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Abstract

Glycogen storage disease type Ia (GSD Ia) is caused by autosomal mutations in glucose-6-phosphatase α catalytic subunit
(G6PC) and can present with severe hypoglycemia, lactic acidosis and hypertriglyceridemia. In both children and adults with
GSD Ia, there is over-accumulation of hepatic glycogen and triglycerides that can lead to steatohepatitis and a risk for
hepatocellular adenoma or carcinoma. Here, we examined the effects of the commonly used peroxisomal proliferated
activated receptor α agonist, fenofibrate, on liver and kidney autophagy and lipid metabolism in 5-day-old G6pc −/− mice
serving as a model of neonatal GSD Ia. Five-day administration of fenofibrate decreased the elevated hepatic and renal
triglyceride and hepatic glycogen levels found in control G6pc −/− mice. Fenofibrate also induced autophagy and promoted
β-oxidation of fatty acids and stimulated gene expression of acyl-CoA dehydrogenases in the liver. These findings show that
fenofibrate can rapidly decrease hepatic glycogen and triglyceride levels and renal triglyceride levels in neonatal G6pc −/−
mice. Moreover, since fenofibrate is an FDA-approved drug that has an excellent safety profile, our findings suggest that
fenofibrate could be a potential pharmacological therapy for GSD Ia in neonatal and pediatric patients as well as for adults.
These findings may also apply to non-alcoholic fatty liver disease, which shares similar pathological and metabolic changes
with GSD Ia.

Introduction

Glycogen storage disease type Ia (GSD Ia), also known as von
Gierke’s disease, is caused by mutations in the G6PC gene
(1–4). G6PC encodes glucose-6-phosphatase (G6Pase), which

dephosphorylates glucose-6-phospate (G6P) to glucose in the
last step of gluconeogenesis (5). G6Pase is primarily expressed in
the liver and kidneys and is important for maintaining glucose
homeostasis in the body. In GSD Ia, pathogenic variants in G6PC
decrease G6Pase enzyme activity, which leads to intracellular
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accumulation of G6P, and increased glycogen synthesis as
well as fatty acid and triglyceride production. These metabolic
changes result in build-up of glycogen and triglycerides in the
liver and kidneys (6). Besides these changes in the liver and
kidney, GSD Ia is characterized by severe hypoglycemia, lactic
acidosis and hypertriglyceridemia (7). Severe hypoglycemia due
to the interruption of feeding has been associated with seizures
and death (8). However, the acute clinical manifestations of
these biochemical abnormalities can largely be controlled
by frequent oral supplementation of glucose in infants and
an adherence to a strict schedule of uncooked cornstarch
supplementation in children and adults (9,10). Dietary therapy
can achieve metabolic control as demonstrated by decreased
blood lactate and triglyceride concentrations, and improved
metabolic control has correlated with decreased frequency of
long-term complications including hepatic adenoma formation
and proteinuria (9–11). Unfortunately, dietary therapy does not
successfully maintain metabolic control in all patients, including
those with identical genotypes, which implicates unidentified
variables including environmental and genetic factors that
determine the phenotype of individual patients (12). Dietary
therapy does not reliably prevent long-term complications
in all patients with GSD Ia, including the development of
hepatocellular adenomas and hepatocarcinoma (13,14). It also
appears that GSD Ia patients are especially susceptible to
developing hepatic adenomas as three-quarters of patients over
25 years of age have at least one hepatocellular adenoma (13).
This disease progression resembles the histological, metabolic
and pathological changes that occur in non-alcoholic fatty
liver disease (NAFLD), a condition that affects approximately
40% adult Americans (15,16). Additionally, there are non-
hepatic long-term complications such as chronic renal failure,
hyperlipidemia with a potential risk for atherosclerosis,
growth retardation and rarely pancreatitis or pulmonary
hypertension (7).

