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Intracellular lipids are an independent cause of
liver injury and chronic kidney disease in non
alcoholic fatty liver disease-like context
Laure Monteillet 1,2,3,5, Monika Gjorgjieva 1,2,3,5, Marine Silva 1,2,3, Vincent Verzieux 1,2,3, Linda Imikirene 1,2,3,
Adeline Duchampt 1,2,3, Hervé Guillou 4, Gilles Mithieux 1,2,3,5,**, Fabienne Rajas 1,2,3,5,*
ABSTRACT

Objective: Ectopic lipid accumulation in the liver and kidneys is a hallmark of metabolic diseases leading to non-alcoholic fatty liver disease
(NAFLD) and chronic kidney disease (CKD). Moreover, recent data have highlighted a strong correlation between NAFLD and CKD incidences. In
this study, we use two mouse models of hepatic steatosis or CKD, each initiated independently of the other upon the suppression of glucose
production specifically in the liver or kidneys, to elucidate the mechanisms underlying the development of CKD in the context of NAFLD-like
pathology.
Methods: Mice with a deletion of G6pc, encoding glucose-6 phosphatase catalytic subunit, specifically in the liver (L.G6pc�/� mice) or the
kidneys (K.G6pc�/�mice), were fed with either a standard diet or a high fat/high sucrose (HF/HS) diet during 9 months. These mice represent two
original models of a rare metabolic disease named Glycogen Storage Disease Type Ia (GSDIa) that is characterized by both NAFLD-like pathology
and CKD. Two other groups of L.G6pc�/� and K.G6pc�/� mice were fed a standard diet for 6 months and then treated with fenofibrate for 3
months. Lipid and glucose metabolisms were characterized, and NAFLD-like and CKD damages were evaluated.
Results: Lipid depot exacerbation upon high-calorie diet strongly accelerated hepatic and renal pathologies induced by the G6pc-deficiency. In
L.G6pc�/� mice, HF/HS diet increased liver injuries, characterized by higher levels of plasmatic transaminases and increased hepatic tumor
incidence. In K.G6pc�/� mice, HF/HS diet increased urinary albumin and lipocalin 2 excretion and aggravated renal fibrosis. In both cases, the
worsening of NAFLD-like injuries and CKD was independent of glycogen content. Furthermore, fenofibrate, via the activation of lipid oxidation
significantly decreased the hepatic or renal lipid accumulations and prevented liver or kidney damages in L.G6pc�/� and K.G6pc�/� mice,
respectively. Finally, we show that L.G6pc�/� mice and K.G6pc�/� mice developed NAFLD-like pathology and CKD independently.
Conclusions: This study highlights the crucial role that lipids play in the independent development of both NAFLD and CKD and demonstrates the
importance of lipid-lowering treatments in various metabolic diseases featured by lipid load, from the “rare” GSDIa to the “epidemic” morbid
obesity or type 2 diabetes.

� 2018 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

The rise in global epidemics of obesity and type 2 diabetes in west-
ernized countries contributes to a worrying increase in the incidence of
non-alcoholic fatty liver disease (NAFLD) and chronic kidney disease
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(CKD). Both pathologies are associated with high morbidity and mor-
tality, and thus represent serious public health problems. Indeed,
NAFLD and CKD have been associated with long-term complications
such as hepatic tumorigenesis and renal failure, respectively [1,2]. A
common metabolic feature of these complications is ectopic lipid
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accumulation, which is suspected to induce organ damage and
dysfunction [3]. Indeed, abnormal lipid content in non-adipose tissues
is often considered as a major factor involved in cell injury, inflam-
mation, necrosis, and activation of pathological pathways [4e9].
It is noteworthy that ectopic accumulation of lipids in both the liver and
kidneys is an important hallmark of a rare disease named Glycogen
Storage Disease type I (GSDI) [10,11]. GSDI is caused by glucose-6
phosphatase (G6Pase) deficiency, leading to severe hypoglycemia
during short fasts [12e14]. Mutations in G6PC, encoding the catalytic
subunit of G6Pase, are responsible for GSD type Ia (GSDIa), while
mutations in SLC37A4 encoding the transport subunit of the G6Pase,
are responsible for GSD type Ib (GSDIb). G6Pase operates the hydro-
lysis of glucose-6 phosphate (G6P) in glucose thus allowing liver and
kidneys, the main organs responsible for endogenous glucose pro-
duction, to release glucose in the blood and regulate plasma glucose
concentration [15]. The lack of G6Pase induces G6P accumulation in
the liver and kidneys, leading to metabolic reprogramming in these
organs [16]. The first consequence of G6P increase is abnormal
accumulation of glycogen in both organs [11,14,17,18], which has
given its name to the disease. However, hepatic and renal lipid
metabolism are also markedly altered, characterized by a G6P-
dependent increase in de novo lipogenesis and fatty acid chain elon-
gation [10,11,17,19e21]. Thus, GSDI patients suffer from a combined
hypertriglyceridemia and hypercholesterolemia associated with he-
patic steatosis, characterized by a low-inflammatory state without
fibrosis [22e24] and abnormal lipid deposition in the kidney cortex
[17]. Interestingly, GSDI patients exhibit all NAFLD features, concom-
itantly with an elevated incidence of hepatocellular adenomas (HCA),
which can later transform in hepatocellular carcinomas (HCC) [25,26].
Moreover, GSDI patients exhibit the first signs of CKD quite early during
their youth, which can progress to renal failure with age [10,13,14].
For several years, we have used contrasting obesity/diabetes
(characterized by over- or unrepressed production of glucose) and
GSDI (characterized by a loss of glucose production) as a strategy to
reciprocally unravel these two “mirror” pathologies, with special
focus on liver and kidneys. This strategy has already allowed us to
emphasize the striking similarities between hepatic and renal
metabolism in GSDI and diabetes, an increased metabolism down-
stream of G6P being a common causal feature [20]. For that, we use
mouse models of obesity/diabetes and two mouse models with
targeted deletions of G6PC either in the liver (L.G6pc�/� mice) or in
the kidney (K.G6pc�/� mice). These mice develop GSDIa hallmarks,
including deregulated lipid metabolism in the targeted organ exclu-
sively [11,17]. More precisely, the loss of G6Pase in the liver leads to
severe hepatic steatosis, in the absence of fibrosis, and later to the
development of HCA/HCC [11]. In kidneys, this leads to tubular
damages and then to the development of interstitial fibrosis and
glomerulosclerosis, associated with a thickening of the basal
glomerular membrane, a loss of podocytes/pedicels and proliferation
of mesangial cells, finally responsible for the loss of the renal
filtration function [10,17].
It is noteworthy that, in the obesity/diabetes field, recent data have
highlighted a strong correlation between NAFLD and CKD incidences.
Moreover, arguments have suggested suggest that NAFLD may play a
causal role in CKD development [27e29]. However, studies firmly
unravelling a causal relationship or a mechanism to account for a link
between these two pathologies are currently lacking.
In this study, to decipher the role of triglycerides (TG) in the mecha-
nisms underlying both hepatic and renal complications leading to
NAFLD or CKD, we first investigated whether and how a diet enriched
in lipids could accelerate liver or kidney injuries in L.G6pc�/� and
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K.G6pc�/� mice. In parallel, using the same mouse models, we
examined whether a drug activating intracellular lipid catabolism could
prevent or delay NAFLD and CKD, respectively. Finally, a part of this
study also allowed us to document whether NAFLD can influence the
development of CKD or not.

