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Glycerol-3-phosphate activates ChREBP, 
FGF21 transcription and lipogenesis in  
citrin deficiency
 

Vinod Tiwari    1, Byungchang Jin2, Olivia Sun    1, Edwin D. J. Lopez Gonzalez1, 
Min-Hsuan Chen1, Xiwei Wu1, Hardik Shah    3, Andrew Zhang2, 
Mark A. Herman    4, Cassandra N. Spracklen    5, Russell P. Goodman    2 & 
Charles Brenner    1 

Citrin deficiency (CD) is caused by the inactivation of SLC25A13, a 
mitochondrial membrane protein required to move electrons from 
cytosolic NADH to the mitochondrial matrix in hepatocytes. People with CD 
do not like sweets. Here we show that SLC25A13 loss causes the accumulation 
of glycerol-3-phosphate (G3P), which activates the carbohydrate response 
element-binding protein (ChREBP) to transcribe FGF21, which acts in the 
brain to restrain intake of sweets and alcohol and to transcribe key genes 
driving lipogenesis. Mouse and human data suggest that G3P–ChREBP 
is a mechanistic component of the Randle Cycle that contributes to 
metabolic-dysfunction-associated steatotic liver disease and forms part of 
a system that communicates metabolic states from the liver to the brain in a 
manner that alters food and alcohol choices. The data provide a framework 
for understanding FGF21 induction in varied conditions, suggest ways to 
develop FGF21-inducing drugs and suggest potential drug candidates for 
lean metabolic-dysfunction-associated steatotic liver disease and support 
of urea cycle function in CD.

Citrin deficiency (CD) is an autosomal recessive disease caused by 
mutation of the citrin gene, SLC25A13, which encodes a mitochondrial 
membrane protein highly expressed in hepatocytes with a key role 
in moving high energy electrons from the cytosol to the mitochon-
drial matrix1,2. Infants with CD are diagnosed in their first month with 
jaundice and elevated circulation of ammonia, citrulline and arginine, 
resembling a urea cycle disorder3, coincident with elevated lactate, 
resembling a mitochondrial disease4. Though CD is panethnic5, it is 
most frequently diagnosed in the Far East. Data indicate a pathologi-
cal allele frequency of up to 1 in 28 in southern China, 1 in 45 across 
other parts of China6 and 1 in 50–100 elsewhere in the Far East7. CD 
is underdiagnosed outside of the Far East8 with a global disease 

burden that remains not well calculated and with unknown effects 
for SLC25A13-mutation carriers.

By weight, carbohydrates constitute the largest class of macro-
nutrient in human breast milk9 such that infant livers are primed to 
use carbohydrates as fuel, which requires nicotinamide adenine dinu-
cleotide (NAD) coenzymes in the hydride-accepting NAD+ form in 
both the cytosol and the mitochondrial matrix10. As shown in Fig. 1a, 
glycolysis yields pyruvate and NADH in the cytosol. Whereas pyruvate 
can be transported to the mitochondrial matrix for further oxidation11, 
cytosolic NADH does not cross the mitochondrial membrane12. Rather, 
the high energy electrons—termed reducing equivalents—picked up 
by NAD+ are moved to mitochondrial electron transport by two major 
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Literature on FGF21 induction is considered paradoxical31 
because FGF21 is not only induced by fasting and the near absence 
of dietary carbohydrates but also induced by the provision of simple 
carbohydrates32–34, particularly fructose35,36. Moreover, in addition to 
being induced by fasting27,28,37 and exercise38,39, FGF21 is induced by 
refeeding40, obesity41, type 2 diabetes42 and mitochondrial disease43. It 
has also been shown that FGF21 is induced by a loss-of-function variant 
of glucokinase regulator GCKR44 and ethanol45 via reductive stress, that 
is, conditions that increase the NADH/NAD+ ratio in hepatocytes46, and 
by protein restriction47.

We considered whether mitochondrial disease, NADH shuttle 
disruption, ethanol, fructolysis and the conditions involving lipolysis, 
that is, fasting and exercise, might produce a common metabolite that 
would activate FGF21 transcription. As shown in Fig. 1b, we reasoned 
that mitochondrial disease, NADH shuttle disruption, elevated glycae-
mia and/or ethanol metabolism would elevate cytosolic NADH, leading 
to a buildup of G3P at the expense of dihydroxyacetone phosphate 
(DHAP). As shown in Fig. 1c, we reasoned that fructolysis could also 
lead to a buildup of G3P with G3P formed from DHAP and from glyc-
eraldehyde. Finally, as shown in Fig. 1d, we reasoned that triglyceride 
lipolysis would produce glycerol and, consequently, G3P due to the 
activity of glycerol kinase.

Two of the key transcription factors acting within the FGF21 
promoter are PPARα and carbohydrate response element-binding 
protein (ChREBP)31,34. Although it is clear that PPARα strongly con-
tributes to turning on FGF21 in conditions of fasting27–29 and that 
FGF21 is both upstream and downstream of PPARα in the adaptive 
response to starvation28, the PPARα-independent component of 
FGF21 induction in mice fed a KD29 suggested the action of a different 
metabolite-sensing factor.

ChREBP, encoded by the MLXIPL gene, is a member of the MYC 
and MAX superfamily of heterodimerizing helix–loop–helix tran-
scription factors that is abundantly expressed in the liver48–50. As a 
heterodimer with MAX-like protein X (MLX) and at elevated levels of 
glucose metabolites, ChREBP activates the transcription of target 
promoters containing carbohydrate response elements (ChoREs)51. 
Well-characterized ChoREs drive the ChREBP-dependent transcription 
of ChREBPβ—a shorter, carbohydrate-induced form of ChREBP52, liver 
pyruvate kinase (PKLR)53, FGF2131 and other genes that are important 
for carbohydrate adaptations including those for de novo lipogenesis51 
such as Ac-coA lysase (ACLY), Ac-coA carboxylase (ACACA) and fatty 
acid synthetase (FASN).

In the extensive literature on ChREBP48–50, researchers have 
reported that ChREBP is activated by a glucose metabolite that engages 
the N-terminal glucose-sensing module (GSM)54, which is conserved 
between ChREBP and the related MondoA transcription factor55. 
The specific identity of this metabolite remains less clear, however, 
as evidence has been presented for glucose-6-phosphate (G6P)55,56, 
fructose-2-6-bisphosphate (F2,6BP)57 and xylulose-5-phosphate (X5P)58. 
It is difficult to distinguish between these proposed mechanisms 
because typical ChREBP activation conditions involve a shift from low 
glucose to high glucose that would simultaneously elevate all proposed 
ChREBP GSM-activating ligands, and none of these metabolites have 
been shown directly to bind the GSM. Moreover, it is challenging to 
reconcile the previously proposed ChREBP ligands with data showing 
that glycerol treatment strongly activates hepatic ChREBP in vivo59.

Recent work has shown that the key transcription factor for the 
ethanol induction of FGF21 is ChREBP and that the ChREBP transcrip-
tion programme is downstream of an increase in the NADH/NAD+ ratio 
that occurred with a rise in a select group of metabolites that include 
G3P but not G6P or X5P60. We hypothesize that patients with CD and 
mouse models have a sweet- and ethanol-aversive phenotype because 
their livers activate a G3P–ChREBP–FGF21 transcription programme 
(Fig. 1b). Moreover, we suggest that this mechanism resolves what 
have been considered paradoxical aspects of FGF21 induction because 

NADH shuttle systems, the malate–aspartate (Asp) shuttle (MAS)13 
and the glycerol-3-phosphate (G3P) dehydrogenase shuttle (GPDS)14. 
In hepatocytes, SLC25A13 is the component of the MAS that mediates 
Asp entry into cytosol in exchange for glutamate (Glu) transport into 
the mitochondrial matrix15. Another Glu/Asp antiporter encoded by 
SLC25A12 has higher expression in brain and muscle—its expression in 
hepatocytes is considered a primary mechanism of disease modifica-
tion and/or escape in CD16.