We and others previously showed that there is impaired
macroautophagy, hereafter referred to as autophagy, in cell cul-
ture, murine and canine models of GSD Ia (17). Autophagy in the
liver is critical for β-oxidation of fatty acids and mitochondrial
turnover, functions that are critical for normal lipid metabolism,
aerobic glycolysis and oxidative phosphorylation (18). We pre-
viously showed that induction of autophagy with mammalian
target of rapamycin inhibitor rapamycin, or the thyroid hor-
mone agonist, VK2809, increased β-oxidation of fatty acids and
reduced hepatosteatosis in G6pc −/− mice (19). We also showed
that the pan-peroxisomal proliferator activated receptor (PPAR)
agonist, bezafibrate, reduced glycogen and triglyceride in the
livers of GSD Ia mice. Bezafibrate is approved for the treatment of
hypertriglyceridemia in Europe, but restricted in the U.S. PPARs
are members of the nuclear hormone receptor superfamily. The
PPARα isoform is highly expressed in the liver and kidneys
(20), the same tissues that are primarily affected in GSD Ia.
As a ligand-inducible transcription factor, PPARα regulates the
expression of key genes involved in peroxisomal and mitochon-
drial β-oxidation, fatty acid catabolism, energy homeostasis and
lipogenesis (21–26).

Chronic treatment with fenofibrate, an FDA-approved PPARα-
selective agonist, led to decreased hepatic triglyceride and glyco-
gen in an adult GSD Ia mouse model featuring inducible liver-
and kidney-specific knockout of G6Pase (16). Currently, little
is known about the hepatic metabolic effects of fenofibrate in
neonatal mice, which have undergone chronic intrahepatic and
intrarenal accumulation of G6P, glycogen and triglycerides in
utero and postnatally. In the present study, we assess the ability

of the PPARa agonist, fenofibrate, to rapidly decrease hepatic
triglycerides and glycogen in neonatal GSD1a mice.

Results

Fenofibrate lowers lipid and glycogen levels in the liver
of G6pc −/− mice

Neonatal G6pc −/− mice were treated with fenofibrate at five
days of age for 5 days to examine the effect of fenofibrate admin-
istration on the liver and kidney in this GSD Ia model. Control
and knockout mice were sacrificed 24 hours after administration
of the last dose. Liver mass and body mass were measured
and were found to be decreased in G6pc −/− mice treated with
fenofibrate (Figs. 1A and S1A). However, the liver weight was
unchanged by fenofibrate administration when normalized to
body weight (Fig. 1B). Serum glucose levels of G6pc −/− mice were
below the level of detection and did not change with fenofibrate
administration (Fig. S1B). When liver histology was examined by
hematoxylin and eosin (H&E) stain, hepatosteatosis was almost
completely reversed by fenofibrate administration (Fig. 1C). Hep-
atic triglycerides and glycogen were higher in G6pc −/− mice
treated with vehicle, when compared to wild-type (WT) mice
treated with vehicle (Fig. 1D–H) as reported previously (19). When
fenofibrate was administered, there was decreased intrahepatic
liver triglyceride levels by biochemical assay and by oil red
O staining (Fig. 1D–F). Fenofibrate also significantly decreased
hepatic glycogen levels in in G6pc −/− mice as determined by
biochemical assay and by periodic acid Schiff (PAS) glycogen
staining (Fig. 1G and H).

Fenofibrate induces autophagic flux in liver of G6pc −/−
mice

We previously showed that autophagy flux was impaired in
G6pc −/− mice. Induction of autophagy by rapamycin and
bezafibrate reduced the hepatic triglyceride and glycogen over-
accumulation of these mice (17,19). Fenofibrate treatment
increased hepatic microtubule-associated protein 1A/1B-light
chain 3 (LC3)-II protein expression (Fig. 2A and B), but had no
significant effect on Lc3 mRNA expression (Fig. 2C). This suggests
that increased LC3-II is related to autophagosome formation,
rather than increased Lc3 transcription. In vehicle-treated G6pc
−/− mice, P62 was increased when compared with control
WT mice suggesting a block in autophagosome degradation
(Fig. 2A, D and E). P62 protein was significantly decreased in the
livers of fenofibrate-treated G6pc −/− mice when compared
to vehicle-treated G6pc −/− mice, and was not significantly
different from the level observed in WT mice (Fig. 2A and D).
Of note, hepatic p62 transcripts were significantly decreased in
both fenofibrate and vehicle-treated G6pc −/− mice, suggesting
the decrease in p62 protein caused by fenofibrate in G6pc −/−
mice occurred post-transcriptionally (Fig. 2E). Beclin1, a joint
regulator of autophagy and apoptosis, was decreased in vehicle-
treated G6pc −/− liver; however, it was increased by fenofibrate
(Fig. S2). Taken together, these data suggested that fenofibrate
restored autophagic flux in G6pc −/− mice. Considering the
results of Beclin1 and since apoptosis has previously been
shown to be increased in G6pc −/− mouse liver, we evaluated
the expression of other apoptosis-related genes to assess the
effect of fenofibrate (27). We found these genes were unchanged
following fenofibrate administration and that apoptosis genes
were significantly downregulated between WT and G6pc −/−
vehicle treated mice (Fig. S2) (27).
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Figure 1. Liver triglycerides and glycogen are reduced by fenofibrate treatment in G6pc −/− mice. (A) Liver mass (mg) (n = 4–5). (B) Liver mass proportional to body mass

