
the same E3 subunit, dihydrolipoamide dehydrogenase (DLD), and
both use lipoic acid as a cofactor, the effect appears specific to PDH,
suggesting that the mechanism is likely independent of DLD or
lipoic acid.

GLO1 could either affect PDH activity through its canonical MG-
detoxifying catalytic activity, or through an alternative moonlighting
function, possibly involving interactions with PDH or other protein
complexes, as observed for other metabolic enzymes53. To distinguish
these two options, we tested whether a catalytically inactive mutant
(CI) of GLO1 carrying the E172Qmutation54 can rescue PDH activity. As
expected, stable transfectionof FLAG-tagged,wildtypeGLO1 inGLO1KO

cells (Supplementary Fig. 1g) restored GLO1 activity (Supplementary
Fig. 1h) and PDH activity (Fig. 1e), confirming that the reduced PDH
activity observed in GLO1KO cells is an on-target effect. In contrast,
expression of the catalytically inactive mutant (Supplementary Fig. 1g,
h) did not rescue PDH activity (Fig. 1e), indicating that the reduction in
PDH activity in GLO1KO cells is due to impaired MG detoxification. To
confirm this, we added MG to GLO1WT cells. Although at high con-
centrations MG is toxic, when added at lower concentrations it is
rapidly detoxified by cells, with MG levels in the medium returning to
near baseline levels within 30minutes (Supplementary Fig. 2a),
resulting in an increase in intracellular MG that is transient (Supple-
mentary Fig. 2b). By titrating MG levels, we found that 100 µM MG
causes an accumulation of mitochondrial MG adducts similar to those
observed inGLO1KO cells (Supplementary Fig. 2c). Like GLO1 knockout,
treatment of cells with MG causes oxidative stress: addition of 100 µM
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MGto cells increasesROS levels (Supplementary Fig. 2d) and increased
hyperoxidation of PRDX3 (Supplementary Fig. 2e, f), a readout for
mitochondrial oxidative stress55. We therefore used 100 µMMG for all
subsequent experiments. Incubation of GLO1WT cells with 100 µM MG
for 1 h recapitulated the GLO1 loss-of-function phenotype, leading to
reduced PDH activity (Fig. 1f). In sum, mildly elevated MG leads to
reduced activity of PDH.

High MG re-routes glycolytic flux from the TCA cycle to lactate
production
Reduced PDH activity should lead to several metabolic consequences:
First, glycolytic flux into the TCA cycle should decrease. As a con-
sequence, cells should upregulate glycolysis and L-lactate production
to compensate for the reduced ATP production from respiration56.
Indeed, a Seahorse respiration assay confirmed that oxygen

Article https://doi.org/10.1038/s41467-026-78266-6

Nature Communications |        (2026) 17:10784 3

www.nature.com/naturecommunications


consumption is reduced in GloKO cells (Fig. 1g). To directly assess flux
into theTCAcycle, weperformedmetabolomicflux analysis onGLO1WT

or GLO1KO cells incubated with 13C-labeled glucose for 5 or 10min
(Supplementary Data 1). As expected, the ratio of labeled citrate to
labeled pyruvate, a readout for PDH activity, was reduced in GLO1KO

cells (Fig. 1h), as was labeling of succinate further downstream (Sup-
plementary Fig. 3a).

As expected, this led to increased glucose uptake in Glo1KO cells
(Fig. 1i) as well as increased L-lactate production in both GLO1KO cells
(Fig. 1j, k) and in cells treated with 100 µMMG for 1 hour (Fig. 1l). Since
MGdetoxification via the sequential actionof GLO1 andGLO2 converts
MG into D-lactate46, which is distinct from its stereoisomer L-lactate
generated by glycolysis, D-lactate production also increased uponMG
treatment (Fig. 1m). These results are consistent with previous studies
showing that 3T3-L1 adipocytes and HepG2 cells increase glucose
uptake and L-lactate production when exposed to MG39,57.

We observed similar metabolic phenotypes in HeLa cells: GLO1KO

HeLa cells (which we characterized previously58) andGLO1 knockdown
HeLa cells also exhibited reduced PDH activity (Supplementary Fig. 3b,
c), increased glucose uptake (Supplementary Fig. 3d), and increased
L-lactate production (Supplementary Fig. 3e). In sum, elevated MG
induces a Warburg-like metabolic phenotype in different cell types,
with reduced PDH activity, increased glucose uptake, increased lactate
production, and reduced TCA cycle activity.

Regulation of PDH by MG is not mediated by changes in
phosphorylation
Tounderstand themechanismbywhichMGaffects PDHactivity, wefirst
investigated whether the protein levels of PDH subunits are reduced in
GLO1KO cells, but this was not the case (Fig. 2a). PDH activity is regulated
via inhibitory phosphorylation on Ser232, Ser293 and Ser300 of its
PDHA subunit59. To verify the sensitivity of the phospho-antibodies, we
treated cells with dichloroacetate (DCA), an inhibitor of the Pyruvate
Dehydrogenase Kinases (PDKs), which phosphorylate these sites60, and
observed the expected drop in PDHA phosphorylation (Fig. 2b). How-
ever, we did not observe an increase in phosphorylation of these sites in
GLO1KO cells (Fig. 2b) or in MG treated GLO1WT cells (Fig. 2c). Thus, the
reduction in PDH activity in GLO1KO cells cannot be explained by
increased inhibitory phosphorylation. Supporting this, although DCA
increases PDH activity, it does not eliminate the difference in PDH
activity between GLO1WT and GLO1KO cells (Supplementary Fig. 4a),
indicating that MG does not act via the PDKs. In sum, MG and phos-
phorylation regulate PDH via distinct mechanisms.

Lack of evidence for a direct effect of MG on PDH via MG-
adducts
MG can form adducts on lysine and arginine residues of proteins,
leading to protein dysfunction. The most common adduct is

hydroimidazolone (MG-H1)48. To test if GLO1KO cells have more MG-H1
modifications on PDH subunits than GLO1WT cells, we immunopreci-
pitated PDH and immunoblotted with anti-MG-H1 antibody. Although
immunoprecipitation of FLAG-tagged PDHA leads to co-
immunoprecipitation of all other subunits of PDH (Supplementary
Fig. 4b), we also immunoprecipitated FLAG-PDHB and HA-DLAT to
enrich for them. None of the PDH subunits, however, was differentially
modified with MG-H1 in GLO1KO compared to GLO1WT cells (Supple-
mentary Fig. 4c). Since MG can form multiple different types of
adducts on proteins, we also immunoprecipitated the PDH complex
via FLAG-PDHA from GLO1WT and GLO1KO cells and analyzed the pro-
teins by mass spectrometry. This revealed only one modification that
differed significantly between the two samples – a CELmodification on
Lys313 of PDHA, whichwas elevated in GLO1KO cells. However, wewere
able to validate this result by immunoblotting in only one replicate
(Supplementary Fig. 4d) out of three attempts, indicating that the
difference in this modification between GLO1WT and GLO1KO cells is not
very robust. In sum, we were unable to find convincing evidence to
support the hypothesis that MG regulates PDH activity by directly
forming adducts on PDH.

Inhibition of PDH activity is mediated by oxidation
Since MG causes increased ROS39–42 Supplementary Fig. 1f, Sup-
plementary Fig. 2d–f), and ROS can oxidize cysteines to affect
protein function61,62, we asked if MG regulates PDH activity via ROS.
To first test if ROS can regulate PDH activity, we treated
HEK293T cells with 400 µMH2O2 for 1 h and found that this inhibits
PDH activity to levels similar to those observed in GLO1KO cells
(Fig. 2d and Supplementary Fig. 5a, b). This effect is reversible
(Supplementary Fig. 5c) and can be recapitulated by treating pur-
ified PDH with H2O2 in vitro (Supplementary Fig. 5d)63, indicating it
is direct and independent of phosphorylation. In contrast, treat-
ment of purified PDHwith MG in vitro had no effect on PDH activity
(Supplementary Fig. 5e). To assess whether endogenously pro-
duced H2O2 can also inhibit PDH activity, we treated cells with 3-
amino-1,2,4-triazole (3AT), an inhibitor of catalase, one of the main
enzymes detoxifying H2O2

64. This also resulted in reduced PDH
activity (Suppl. Figure 5f), indicating that endogenous H2O2 can
inhibit PDH. Notably, H2O2 is primarily produced inmitochondria65,
where PDH is also localized.