2. METHODS

2.1. Experimental animal models
L.G6pc�/� mice and K.G6pc�/� mice were obtained by deletion of
exon 3 of the G6pc specifically in the liver or kidneys (more precisely in
the proximal tubules that specifically express G6Pase [30]), respec-
tively, thanks to an inducible CRE-lox strategy, as previously described
[11,17]. Briefly, B6.G6pcex3lox/ex3lox mice were crossed with mice
expressing the inducible CREERT2 recombinase under the control of the
serum albumin promoter (B6.SACreERT2/w) or under the control of the
kidney androgen-regulated protein promoter (B6.KapCreERT2/w) to
generate L.G6pc�/� and K.G6pc�/� mice, respectively, after intra-
peritoneal injections of tamoxifen (five consecutive days in 6e8 weeks
old male). Male C57Bl/6J mice (Charles Rivers Laboratories) were also
treated with tamoxifen (here referred to as WT mice). Female mice
were not used because Kap promoter is under androgenic control.
Mice were housed in the animal facility of Lyon 1 University (ALECS)
under temperature controlled (22 �C) conditions and with a 12/12 h
light/dark cycle, in enriched environment in groups of 4e6 mice. After
tamoxifen treatment, mice were fed either a standard (STD) diet (3.1%
fat, 60% carbohydrates, 16.1% proteins, Safe) or a HF/HS diet (36.1%
fat, 35% carbohydrates composed by maltodextrine (50%, wt/wt) and
sucrose (50%, wt/wt), 19.8% proteins, produced at the “Unité de
Préparation des Aliments Expérimentaux”; UE0300 INRA, Jouy-en-
Josas, France) for 9 months. Fenofibrate-treated mice were first fed
a STD chow diet for 6 months and then a STD diet supplemented with
0.2% fenofibrate (Sigma, wt/wt) (Safe, Augy, France) for additional 3
months. All mice were killed 9 months after tamoxifen treatment by
cervical dislocation at 6 h of fasting (with continuous access to water).
Tissue was frozen by freeze-clamping in liquid nitrogen and then
stored at �80 �C. All the procedures were performed in accordance
with the principles and guidelines established by the European
Convention for the Protection of Laboratory Animals. The regional
animal care committee (C2EA-55, Université Lyon 1, Lyon) approved all
the experiments.

2.2. Histological analysis
A piece of fresh liver and a piece of kidney were fixed in formaldehyde
and embedded in paraffin. The 4 mm-thick sections were stained with
hematoxylin and eosin (H&E) or Masson’s Trichrome staining. The
slides were examined under a Coolscope microscope (Nikon). For
transmission electron microscopy analyses, small pieces of the liver
were immediately fixed in 2% glutaraldehyde at 4 �C. The sample was
dehydrated in a grade series of ethanol and embedded in an epoxy
resin. Tissue was surveyed with a series of 70 nm sections and
observed with a Jeol 1400JEM transmission electron microscope
equipped with a Orius 100 camera and digital micrograph.

2.3. Urine parameters
K.G6pc�/� mice were housed in individual metabolic cages (Ugo
Basile) for urine collection during 24 h. Urea concentration was
assessed using a BioAssay Systems colorimetric kit (Hayward, CA,
USA). Uric acid concentration was measured with a colorimetric kit
(DiaSys, Holzheim, Germany). Albuminuria and lipocalin 2 levels were
assessed using a mouse albumin ELISA kit (Neobiotech, Clinisciences,
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Nanterre, France) and a mouse Lipocalin-2/NGAL ELISA kit (R&D
Systems, Lille, France), respectively.

2.4. Plasma parameters
Blood was withdrawn by submandibular bleeding using a lancet after
6 h of fasting. Blood glucose was measured with an Accu-Check Go
glucometer (Roche Diagnostic, Meylan, France). Plasma TG, choles-
terol, NEFAs, and uric acid concentrations were determined with
colorimetric kits (DiaSys, Holzheim, Germany). B-hydroxybutyrate
concentration, aspartate transaminase (AST) and alanine transaminase
(ALT) activities were assessed with colorimetric kits (Abcam, Cam-
bridge, UK).

2.5. Glycogen and glucose assay
A piece of 100 mg of frozen tissue was added to 8 volumes of
perchloric acid 6% and crushed with the Fast Prep� system (MP
Biomedicals). After a centrifugation at 10,000 g for 15 min at 4 �C, the
supernatant was neutralized with 3.2 mM K2CO3 and pH was adjusted
between 6.5 and 8.5. The solution was then centrifuged at 10,000 g
for 5 min at 4 �C and glycogen quantity was then indirectly determined
on the supernatant, by using the Keppler and Decker method as
previously described [31] Glycogen was partially hydrolyzed with by
boiling for 20min in NaOH 0.15 M and then digested into glucose by a-
amyloglucosidase for 1 h at 45 �C. Glucose released was measured
after the addition of 0.7U of hexokinase and glucose-6-phosphate
dehydrogenase in the presence of NADPþ. NADPH production was
detected at 340 nm.

2.6. Triglyceride assay
Hepatic and renal TG were extracted by the “Folch” procedure. Briefly, a
piece of 100 mg of frozen tissue was added to chloroform/methanol 2/1
solution (1.7 mL for 100 mg of tissue) and crushed with the Fast Prep�

system. The solution was centrifuged twice at 2,000 g for 10 min at
4 �C. By adding 2 mL of NaCl 0.73% to the supernatant, two phases
were created. The inferior organic phase, which contains TG, was kept.
After chloroform evaporation, TG were diluted in 100 mL of propanol and
measured with a colorimetric kit (DiaSys, Holzheim, Germany).

2.7. Western blots
Western blot analyses were carried out using the whole cell extracts
from 50 mg of tissues lysed in lysis buffer (50 mM Tris pH 7.5, 5 mM
MgCl2, 100 mM KCl, 1 mM EDTA, 10% glycerol, 1 mM DTT, 1% NP40,
protease and phosphatase inhibitors) and homogenized by the
FastPrep� system, at 4 �C. Proteins were dosed with Pierce� BCA
Protein Assay Kit. Aliquots of 30 mg proteins, denatured in Laemmli
buffer, were separated by 9 or 12%-SDS polyacrylamide gel electro-
phoresis and transferred to PVDF Immobilon membranes. After 1 h-
saturation in TBS/0.2% Tween/5% BSA at room temperature, the
membranes were probed (overnight at 4 �C) with rabbit polyclonal
antibodies (see Table A.1, Appendices) diluted in TBS/0.2% Tween/5%
BSA. After washing with TBST/Tween 0.2%, membranes were incu-
bated (1 h at room temperature) with goat anti-rabbit IgG antibody
linked to peroxidase diluted in TBS/Tween 0.2%/BSA 5%. Membranes
were rinsed again and exposed to ClarityTM Western ECL Substrate
(Bio-Rad). The spots intensity was determined by densitometry with
ChemiDoc Software (Bio-Rad) and analysed using the Image Lab�
software (Bio-Rad).