(n = 4–5). (C) Representative liver H&E stain from three mice. Scale bar = 100 μm. (D) Liver triglycerides (mg/dL) measured by colorimetric assay (n = 4–5). (E) Total liver

triglycerides (mg2/dL) calculated from liver weight and liver triglyceride assay (n = 4–5). (F) Representative liver Oil Red O stain from three mice. Scale bar = 100 μm. (G)

Liver glycogen content measured by biochemical assay (n = 4). (H) Representative liver PAS glycogen stain from three mice. Scale bar = 100 μm. One-way ANOVA with

Tukey’s multiple comparison test was performed. ∗ P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001; ∗∗∗∗P < 0.0001.

Figure 2. Autophagy is induced by fenofibrate in G6pc −/− mice. (A) Western blot of LC3 and P62 with β-ACTIN loading control. Each lane represents a biological replicate

(n = 4–5). (B) Quantification of LC3-II protein from A relative to β-ACTIN. (C) LC3 transcripts relative to actin. (D) P62 protein from A relative to β-ACTIN. (E) p62 transcripts

relative to actin. (F) TEM images of the liver (n = 2). (Top) 5000× images for overall morphology. Scale bar = 5 μm. (Bottom) Higher magnification of autophagosomes is

shown in the lower panels, including autophagosomes containing intracellular cargo and autolysosomes from the boxed area of the top panel. The autophagosome in

the liver of G6pc −/− fenofibrate-treated mice also contained electron dense glycogen granules. Scale bar = 1 μm or 0.5 μm. N: nucleus, L: lipid, G: glycogen granules,

AP: autophagosome, AL: autolysosome. One-way ANOVA with Tukey’s multiple comparison test was performed. ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001; ∗∗∗∗P < 0.0001.

TEM demonstrated accumulation of lipids and autophago-
somes in G6pc −/− liver (Fig. 2F). Autophagosomes in G6pc −/−
fenofibrate treated mice contained glycogen, in contrast to G6pc
−/− vehicle treated mice. Autophagosomes can deliver glycogen
to the lysosomes that can be degraded by GAA (28), which
provides a mechanism for autophagy induction to decrease
accumulated glycogen in GSD Ia.

Fenofibrate induces expression PPARα targets and
promotes β-oxidation

Plasma acylcarnitines in several essential metabolic pathways
were significantly increased in G6pc −/− liver, and significantly
normalized following fenofibrate administration (Fig. 3). PPAR

agonists might enhance fatty acid β-oxidation (FAO), and there-
fore, the expression of genes related to FAO were analyzed.
The mitochondrial acylcarnitine dehydrogenases Acadm, Acadl
and Acadvl are significantly decreased in vehicle-treated G6pc
−/− liver, in comparison with WT (Fig. 3A); however, palmitoyl-
CoA oxidase gene, Acox1, appeared lower without significantly
decreasing. Fenofibrate administration significantly increased
Acox1 transcripts in G6pc −/− liver (Fig. 3A). Lower Acadvl expres-
sion corresponds with decreased very long-chain acylCoA dehy-
drogenase (VLCAD) protein, which correlates with increased
plasma acylcarnitines including C12, C12:1, C14, C14:1 and C14:2
species (29). Fenofibrate administration restored normal C12,
C12:1, C14, C14:1 and C14:2 concentrations to the normal range
(Fig. 3B). Similarly, Acadl and Acadvl transcripts normalized in the
liver following fenofibrate administration (Fig. 3A).
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Figure 3. Fenofibrate normalizes plasma acylcarnitines and restores acyl-CoA dehydrogenase transcripts. (A) Acyl-CoA dehydrogenase transcripts (n = 4–5). (B) Plasma