Since treatment of cells with H2O2 causes a drop in PDH activity
(Fig. 2d), one would expect that H2O2 also causes a drop in mito-
chondrial respiration. However, it has been reported that treatment of
cells with H2O2 causes an increase in mitochondrial respiration66.
Mitochondria can use several fuel sources to drive respiration,
including glucose via glycolysis, glutamine via glutaminolysis, and
fatty acids via beta-oxidation67, raising the possibility that the
increased respiration is due to a shift in fuel usage. Consistent with

Fig. 1 | Methylglyoxal inhibits PDH activity. a PDH activity is reduced in GLO1
knockout (KO) HEK293T cells. n = 7 biological replicates, significance by two-tailed
unpaired t test.b PDH activity is reduced inGLO1 knockdownHEK293T cells. siRNA
targeting Renilla luciferase was used as a negative control. n = 5 biological repli-
cates, significance by two-tailed unpaired t test. c, d Activity of other dehy-
drogenases, such as GAPDH (c) or KGDH (d), is not reduced in GLO1KO

HEK293T cells. n = 2 (c) or 3 (d) biological replicates, significance by two-tailed
unpaired t test. e PDH activity is rescued by expression of WT GLO1, but not a
catalytically inactive (CI) mutant of GLO1 in GLO1KO HEK293T. n = 5 biological
replicates, significancebyonewayANOVAcorrected formultiple comparisonswith
Tukey test. f PDH activity is inhibited in HEK293T cells incubated with 100 µM
methylglyoxal (MG) for 1 h. n = 6 biological replicates, significance by one way
ANOVA corrected for multiple comparisons with Tukey test. g GLO1KO

HEK293T cells have reduced oxygen consumption rates, measured via a SeaHorse
Mito Stress Test Kit. Oxygen consumption is normalized per cell. n = 3 biological
replicates on different days with multiple wells each. h GLO1KO HEK293T cells have

reduced carbon flux from glycolysis into the TCA cycle. Shown is the percent
labeling with 13 C carbon into citrate after incubation for 5 or 10min with 13 C
glucose, as well as the ratio of labeled citrated to labeled pyruvate. n = 4 biological
replicates, significancebyonewayANOVAcorrected formultiple comparisonswith
Šídák test. iGLO1KO HEK293T cells have high glucose uptake, measured as the drop
in glucose in the medium over a 24h period, normalized to cellular protein. n = 2
biological replicates, significance by two-tailed unpaired t test. j, k GLO1KO

HEK293T cells producemore L-lactate, measured either as the increase in lactate in
mediumover a 24 h period (j) or using a SeaHorse assay (k). For (k), the samedrugs
were used as in panel (g) because a protocol that allows simultaneous ECAR and
OCRmeasurements is used. n = 4 (j) or 3 (k) biological replicates on different days
with multiple wells each. Significance by a two-tailed unpaired t test. l, m
HEK293T cells incubated with 100 µM MG for 1 hour produced more L-lactate (k)
and D-lactate (m). n = 3 biological replicates, significance by two-tailed unpaired t
test. All data are presented asmean values +/− Std.Dev. Source data are provided as
a Source Data file.
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previous reports, we confirmed that H2O2 causes increased respiration
(Supplementary Fig. 5g). We then tested if this is due to increased
usage of glucose, glutamine or fatty acids by pharmacologically inhi-
biting the respective pathways. This revealed that the increased
respiration in response to H2O2 is due to increased glutaminolysis,

because it is abolished upon treatment with BPTS (Bis-2-(5-phenyla-
cetamido-1,3,4-thiadiazol-2-yl) ethyl sulfide), a specific inhibitor of
glutaminase (Supplementary Fig. 5g). Indeed, in the presence of BPTS,
H2O2 causes a decrease in respiration, as one would expect from the
drop in PDH activity.

Fig. 2 | PDH activity is regulated by oxidation. a Levels of PDH subunits do not
decrease in GLO1KO HEK293T cells. Representative of 2 biological replicates. b PDH
phosphorylation is not increased in GLO1KO HEK293T cells. Representative of 4
biological replicates. The PDK inhibitor DCA is used as a positive control to reduce
PDHA phosphorylation. c PDH phosphorylation is not increased in HEK293T cells
incubated with methylglyoxal (MG) (100 µM, 1 h). Representative of 2 biological
replicates.d PDH activity is inhibited in HEK293T cells incubatedwith 400 µMH2O2

for 1 h. n = 4 biological replicates, significance by one way ANOVA corrected for
multiple comparisonswith Tukey test. e The antioxidant Trolox (4mM, 1 h) rescues
the decreased PDH activity observed in GLO1KO HEK293T cells. n = 4 biological
replicates, significancebyonewayANOVAcorrected formultiple comparisonswith
Tukey test. f Schematic diagram of the PEG-exchange assay whereby reduced
cysteines are blocked with N-ethylmaleimide (NEM), oxidized cysteines are

reduced with DTT, and then the free cysteines that are generated by the DTT are
coupled to a mass-tag visible as a mobility shift on an SDS-PAGE gel. g The DLAT
subunit of PDH is more oxidized in GLO1KO HEK293T cells compared to GLO1
WT cells. n = 5 biological replicates, including replicates from Supplementary
Fig. 6b. Significance by two-tailed unpaired t test. hOxidation of DLAT increases in
HEK293T cells treated for 1 h with 200 µM or 400 µM H2O2. Representative blot
(top) of 2 biological replicates quantified below. Significance by one way ANOVA
corrected for multiple comparisons with the Tukey test. i Oxidation of DLAT in
GLO1KO HEK293T cells is reduced by the antioxidant trolox (4mM for 1 or 2 h).
Representative blot (top) of 3 biological replicates, quantified below. Significance
by one way ANOVA corrected formultiple comparisons with Šídák test. All data are
presented as mean values +/− Std. Dev. Source data are provided as a Source
Data file.
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Having established that ROS can inhibit PDH, we next asked
whether the reduced PDH activity observed in GLO1KO cells is due to
elevated oxidation. To test this, we examined if the antioxidant Trolox
can revert the phenotype. Indeed, treatment of Glo1KO cellswith Trolox
restored PDH activity to wildtype levels (Fig. 2e). Together, these
findings indicate that MG suppresses PDH activity through an
oxidation-dependent mechanism.

DLAT is oxidized on three cysteines
To detect protein oxidation, we adapted a method based on the
acyl-PEG exchange (APE) assay68. In this modified method
(Fig. 2f), we first lyse cells and block free cysteine thiols with
N-methylmaleimide (NEM). Next, we treat the lysate with DTT to
reduce and remove oxidative modifications on cysteines, such as
glutathionylation or disulfide bonds. These newly-generated free
thiol groups are then labeled by reacting with methoxy-
polyethylene glycol-maleimide (mPEG), which covalently atta-
ches a large PEG group to the cysteines. This causes a mobility
shift of the protein during SDS-PAGE, which can be detected by
immunoblotting, with each modified cysteine resulting in an
additional band. Each sample is split in two and either treated
with DTT, or without DTT as a negative control. We applied this
method to investigate each subunit of the PDH complex. This
showed that PDHA and PDHB are not oxidized, as no additional
bands appeared after DTT treatment (Supplementary Fig. 6a). In
contrast, E3BP and DLD showed oxidation at one cysteine, seen
by the appearance of a single additional band in the DTT-treated
samples (Supplementary Fig. 6a). However, the extent of oxida-
tion of E3BP and DLD, as determined by the fraction of the pro-
tein that shifts in the presence of DTT, is not different in GLO1WT

versus GLO1KO cells. In contrast, for the DLAT subunit, we
observed three up-shifted bands (Fig. 2g), indicating the presence
of oxidation on three separate cysteines in GLO1WT cells. Fur-
thermore, the extent of oxidation was higher in GLO1KO cells
compared to GLO1WT cells (quantified in the lower panels, Fig. 2g),
as well as in cells treated with MG (Supplementary Fig. 6b), sug-
gesting that oxidation of DLAT may be responsible for the
reduced PDH activity in GLO1KO cells. Indeed, oxidation of DLAT
consistently negatively correlated with PDH activity: DLAT oxi-
dation increased when GLO1WT cells were treated with H2O2

(Fig. 2h), which causes reduced PDH activity (Fig. 2d). Similarly,
DLAT oxidation increased when cells were treated with 3AT
(Supplementary Fig. 6c), indicating that this oxidation is caused
by endogenous H2O2. Finally, Trolox reduced DLAT oxidation in
GLO1KO cells (Fig. 2i), correlating with the rescue in PDH activ-
ity (Fig. 2e).

To definitively prove that oxidation of DLAT is responsible for the
drop in PDH activity under oxidative stress, we next aimed to identify
the specific cysteine residues in DLAT that are oxidized.

DLAT is oxidized on Cys488, Cys586 and Cys618
To identify the cysteines in DLAT that are oxidized, we first confirmed
that mutating all cysteines in DLAT to serine abolishes the up-shift in
our PEG exchange assay (Fig. 3a). There is one band located between
thebandswe refer to as ‘band0’ and ‘band 1’which sometimes changes
in response to DTT treatment (Fig. 2g–i) and sometimes does not
(Fig. 3a). This band is not affected by mutation of all cysteines, and
since its behavior is inconsistent between experiments, we chose to
disregard it here, though it may be relevant for future studies.

Next, we aimed to identify which cysteines are modified. We
individually mutated seven of the nine cysteines in DLAT to serine and
found that mutation of Cys488, Cys586 and Cys618 reduced DLAT
oxidation (Supplementary Fig.6d), as did the triple mutation (TM) of
these three residues (Fig. 3b). In sum, DLAT Cys488, Cys586 and
Cys618 are targets of oxidation.

