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Research article 
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A B S T R A C T   

Mahvash disease, a rare autosomal recessive metabolic disorder characterized by biallelic loss-of- 
function mutations in the glucagon receptor gene (GCGR), induces significant pancreatic 
hyperglucagonemia, resulting in α-cell hyperplasia and occasional hypoglycemia. Utilizing 
CRISPR-Cas9 technology, we engineered a mouse model, designated as GcgrV369M/V369M, 
harboring a homozygous V369M substitution in the glucagon receptor (GCGR). Although wild- 
type (WT) and GcgrV369M/V369M mice exhibited no discernible difference in appearance or 
weight, adult GcgrV369M/V369M mice, approximately 12 months of age, displayed a notable 
decrease in fasting blood glucose levels and elevated the levels of cholesterol and low-density 
lipoprotein-cholesterol. Moreover, plasma amino acid levels such as alanine (Ala), proline (Pro) 
and arginine (Arg) were elevated in GcgrV369M/V369M mice contributing to α-cell proliferation and 
hyperglucagonemia. Despite sustained α-cell hyperplasia and increased circulating glucagon 
levels in GcgrV369M/V369M mice, metabolic disparities between the two groups gradually waned 
with age accompanied by a reduction in α-cell hyperplasia. Throughout the lifespan of the mice 
(up to approximately 30 months), pancreatic neuroendocrine tumors (PNETs) did not manifest. 
This prolonged observation of metabolic alterations in GcgrV369M/V369M mice furnishes valuable 
insights for a deeper comprehension of mild Mahvash disease in humans.   

1. Introduction 

Glucagon (GCG), a polypeptide consisting of 29 amino acids and released by α-cells of the pancreatic islet, functions via activating 
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the glucagon receptor (GCGR) mainly in the liver and kidneys [1]. It regulates processes such as glycogenolysis, gluconeogenesis and 
fatty acid oxidation by increasing intracellular cyclic adenosine monophosphate (cAMP) and calcium ion (Ca2+) concentrations. 
Additionally, GCG plays a role in reducing triglyceride and cholesterol levels while balancing the release of low-density lipoprotein 
(LDL) [2]. Disruption of the GCGR gene (GCGR) or inhibition of GCGR signaling pathway can lead to α-cell hyperplasia, potentially 
progressing to pancreatic neuroendocrine tumors (PNETs) [3,4]. Previous research has elucidated a liver–α-cell axis, wherein GCGR 
antagonism decreases hepatic amino acid catabolism, raises circulating amino acid levels, and induces α-cell hyperplasia in a 
mammalian target of rapamycin (mTOR)-dependent manner [5]. 

Mahvash disease is associated with a homozygous inactivating GCGR mutation, causing pronounced hyperglucagonemia and α-cell 
hyperplasia often accompanied by intermittent hypoglycemia. While glucagonoma symptoms may not be evident initially, there is a 
potential for progression to glucagonoma and/or PNETs [6]. There exist nine naturally occurring mutations of GCGR [7]. Among these, 
the residue V368, located in transmembrane helix 6, indirectly influences the interaction between the N terminus of GCG and the 
extracellular loop 3 (ECL3) of GCGR by forming a hydrophobic pocket. The missense variant (V368M) disrupts this hydrophobic 
network, resulting in an increased distance between ECL3 and the N terminus of GCG [8]. Using CRISPR-Cas9 technology, we 
generated a mouse model of Mahvash disease by introducing a homozygous V369M substitution in the mouse GCGR 
(GcgrV369M/V369M), equivalent to the human GCGR mutation V368M. In previous studies, we observed reduced ligand binding and 
decreased GCG signaling in primary hepatocytes from GcgrV369M/V369M mice [9]. These GcgrV369M/V369M mice, regardless of being on a 
standard chow diet (SCD) or high-fat diet (HFD), displayed α-cell hyperplasia and elevated levels of glucagon (hyperglucagonemia) in 
the blood around 9 months of age [9,10]. Given the absence of established animal models for Mahvash disease, the potential pro-
gression to PNETs remains unknown. Therefore, we conducted this study to examine the long-term metabolic changes as well as 
morphology and histology of the pancreas and liver in GcgrV369M/V369M mice under a regular chow diet (RCD) from 2- to 26-month of 
age, until their natural demise. 

2. Materials and methods 

2.1. Animals and diets 

The generation of GcgrV369M/V369M mice has been documented in a previous study (Figs. S1A–C) [9]. Verification of the genotypes 
for all the mice were confirmed through PCR and DNA sequencing (Fig. S1D). The mice were kept in a specific-pathogen–free (SPF) 
animal facility, adhering to a 12-h light/dark cycle at the vivarium within the Shanghai Institute of Materia Medica, Chinese Academy 
of Sciences. Male mice were utilized, with offspring from wild-type (WT) littermates serving as controls for the GcgrV369M/V369M mice. 
Mice having ad libitum access to RCD and water. 