acylcarnitines related to acyl-CoA dehydrogenases (n = 4–5). (C) MTFP subunit transcripts, Hadha and Hadhb (n = 4–5). (D) Plasma acylcarnitines associated with LCHAD

and MTFP (n = 4–5). (E) Transcripts of Cpt2 and Slc25a20 implicated in CPTII/CACT deficiencies (n = 4–5). (F) Plasma acylcarnitine species implicated in CPTII/CACT

deficiencies (n = 4–5). (G) Short chain plasma acylcarnitines (n = 4–5). (H) Ratio of C2/C3 plasma acylcarnitines (n = 4–5). (I) Succionate metabolism transcripts, Pcca and

Pccb (n = 4–5). One-way ANOVA with Tukey’s multiple comparison test was performed. ∗P < 0.05; ∗∗ P < 0.01; ∗∗∗P < 0.001; ∗∗∗∗P < 0.0001.

Since Acox1, Acadm, Acadl and Acadvl are all known targets of
PPARα regulation, we assessed PPARα transcript and protein lev-
els (30–32). No significant differences in Pparα, Pparβ/δ or Pparγ
transcripts were observed between groups (Fig. S3A). PPARα was
significantly decreased in vehicle-treated G6pc −/− liver, but not
significantly affected by fenofibrate administration (Fig. S3B and
C).

The expression of genes implicated in long-chain hydrox-
ylacylcarnitine dehydrogenase (LCHAD) and mitochondrial tri-
functional protein (MTFP) deficiencies, Hadha and Hadhb, were
decreased in vehicle-treated G6pc −/− liver (Fig. 3C). Plasma
acylcarnitines associated with LCHAD and MTFP C16-OH, C18-
OH, C18:1-OH and C18-OH are significantly increased between
WT and G6pc −/− mice (Fig. 3D) (33). Despite the lack of a sig-
nificant effect on transcription of Hadha and Hadhb, fenofibrate
decreased these accumulated species of acylcarnitines asso-
ciated with LCHAD and MTFP deficiencies in G6pc −/− mice,
such that they were not significantly different from WT levels
(Fig. 3D).

The expression in liver for Cpt2, the gene responsible for
carnitine palmitoyltransferase II (CPTII) deficiency, and for
Slc25a20, the gene causing carnitine-acylcarnitine translocase
(CACT) deficiency, was not significantly changed in G6pc −/−
mice or by fenofibrate administration. (Fig. 3E). However, plasma
acylcarnitine species implicated in CPTII/CACT deficiencies,
C16, C18, C18:1 and C18:2, were significantly increased in G6pc
−/− mice (Fig. 3F) (33). Fenofibrate administration decreased
concentrations of these CPTII/CACT deficiency-implicated
acylcarnitines (Fig. 3F), although the fluctuations in these

species might also be attributable to changes in Acadl and Acadvl
transcripts that normalized in the liver following fenofibrate
administration (Fig. 3A).

Short-chain plasma acylcarnitines were not significantly dif-
ferent between groups with the exception of C3. Plasma C3
was increased in G6pc −/− mice, decreased following fenofi-
brate exposure to concentrations equivalent to those observed
in WT mice (Fig. 3G). The C2/C3 ratio, which reflects succi-
nate metabolism, followed the same pattern (Fig. 3H). Genes for
propionyl-CoA carboxylase Pcca and Pccb were not significantly
changed by genotype or fenofibrate administration (Fig. 3I). All
measured plasma acylcarnitines are reported in Table S3, along
with relevant statistics.

