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ABSTRACT 

Objective: Glycogen storage disease type 1a (GSD Ia or von Gierke disease) is an 

inborn error of metabolism caused by mutations in the G6PC gene, encoding the 

catalytic subunit of glucose-6-phosphatase. Early symptoms include severe fasting 

intolerance, failure to thrive and hepatomegaly, biochemically associated with 

nonketotic hypoglycemia, fasting hyperlactidemia, hyperuricemia and hyperlipidemia. 

Dietary management is the cornerstone of treatment aiming at maintaining 

euglycemia, prevention of secondary metabolic perturbations and long-term 

complications, including liver (hepatocellular adenomas and carcinomas), kidney and 

bone disease (hypovitaminosis D and osteoporosis).  

Methods: As impaired vitamin A homeostasis also associates with similar symptoms 

and is coordinated by the liver, we analysed vitamin A metabolism in GSD Ia patients 

and liver-specific glucose-6-phosphatase (L-G6pc-/-) knockout mice. 

Results: Serum levels of retinol and retinol binding protein 4 (RBP4) were 

significantly increased in both GSD Ia patients and L-G6pc-/- mice. In contrast, 

hepatic retinol levels were significantly reduced in L-G6pc-/- mice, while hepatic retinyl 

palmitate (vitamin A storage form) and RBP4 levels were not altered. Transcript and 

protein analyses indicate an enhanced production of retinol and reduced conversion 

the retinoic acids (unchanged LRAT, Pnpla2/Atgl and Pnpla3 up, Cyp26a1 down) in 

L-G6pc-/- mice. Aberrant expression of genes involved in vitamin A metabolism was 

associated with reduced basal mRNA levels of markers of inflammation (Cd68, Tnfα, 

Nos2, Il-6) and fibrosis (Col1a1, Acta2, Tgfβ, Timp1) in livers of L-G6pc-/- mice. 

Conclusion: In conclusion, GSD Ia is associated with elevated serum retinol and 

RBP4 levels, which may contribute to disease symptoms, including osteoporosis and 

hepatic steatosis.  
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6.1. INTRODUCTION 

Glycogen storage disease type 1a (GSD Ia) is an autosomal recessive inherited 

disorder of carbohydrate metabolism. Mutations in G6PC, encoding the catalytic 

subunit of glucose-6-phosphatase (G6PC), limit the production of glucose from 

glucose-6-phosphate (G6P) leading to hepatic glycogen accumulation and life-

threatening hypoglycemia in times of inadequate dietary carbohydrate intake. In 

addition, GSD Ia is associated with hepatic steatosis, hyperlipidemia, 

hyperlactacidaemia, hepatocellular tumor formation and intestinal and renal 

impairments [1]. Untreated GSD Ia patients display a protruding abdomen, 

hepatomegaly, wasted muscles, a bleeding tendency, truncal obesity, a rounded doll 

face and short stature. No cure is available yet and prevention of hypoglycemia and 

related metabolic dysfunctions are the main goals of dietary management and control 

of GSD Ia [2]. Still, numerous additional nutritional and metabolic concerns are 

associated with GSD Ia, including a frequently detected deficiency in vitamin D. 

Suboptimal levels of serum 25-hydroxyvitamin-D (<30 ng/mL) are observed in most 

patients, even under supplementation of vitamin D and calcium [3]. Restrictive dietary 

plans, intestinal malabsorption, poor compliance to dietary plans and metabolic 

derangements may cause hypovitaminosis D in GSD Ia patients [3]. 

Hypomagnesaemia, hypercalciuria and low tubular resorption of phosphate, along 

with vitamin D deficiency may reduce bone mineral content and matrix formation in 

GSD Ia and increase the risk of bone fractures and osteoporosis [4]. Besides vitamin 

D, very limited information is available about other potential vitamins deficiencies in 

GSD Ia. Vitamin A may be particularly relevant for GSD Ia as these patients develop 

significant hepatic pathologies, such as hepatic steatosis, hyperlipidemia and 

adenomas that may affect the liver’s role in regulating vitamin A homeostasis. 

Vitamin A is an essential fat-soluble vitamin and approximately ~80% of the total 

vitamin A pool is stored as retinyl esters, mainly retinyl palmitate, in the liver. White 

adipose tissue (WAT) contains the second-largest pool of vitamin A (10-20%). 

Adequate hepatic storage is required to maintain plasma retinol levels around 2 

µmol/L in healthy humans (1-1.5 µmol/L in mice) [5]. Vitamin A plays important 

physiological roles in vision, reproduction, growth, development, immunity and 

metabolic programs [6]. Impaired triglyceride and/or cholesterol metabolism often 

associates with impaired vitamin A metabolism and homeostasis [7,8]. Indeed, 

reduced serum retinol levels are associated with hepatic steatosis [9,10], 
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hypertriglyceridemia, glucose intolerance, insulin resistance and obesity [11,12]. On 

the other hand, excess of vitamin A-metabolites may also cause hyperlipidemia by 

modulating hepatic triglyceride synthesis and very-low density lipoprotein (VLDL) 

production [13,14]. As steatosis and hypertriglyceridemia are prevalent metabolic 

symptoms in GSD Ia patients [1], it is relevant to determine whether this also 

associates with abnormal circulating vitamin A levels, as this may affect immune 

regulation, tissue differentiation and metabolic pathways in these patients. 