2.2. Metabolic studies 

Body weight and overnight fasting blood glucose levels were recorded monthly. Following an overnight fasting, blood was collected 
from the tail vein and subjected to blood glucose level measurement using the Accu-Chek blood glucose meter (Roche Diagnostics, 
Basel, Switzerland). Hemoglobin A1c (HbA1c) levels were assessed using the DCA Vantage analyzer (Vantage analyzer, Berlin, Ger-
many). Oral glucose tolerance tests were conducted by administering glucose at a dosage of 2 g/kg body weight to male mice fasted for 
6 h. 

2.3. Histology 

The pancreases and livers from the mice were harvested, preserved in 4 % paraformaldehyde (PFA), and embedded in paraffin. The 
samples were sliced into 4 μm thick sections. Each section of the pancreas and liver was stained with hematoxylin and eosin (H&E) 
following an established protocol [11]. The histological features of the liver and pancreas were evaluated and scored in accordance 
with the criteria described in a prior publication [10]. Pathological diagnoses were categorized into four levels: minor (+), mild (++), 
moderate (+++) and severe (++++) lesions. 

2.4. Immunofluorescence 

Before immunolabeling, the sections underwent sequential treatment with 3 % hydrogen peroxide, citrate antigen retrieval so-
lution (Beyotime Biotechnology, Shanghai, China), and goat serum blocking solution successively. Insulin was stained using anti- 
insulin antibodies (1꞉200; Cell Signaling Technology, Danvers, MA, U.S.A.), while GCG was stained with anti-glucagon antibodies 
(1꞉200; Santa Cruz, Dallas, TX, U.S.A.). Subsequently, the sections were treated with Alexa Fluor 488-conjugated donkey anti-rabbit 
and Alexa Fluor 555-conjugated donkey anti-mouse IgG antibodies (Invitrogen, Waltham, MA, U.S.A.) at a 1꞉1000 dilution. Nuclei 
were then counterstained using 4′,6-diamidino-2-phenylindole (DAPI) (Invitrogen, Waltham, MA, U.S.A.). Analysis of the sections was 
performed using a Vectra automated quantitative pathology system (PerkinElmer, Waltham, MA, U.S.A.). 

2.5. Blood chemistry 

Starting from the second month, blood samples were collected monthly and stored at − 80 ◦C. Plasma levels of albumin (ALB), 
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alanine aminotransferase (ALT), aspartate aminotransferase (AST), high-density lipoprotein-cholesterol (HDL-C), low-density lipo-
protein-cholesterol (LDL-C), total cholesterol (TC) and triglycerides (TG) were measured using a JCA-BM6010/C analyzer (JEOL Ltd., 
Tokyo, Japan). 

2.6. Hormone measurement 

Whole blood from mice after overnight fasting was collected in EDTA-coated tubes. Plasma was separated by centrifugation at 
12,000 rpm and stored at − 80 ◦C until assayed. The levels of GCG, insulin and glucagon-like peptide-1 (GLP-1) were determined using 
a Mouse Glucagon ELISA Kit (Crystal Chem, Cook, IL, U.S.A.), Mouse Insulin ELISA Kit (Crystal Chem) and Mouse GLP-1 ELISA Kit 
(Crystal Chem), respectively. 

2.7. Amino acid analysis 

Amino acid levels were analyzed using the TRAQ™ reagent application Kit (AB Sciex, Framingham, MA, U.S.A.). Initially, 40 μL of 
plasma was mixed with 10 μL of sulfosalicylic acid and centrifuged at 10,000×g for 2 min. Following centrifugation, the supernatant 
was combined with 40 μL of labeling buffer and mixed by vortex. This mixture was then centrifuged again, and 10 μL of the diluted 
supernatant was mixed with 5 μL of diluted TRAQ™ reagent Δ8 and incubated at room temperature for 0.5 h. Subsequently, 5 μL of 
hydroxylamine was added. These samples were then dried completely in a centrifugal vacuum concentrator, which typically took less 
than 1 h. After drying, 32 μL of reconstituted amino acid internal standard solution was added to each TRAQ™ reagent Δ8-labeled 
sample. The final samples were centrifuged and analyzed using a 4000 QTRAP LC/MS/MS (Sciex, Redwood City, CA, U.S.A.). 