Fenofibrate affects kidney of G6pc −/− mice

Kidney mass was not significantly altered between WT and
G6pc −/− mice or by fenofibrate administration, but kidney
mass normalized to body weight was significantly increased
in groups of G6pc −/− mice (Fig. 4A and B). Kidney histology
was unchanged by fenofibrate administration (Fig. 4C) with the
exception that renal lipids visualized by ORO staining were
decreased (Fig. 4D). Furthermore, renal glycogen detected by PAS
staining was unchanged (Fig. 4E). Significant changes in LC3-II
and P62 protein and transcripts were not detected in G6pc −/−
kidney, suggesting that experimental conditions did not allow
detection of known alterations in renal autophagy related to GSD
Ia (Fig. S4). Fenofibrate exposure had no significant effects on
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Figure 4. Fenofibrate decreases renal triglycerides. (A) Kidney mass (mg) (n = 4–5). (B) Kidney mass proportional to body mass (n = 4–5). (C) Representative kidney H&E

stain from three mice. (D) Representative kidney Oil Red O stain from three mice. (E) Representative liver PAS glycogen stain from three mice. One-way ANOVA with

Tukey’s multiple comparison test was performed. ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001; ∗∗∗∗P < 0.0001.

metabolic genes in the kidney, in contrast with conditions in
the liver (Fig. S5). Similarly to the liver, there were no significant
changes in Pparα, Pparβ/δ or Pparγ transcripts with genotype
or fenofibrate administration (Fig. S6A). PPARα was significantly
decreased in G6pc −/− kidney, but unchanged by fenofibrate
exposure (Fig. S6B and C).

Discussion

GSD Ia is the most common liver glycogen storage disease and
is characterized by increased hepatic triglycerides and glycogen,
and impaired hepatic autophagy (17,34). Although nutritional
management has enabled survival beyond childhood, most
patients develop severe and progressive NAFLD that leads to
cirrhosis and increased risk for hepatomas by their 40s. Liver
transplantation is the only available treatment for late-stage
disease. Currently, there are no pharmacological treatments for
GSD Ia, so the identification of approved drugs or development
of new drugs are urgently needed. We previously found that
neonatal G6pc −/− mice treated with rapamycin, bezafibrate
and VK2809 induced autophagy and reduced intrahepatic
triglyceride and glycogen content (17,19,35). Although these
agents highlight the key role of impaired autophagy in the
pathogenesis of GSD Ia, their clinical application may be limited
since chronic treatment with rapamycin has been associated
with insulin resistance and increased inflammation (36,37),
and bezafibrate and VK2809 have not been approved for
clinical use in the USA, although bezafibrate is widely used in
Europe (38).

Fenofibrate currently is one of the most widely prescribed
fibrate drugs for treating hypertriglyceridemia, and has received
marketing approval from the FDA. Thus, it can be repurposed
and prescribed off-label to treat patients with the metabolic
and hepatic/renal complications of GSD Ia (38,39). Fenofibrate
also is a selective agonist for PPARα, the major PPAR isoform

likely mediating the beneficial biochemical and physiological
effects observed previously with bezafibrate. This selectivity
gives fenofibrate the theoretical advantages of having more
PPARα-selective effects and less cross-signaling side effects from
other PPAR isoforms such as the pan-PPAR agonist bezafibrate
would have. In this connection, a recent study showed that
chronic administration of fenofibrabe was effective in reducing
hepatic triglycerides and glycogen in adult tissue-specific mouse
models of GSD Ia (15). However, little is known about the efficacy
and mechanism of fenofibrate action on hepatic metabolism in
neonates with GSD Ia.

Our study examined the effects of short-term (5 day)
administration of fenofibrate on hepatic and renal autophagy
and metabolism in neonatal, universal G6pc −/− mice. First,
we demonstrated the ability of fenofibrate to quickly decrease
hepatic triglyceride and glycogen content by stimulating
autophagy in young G6pc −/− mice. Next, we confirmed our
previous findings that liver autophagy deficiency was impaired
in G6pc −/− mice (17). These findings are particularly relevant
to GSD Ia since this condition typically is diagnosed early in
children, and early intervention may be important to prevent or
delay disease sequelae.