Oxidation of DLAT Cys488, Cys586 and Cys618 regulates PDH
activity
The results presented above raise the hypothesis that oxidative stress
causes oxidation ofDLATonCys488, Cys586 andCys618,which in turn
inhibits PDH activity. We therefore tested whether these three
cysteinesmediate the effect of oxidative stress on PDH activity. To this
end, we generated a DLAT knockout cell line and reconstituted it with
wild-type (WT) DLAT, with C488S, C586S, or C618S single mutant
DLAT, or with triple-mutant (TM) DLAT. The DLAT knockout cell line,
which we generated using CRISPR/Cas9 (Supplementary Fig. 7a),
entirely lacks DLAT protein (Supplementary Fig. 7b) and PDH activity
(Supplementary Fig. 7c). This cell line acidifies the cell culturemedium
rapidly and dies if the medium is not exchanged frequently - an
expected consequence of the cells compensating for the lack of PDH
by up-regulating glycolysis and lactate production. We then stably
transfected this line with wildtype or mutant DLAT (Supplementary
Fig. 7b). Interestingly, triplemutantDLAT supports higher PDH activity
than wildtype DLAT (Supplementary Fig. 7c, d) despite being a bit less
stable thanwildtypeprotein (SupplementaryFig. 7b). This is consistent
with oxidation of these three cysteines being inhibitory. In order to
control for batch effects, we generated a second set of cells recon-
stituted with either wild-type or triple mutant DLAT. Also in this sec-
ond batch, cells reconstituted with triple-mutant DLAT have elevated
PDH activity (#2, Supplementary Fig. 7d). Correspondingly, cells with
TM DLAT also have elevated respiration (Supplementary Fig. 7e).

Next, we treated these cell lines with H2O2 and found that the
single mutants provided partial protection of PDH activity against
oxidation, while the triple mutant completely blunted the effect of
oxidation on PDH activity (Fig. 3c). In sum, oxidation of DLAT at
Cys488, Cys586 and Cys618 reduces PDH activity.

DLAT oxidation acts independently of phosphorylation on PDH
activity
Since PDH activity is regulated by phosphorylation and oxidation, we
wondered how these two mechanisms integrate to regulate PDH
activity. We first assessed the phosphorylation status of PDH in cells
treatedwithH2O2,which increases PDHoxidation (Fig. 2h) and reduces
PDHactivity (Fig. 2d). In this case,H2O2 causes a substantial decrease in
PDH phosphorylation (Suppl. Fig. 8a), which per se should increase
PDH activity. However, the net effect is a drop in PDH activity, indi-
cating that the oxidation inhibits PDH despite reduced inhibitory
phosphorylation. The more moderate intervention with catalase inhi-
bitor 3AT, which also causes increased PDH oxidation (Supplementary
Fig. 6c) and reduced PDH activity (Supplementary Fig. 5f), did not
cause a detectable change in PDH phosphorylation (Supplementary
Fig. 8b), indicating that changes in PDH oxidation are sufficient to
reduce its activity. Finally, when we treated cells with Trolox, which
reduces PDH oxidation (Fig. 2i) and increases PDH activity (Fig. 2e), we
observed a mild decrease in PDH phosphorylation (Suppl. Fig. 8c). In
this case, both the reduction in oxidation and in phosphorylation
contribute to the increase in PDH activity.

In sum, PDH activity seems to always negatively correlate with
DLAT oxidation. In some cases, there is a discrepancy between PDH
activity and its phosphorylation state, indicating that it is important to
directly measure PDH activity under experimental conditions rather
than relying solely on phosphorylation status as a proxy.

DLAT oxidation involves a disulfide bond
The thiol group of cysteines is susceptible to a variety of post-
translationalmodifications in response to oxidative stress, including S-
nitrosylation, S-glutathionylation and disulfide bonding61. We next
sought to better understand the nature of the oxidation occurring at
Cys488, Cys586 and Cys618. The PEG exchange assay we used to
detect oxidation at these cysteines entails that the oxidation is rever-
sible byDTT,making it unlikely that the thiol groups of these cysteines
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are oxidized to sulfinic acid or sulfonic acid, since these modifications
arenot reversedbyDTT.We ruledout sulfenic acid, becausenumerous
mass spectrometry screens failed todetect sulfenic acidon theseDLAT
residues69–71. We therefore assessed whether DLAT undergoes
S-nitrosylation. Immunoprecipitation of HA-DLAT and immunoblot-
ting with an antibody that detects nitrosylated cysteine revealed no

difference in the degree of S-nitrosylation betweenGLO1WT andGLO1KO

cells (Supplementary Fig. 8d). (To validate themethod,weused theNO
donor DETA NONOate as a positive control, which confirmed the
expected nitrosylation response). Interestingly, another subunit of the
PDH complex, DLD, was reported to be nitrosylated in amanner that is
not reversed by DTT28.

Fig. 3 | DLAT oxidation on Cys488, Cys586 or Cys618 inhibits its activity.
a Oxidation of DLAT is abolish by mutating all cysteines in DLAT to serine.
Representative of 2 biological replicates. b Oxidation of DLAT is reduced in the
single point mutants for Cys488, Cys586 or Cys618, and more strongly reduced in
the triplemutant (TM). Representative of 3 biological replicates. cActivity of PDH in
HEK293T DLAT knockout cells expressing a triple mutant (TM) DLAT (C488S,
C586S, C618S) does not decrease upon treatment with H2O2 (400 µM, 1 h), and the
single point mutants are partially resistant. n = 6 biological replicates. All columns
are normalized to the first (control conditionwithoutH2O2 treatment). Significance
by one-way ANOVA with Geisser–Greenhouse correction, followed by Šídák-
adjustedpost hoc tests.dDLAT forms highmolecular weight aggregates, which are

increased in GLO1KO HEK293T cells or in response to treatment with methylglyoxal
for 1 h. Representative of 2 biological replicates. e The higher molecular weight
band detected by the DLAT antibody is specific for DLAT, because it decreases in
intensity upon DLAT knockdown. siRNA targeting Renilla luciferase was used as a
negative control. Representative of 2 biological replicates. f Cys488, Cys586 and
Cys618 of DLAT are involved in the formation of higher molecular weight aggre-
gates. Incubation of HEK293T cells with 400 µM H2O2 for 1 h induces formation of
the high molecular weight DLAT band (DLAT*) in cells transfected with HA-
DLAT(WT) but not HA-DLAT with the indicated point mutation or triple mutation
(TM). Representative of 2 biological replicates. All data are presented as mean
values +/− Std. Dev. Source data are provided as a Source Data file.
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Under oxidative stress conditions, cysteines can be
glutathionylated72. To detect this, we incubated GLO1WT and GLO1KO

cells with biotinylated glutathione ethyl ester (BioGEE), a cell-perme-
able, biotinylated glutathione analog which allows for metabolic
labeling and subsequent streptavidin mediated pull-down to detect
glutathionylated proteins (Supplementary Fig.. 8e). As a positive con-
trol, we treated GLO1WT cells with H2O2 and detected by immuno-
blotting the expected increase in GAPDH glutathionylation73. This
revealed that DLAT also becomes glutathionylated in response to
H2O2, however we found no difference in the level of DLAT glu-
tathionylation between GLO1WT and GLO1KO cells. Glutathionylation of
DLAT was previously observed in vivo when macrophages are stimu-
latedwith LPS and in vitro following GSH oxidation with diamide74, but
in both cases the gluthationylation of DLAT occurred on lipoic acid,
whereas in our context the oxidation occurs on cysteine residues.

Cysteines can form disulfide bonds in response to oxidative
stress61. These bonds can be detected on an SDS-PAGE gel under non-
reducing conditions, where intramolecular disulfide bonds cause
proteins to migrate faster, whereas intermolecular disulfide bonds
cause proteins to migrate slower75. Treatment of GLO1WT and GLO1KO

cells withMG for 1 hour caused a concentration-dependent increase in
the intensity of a 210 kDa band, corresponding to a potential trimer of
DLAT, whichwe termDLAT* (Fig. 3d). This highmolecular weight band
is specific for DLAT, because DLAT knockdown causes a reduction in
the intensity of both DLAT and DLAT* (Fig. 3e). Quantification of this
band, normalized to total DLAT, showed that GLO1KO cells have 70%
moreDLAT* than GLO1WT cells (Fig. 3d). Interestingly, formation of this
highermolecular weight species occurs in response to oxidative stress
(Fig. 3f) and involves Cys488, Cys586 and Cys618, because DLAT*
formation is strongly reduced in the single mutants and abolished in
the triple mutant (Fig. 3f). These results strongly suggest that Cys488,
Cys586 andCys618 form intermolecular disulfide bonds in response to
MGoroxidative stress. In addition, these residuesmay also be involved
in others forms of oxidation which we have not tested.

Twomechanistic questions remain. First, the stoichiometry of this
intermolecular disulfide bonding is relatively low, suggesting that only
a subset of the 60 DLAT subunits in one PDH complex needs to be
oxidized to inhibit PDH activity. How this works at the structural level
remains to be explored. Second, if DLAT* is a DLAT trimer, the exact
mechanism by which three cysteines interconnect three DLAT mole-
cules remains to be elucidated. Answering these questions will require
additional structural insights into this megadalton complex.