2.8. RNA-sequencing (RNA-seq) 

Pancreatic tissues were harvested from both WT and GcgrV369M/V369M mice at 12 months of age. Total RNA was extracted from all 
samples using TRIzol® Reagent (Invitrogen, Waltham, MA, U.S.A.), following the manufacturer’s instructions. RNA purification, 
reverse transcription, library construction, and sequencing were performed by Shanghai Majorbio Bio-pharm Biotechnology Co., Ltd. 
(Shanghai, China). For sequencing, the Illumina® Stranded mRNA Prep Ligation Kit (Illumina, San Diego, CA, U.S.A.) was employed 
for preparing the transcriptome library. The libraries were then amplified using a 15-cycle PCR and quantified with Qubit 4.0. Finally, 
the paired-end RNA-seq sequencing library was sequenced using the NovaSeq 6000 sequencer (Illumina, San Diego, CA, U.S.A.). 

2.9. Bioinformatics analysis 

The raw paired end reads were trimmed and quality controlled by the tool fastp [12]. The clean reads were then aligned to the 
reference genome in orientation mode by HISAT2 software [13]. Following alignment, the mapped reads of each sample were 
assembled using a reference-based approach with StringTie [14]. 

Gene abundances were quantified using RSEM [15]. Differentially expressed genes (DEGs) were identified using statistical sig-
nificance assessed by DESeq2 [16] or DEGseq [17]. Genes with an absolute log2 fold change (|log2FC|) of ≥ 1 and false discovery rate 
(FDR) of ≤ 0.05 (DESeq2) or FDR of ≤ 0.001 (DEGseq) were considered significantly differentially expressed (Table S4). Additionally, 
functional-enrichment analysis, including Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway 
analyses, was conducted to identify significant enrichment of DEGs in GO terms and metabolic pathways. This analysis was performed 
at a Bonferroni-corrected P value of ≤ 0.05 compared to the whole-transcriptome background. GO functional enrichment analysis was 
conducted using Goatools, while KEGG pathway analysis was performed using KOBAS [18]. 

2.10. Real-time qRT-PCR 

GADD45G mRNA expression levels were assessed via quantitative reverse transcription polymerase chain reaction (qRT-PCR). 
Total RNA was extracted from pancreatic tissue specimens, consistent with those utilized for RNA-seq, and subsequently converted into 
cDNA. The reverse transcription process followed established protocols to ensure reproducibility and accuracy. Real-time PCR was 
performed utilizing the LIFE VIIA7 Real-time PCR System (Applied Biosystems, Waltham, MA, U.S.A.) in conjunction with SYBR qPCR 
Master Mix (Vazyme, Nanjing, China) according to the manufacturer’s instructions. Data analysis was carried out with QuantStudio 
Real-time PCR Software v1.3. GADD45G expression levels were normalized to β-actin and expressed as relative levels. The primers 
used are listed in Table S5. 

2.11. Statistical analysis 

Statistical analyses were conducted using GraphPad Prism 8 software (GraphPad, San Diego, CA, U.S.A.). The clustering of amino 
acid clustering was analyzed using MetaboAnalyst 5.0. The Kaplan–Meier method was used for the overall survival analysis. Statistical 
significance was assessed using a two-tailed Student’s t-test, with a significance threshold of P < 0.05. The data presented are expressed 
as means ± standard error of the mean (S.E.M.) from multiple experiments conducted in duplicate. 
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3. Results 

3.1. General characteristics of GcgrV369M/V369M mice 

GcgrV369M/V369M mice did not display gross abnormalities compared with the WT (Fig. 1I). Unlike the lean phenotype observed in 
Gcgr− /− mice [6], GcgrV369M/V369M mice exhibited increased body weight compared with the controls starting from 9 months of age, 
but this difference was not statistically significant after 11 months of age (Fig. 1A). Noticeable reductions in fasting blood glucose and 
HbA1c levels were observed in GcgrV369M/V369M mice from 6 months of age onwards, persisting throughout the adulthood and 
diminishing with aging (Fig. 1B and C). Patient with Mahvash disease, harboring the homozygous c.958_960del (p. Phe320del) variant 
in GCGR, exhibit hypercholesterolemia, characterized by elevated LDL-C alongside normal triglyceride and HDL-C levels [19]. 
Similarly, GcgrV369M/V369M mice showed a significant increase in total cholesterol and LDL-C levels around 11–20 months of age, with 
minimal changes in triglyceride and HDL-C levels (Fig. 1D–G). At the age of 12 months, GcgrV369M/V369M mice demonstrated enhanced 
oral glucose tolerance compared to WT mice (Fig. 1H), indicating compromised GCGR function in regulating glucose homeostasis due 
to V369M mutation. 