Indeed, we detected abnormal circulating retinol levels in GSD Ia patients, but rather 

unexpectedly, they appeared elevated as compared to age- and sex-matched healthy 

controls. Similar observations were made in transgenic mice that were studied 10 

days after a hepatocyte-specific deletion of the G6pc gene (L-G6pc-/-). Our study 

reveals that GSD Ia is characterized by hypervitaminosis A, which may contribute to 

the pathology of this disease. 

 

6.2. MATERIALS AND METHODS 

6.2.1. Patients  

The study was performed in accordance with the Declaration of Helsinki and the 

institutional rules for studying biological rest materials. Retinol analysis was 

performed in serum samples from 22 genetically confirmed GSD Ia patients (male 

n=9 and female n=13), who visited the Beatrix Childrens’ Hospital, UMCG. Samples 

were randomly obtained during the day. The controls included 20 healthy, age- and 

sex-matched control subjects (male n=8 and female n=12) aged between 10 and 45 

years. 

6.2.2. Animal model  

The tamoxifen-inducible hepatocyte-specific G6pc-knockout (L-G6pc-/-) mice were 

used in this study as a model of the liver-specific pathologies of GSD Ia [15]. Briefly, 

G6pc recombinant mice with two loxP sites flank G6pc exon 3 (B.G6pclox/w) were 

crossed with transgenic mice expressing the tamoxifen-inducible recombinase 

(CREERT2) under control of the serum albumin promoter to confer hepatocyte-specific 

expression in B6.SAcreERT2/w mutant mice. Male B6.G6pcex3lox/ex3lox.SACreERT2/+ mice (8-

12 weeks old) were injected intraperitoneally once daily with 100 µL tamoxifen (10 

mg/ml, Sigma–Aldrich) for five consecutive days to obtain L-G6pc-/- mice. All mice 
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were sacrificed 10 days after the last tamoxifen injection. Animal experiments were 

performed after approval of all procedures by the Institutional Animal Care and Use 

Committee, University of Groningen, the Netherlands. All animals (n=6-7) were kept 

in an environment with alternating dark and light cycles (07:00 PM-07:00 AM), with 

controlled temperature (20-24 ºC) and relative humidity (55% ± 15%) and ad libitum 

access to food and water. Prior to sacrifice, the mice were fasted from 10:00 PM until 

08:00 AM the next day. Tissue and plasma samples were collected for further 

analysis. 

6.2.3. Cholesterol and triglyceride analysis in liver and plasma 

A colorimetric assay was used to determine triglyceride, free or total cholesterol by 

using commercial kits (Roche Diagnostics and Wako Chemicals, USA) after lipid 

extraction according to the Bligh and Dyer method [16]. 

6.2.4. Vitamin A analysis 

Serum and tissue vitamin A content was analyzed by reverse phase HPLC as 

previously described [17]. Retinol and retinyl esters were extracted and deproteinized 

twice with n-hexane from tissue and serum with retinol acetate as an internal 

standard. Samples were diluted in 200 µL ethanol and 50 µL was injected for phase 

separation (150 x 3.0 mm of 5 µM column) and/or measurements (UV-VIS, dual 

wave length, UV-4075 Jasco, Tokyo, Japan) by HPLC. 

6.2.5. Histology 

Liver histology (Hematoxylin & Eosin stain and Oil Red O) was performed on paraffin 

sections and/or snap-frozen liver sections as previously described [18]. 

6.2.6. Quantitative real-time reverse transcription polymerase chain 

reaction (qRT-PCR) 

Quantitative real-time reverse transcription polymerase chain reaction was performed 

as previously described [19]. Shortly, total RNA was isolated from tissue samples 

using TRIzol® reagent according to supplier’s instruction (ThermoFisher, Scientific, 

The Netherlands). RNA quality and quantity were determined using a Nanodrop 

2000c UV-vis spectrophotometer (ThermoFisher Scientific, The Netherlands). cDNA 

was synthesized from 2.5 µg RNA using random nanomers and M-MLV reverse 

transcriptase (Invitrogen, USA). Taqman primers and probes were designed on 
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Primer Express 3.0.1 and are shown in Supplementary Table S1. All target genes 

were amplified using the QPCR core kit master mix (Eurogentec, The Netherlands) 

on a 7900HT Fast Real-Time PCR system (Applied Biosystems Europe, The 

Netherlands). SDSV2.4.1 (Applied Biosystems Europe, The Netherlands) software 

was used to analyze the data. Expression of genes is presented in 2-delta CT and 

normalized to 36B4. 

