Elevated FGF21 and triglycerides in SLC25A13 carriers support the G3P-ChREBP Citrin Deficiency disease hypothesis
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Background. People with Citrin Deficiency (CD), inactivated for both copies of SLC25A13, have lean metabolic dysfunction-associated steatotic
liver disease (MASLD) and an aversion to sweets. The mouse model of CD, which inactivates Slc25a13 and Gpd2, has been shown to elevate
hepatic glycerol-3-phosphate (G3P) and activate carbohydrate response element binding protein (ChREBP) thereby increasing lipogenic
transcription, which could account for MASLD, and circulation of FGF21, which could account for sweet aversion. Because the G3P-ChREBP
hypothesis of CD was supported only by mouse data, the objective of this study was to determine if people with one or two copies of SLC25A13
inactivated have higher circulating FGF21 and whether higher FGF21 is associated with higher circulating lipids in this population, consistent with
a common driver of sweet aversion and lipogenesis.
Methods. Blood and urine from age- and sex-matched participants in the Taiwan biobank were selected and used to test the hypothesis that
SLC25A13 inactivation elevates circulating FGF21 and urinary sodium and to determine whether elevated FGF21 correlates with elevated
circulating triglycerides in carriers of SLC25A 13 mutations.
Results. Age-matched male and female SLC25A13 mutation carriers have 2.2-fold and 2.8-fold higher circulating FGF21 than control individuals
with results significant at P = 0.056 and 0.012, respectively. CD patients and mutation carriers also had elevated urinary sodium (P = 0.0052) and
CD patients have greatly elevated circulating FGF21. Moreover, though higher FGF21 depresses circulating lipids in the general population, higher
FGF21 was strongly correlated with higher circulating triglycerides in SLC25A13 mutation carriers.

Conclusion. Human data support insights gleaned from the mouse model of CD: that loss of SLC25A 13 drives both lipogenic transcription

and circulation of FGF21.
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Introduction

Citrin Deficiency (CD) is a rare autosomal disorder that disturbs hepatic protein, carbohydrate and lipid metabolism. Though the
disease is pan-ethnic, the most common pathological alleles appeared in the Far East, where the allele frequency can be as high as
3%?. In the first month of life, CD is diagnosed by jaundice, hypercitrullinemia, hyperlactatemia and failure to thrive®. Diagnosis is
confirmed as biallelic inactivation of SLC25A13, which encodes the glutamate-aspartate exchanging component of the malate
aspartate shuttle (MAS)*. Highly expressed in hepatocytes, loss of SLC25A13 leads to a deficiency in hepatocytosolic Asp required
for argininosuccinate synthase 1, the urea cycle enzyme that links Asp to citrulline, thereby disturbing protein metabolism. Because
the MAS is the principle means to move reducing equivalents from hepatocytosolic NADH to the mitochondrial matrix, CD patients
are also largely carbohydrate intolerant. After dietary modification to a low protein, low carbohydrate diet rich in medium chain
triglycerides (MCTs), failure to thrive usually resolves such that children with CD grow to adulthood®. Strikingly, they exhibit lean
metabolic dysfunction-associated steatotic liver disease (MASLD)® and an aversion to sweets?.

The leading mouse model of CD inactivates not only Slc25a13 but Gpd2, a component of the glycerol-3-phosphate
dehydrogenase shuttle (GDPS) that also moves cytosolic reducing equivalents to mitochondrial electron transfer. These mice
recapitulate the major features of CD including lean MASLD, hypercitrullinemia and hyperlactatemia®. To better understand sweet
aversion in CD, Slc25a13 -/- Gpd2 -/- mice were tested for preference of saccharine to water and behaved as wild-type with a large
preference for the artificial sweetener. However, when offered sucrose, they developed an aversion to sucrose, ethanol and glycerol’.

FGF21 is a hepatokine and myokine expressed in a wide variety of seemingly paradoxical conditions of metabolic stress
including both weight loss and obesity, mitochondrial dysfunction, fasting and refeeding, ketogenic diet and provision of simple
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carbohydrates (especially fructose), and ethanol®”. Genetic and pharmacological data show that FGF21 acts through neuronal KLB

receptors to cause aversion to sweets' and alcohol™. We proposed that FGF21 is responsible for sweet aversion in people with



CD™. In support of this, we discovered that mice with deletion of Slc25a13 and Gpd2 have elevated glycerol-3-phosphate (G3P),
elevated hepatic expression of Fgf21 mRNA, elevated circulation of FGF21 protein, and that G3P is a specific ligand of the
carbohydrate-responsive N-terminal domain of the carbohydrate response element binding protein (ChREBP), whose activation
drives Fgf21 transcription'?. The proposal that G3P activates ChREBP was notable in that, in the past, other glucose metabolites had
been proposed to be the activating ligand and no previous model of FGF21 regulation proposed a mechanism to reconcile the
apparent paradoxes of FGF21 induction™?.