As we observed previously, the restoration of autophagic flux
in GSD Ia is likely the mechanism for enhanced degradation
of lipids and glycogen in the lysosomes (19). We observed
that fenofibrate significantly decreases hepatic triglycerides
and glycogen and renal triglycerides (Figs. 1 and 4). G6pc −/−
mice have impaired β-oxidation of fatty acids; however, our
metabolomic analysis of acylcarnitines strongly suggested that
fenofibrate increases fatty acid β-oxidation in the mitochondria
since plasma acylcarnitines and expression of genes involved
in hepatic β-oxidation in fenofibrate-treated G6pc −/− mice
returned to levels not significantly different from those seen in
untreated WT controls (Fig. 3). It is noteworthy that the decreases
in liver glycogen and triglycerides in G6pc −/− mice following
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fenofibrate treatment were consistent with our previously
reported findings with bezafibrate. Although bezafibrate and
fenofibrate can decrease lipid and glycogen accumulations in
the liver, gene therapy has been necessary to achieve long-term
survival of G6pc −/− mice (40,41).

Limitations of the current study include the lack of a
renal effect. Although triglycerides appeared to be decreased
based upon kidney histology, glycogen accumulations and
gene expression related to autophagy were not affected by
fenofibrate treatment in contrast to an earlier study of chronic
fenofibrate administration in adult, kidney-specific G6pc −/−
mice with GSD Ia (15). Similarly, a short-term treatment with
rapamycin reversed abnormalities of autophagy and decreased
glycogen accumulations in the kidney of G6pc −/− mice (42).
Despite these limitations, the current study demonstrated
important benefits in the liver following short-term treatment
with fenofibrate in the severe, congenital G6pc −/− mouse
model.

In summary, our study demonstrated the efficacy of fenofi-
brate to induce autophagy, decrease excessive triglyceride and
glycogen accumulation in the liver, and normalize hepatic and
plasma acylcarnitines in a neonatal G6pc −/− model of GSD Ia.
Since it is already approved by the FDA to lower high cholesterol
and triglyceride levels, fenofibrate can potentially be repurposed
for the treatment of metabolic complications in adult and young
patients with GSD Ia. Clinical studies in GSD Ia patients are
needed in order to verify the efficacy of fenofibrate for the treat-
ment of hepatic, renal and metabolic derangements associated
with this condition. Finally, since GSD Ia shares similar clinical
features with NAFLD, fenofibrate may be a candidate for drug
therapy in patients with NAFLD.

Materials and Methods

Study approval

All animals received human care and animal studies were
approved by the Duke University Institutional Animal Care and
Use Committee under the protocol A038–17-02.

Mouse experiments

Carrier G6pc −/+ mice were bred to produce homozygous G6pc
−/− offspring. By day three, G6pc −/− neonates are easily distin-
guishable from unaffected (+/+ and +/−) littermates based on
distended abdomens and size. G6pc −/− mice are treated with
0.1–0.2 mL of 10% dextrose once identified and throughout the
course of the experiment. Fenofibrate (Sigma Chemical Co, St.
Louis MO, PHR1246) was dissolved in 1:10 DMSO (Sigma, D2650)
and 15% kolliphor HS 15 (Sigma, 42 966). At day 5, G6pc −/− mice
were treated with either fenofibrate or vehicle by intraperitoneal
injection. Administration continued for 5 days with daily injec-
tion. Twenty-four hours after the last drug administration, mice
were sacrificed according to Duke University IACUC protocol.
Blood glucose was measured using AlphaTrak glucometer and
test strips (ADW Diabetes, Pompano Beach, FL, 32107). Liver and
kidney were weighed and collected by freezing at −80◦C, flash
freezing in OCT Tissue-Tek (Sakura Finetek USA, Inc., Torrance,
CA 4583) for cryostat sectioning, fixed in 10% neutral buffered
formalin (VWR, 89370–094) for paraffin embedding and section-
ing and fixed in glutaraldehyde 3% sodium phosphate buffer
(Electron Microscopy Sciences, Hatfield, PA, 16539) for transmis-
sion electron microscopy.