The resemblance of CD to a mitochondrial disease can be explained 
by failure of CD hepatocytes to obtain mitochondrial energy from 
complete oxidation of carbohydrates, with elevated lactate being an 
expected outcome of elevated cytosolic NADH. The resemblance of CD 
to a urea cycle disorder can be explained by a deficiency in hepatocyto-
solic Asp, which is required for the citrulline-consuming step of the urea 
cycle5. After diagnosis, children with CD, classified as cases of neonatal 
intrahepatic cholestasis caused by CD2,3, are managed nutritionally with 
a diet in which carbohydrates are largely replaced by medium chain 
triglycerides (MCTs)5. In most cases, neonatal intrahepatic cholestasis 
caused by CD goes into remission, and people with CD are able to grow 
and lead relatively normal lives, though they do not like sweets3,17 and 
are prone to metabolic-dysfunction-associated steatotic liver disease 
(MASLD) despite a lean body mass18. In other cases, there is a failure to 
thrive with dyslipidemia caused by CD. In adulthood, CD symptomol-
ogy can reactivate with diagnoses of adult-onset type II citrullinemia or 
adult-onset CD, which are characterized by hyperammonaemia, MASLD, 
pancreatitis and neuropsychiatric complications2,3. The conventional 
nutritional management of hyperammonaemia, that is, a lower protein, 
higher carbohydrate diet, does not benefit patients with CD19.

When Slc25a13 was knocked out in mice, there was no clear physio-
logical phenotype20. Reasoning that the GPDS is more highly expressed 
in mouse liver than in human liver, researchers proceeded to inactivate 
the GPDS component Gpd2. Mice homozygous for the disruption of 
Slc25a13 and Gpd2 formed an excellent CD model, exhibiting hyperlac-
tataemia, hyperammonaemia, hyperargininemia, hypercitrullinemia 
and MASLD14. When provided a choice between water and saccharine, 
Slc25a13−/−Gpd2−/− mice behaved similarly to wild-type mice, choosing 
saccharine by a wide margin, indicating that there is no defect in detec-
tion of or desire for sweet taste in naive mice with an inactivation of the 
two NADH shuttle systems21. However, when provided with a choice 
between sucrose and water, Slc25a13−/−Gpd2−/− double mutants fail to 
prefer sucrose, suggesting that incomplete carbohydrate oxidation is 
required to produce the carbohydrate-aversive phenotype. Though 
wild-type mice consumed greater than 15 g of sucrose or 3 g of ethanol 
or 4 g of glycerol per 25-g mouse per day, Slc25a13−/−Gpd2−/− double 
mutants had impaired preferences for sucrose, ethanol and glycerol 
when given a choice between water and these energy-containing liq-
uids21. Single homozygous mutants in the MAS component Slc25a13 and 
the GPDS component Gpd2 generally had intermediate phenotypes. 
Metabolomic analysis showed the accumulation of glycerol and G3P 
in Slc25a13−/−Gpd2−/− double mutants21. These data suggested that loss 
of the MAS and GPDS coupled with the provision of specific macronu-
trients result in a type of metabolic stress that leads to a behavioural 
change to avoid these compounds.

Fibroblast growth factor 21 (FGF21) is a secreted polypeptide 
made in the liver, adipose and muscle in response to a wide variety of 
stress conditions22. FGF21 has multiple sites of action including specific 
β-klotho-expressing regions of the brain, where FGF21 functions to 
restrain the intake of sweets23 and ethanol24, and the periphery, where 
it increases energy expenditure25 and body temperature26. FGF21 was 
first termed a starvation hormone because it is released into circula-
tion by the liver in response to fasting27,28 and ketogenic diet (KD)29 in 
mice. Though these conditions result in the release of free fatty acids, 
which activate PPARα function at peroxisome proliferator response 
elements30 in the FGF21 promoter, the deletion of PPARα from mouse 
liver did not completely eliminate the induction of FGF21 by KD29.
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fasting and refeeding, KD and simple carbohydrates, mitochondrial 
disease, ethanol and fructose all have direct paths to producing  
G3P (Fig. 1b–d).

Here, we show that G3P accumulates in the liver of the mouse 
model of CD and that ChREBP is activated in this model with the tran-
scription of FGF21 and the activation of a lipogenic transcriptional 
programme. Our data further show that G3P is a specific ligand of the 
ChREBP GSM and suggest that features of the G3P–ChREBP activation 
mechanism can account for why fructose is more lipogenic than glu-
cose, provide a unifying mechanism for non-alcoholic and alcoholic 
hepatic steatogenesis, resolve paradoxes of FGF21 expression, and 
explain key aspects of CD pathogenesis including lean MASLD, the 

favourable effects of MCTs and severe urea cycle dysfunction. This work 
suggests drug targets for treatment of CD, lean MASLD and common 
MASLD and also implicates CD mutation carriers, who number in the 
millions, as people with a distinct metabolic profile consistent with 
elevated circulation of FGF21.

Results
Deletion of NADH shuttle systems and provision of glycerol 
cause increased FGF21 circulation in mice
Sperm from C57BL/6J mice of genotype Slc25a13−/−Gpd2−/−(ref. 21) were 
used for the in vitro fertilization of C57BL/6J females. Subsequent 
crosses generated male and female Slc25a13−/− mice, Gpd2−/− mice and,  
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Fig. 1 | Inductive reasoning of a G3P–ChREBP–FGF21 transcription system  
in hepatocytes. FGF21 is induced in a wide variety of conditions that have  
eluded a unified theory of induction. The following diagrams of metabolite  
flow in hepatocytes as affected by conditions of metabolic stress led us to 
propose G3P as the activator of ChREBP that can resolve the paradoxes of FGF21.  
a, The metabolic flow in unperturbed hepatocytes is facilitated by two NADH 
shuttles without the induction of FGF21. The MAS1 facilitates the transfer of 
reducing equivalents from cytosolic NADH to oxaloacetate, transiently forming 
malate, which is reoxidized at complex I in the mitochondrial matrix. The 
GPDS13 facilitates the transfer of reducing equivalents from cytosolic NADH to 
DHAP, transiently forming G3P with reducing equivalents transferred to FAD, 
forming FADH2, which is reoxidized with electron transfer to coenzyme Q in the 
mitochondrial electron transfer chain (METC). b, With either mitochondrial 

insufficiency, disruption of the MAS in CD, disruption of the GPDS, ethanol 
metabolism or elevated glucose, cytosolic NADH is expected to rise, which 
would be expected to cause the accumulation of G3P, which we propose to be the 
activator of ChREBP, driving the FGF21 expression. c, Fructolysis is predicted to 
elevate G3P, with one G3P equivalent formed from DHAP and another formed 
from glyceraldehyde (GA) via the function of alcohol dehydrogenase (ADH) 
and glycerol kinase107. The resulting G3P is proposed as the activating ligand for 
ChREBP activation and FGF21 expression. d, Triglyceride lipolysis is expected to 
produce glycerol and free fatty acids. Conversion of glycerol to G3P is proposed 
to activate ChREBP, which would co-operate with free fatty-acid-activated 
PPARα to drive transcription of FGF21. OAA, oxaloacetate; α-KG, α-ketoglutarate; 
1,3-BPG, 1-3-bisphosphoglycerate; FFA, free fatty acid. Figure created with 
BioRender.com.

http://www.nature.com/natmetab
https://www.biorender.com/r70o413


Nature Metabolism | Volume 7 | November 2025 | 2284–2299 2287

Article https://doi.org/10.1038/s42255-025-01399-3

at much lower than Mendelian ratios, Slc25a13−/−Gpd2−/− mice. Consist-
ent with our first prediction, as shown in Fig. 2a, mice with deletion 
of either Slc25a13 or Gpd2 tended to have elevated circulating FGF21, 
whereas mice inactivated for both NADH shuttle systems had around 
threefold-elevated FGF21. This result was significant for mice of both 
sexes (Fig. 2a), for male mice (Fig. 2b) and for females (Fig. 2c). Mice 
of each genotype with 5% (w/v) glycerol in their drinking water for 
2 days had significantly elevated circulating FGF21 by virtue of glyc-
erol exposure, and the effects of genotype and glycerol were additive. 
The effect of glycerol on the induction of FGF21 was highly significant 
in each genotype irrespective of sex (Fig. 2a) and in males (Fig. 2b). 
Further, Slc25a13−/−Gpd2−/− females have significantly higher circu-
lating FGF21 than wild-types or either single mutant upon exposure 
to glycerol (Fig. 2c). Thus, consistent with the hypothesis that sweet 
aversion in CD is due to a G3P–ChREBP–FGF21 induction programme, 
the mouse model of CD overproduces FGF21 and superinduces FGF21 
when exposed to glycerol.

Deletion of NADH shuttle systems and provision of glycerol 
activate hepatic ChREBP, FGF21 and lipogenic transcription
To determine whether the deletion of NADH shuttle systems and/or 
provision of glycerol result in a ChREBP transcriptional programme, we 
collected livers from 40 mice representing water- and glycerol-exposed 
males of the four genotypes, prepared complementary DNA (cDNA) and 
performed bulk paired-end 150 base-pair RNA sequencing (RNA-seq)61 
using an Illumina NovaSeq X Plus sequencer at >20 million paired reads 
per sample. As shown in Fig. 3, the ChREBP transcriptional programme 
is evident as judged by induction of well-characterized ChREBP target 
genes including ChREBPβ; Fgf21; Pklr; Khk, Aldob and Tkfc (the three 
key enzymes of fructolysis); Gpi1 and Pgd (phosphoglucose isomerase 
and 6-phosphogluconate dehydrogenase); Fasn, Elovl6 and Agpat2 
(key enzymes for triglyceride synthesis); and Tm6sf2 (very low-density 
lipoprotein synthesis factor).