2.8. Gene expression analyses
A piece of 50 mg of frozen tissue was homogenized with the Fast
Prep� system and total RNAs were isolated according to the Trizol
102 MOLECULAR METABOLISM 16 (2018) 100e115 � 2018 The Authors. Published by Elsevier GmbH.
protocol (Invitrogen Life Technologies). Reverse transcription was done
on 1 mg of mRNA using the Qiagen QuantiTect Reverse Transcription
kit. Real-time qPCRs were performed using sequence-specific primers
with SsoAdvanced� Universal SYBR� Green Supermix in a CFX
Connect� Real-Time System (Bio-Rad). Primer sequences are indi-
cated in Table A.2 (in Appendices). The expression of mRNA was
normalized to the mouse ribosomal protein mL19 transcript (Rpl19)
expression using the 2-DDCt method. Western blots were cut to show
3 representative samples of each experimental conditions and/or to
remove samples from experimental conditions not used in this paper.

2.9. Statistical analyses
The results are reported as the mean � s.e.m. (standard error of the
mean). Groups were compared using one-way ANOVA followed by
Tukey’s post hoc test (against all groups) or unpaired two-tailed Stu-
dent’s T test as mentioned in the Legends of figures. Differences were
considered to be statistically significant at P-value <0.05.

3. RESULTS

3.1. High fat/high sucrose diet exacerbates ectopic lipid
accumulation and aggravates hepatic and renal complications in
GSDIa mice
To elucidate the role of TG in hepatic and renal pathologies, we decided
to exacerbate lipid accumulation in both the liver and kidneys of
L.G6pc�/� and K.G6pc�/� mice with a high fat/high sucrose diet. The
progression of the hepatic and renal pathologies with the HF/HS diet
was compared with L.G6pc�/� and K.G6pc�/� mice fed a standard
diet. As previously observed, L.G6pc�/� mice fed a standard diet
developed steatosis as indicated by elevated TG content and lipid
droplets in the liver (Figure 1A,Ba), while K.G6pc�/� mice only
exhibited a trend to TG accumulation in the kidneys (Figure 1E). As
expected, hepatic and renal lipid accumulation was increased when
L.G6pc�/� and K.G6pc�/� mice were fed a HF/HS diet, as illustrated
by the significant increase in hepatic (Figure 1AeB a and b) and renal
TG contents (Figure 1E). Strikingly, HF/HS diet aggravated liver injury
and CKD that were characteristic of L.G6pc�/� and K.G6pc�/� mice,
respectively (Figure 1). Accordingly, assessment of liver injury markers
(ALT, AST) revealed a significant increase in plasmatic transaminase
activities in L.G6pc�/� mice fed a HF/HS diet, compared to a STD diet
(Figure 1C). In addition, we observed that the development of hepatic
tumors in L.G6pc�/� mice was enhanced by HF/HS diet, as mentioned
in [32]. Indeed, while none of L.G6pc�/� mice fed a STD diet or WT
mice fed a HF/HS diet developed hepatic nodules (data not shown),
most (6 out of 7) of L.G6pc�/� mice fed a HF/HS diet for 9 months
developed nodules and all of them developed millimetric lesions
(Figure 1Bc). The development of nephropathy in K.G6pc�/� mice was
also worsened by the HF/HS diet, since urinary excretion of albumin
and lipocalin 2, two markers of renal injury, was higher than that
observed in K.G6pc�/� fed a STD diet (Figure 1F). In accordance with
the loss of renal function, marked fibrosis was observed in kidneys of
HF/HS-fed K.G6pc�/� mice, while fibrosis was more discrete in the
kidneys of STD-fed K.G6pc�/� mice (Figure 1G). In addition, the renal
expression of several genes involved in the development of CKD, i.e.
the profibrotic TGF-b1 factor, mesenchymal genes (vimentin, Vim; a-
smooth muscle actin 2, Acta2; plasminogen activator inhibitor 1, Pai1;
and fibronectin, Fn1), was increased on the HF/HS diet, confirming
CKD development aggravation by this diet (Figure 1H). We next
analyzed the impact of HF/HS diet on glycogen content, which is
known to be elevated in the liver of L.G6pc�/� mice and in the kidneys
of K.G6pc�/� mice fed a standard diet. In L.G6pc�/� mice fed a HF/HS
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1: High fat/high sucrose diet exacerbates hepatic and renal complications in GSDI mice. (A) Hepatic TG content, (B) Histological analyses of livers (HPS staining) and
representative image of a liver of L.G6pc�/� mice fed a HF/HS diet, (C) Plasmatic AST and ALT activities, and (D) Glycogen content of livers of WT mice fed a standard (STD) diet
(black bars), and L.G6pc�/� fed mice a STD diet (grey bars) or a HF/HS diet (dotted bars) (n ¼ 5e10 mice/group). (E) Renal TG content, (F) Urinary parameters obtained from
mouse urine samples collected during 24 h (n ¼ 5e11 mice/group), (G) Histological analyses of Masson’s Trichrome staining of the kidneys, (H) Quantitative analyses of Lcn2,
Agt, Tgfb1, Fn1, and Pai1 gene expression by RT-qPCR, (I) Glycogen content of kidneys. Data were obtained from WT mice fed a STD diet (black bars), and K.G6pc�/� mice fed a
STD (grey bars) or HF/HS diet (dotted bars) (n ¼ 5e10 mice/group). ND ¼ not detected. Data are expressed as the mean � sem. Significant differences are indicated as
* p < 0.05; ** p < 0.01; *** p < 0.001. Statistical test: One-way ANOVA followed by Tukey’s post hoc test.
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Table 1 e Body weight and plasmatic parameters of WT, L.G6pc�/� and K.G6pc�/� mice treated or not with fenofibrate.

WT L.G6pc�/� L.G6pc�/�þ fenofibrate WT K.G6pc�/� K.G6pc�/�þ fenofibrate

TG (g/L) 0.77 � 0.05 0.75 � 0.08 0.36 � 0.05
*** ##

0.86 � 0.03 0.86 � 0.02 0.68 � 0.01
*** #

NEFA (mg/dL) 26.2 � 1.8 28.2 � 1.9 18.4 � 1.5
* ##

27.6 � 1 29.1 � 0.9 21.1 � 0.9
*** ###

Cholesterol (g/L) 1.7 � 0.2 1.5 � 0.3 2.4 � 0.2
##

1.4 � 0.1 1.2 � 0.1 1.4 � 0.1

Glucose (mg/dL) 121 � 9 57 � 7
***

64 � 4
***

149 � 5 138 � 7 133 � 8

Ketone bodies (nmol/L) 0.19 � 0.03 0.72 � 0.15
*

1.21 � 0.25
**

0.65 � 0.05 1.02 � 0.06 ** 1.49 � 0.05
*** ##

Uric acid (mg/L) 7.8 � 1.6 7.9 � 0.7 10.7 � 1.6 8.3 � 0.2 10.4 � 0.6
*

14.1 � 0.6
*** ###

Body weight (g) 38.7 � 1.1 36.1 � 0.9 29.1 � 0.4
*** ###

37.6 � 1.2 33.5 � 0.6 27.6 � 0.6
*** ###

WT mice were fed a STD diet and L.G6pc�/� mice were fed a STD diet � fenofibrate during 9 months. Data were obtained from mice after 6 h of fasting and are expressed as the
mean� S.E.M. (n¼ 5e14). Significant differences between WT and L.G6pc�/� and between WT and K.G6pc�/� are indicated as * p< 0.05; ** p< 0.01; *** p< 0.001. Significant
differences between L.G6pc�/� and fenofibrate-treated L.G6pc�/� and between K.G6pc�/� and fenofibrate-treated K.G6pc�/� are indicated as # p < 0.05; # # p < 0.01; # # #

