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ABSTRACT
Nephropathy is a complication of glycogen storage disease type Ia (GSD-Ia), a metabolic disorder caused by pathogenic variants 
in glucose-6-phosphatase-α (G6Pase-α or G6PC1). While maintaining blood glucose homeostasis can delay the progression of 
renal disease in GSD-Ia, the benefits of liver-directed G6PC1 gene therapy on nephropathy remain unclear. This study evaluates 
the effects of low- and high-dose G6PC1 liver gene augmentation therapy on kidney function. The G6pc−/− mice, which lack 
G6Pase-α activity in both liver and kidney, were treated with G6PC1 gene therapy to restore either low or near-normal levels of 
liver G6Pase-α activity, and renal phenotype was examined at age 12 weeks. Both groups exhibited impaired renal glucose home-
ostasis, altered renal glucose reabsorption, acute kidney injury, and early signs of renal fibrosis. However, mice with near-normal 
liver G6Pase-α activity had better renal glucose reabsorption and homeostasis with lower serum levels of cystatin C and blood 
urea nitrogen, key markers of kidney function. These findings highlight the potential of liver-directed G6PC1 gene therapy to 
enhance metabolic control and mitigate early kidney disease in GSD-Ia.

1   |   Introduction

Glycogen storage disease type Ia (GSD-Ia; MIM 232200) is 
an autosomal recessive metabolic disorder caused by a de-
ficiency in glucose-6-phosphatase-α (G6Pase-α or G6PC1) 
[1–3]. Between meals, G6Pase-α dephosphorylates glucose-
6-phosphate (G6P), the product of glycogenolysis and glu-
coneogenesis, to release glucose into the blood to maintain 
euglycemia [1–3]. Liver dysfunction in GSD-Ia patients 

results in fasting hypoglycemia, which is neonatally fatal 
without dietary therapies [4–6], while kidney dysfunction 
results in nephropathy [1–3]. Liver function is therefore the 
primary concern in treating GSD-Ia. Several liver-directed 
G6PC1 gene therapies have shown clinical promise [7], in-
cluding a completed phase III trial for G6PC1 gene aug-
mentation (NCT05139316) currently under Food and Drug 
Administration review, and an ongoing phase I/II clinical 
trial for mRNA augmentation (NCT05095727). Additionally, 
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an adenine base editor gene-editing strategy targeting the 
most prevalent G6PC1 mutation has demonstrated preclinical 
efficacy [7, 8] and recently entered phase I/II clinical trials 
(NCT06735755).

The rAAV8-G6PC1 vector used in gene augmentation selec-
tively targets the liver and does not transduce the kidney [9]. 
Similarly, lipid nanoparticles delivering the adenine base editor 
[8] and mRNA primarily accumulate in hepatocytes within the 
liver [10]. Consequently, developing effective kidney-targeted 
therapies remains challenging. Previous studies suggest that 
strict dietary management can help delay the progression of 
renal disease [11]. This study investigates whether liver-directed 
G6PC1 gene augmentation alone can also improve early kidney 
disease in GSD-Ia.

The G6pc−/− (GSD-Ia) mice [12] mimic human GSD-Ia, exhib-
iting impaired renal gluconeogenesis, altered renal glucose re-
absorption, acute kidney injury (AKI), and renal fibrosis [13]. 
Fewer than 30% G6pc−/− mice survive beyond weaning, even 
with a glucose therapy [12], and at 3 weeks of age early-stage 
renal dysfunction is not detectable [13] via serum marker anal-
ysis [14], necessitating studies in older mice. To address this, 
we developed a liver G6Pase-α augmented (L-G6PC1), kidney 
G6Pase-α null (Knull) model for nephropathy studies [13]. These 
mice received liver-directed G6PC1 gene therapy [9] at 2 weeks 
of age, which is sufficient to provide long-term blood glucose 
homeostasis and survival [7, 15, 16]. To study the impact of res-
toration of liver-specific G6Pase-α on GSD-Ia nephropathy, we 
generated two groups of liver augmented GSD-Ia mice: one ex-
pressing 86% of normal liver G6Pase-α activity (L-G6PC1-high) 
and another expressing 2% of normal liver G6Pase-α activity 
(L-G6PC1-low). Since the mouse background is a global G6PC1 
knockout, the liver augmented mice lack kidney G6Pase-α ex-
pression [13].

In this study, we treated G6pc−/− mice with liver-directed 
G6PC1 gene augmentation [9] at 2 weeks of age and assessed 
nephropathy 10 weeks later. While both L-G6PC1-high and L-
G6PC1-low groups exhibited similar renal pathology, higher 
liver G6Pase-α activity improved renal glucose homeostasis and 
reabsorption. Mice with low hepatic G6Pase-α activity showed 
significant lipid accumulation in glomerular and tubular cells, 
contributing to nephropathy [17, 18], whereas those with near-
normal activity maintained normal renal triglyceride levels. 
Serum marker analysis [14] also indicated a slower decline in 
kidney function with higher liver G6Pase-α activity. These find-
ings suggest that liver-directed G6PC1 gene therapy enhances 
renal metabolic control and mitigates early nephropathy in 
GSD-Ia.