Oxidation of DLAT forms a homeostatic feedback loop that
promotes survival to oxidative stress
The results presented above indicate that oxidative stress leads to
oxidation of DLAT, thereby inhibiting PDH and reducing glycolytic flux
into the TCA cycle. This should enable glycolytic flux to re-route
towards the pentose phosphate pathway (PPP) to produce NADPH to
fight the oxidative stress. To test if this is the case, we analyzed if cells
containing triple mutant (TM) DLAT are impaired in fighting oxidative
stress. The difference between cells with wildtype DLAT and cells with
TM DLAT reflects the metabolic consequence of DLAT oxidation.
Indeed, when challenged with H2O2, cells with TM DLAT have a much
stronger drop in NADPH levels than cells with wildtype DLAT (Fig. 4a).
Roughly half of the NADPH generated in oxidative stress conditions
requires DLAT to become oxidized on these three cysteines (Fig. 4a).
Correspondingly, the ratio of reduced to oxidized glutathione (GSH/
GSSH) also drops more strongly upon H2O2 treatment in cells with TM
DLAT (Fig. 4b). Cells use NADPH and GSH to detoxify H2O2. To test the
detoxification capacity of cells, we treated themwith 400 µMH2O2 and
quantifiedH2O2 levels in themediumover time. In the absence of cells,
H2O2 is relatively stable in medium within a 120min timeframe (Sup-
plementary Fig. 9a)whereas in the presenceof cells it is detoxified very
rapidly, dropping to roughly 20 µMwithin 30minutes (Supplementary

Fig. 9b). This detoxification was impaired in cells with TM DLAT
(Fig. 4c). As a consequence, cells with TM DLAT suffer more oxidative
damage to their proteins, such as hyperoxidation of PRDX3 (Fig. 4d, e),
and die more readily in response to H2O2 (Fig. 4f, g). In sum, down-
regulation of PDH activity via oxidation of DLAT Cys488, Cys586 and
Cys618 is important for cells to sense and fight oxidative stress.

Cells in the core of a tumor are exposed to oxidative stress76 and
previous work has shown that cells with impaired capacity to fight
oxidative stress are also impaired in tumor formation19. To test this, we
generated xenografts in mice with cells carrying either wildtype DLAT
or TMDLAT. AlthoughTMcells proliferate as quickly asWT cells in cell
culture (Fig. 4g), the TM cells formed tumors more slowly than
WTcells (Fig. 4h). Thus, the ability of cells to re-routemetabolicflux via
oxidation of DLAT is also relevant in tumors.

Conservation in HepG2 cells
We then sought to validate whether the effect of oxidative stress on
PDH is conserved inHepG2 cells, which are a hepatocellular carcinoma
cancer model, and derive from liver, a key tissue involved in systemic
glucosehomeostasis77. As in other cell lines,MG increases ROS levels in
HepG2 cells39. Consistent with our findings in HEK293T and HeLa cells,
inHepG2 cellsMG reduces PDHactivity (Supplementary Fig. 10a), does
not affect PDH phosphorylation (Supplementary Fig. 10b), and
increases PDH oxidation (Supplementary Fig.10c). Incubation of
HepG2 cells with H2O2 for 1 hour decreases PDH activity (Supple-
mentary Fig. 10d), only mildly affected PDH phosphorylation (Sup-
plementary Fig. 10e), and increased PDH oxidation (Supplementary
Fig. 10f). Furthermore, both MG and H2O2 lead to an increase in the
high molecular weight DLAT species (Supplementary Fig. 10g, h). In
sum, the regulation of PDH by MG and oxidative stress appears to be
conserved in liver cells.

MG impairs PDH activity in vivo in mice
Wenext investigatedwhetherMG can inhibit liver PDH in vivo using a
mouse model. To test this, we evaluated PDH activity in livers from
GLO1WT and GLO1KO mice47 in which we induced hypercholester-
olemia and hyperglycemia (HGHCi). These animals express a gain-of-
function variant of murine PCSK978 in the liver, and are fed a high-fat
diet in order to induce hypercholesterolemia. In addition, the ani-
mals are injected with streptozotocin to induce hyperglycemia78.
Consistent with our cell culture results, loss of GLO1 caused a sig-
nificant decrease in liver PDH activity (Fig. 5a). This reduction in
activity was not due to changes in PDH protein levels or phosphor-
ylation because, if anything, PDHA and PDHB protein levels were
mildly increased in GLO1KO livers (Fig. 5b), and PDHA phosphoryla-
tionwas not significantly changed (Fig. 5c, d). Instead, in line with our
cell culture findings, DLAT oxidation was mildly but significantly
increased in livers from GLO1KO HGHCi mice (Fig. 5e, f). This finding
demonstrates that also in vivo DLAT oxidation occurs at substantial
levels, is elevated under conditions of glycation stress, and correlates
with PDH activity.

Fasting modulates DLAT oxidation
Wewondered whether oxidation of DLAT can bemodulated in vivo by
physiological conditions. Under fasting conditions, PDH activity is
typically inhibited to conserve pyruvate for gluconeogenesis rather
than respiration79. Interestingly, some studies have reported that acute
starvation, unlike prolonged or intermittent fasting, increases H2O2

production in cell culture and in mice80, raising the possibility that
fasting might down-regulate PDH activity in part by increasing its
oxidation. To determine whether DLAT oxidation is modulated by
fasting, we compared DLAT oxidation across different tissues from
wild-type mice that were either fed ad libitum or fasted for 16 hours.
(Fig. 5g). This revealed that DLAT oxidation is present in all wildtype
tissues under control conditions, and that it increases in response to
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fasting in the kidney, liver and muscle. Thus, DLAT oxidation can be
physiologically modulated in vivo.

PDH activity correlates with DLAT oxidation across human
samples
Wenext askedwhether DLAT is oxidized in vivo in human tissue. Since
individuals with diabetes often have elevated levels of reactive

metabolites such as MG35,36, we measured DLAT oxidation in liver
samples from patients with only pre-diabetes or pre-diabetes and
obesity having a high HOMA-IR (Supplementary Data 2). Indeed, DLAT
oxidation is highly prevalent in human liver (Fig. 6a). By quantifying
DLAT oxidation and PDH activity in parallel from these same samples,
we observed a significant negative correlation between the degree of
DLAT oxidation and PDH activity across individuals (Fig. 6b). Also
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phosphorylation of PDH on S300 showed a correlation with PDH
activity, although not significant (Fig. 6c-d). These findings indicate
that DLAT oxidation is highly prevalent in liver, and could be an
important regulator and readout of PDH activity in vivo in humans.

DLAT is highly oxidized in muscle
Since skeletal muscle is another critical tissue for glucose
homeostasis81, we assayed PDH oxidation in humanmuscle. We tested
muscle from healthy individuals in three metabolic states – a fasted
state, after 2.5 h of lipid infusion, and 30min after a hyperinsulinemic
clamp – to test if PDH oxidation responds to these stimuli. Interest-
ingly, we find that DLAT is very highly oxidized in skeletal muscle
(Fig. 6e), with very little DLAT protein remaining unoxidized (band 0).
Wedid not observe a change inDLAToxidation in response to lipids or
insulin, suggesting thatmuscle has constitutively highDLAToxidation.
This high level of DLAT oxidation aligns well with the fact that skeletal
muscle has low PDH activity compared to other tissues82.

Discussion
In this study, we show that DLAT, a component of the PDH complex,
becomes oxidizedon three cysteines–Cys488,Cys586 andCys618– in
response to oxidative stress. This oxidation reduces PDH activity,
promoting a Warburg-like metabolic phenotype characterized by
increased glycolysis, elevated lactate production, and reduced TCA
cycle activity. In agreement with this mechanism, re-routing glycolytic
flux to the pentose phosphate pathway, cells withmutant DLAT, which
cannot be oxidized, have reduced NADPH production, reduced H2O2

detoxification, and reduced survival to H2O2. In sum, oxidation of
DLAT on Cys488, Cys586 and Cys618 is part of a homeostatic
mechanism in which oxidative stress enhances NADPH production,
helping cells to counteract the oxidative environment.

Our findings expand our understanding of PDH complex regula-
tion beyondphosphorylation events, revealing that PDHcanalso sense
the oxidative state of a cell directly through DLAT oxidation. We find
that DLAT oxidation is present in vivo in both mouse and human.
Indeed, in some tissues, such as mouse and human muscle, the
majority ofDLAT isoxidized (Figs. 5g, 6e), suggesting that thismodeof
regulation iswidespread in vivo. Oxidation ofDLATmayexplainwhy in
some cases PDH phosphorylation and PDH activity do not correlate83.
Indeed, our results highlight the importance of directly measuring
PDH activity rather than relying on phosphorylation as a proxy for
activity, which is often done due to the relative ease of measuring
phosphorylation.

Given the prevalence of DLAT oxidation in regulating PDH activ-
ity, it will be interesting in the future to study its broader implications
for physiology and pathophysiology. This will necessitate the genera-
tion of mouse models with point mutations at DLAT Cys488, Cys586

and Cys618. DLAT oxidation is likely to be relevant in various contexts:
(1) Since different tissues have different levels of DLAT oxidation
(Fig. 5g), it will be interesting to study whether this contributes to
tissue-specific differences in PDH activity82. (2) By rerouting metabolic
flux, DLAT oxidation could impact basal metabolism and the ability of
an organism to shift between fuel sources, a process that depends on
dynamic changes inPDHactivity84. (3) Individualswith diabetes, aswell
as mice with experimental diabetes, have reduced PDH activity9,10,
although the underlying molecular mechanisms are not fully eluci-
dated. Since individuals with diabetes have elevated levels of reactive
metabolites such as MG35,36 and elevated oxidative stress85, oxidation
of DLAT could provide a molecular mechanism contributing to the
reduced PDH activity and reduced metabolic flexibility that are hall-
marks of the disease86. Indeed, in muscle from type 2 diabetic mice
compared to controlmice, PDH activity respondsmore slowly to DCA,
an inhibitor of PDKs that increases PDH activity87, suggesting the
existence of an additional mechanism that inhibits PDH in diabetes
besides phosphorylation. 4) Since type 2 diabetes is a risk factor for
certain cancers88, DLAT oxidation may contribute to the Warburg-like
metabolic phenotype, which provides a favorable metabolic environ-
ment for cancer initiation or progression.