6.2.7. Western blot analysis 

Protein samples were prepared for Western blot analysis as described previously 

[20]. Protein concentrations were quantified using the Bio-Rad protein assay (Bio-

Rad, Hercules, CA, USA) with bovine serum albumin (BSA) as a standard. Equal 

amounts of protein (5-20 µg) were separated on Mini-PROTEAN® TGX™ precast 4-

15% gradient gels (Bio-Rad, Hercules, CA, USA) and transferred to nitrocellulose 

membranes using the Trans-Blot Turbo transfer system, (Bio-Rad, Hercules, CA, 

USA). Primary antibodies (anti-RBP4, 1:2,000; #ab109193, Abcam, Cambridge, UK, 

anti-β-ACTIN, 1:1000 #4979, Cell Signaling, Leiden, The Netherlands and anti-

GAPDH, 1:40,000 #CB1001, Calbiochem, Merck-Millipore Amsterdam-Zuidoost, The 

Netherland and anti-LRAT, 1:1,000; with horseradish peroxidase (HRP)-conjugated 

appropriate combination of secondary antibody (1:2,000; P0448, DAKO) were used 

for detection. Proteins were detected using the Pierce ECL Western blotting kit 

(ThermoFisher Scientific). Images were captured using the chemidoc XRS system 

and Image Lab version 3.0, (Bio-Rad, Hercules, CA, USA). The intensity of bands 

was quantified using ImageJ version 1.51 (NIH, USA). 

6.2.8. Statistical analysis 

Data is presented as Mean ± SEM and statistical analysis was performed using the 

GraphPad Prism 7 software package (GraphPad Software, San Diego, CA, USA). 

Statistical significance was determined by the Mann-Whitney test. P-values ≤0.05*, 

≤0.01**, ≤0.001*** were considered significant. 
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6.3. RESULTS 

6.3.1. GSD Ia patients and L-G6pc-/- mice have elevated serum retinol 

levels 

Serum retinol levels were determined in 22 GSD Ia patients and 20 age- and sex-

matched healthy controls (age range 10-45 years) (Figure 1A). Circulating retinol 

levels were significantly increased in GSD Ia patients as compared to the healthy 

controls (2.96 ± 0.22 versus 2.31 ± 0.12 µM, respectively). No correlation was 

observed between serum retinol levels and sex or age of the patients and controls 

(Figure 1B). We next aimed to analyze whether the elevated serum retinol levels are 

also observed in a mouse model of GSD Ia (L-G6pc-/- mice) [15], and if so, what 

molecular mechanisms may be involved. The induction of the GSD Ia phenotype in L-

G6pc-/- mice was supported by: 1) increased liver weight (+47%); 2) elevated hepatic 

triglyceride levels (both concentration (+56%) and total pool (+120%), 3) minor 

effects on free cholesterol levels, but an increase in total hepatic pool of total 

cholesterol; 4) fasting hypoglycemia, when compared to control mice 

(Supplementary Figure S1A). Excessive lipid accumulation in the L-G6pc-/- mice 

was also confirmed by H&E and ORO staining of the liver tissue (Supplementary 

Figure S1B). Similar to GSD Ia patients, plasma retinol levels were significantly 

increased in L-G6pc-/- mice (2.33  0.18 µM) as compared to control mice (1.23  

0.08 µM) (Figure 2A). 

 

Figure 1. Serum retinol levels are increased in GSD Ia patients. 
Serum retinol levels were determined in GSD Ia patients (n=22) and age- and sex-matched 
controls (n=20) (A). No correlation was observed between age and sex (male- Δ or Female- O) 
in GSD Ia patients (red symbols) nor in healthy controls (black symbols) (B). 
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6.3.2. G6pc deficiency reduces hepatic retinol levels, while retinyl palmitate 

is unchanged.  

In contrast, hepatic retinol concentrations (6.59  0.66 versus 11.57  0.72 µg/g liver) 

as well as the total hepatic pool of retinol were significantly lower in L-G6pc-/- mice 

compared to control mice (Figure 2B and C). White adipose tissue (WAT) is a 

second storage site of vitamin A and retinol levels were similarly reduced in WAT of 

L-G6pc-/- mice as compared to control mice (0.38  0.02 versus 0.54  0.02 µg/g 

WAT, respectively) (Figure 2D). 

On the other hand, hepatic retinyl palmitate levels were not different between L-G6pc-

/- mice and control mice, not in concentration and not in the total pool (Figure 2E and 

F) and the same was observed for retinyl palmitate concentrations in WAT (Figure 

2G). These results indicate that hepatic vitamin A metabolism is affected in the 

absence of G6pc, leading to increased levels of circulating retinol and reduced levels 

in liver and WAT, while hepatic vitamin A storage is maintained. 

 

Figure 2. G6pc deficiency in mice increases plasma retinol and reduces hepatic retinol, 
while retinyl palmitate remains unchanged. 
Ten (10) days after tamoxifen-induced deletion of the G6pc gene in hepatocytes, L-G6pc-/- and 
control mice were sacrificed and analyzed for A) plasma retinol levels, B) liver retinol 
concentrations, C) total liver retinol pool, D) retinol concentrations in white adipose tissue 
(WAT), E) liver retinyl palmitate concentrations, F) total liver retinyl palmitate pool; G) retinyl 
palmitate concentrations in WAT. 
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6.3.3. Low expression of vitamin A storing enzymes, while higher 

expression of vitamin A hydrolyzing enzymes in L-G6pc-/- fasted-

mouse liver 

Hepatic retinol and retinyl ester levels are a resultant of enzymes that catalyze the 

esterification of retinol (predominantly LRAT and to a lesser extent by DGAT1), 2) 

enzymes that hydrolyze retinyl esters (ATGL/PNPLA2 and PNPLA3) and 3) enzymes 

that convert retinol to retinoic acids (ADH and RALDH). Moreover, retinol promotes 

its own release from the liver to the circulation by binding to retinol binding protein 4 