Many of the genes of de novo lipogenesis are dually activated by 
ChREBP and sterol response element-binding protein 1c (SREBP-1c)62, 
encoded by the Srebf1 gene. To test whether the mouse model of CD 

dysregulates either of these transcription factors and to examine the 
relationship with Fgf21 expression, we calculated the levels of specific 
transcripts using RSEM63. As presented in Extended Data Table 1, Srebf1 
expression was unaffected by deletion of Slc25a13 and/or Gpd2 and was 
unaffected by addition of glycerol. The ChREBPβ transcript was induced 
by about 2.4-fold by glycerol in the wild-type strain, about 4.5-fold 
by loss of either of the NADH shuttle genes and nearly 13-fold by the 
inactivation of both genes. The ChREBPα transcript was largely unaf-
fected by genotype but was induced approximately two- to threefold 
by glycerol in wild-type and single mutant strains. In the double mutant, 
which has the highest level of circulating FGF21 and the highest level 
of ChREBPβ transcript, there was no further induction of of ChREBP 
transcripts by glycerol. Consistent with the effect of FGF21 on feeding 
behaviours, at the mRNA level, glycerol induced Fgf21 to a greater 
degree in the wild-type and Slc25a13−/− strains in which basal Fgf21 
expression was lowest and induced Fgf21 the least in the Gpd2−/− and 
Slc25a13−/−Gpd2−/− strains in which basal Fgf21 expression was highest. 
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Fig. 2 | Inactivation of NADH shuttle systems and glycerol induce FGF21 
circulation. a, The serum FGF21 from the mice of the indicated genotypes was 
measured after 2 days with ad libitim access to food and water. (Wild type is 
represented by circles, n = 17; Slc25a13−/− is represented by up triangles, n = 20; 
Gpd2−/− is represented by the down triangles, n = 14; Slc25a−/−Gpd2−/− is represented 
by squares, n = 5). In parallel, additional mice were provided access to food 
and 5% (w/v) glycerol (wild type is represented by circles, n = 21; Slc25a13−/− is 
represented by up triangles, n = 18; Gpd2−/− is represented by down triangles, 
n = 13; Slc25a−/−Gpd2−/− is represented by squares, n = 7). The data show that across 
both sexes, Slc25a−/−Gpd2−/− mice have elevated FGF21 and that each genotype has 
its FGF21 circulation elevated by glycerol. b, Male subgroup analysis of food and 
water (wild type is represented by circles, n = 9; Slc25a13−/− is represented by up 
triangles, n = 14; Gpd2−/− is represented by the down triangles, n = 5; Slc25a−/−Gpd2−/− 
is represented by squares, n = 3) or food and 5% (w/v) glycerol (wild type is 
represented by circles, n = 10; Slc25a13−/−is represented by up triangles, n = 10; 
Gpd2−/− is represented by down triangles, n = 5; Slc25a−/−Gpd2−/− is represented  
by squares, n = 5). The data show that male Slc25a−/−Gpd2−/−mice have elevated 
FGF21 and that each genotype has its FGF21 circulation elevated by glycerol.  
c, Female subgroup analysis of food and water (wild type is represented by circles, 
n = 8; Slc25a13−/− is represented by up triangles, n = 6; Gpd2−/− is represented by 
down triangles, n = 9; Slc25a13−/−Gpd2−/− is represented by squares, n = 2) or food 
and 5% (w/v) glycerol (wild type is represented by circles, n = 11; Slc25a13−/− is 
represented by up triangles, n = 8; Gpd2−/− is represented by down triangles, n = 8; 
Slc25a13−/−Gpd2−/− is represented by the squares, n = 2). The data show that female 
Slc25a−/−Gpd2−/− mice have elevated FGF21 with respect to the wild type at baseline. 
In addition, the data show that female Slc25a−/−Gpd2−/− mice have elevated FGF21 
on glycerol with respect to each of the other genotypes on glycerol. Significant 
differences were calculated by applying two-way analysis of variance and Tukey’s 
multiple comparisons test in which *P < 0.05, **P < 0.005, ***P < 0.0005 and 
****P < 0.0001. The error bars represent means ± s.e.m. WT, wild type.
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As the experiment was performed with 2 days of ad libitim access to 5% 
glycerol as the water source, and it has been shown that the CD mouse 
model has a sucrose, ethanol and glycerol-aversive phenotype21, one 
would expect that the high basal levels of FGF21 in the Slc25a13−/−Gpd2−/− 
strain significantly limit their glycerol intake and further increases in 
Fgf21 mRNA expression.

Deletion of NADH shuttle systems result in accumulation  
of hepatic G3P
We performed targeted a metabolomic analysis of liver extracts 
from male mice of the four genotypes to determine whether G3P 
or compounds previously termed ChREBP activators accumulate 
as a function of NADH shuttle disruption. As shown in Fig. 4a, G3P 
was quantified at ~1 mM in livers from wild-type mice. The deletion 
of Slc25a13, Gpd2 or both NADH shuttle genes resulted in levels of 
hepatic G3P that tended to be higher than levels of G3P in wild-type 
mouse livers. Similarly, the glycerol-exposed mouse livers of each of 
the four genotypes had levels of G3P that tended to be higher. On the 
basis that the ChREBPβ transcript is induced in Slc25a13−/−, Gpd2−/− and 
Slc25a13−/−Gpd2−/− mouse livers, we compared G3P levels in wild-type 
versus all mutant livers and observed a significant increase in G3P 
from 1.07 ± 0.20 mM to 1.95 ± 0.60 mM. As G6P55,56, F2,6BP57 and X5P58 
have been previously proposed to be activating ligands of ChREBP, 
we tested whether hexose phosphates or pentose phosphates were 
altered by conditions that activate ChREBP, namely glycerol and the 
deletion of NADH shuttle genes. As shown in Fig. 4c,d, the hepatic 
concentrations of hexose phosphates were not altered by genotype 
and/or addition of glycerol. As shown in Fig. 4e,f, relative levels of 
pentose phosphates were also unaffected. Thus, consistent with the 
proposed G3P–ChREBP–FGF21 activation mechanism in Fig. 1b and 
the observation that Slc25a13−/−Gpd2−/− mice experiencing sweet- and 
ethanol-aversive behaviours have elevated hepatic G3P21, we show 
that deletion of the NADH shuttle systems is sufficient specifically to 
elevate the proposed ChREBP-activating ligand.

Genetic manipulation of G3P drives ChREBP activation in a 
reconstituted system
HEK293T cells do not express ChREBP and show poor expression of 
MLX, thereby allowing the reconstitution of condition-dependent, 
ChREBP- and MLX-dependent, ChoRE-dependent transcription60. 
The robust ChoRE-luciferase activity in HEK293T cells depends on 
the introduction of both ChREBPα and MLX. The reconstituted tran-
scriptional activity is depressed by the expression of L. brevis NADH 
oxidase (LbNOX), which lowers the NADH/NAD+ ratio, and increased 
by expression of Escherichia coli soluble transhydrogenase (EcSTH), 
an enzyme that uses reducing equivalents from NADPH to elevate the 
cytosolic NADH/NAD+ ratio60. In prior work, this system was used to 
show that three metabolites, namely G3P, glyceraldehyde-3-phosphate 
(GA3P) and fructose-1,6-bisphosphate (F1,6BP), were highly corre-
lated with ChREBPα activation but that levels of G6P and X5P were 
uncorrelated with ChREBP transcriptional activity60. To distinguish 
between potential ChREBPα-activating ligands, we introduced 
glycerol kinase (GK), GPD1 and GAPDH genes into the reconstituted 
ChREBPα-MLX HEK293T system alongside green fluorescent protein 
(GFP), LbNOX and EcSTH as inactive, ChoRE-luciferase-depressing and 
ChoRE-luciferase-activating controls, respectively. Though GAPDH had 
a minor ChoRE-luciferase depressing effect, and GK was without effect 
potentially due to the absence of a supply of glycerol, GPD1 strongly 
increased ChoRE-luciferase activity (Fig. 5a). Relative quantification 
of 137 metabolites showed that in these cells, GPD1 strongly depressed 
levels of GA3P and DHAP, while elevating G3P. The correlation coef-
ficient (CC) for luciferase activity with relative G3P in the six resulting 
HEK293T transfected cell lines was 0.96 (Fig. 5b), exceeding all the other 
compounds tested (Supplementary Data). G6P (Fig. 5c), which has been 
considered a candidate ChREBP-activating ligand55,56, was uncorrelated 
with ChoRE-luciferase activity (CC of −0.11). GA3P (Fig. 5d), which had 
appeared to be correlated to ChoRE-luciferase activity in prior work60, 
became uncorrelated with inclusion of the effects of GK, GPD1 and 
GAPDH (CC of 0.18).