2   |   Materials and Methods

2.1   |   Animals

All animal studies were conducted under an animal protocol 
approved by the Eunice Kennedy Shriver National Institute of 
Child Health and Human Development Animal Care and Use 
Committee. All institutional and national guidelines for the 
care and use of laboratory animals were followed. The animal 

experiments abide by the ARRIVE guidelines (https://​arriv​
eguid​elines.​org/​arriv​e-​guide​lines​). Mice were maintained on 
a standard NIH-31 Open formula mouse/rat sterilizable diet 
(Envigo) without any restrictions. Mice were housed at the ani-
mal facility in a 12-h light/dark cycle, with an ambient tempera-
ture controlled within 65°F–75°F (18°C–24°C) and a humidity 
level between 40% and 60%. To reduce feeding competition be-
tween littermate pups, the size of the litter was usually reduced 
to 6–8 pups.

A G6PC1-expressing recombinant adeno-associated virus se-
rotype-2/8 vector (rAAV8-G6PC1) that targets the liver but not 
the kidney [9] was used to restore hepatic G6PC1 expression 
in the G6pc−/− mice [12]. The L-G6PC1-low and L-G6PC1-
high mice, lacking kidney G6Pase-α activity, were generated 
by treating 2-week-old G6pc−/− mice with 1 × 1012 or 4 × 1013 
vp/kg of rAAV8-G6PC1, respectively. We have shown that 
G6pc−/− mice titrated with rAAV-G6PC1 to express 3–5 units of 
hepatic G6Pase-α activity survive long-term and maintain glu-
cose homeostasis [15, 16]. As expected, both L-G6PC1-low and 
L-G6PC1-high mice survived adulthood without hypoglycemic 
seizures. The age-matched G6pc+/+ and G6pc+/− mice, which 
have a wild-type phenotype, were used as controls.

The body mass index (BMI) was calculated by dividing the 
body weight measured in grams by the square of the body 
length measured in cm. The body length of each mouse was 
measured as the distance from the tip of the nose to the base 
of the tail.

2.2   |   Phosphohydrolase Assays

Liver microsome isolation and microsomal phosphohydro-
lase assays were performed as described previously [12]. 
Permeabilized microsomes were prepared by incubating intact 
microsomes in sucrose buffer containing 0.2% sodium deoxy-
cholate for 20 min on ice. In phosphohydrolase assays, reaction 
mixtures (50 μL) containing 50 mM sodium cacodylate buffer, 
pH 6.5, 2 mM EDTA, 10 mM G6P, and 100–200 μg of permeabi-
lized microsomes were incubated at 30°C for 10 min. The back-
ground of non-specific phosphatase activity was estimated by 
pre-incubating permeabilized microsomes in 20 mM sodium ac-
etate buffer, pH 5, for 10 min at 37°C to inactivate the acid-labile 
G6Pase-α. One unit of G6Pase-α activity represents 1 nmol G6P 
hydrolysis per minute per mg microsomal protein. The back-
ground of non-specific phosphatase activity varied in the lysates 
from 0.2 to 2 units. The background was subtracted from all data 
points.

Enzyme histochemical analysis of G6Pase-α was performed 
on cryopreserved OCT embedded kidney sections as described 
[15]. Briefly, 10 μm thick tissue sections were incubated at 
room temperature for 10 min in a reaction buffer containing 
40 mM Tris-maleate pH 6.5, 10 mM G6P, 300 mM sucrose, and 
3.6 mM lead nitrate, followed by 2 washes in 300 mM sucrose 
solution. Then, the tissue sections were incubated for 2 min 
at room temperature in 0.09% ammonium sulfide solution, 
and the trapped lead phosphate was visualized following con-
version to the brown colored lead sulfide. Images of the tis-
sue sections were taken by the Imager A2m microscope with 
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Axiocam 506 camera and the ZEN 2.6 software (Carl Zeiss, 
White Plains, NY).

2.3   |   Renal Metabolite Analysis, Hematoxylin 
and Eosin, Oil Red O, and Masson's Trichrome 
Staining

Mouse kidneys were homogenized in 5% NP-40, incubated at 
99°C for 5 min, and centrifuged to remove insoluble materials. 
The resulting supernatants were used to measure levels of G6P, 
lactate, triglyceride, and glycogen using the respective assay kits 
from Abcam (Waltham, MA, USA).

Hematoxylin and eosin (H&E) and Masson's trichrome staining 
were performed on paraffin-embedded mouse kidney sections. 
Oil Red O staining was performed on cryopreserved OCT-
embedded kidney sections. The stained sections were scanned 
and visualized using the Zeiss Axioscan Z1 and Imager A2m 
microscope with an Axiocam 506 camera and the ZEN 3.8 soft-
ware (Carl Zeiss, White Plains, NY).

2.4   |   Western-Blot Analysis

Western-blot images were detected using the LI-COR Odyssey 
scanner and analyzed using the Image Studio 5.5 software (Li-
Cor Biosciences, Lincoln, NE). The antibodies used were: Abcam 
(Cambridge, MA), CTGF (ab6992); Cell Signaling Technology 
(Danvers, MA), rabbit β-actin (#4970), β-catenin (#8480), non-
phosphorylated β-catenin (#8814), α-SMA (#14968), E-cadherin 
(#3195), N-cadherin (#13116), Snail1 (#3879), and collagen-Iα1 
(#72026); Immuno-Biological Laboratories (Minneapolis, 
MN, USA), Angiotensinogen (28101); LS Bio (Seattle, WA, 
USA), collagen-IV (LS-B8763); MyBioSource (San Diego, CA); 
Dkk3 (MBS840225) and SGLT2 (MBS821113); Santa Cruz 
Biotechnology (Dallas, TX), mouse β-actin (sc-47 778) and renin 
(sc-133 145); Thermo Fisher Scientific (Waltham, MA), GLUT2 
(MA5-35162).