In conclusion, we uncover here amechanismof regulation of PDH
that is highly prevalent in vivo and correlates strongly with PDH
activity across human samples. DLAT oxidation at Cys488, Cys586 and
Cys618 is likely to have far-reaching implications in various physiolo-
gical and pathological contexts, given the central role that the PDH
complex plays in regulating metabolic flux.

Methods
Antibodies and reagents
The following primary antibodies were used at 1:1000 dilution unless
otherwise specified: CEL (Cell Signaling Technology #44358), DLAT
(Cell Signaling Technology #12362), DLAT (Proteintech, #13426-1-AP),
DLD (Santa Cruz Biotechnology sc-365977), E3BP (Santa Cruz Bio-
technology sc-393644), FLAG tag (Cell Signaling Technology #14693),
GAPDH (Cell Signaling Technology #2118), Glutathione (D8) (Santa
Cruz Biotechnology sc-52399), HA tag (Cell Signaling Technology
#2367), Hyperoxidized PRDX3 (Cayman Chemicals Cay39806-100),
LDH (Cell Signaling Technology #2012), MTC1 (Cell signaling Tech-
nology #85680), PDHA (Cell Signaling Technology #3205), MG-H151,
PDHB (Proteintech #14744-1-AP), pPDH(S232) (Proteintech #29582-1-
150), pPDH(S297) (Abcam ab92696) was used 1:5000, pPDH(S232)
(Proteintech #80572-1-RR), Pyruvate dehydrogenase E2/E3bp (Abcam
ab110333), PRDX3 (Proteintech #10664-1-AP), S-Nitroso-Cys (Biozol
Diagnostica APD NISC11-A), Tubulin (Sigma Aldrich #T9026) was used
1:5000, and VDAC (Cell Signaling Technology #4661). Secondary
antibodies were used 1:10,000 and are the following: anti-rabbit HRP

Fig. 4 | DLAT oxidation is part of a homeostatic feedback loop enabling cells to
fight oxidative stress. a DLAT knockout cells reconstituted with C488S, C586S,
C618S triple-mutant (TM) DLAT have lower NADPH levels upon treatment with
H2O2 compared to cells reconstituted with wildtype DLAT. Cells were treated with
400 µMH2O2 for 1 h prior to measurement of NADPH and NADP + . n = 5 biological
replicates. Significance by one-way ANOVA with Geisser–Greenhouse correction,
followed by Šídák-adjusted post hoc tests. b DLAT knockout cells reconstituted
with C488S, C586S, C618S triple-mutant (TM) DLAT have lower levels of reduced
glutathione upon treatment with H2O2 compared to cells reconstituted with wild-
typeDLAT.Cells were treatedwith 400 µMH2O2 for 1 hour prior tomeasurementof
reduced (GSH) and oxidized (GSSG) glutathione. n = 5 biological replicates. Sig-
nificance by one-way ANOVA with Geisser–Greenhouse correction, followed by
Šídák-adjusted post hoc tests. c DLAT knockout cells reconstituted with C488S,
C586S, C618S triple-mutant (TM) DLAT detoxify H2O2 less well than cells recon-
stituted with wildtype DLAT. Cells were treated with 400 µMH2O2 for 30min prior
to measurement of H2O2 in the medium. n = 5 biological replicates. Significance by
one-way ANOVA with Geisser–Greenhouse correction, followed by Šídák-adjusted

post hoc tests. d, e DLAT knockout cells reconstituted with C488S, C586S, C618S
triple-mutant (TM)DLAThavemorehyperoxidationof PRDX3 upon treatmentwith
H2O2 compared to cells reconstituted with wildtype DLAT. PRDX3 hyperoxidation
is detected with an antibody that detects sulfinylated PRDX3 (SO₃-PRDX3).
d Representative western blot. e Quantification of 3 biological replicates. Sig-
nificance by one-way ANOVA with Geisser–Greenhouse correction, followed by
Šídák-adjusted post hoc tests (f, g) DLAT knockout cells reconstituted with C488S,
C586S, C618S triple-mutant (TM) DLAT die more than cells reconstituted with
wildtype DLAT upon treatment with H2O2. (f) Representative images.
g Quantification of 5 biological replicates. Significance by one-way ANOVA with
Geisser–Greenhouse correction, followed by Šídák-adjusted post hoc tests (h)
Xenografts of DLAT knockout HEK293T cells reconstituted with C488S, C586S,
C618S triple-mutant (TM)DLATgrowmore slowly than the equivalent xenografts of
cells reconstituted with wildtype DLAT. n = 8 mice. Significance by multiple two-
sided unpaired T test. All data are presented as mean values +/- Std. Dev. Source
data are provided as a Source Data file.
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Fig. 5 | PDH oxidation is regulated in vivo in mice by methylglyoxal and by
fasting. a PDH activity is reduced in livers of GLO1KO mice with high glucose and
high cholesterol (HGHCi).n = 7WTmice and n = 8 for Glo1 KOmice. Significance by
the two-tailed Kolmogorov-Smirnov test. b Expression of PDH subunits is not
reduced in GLO1KO HGHCi mice. n = 6 mice. Significance by a one-tailed unpaired t
test. c, d PDH phosphorylation is not changed in the liver of GLO1KO HGHCi mice.
Quantified in (d). n = 4 mice, significance by two-tailed unpaired t test. e, f DLAT
oxidation is higher in GLO1KO HGHCi mice compared to GLO1 WT HGHCi mice,

quantified in (f). In each case, the intensities of bands 1-3were normalized to band0
from the same +DTT sample. n = 6 mice, significance by two-tailed unpaired t test.
gDLAT oxidation increases in several mouse tissues upon fasting. In each case, the
intensities of bands 1-3 were normalized to band 0 from the same +DTT sample,
and then normalized to the non-fasted sample for each tissue. n = 1 biological
replicates x 2 conditions. All data are presented asmean values +/- Std. Dev. Source
data are provided as a Source Data file.
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(Jackson ImmunoResearch #111-035-003), anti-mouse HRP (Jackson
ImmunoResearch #115-035-003), anti-guinea pig HRP (Jackson Immu-
noResearch #106-035-003).

Mice
All animal experiments were approved by the ethical authorities
(Regierungspräsidium Karlsruhe, Germany) and performed in com-
pliance with the German Animal Welfare Act for the care and use of
laboratory animals, with the rules of the regulatory authorities in
Baden-Wurttemberg, with the ARRIVE guidelines and with the guide-
lines of Directive 2010/63/EU.

Experiments with the GLO1KO mice were approved by the ethical
authorities (Regierungspräsidium Karlsruhe, Germany), approval
numbers 35-9185.81/G-144/21. Chronic hypercholesterolemia/hyper-
glycemia (HGHCi) was induced in male C57BL/6N and Glo1-/-47 mice.
The mice were treated with Adeno-associated viral vectors encoding
the gain-of-function variant D377Y of murine PCSK9 (rAAV8-
PCSK9D377Y) under control of a liver-specific promoter, which were
delivered via a single retro-orbital sinus injection (1.0 × 1011 viral gen-
omes/mouse). To induce chronic hypercholesterolemia, the animals
were fed a high-cholesterol/high-fat diet containing 16% fat and 1.25%
cholesterol. To induce chronic hyperglycemia, mice were injected
intraperitoneally with streptozotocin (STZ, 60mg/kg, freshly

dissolved in 0.05M sterile sodium citrate, pH 4.5), once daily for five
consecutive days, starting one week after rAAV8-PCSK9D377Y applica-
tion. Blood glucose levels were monitored twice per week using Accu-
Chek Aviva (Roche, USA) andmaintained in a range of 300–500mg/dl.
Body weight was measured once weekly. HFD and hyperglycemia
(minimum 300mg/dl) were maintained for 6 weeks. Mice were then
sacrificed by cervical dislocation. Liver tissue was washed briefly in ice-
cold NaCl and immediately snap frozen in liquid nitrogen.

For assaying DLAT oxidation in different tissues of control mice,
C57BL/6N mice were purchased from Charles River Laboratories
(Wilmington, MA, USA). The mice were maintained under standard
laboratory conditions of a 12 h light/12-hour dark cycle (22 °C, 55%
humidity) and had access to food and water ad libitum. 10-week-old
C57BL/6N male mice were fasted for 16 h or not, and then sacrificed
using carbon dioxide, followed by perfusion with ice-cold PBS. Major
organs (brain, heart, liver, kidneys, colon, epididymal fat pads, and
quadricepsmuscle) were dissected and flash-frozen in liquid nitrogen.
All procedures were approved by the Animal Care and Use Committee
at the regional authority in Karlsruhe, Germany (T-94/14).