To further map the site of G3P activity, we used the HEK293T sys-
tem to characterize the sensitivity of ChREBPβ-MLX to altered levels 
of metabolites. As shown in Fig. 5e–g, ChREBPβ—the form of ChREBP 
without the N-terminal GSM52—was introduced into HEK293T cells 
and shown to induce ChoRE-luciferase in a manner that depends on 
MLX cotransfection. Moreover, ChoRE-luciferase activation from 
ChREBPβ-MLX was about threefold more potent than that from 
ChREBPα-MLX (Fig. 5h). However, when ChREBPβ-MLX-dependent 
ChoRE-luciferase was challenged by LbNOX (Fig. 5i) and EcSTH (Fig. 5j)  
expression, there was no modulation of ChREBP transcriptional  
activity60. These data indicate that the metabolite that responds 
to an elevated NADH/NAD+ ratio thereby driving ChREBP-MLX  
transcription60 acts on the ChREBPα-specific N-terminus and is fully 
correlated with accumulation of G3P.

The GSM domain of ChREBP is a G3P-sensing module
Various constructs have been used to obtain structural or biophysical 
data on the GSM of ChREBP. Notably, a construct from residue 1 to 250 
of mouse ChREBP was purified as a His-tagged protein in E. coli for 
structural characterization. However, this molecule was found to have 
been proteolyzed to a fragment of the GSM from residue 81 to 196 and, 
when mixed with the 14-3-3β protein for structural characterization, 
the full length of 14-3-3β and only residues 117–137 of ChREBP were 
structured64. Based on knowledge that both ChREBP and the homolo-
gous MondoA are responsive to glucose metabolites54,65, we performed 
a careful multiple sequence alignment of ChREBP and MondoA and 
chose to define residues 43–307 of mouse ChREBP (ChREBP43–307) 
as a candidate stable, globular GSM.

After expression of His-tagged ChREBP43-307 in E. coli and 
purification by nickel nitrilotriacetic acid affinity chromatography,  
we characterized ligand binding by isothermal titration calorimetry66. 

W
T_

W
at

W
T_

G
ly

Sl
c2

5a
13

_W
at

Sl
c2

5a
13

_G
ly

G
PD

2_
W

at

G
PD

2_
G

ly

D
KO

_W
at

D
KO

_G
ly

Fgf21
Ppard
Fasn
Acaca
Pklr
ChREBPβ
Khk
Pgd
Gpi1
Tkfc
Aldob
Elovl6
Agpat2
Chka
Tm6sf2
Crat
Slc30a10
Cry1
Slc34a2
Acly
Lepr

–3

–2

–1

0

1

2

3

Fig. 3 | Inactivation of NADH shuttle systems and glycerol drive a ChREBP 
transcription programme. Hierarchical clustering of mean liver gene expression 
levels (fragments per kilobase of transcript per million mapped reads) of select 
ChREBP target genes across four genotypes of male mice exposed to either water 
(Wat) or glycerol (Gly). Experimental sample n numbers are provided in Table 1.

http://www.nature.com/natmetab


Nature Metabolism | Volume 7 | November 2025 | 2284–2299 2289

Article https://doi.org/10.1038/s42255-025-01399-3

As presented in Table 1, we tested glucose, G6P, F6P, F1,6BP, GA3P, 
DHAP, G3P and X5P for binding and were able to detect saturable 
binding with each ligand. However, the equilibrium dissociation con-
stant (Kd) values for all but two ligands were greater than 130 μM. G6P, 
which has been considered a candidate GSM ligand55,56 but is uncor-
related with ChREBP transcriptional activation60 (Fig. 5c), showed 
half-saturated binding at 64.3 ± 13.5 μM, suggesting an association 
that could be displaced by a higher-affinity ligand whose abundance 
is sensitive to conditions that activate ChREBP. Indeed, G3P, which is 
greatly increased by the deletion of the NADH shuttle systems (Fig. 4) 
and GPD1 overexpression (Fig. 5a) and which correlates with ChREBP 
activation (Fig. 5B), binds the GSM with a Kd value of 17.0 ± 1.1 μM.  
Thus, biophysical, genetic, metabolomic and cellular reconstitution 
data indicate that the GSM of ChREBP should be termed a G3P-sensing 
module that drives the transcription of ChREBPβ, FGF21 and other 
ChREBP target genes. Notably, this model can account for the 
PPARα-independent induction of FGF21 in conditions of lipolysis29; 
for fructose and glycerol as activators of ChREBP59; and for ethanol45, 
reductive stress46, hyperglycaemia42 and mitochondrial dysfunction43 
as drivers of FGF21 transcription.

After this work was available in preprint form67, support for G3P 
as the activator of ChREBP was provided in an experiment in which 
reporter plasmid transcription from ChREBP and MLX was reconsti-
tuted in HEK293T cells and shown to increase in response to GPD1 
overexpression68 as we showed in Fig. 5a. Moreover, these investigators 
added G3P to HEK293T cells expressing ChREBP and MLX to show that 
the G3P addition protected ChREBP from thermal precipitation68. As 
all models of ChREBP activation depend on new protein interactions 
upon small molecule engagement48,49, the cellular thermal denatura-
tion assay does not constitute evidence for the direct binding of G3P. 
However, the work supports our physiological, metabolomic and 
biophysical evidence for G3P as the activator of ChREBP.

The G3P–ChREBP activation system suggests new mechanistic 
components of the Randle cycle and cooperation between 
ChREBP and other transcription factors
Philip Randle’s medical school lectures, published in 1963, contained 
two simple sketches that depicted what he termed the glucose fatty-acid 
cycle69. The first sketch schematized glucose as the source of G3P, which 
is the backbone for triglyceride synthesis through the Kennedy path-
way70. The second sketch illustrated Randle’s observation that, in con-
ditions of high fatty acid availability, there are mechanisms to block 
glycolysis and that, in conditions of high glucose availability, there are 
mechanisms to block fatty acid oxidation. In subsequent years, citrate 
production and inhibition of phosphofructokinase 1 were identified as 
mechanisms for fatty acid oxidation blocking glycolysis71. Regulation 
in what is termed the sweet side of the Randle cycle has been explained 

by the function of malonyl-coA as an essential substrate of fatty acid 
synthase and as an inhibitor of carnitine palmitoyltransferase 1, which 
mediates long-chain fatty acid (LCFA) entry into mitochondria72. Thus, 
when acetyl coA carboxylase converts cytosolic Ac-coA to malonyl-coA, 
it is committing carbon flow not only to synthesize LCFA but also to 
block LCFA oxidation.

Although Randle’s principles of fuel utilization have been impor-
tant in guiding research and medicine, many problems in metabolism 
remain elusive. For example, though fructose is known to be more 
lipogenic than glucose, it is not clear that this is fully explained on 
the basis of the higher affinity of fructokinase for fructose versus 
glucokinase for glucose, and the bypass of phosphofructokinase 
regulation73. According to our model, ChREBP evolved specifically 
to respond to the formation of G3P by stimulating transcription of 
enzymes that convert carbohydrates to LCFAs and transcription 
of Kennedy pathway enzymes that link LCFAs to G3P in triglycer-
ide synthesis. Fructose would thus be more lipogenic than glucose 
because it results in greater ChREBP activation59 because fructolysis 
(Fig. 1c) would tend to produce more G3P than glycolysis. Notably, 
because G3P is not a direct glycolytic intermediate such as DHAP or 
GA3P but rather an electron carrier in the GPDS, the production of 
G3P from carbohydrates is a signal of carbohydrate overload from 
diet, diabetes, GCKR variants or a signal that would be generated at 
normoglycaemia by fructose, ethanol, anoxia or mitochondrial insuf-
ficiency. Reductive stress was previously noted as a shared mechanism 
underlying metabolic features of both alcoholic and non-alcoholic 
hepatic steatosis via ChREBP activation60. Identification of G3P as 
the activator of ChREBP further unites the mechanisms of hepatic 
steatogenesis downstream of ethanol, fructose, hyperglycaemia and 
mitochondrial insufficiency.