p < 0.001. Statistical test: One-way ANOVA followed by Tukey’s post hoc test.
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diet hepatic glycogen content was similar as that observed in mice fed
a standard diet (Figure 1D). Interestingly, renal glycogen content was
drastically decreased in K.G6pc�/� mice fed a HF/HS diet, compared
to K.G6pc�/� mice fed a standard diet (Figure 1I).
In conclusion, these results suggest a critical role of ectopic lipid
accumulation in the development of hepatic and renal pathologies in
GSDIa. In addition, the worsening of hepatic injury and CKD by HF/HS
diet was independent of glycogen content, in either L.G6pc�/� mice or
K.G6pc�/� mice, respectively.

3.2. Fenofibrate exerts a blood lipid-lowering effect in both
L.G6pc�/� and K.G6pc�/� mice
To further assess the role of lipids in the setting of both NAFLD-like and
CKD, L.G6pc�/� and K.G6pc�/� mice fed a standard diet were treated
with a lipid-lowering drug fenofibrate. Fenofibrate is clinically used to
treat dyslipidemia [33]. It acts as an agonist of the Peroxisome Pro-
liferator Activated Receptor a (PPARa), which is known to stimulate
lipid oxidation [34e36]. This treatment was initiated at 6 months after
G6pc deletion, the starting point of the first signs of long-term hepatic
(i.e. pre-tumoral stage, characterized by severe steatosis, slight
inflammation, and absence of HCA/HCC) and renal (i.e. micro-
albuminuria) pathologies [11,17], and was continued during 3 months.
The lipid-lowering effect of fenofibrate was confirmed by the
assessment of several plasmatic parameters in L.G6pc�/� and
K.G6pc�/� mice, compared to WT mice fed a standard diet. While
hypertriglyceridemia was observed right after G6pc deletion in
L.G6pc�/� mice [11], plasmatic TG levels in L.G6pc�/� mice and
K.G6pc�/� mice were similar to those in WT mice after 9 months of
G6pc deletion (Table 1), as previously shown [10,11]. Nevertheless,
the levels of plasmatic TG and non-esterified fatty acids (NEFA) were
strongly reduced by fenofibrate (Table 1). Finally, as previously
shown [37], fenofibrate treatment induced a catabolic phenotype
since L.G6pc�/� and K.G6pc�/� mice showed a 20% decrease in
body weight during fenofibrate treatment, compared to untreated
mice (Table 1). Taken together, these results confirmed the lipid-
lowering effect of fenofibrate. Interestingly, cholesterol level in
L.G6pc�/� mice was slightly increased under fenofibrate; this could
be explained by the fact that fenofibrate is known to increase the
synthesis of the HDL cholesterol [38]. Furthermore, as expected,
L.G6pc�/� mice exhibited hypoglycemia in the post-prandial state
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(6 h-food deprivation), since they are unable to mobilize their
glycogen stores [11], and fenofibrate treatment did not normalize this
parameter (Table 1). K.G6pc�/� mice showed similar blood glucose
as WT mice in the absence or presence of fenofibrate. Concomitantly,
L.G6pc�/� and K.G6pc�/� mice had increased plasma ketone body
concentration, which was further increased with fenofibrate. Finally,
plasmatic uric acid concentration, which was slightly increased in
K.G6pc�/� mice compared to WT, was further increased with
fenofibrate and had a tendency to increase in fenofibrate-treated
L.G6pc�/� mice (Table 1).

3.3. Fenofibrate normalizes hepatic and renal triglycerides in
L.G6pc�/� and K.G6pc�/� mice
Next, lipid metabolism in GSDIa liver and GSDIa kidneys was analyzed
to characterize the lipid-lowering effect of fenofibrate in these organs.
First, it is noteworthy that the expression of PPARa and Cpt1 was
reduced in the liver and kidneys of GSDIa mice, suggesting a decrease
in fatty acid oxidation (Figure 2). As expected, lipid catabolism was
strongly induced in both L.G6pc�/� livers and K.G6pc�/� kidneys after
the treatment with fenofibrate, compared to untreated L.G6pc�/� and
K.G6pc�/� mice, respectively (Figure 2). Indeed, we observed a
marked PPARa increase in the liver of L.G6pc�/� mice treated with
fenofibrate (Figure 2A), associated with a restoration of Ppara gene
expression (Figure 2B). Concomitantly, a strong increase in the
expression of several genes implicated in lipid catabolism, such as
fatty acid binding protein 1 (Fabp1), acyl-CoA oxidase 1 (Acox1) and
carnitine palmitoyltransferase 1a (Cpt1a), both involved in mitochon-
drial fatty acid oxidation, acyl-CoA dehydrogenase long-chain (Acadl)
involved in peroxisomal fatty acid oxidation, as well as cytochrome
P450 4A10 (Cyp4a10) and cytochrome P450 4A14 (Cyp4a14), both
involved in microsomal fatty acid oxidation was observed in the
fenofibrate-treated L.G6pc�/� livers (Figure 3B). In addition, the
expression of Fgf21, a well-known hepatokine up-regulated by PPARa
[39], was highly increased by fenofibrate, further confirming the effi-
ciency of the treatment. Furthermore, in the kidneys of K.G6pc�/�

mice treated with fenofibrate, we observed a normalization of PPARa
protein levels, the latter being decreased in untreated K.G6pc�/� mice
(Figure 2C). Thereby, PPARa increase was accompanied with a rise in
the expression of Fabp1, Cyp4a10, and Cyp4a14 (Figure 2D), resulting
in a marked activation of renal lipid catabolism.
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Figure 2: Fenofibrate induces strong lipid catabolism in L.G6pcL/L and K.G6pcL/L mice. (A, C) Quantitative analyses of hepatic (A) and renal (C) PPARa by western blot
(n ¼ 4e5 mice/group). (B, D) Quantitative analyses of hepatic (B) and renal (D) lipid catabolism by RT-qPCR. The expression of target mRNA of L.G6pc�/� (B) or K.G6pc�/� (D)
mice fed a STD diet and treated or not with fenofibrate is expressed relatively to the WT mice fed a STD diet (n ¼ 7e8 mice/group). Data are expressed as the mean � sem.
Significant differences are indicated as * p < 0.05; ** p < 0.01; *** p < 0.001. Statistical test: One-way ANOVA followed by Tukey’s post hoc test.
Since pharmacological activation of PPARa has also been shown to
promote the expression of lipogenic genes [39], we analyzed the
expression of the key enzymes of de novo lipogenesis. In the liver of
L.G6pc�/� mice and in the kidneys of K.G6pc�/� mice treated with
fenofibrate, we observed a high increase in fatty acid synthase (Fasn)
and fatty acid elongase 6 (Elovl6), while both enzymes were already
up-regulated in untreated KO-mice, compared to WT mice
MOLECULAR METABOLISM 16 (2018) 100e115 � 2018 The Authors. Published by Elsevier GmbH. This is an open a
www.molecularmetabolism.com
(Figure 3A,B). The expression of stearoyl-CoA desaturase-1 (Scd1) was
also increased after fenofibrate treatment (Figure 3A,B). Concomi-
tantly, an increase in the expression of 3-Hydroxy-3-Methylglutaryl-
CoA Synthase 2 (Hmgcs2), a key enzyme in ketogenesis, was observed
with the fenofibrate treatment in both L.G6pc�/� and K.G6pc�/� mice
(Figure 3A,B), in accordance with the increased plasmatic ketone body
levels (Table 1). The rise in the expression of genes involved in de novo
ccess article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 105
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Figure 3: Fenofibrate entails an induction of lipid anabolism in L.G6pcL/L and K.G6pcL/L mice. (AeB) Quantitative analyses of hepatic lipid (A) and renal (B) anabolism by
RT-qPCR. The expression of target mRNA of L.G6pc�/� (A) or K.G6pc�/� (B) mice fed a STD diet and treated or not with fenofibrate is expressed relatively to the WT mice fed a
STD diet (n ¼ 7e8 mice/group). (CeD) Triglycerides (TG) content in the livers (C) and kidneys (D) from WT and L.G6pc�/� (C) or K.G6pc�/� (D) mice treated or not with fenofibrate
(n ¼ 5e7 mice/group). Data are expressed as the mean � sem. Significant differences are indicated as * p < 0.05; ** p < 0.01; *** p < 0.001. Statistical test: One-way ANOVA
followed by Tukey’s post hoc test.
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Figure 4: Fenofibrate decreases glycogen synthesis and prevents hepatic and renal glycogen accumulation. (A, E) Glycogen content of L.G6pc�/� livers (A) and
K.G6pc�/� kidneys (E) treated or not with fenofibrate, compared to WT liver/kidney (n ¼ 5e7 mice/group). (BeF) Quantitative analyses of hepatic (B) and renal (F) GSK3b
phosphorylation and AGL by western blot (n ¼ 4e5 mice/group). (C, H) Glucose content of L.G6pc�/� livers (C) and K.G6pc�/� kidneys (G) treated or not with fenofibrate,
compared to WT liver/kidney. (n ¼ 5e7 mice/group). (D, H) Quantitative analyses of hepatic (D) and renal (H) glucose utilization by RT-qPCR. The expression of target mRNA in the
L.G6pc�/� livers (D) and K.G6pc�/�kidneys treated or not with fenofibrate is expressed relatively to WT liver/kidney (n ¼ 7e8 mice/group). (I) Weight of K.G6pc�/� kidney treated
or not with fenofibrate, compared to WT liver/kidney (n ¼ 7e8 mice/group). All mice were fed a STD diet containing or not fenofibrate. Data are expressed as the mean � sem.
Significant differences are indicated as * p < 0.05; ** p < 0.01; *** p < 0.001. Statistical test: One-way ANOVA followed by Tukey’s post hoc test.
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Figure 5: Prevention of nephropathy development by fenofibrate treatment in K.G6pcL/L mice. (A) Urinary parameters of WT mice and K.G6pc�/� mice treated or not with
fenofibrate. Data were obtained from mouse urine samples collected during 24 h (n ¼ 5e11 mice/group). (B) Relative lipocalin-2 (Lcn2) gene expression in the kidneys of
K.G6pc�/� mice treated or not with fenofibrate, expressed relatively to WT mice. (C) Histological analyses of H&E-staining (panels aec) and Masson’s Trichrome staining (panels
def) of the kidneys from (a, d) WT, (b, e) K.G6pc�/� and (c, f) fenofibrate-treated K.G6pc�/� mice. (D) Quantitative analyses of renal pro-fibrotic pathways by RT-qPCR (n ¼ 7e8
mice/group) and western blot (n ¼ 4e5 mice/group). The expression of target mRNA of K.G6pc�/� mice treated or not with fenofibrate is expressed relative to the WT mice. All
mice were fed a STD diet containing or not fenofibrate. Data are expressed as the mean � sem. Significant differences are indicated as * p < 0.05; ** p < 0.01; *** p < 0.001.
Statistical test: One-way ANOVA followed by Tukey’s post hoc test.
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Figure 6: Liver injury is prevented by fenofibrate in L.G6pcL/L mice. (A) Histological analysis of H&E-staining of the livers and (B) Transmission electron microscopy analysis
of hepatocytes from WT (a, d), L.G6pc�/� (b, e) and fenofibrate-treated L.G6pc�/� (c, f) mice. Arrows show donut-shaped mitochondria. (C) Quantitative analysis of Plin2 gene
expression by RT-qPCR; (D) Plasmatic AST and ALT activities; (E) Quantitative analysis of AMPK phosphorylation (Thr172) by western blot (n ¼ 4e5 mice/group) and (F)
Quantitative analyses of Pten gene expression by RT-qPCR from WT and L.G6pc�/� mice treated or not with fenofibrate. The expression of target mRNA in the livers is expressed
relative to WT livers (n ¼ 7e8 mice/group). All mice were fed a STD diet containing or not fenofibrate. Data are expressed as the mean � sem. Significant differences are indicated
as * p < 0.05; ** p < 0.01; *** p < 0.001. Statistical test: One-way ANOVA followed by Tukey’s post hoc test.
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Original Article
fatty acid synthesis in L.G6pc�/� and K.G6pc�/� fenofibrate-treated
mice might be mediated via the Carbohydrate-responsive element-
binding protein (ChREBP) and/or sterol regulatory element-binding
protein 1c (SREBP1c), respectively (Figure 3A,B).
Interestingly, in a context of increased oxidation (see above), this in-
crease in lipid anabolism did not induce hepatic or renal lipid accu-
mulation. Indeed, we observed a normalization of TG content in the
liver of L.G6pc�/�mice treated with fenofibrate, compared to untreated
L.G6pc�/� mice, which exhibited severe hepatic steatosis (Figure 3C).
Moreover, TG content was significantly decreased in the kidneys of
K.G6pc�/� mice after fenofibrate treatment and was similar to that in
WT mice (Figure 3D).
In conclusion, these data suggest a stimulation of lipid turnover by
fenofibrate, resulting in a normalization of TG content in both the liver
and kidneys of GSDIa mice.