(RBP4) in hepatocytes. Hepatic mRNA levels of Lrat were strongly reduced in L-

G6pc-/- mice as compared to control mice (Figure 3A). However, LRAT protein levels 

appeared not different between L-G6pc-/- and control mice (Figure 3B). Moreover, 

hepatic mRNA levels of alternative enzymes involved in retinol esterification (Dgat1 

and Dgat2) were elevated in L-G6pc-/- mice (Figure 3A). DGAT1 and 2 are key 

enzymes in triglyceride synthesis and, indeed,  hepatic triglyceride accumulation was 

observed in L-G6pc-/- mice (Supplementary Figure S1). Hepatic mRNA levels of 

both Pnpla2 and Pnpla3 were strongly induced in L-G6pc-/- mice as compared to 

control mice, which may contribute in hepatic retinol production (Figure 3C). Hepatic 

mRNA levels of Rbp4 were similar in control and L-G6pc-/- mice (Figure 3D). It is 

important to note, however, that hepatic and serum RBP4 protein levels are primarily 

regulated by the availability of retinol in the liver, where retinol binding promotes the 

secretion of RBP4 from hepatocytes [21]. Conversely, the absence of retinol leads to 

strong hepatic accumulation of RBP4 even at stable Rbp4 mRNA levels, as observed 

in vitamin A-deficient mice (see supplementary Figure S2) and also observed in rat 

[22]. Thus RBP4 protein levels were analyzed next. RBP4 protein levels in livers and 

WAT of L-G6pc-/- mice were similar to control mice (Figure 4A and B, notably, 

hepatic RBP4 sometimes appears as a double band in western blot analyses, as 

observed by others [23–25], but with unknown cause). In contrast, serum RBP4 

levels in L-G6pc-/- mice were clearly elevated up to 3-fold compared to control mice 

(Figure 4C). Sera of GSD Ia patients also contained significantly elevated levels of 

RBP4 compared to age- and sex-matched healthy control (Figure 4D). Serum retinol 

levels were largely in line with serum RBP4 levels in healthy controls, while such 

association was less evident in GSD Ia patients (Figure 4D).  
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Figure 3. Hepatic expression of genes involved in vitamin A storage, hydrolysis and 
export in L-G6pc-/- fasted-mice. 
Ten (10) days after tamoxifen-induced deletion of the G6pc gene in hepatocytes, L-G6pc-/- and 
control mice were sacrificed and analyzed by Q-PCR (A, C and D) and Western blot analysis 
(B) for hepatic expression of genes/proteins involved in A) retinyl ester formation (Lrat, Dgat1, 
and Dagt2), B) protein levels of LRAT and β-ACTIN (loading control), C) retinol synthesis 
(Pnpla2/Agtl and Pnpla3) and D) retinol export from the liver (Rbp4). Transcript analyses 
suggest that the balance between vitamin A storage/retinol synthesis in the liver shifts to retinol 
synthesis in L-G6pc-/- mice. 
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Figure 4. Serum RBP4 levels are elevated in L-G6pc-/- mice and GSD Ia patients. 
A-C) Ten (10) days after tamoxifen-induced deletion of the G6pc gene in hepatocytes, L-G6pc-/- 
and control mice were sacrificed and analyzed by Western blotting for RBP4 protein levels in A) 
liver, B) WAT and C) plasma.  D) Similarly, RBP4 protein levels were analyzed in sera of age- 
and sex-matched healthy controls and GSD Ia patients. β-ACTIN and Ponceau S stainings are 
included as loading controls. Protein signal intensities were quantified and are shown to the 
right. 

6.3.4. G6pc deficiency suppresses expression of retinoic acid-responsive 

Cyp26a1  

Next, we aimed to analyze whether G6pc deficiency may affect the production of 

retinoic acids in the liver. Hepatic mRNA levels of Hsd17b13, a recently identified 

retinol dehydrogenase [26] and all 4 retinaldehyde dehydrogenases (Raldh1-4) were 

hardly affected by the absence of GSD Ia in mice (Figure 5). Only a small significant 

increase in Raldh2 and decrease in Raldh4 were observed in G6pc deficient mice. 
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However, mRNA levels of the highly retinoic acid-sensitive Cyp26a1 were strongly 

(89%) decreased (Figure 5) compared to control mice. 

 

Figure 5. Gene expression of retinoic acid-responsive Cyp26a1 is strongly suppressed in 
the livers of L-G6pc-/- mice. 
Ten (10) days after tamoxifen-induced deletion of the G6pc gene in hepatocytes, L-G6pc-/- and 
control mice were sacrificed and analyzed by Q-PCR for hepatic mRNA levels of genes involved 
in the conversion of retinol to retinoic acids (Hsd1713, Raldh1, Raldh2, Raldh3, Raldh4) or 
catabolism of retinoic acids (Cyp26a1). Transcriptional regulation of Cyp26a1 is highly 
responsive to retinoic acids. 