We do not suggest that G3P-driven ChREBP-activated transcrip-
tion is fully responsible for complex metabolic switches. Lipogenesis 
requires the activation of both ChREBP and SREBP-1c62, which occurs 
with depression of the carnitine palmitoyltransferase and beta oxida-
tion systems. By contrast, fasting-induced lipolysis, which is expected 
to produce G3P and activate ChREBP, also activates PPARα and the 
beta oxidation programme27–29. It is thus to be expected that complex 
interactions between fatty acid ligands, PPAR isoforms, SREBP and 
other transcription factors modulate the metabolic outputs of ChREBP 
in changing conditions. Two expected differences between G3P forma-
tion from glucose, ethanol and mitochondrial insufficiency (Fig. 1b) 
and G3P formation from lipolysis is that lipolytic G3P formation is 
expected to require GK activity and to produce PPARα-activating fatty 
acids (Fig. 1d). Thus, it is interesting to note that GK expression has been 
shown to drive lipolytic gene expression in the mouse liver, though this 
was attributed to the transcriptional activation of SREBP-1c rather than 
enzymatic activity74.

The mouse CD model shows an ISR that may exacerbate urea 
cycle dysfunction
The integrated stress response (ISR) is an adaptive response to amino 
acid deprivation that is mediated by phosphorylation of eukaryotic 
translational initiation factor eIF2α, the production of specific tran-
scription factors ATF4 and/or ATF5 and the resulting gene expres-
sion to restore protein homoeostasis75. Under conditions of protein 
limitation, new protein synthesis is focused on resolving amino 
acid deficiency. For example, FGF21 is an ISR-activated hormone 
that drives protein ingestion76, whereas SLC3A2 is an ISR-activated 
transporter that increases cellular amino acid import77. The classical 
ISR-transcribed enzymes asparagine (Asn) synthetase (ASNS)78 and 
cystathionine γ-lyase (CTH)79 are induced to produce Asn and cysteine 
(Cys), respectively.

Mitochondrial defects are known to induce the ISR80 via mecha-
nisms that are not completely understood. However, it was shown 
that complex I inhibition of C2C12 mouse myoblasts induces the ISR 

Table 1 | The GSM of ChREBPα directly binds G3P

Ligand Kd ± s.d. (μM)

G3P 17.0 ± 1.1

G6P 64.3 ± 13.5

F6P 131 ± 43

X5P 164 ± 16

GA3P 221 ± 62

F1,6BP 250 ± 37

Glucose 270 ± 54

DHAP 453 ± 31

Ligand affinities were determined in triplicate by isothermal titration calorimetry using a 
construct of purified mouse ChREBP GSM in which residues 43–307 were expressed carboxyl 
to MetHis6. The data show that G3P is the highest-affinity ligand for the GSM. We suggest that 
hereafter the GSM be considered an abbreviation for G3P-sensing module.
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by virtue of depressing Asp and Asn synthesis81. When amino acids 
are in limited supply, uncharged transfer RNAs (tRNAs) activate GCN2 
protein kinase to phosphorylate eIF2α82. In myoblasts, the complex I 
inhibition-mediated induction of the ISR can be relieved by lowering 
the NADH/NAD+ ratio and by provision of Asp or Ans81.

RNA-seq data from the mouse model of CD supports Asp limitation 
as a mechanism by which the ISR can be activated by mitochondrial 
dysfunction in the liver. Further, the data suggest that the ISR may 
aggravate urea cycle dysfunction in CD. As shown in Fig. 6a, we noted 
that Asns78 is strongly upregulated with deletion of Slc25a13. Moreover, 
with the inactivation of both NADH shuttle systems (Fig. 6b), additional 
components of an ISR were observed including elevation of the Atf5 
transcription factor83. Exposure of Slc25a13−/−Gpd2−/− mice to glycerol 

(Fig. 6c) increased expression of Slc3a277 and Cth79, which are recog-
nized as part of the ISR84.

As depicted in Fig. 6d, Asp is produced in mitochondria in a process 
requiring the activities of MDH2, GOT2 and the mitochondrial electron 
transfer chain85. Asp enters the cytosol through SLC25A13, where Asp 
is used for protein synthesis, ASNS-dependent conversion to Asn and 
nitrogen disposal through the urea cycle. As in the case of myoblasts 
treated with piericidin to inhibit complex I, which produced an ISR that 
was reversed by the provision of Asp or Asn81, our data show that the 
loss of SLC25A13 is sufficient to induce an ISR. However, whereas the ISR 
evolved to be an adaptive system to resupply amino acids and restore 
protein homoeostasis75, it is potentially maladaptive with respect 
to the ammonia disposal problem in CD because FGF21 may cause 
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Fig. 4 | NADH shuttle disruption elevates hepatic G3P. a–f, We performed 
quantitative metabolomics for hepatic G3P (a and b) and hexose phosphates  
(c and d) and qualitative metabolomics for hepatic levels of pentose phosphates 
(e and f). The numbers of mice analysed were wild type (represented by circles, 
n = 3), Slc25a13−/− (represented by up triangles, n = 5), Gpd2 (represented by down 
triangles, n = 5) and Slc25a13−/−Gpd2−/− (represented by squares, n = 2) in mice with 
2 days of ad libitim access to food and water. The numbers of mice analysed were 
wild type (represented by circles, n = 5), Slc25a13−/− (represented by triangles, 
n = 5), Gpd2 (represented by down triangles, n = 5) and Slc25a13−/−Gpd2 −/− 
(represented by squares, n = 5) with 2 days of ad libitim access to food and 5% w/v 
glycerol. In a, c and f, all mouse genotypes were analysed separately. In b, d and 

f, the three mutant genotypes were pooled to compare wild type (represented 
by circles, n = 3) with the three genotypes containing one or both NADH shuttle 
systems disrupted (represented by filled squares, n = 12) with exposure to water. 
In a, the data show that each mutant genotype tends to have higher G3P than 
wild type and that glycerol tends to elevate G3P with respect to water. In b, the 
data show that the deletion of one or both NADH shuttle systems significantly 
elevates G3P (P = 0.03 by unpaired t-test, t = 2.43, degrees of freedom: 13). In c and 
d, no differences were observed in the hexose phosphate levels across the four 
genotypes and two conditions. In e and f, no differences were observed in the 
hexose phosphate levels across the four genotypes and two conditions. *P < 0.05. 
The error bars represent means ± s.e.m. n.s., not significant; WT, wild type.
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people to eat more protein76, SLC3A2 will drive cellular amino acid 
import into hepatocytes already challenged by ammonia disposal77, 
ASNS expression would tend to commit urea-cycle-limiting levels of 
Asp for Asn synthesis78, and CTH enzyme activity directly produces 
ammonia79. Thus, we suggest that the partial inhibition of ATF5 and/or 
target enzymes such as ASNS and CTH could be considered as pharma-
cological approaches to improve urea cycle function in CD.

SLC25A13-mutation carriers have distinct metabolic traits and 
signs of potential FGF21 overexpression
Given the links between the loss of both copies of SLC25A13 with liver 
disease and dietary preference in humans, we considered whether 
heterozygosity for SLC25A13 disease mutations might be associated 
with anthropometrics, dietary patterns or unusual biomarkers. We 
used gnomAD86 to assemble a list of the most commonly occurring 
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Fig. 5 | The ChREBPα-specific isoform of ChREBP is activated in a manner that 
is coincident with G3P accumulation. a, HEK293T cells cotransfected with 
ChREBPα, MLX, ChoRE-luciferase and the indicated genetic constructs were 
assessed for ChoRE-luciferase activity. The data show that LbNOX depresses, 
EcSTH increases and GPD1 greatly increases ChoRE-luciferase activity. 
Significant differences between were calculated by applying one-way analysis 
of variance and Dunnett’s multiple comparisons test in which ***P < 0.0005 and 
****P < 0.0001. Numbers of biological replicates were: eGFP (n = 11); GK (n = 4); 
GPD1 (n = 3); GAPDH (n = 5); LbNOX (n = 3); and EcSTH (n = 3). b–d, Relative levels 
of 137 metabolites were determined by LC–MS; by plotting ChoRE-luciferase 
activity against each metabolite, we show that G3P is highly correlated (CC of 
0.96) with ChREBPα-dependent ChoRE-luciferase activity (b), whereas G6P (c) 
and GA3P (d) are not. P values tested the hypothesis of a non-zero slope.  
e, HEK293T cells cotransfected with ChREBPβ or eGFP plus ChoRE-luciferase 
were assessed for ChoRE-luciferase activity. Numbers of biological replicates 
were: eGFP (n = 3); ChREBPβ (n = 3); unpaired t-test (two-tailed), P = 0.0248.  
f, The HEK293T cells cotransfected with ChREBPβ with MLX or eGFP plus ChoRE-
luciferase were assessed for ChoRE-luciferase activity. The numbers of biological 