2.5   |   Immunohistochemical Analysis

Nuclear-translocated active β-catenin was analyzed by im-
munohistochemistry on paraffin-embedded mouse kidney 
sections using a rabbit monoclonal antibody specific for non-
phosphorylated (active) β-catenin (#8814, Cell Signaling 
Technology). This was followed by incubation with horserad-
ish peroxidase (HRP)-conjugated anti-rabbit secondary anti-
body. DAB substrate (3,3′-diaminobenzidine) was then added, 
which was converted by HRP into a brown-colored product. 
Sections were counterstained with hematoxylin to visualize nu-
clei in blue. The immunostained kidney sections were digitized 
using the Motic EasyScan Infinity 60 (Motic Digital Pathology, 
Emeryville, CA, USA) and subsequently analyzed with QuPath 
software v0.4.3 [19]. To further subclassify β-catenin nuclear 
staining, intensity thresholds were established based on mean 
nuclear hematoxylin optical densities, categorizing nuclei as 
negative, weak, moderate, or strongly positive. For quantifica-
tion purposes, only nuclei classified as moderate or strongly pos-
itive were included.

2.6   |   Serum Cystatin C, Creatinine, Blood Urea 
Nitrogen, and Metabolites Analysis

Blood was collected by cardiac puncture of the non-fasted, 
mice at sacrifice. Blood was transferred into MiniCollect TUBE 
0.8 mL CAT Serum Separator (#450472, Greiner Bio-one), al-
lowed to coagulate for 20 min, then centrifuged for 10 min at 
2000g. Serum was transferred to a new microtube, flash-frozen 
in liquid nitrogen, and stored at −80°C. Serum creatinine was de-
termined using the Mouse Creatinine Assay Kit (#MBS763433) 
from MyBioSource (San Diego, CA), serum cystatin C was deter-
mined using the Mouse/Rat Cystatin C Quantikine ELISA Kit 
(#MSCTC0) from R&D Systems (Minneapolis, MN), and serum 
blood urea nitrogen (BUN) was determined using the Urea 
Nitrogen (BUN) Colorimetric Detection Kit (#EIABUN) from 
Thermo Fisher Scientific (Asheville, NC).

Serum triglycerides (ab65336), cholesterol (ab65359), and uric acid 
(ab65344) were analyzed using their respective kits from Abcam. 
Serum lactate was measured using the EnzyChrom D-Lactate 
Assay Kit (EDLC-100) from BioAssay Systems (Hayward, CA).

2.7   |   Statistical Analysis

The statistical analyzes reported are one-way ANOVA followed 
by Tukey's post hoc comparison tests performed using the 
GraphPad Prism Program, version 10.2.2 (GraphPad Software, 
San Diego, CA). Data are presented as Mean values ± SEM, and 
individual data points for each animal are displayed. * denotes 
p < 0.05, ** denotes p value < 0.005.

3   |   Results

3.1   |   Renal Glucose Homeostasis in L-G6PC1-Low 
and L-G6PC1-High Mice

To evaluate whether liver-directed gene therapy can improve 
GSD-Ia nephropathy, 2-week-old G6pc−/− mice were treated 
with either a low (1 × 1012 vp/kg) or high (4 × 1013 vp/kg) dose of 
rAAV8-G6PC1, generating the L-G6PC1-low and L-G6PC1-high 
mouse models, respectively. At 12 weeks of age, the average he-
patic G6Pase-α activity in age-matched mice was 239.7 ± 18 units 
for control, 4.8 ± 1.3 units (2.3% of control) for L-G6PC1-low, and 
206.1 ± 14 units (86.0% of control) for L-G6PC1-high (Figure 1A).

We have demonstrated previously that rAAV8-G6PC1 selectively 
targets the liver without transducing the kidney [9]. To confirm 
that L-G6PC1-high mice receiving 4 × 1013 vp/kg of rAAV8-G6PC1 
remained G6PC1-null in the kidney, we examined G6Pase-α ex-
pression using enzyme histochemical analysis. As expected, 
high G6Pase-α expression was detected in the kidney cortex of 
control littermates but was undetectable in kidney sections from 
3-week-old G6pc−/− mice as well as the rAAV-G6PC1 treated L-
G6PC1-low and L-G6PC1-high mice (Figure 1B).

These G6Pase-α activity levels resulted in blood glucose 
concentrations of 104.4 ± 8.8 mg/dL (70.1% of control) for L-
G6PC1-low mice and 135.1 ± 2.8 mg/dL (90.8% of control) for 
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L-G6PC1-high mice, both sufficient for viable glycemia but 
statistically lower than those of control littermates. Blood 
glucose levels are primarily regulated by the liver and kidney, 
with the liver contributing 75%–80% of glucose production 

during fasting [20, 21]. After 24 h of fasting, blood glucose lev-
els declined as expected but maintained a similar relationship, 
at 49.5% control for L-G6PC1-low and 72.7% for L-G6PC1-high 
mice (Figure 1C).

FIGURE 1    |     Legend on next page.



5 of 12

Compared to 12-week-old control mice, serum levels of triglycer-
ide and lactate were elevated in L-G6PC1-low mice but remained 
statistically unchanged in L-G6PC1-high mice (Figure 1D), sug-
gesting that liver G6Pase-α activity may modulate serum levels 
of triglyceride and lactate. In contrast, serum levels of choles-
terol and uric acid were similar across control, L-G6PC1-low, 
and L-G6PC1-high mice (Figure 1D).