6.3.5. Liver-specific G6pc deficiency in mice does not cause hepatic 

inflammation, nor fibrosis. 

Finally, we analyzed whether the abnormal vitamin A metabolism in L-G6pc-/- mice 

leads to hepatic inflammation and/or fibrosis. Hepatic mRNA levels of markers of 

inflammation, e.g. Cd68, Tnfα, Nos2, Ccl2, Il6 were reduced in L-G6pc-/- mice as 

compared to control mice (Figure 6A). A similar suppression of hepatic mRNA levels 

of markers of fibrosis, e.g. Coll1a1, Acta2, Tgf-β and Timp1, was observed in L-G6pc-

/- mice as compared to control mice (Figure 6B). 
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Figure 6. Hepatic G6pc-deficiency suppresses basal levels of inflammation and fibrosis 
in mice. 
Ten (10) days after tamoxifen-induced deletion of the G6pc gene in hepatocytes, L-G6pc-/- and 

control mice were sacrificed and analyzed by Q-PCR for hepatic mRNA levels of markers of A) 

inflammation (Cd68, Tnfα, Nos2, Ccl2 and Il6) or B) fibrosis (Col1a1, Acta2, Tgf- and Timp1). 

Both markers of inflammatory and fibrosis were not increased in L-G6pc-/- livers. Instead, a 

significant reduction was observed for hepatic expression of Cd68, Tnfα and Timp1 in L-G6pc-/- 

mice compared to controls, while all other markers showed similar trends. 

Taken together, our data show that G6pc deficiency leads to elevated serum retinol 

and RBP4 levels in humans and in mice. In contrast, hepatic retinol levels are 

reduced, most probably because of enhanced mobilization of retinol from retinyl ester 

stores and subsequent RBP4-mediated release from hepatocytes. 
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6.4. DISCUSSION 

This study shows for the first time that G6pc deficiency in human and mouse is 

associated with elevated levels of circulating retinol, concomitantly with an increase 

of circulating RBP4 levels. On the contrary, retinol levels are reduced in the liver and 

WAT. Tissue retinyl palmitate levels are not changed in liver-specific G6pc deficient 

mice, at least not within 10 days after ablation of the gene in hepatocytes. Hepatic 

expression profiling suggests that metabolism of retinyl ester to retinol that may 

promote secretion of retinol-bound RBP4 to the circulation. A persistent increase in 

circulatory retinol may contribute to symptoms of GSD Ia patients and aggravate 

steatosis and osteoporosis. 

Clinical management of GSD Ia is primarily aimed at maintaining steady circulating 

glucose levels by strictly controlled intake of dietary carbohydrates during day and 

night. Due to the impaired ability to produce glucose from glucose-6-phosphate 

(G6P), cellular glycogen content increases, in conjugation with elevated triglyceride 

storage leading to steatosis. GSD Ia is associated with hypovitaminosis D, which has 

been linked to the development of osteoporosis in these patients [3,27]. As fatty liver 

disease is associated with hypovitaminosis A [9,10], we were interested whether 

GSD Ia patients may also show aberrant circulating vitamin A levels. To our surprise, 

we found that circulating retinol revels, as well as RBP4 levels, were significantly 

elevated, instead of being reduced, in GSD Ia patients and L-G6pc-/- mice. Apart from 

cases of excessive dietary vitamin A intake, elevated circulating retinol levels are a 

rare phenomenon. Impaired kidney function is described as a pathological condition 

that leads to circulating hypervitaminosis A [28,29]. Moreover, idiopathic intracranial 

hypertension (IIH) has been associated with elevated retinol levels in serum and 

cerebrospinal fluid [30,31], although this is a controversial observation as circulating 

retinol levels were not different in IIH patients compared to BMI-matched controls in 

the recently reported “IIH Treatment Trial (IIHTT)” [32]. Still, vitamin A status is an 

important factor affecting intracranial pressure as both high dietary vitamin A intake 

as well as hypovitaminosis A may cause (benign) IH [33,34]. These conditions can be 

reversed by normalizing vitamin A intake. Serum retinol levels are, however, not a 

sensitive measure of sharp fluctuations in dietary intake of vitamin A as early work 

showed that daily retinyl palmitate supplementation in a range of 0 to 36,000 IU 

(equal to 0 to 12 times the RDA [Recommended Daily Allowance]) increased serum 

retinol levels on average by only 2% (= 0.04 µM) per 10,000 IU vitamin A [35]. Even 
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though GSD Ia patients are often prescribed multivitamin supplements, it is unlikely 

to cause the increased circulating retinol levels in these patients. GSD Ia is 

associated with impaired renal function [36], which may contribute to the elevated 

circulating retinol levels. However, the liver-specific G6pc-/- mice also showed 

markedly elevated retinol levels, while there is as yet no evidence that these animals 

develop any kidney abnormalities, not even 15 months after ablation of the gene in 

the liver [15]. Thus, also hepatic vitamin A metabolism may (primarily) contribute to 

the elevated serum levels of retinol and RBP4 in GSD Ia appear. In contrast to blood, 

tissue retinol levels in the liver and WAT were reduced in L-G6pc-/- mice compared to 

controls, while retinyl palmitate, the main storage form of vitamin A in the liver, was 