replicates were: eGFP (n = 3); MLX (n = 3); unpaired t-test (two-tailed), P = 0.0009. 
g, HEK293T cells cotransfected with MLX plus ChoRE-luciferase plus either 
ChREBPα or ChREBPβ were assessed for ChoRE-luciferase activity. Numbers of 
biological replicates were: ChREBPα (n = 3): ChREBP β (n = 3); unpaired t-test 
(two-tailed), P = 0.0178. h,i, Finally, HEK293T cells cotransfected with ChREBPβ, 
MLX and ChoRE-luciferase plus were assayed for ChoRE-luciferase activity with 
either eGFP or LbNOX (h) or EcSTH (i). There were three biological replicates 
for each sample. For h, the unpaired t-test (two-tailed): P = 0.7680. For i, the 
unpaired t-test (two-tailed): P = 0.5023. The data in e and i show that ChREBPβ has 
significant ChoRE-luciferase activity in HEK293T cells, e, that is, further boosted 
by MLX transfection, f. g, The data show that the ChoRE-luciferase activity 
of ChREBPβ-MLX exceeds that of ChREBPα-MLX. However, in contrast to the 
ability of LbNOX to depress and EcSTH to increase ChoRE-luciferase activity of 
ChREBPα-MLX, a, ChREBPβ-MLX was not regulated by either LbNOX, h, or EcSTH, 
i, thereby mapping the modulation of ChREBPα to the N-terminal GSM domain. 
Significant differences were calculated with unpaired t-tests in which *P < 0.05 
and ***P < 0.0005. The error bars represent means ± s.e.m. n.s., not significant.

http://www.nature.com/natmetab


Nature Metabolism | Volume 7 | November 2025 | 2284–2299 2292

Article https://doi.org/10.1038/s42255-025-01399-3

SLC25A13 alterations that are scored as pathological or likely patho-
logical (Extended Data Table 2) and subjected them to several tests 
of genetic association. In deep phenotype genome-wide association 
studies, rs80338722 was moderately associated with body weight 
and body mass index in BioBank Japan (P = 8.3 × 10−6 and P = 4.1 × 10−4, 
respectively)87 and associated with triglyceride levels in non-diabetic 
individuals88, among other traits. Three additional alterations of 
SLC25A13 variants were associated with total cholesterol88, leptin88 
and autoimmune hepatitis87. Our interpretation of these data is that, 
at a population level, SLC25A13 heterozygosity may bias the liver 

metabolism to produce greater G3P–ChREBP-dependent transcrip-
tional output, which could either predispose to lipogenesis and/
or produce a signal for elevated FGF21 as reported89 for the GCKR 
polymorphism44,46. Indeed, based on known biology90 and Mendelian 
randomization91, one might expect higher FGF21 to be associated with 
higher sodium clearance from the kidney and with dietary preference 
for fatty fish versus sweets76. As shown in Fig. 7a, a phenome-wide 
association study for rs80338722 within BioBank Japan showed  
an association with low body weight. When we aggregated rare  
variant gene-based burden tests between SLC25A13 alterations and 
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Fig. 6 | The murine CD model shows evidence of an ISR that may underly and 
aggravate urea cycle dysfunction. a–c, Differentially expressed hepatic genes 
shown in volcano plots for slc25a13−/− mice versus wild type (a), slc25a13−/−gpd2−/− 
mice versus wild type (b) and slc25a13−/−gpd2−/− glycerol-exposed mice versus 
wild-type water-exposed (c). d, Mitochondrial generation of Asp and the role of 
Slc25a13 in providing Asp to hepatocyte cytosol are depicted. Asp is consumed 
by Asn synthetase (Asns) to make Asn, is used in protein synthesis and is ligated 
to citrulline by argininosuccinate synthetase 1 (Ass1) in the urea cycle. e, An ISR 

is proposed to be initiated by shortage of cytosolic Asp and the consequent 
accumulation of uncharged tRNA Asp and/or tRNA Asn, which activate Gcn2 
kinase activity on eIF2α. Subsequent induction of Atf5 and Atf5 target genes 
could aggravate the urea cycle dysfunction because Fgf21 drives protein 
ingestion, Slc3a2 increases amino acid uptake, Asns consumes Asp, further 
limiting the availability of Asp for nitrogen disposal, and Cth produces ammonia 
which may exacerbate the nitrogen disposal problem. FC, fold change; n.s., not 
significant; OAA, oxaloacetic acid. Panels d and e created with BioRender.com.
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189 complex traits from the Common Metabolic Disease Knowledge 
Portal, the data suggested a distinct metabolic profile associated with 
low C-peptide and low incidence of type 1 diabetes but elevated levels 
of bilirubin and apolipoprotein B and a strong signal for high urinary 
sodium excretion (Fig. 7b). Consistent with the hypothesis that the 
inactivation of one copy of the SLC25A13 gene elevates FGF21, com-
mon variant gene-based tests for SLC25A13 and 189 complex traits 
from the Common Metabolic Disease Knowledge Portal88 identified 
a strong association with oily fish consumption (Fig. 7c). This result 
is complementary to reports that a loss-of-function variant in FGF21 
is associated with higher sugar and alcohol consumption92 and less 
desire for fish93.

Data on human variation suggest that pathological SLC25A13 
mutations appeared multiple times in the Far East15. Our data suggest 
that loss-of-function allele persistence may be mediated by benefi-
cial effects of FGF21 expression on renal function, insulin sensitivity 
and food choices. Indeed, if it is true that SLC25A13-mutation car-
riers circulate higher levels of FGF21, one might expect that lower 
ethanol and/or fructose consumption would protect their livers from 
the potentially lipogenic combination of these energy inputs with 
diminished flux through the MAS. Specifically, one might predict 
that SLC25A13-mutation carriers drink less alcohol than the general 
population but that those mutation carriers who drink have a greater 
hazard of hepatic steatosis.

Discussion
Just as rare mutations in model organisms have revealed the complexi-
ties of morphogenesis and gene regulation, many fundamental biologi-
cal insights have been revealed from rare human diseases. In the case 
of CD, it became apparent that without a key component of the MAS, 
people and mice are sensitive to the development of MASLD despite 
being lean and do not enjoy sweets despite an intact initial preference 
for sweets. We propose that a key to both of these CD presentations is 
the accumulation of hepatic G3P. The G3P-ChREBP programme drives 
a lipogenic transcriptional programme that induces Pklr, Acly, Acaca, 
Fasn, Elovl6 and other genes to synthesize LCFAs and Agpat2 and other 
genes to link newly synthesized LCFAs to the G3P backbone for triglyc-
eride synthesis. Notably, the product of Acaca, malonyl-coA, is not 
only the key substrate for LCFA synthesis but also the key inhibitor of 
LCFA entry into mitochondria for β-oxidation72. Thus, G3P activation 
of ChREBP has the potential to transcriptionally direct triglyceride 
synthesis causing hepatic steatogenesis while also promoting resist-
ance to hepatic lipolysis. Indeed, based on the low ATP state of the 
liver in CD models21, one might have expected brisk usage of stored 
hepatic triglycerides during the fasting daytime of CD mice or the fast-
ing nighttime of patients with CD. However, the fact that lean MASLD is 
common in CD18 and the clinical observation that MCTs are preferable 
to common fats5 suggest that CPT1A may be inhibited in CD, thereby 
rendering stored triglycerides to be resistant to oxidation. In addi-
tion, at the RNA level, our data show that the Slc25a13−/−Gpd2−/−model 
significantly depresses expression of Cpt1a (Fig. 6b). Thus, patients 
with CD and others with MASLD driven by the proposed G3P–ChREBP 
lipogenesis programme may benefit from small molecule activators 
of CPT1A94. Additionally, it may be worth testing activators of AMP 

kinase95, which would be expected to turn off Ac-coA carboxylase and 
thereby relieve CPT1A inhibition.

It is notable that the FGF21 induction system responds to a number 
of conditions of metabolic stress including fasting and the ingestion 
of fructose and ethanol. Although FGF21 signals to the brain to limit 
sweets and alcohol and to eat protein76, it also makes complex signals 
to the periphery, which have the potential to treat common MASLD96. 
Discovery of the G3P–ChREBP induction system suggests strategies to 
develop lipidated prodrugs of G3P that would induce FGF21 expression, 
potentially in combination with fibrates to activate PPARα-dependent 
lipolysis and synergistically superinduce FGF2127,29. Although chronic 
FGF21-elevated conditions such as mitochondrial disease are poten-
tially FGF21-resistant43, G3P-releasing FGF21-inducing prodrugs that 
increase energy expenditure and alter food choices could be valu-
able to address overweight and MASLD, particularly if combined with 
glucagon-like peptide-1 receptor agonists97.