In the absence of kidney G6Pase-α activity, G6P accumulates 
in the kidney cytoplasm, leading to increased glycogen syn-
thesis and enhanced glycolysis [22]. In 12-week-old mice, kid-
ney G6P levels averaged 0.62 ± 0.06 nmol/mg in control mice, 
29.1 ± 1.86 nmol/mg in L-G6PC1-low mice, and 25.18 ± 1.48 nmol/
mg in L-G6PC1-high mice (Figure 1E). However, the difference 
in kidney G6P levels between L-G6PC1-low and L-G6PC1-high 
mice was not statistically significant. Kidney glycogen storage 
followed a slightly different pattern. While control mice exhibited 
very low kidney glycogen levels (0.45 ± 0.05 nmol/mg), the ab-
sence of kidney G6Pase-α led to a dramatic increase in glycogen 
accumulation: 2124 ± 183 nmol/mg in L-G6PC1-low mice and 
1577 ± 110 nmol/mg in L-G6PC1-high mice. These values repre-
sent 4720-fold and 3504-fold increases, respectively, compared to 
controls (Figure 1E). Notably, the 26% reduction in glycogen stor-
age observed in L-G6PC1-high mice compared to L-G6PC1-low 
mice was statistically significant, suggesting that liver G6Pase-α 
activity may influence kidney glycogen storage.

A more significant finding was the impact of increased liver 
G6Pase-α activity on renal glycolysis (Figure  1E). Both L-
G6PC1-low and L-G6PC1-high mice exhibited increased kidney 
lactate production, indicating enhanced renal glycolysis com-
pared to control mice. However, renal lactate levels were signifi-
cantly higher in L-G6PC1-low mice than in L-G6PC1-high mice 
(Figure 1E). Enhanced renal glycolysis can also promote triglycer-
ide production. Interestingly, compared to control mice, renal tri-
glyceride levels increased only in L-G6PC1-low mice (Figure 1E). 
In contrast, L-G6PC1-high mice maintained statistically normal 
triglyceride levels, suggesting markedly improved glycolysis. Oil 
Red O staining further confirmed that neutral fat deposits were 
primarily elevated in L-G6PC1-low mice (Figure 2A).

Nephromegaly, as indicated by increased kidney weight (KW) to 
body weight (BW) ratios compared to controls, is an early clin-
ical manifestation of renal disease in GSD-Ia and was observed 
in both L-G6PC1-low and L-G6PC1-high mice (Figure  2B). 
Notably, the KW/BW ratio was statistically higher in L-G6PC1-
low compared to L-G6PC1-high mice, correlating with the dif-
ferences seen in renal glycogen accumulation.

Previous studies on G6pc−/− mice have demonstrated that rAAV-
G6PC1 gene therapy supports long-term survival (≥ 1 year) [15, 16] 

and protects against age-related obesity, as measured by BMI 
[23]. In the present study, at 12 weeks of age, BMI values showed 
a statistically significant reduction in both L-G6PC1-low and L-
G6PC1-high mice, with L-G6PC1-high mice exhibiting a small but 
significant decrease compared to L-G6PC1-low mice (Figure 2C). 
This trend suggests that, in the absence of renal G6Pase-α expres-
sion in G6PC1/Knull mice, hepatic G6Pase-α plays a crucial role in 
maintaining metabolic control.

H&E staining revealed significant glycogen accumula-
tion in both 12-week-old G6PC1-low and G6PC1-high mice 
(Figure 2D). This accumulation led to the swelling of epithe-
lial cells in the proximal convoluted cortical tubules and mul-
tiple glomerular Bowman's capsule parietal epithelial cells. 
Additionally, the cortex exhibited mild to moderate tubular 
dilation, which was more pronounced in the G6PC1-low mice 
compared to the G6PC1-high mice. These findings also sug-
gest that restoring liver expression of G6Pase-α activity can 
ameliorate the severity of kidney pathology and that higher 
levels of augmentation may be more beneficial.

3.2   |   L-G6PC1-High Mice Display Improved Renal 
Glucose Reabsorption

The kidney proximal tubules play a key role in glucose homeo-
stasis, undertaking endogenous glucose production via gluco-
neogenesis and glucose reabsorption mediated by GLUT2 and 
SGLT2 [24–26]. Consistent with previous findings in 3-week-old 
G6pc−/− mice [13], we observed increased GLUT2 protein lev-
els and decreased SGLT2 protein levels in the kidneys of both 
12-week-old L-G6PC1-low and L-G6PC1-high mice, compared to 
the age-matched control littermates (Figure 2E). Notably, increas-
ing liver G6Pase-α expression in the G6PC1/Knull mice reduced the 
overexpression of kidney GLUT2 and increased expression of kid-
ney SGLT2, bringing both closer to the control levels, suggesting 
hepatic G6Pase-α expression benefits renal glucose reabsorption 
in a G6Pase-α null kidney.

3.3   |   The L-G6PC1-High and L-G6PC1-Low Mice 
Display AKI

We previously demonstrated that increased renal glycogen accu-
mulation, impaired renal glucose homeostasis, and altered renal 
glucose reabsorption contribute to AKI in 3-week-old G6pc−/− 
mice [13]. To investigate further, we analyzed the expression 
of N-cadherin, a cell adhesion molecule whose levels decrease 
during AKI [27], and Dickkopf-3 (Dkk3) [28, 29], a pro-fibrotic 
glycoprotein marker of AKI synthesized by stressed renal tu-
bular epithelial cells. Both L-G6PC1-low and L-G6PC1-high 