not changed. Indeed, protein levels of LRAT, the main hepatic enzyme catalyzing 

esterification of retinol, were normal in L-G6pc-/- mice. Expression profiling revealed 

an induction of retinyl ester-hydrolyzing activity (Pnpla2  and Pnpla3 up) and a 

reduction of retinoic acid catabolism (Cyp26a1 down). De novo lipogenesis is 

increased in G6PC deficiency and activation of the carbohydrate-response-element-

binding protein (ChREBP) likely contributes to this phenomenon [37,38]. Hepatic 

Chrebp mRNA levels were indeed increased in L-G6pc-/- mice compared to controls 

(Supplementary Figure S3). Notably, PNPLA3 expression is controlled by ChREBP 

[39] and NAFLD patients carrying the PNPLA3-I148M variant show reduced 

circulating retinol levels and enhanced hepatic retinyl palmitate contents [40,41]. 

Thus, ChREBP-mediated induction of Pnpla3, together with elevated levels of 

Atgl/Pnpla2 may contribute to the enhanced conversion of hepatic retinyl esters to 

retinol. The strong reduction in Cyp26a1 mRNA levels in L-G6pc-/- mice primarily 

hints to reduced production of retinoic acids, as they are potent inducers of Cyp26a1 

transcription (summarized in ref [5]. Enhanced hepatic retinyl ester-hydrolysis and 

reduced retinoic acid catabolism is theoretically expected to lead to accumulation of 

retinol. However, hepatic retinol levels were actually reduced, while an increase was 

observed circulatory retinol and RBP4 in GDS Ia patients and L-G6pc-/- mice. 

Enhanced retinol production in the liver promotes its own release from hepatocytes, 

bound to RBP4, to the circulation and contributes to elevated plasma levels of retinol 

and RBP4 [42–44]. Thus, we hypothesize that an enhanced production of retinol 

pushes itself out of the liver contributes to the elevated serum levels of RBP4 and 

retinol found in GSD Ia patients and L-G6pc-/- mice. The reduced hepatic retinol 

levels may be an early response to the induced deletion of the G6pc gene in this 
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mouse model (10 days gene deletion). Future studies may include L-G6pc mice after 

long term gene deletion [15] to determine whether the low hepatic retinol levels 

persist.    

Chronically elevated retinol in circulation may contribute to clinical symptoms 

associated with GSD Ia. Hypervitaminosis A promotes osteoclast formation, skeleton 

fragility and osteoporosis due to decrease cortical bone mass and bone formation 

[45]. Hypervitaminosis A-associated osteoporosis may already occur at twice the 

recommended daily allowances (RDA) of vitamin A [45,46]. Osteoporosis is also 

observed in GSD Ia patients and typically linked to hypovitaminosis D, which is 

analyzed in routine surveillance [1,3]. Abnormal vitamin D and A levels may 

synergize in aberrant bone homeostasis and may need to be monitored both to 

prevent this complication in GSD Ia patients. In fact, there are quite a few additional 

commonalities in symptoms in GSD Ia and hypervitaminosis A, like impaired growth, 

dizziness and irritability [47–50]. Though these symptoms likely primarily result of 

poorly controlled blood glucose levels, it could be that chronically elevated serum 

retinol levels may also contributes to such symptoms. Hypervitaminosis A causes 

hepatic steatosis in rats [51], while vitamin A deficiency reduces hepatic lipid 

accumulation [52].  

Increased circulating retinol has been found to reduce the risk for hepatocellular 

carcinoma (HCC) [53,54]. GSD Ia patients are actually at risk for the development of 

hepatic adenomas that may progress to HCC. The effects on retinol and tumor 

development in GSD Ia therefore appear counterintuitive. However, hepatic retinol 

levels are reduced and may promote adenoma development specifically in the liver. 

Here also, it is of interest what the long-term effect is of the absence of hepatic G6PC 

activity on vitamin A metabolism in the liver [15]. It may very well be that hepatic 

vitamin A stores get depleted in the long-term and predispose to liver tumor 

development in GSD Ia. One older patient indeed showed very low circulating retinol 

levels (Figure 1B), which suggests extremely low hepatic vitamin A stores. 

The hepatic pathologies and disturbed vitamin A metabolism did not induce an 

inflammatory or fibrotic response in livers of L-G6pc-/- mice. In fact, all tested markers 

for hepatic inflammation and fibrosis were suppressed to greater of lesser extent in L-

G6pc-/- mice. This may also be a result of changes in hepatic retinol metabolism as 

vitamin A metabolites are potent controllers of hepatic inflammation and fibrosis 

[55,56].  
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Management of hypervitaminosis A is currently limited to controlling the dietary intake 

of vitamin A. Given the “metabolic origin” of hypervitaminosis A in GSD Ia patients, it 

is important to monitor circulating retinol levels and refrain from vitamin A 

supplementation when plasma retinol levels are close to or above normal (~2 µM) 

levels. Future studies need to establish the course of vitamin A levels in the absence 

of G6PC activity in patients and/or mice in order to determine the necessity of 

management of vitamin A levels in early and late stages of disease development. 