For the xenograft experiments, 10-week-old NSG/NXG female
mice were purchased from Janvier Labs (Rte du Genest, Le Genest-
Saint-Isle, France). One million cells were suspended in a PBS-Matrigel
mixture (1:1, v/v) and injected subcutaneously into the posterior right

Fig. 6 | DLAT oxidation correlates more significantly with PDH activity in
human liver compared to PDH phosphorylation. For panels a-d the same liver
samples from n= 6 patients with obesity and diabetes were used to study DLAT
oxidation (a), PDH activity (b and d) and phosphorylation (b). (a) DLAT is oxidized
in liver samples from patients with obesity and diabetes with high HOMA-IR.
(b) DLAT oxidation correlates significantly with PDH activity in liver samples from
patientswith obesity and diabetes. Significance by Pearson’s correlation coefficient
(r) with a two-tailed test.(c, d) Phosphorylation of PDHA on Ser300 in livers of

patients with obesity and diabetes correlates with PDH activity, although not sig-
nificantly (d). Significance by Pearson’s correlation coefficient (r) with a two-tailed
test. e PDH is highly oxidized in human muscles and does not change oxidation
state in response to lipid or insulin infusion. Muscle biopsies were taken (1) before
the clamp, in the fasting state, (2) 2.5 h after start of lipid infusion, and 3) 4 hours
after the start of the lipid infusion and 30minutes after the start of a high-insulin
clamp. n = 2 patients. Source data are provided as a Source Data file.
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flank of NSG/NXG mice anesthetized with isoflurane. Tumor growth
was measured regularly with calipers 2-3 times per week in two
dimensions after cell injection to quantify tumor volume (length x
width²). Mice were examined daily for general health, behavior, and
signs of discomfort, in accordance with institutional and German ani-
mal welfare regulations. All procedures were approved by the Animal
Care and Use Committee at the regional authority in Karlsruhe, Ger-
many (permit 35-9185.81/G-74/25).

Human liver samples
Human liver samples were obtained from the ChARMeD study, a
prospective longitudinal cohort that follows individuals before and up
to two years after bariatric surgery. The study is currently being con-
ducted at the Study Center for Diabetes and Metabolism at the
Department of Endocrinology, Diabetology, Metabolic Diseases and
Clinical Chemistry at the University Hospital Heidelberg. Surgeries and
liver biopsy collections were performed at the Department of General,
Visceral, and Transplantation Surgery, University Hospital Heidelberg.
The study was approved by the ethics committee of Heidelberg Uni-
versity, in compliance with national guidelines and the Declaration of
Helsinki (local ethic number S-887/2021) and is registered with the
German Clinical Trials Register (DRKS00028484). Participants were
prospectively recruited at the Study Center for Diabetes and Meta-
bolism, University Hospital Heidelberg, among individuals scheduled
for bariatric surgery who met the indication for surgery according to
national guidelines89. All participants provided written informed con-
sent prior to study procedures.

All liver samples were from female participants. Participants were
clinically and metabolically assessed for obesity- and diabetes-
associated complications prior to surgery. Standardized laparoscopic
procedures were performed under general anesthesia by experienced
surgeons. Liver biopsies, obtained from the lower part of the right liver
lobe following standardized protocols90, were either formalin-fixed
and paraffin-embedded or snap-frozen in liquid nitrogen and stored at
− 80 °C for further analysis. Paraffin-embedded samples were histolo-
gically evaluated using hematoxylin-eosin and Masson’s trichrome by
specialized liver pathologists at the Department of Pathology, Uni-
versity Hospital Heidelberg. MASLD was assessed using the steatosis,
activity, and fibrosis score91. Snap-frozen liver samples were further
processed for PDH activity, acyl-PEG modification and inmunoblot
assessment.

Anthropometric and metabolic characteristics of study partici-
pants are shown in Supplementary Data 2.

Muscle biopsies were assessed from healthy volunteers partici-
pating in the FFAIR study. Muscle biopsies were taken (1) before the
clamp, in the fasting state, (2) 2.5 h after start of the lipid infusion, and
(3) 4 h after the start of the lipid infusion and 30minutes after the start
of a high-insulin clamp to examine insulin stimulation of PDH activity.
The region above the musculus vastuslateralis was anesthetized with
local anesthetics (Xylocain 2%), a muscle biopsy of ∼ 70–400mg was
obtained using a Bergstrom needle. Samples were immediately stored
in liquid nitrogen and then frozen at− 80 °. The studywas approved by
the ethics committee of Heidelberg University, in compliance with
national guidelines and the Declaration of Helsinki (local ethic number
S-883/2021) and is registered with the German Clinical Trials Register
(DRKS00028505). Healthy volunteers were prospectively recruited for
the FFAIR study at the Study Center for Diabetes and Metabolism,
University Hospital Heidelberg, and provided written informed con-
sent prior to study procedures.

Cell culture
The following cell lines were used: HEK293T (ATCC #CRL-3216), HeLa
(ATCC #CCL-2), HepG2 (ATCC #HB-8065), All cell lines were cultured
in DMEM (Life Technologies #41965-062) containing 25mM glucose,
4mM L-glutamine, 1% penicillin/streptomycin (Life Technologies

#15140-122), and 10%FBS. The culture conditionswere 5%CO2 at37 °C,
and the cells were tested for mycoplasma to exclude contamination.

For all treatments with metabolites or inhibitors, cells were see-
ded the day before treatment and the additionwas performed directly
to the plate or well for 1 hour unless otherwise specified. The following
metabolites or inhibitors were used: MG was synthesized as described
in ref. 42, H2O2 (Sigma Aldrich # 516813), trolox (Sigma Aldrich
#238813), sodium dichloroacetate (DCA) (Sigma Aldrich 347795) and
3-Amino-1,2,4-triazol (3AT) (Sigma Aldrich #A8056).

Plasmid transfections and siRNA knockdowns
For all transfections, the manufacturer’s instructions were followed,
and the cells were always seeded one day in advance. HeLa cell
transfections were done with Lipofectamine 2000 reagent (Thermo-
Scientific #11668030), while for HEK293T cells, we transfectedwith PEI
(Polysciences #23966-1).

All siRNA-mediated knockdowns were performed by reverse-
transfection with 15 nM pools of four siRNAs targeting either human
GLO1 (siGENOME, Horizon Discovery #MU-012277-01-0002), human
DLAT (siGENOME, Horizon Discovery #LQ-008490-01-0002) or
Renilla luciferase (siGENOME, Horizon Discovery #P-002070-01-50) as
a negative control. siRNA sequences are provided in Supplementary
Data 3. After waiting three days, the cells were lysed and analyzed by
immunoblotting or pyruvate dehydrogenase activity was measured as
detailed in the “Enzymatic assays” section below.

Generation of plasmids, knockout cells and stably transfected
cell lines
Monoclonal GLO1 knockout (GloKO) HeLa cells were previously gen-
erated and validated by us58, while themonoclonal GloKO HEK293T and
DLATKO cell lines were generated via CRISPR-Cas9-mediated genome
editing using the PX459 plasmid expressing both Cas9 and an sgRNA
targeting hGLO1 (GCAGACCATGCTACGAGTGA) or hDLAT (AGATGG-
TAGAATCACCAAGA) according to the Brunello library92. Validation of
the GloKO and DLATKO cell lines was performed by PCR-amplifying the
target genomic locus, TOPOcloning (Life Technologies #450640), and
sanger sequencing.We sequenced 19 clones for theGlo1KO cell line, and
18 clones for the DLATKO, and they all showed the same mutation as
indicated in Supplementary Fig. 1a or Supplementary Fig. 7a.

The humanGLO1 ORF, which we previously cloned into pcDNA3.1
( + )58, was subcloned into the same plasmid but with an exchange of
the neomycin resistance cassette for puromycin resistance and a
C-terminal FLAG-tag was added. We generated the HEK293T cell lines
stably expressing FLAG-tagged WT or catalytically inactive (CI) GLO1
by transfection of linearized plasmids into GLO1KO HEK293T cells and
puromycin selection. The presence of GLO1 in the cell lines were
validated by immunoblotting and GLO1 activity assays. Point muta-
tions in GLO1 were introduced by overlap-PCR site-directed muta-
genesis using oligos listed in Suppl. Data 3.

The coding sequences of PDHA1 and DLAT were PCR-amplified
from HeLa cDNA using Phusion High-Fidelity Polymerase (New Eng-
land Biolabs #M0530). These were cloned into pRK5, and when indi-
cated, a tag was added by subcloning the inserts into a pRK5-based
plasmids containing the tag of interest, either FLAG or HA. Point
mutations in DLAT were introduced by PCR-based site-directed
mutagenesis using primers containing overlapping sequences, fol-
lowed by assembly of the PCR products using Gibson Assembly (New
England Biolabs, #E2611S). Oligo sequences are in Suppl. Data 3.