Western blotting

Frozen liver tissue was homogenized in RadioImmuno-
Precipitation assay lysis buffer (Thermo-Fisher, Waltham MA,
89900) with a cocktail of protease inhibitors, and protein concen-
tration was determined via Pierce BCA Assay Kit (Thermo-Fisher,
23 225). Samples were diluted to 2.5 mg/μL with water and 4X
SDS sample buffer, then boiled for 10 min and stored at −20◦C
until ready to use. Samples were electrophoresed on housemade
or premade SDS-polyacrylamide gels (Bio-Rad Laboratories,
Hercules CA, 4568096) and transferred with Bio-Rad Trans-Blot
SD cell to polyvinylidene difluoride (PVDF) membrane (Bio-
Rad, 1 620 177). Ponceau (Armesco, Framingham MA, 0860) was
used to check transfer efficiency. PVDF membrane was blocked
in 5% skim milk in PBST, incubated with primary antibody
(Table S1) diluted in 5% milk in PBST overnight at 4◦C, rinsed
in PBST and incubated in HRP secondary antibody for 1 hour
at room temperature. Blots were developed with SuperSignal®

Chemiluminescent substrate (Thermo-Fisher, 34 080, 34 095)
and visualized on Bio-Rad ChemiDocTM Imaging System. Band
intensity was quantified using Bio-Rad Image Lab.

Quantitative PCR

RNA was isolated from frozen liver and kidney tissue using Trizol
Reagent (Thermo-Fisher, 15 596 026) and chloroform extraction.
cDNA was reverse transcribed from this RNA with RevertAid first
strand cDNA synthesis kit (Thermo-Fisher, K1622) and stored at
−20◦C. Master mix with iTaqTM Universal SYBR® Green Supermix
(Bio-Rad, 1 725 124), forward and reverse primers (Table S2), and
H2O was added to a 384-well plates (Thermo-Fisher, 4 309 849).
Genes were quantified in triplicate with 1 μL of cDNA on the
QuantStudio 6 Flex (Applied Biosystems from Thermo-Fischer).
Graphs represent the average ��Ct for each experimental group
(n = 3–5, indicated on each graph).

Biochemical assays

Glycogen quantification was performed on liver homogenate as
previously described (43). Triglyceride concentration in the liver
was determined using a colorimetric assay kit (Cayman Chemi-
cal Company, Ann Arbor MI, 10010303) following manufacturer’s
instructions.

Histology

Oil Red O: Oil Red O (ORO, 00625, Sigma) staining was performed
on OCT flash frozen liver and kidney samples (8 μm thick)
stored at −80◦C. ORO stock solution was prepared (2.5 g of ORO
in 400 mL of 99% (vol/vol) isopropyl alcohol) and dissolved by
magnetic stirring for 2 hours at room temperature. Before using,
ORO stock solution was diluted with distilled water (18 mL of
ORO stock solution to 12 mL of water) and the diluted solution
was stirred for 10 min at 4◦C and filtered with filter paper
to remove precipitates. The sections were incubated with ORO
dilute solution for 5–10 min at room temperature and washed
under running tap water for up to 30 min. The sections were
mounted with a water-soluble mounting medium. Images were
taken using a Keyence BZ-X710 (Keyence America, Itasca IL).

H&E staining. Formalin-fixed, paraffin-embedded tissues
sections (4 μm thick) were stained with hematoxylin (Sigma,
MHS16) for 2 min, reacted with bluing reagent (Sigma, S5134)
and stained with eosin-Y (Sigma, 318 906) for 2 min. The slides
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were mounted and images were taken using a Keyence BZ-X710
(Keyence America).

PAS staining for glycogen. Formalin-fixed tissues were embed-
ded in paraffin and sectioned (thickness 6 μm). The sections
were deparaffinized and hydrated to water and oxidized in 0.5%
Periodic acid (Sigma, P7875) solution for 5 min. The slides were
rinsed in distilled water and stained in Schiff reagent (Millipore
from Sigma, 2818–71) for 15 min, followed by counterstaining
with H&E. Slides were mounted and images were taken using
a Keyence BZ-X710 microscope (Keyence America).

Transmission electron microscopy (TEM)

Glutaraldehyde-fixed samples were washed in three 20 min
changes of cold 67 mM Sorensen’s buffer, pH 7.2, post-fixed in 2%
OsO4 in the same buffer for 1 hour, cold and in the dark, followed
by three additional buffer washes as above. Samples were then
dehydrated in a graded ethanol series (30%, 50%, 70%, 95% and
3 X 100%) and infiltrated and embedded in Spurr’s resin (Ladd
Research, Williston, VT) at 70oC.