FIGURE 1    |    The phenotype of L-G6PC1-low and L-G6PC1-high mice. L-G6PC1-low and L-G6PC1-high mice were generated from G6pc−/− 
mice and analyzed at 12 weeks of age. Age-matched G6pc+/+ and G6pc+/− mice with a similar phenotype served as controls. (A) Liver microsomal 
G6Pase-α activity in control (n = 14), L-G6PC1-low (n = 30), and L-G6PC1-high (n = 19) mice. (B) Enzyme histochemical analysis of G6Pase-α in the 
kidneys of 3-week-old G6pc−/− and control mice (n = 3 per group) as well as in 12-week-old L-G6PC1-low and L-G6PC1-high mice and age-matched 
control littermates (n = 6 per group). (C) Fasting blood glucose levels in 12-week-old control (n = 58), L-G6PC1-low (n = 26), and L-G6PC1-high (n = 28) 
mice. (D) Serum triglycerides (n = 9 per group), cholesterol (n = 12 per group), lactate (n = 12 per group), and uric acid (n = 12 per group) in 12-week-old 
control, L-G6PC1-low, and L-G6PC1-high mice. (E) Kidney G6P (n = 16 per group), glycogen (n = 16 per group), lactate (n = 8 per group), and triglycer-
ide (n = 8 per group) levels in 12-week-old control, L-G6PC1-low, and L-G6PC1-high mice. Values represent the mean ± SEM. *p < 0.05, **p < 0.005.
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mice exhibited AKI, as evidenced by significantly reduced 
renal N-cadherin (Figure  3A), slightly decreased renal E-
cadherin (Figure 3A), and markedly elevated renal Dkk3 levels 
(Figure 3B). Interestingly, L-G6PC1-high mice showed statisti-
cally higher N-cadherin expression compared to L-G6PC1-low 
mice (Figure  3A), suggesting that hepatic G6Pase-α expres-
sion may influence N-cadherin levels. Renal connective tissue 
growth factor (CTGF), which increases during tubular epithe-
lial cell injury [30, 31], was similarly elevated in both groups, 
regardless of hepatic G6Pase-α expression levels. A similar trend 
was observed for Dkk3 (Figure 3B).

3.4   |   Renal Fibrosis in L-G6PC1-Low 
and L-G6PC1-High Mice

We previously demonstrated that the kidneys of 3-week-old 
G6pc−/− mice exhibit impaired gluconeogenesis, altered glu-
cose reabsorption, AKI, and early signs of fibrosis mediated 

by activation of the Wnt-β-catenin signaling pathway [13]. 
This pathway regulates the expression of various downstream 
profibrotic mediators [32–34]. In the canonical Wnt/β-catenin 
pathway, β-catenin is activated through dephosphorylation 
and translocated to the nucleus, where it forms a transcrip-
tionally active complex with TCF/LEF (T-cell factor/lym-
phoid enhancer-binding factor) and co-activators to drive 
Wnt target gene expression [33, 34]. Both L-G6PC1-low and 
L-G6PC1-high mice displayed elevated renal levels of total 
and active β-catenin compared to controls (Figure  3C). 
However, the increase in total β-catenin was significantly 
attenuated in L-G6PC1-high mice compared to L-G6PC1-low 
mice, suggesting that increasing liver G6Pase-α expression 
may modulate total β-catenin levels in the kidney. The active 
β-catenin demonstrated a similar trend, although the differ-
ence between the expression in L-G6PC1-high and L-G6P-
low mice did not reach statistical significance (Figure  3C). 
Visually, immunohistochemical analysis using an antibody 
against active β-catenin, combined with hematoxylin nuclear 

FIGURE 2    |    Assessment of kidney glucose homeostasis, reabsorption and early injury in L-G6PC1-low and L-G6PC1-high mice. L-G6PC1-low 
and L-G6PC1-high mice were generated from G6pc−/− mice and analyzed at 12 weeks of age. Age-matched G6pc+/+ and G6pc+/− mice with a 
similar phenotype served as controls. (A) Oil Red O (neutral triglycerides and lipids) staining of the kidneys in control (n = 6), L-G6PC1-low (n = 6), 
and L-G6PC1-high (n = 6) mice. Three sets of representative staining are shown for each group of mice. Scale bar, 20 μm. (B) Ratio of kidney weight 
(KW) to body weight (BW) in control (n = 26), L-G6PC1-low (n = 15), and L-G6PC1-high (n = 15) mice. (C) Body mass index (BMI) in control (n = 50), 
L-G6PC1-low (n = 29), and L-G6PC1-high (n = 20) mice. (D) H&E staining of the kidneys in control (n = 6), L-G6PC1-low (n = 6), and L-G6PC1-high 
(n = 6) mice at magnifications of x200 (top panels, Scale bar, 50 μm) and x400 (lower panels, Scale bar, 20 μm), Arrows point to the area of tubular di-
lation. Representative sets of staining are shown. (E) Western-blot analyzes and quantitation of renal levels of GLUT2 and SGLT2 in control (n = 20), 
L-G6PC1-low (n = 23), and L-G6PC1-high (n = 23) mice. Densitometric quantification was performed and normalized against β-Actin. Values repre-
sent the mean ± SEM. *p < 0.05, **p < 0.005.
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counterstaining suggested that control mice exhibited diffuse 
cytoplasmic β-catenin staining in the renal tubules, with lit-
tle nuclear β-catenin, while both L-G6PC1-low and L-G6PC1-
high mice showed increased nuclear localization of β-catenin 
(Figure 3D). While the power of n = 3 is low for the L-G6PC1-
low sample, quantitative analysis of nuclear staining intensity 
supports the visual observations (Figure 3E).