Taken together, our study shows that vitamin A metabolism is disturbed in the 

absence of G6PC activity in mice and GSD Ia patients, resulting in elevated 

circulating retinol levels. This condition may contribute to various symptoms of GSD 

Ia, in particular, osteoporosis, which has been linked to hypovitaminosis D in these 

patients so far. Vitamin A is thus a second vitamin that needs attention in the 

management of GSD Ia. 
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Supplementary Figure S1. Development of hepatic steatosis in L-G6pc-/- mice. 
Ten (10) days after tamoxifen-induced deletion of the G6pc gene in hepatocytes, L-G6pc-/- and 
control mice were sacrificed and analyzed for body weight, liver weight, hepatic triglyceride 
concentration and total hepatic triglyceride pool, hepatic free cholesterol concentration and total 
hepatic free cholesterol pool, hepatic total (free+esterified) cholesterol concentration and total 
hepatic total cholesterol pool, fasting glucose levels (A) and H&E and Oil red O staining of liver 
tissue (B). L-G6pc-/- showed significantly increased liver weight and hepatic triglyceride 
accumulation in conjunction with fasting hypoglycemia within 10 days after tamoxifen-induced 
gene deletion. 
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Supplementary Figure S2. RBP4 protein accumulates in livers of vitamin A-depleted 
mice. Pregnant mice were fed either a vitamin A-sufficient (VAS) control-diet or a vitamin A-
deficient (VAD)-diet during pregenacy. New born mice were fed VAS- or VAD-diet for additional 
10 weeks and analyzed for hepatic mRNA and protein levels of RBP4. Hepatic mRNA 
expression of RBP4 did not change in mice fed a VAD-diet compared to VAS controls, while a 
prominent accumulation of RBP4 protein was detected in mice fed a VAD-diet compared to VAS 
controls. 

 

Supplementary Figure S3. Hepatic Mlxipl(Chrebp) mRNA levels are elevated in L-G6pc-/- 
mice. Ten (10) days after tamoxifen-induced deletion of the G6pc gene in hepatocytes, L-G6pc-

/- and control mice were sacrificed and analyzed by Q-PCR for hepatic mRNA levels of 
Mlxipl(Chrebp). Hepatic mRNA expression of Mlxipl(Chrebp) was increased in L-G6pc-/- mice 
compared to controls.  
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Supplementary Table S1: Primers and probes used in study for analysis of target genes 

Gene / ID Taqman primers and probe 

36B4 
NM_022402 

Fwd: 5'-GCTTCATTGTGGGAGCAGACA-3' 
Rev: 5'-CATGGTGTTCTTGCCCATCAG-3' 
Probe: 5'-TCCAAGCAGATGCAGCAGATCCGC-3' 

Act2 / α-Sma 
NM_007392 

Fwd: 5'-TTCGTGTGGCCCCTGAAG-3' 
Rev: 5'-GGACAGCACAGCCTGAATAGC-3' 
Probe: 5'-TTGAGACCTTCAATGTCCCCGCCA-3' 

Cd68 
NM_009853 
 

Fwd: 5'-CACTTCGGGCCATGTTTCTC-3' 
Rev: 5'-AGGACCAGGCCAATGATGAG-3' 
Probe: 5'-CAACCGTGACCAGTCCCTCTTGCTG-3' 

Ccl2 
NM_031530.1 

Fwd: 5'-TGTCTCAGCCAGATGCAGTTAAT-3' 
Rev: 5'-CCGACTCATTGGGATCATCTT-3' 
Probe: 5'-CCCCACTCACCTGCTGCTACTCATTCA-3' 

Col1a1 
NM_007742 

Fwd: 5'-TGGTGAACGTGGTGTACAAGGT-3' 
Rev: 5'-CAGTATCACCCTTGGCACCAT-3' 
Probe: 5'-TCCTGCTGGTCCCCGAGGAAACA-3' 

Cyp26a1 
NM_007811.1 
 

Fwd: 5'-GGAGACCCTGCGATTGAATC-3' 
Rev: 5'-GATCTGGTATCCATTCAGCTCAAA-3' 
Probe: 5'-TCTTCAGAGCAACCCGAAACCCTCC-3' 

Mlxipl / Chrebp 
NM_021455.3 / 
NM_133552.1 

Fwd: 5'-GATGGTGCGAACAGCTCTTCT-3' 
Rev: 5'-CTGGGCTGTGTCATGGTGAA-3' 
Probe: 5'-CCAGGCTCCTCCTCGGAGCCC-3' 

Dgat1  
NM_010046.2 / 
NM_053437.1 

Fwd: 5'-GGTGCCCTGACAGAGCAGAT-3' 
Rev: 5'-CAGTAAGGCCACAGCTGCTG-3' 
Probe: 5'-CTGCTGCTACATGTGGTTAACCTGGCCA-3' 

Dgat2  
NM_026384.2 / 
NM_001012345.1 

Fwd: 5'-GGGTCCAGAAGAAGTTCCAGAAG-3' 
Rev: 5'-CCCAGGTGTCAGAGGAGAAGAG-3' 
Probe: 5'-CCCCTGCATCTTCCATGGCCG-3' 