The piggyBAC transposon system93 was used to stably transfect
DLATKO HEK293T cells with DLAT WT, the single point mutants of
DLAT (C488S), (C586S), (C618S) or the triple mutant (TM) (C488S,
C586S, C618S) of DLAT. This was performed by cloning the constructs
of interest into a modified piggyBac-T2A-mNeonGreen vector (piggy-
Bac-puro), where the T2A-mNeonGreen sequence was replaced with a
multiple cloning site, a BGH polyadenylation signal from pcDNA3.1(+)
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and an expression cassette for puromycin resistance under control of
the SV40 promoter. The original piggyBac-T2A-mNeonGreen plasmid
was a kind gift by Moritz Mall (DKFZ Heidelberg). The piggyBAC
plasmids and the transposase were transfected into the DLATKO

HEK293T in the ratio 1:1. Starting from twodays after transfection, cells
were cultured in growth medium supplemented with 1μg/ml pur-
omycin (Sigma-Aldrich #P9620) for approximately two weeks, until a
polyclonal resistant population emerged.

Cell lysis, immunoblots, immunoprecipitations
Cell lysis was a three step procedure: First the cells were washed with
Dulbecco’s phosphate buffer saline (DPBS) (Life Technologies
#14040117), then the cells were scraped with lysis buffer (50mM Tris
pH 7.4, 150mM NaCl, 1% triton X-100, 1x Roche Complete protease
inhibitor cocktail with EDTA, and 1x Roche PhosSTOP phosphatase
inhibitors) and finally the lysates were cleared by centrifugation for
10min, 10000 × g at 4 °C. In all cases, the protein concentration was
determined using Bradford reagent (Biorad #500-0006).

For immunoprecipitation (IP), two 15 cm dishes were used per
condition. The cells were lysed with lysis buffer (40mMHEPES pH 7.4,
5mM MgCl2, 1% triton X-100, 1x Roche Complete EDTA-free protease
inhibitor cocktail, and 1x Roche PhosSTOP phosphatase inhibitors).
The lysates were cleared of cell debris by centrifugating for 10min,
10000× g at 4 °C. For the IP, 4-6mg of protein in a final volume of 1ml
were incubated with 30μL pre-washed anti-DYKDDDDK affinity resin
beads (ThermoFisher #A36803) or anti-HA magnetic beads (Thermo-
Fisher #88837) for 2 h in rotation. For elution, the immunoprecipitates
were washed three times with lysis buffer supplemented with 150mM
NaCl and then eluted with 2x Laemmli.

For pulldown of Biotinylated Glutathione Ethyl Ester (BioGEE),
one 10 cm dish was incubated with 0.02μM BioGEE (ThermoFisher
#G36000) for 2 h. Then the cells were washed twice with DPBS and
lysed with Tris HCl 25mMpH 7.4, NaCl 150mM,MgCl2 5mM, 1% triton
and 10 mM N-ethylmaleimide to block further thiol reactions. The
lysates were centrifuged in a tabletop centrifuge at 20800 x g 4C for
10min and 1-2mgof proteinwere incubatedwith streptavidin-coupled
beads (Life Technologies 65001DynabeadsMyOneStreptavidinC1) for
2 h with gentle rotation. Next, the beads were washed 3 times with
washbuffer (Tris HCl 25mM,NaCl 500mM,MgCl2 5mMand0.1% SDS)
and samples were eluted in 2x Laemmli supplemented with 1mM
biotin.

For developing immunoblots, the chemiluminescent signal was
generated using the ECL substrates Western Lightning Plus-ECL (Per-
kinElmer #NEL105001EA) or Supersignal West Femto (ThermoFisher
#34095). All immunoblots were imaged using a BioRad Chemidoc
system, and quantifications were performed with ImageLab software
(Biorad). For all experiments, to combine quantifications across mul-
tiple experiments, the band intensity of each sample was normalized
by the sum of all samples in one experiment, thereby normalizing for
total intensity.

Cell fractionation and mitochondrial purification
One 10 cm dish was used per condition. The cells were washed once
with DPBS and harvested by adding 1ml of mitochondrial lysis buffer
(10mM Tris-HCl pH 7.5, 1x Roche Complete EDTA-free protease inhi-
bitor cocktail, and 1x Roche PhosSTOP phosphatase inhibitors) and
scraping. Cell lysates were homogenized with a pre-cooled glass
homogenizer (tight pestle; 20 strokes up and down). Next, 200 µl of
1.5M sucrose was added to the homogenized lysates and nuclear
sedimentation was performed by centrifuging the lysates for 5min at
1000 × g at 4 °C. The supernatant, containing mitochondrial and
cytoplasmatic fractions, was transferred to a new Eppendorf tube and
centrifuged a second time for 10min, 10000× g at 4 °C. Then, the
pellet containing the mitochondrial faction was resuspended in the
buffer of interest according to the assay to beperformed.Whenmouse

andhuman tissueswere used formitochondrial purifications, the same
protocol was followed, with the exception that 20–40mgof tissuewas
homogenized in 1ml mitochondrial lysis buffer supplemented with
2mM EDTA.

Flow cytometry
For ROS detection, cells were stained with 5 µM CM-H2DCFDA (Invi-
trogen, Thermo Fisher Scientific, #C6827) at 37 °C for 30min in a 12-
well plate.When cells were incubatedwith 100 µMmethylglyoxal (MG)
for 1 h, the staining was performed in parallel during the last 30min of
the treatment. After staining, the cells were rinsed briefly with PBS and
detached with TrypLe (Gibco, Thermo Fisher Scientific). The cell sus-
pension was then diluted with DPBS and analyzed using the Guava
easyCyte 14HT flow cytometer (Cytek Biosciences). Fluorescence was
measured in the Green-B channel (excitation 488 nm, emission 512/
18 nm), with 10,000 cells counted per sample. Background-corrected
mean fluorescence intensities were used for statistical analysis.

Enzymatic assays
The pyruvate dehydrogenase activity assays in HeLa cells were per-
formed using a commercially available colorimetric activity assay kit
(Sigma Aldrich MAK183), while the pyruvate dehydrogenase activity
in HEK293T cells was measured by an assay protocol adapted from
Chretien et al.94. In both cases the mitochondrial pellet was resus-
pended and incubated for 10minutes with either commercially pro-
vided lysis buffer (sigma assay) or PDH sample buffer (10mM
KH2PO4, 5mM MgCl2, 10% triton, and 1x Roche Complete protease
inhibitor cocktail with EDTA). Themitochondrial lysateswere cleared
by a short spin in a table top Eppendorf centrifuge (1000 g, 2 s). For
the adapted PDHactivity assay protocol, 10 µl ofmitochondrial lysate
supernatant was combined with 170 µl of assay buffer (10mM
potassium phosphate buffer, pH 7.4, 10mM KCl, 5mM MgCl2,
0.5mM NAD+ , 0.2mM Coenzyme A, 0.2mM Thiamine pyropho-
sphate, 1mM Cysteine and 0.2mM GNE-140). GNE-140 is an LDH
inhibitor, which was included in the assay buffer to prevent the
competing reaction which consumes NADH. Then, either 20 µl of
pyruvate 4mM (final concentration 0.4mM) or 20 µl H2O (as a con-
trol) were added, and NADH production was measured by monitor-
ing absorbance at 340 nm for 60min. The assay is specific for PDH
activity because it gives no detectable signal in DLAT knockout cells
(Supplementary Fig. 7c).

For in vitro assays using pyruvate dehydrogenase from por-
cine heart (Sigma, P7032-10UN), 26 µg of PDH was incubated with
varying concentrations of H2O2 in a final volume of 100 µl of PDH
sample buffer for 1 h. The enzymatic activity was then measured as
described above.

GAPDH and KGDH activity were measured with commercially
available colorimetric assays, GAPDH (Sigma Aldrich MAK277) and
KGDH (Sigma Aldrich MAK189). For GAPDH and KGDH activity mea-
surements, one 10-cm dish was used for cellular fractionation as
described above, and the cytosolic supernatant was use for GAPDH
activity assays while the mitochondrial fraction was used for KGDH
assays.

GLO1 activitywasmeasured from the cytosolic fraction of awell in
a 6-well plate. Cells were seeded in a 6-well plate the day before the
experiment. Homogenization was performed with 400μL buffer
(10mM sodium phosphate buffer pH 7.0, 0.02% Triton X-100) and
sonication using a Branson sonifier for 15 sec with 10% amplitude,
followed by centrifugation at 20800 x g for 30min at 4 C. Substrate
mix (50mM sodium phosphate buffer pH 6.6, 20 µM methylglyoxal
(Sigma M0252), 20 µM reduced L-Glutathione (Sigma G6013)) was
incubated in a 96-well microtiter plate at 37 C for 10min. 10 µl of the
cleared lysates were then added to 190 uL substrate mix in each well.
Changes in absorbance at 235 nm were then measured kinetically for
15min using the SPECTROstar Omega plate reader (BMG LABTECH).
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All enzymatic assays were performed in a 96-well plate format,
using the SPECTROstar Omega plate reader (BMG LABTECH). Enzy-
matic activity was normalized to totalmitochondrial protein or to total
cellular protein, measured by Bradford assay, depending onwhether it
is a mitochondrial enzyme or not. In addition, in order to easily com-
pare the results from assays performed on different days, the activity
of each sample was normalized to the sum of activity in all samples in
that experiment (total signal).