Genes in the renin-angiotensin system (RAS), which promote 
renal fibrosis and damage, are targets of Wnt/β-catenin signal-
ing [32]. Renin, an aspartic protease, catalyzes the rate-limiting 
step of RAS activation by cleaving a 10-amino acid angioten-
sin I (Ang I) peptide from the N-terminus of angiotensinogen 
(AGT) [35]. In 12-week-old L-G6PC1-low and L-G6PC1-high 
mice, renal renin levels were elevated compared to controls but 
did not correlate with liver G6Pase-α activity levels (Figure 4A). 
Interestingly, while L-G6PC1-low mice exhibited increased 
renal AGT levels, AGT in L-G6PC1-high mice was statistically 

similar to those of age-matched controls (Figure 4A). This sug-
gests that augmentation of liver G6Pase-α activity in G6pc−/− 
mice prevents the elevation of renal AGT levels.

The transcription factor Snail1, a target of Wnt/β-catenin sig-
naling, plays a key role in fibroblast activation [36]. Its acti-
vation induces a partial epithelial-mesenchymal transition 
(EMT), promoting epithelial cell de-differentiation and renal 
fibrosis [36]. In 12-week-old L-G6PC1-high and L-G6PC1-low 
mice, renal Snail1 levels were elevated compared to controls 
but did not correlate with liver G6Pase-α activity (Figure 4B). 
Renal fibrosis is also marked by increased expression of 
α-smooth muscle actin (α-SMA) [37] and extracellular ma-
trix (ECM) proteins such as collagens [38]. Both groups of 
mice exhibited significantly elevated renal levels of α-SMA 
(Figure 4B), collagen I-α1 (Col-Iα1) (Figure 5A), and collagen 
IV (Col-IV) (Figure  5A) compared to controls, with no cor-
relation to liver G6Pase-α activity. Supporting this, Masson's 

FIGURE 3    |    Assessment of kidney AKI and fibrosis in L-G6PC1-low and L-G6PC1-high mice. L-G6PC1-low and L-G6PC1-high mice were gen-
erated from G6pc−/− mice and analyzed at 12 weeks of age. Age-matched G6pc+/+ and G6pc+/− mice with a similar phenotype served as controls. 
(A) Western-blot analyzes and quantitation of renal levels of E-cadherin and N-cadherin in control (n = 20), L-G6PC1-low (n = 23), and L-G6PC1-high 
(n = 23) mice. (B) Western-blot analyzes and quantitation of renal levels of Dkk3 and CTGF in control (n = 20), L-G6PC1-low (n = 23), and L-G6PC1-
high (n = 23) mice. (C) Western-blot analyzes and quantitation of renal levels of total (β-catenin-T) and active, dephosphorylated (β-catenin-A) 
β-catenin in control (n = 20), L-G6PC1-low (n = 23), and L-G6PC1-high (n = 23) mice. For Western-blot analyzes, densitometric quantification was 
performed and normalized against β-Actin. Values represent the mean ± SEM. *p < 0.05, **p < 0.005. (D) Immunohistochemical analysis of renal lev-
els of active β-catenin. Scale bar, 50 μm. (E) Quantitation of renal levels of nuclear localized active β-catenin in control (n = 3), L-G6PC1-low (n = 3), 
and L-G6PC1-high (n = 3) mice. Kidney sections were immunostained with HRP-labeled anti-active β-catenin and the nuclei counterstained with 
hematoxylin. Images were digitized using the Motic EasyScan Infinity 60 scanner and analyzed with QuPath software (v0.4.3). Multiple annotations 
were selected across the entire renal cortex. The Nucleus DAB OD mean scoring method [19] was used to identify moderate and strong optical density 
thresholds for nuclear-stained β-catenin.
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trichrome staining showed no apparent difference in kid-
ney fibrosis between L-G6PC1-high and L-G6PC1-low mice 
(Figure 5B).

Serum biomarkers of renal function include cystatin C, BUN, 
and creatinine [14]. Serum cystatin C levels were significantly 
elevated in L-G6PC1-low mice but remained within the nor-
mal range in L-G6PC1-high mice, comparable to controls 
(Figure 5C). Similarly, while serum BUN levels were elevated 
in both L-G6PC1-low and L-G6PC1-high mice, the increase in 
L-G6PC1-high mice was significantly attenuated (Figure 5C). 
These findings suggest that higher hepatic G6Pase-α expres-
sion (L-G6PC1-high) may normalize cystatin C levels and 
partially normalize BUN levels. Serum creatinine levels were 
elevated in both groups, irrespective of hepatic G6Pase-α ex-
pression (Figure 5C). Overall, although both groups exhibited 
early signs of renal dysfunction, L-G6PC1-high mice showed 
less compromised glomerular filtration. This suggests that 
higher hepatic G6Pase-α expression mitigates early renal dis-
ease in GSD-Ia.

4   |   Discussion

Human patients with GSD-Ia face a long-term risk of renal dis-
ease [1–3] and rely on strict dietary therapies [4–6] to manage their 
conditions. Current gene augmentation (NCT05139316) [7, 15, 16] 
and genome editing (NCT06735755) [7, 8] therapies in clinical tri-
als are liver-directed. While these approaches show promise in im-
proving metabolic control, it remains unclear whether enhanced 
liver function can also benefit kidney function or mitigate early 
nephropathy, which might also delay the progression of kidney 
disease. Clinical studies on standard dietary therapies suggest that 
strict metabolic control can improve renal function [11], but the 
underlying mechanisms in GSD-Ia remain poorly understood. 
In previous studies using the G6pc−/− mouse model [12], which 
mimics GSD-Ia pathophysiology, we identified renal fibrosis medi-
ated by Wnt/β-catenin signaling activation as a key contributor to 
GSD-Ia nephropathy [13]. However, due to hypoglycemic seizures 
and early mortality, G6pc−/− mice are unsuitable for long-term 
kidney studies [12]. While a kidney-specific G6Pase-α knockout 
mouse strain has been reported by Clar et al. [39], it retains 50% 
kidney G6Pase-α activity, making it unsuitable for studying auto-
somal recessive GSD-Ia nephropathy.