At the time of our mouse experiments, no data were available to determine if G3P leads to ChREBP activation, FGF21
circulation and de novo lipogenesis in human CD. However, we examined genome-wide association studies (GWAS) across
databases that represent significant numbers of SLC25A13 mutation carriers and discovered associations with low body weight, high
urinary sodium and a preference for fatty fish, all of which could be indicators of elevated circulation of FGF21 in SLC25A13
heterozygotes™?. Here we used the Taiwan Biobank (TWB)™ to identify 25 male and 25 female SLC25A13 mutation carriers and two
female CD patients along with age- and sex-matched SLC25A13 noncatrriers to test the hypothesis that loss of SLC25A13 in humans
elevates circulation of FGF21. Further, based on the idea that FGF21 may be a circulating biomarker that reports on G3P-ChREBP
signaling in SLC25A13 mutation carriers and that G3P-ChREBP drives production of triglycerides (TGs) in people, we tested the
hypothesis that FGF21 circulation is correlated with elevated TGs in SLC25A13 heterozygotes. Here we show that loss of one copy
of SLC25A13 elevates FGF21 circulation and that the higher the FGF21 in SLC25A13 mutation carriers, the higher the circulating
TGs.

Results
As shown in Fig. 1A and 1B, our data show that age-matched male and female SLC25A13 mutation carriers have 2.2-fold and 2.8-

fold higher circulating FGF21 than control members of the TWB with results significant at P = 0.056 and 0.012, respectively. To



determine if we could confirm a GWAS association between SLC25A13 mutation carriers and elevated urinary sodium*?, we found
that carriers have a 1.4-fold higher urinary sodium concentration. As shown in Fig. 1C, higher urinary sodium in carriers and CD
patients with respect to controls was significant at P = 0.0052. These data suggest that the leanness, dietary preferences and
elevated sodium of SLC25A13 mutation carriers can be explained by elevated FGF21.

Across the 120,143 member TWB, the allele frequency for the 4 nucleotide SLC25A13 deletion rs80338720 was 0.0052 and
the expected number of homozygotes is three. We identified two CD patients in TWB (women of ages 57 and 61). As shown in Fig.
1D, we compared FGF21 levels in the two women with CD to FGF21 levels in the 10 women nearest their ages (i.e., 53 to 65). These
data show that CD elevates FGF21 15-fold, P = 0.0035, consistent with the proposal that sweet aversion in CD is due to elevated
FGF21'. Indeed a clinically observable effect on sweet-liking versus sweet-disliking has been observed in healthy people with a less
than 2-fold increase in fasting FGF21*,

Prior to our GWAS analysis?, there were no known health associations with SLC25A13 carriers and our analysis indicated a
signal for leanness. Nonetheless, we considered that loss of one copy of SLC25A13 might increase accumulation of G3P sufficient to
drive not only ChREBP-dependent transcription of FGF21 (Fig. 1A-B) but also the genes of TG synthesis. Though it is known that
genetically proxied elevated FGF21 depresses circulating TGs in the general population™®, we predicted that in SLC25A13 carriers,
FGF21 would serve as a biomarker of G3P-ChREBP signaling such that it will be positively correlated with TGs. TG levels were
available for 7 of the 52 control TWB participants and for 45 heterozygotes. As shown in Fig. 2A, SLC25A13 mutation carriers had
1.4-fold higher TG levels that did not meet statistical significance (P = 0.32) but which was directionally the same as the signal we
observed by GWAS between SLC25A13 carriers and elevated ApoB'?. Moreover, as shown in Fig. 2B, consistent with the prediction
that FGF21 expression in SLC25A13 mutation carriers is a proxy of elevated G3P-ChREBP transcriptional activity, TGs show a

strong positive association with FGF21 circulation in mutation carriers (Pearson correlation coefficient r = 0.58, P = 0.0001).



According to our model, accumulation of G3P and consequent activation of ChREBP are at the root of two key features of
CD. First, G3P-ChREBP drives a lipogenic gene expression program that turns on expression of pyruvate kinase, acetyl-coA lyase,
acetyl-coA carboxylase, fatty acid synthase and elongation enzymes, and the Kennedy pathway enzymes that link newly synthesized
long chain fatty acids (LCFA) to the G3P backbone to form TGs. Our mouse data further support the idea that G3P-ChREBP
signaling depress expression and activity of carnitine palmitoyltransferase 1A (CPT1A), thereby accounting for the clinical benefit of
MCTs rather than long chain TGs in nutrition for people with CD'?. Second, activation of ChREBP by G3P would cause FGF21 to
circulate. Our data establish that FGF21 circulation is increased by loss of one and both copies of SLC25A13 in a manner that can
account for sweet aversion. Further, consistent with the idea the FGF21 circulation reports on the degree of G3P-ChREBP
transcription, our data show that FGF21 is strongly correlated to elevated TGs in SLC25A13 mutation carriers.
Discussion
The data are consistent with G3P-ChREBP driving both a lipogenic transcriptional program and a homeostatic FGF21 induction
program that would tend to limit fructose and ethanol intake in order to block lipogenic energy inputs. Whereas Mendelian
randomization shows that people with gain-of-function FGF21 alleles have lower circulating TGs (and higher urinary sodium)®, loss
of one copy of SLC25A13 appears to sensitize to G3P-ChREBP activation and drive TG synthesis. In the context of biallelic
SLC25A13 inactivation and the resulting potentiated G3P-ChREBP signaling, we predict that the lipolytic effect of FGF21 on liver*®*’
is insufficient to block MASLD. Further, as shown in Fig. 3, we propose that distinctive dual rise in both FGF21 and TGs in CD may
potentially serve as a clinically useful biomarker with lower FGF21 reporting on disease maodifiers such as potentially higher
expression of the SLC25A13-paralogous SLC25A12 gene'®, which would increase Asp availability, lowering citrulline accumulation
and lowering G3P to lower expression of FGF21 and the genes of de novo lipogenesis*?. Higher FGF21 would potentially report on