Cured blocks were hand-trimmed with a single-edge razor
blade and thin-sectioned at 80 nm using a Leica EM UCT6rt
Ultramicrotome (Leica Microsystems Inc., Buffalo Grove, IL) and
a diamond knife (Diatome, USA, Hatfield, PA). Sections were
double-stained with 4% aqueous uranyl acetate for 1 hour in the
dark at room temperature, followed by 4 min in Reynold’s lead
citrate.

Grids were viewed in a JEOL JEM-1200EX TEM (JEOL USA,
Peabody, MA) at 80 kV. Images were digitally acquired using
a Gatan Model 795 ES 1000 W Erlangshen CCD camera, and
minimally processed in Photoshop CS6.

Acylcarnitine profiling

Standards included the following: Acetyl-L-carnitine-(N-methyl-
d3) HCl (d3-C2), tetradecanoyl-L-carnitine-(N-methyl-d3) HCl
(d3-C14), palmitoyl-L-carnitine-(N-methyl-d3) HCl (d3-C16)
(Sigma Chemical Co, St. Louis, MO); propionyl-L-carnitine-(N-
methyl-d3) HCl ((d3-C3) and L-glutarylcarnitine-d6 chloride
(d6-C5-DC) (Toronto Research Co, North York, ON, Canada);
butyryl-L-carnitine-(N-methyl-d3) HCl, octanoyl-L-carnitine-
(N-methyl-d3) HCl, d6-glutarylcarnitine (C5-DC) and unlabelled
acylcarnitines (NSK-B and NSK-B-G1 kits) (Cambridge Isotopes
Labs, Tewksbury, MA); 3 M methanolic HCl (Supelco, Bellefonte,
PA); Seracon II CD 1 L stripped, delipidated plasma (SeraCare Life
Sciences, Inc. Milford, MA); all other reagents were purchased
from VWR (Radnor, PA).

Plasma acylcarnitines were analyzed by tandem mass spec-
trometry based on previously published method (49) with mod-
ifications. Briefly, 5 or 10 L of ethylenediaminetetraacetic acid
treated plasma was combined with a deuterated internal stan-
dard mixture containing 12.5,6.3, 2.5, 2.5, 2.5, 2.5 and 5 pmols
of d3-C2, d3-C3, d3-C4, d3-C8, d6-C5DC, d3-C14, d3-C16 acyl-
carnitine species in 50:50 (v/v) methanol: diH2O, respectively.
Calibrators were prepared using delipidated plasma spiked with
unlabelled acylcarnitine species. Calibrators were prepared for
C2, C3, C4, C5, C5-DC, 3-hydroxyisovalerylcarnitine (C5-OH), C8,
C12, C14, C16 and C18 with concentrations from 1.1 to 37 μmol/L
(C2), 0.2 to 7.5 μmol/L (C3, C4, C5, C5-DC, C8, C12, C14) and
0.4 to 15 μmol/L (C16, C18). Samples were deproteinized using
methanol, and an aliquot of the supernatant liquid was dried
under nitrogen and derivatized by incubation with 50 μL 3 M
methanolic HCl at 50oC for 15 min. The reagent was removed by

drying under nitrogen and samples were reconstituted in 85:15
(v/v) methanol:diH2O.

Acylcarnitines were analyzed on an Acquity Xevo-TQ
(Waters Corp, Milford, MA) LC-MS/MS system with electrospray
ionization and flow injection analysis. About, 5 μL sample was
injected onto the instrument and 80:20 (v/v) methanol:diH2O
was used as the mobile phase. Methylated acylcarnitine species
were detected using a precursor ion of m/z 99 from 200 to
500 amu. Acylcarnitine species were quantified using the ion
intensity ratio of analyte to the assigned deuterated internal
standard for that analyte. Concentrations were determined
using response factors generated by the calibration curves for
the analyte, or for the analyte closest in mass to the derivatized
acylcarnitine species.

Statistics

Statistical analysis was performed in GraphPad Prism 6 (Graph-
Pad Software, La Jolla, CA). Samples were analyzed for normality
by the Shapiro–Wilks normality test, and none showed abnor-
mal distribution. Statistical significance was determined using
a one-way ANOVA with Tukey’s multiple comparison test. The
statistical significance of comparisons is indicated as ∗P < 0.05,
∗∗P < 0.01, ∗∗∗P < 0.001, ∗∗∗∗P < 0.0001.
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