Though ChREBP has long been known to connect carbohydrate 
oxidation to lipogenesis48–50, and G3P has long been known to serve as 
the backbone for triglyceride synthesis70 with a unique location in the 
glucose fatty-acid cycle69, the accumulation of G3P and induction of a 
G3P–ChREBP transcriptional programme in the mouse model of CD 
allowed us to propose that the most distinctive presentations of CD, 
namely sweet aversion, lean MASLD and the beneficial effects of MCTs 
in CD are due to G3P–ChREBP signalling. Ongoing work will further 
probe the components of FGF21 transcriptional induction mechanisms 
and determine how the ISR and ChREBP induction systems interact in 
health and disease.

Methods
Generation of mice and mouse samples
All mouse breeding and experiments were performed with proto-
cols approved by the City of Hope Institutional Animal Care and Use 
Committee and Institutional Biosafety Committee. Sperm from a 
male Slc25a13−/−Gpd2−/− C57BL6/J mouse14 were a kind gift of Dr Saheki 
and the Citrin Foundation. In vitro fertilization was performed with 
C57BL6/J eggs and a pseudopregnant C57BL6/J female recipient by 
Walter Tsark in the City of Hope Transgenic Mouse Core. The resulting 
diheterozygous offspring were intercrossed to generate wild-type, 
Slc25a13−/−, Gpd2−/− and Slc25a13−/−Gpd2−/− mice of both sexes. At wean-
ing, genotypes were determined by the polymerase chain reaction of 
tail tissues (Transnetyx), and mice were single-sex group-housed until 
experimental use. The mice were maintained at 21 °C under a standard 
12–12-h light–dark cycle and provided with ad libitim access to food and 
water. For analysis of FGF21 expression, hepatic gene expression and 
metabolite accumulation, 8 to 16-week-old mice were single-housed 
with chow (LabDiet irradiated PicoLab Rodent Diet 20, 5053) and a 
single bottle of either water or 5% (w/v) glycerol for 2 days. Mice were 
then killed by decapitation via guillotine without sedation and exsan-
guinated with a funnel for blood collection into 1.5-ml microcentrifuge 
tubes on ice, and livers were freeze-clamped in liquid nitrogen immedi-
ately after collection98,99. Sera were obtained by centrifuging blood at 
8,000g for 10 min at 4 °C. Liver samples were pulverized with a mortar 
and pestle cooled by liquid nitrogen. Data for all mouse samples are 
provided in Source Data Figs. 2–4.

Fig. 7 | Locus-wide and gene-based association plots for SLC25A13. a, Phenome-
wide association study for rs80338722 within BioBank Japan identified an 
association with low body weight. The x axis represents phenotypes within 
Biobank Japan, whereas the y axis is the −log10(P value) for the association 
between rs80338722 and each trait. The dashed grey line represents the moderate 
significance threshold (P < 1 × 10−3). b, The aggregated rare variant gene-based 
burden tests between SLC25A13 and 189 complex traits from the Common 
Metabolic Disease Knowledge Portal identified phenotypic associations, 
including high urinary sodium excretion and elevated bilirubin. The traits above 
the orange dashed line (significance threshold P < 5 × 10−2) are statistically 

significant. Tiangles pointing up indicate associations with increased trait levels 
or disease risk, whereas the triangles pointing down indicate associations with 
decreased traits levels or disease risk. c, Common variant gene-based tests for 
SLC25A13 and 189 complex traits from the Common Metabolic Disease Knowledge 
Portal identified a strong association with oily fish consumption. Traits above 
the orange dashed line (threshold P < 2.5 × 10−6) are nominally significant. 
ApoA, apolipoprotein A; ApoB, apolipoprotein B; BMI, body mass index; adj, 
adjusted; HDL, high density lipoprotein; ASCVD, atherosclerotic cardiovascular 
disease; NAFLD, nonalcoholic fatty liver disease; HOMA-IR, homeostatic model 
assessment of insulin resistance; CCS, coronary calcium score.
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FGF21 quantification
The Mouse/Rat FGF21 Quantikine ELISA Kit from R&D Systems 
(MF2100) was used for FGF21 quantification of mouse sera. A total 
of 50 μl of assay diluent RD1-41 was added to each well followed 
by equal volumes of standard, control and experimental samples. 
After incubation for 2 h at room temperature, wells were aspirated 
and washed five times with 400 μl of wash buffer. A total of 100 μl 
of horseradish-peroxidase-conjugated FGF21 antibody solution was 
then added to each well and incubated at room temperature for 2 h fol-
lowed by five washes with 400 μl of wash buffer. After washing, 100 μl 
of freshly prepared substrate was added to each well and incubated 
for 30 min at room temperature. Assays were terminated with the 
addition of 100 μl of stop solution followed by reading at 450 nm with 
wavelength correction at 570 nm.

RNA-seq
The 20-mg liver aliquots were used for RNA isolation (Qiagen, RNeasy  
Mini Kit, 74104) and DNase I treatment (Qiagen, RNase-Free DNase 
Set, 79254). RNA integrity was assessed using an Agilent 4200 
Tapestation, ensuring an RNA integrity number >5.0 for all sam-
ples. Library preparation and sequencing was performed by 7 Traits 
Genomics. Libraries were prepared using the NEBNext UltraExpress 
RNA Library Prep Kit (New England Biolabs), following the man-
ufacturer’s protocol using 150 ng of RNA per sample. Messenger 
RNA (mRNA) was enriched using poly(A) selection. Enriched mRNA 
was fragmented, reverse-transcribed and converted to cDNA. The 
cDNA underwent end repair, adaptor ligation and size selection. 
Polymerase chain reaction amplification was performed (11 cycles) 
to ensure a sufficient library yield while minimizing amplification 
bias. Library quality and size distribution were assessed using a 
Tapestation and quantified by Qubit (Thermo Fisher Scientific). 
The libraries were pooled on an equimolar basis and sequenced on 
an Illumina NovaSeq X Plus platform using a 25B lane configuration 
with paired-end 150-bp reads with a minimum of 20 million paired 
reads per sample. Base calling and demultiplexing were performed 
using Illumina’s DRAGEN Bio-IT platform. Raw sequencing reads 
were processed for quality control using FastQC and trimmed to 
remove adaptors and low-quality bases using Trimmomatic100 and 
poly(A) tails using FASTP101. Processed reads were mapped back to 
the mouse genome (mm10) using STAR software (v. 2.6.0.a)102. HTSeq 
software (v.0.11.1) was used to generate the count matrix with default 
parameters103. Differential expression analysis was performed by 
normalizing read counts to expression values using the trimmed 
mean of M values normalization method in edgeR104,105. Generalized 
linear models were applied to identify differentially expressed genes 
between glycerol and water-exposed liver samples of the same geno-
type or between liver samples of different genotypes. Normalized 
expression levels from the trimmed mean of M values were used as 
the dependent variable, whereas sequencing batches were included 
as an independent variable to account for batch effects. Genes with 
a false-discovery-rate-adjusted Pvalue below 0.05 and a fold change 
greater than 2 or less than 0.5 were classified as significantly upregu-
lated or downregulated, respectively.