lack of SLC25A12 expression and/or dietary components such as high carbohydrates, fructose and/or ethanol exposure that would



elevate G3P, driving expression of FGF21 and the genes of de novo lipogenesis*?. Now supported by human data validating the CD
disease hypothesis, ongoing efforts are geared to query the role of G3P-ChREBP signaling in other conditions of elevated FGF21
expression and to test whether CPT1A activation will relieve lean MASLD in the mouse model of CD.

Methods

Both sexes were included in this study, and sex was evaluated as a biological variable, though sex-specific results were not
found. Biological samples and de-identified participant information were obtained by application to the TWB. The study protocol was
reviewed and approved by the Institutional Review Board of Taichung Veterans General Hospital, Taiwan (IRB no. CE16270B).
Participants provided written informed consent at enroliment, permitting use of their biospecimens and data for approved research.
We scanned the TWB for entries positive for rs80338720, the 4 nucleotide deletion allele that is the most common pathogenic
mutation in SLC25A13, and requested biospecimens from the only two participants homozygous for this allele (both female), 25
women heterozygous for this allele, and 25 men heterozygous for this allele (52 cases), along with 27 age-matched women and 25
age-matched men (52 controls) within £1 year of age. After study approval, urine and plasma samples were provided by the TWB.
Plasma FGF21 levels were quantified in duplicate using the Quantikine® Human FGF-21 ELISA kit (R&D Systems, DF2100)
according to the manufacturer’s protocol. Standards, controls, and plasma samples were assayed in duplicate. Urinary sodium
concentrations were measured using the Sodium Assay Kit (Colorimetric; Abcam, ab211096). Urine samples were diluted 100—200x
to fall within the linear range of the standard curve, and absorbance was read at 405 nm. For each group, the mean, standard
deviation, median, and interquartile range of FGF21 (pg/mL) and sodium (mM) were calculated. Between-group comparisons were
performed using Student’s t-test. Statistical analyses and data visualization were conducted with GraphPad Prism software. All data
will be made available for analysis.
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Figure 1. Loss of SLC25A13 increases FGF21 circulation and urinary sodium. Age and ex-matched SLC25A13 mutation
carriers from the TWB were assayed for FGF21 circulation and urinary sodium. The data show that male (A) and female (B) mutation
carriers have higher levels of FGF21 than control participants and that male and female mutation carriers have higher levels of
urinary sodium (C) than control participants. Further, female CD patients have much higher levels of circulating FGF21 than control
female age-matched participants (D). (A) Plasma FGF21 levels (N = 25 per group); (B) Plasma FGF21 levels (N = 27 controls, N =
25 carriers); (C) urinary sodium (N = 48 controls, N = 49 carriers); (D) plasma FGF21 (N = 10 controls, N = 2 CD). Symbols: o male
controls; m male carriers; o female controls; e female carriers; e female CD patients. P values are from Student’s t-test.
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Figure 2. TGs are positively correlated with FGF21 circulation in SLC25A13 mutation carriers. (A) TGs were compared
between the N = 7 control participants and the N =45 SLC25A13 mutation carriers for whom TG values were available in the TWB.
These data show a nonsignificant TG increase in mutation carriers. (B) A plot of TGs as a function of FGF21 in mutation carriers
shows a strong positive correlation (Pearson’s correlation R = 0.58) that is counter to the depression of TGs by genetically proxied
FGF21 in the general population™ and consistent with elevation of FGF21 and lipogenic transcription by a potentiated ChREBP
system in SLC25A13 carriers.
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Figure 3. FGF21 as a potential reporter on CD disease management. The schematic shows flow of high energy electrons and
Asp in hepatocytes as disrupted by loss of SLC25A13, encoding the major Glu-Asp exchanger in the mitochondrial inner membrane.
Potential expression of SLC25A12 would increase the supply of Asp to cytosol, preventing elevation of citrulline, NADH, G3P, FGF21
and lipogenesis. Lack of SLC25A12 and dietary factors such as high carbohydrates, fructose and/or ethanol would tend to elevate
G3P, thereby increasing ChREBP transcription of FGF21 and the genes of de novo lipogenesis (DNL). Created in BioRender.
Brenner, C. (2026) https://BioRender.com/uohluwl
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