Glucose uptake and lactate secretion measurements
Cells were seeded in a 10 cmdish on day 0 of the experiment. On day 1,
the medium was replaced with fresh medium. For glucose uptake, a
sample of this fresh medium was collected, and another sample was
taken after 24 h. Glucose was measured in both samples with a col-
orimetric assay kit (Abcam ab65333), and glucose consumption was
determined as the difference in glucose content in the well, normal-
ized to total cell protein in the well. Similarly, extracellular lactate
measurements were performed with a commercial kit that can distin-
guish D-lactic acid from L-lactic acid (R-Biopharm #1112821035) fol-
lowing the manufacturer’s instructions. Extracellular lactate was
measured on day 2 (24 h after replacing the medium) by measuring
lactate levels in an aliquot of medium. All lactate and glucose mea-
surements were normalized to total protein levels measured by
Bradford.

Metabolic characterization by Seahorse XF assays
A Seahorse XFe96 analyzer was used to measure the glycolytic and
respiratory capacity of cells. For this purpose, both the Glycolysis
Stress Test Kit (Agilent Seahorse XF, 100-103020) and the Mito Stress
Test Kit (Agilent Seahorse XF, 100-103015) were performed following
the manufacturer’s instructions. All Seahorse plates were coated with
fibronectin solution (Sigma F1141). For ECAR measurements, 35000
cells were seeded per well, as HEK293T are highly glycolytic. For OCR,
45000 cells were seeded per well. Prior to all SeaHorsemeasurements,
the cells were pre-incubated for 1 hour in SeaHorse XF DMEMmedium
(Agilent Seahorse XF, 103575-100) supplemented with 25mMGlucose,
2mM Glutamine and 1mM pyruvate. For the Bis-2-(5-phenylaceta-
mido-1,3,4-thiadiazol-2-yl)ethyl sulfide (BPTES) (Sigma SML0601)
treatments, cells were incubated with a final concentration 3 µM 1h
prior to the assay. In addition, a parallel 96-well plate was always see-
ded to normalize SeaHorse measurements to cell number. For this,
nuclear were counted by with Hoechst staining in a Synentec NYONE
cell imager.

Metabolomic flux analysis
Sample extraction: Frozen cells were extracted directly on petri dishes
by adding 1mL 50% MeOH containing 20 µl Ribitol (0,2mg/ml) as
internal standard. Cell slurry was collected with a plastic scraper and
transferred to 2-mL Eppendorf tubes on ice. After the addition of
500 µL 100% chloroform, samples were vortexed and further incu-
bated on ice for 5min. To separate polar and organic phases, samples
were centrifuged for 10min at 11,000 x g. While avoiding the inter-
phase containing cellular debris, 400 µL of the polar (upper) phase
were transferred to a fresh glass vial and dried using a vacuum con-
centrator (Eppendorf Concentrator Plus) without heating.

Derivatization (Methoximation and Silylation): Sequential on-line
methoximation and silylation reactions were performed using a MPS
autosampler (Gerstel, Mülheim Ruhr). Methoximation was performed
by adding 20 µL 20mg/ml methoxyamine hydrochloride (Sigma
226904) in pyridine (Sigma270970) and incubation at 37 °C for 90min
in a Gerstel MPS Agitator Unit (250 rpm). For silylation reactions, 45 µl
of N-Methyl-N-(trimethylsilyl)trifluoroacetamide (MSTFA; Sigma
69479) were added, and samples were incubated at 37 °C for 30min
with gentle shaking. Before injection, samples were incubated at RT
for 45min.

Gas Chromatography/Mass Spectrometry (GC/MS) analysis: For
GC/MS analysis, a GC-ToF system was used, consisting of an Agilent
7890 Gas CHromatograph (Agilent, Santa Clara) fitted with a Rxi-5Sil
MS column (30 meter x 0.25mm×0.25 µm; Restek Corporation, Bel-
lefonte) coupled to a Pegasus BT Mass Spectrometer (LECO Corpora-
tion,Michigan). The GCwas operatedwith an injection temperature of
250 °C, and 1 µL sample was injected in splitless mode. The GC tem-
perature program started with a 1min. hold at 40 °C followed by a
6 °C/min rampup to 210 °C, a 20 °C/min rampup to 330 °Cand a bake-
out at 330 °C for 5min. using Helium as a carrier gas with constant
linear velocity. The ToF mass spectrometer was operated with ion
source and interface temperatures of 250 °C, a solvent cut time of
12min and a scan range (m/z) of 50 – 600 with an acquisition rate of
17 spectra/second.

Mass isotopologue distribution (MID) was determined using the
free DExSI software95.

PEG exchange assay
For all our PEG exchange assays,wemodified themethoddescribed by
Percher et al.96 to asses oxidation instead of acylation. First, cells were
seeded in a 6-well plate, and after one day the cells were washed twice
with DPBS and lysed with 250 µl of TAE lysis buffer (5mM thioetha-
nolamine, 15mMNaCl, 4% SDS, 5mMPMSF, 1x Roche Complete EDTA-
free protease inhibitor cocktail, and 1500 units/ml benzonase, pH 7.3).
Then, 92.5μl of cell lysate were pipetted into a new Eppendorf tube in
duplicate, and the lysates were supplemented with EDTA to a final
concentration of 5mM. Next, 2.5μl of 1MN-ethylmaleimide stockwere
added to the lysates and a 2 h incubation was performed with head-
over-tail rotation. The NEM in the lysates was removed by 1 round of
chloroform-methanol precipitation and two rounds of washing with
methanol. The cleaned pellet was dried at room temperature for
10min and then resuspended in 60 µl TAE buffer (5mM thioethano-
lamine, 15mM NaCl, 5mM EDTA and 4% SDS, pH 7.3). Subsequently,
6 µl of 300mMDTT or TAE-EDTA buffer (negative control) was added
to the lysates and a second incubation was performed for 30minutes.
Next, the DTT in the lysates was removed by one round of chloroform-
methanol precipitation and two rounds of methanol washes, followed
by drying the pellet for other 10min. The pellet was resuspended this
time in 30 µl of TAE buffer and 90 µl of 1.33mMmethoxy polyethylene
glycol maleimide (mPEG-mal) 5 kDa. The last incubation was per-
formed for 2 h with gentle rotation, followed by another round of
chloroform-methanol precipitation and methanol washes. Finally, the
pellet was dried for 10min and resuspended in 60μl 2 x Laemmli
(control samples) and 30 µl 2 x Laemmli (DTT -treated samples).

Assessment of reduced/oxidized glutathione (GSH/GSSG) and
nicotinamide adenine dinucleotide phosphate (NADPH/
NADP+) ratios
To determined cellular redox status, GSH/GSSG and NADPH/NADP+

ratios were measured using the GSH/GSSG-Glo™ Assay Kit (Promega,
V6611) and the NADP/NADPH-Glo™ Assay Kit (Promega, G9082),
respectively, accordingly to the manufacturer’s instructions with
minor modifications as described below.

A totalof 1.2million cellswere seededperwell in a 6-well plate. For
GSH/GSSG measurements, two wells were used per condition, one for
total glutathione (GSH+GSSG) and one for oxidized glutathione
(GSSG) quantification. Prior to measurement, cells were either left
untreated or exposed to 400 µM H2O2 for 1 h to induce oxidative
stress. Following treatment, plates were placed on ice for 10min.
During this incubation, N-ethylmaleimide (NEM) was added to wells
designated for oxidized glutathione quantification to a final con-
centration of 25mM to derivatize and block reduced GSH.

After the 10min incubation, the medium was removed by gently
inverting the plate and tapping it on tissue paper to eliminate residual
liquid. The appropriate lysis buffer provided in each assay kit was
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added to each well. To account for the increase in cell number and
surface area compared with the standard 96-well format, the lysis
volume was scaled up. For GSH/GSSG measurements, 200 µL of lysis
bufferwas added to eachwell, while forNADPH/NADP+measurements,
the lysis buffer was scale up to 300μl per well. All subsequent steps
were performed according to the manufacturer’s protocols without
further modification.

Measurements of H2O2 detoxification capacity and cell viability
To assess the H2O2 detoxification capacity of DLATKO HEK293T cells
stably transfected with WT and TM DLAT, 1.2 million cells were see-
ded in a 6-well plate onday0 of the experiment. The next day 400 µM
H2O2was added to the cells, and the level ofH2O2 in themediumwere
measured after 30min had passed using the Peroxide assay kit
(Sigma MAK311-1KT) following the manufacturer’s instructions. All
measurementswere normalized to total protein levels determined by
Bradford.

The cell viability of DLATKO HEK293T cells stably transfected with
WT and TM DLAT was assessed by seeding 45.000-55.000 cells per
well in a 96-well plate on day 0. On day 1, cells were treated with
400 µM H2O2, and viability was evaluated 24 h later by nuclear count-
ing using Hoechst staining. Image acquisition and quantification were
performed using a Synentec NYONE cell imager.

Quantification of MG by mass spectrometry
Levels of free methylglyoxal in HEK293T cells were determined by
isotope dilution, and tandem mass spectroscopy, following derivati-
zation with 1,2-diaminobenzene as described in ref. 97.

Statistical analyses
All the data were visualized and analyzed using GraphPad Prism (ver-
sion 9.5.0) andMicrosoft Excel (version16.16.27).When two conditions
were compared, two-tailed, unpaired Student’s t testswere usedunless
specified otherwise. When comparing more conditions, one- or two-
way ANOVA was used with Šídák’s correction for multiple testing.

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

Data availability
All data supporting the findings of this study are available within the
paper and its Supplementary Information. Source data are provided in
this paper.
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