To better understand the impact of kidney-specific G6PC1 defi-
ciency, we developed a novel strategy using liver-specific gene 
augmentation of G6pc−/− mouse [9], creating a liver G6Pase-α 
positive, kidney G6Pase-α-null mouse (L-G6PC1/Knull) [13]. 
Since we can reproducibly titrate the level of G6Pase-α resto-
ration in the liver using a rAAV-G6PC1 vector [7, 9, 15, 16] we 
have examined two different conditions in which we restored 
either 2% (L-G6PC1-low) or 86% (L-G6PC1-high) of control he-
patic G6Pase-α activity. This strategy enables the exploration 
of how liver G6Pase-α activity affects kidney function in the 
context of kidney G6Pase-α deficiency, advancing the under-
standing of how liver-directed gene therapy might influence ne-
phropathy in GSD-Ia.

In this study, we showed that 12-week-old L-G6PC1-low and L-
G6PC1-high mice displayed impaired renal glucose homeosta-
sis, altered renal glucose reabsorption, AKI, and renal fibrosis 
mediated by activation of renal Wnt/β-catenin signaling as was 
previously observed in 3-week-old G6pc−/− mice [13]. However, 
the severity of renal impairments on glucose homeostasis and 
reabsorption was influenced by the level of G6Pase-α activity re-
stored in the liver, with L-G6PC1-high mice showing less severe 
renal dysfunction compared to L-G6PC1-low mice. Renal func-
tion, assessed through serum marker analysis [14], revealed that 
serum cystatin C levels in the L-G6PC1-high mice were compa-
rable to control mice, indicating improved glomerular filtration. 
While both L-G6PC1-low and L-G6PC1-high mice had higher 
serum BUN levels than the control mice, the increase in serum 
BUN was significantly less pronounced in the L-G6PC1-high 
mice. This suggests that higher liver G6Pase-α activity provided 
by liver-directed gene therapy may be able to alleviate renal dys-
function and have the potential to improve kidney function in 
GSD-Ia.

The 12-week-old L-G6PC1-low and L-G6PC1-high mice, 
which lack renal G6Pase-α and are unable to produce renal 
glucose via gluconeogenesis, exhibited impaired renal glucose 

FIGURE 4    |    Assessment of renal levels of renin, AGT, Snail1, and 
α-SMA in L-G6PC1-low and L-G6PC1-high mice. L-G6PC1-low and L-
G6PC1-high mice were generated from G6pc−/− mice and analyzed at 
12 weeks of age. Age-matched G6pc+/+ and G6pc+/− mice with a sim-
ilar phenotype served as controls. (A) Western-blot analyzes and quan-
titation of renal levels of renin and AGT in control (n = 20), L-G6PC1-
low (n = 23), and L-G6PC1-high (n = 23) mice. (B) Western-blot analyzes 
and quantitation of renal levels of Snail1 and α-SMA in control (n = 20), 
L-G6PC1-low (n = 23), and L-G6PC1-high (n = 23) mice. Densitometric 
quantification was performed and normalized against β-Actin. Values 
represent the mean ± SEM. *p < 0.05, **p < 0.005.
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homeostasis. Consequently, both groups had significantly 
lower serum glucose levels compared to the control mice. 
However, blood glucose levels were higher in the L-G6PC1-
high mice than in the L-G6PC1-low mice, and serum triglycer-
ide and lactate levels were elevated only in the L-G6PC1-low 

mice, suggesting that higher liver G6Pase-α activity could 
improve glucose homeostasis. This improvement in glucose 
homeostasis in L-G6PC1-high mice was further demonstrated 
by reduced glycogen accumulation in the kidneys, improved 
nephromegaly, and lower renal lactate levels compared to the 

FIGURE 5    |    Assessment kidney fibrosis and dysfunction in L-G6PC1-low and L-G6PC1-high mice. L-G6PC1-low and L-G6PC1-high mice were 
generated from G6pc−/− mice and analyzed at 12 weeks of age. Age-matched G6pc+/+ and G6pc+/− mice with a similar phenotype served as con-
trols. (A) Western-blot analyzes and quantification of renal levels of Col-1α1 and Col-IV in control (n = 20), L-G6PC1-low (n = 23), and L-G6PC1-high 
(n = 23) mice. Densitometric quantification was performed and normalized against β-Actin. (B) Masson's trichrome staining of kidney sections in 
12-week-old control, L-G6PC1-low, and L-G6PC1-high mice at magnifications of ×200 (top panels, Scale bar, 50 μm) and ×400 (lower panels, Scale 
bar, 20 μm). Representative sets of staining are shown. Renal fibrosis in mice was shown by the blue colored staining of the collagen fibers. (C) Serum 
levels of cystatin C, BUN, and creatinine in 12-week-old control (n = 6), L-G6PC1-low (n = 6), and L-G6PC1-high (n = 6) mice. Values represent the 
mean ± SEM. *p < 0.05, **p < 0.005.
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L-G6PC1-low mice. Additionally, lipid accumulation in renal 
glomerular and tubular cells, which is commonly associated 
with renal injury that contributes to nephropathy [17, 18], was 
observed primarily in the L-G6PC1-low mice. Renal triglycer-
ide levels in the L-G6PC1-high mice were comparable to those 
of the control mice. This suggests that restoring high levels of 
liver G6Pase-α activity helps reduce early renal damage and 
offers hope that it may be possible to modulate long-term pro-
gression of kidney injury in GSD-Ia.