Fasn  
NM_007988 / 
NM_017332 

Fwd: 5'-GGCATCATTGGGCACTCCTT-3' 
Rev: 5'-GCTGCAAGCACAGCCTCTCT-3' 
Probe: 5'-CCATCTGCATAGCCACAGGCAACCTC-3' 

Hsd17b13 
NM_198030.2, 
NM_001163486.1 

Fwd: 5'-AAAGCAGAAAAGCAGACTGGTTCT-3' 
Rev: 5'-CCCCAGTTTCCTGCATTTGT-3' 
Probe: 5'- CGGTTTCCTCAACACCACGCTTATTGA-3' 

Lipe / HSL  
NM_010719 / X51415 
 

Fwd: 5'-GAGGCCTTTGAGATGCCACT-3' 
Rev: 5'-AGATGAGCCTGGCTAGCACAG-3' 
Probe: 5'-CCATCTCACCTCCCTTGGCACACAC-3' 

IL-1β 
NM_008361 

Fwd: 5'-ACCCTGCAGCTGGAGAGTGT-3' 
Rev: 5'-TTGACTTCTATCTTGTTGAAGACAAACC-3' 
Probe: 5'-CCCAAGCAATACCCAAAGAAGAAGATGGAA -3' 

IL-6 
NM_031168  

Fwd: 5'-CCGGAGAGGAGACTTCACAGA-3' 
Rev: 5'-AGAATTGCCATTGCACAACTCTT-3' 
Probe: 5'-ACCACTTCACAAGTCGGAGGCTTAATTACA-3' 

iNos / Nos2 
AF049656 / NM_010927 
/ NM_012611 

Fwd: 5'- CTATCTCCATTCTACTACTACCAGATCGA-3' 
Rev: 5'- CCTGGGCCTCAGCTTCTCAT-3' 
Probe: 5'- CCCTGGAAGACCCACATCTGGCAG-3' 

Lrat 
NM_023624       
 

Fwd: 5'-TCCATACAGCCTACTGTGGAACA-3' 
Rev: 5'-CTTCACGGTGTCATAGAACTTCTCA-3' 
Probe: 5'-ACTGCAGATATGGCTCTCGGATCAGTCC-3' 

Mlxipl/Chrebp 
NM_021455.3 
 

Fwd: 5'-GATGGTGCGAACAGCTCTTCT-3' 
Rev: 5'-CTGGGCTGTGTCATGGTGAA-3' 
Probe: 5'-CCAGGCTCCTCCTCGGAGCCC-3' 

Pck1 
NM_011044 / 
NM_198780 

Fwd: 5'-GTGTCATCCGCAAGCTGAAG-3' 
Rev: 5'-CTTTCGATCCTGGCCACATC-3' 
Probe: 5'-CAACTGTTGGCTGGCTCTCACTGACCC-3' 
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Pnpla2 / Atgl  
NM_025802 / 
XM_347183 

Fwd: 5'-AGCATCTGCCAGTATCTGGTGAT-3' 
Rev: 5'-CACCTGCTCAGACAGTCTGGAA-3' 
Probe: 5'-ATGGTCACCCAATTTCCTCTTGGCCC-3' 

Pnpla3  
NM_054088 
 

Fwd: 5'-ATCATGCTGCCCTGCAGTCT-3' 
Rev: 5'-GCCACTGGATATCATCCTGGAT-3' 
Probe: 5'-CACCAGCCTGTGGACTGCAGCG-3' 

Raldh1 Assay on demand, Mm00657317_m1 (ThermoFisher) 

Raldh2 Assay on demand, Mm00501306_m1 (ThermoFisher) 

Raldh3 Assay on demand, Mm00474049_m1 (ThermoFisher) 

Raldh4 
NM_178713.4 

Fwd: 5'-TGGAGCAGTCTCTGGAGGAGTT-3' 
Rev: 5'- GAAGTTCAGAACAGACCGAGGAA-3' 
Probe: 5'- AATCTAAAGACCAAGGGAAAACCCTCACGC-3' 

Rbp4  
NM_011255.2 / 
XM_215285.3 

Fwd: 5'-GGTGGGCACTTTCACAGACA-3' 
Rev: 5'-GATCCAGTGGTCATCGTTTCCT-3' 
Probe: 5'-CCCCAGTACTTCATCTTGAACTTGGCAGG-3' 

TGF-β1 
NM_021578.1 
 

Fwd: 5'-GGGCTACCATGCCAACTTCTG-3' 
Rev: 5'-GAGGGCAAGGACCTTGCTGTA-3' 
Probe: 5'-CCTGCCCCTACATTTGGAGCCTGGA-3' 

Timp1  
NM_001044384.1 / 
NM_011593.2 

Fwd: 5'-TCTGAGCCCTGCTCAGCAA-3' 
Rev: 5'-AACAGGGAAACACTGTGCACAC-3' 
Probe: 5'-CCACAGCCAGCACTATAGGTCTTTGAGAAAGC-3' 

TNF-α   
NM_013693 / 
NM_012675 

Fwd: 5'- GTAGCCCACGTCGTAGCAAAC-3' 
Rev: 5'- AGTTGGTTGTCTTTGAGATCCATG-3' 
Probe: 5'- CGCTGGCTCAGCCACTCCAGC-3' 
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