3.4. Fenofibrate decreases glycogen synthesis and prevents
hepatic and renal glycogen accumulation
As the modifications of lipid metabolism could have an impact on the
whole cell energy homeostasis, we next assessed glycogen meta-
bolism in GSDIa liver and kidneys treated or not treated with fenofi-
brate. While L.G6pc�/� mice presented excessive glycogen
accumulation in the liver, fenofibrate-treated L.G6pc�/� mice exhibi-
ted normalized hepatic glycogen content (Figure 4A). In accordance,
L.G6pc�/� mice treated with fenofibrate showed a decrease in serine
9 phosphorylation of glycogen synthase kinase 3b (GSK3b), which is
known to decrease glycogen synthase activity, thereby decreasing
glycogen synthesis (Figure 4B). In addition, glycogen debranching
enzyme (AGL), which was increased in untreated L.G6pc�/�mice, was
normalized with fenofibrate, suggesting a decrease in glycogen
degradation (Figure 4B). These results indicated that the decrease in
glycogen content in fenofibrate-treated L.G6pc�/� livers was probably
due to a decrease in glycogen synthesis rather than an increase in
degradation. Moreover, hepatic glucose content, which was already
decreased in L.G6pc�/�mice compared to WT, was further decreased
in fenofibrate-treated L.G6pc�/� mice (Figure 4C). Glucose transporter
1 (Slc2a1) expression was decreased in L.G6pc�/� mice treated with
fenofibrate, compared to untreated L.G6pc�/� mice, while glucose
transporter 2 (Slc2a2) expression remained unchanged (Figure 4D). As
previously observed [40], glucokinase (Gck) expression was decreased
in L.G6pc�/� mice. Gck expression was further decreased with
fenofibrate, which is in line with the observation that Gck is a direct
target of PPARa [41] (Figure 4D). These results suggest a decrease in
hepatic glucose uptake and phosphorylation, in accordance with the
decrease in hepatic glucose levels and in glycogen synthesis.
Similarly, renal glycogen content in K.G6pc�/� mice was drastically
decreased after fenofibrate treatment (Figure 4E). This was associated
with a decrease in both glycogen synthesis and degradation, as
illustrated by the decrease in phospho-GSK3b at Ser9 and AGL levels
(Figure 4F). Renal glucose content was lower in K.G6pc�/� mice than
in WT mice and was further decreased after fenofibrate treatment
(Figure 4G). This was consistent with concomitant decrease in glucose
uptake and phosphorylation, highlighted via the decreased mRNA
expression in glucose transporters SLC2A1 and SLC2A2A and in
hexokinase enzyme (HK) (Figure 4H). As observed in the liver, these
data suggest that the decrease in uptake and phosphorylation of
glucose results in a decrease in glycogen synthesis. Interestingly, the
decrease in glycogen accumulation in the fenofibrate-treated kidneys
was associated with a decrease in nephromegaly, which is a hallmark
of GSDIa (Figure 4I). As already shown specifically in rodents [37,42],
fenofibrate induced the increase in liver weight in both L.G6pc�/� and
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K.G6pc�/� mice (Fig. 1A in Appendices), which could probably be a
consequence of the proliferation of peroxisomes in hepatocytes (as
observed in Figure 6B, panel c).

3.5. Fenofibrate treatment prevents nephropathy development in
K.G6pc�/� mice
In order to investigate whether the decrease in renal lipid content
affected nephropathy development, renal structure and function were
assessed. As mentioned before, K.G6pc�/� mice developed first signs
of CKD, i.e. microalbuminuria, associated with an increase in urine
excretion and renal expression of lipocalin 2 (Figure 5A,B). In addition,
urea and uric acid excretions were slightly increased in K.G6pc�/�

mice. Interestingly, renal function was normalized after fenofibrate
treatment in K.G6pc�/�mice, with a concomitant decrease in albumin,
lipocalin 2, urea, and uric acid excretion (Figure 5A,B). This was in
accordance with histological observations of the kidneys. Indeed, H&E
staining of K.G6pc�/� kidneys showed a strong tubular clarification
due to lipid and glycogen accumulation in the proximal tubules
(Figure 5C panel b). Furthermore, strong collagen accumulation was
evidenced upon Trichrome Masson’s staining, confirming fibrosis
development (Figure 5C panel e). On the contrary, histology features of
fenofibrate-treated K.G6pc�/� kidneys (Figure 5C panel c) were similar
to those in WT mice (Figure 5C panel a). In addition, fibrosis was
significantly decreased and even nearly absent in the presence of
fenofibrate (Figure 5C, panel f).
As CKD was prevented in K.G6pc�/� mice treated with fenofibrate, we
analyzed molecular mechanisms behind GSDIa nephropathy, which
were characterized in previous studies [10,17]. In K.G6pc�/�mice, the
Renin-Angiotensin system (RAS) was induced, which, in turn,
increased Tgf-b1 expression, responsible for the activation of the
epithelial-mesenchymal transition (EMT) and subsequent fibrosis
development. Here, renal Agt expression was significantly decreased
in fenofibrate-treated K.G6pc�/� mice, compared to untreated
K.G6pc�/� mice (Figure 5D). Consequently, Tgf-b1 expression was
normalized with fenofibrate, indicating a decrease in RAS/TGF-b1
signaling. This result was confirmed with the decrease in EMT. Indeed,
the expression of epithelial markers, i.e. E-cadherin and becatenin,
which was decreased in untreated K.G6pc�/� kidneys, was restored
with fenofibrate (Figure 5D). Furthermore, the expression of the
mesenchymal markers, i.e. Vim, Acta2, Pai1 and Fn1 mRNA, which
was increased in K.G6pc�/� kidneys, was significantly reduced with
the fenofibrate treatment (Figure 5D).
In conclusion, our results strongly report that fenofibrate down-
regulated the RAS/TGF-b1 pathway of signalization, subsequently
inhibiting the EMT process. This inhibition markedly prevented renal
fibrosis and thereby maintained the integrity of renal function in
fenofibrate-treated K.G6pc�/� mice.

3.6. Liver injury is prevented by fenofibrate in L.G6pc�/� mice
As hepatic steatosis was markedly decreased by fenofibrate in
L.G6pc�/� livers, liver structure and function were further character-
ized. Histological analyses confirmed a marked accumulation of lipid
droplets and glycogen in L.G6pc�/� livers (Figure 6A,B, panels b and
e), which was strongly reduced with the fenofibrate treatment
(Figure 6A,B, panels c and f). Furthermore, TEM revealed a large
reduction in the size of the lipid vesicles in the livers of fenofibrate-
treated L.G6pc�/� mice (Figure 6B, panel c), compared to untreated
L.G6pc�/� mice (Figure 6B, panel b). This observation was in accor-
dance with the increase in Perilipin 2 (Plin2), an important factor in
small lipid droplet formation, in the livers of L.G6pc�/� mice treated
with fenofibrate (Figure 6C). Interestingly, we observed donut-shaped
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mitochondria (indicator of cellular stress) in the livers of L.G6pc�/�

mice (Figure 6B, panel e) that were observed neither in WT
(Figure 6B, panel d), nor in fenofibrate-treated L.G6pc�/� livers
(Figure 6B, panel f).
Fenofibrate treatment allowed the normalization of liver injury markers,
i.e. AST and ALT activity, compared to untreated L.G6pc�/� mice
(Figure 6D). Furthermore, previous studies showed that the metabolic
reprogramming occurring in GSDIa livers, as a consequence of the
excessive G6P levels, promotes hepatic tumorigenesis [16,25]. Recent
data have shown a decrease in tumor suppressors in L.G6pc�/� livers
(unpublished data), in accordance with the pre-neoplastic status of
G6pc�/� hepatocytes [16]. Interestingly, tumor suppressors, such as
AMP-activated protein kinase (AMPK) and phosphatase and tensin
homolog (PTEN), were down-regulated in L.G6pc�/� livers, while
fenofibrate restored their expression to the level observed in WT mice
(Figure 6E).
Altogether, these data suggest that the normalization in hepatic lipid
content in L.G6pc�/� mice results in the restoration of liver function
and rescue of tumor suppressor expression.