Both L-G6PC1-low and L-G6PC1-high mice at age 12 weeks 
exhibited altered renal glucose reabsorption. The renal cortex 
reabsorbs 90% of urinary glucose via SGLT2-mediated glucose 
transport across the apical membrane while GLUT2 mediates 
most of the glucose release back into the blood stream [24–26]. 
Both mouse groups showed reduced renal levels of SGLT2 and 
increased levels of GLUT2, indicating impaired glucose reab-
sorption. However, in the L-G6PC1-high mice, these changes 
were normalized, with SGLT2 levels restored and GLUT2 lev-
els returning closer to control levels. This suggests that higher 
liver G6Pase-α expression improves renal glucose reabsorption. 
Additionally, renal levels of total β-catenin were significantly re-
duced in L-G6PC1-high mice compared to L-G6PC1-low mice, 
suggesting a reduction in Wnt/β-catenin signaling. However, 
the difference in active β-catenin levels between the two groups 
was not statistically significant, which may explain why the 
renal fibrosis observed in both groups was similar. This sug-
gests that while liver G6Pase-α expression can improve glucose 
reabsorption and reduce total β-catenin levels, it does not fully 
resolve the renal fibrosis associated with GSD-Ia nephropathy.

The 12-week-old L-G6PC1-low and L-G6PC1-high mice ex-
hibited elevated renal levels of renin, an aspartyl-protease that 
catalyzes cleavage of the 10-amino acid peptide Ang I from 
the N-terminus of AGT [35]. Ang I is proteolytically cleaved by 
angiotensin-converting enzyme to release the biologically active 
peptide Ang II. Both renin and AGT are target genes of Wnt/β-
catenin signaling [32]. However, renal levels of AGT were only 
increased in the L-G6PC1-low mice. This suggests that high 
levels of liver G6Pase-α activity, as seen in L-G6PC1-high mice, 
prevent the rise in renal levels of AGT and the Ang peptides, 
which are known to mediate renal fibrosis. While AGT is pri-
marily known for its role in producing Ang II, studies have also 
shown that AGT can have Ang II-independent effects, such 
as modulating body weight gain and liver steatosis through a 
des(angiotensin I)AGT variant [40, 41]. However, whether the 
reduced renal AGT levels in the L-G6PC1-high mice contribute 
to their healthier phenotype compared to the L-G6PC1-low mice 
remains unclear. This presents an area for further investigation 
to understand the broader effects of AGT modulation in GSD-Ia 
nephropathy.

Studies have shown that GSD-Ia patients who receive a func-
tional liver transplant achieve normal metabolic control and 
fasting tolerance [42, 43]. However, whether liver transplanta-
tion provides renal protection remains controversial. Boers et al. 
[42], reviewed long-term outcomes of liver transplantation in 58 
GSD-Ia patients, with a median transplantation age of 20 years, 
who underwent the procedure between 1982 and 2012. Their 
study found that all patients experienced improved metabolic 
control and normal fasting tolerance post-transplantation. 

However, renal failure was the most common complication oc-
curring in 24% of patients. Renal function improved in four pa-
tients with pre-transplantation renal dysfunction, though three 
of these four had undergone combined liver-kidney transplanta-
tion. In contrast, Chan et al. [43], reported long-term outcomes 
in 8 GSD-Ia patients who underwent liver transplantation at a 
median age of 9 years, with a follow-up period of 15 years. Their 
findings indicated that renal function post-transplantation re-
mained well-preserved in most patients. Notably, initiation of 
cornstarch dietary therapy before preschool age [43], followed 
by liver transplantation, was associated with favorable renal out-
comes, suggesting that good early metabolic control enhances 
prognosis after transplantation. The differing conclusions be-
tween the two studies may be attributed to differences in the 
median age at transplantation, 20 years in the Boers et al. study 
[42] versus 9 years in the Chan et al. study [43], as well as prior 
dietary management. Strict dietary therapy has been shown to 
slow renal disease progression [11]. These findings suggest that 
early intervention with effective dietary management may also 
help mitigate renal dysfunction following GSD-Ia gene therapy.

In summary, preclinical studies have shown that liver-specific 
G6PC1 gene augmentation [7, 9, 15, 16] and gene editing [7, 8] 
improve survival and significantly alleviate liver dysfunction in 
GSD-Ia mice. Clinical trials of these approaches are promising and 
may offer a more effective therapy for GSD-Ia patients. However, 
their impact on GSD-Ia nephropathy remains unclear. In this 
study, we utilized the novel L-G6PC1/Knull mouse model [13] to in-
vestigate the long-term effects of restoring liver G6Pase-α function 
on the pathophysiology of GSD-Ia nephropathy. Our findings in-
dicate that liver-directed gene augmentation may benefit the kid-
ney by improving renal function, but it does not appear to prevent 
renal fibrosis. Future studies will extend the investigation beyond 
12 weeks to a significantly longer timeframe (~52 weeks) and ex-
plore varying levels of liver G6Pase-α expression to gain deeper in-
sights and guide future clinical applications. Additionally, we aim 
to explore alternative strategies that facilitate direct transduction 
of the kidney with rAAV-G6PC1 [44, 45] and assess their efficacy 
in correcting renal dysfunction in GSD-Ia, ultimately striving to 
further improve patient outcomes.
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