Metabolomic analysis of mouse livers
For G3P quantification, 2.0-mg samples of pulverized frozen liver were 
spiked with 13C3-G3P (2.28 µM final concentration, Sigma-Aldrich). 
Frozen samples were rapidly processed with a boiling buffered etha-
nol extraction (600 µl of 25% 10 mM HEPES buffer and 75% ethanol) 
followed by vigorous vortexing. Samples were placed on a thermo-
mixer for 5 min at 55 °C with shaking at 1,200 rpm then cooled on 
ice for 30 s. Samples were then placed in a water bath sonicator for 
1 min followed by an additional 30 s on ice. Samples were clarified 
by centrifugation at 16,100g in a prechilled centrifuge at 4 °C; the 
supernatants were transferred to clean tubes followed by a second 

round of centrifugation. Clarified supernatants were transferred 
to new tubes and dried for 5 h in a vacuum centrifuge at 4 °C. Dried 
samples were resuspended in 80 µl of liquid chromatography–mass 
spectrometry (LC–MS) water. In total, 20-fold-diluted samples were 
transferred to mass spectrometry vials for analysis by liquid chro-
matography–tandem mass spectrometry. For the analysis of hexose 
phosphates and pentose phosphates, 2.0-mg samples of pulver-
ized frozen liver were spiked with a 13C glucose-grown yeast extract 
(ISO101, Cambridge Isotope Laboratories) as an internal standard106, 
and the same workup was performed. The samples were analysed on 
a Vanquish Horizon UHPLC with a tandem Thermo Scientific Orbitrap 
Fusion mass spectrometer. The vials were maintained in autosam-
pler at 4 °C. The instrument source parameters were held at 3 kV 
negative ion spray voltage, 300 °C ion transfer tube temperature, 
250 °C vaporizer temperature, sheath gas of 20, auxiliary gas of 10 
and sweep gas of 3. The liquid chromatography separation was car-
ried out using an Acquity Premier HSS T3 column with VanGuard FIT, 
1.8 µm, 2.1 mm × 150 mm with mobile phases A (5 mM tributylamine 
and 10 mM acetic acid with 5% v/v methanol in LC–MS-grade water) 
and B (LC–MS-grade methanol) at a constant flow rate of 0.5 ml min−1. 
The separation was carried out with a starting condition of 0% B; 
0–10 min, 10.5% B; 10–18 min, 52.6% B; 18–19 min, 52.6% B; 19–20 min, 
0% B; and 20–26 min, 0% B. Spectra for G3P were acquired using a 
targeted MS2 scan with parent ion of m/z 171.0058 with collision 
energy 25. Spectra for 13C3-G3P were acquired with parent ion m/z 
of 174.0165 with collision energy 25 with the primary fragment ion 
of m/z 78.9588. The hexose phosphate spectra were acquired using 
a targeted MS2 scan of parent ion m/z 259.0198. The 13C6-hexose 
phosphate spectra were acquired with a parent ion of m/z 265.0426 
with collision energy of 20 and primary fragment ion m/z96.9690. 
The hexose phosphate spectra signals were predominantly from 
G6P, fructose-6-phosphate and glucose-1-phosphate, determined 
with pure synthetic standards. The pentose phosphate spectra were 
acquired using the targeted MS2 scan for the parent ion m/z 229.0124 
at collision energy 30 with a primary fragment ion m/z of 78.9588. 
The pentose phosphate spectra were predominantly composed of 
ribose-5-phosphate, ribose-1-phosphate and X5P. The mass spectra 
data were analysed using the open source-software, Skyline v25.1.

Cellular reconstitution of ChREBP-MLX-dependent 
ChORE-luciferase activity
Human ChREBPα (accession number NM_032951.3), human ChREBPβ 
(accession number XM_047420437.1), human MLX (accession num-
ber NM_170607.3) and eGFP coding sequences were synthesized 
by Genewiz and cloned into pcDNA3.1 vectors (Invitrogen). GK was 
subcloned into pcDNA3.1 (Invitrogen) from pWZL-Neo-Myr-Flag-GK 
(Addgene plasmid 20493). pcDNA3.1-GPD1 and pcDNA3.1-GAPDH were 
purchased from GenScript (clone ID: OHu20325 and OHu20566). Plas-
mids pcDNA3.1-LbNOX, pcDNA3.1-EcSTH, pGL4.14 [luc2/Hygro]-ChoRE 
and pGL4.75[hRluc/CMV] were as described60. HEK293T cells (ATCC 
catalogue CRL-3216) were seeded into 24-well plates and maintained 
in Dulbecco’s modified Eagle medium (Gibco) with 10% foetal bovine 
serum (Gibco) and 1% Pen-Strep (Gibco) at 37 °C and 5% CO2 overnight. 
On the following day, media were replaced by OPTI-MEM (Gibco) 1 h 
before plasmid cotransfection. Lipofectamine 3000 reagent (Invit-
rogen) was used for cotransfections for 5 h, after which media were 
replaced with Dulbecco’s modified Eagle medium containing 10% 
foetal bovine serum for 48 h. The cells were then collected, and lucif-
erase assays were performed using the Firefly and Renilla Single Tube 
Luciferase Assay Kit (Biotium) following the manufacturer’s protocol. 
A Tecan Infinite M Plex plate reader was used to measure Firefly and 
Renilla luminescence. Firefly luciferase values were normalized to 
corresponding Renillaluciferase measurements to correct for cell 
quantity and transfection efficiency. The underlying data are provided 
in Source Data Fig. 5.
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Metabolomic analysis of transfected HEK293T cells
HEK293T cells were seeded into six-well plates overnight and then 
underwent plasmid cotransfection as described above for 48 h. Cells 
were then washed with phosphate-buffered saline, quenched with 
dry ice-cold 80% methanol and transferred to conical tubes. Relative 
quantification of 137 metabolites was performed as described60.

Biophysical characterization of the ChREBP GSM
The coding sequence for mouse ChREBPα (amino acids 43 to 307) was 
converted to E. coli-optimized codons and inserted into a pET vector 
carboxyl to MetHis6. The plasmid, pVB240306, was transformed into 
in E. coli Arctic Express, and expression was induced at 12.5 °C with 
1 mM IPTG for 18 h. Total protein from the 1-litre culture was solubi-
lized in 15 ml of denaturing lysis buffer (8 M urea, 100 mM NaH2PO4, 
10 mM Tris Cl, pH 8.0, 0.05% Tween 20). The recombinant protein was 
captured by overnight incubation with 3 ml of Ni-NTA resin (Qiagen) 
followed by washing with 30 ml of denaturing buffer (8 M urea, 100 mM 
NaH2PO4, 10 mM Tris Cl, pH 6.3, 0.05% Tween 20). On-column protein 
refolding was performed by washing with 30 ml of 50 mM NaH2PO4, 
pH 8.0, 300 mM NaCl, 0.1% Triton X-100, followed by 30 ml of 50 mM 
NaH2PO4, pH 8.0, 300 mM NaCl, 5 mM β-cyclodextrin, 0.05% Tween 20 
and 30 ml of 50 mM NaH2PO4, pH 8.0, 500 mM NaCl, 0.05% Tween 20. 
His-tagged ChREBP43–307 was recovered in 50 mM NaH2PO4, pH 8.0, 
300 mM NaCl, 0.05% Tween 20, 350 mM imidazole at a yield of 1–2 mg l−1 
of culture. All ligands were prepared in the same buffer. Ligand bind-
ing was determined by isothermal titration calorimetry using a Nano 
ITC (TA Instruments) to measure ligand concentration-dependent 
heat changes. Ligands were delivered in a 50-µl syringe to 185 µl of 
His-tagged ChREBP43–307 in the sample cell. After an initial 0.8-µl 
injection, 19 additional 2.5-µl injections were made with a time interval 
of 200 s between each injection. Measurements were made at 20 °C 
with stirring at 250 rpm. Informative ligand concentrations were deter-
mined empirically to observe saturable binding. Binding profiles were 
fitted to a blank and independent model with single-site binding using 
analysis software supplied with the instrument. Each experiment was 
performed in triplicate.

Statistics and reproducibility
Because the effect sizes and the variability of gene expression, FGF21 
expression and metabolite levels were unknown until these experi-
ments were performed, it was not possible to predetermine animal 
sample sizes. The size of mouse groups was limited by the availability 
of male and female Slc25a13−/−Gpd2−/− mice, which were obtained at 
lower than Mendelian ratios. Mice of each of the four genotypes were 
randomly assigned to water or glycerol exposure. Sera and frozen 
liver powders were stored in numbered tubes and were analysed by 
investigators who were blinded to genotype and treatment. Sera that 
were haemolysed were excluded from FGF21 quantification. Data 
distributions were assumed to be normal, but this was not formally 
tested. Statistical analysis was performed with GraphPad Prism soft-
ware. Details of the statistical tests and the numbers of replicates are 
provided in the figure legends.

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

Data availability
The mouse data, protein purification data and isothermal titration calo-
rimetry data are available via OSF at https://osf.io/j5veb. The RNA-seq 
data are available via the Gene Expression Omnibus with accession 
no. GSE304958. The metabolomic data for Figs. 4 and 5 are availa-
ble via the Metabolomics Workbench with accession nos. ST004126  
and ST004125, respectively. The plasmids are available via Addgene. 
Source data are provided with this paper.
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Extended Data Table 1 | Hepatic gene expression (mean FPKM + /- SE) with NADH shuttle gene deletion and/or 
glycerol exposure

Liver gene expression levels (mean FPKM + /- SE) of select genes are reported across four genotypes of mice exposed to either two days of water or two days of 5% (w/v) glycerol. The data 
show that ChREBPα, ChREBPβ and Fgf21 respond to NADH shuttle gene deletion and glycerol but that Srebf1 does not respond to these conditions.
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Extended Data Table 2 | Most frequent pathological variants of SLC25A13 in gnomAD (March 12, 2024)
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