3.7. Independent development of NAFLD-like damages and CKD
As there is growing recent evidence suggesting an association be-
tween NAFLD and CKD [27e29], we analysed the incidence of NAFLD-
like damages in K.G6pc�/� mice and of CKD in L.G6pc�/� mice. This
was studied in the context of standard diet, to obviate the possible
confounding effects of a HF/HS diet in both organs. On one hand,
K.G6pc�/� mice that developed CKD did not seem to exhibit liver in-
juries. Interestingly, liver weight of K.G6pc�/� mice was slightly
reduced compared to WT mice (Figure 7A). Hepatic histology of
K.G6pc�/� mice revealed a normal liver structure as well as an
absence of liver steatosis in these mice, which was confirmed by the
low level of hepatic TG content, despite the development of CKD
(Figure 7BeD). In addition, PAS staining and glycogen content assay of
K.G6pc�/� liver highlighted a decrease in hepatic glycogen level
compared to WT mice (Figure 7CeE). Finally, plasmatic ALT level, a
liver injury specific marker was similar in K.G6pc�/� and WT mice.
This was consistent with the absence of G6pc targeting in the liver of
K.G6pc�/� mice (Figure 7F). On the other hand, the kidneys were not
damaged in L.G6pc�/� mice that developed hepatic steatosis and the
first signs of liver injury (plasma transaminase increase) (see Figure 1).
Indeed, the kidneys weight of L.G6pc�/� is similar as that of WT mice.
Moreover, renal lipid metabolism was not altered in L.G6pc�/� mice,
suggesting normal renal lipid content in the kidneys of these mice
(Figure 7GeH). Finally, it is noteworthy that neither the markers of
kidney function nor those of renal fibrosis development were increased
in the kidneys of L.G6pc�/� mice, despite the concomitant develop-
ment of hepatic steatosis (Figure 7IeJ). Indeed, the urinary excretion
ratio of albumin/creatinine of L.G6pc�/� mice was equal as that in WT
mice and was significantly decreased compared to K.G6pc�/� mice
while the renal lipocalin 2 expression was unchanged in L.G6pc�/�

mice compared to WT mice (Figure 7I). Furthermore, the expression of
genes involved in the fibrotic pathway induced by RAS activation in
L.G6pc�/� mice was similar as that observed in WT mice (Figure 7J).
These results show that K.G6pc�/� mice that develop CKD did not
show any liver injury or steatosis and L.G6pc�/� mice, despite hepatic
steatosis and the first signs of hepatic injury, did not show sign of CKD.

4. DISCUSSION

GSDIa is a pathology characterized by abnormal glycogen and lipid
accumulation, specifically in the liver and kidneys, possibly leading to
MOLECULAR METABOLISM 16 (2018) 100e115 � 2018 The Authors. Published by Elsevier GmbH. This is an open a
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hepatic tumor development and renal failure with age. The deficiency in
G6Pase and the subsequent G6P accumulation in hepatocytes and renal
proximal tubules are at the origin of an important metabolic remodeling
[16,25,30]. Indeed, the increased utilization of G6P, a common substrate
for both lipid and glycogen synthesis, markedly induces these anabolic
pathways in GSDIa. Thus, excessive lipid accumulation is mainly due to
an increase in de novo lipogenesis [11,17,19,21,43]. In addition, our
results also suggest impaired fatty acid oxidation characterized by a
significant decrease in PPARa activity in both the liver and kidneys, in
agreement with the decreased mitochondrial oxidative capacity previ-
ously observed in GSD1a [44]. It is noteworthy that in diabetes about
60% of TG accumulated in the liver of obese/diabetic patients originates
from NEFA, 10% originating from the diet and almost 30% from de novo
lipogenesis [45]. Additionally, mitochondrial fatty acid oxidation is
defective in this situation. Thus, while ectopic lipid storage is aggravated
by lipid spillover from adipose tissue in obesity/insulin resistance, this
metabolic mechanism does not seem to be important in GSDIa. How-
ever, even though plasmatic NEFA are slightly elevated in GSDIa mice
during fasting [46], their contribution to hepatic steatosis has never been
addressed. While the origin of lipids accumulated in the liver, and
probably in the kidneys, seems to be slightly different, we previously
emphasized how the hepatic and renal long-term pathologies of GSDIa
strikingly matches what occurs in diabetes [20]. Until now, the specific
contribution of lipids to the GSDIa pathology was a subject of specu-
lation, as it is the case for the exact role of ectopic lipids in NAFLD or
CKD in diabetes [27]. In this study, we demonstrate that excessive lipid
accumulation in the liver and kidneys is a major contributor to the
development of long-term complications in both organs, i.e. NAFLD-like
complications and CKD. Indeed, the exacerbation of hepatic and renal
lipid content by a HF/HS diet significantly accelerated the development
of these pathologies. Interestingly, fenofibrate treatment, which led to a
normalization of both hepatic and renal lipid stores in L.G6pc�/� and
K.G6pc�/� mice, prevented both liver and kidney injuries. Finally, this
study points out that CKD can develop in the absence of NAFLD, and
more importantly that CKD onset is not a consequence of NAFLD,
especially in GSDIa. Since molecular mechanisms behind CKD are
similar in GSDIa and diabetes, in particular the activation of RAS [20], we
propose that extending these last results obtained in mice with GSDIa to
diabetes may be relevant.
Regarding GSDIa pathology, it is noteworthy that submitting L.G6pc�/�

mice to a HF/HS diet exacerbated hepatic lipid accumulation, without
modification of glycogen content. This led to an acceleration of hepatic
injuries with the development of hepatic tumors. In addition, CKD was
strongly aggravated by HF/HS diet in K.G6pc�/� mice, whereas renal
glycogen stores were decreased. These data suggest an important role
for lipids rather that for glycogen in the induction of NAFLD-like and
CKD complications in GSDIa. This constitutes a first breakthrough of
this study since glycogen was considered as the main responsible for
the induction of the physiopathological outcomes of the disease. The
central role of lipids was confirmed through decreasing ectopic lipid
accumulation using fenofibrate. Indeed, enhanced PPARa activity
strongly stimulated the expression of genes involved in lipid catabolism
in L.G6pc�/� livers and K.G6pc�/� kidneys, that entailed a decrease in
hepatic and renal TG content and prevention of hepatic injuries and
CKD. It is important to note that the beneficial effects of fenofibrate can
also be attributed to a decrease in glycogen stores (see below).
As for K.G6pc�/� kidneys, this reno-protective effect of lipid lowering
was associated with the inhibition of RAS and TGF-b1 pathways,
preventing EMT and thereby, renal fibrosis. These results are in
accordance with previous data reporting that fenofibrate prevented the
induction of RAS/TGF-b1 pathway and fibrosis in diabetic and/or obese
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Figure 7: Independent development of NAFLD-like pathology and CKD in L.G6pcL/L and K.G6pcL/L mice, respectively. (A) Liver weight, (BeC) Histological analyses of
HPS (B) and PAS (C) stainings of the livers, (DeE) Hepatic TG (D) and glycogen (E) contents, (F) Plasmatic ALT activities of WT and K.G6pc�/� mice fed a STD diet for 9 months;
and (G) Kidney weight, (H) Quantitative analyses of Acaca, Scd1, Elovl6, Cpt1 and Cyp1a14 gene expression by RT-qPCR from WT and L.G6pc�/� mice fed a STD diet for 9
months, (I) Albumin excretion of WT, L.G6pc�/� mice and K.G6pc�/� mice fed a STD diet, (IeJ) Quantitative analyses of Lcn2 (I), Agt, Tgfb1, Fn1 and Pai1 (J) gene expression by
RT-qPCR from WT and L.G6pc�/� mice fed a STD diet. Data are expressed as the mean � sem. Significant differences are indicated as * p < 0.05; ** p < 0.01; *** p < 0.001.
Statistical test: Unpaired two-tailed Student’s T test for Panels AeH and J, and One-way ANOVA followed by Tukey’s post hoc test for Panel I.
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mice by decreasing lipids [47e52]. At the molecular level, it was
already proposed that lipid derivatives, such as diacylglycerol and
ceramides, are potent activators of protein kinase C, leading to the
activation of RAS pathway in kidneys [5,53].
As for L.G6pc�/� liver, the decrease in steatosis by fenofibrate
treatment lowered the risks associated with NAFLD, as previously
observed in mouse models of NAFLD [36,54,55]. Indeed, L.G6pc�/�

treated mice exhibited a decrease in liver injury markers and a pres-
ervation of the expression of tumor suppressors, together with a
rescue of hepatocyte histology features. Even though we did not
examine the effect of fenofibrate on the long-term development of
hepatic tumors, a protective effect is likely, given the strong link be-
tween hepatic tumorigenesis and NAFLD, as suggested in both GSDIa
and obesity/diabetes [8,32,56].
Taking into account our results obtained with the HF/HS diet and
fenofibrate, lipid lowering is a novel unconventional strategy that
should be particularly considered in obesity/diabetes and GSDI to
prevent not only hypertriglyceridemia, but also hepatic and renal long-
term complications. Currently, fenofibrate treatment was only rec-
ommended in GSDI patients who present severe hypertriglyceridemia
(generally over 10 g/L), in order to lower plasmatic TGs [13]. Unfor-
tunately, there are no data addressing the effect of fibrates neither on
the onset of CKD, nor on hepatic complications, in patients with GSDI.
In addition, our results show an increase in uric acid levels under
fenofibrate. Therefore, it is important to pay attention to uric acid levels
in GSDI patients treated with fenofibrate, even though they are prob-
ably also treated with allopurinol. Most patients presenting the first
signs of CKD are generally treated with an inhibitor of ACE or an
angiotensin receptor analogue [10]. Therefore, the use and the effects
of fenofibrate alone in GSDI patients should be further examined,
independently of other treatments.
Interestingly, our study also highlights an additional benefit of fenofi-
brate that is the marked decrease in hepatic and renal glycogen
accumulation observed in L.G6pc�/� and K.G6pc�/� mice, respec-
tively. Indeed, fenofibrate treatment markedly induced lipid turnover,
since the expression of several genes involved in de novo lipogenesis
was enhanced concomitantly with increased lipid catabolism in
L.G6pc�/� and K.G6pc�/� mice. This may protect the liver and kid-
neys against the putative lipotoxic effects of specific intracellular NEFA
or their oxidation products, as previously suggested [39]. Moreover,
the induction of lipid turnover by the PPARa agonist corrected glycogen
metabolism, decreasing glycogen accumulation in both the liver and
kidneys of respective GSDIa mouse models. This decrease was not due
to an increase in glycogen degradation but rather to an inhibition of
glycogen synthesis. Thereby, we suggest that the glycogen meta-
bolism remodeling by fenofibrate derives from the diversion of G6P
from glycogen synthesis towards lipid anabolism, thus resulting in a
decreased glycogen synthesis. The decrease in glucose uptake
(glucose transporters) and phosphorylation (glucokinase/hexokinases)
should also greatly contribute to the decrease in G6P availability for
glycogen synthesis. This is in keeping with the inhibitory effects of
PPARa on glucose uptake and glycolysis and on glycogen synthesis as
well [57]. These processes may play a key role in the amelioration of
hepatic metabolism or the correction of nephromegaly observed after
treatment. The beneficial consequence of fenofibrate on excessive
glycogen accumulation is another key breakthrough in the knowledge
of the GSDIa pathology.
Finally, L.G6pc�/� and K.G6pc�/� mice represent unique models of
NAFLD-like or CKD in that proneness to the diseases can be initiated
separately in the respective organs. Importantly, liver injuries and CKD
occur independently in these GSDIa mouse models, strongly suggesting
MOLECULAR METABOLISM 16 (2018) 100e115 � 2018 The Authors. Published by Elsevier GmbH. This is an open a
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that fatty liver does not affect renal function and CKD development can
be induced only by an alteration of intra-renal metabolism and without
hepatic steatosis, whereas many recent studies suggested a causal
relationship between these two pathologies [27e29,58]. Thus, an intra-
organ altered metabolism resulting in lipid accumulation constitutes an
independent worsening factor for both liver injuries and CKD.
In conclusion, the current study shows that the mechanisms involved
in the development of hepatic and renal long-term complications of
GSDIa are mainly initiated by altered lipid metabolism resulting in lipid
accumulation, independently of excessive glycogen contents in these
organs. Moreover, it provides evidence that pharmacological activation
of PPARa could be a suitable therapeutic strategy to prevent the
development of hepatic and renal complications in GSDIa, which could
likely be extended to GSDIb. Interestingly, this could be relevant for a
variety of other metabolic diseases, including obesity and diabetes.
Indeed, some studies in obese and/or diabetic patients already evoked
renoprotective effects of fenofibrate or beneficial effects of the drug on
liver lipid profile in patients with fatty liver [59e64]. In addition, PPARa
agonists were recently suggested as potentially beneficial in the pre-
vention of NAFLD in human [65]. Moreover, new PPARa and/or d ag-
onists are currently developed by several pharmas, in keeping with
their potential action on NAFLD [66]. Thus this work emphasizes that
promoting lipid turnover might represent a potential therapeutic
approach to prevent both NAFLD-like and CKD development in the rare
disease that is GSDI and in the epidemic diseases that are obesity and
type 2 diabetes.
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