3.2. Pathological changes in the liver 

At 3 months of age, GcgrV369M/V369M mice exhibited liver steatosis and cytoplasmic glycogen content comparable to that of WT 
mice. Remarkably, an increase in inflammatory cell infiltration of GcgrV369M/V369M mice was not observed until 12 months of age 
(Fig. 2A and Table S1). Additionally, at 12 months of age, GcgrV369M/V369M mice exhibited liver enlargement compared to WT mice 
(Fig. S2A). Liver enzymes, such as AST and ALT, indicative of liver damage or disease, showed a mild decrease in the aged GcgrV369M/ 

V369M mice. Importantly, the ratio of AST to ALT remained comparable between the two groups (Fig. 2B–D). Additionally, elevated 
levels of plasma ALB were noted in aged GcgrV369M/V369M mice (Fig. 2E), suggesting the presence of mild liver inflammation. 

3.3. Elevated plasma amino acid levels 

Impaired GCGR signaling leads to disrupted amino acid clearance and reduced ureagenesis [20]. To investigate whether this 
phenotype is present in GcgrV369M/V369M mice, we analyzed plasma amino acid concentrations in 12-month-old mice, a stage when 
abnormalities in blood glucose and lipid metabolism begin to emerge. A clustering analysis of 42 amino acids showed a substantial 
increase in most amino acids of GcgrV369M/V369M mice (Fig. 3A); 19 of them increased by 1.4- to 3.3-fold compared to WT mice 
(Fig. 3B). Glutamine and leucine, which are potent regulators of mTOR, play a role in α-cell hyperplasia [5,21–23]. However, our 
findings suggest that alanine (Ala), proline (Pro) and the effective GCG secretagogue, arginine (Arg), but not glutamine and leucine, 
play a role in the pathological alterations of GcgrV369M/V369M mice. This aligns with a previous study indicating that these three amino 
acids stimulate GCG secretion in female perfused mouse pancreas [24]. Moreover, citrulline (Cit) is converted into Arg in hepatocyte 
cytoplasm, and Arg is then hydrolyzed into urea and ornithine [25]. Cit increased probably due to the elevated Arg, disturbed amino 
acid clearance, and decreased ureagenesis [26]. The sole amino acid that declined in the GcgrV369M/V369M group is 
gamma-aminobutyric acid, by nearly 2-fold, which is a negative regulator of GCG secretion and action. As shown in Fig. 3C, plasma 
concentrations of glucogenic amino acids (GAA), ketogenic amino acids (KAA) and total α-amino acids (TAA) all increased, while 
branched-chain amino acids (BCAA), which are known for promoting insulin release, showed no change. These results suggest that 
hyperaminoacidemia manifested by GcgrV369M/V369M mice involves amino acids mainly related to gluconeogenesis and cell 
hyperplasia. 

The impact of impaired GCG signaling on hepatic amino acid catabolism varies among different diets (Table S2). Ten amino acids 
(aminoadipic acid, Ala, serine, Cit, Arg, ornithine, threonine, tyrosine, lysine and Pro) increased in GcgrV369M/V369M mice receiving 
either HFD or RCD. However, only Ser, which plays a role in fat metabolism, increased in SCD, HFD and RCD, indicating a role of 
dietary factors. 

3.4. Pancreatic α-cells hyperplasia 

At 12 months of age, the pancreases of GcgrV369M/V369M mice were larger than the WT counterparts (Fig. S2B). However, histo-
logical examination revealed a normal morphology (Fig. 4 and Table S3). Besides, GcgrV369M/V369M mice did not progress to PNETs and 
had a normal lifespan (Fig. S3). GCG staining showed noticeable cell hyperplasia in the pancreatic islets of GcgrV369M/V369M mice 
(Fig. 5A and B). The α-cell hyperplasia was detectable at the age of 3 months, reaching its peak (occupying the majority of pancreatic 
islets) at the age of 12 months, and declined by 21 months of age. The GCG area (% of islet area) was 20.5 % at 12-month-old and 14.5 
% at 21-month-old, respectively. This was accompanied by elevated levels of GCG throughout the lifespan (Fig. 5C). Nevertheless, 
α-cell hyperplasia in GcgrV369M/V369M mice was insufficient to induce changes in the levels of GLP-1 and insulin (Fig. S4). 

3.5. Upregulation of GADD45G 

The hyperplasia of α-cells and the emergence of PNETs in Gcgr− /− mice are associated with mTOR signaling [27]. To examine if this 
mechanism also applies to our model, we conducted a transcriptome analysis of the pancreatic tissues obtained from 12-month-old 
GcgrV369M/V369M and WT mice. The RNA-seq analysis covering 56,980 genes identified 59 genes that were up-regulated, and 62 
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Fig. 1. Gross characteristics of GcgrV369M/V369M mice. Body weight (A), fasting glucose (B), glycated hemoglobin (C) and TC (D), TG (E), LDL-C (F) and HDL-C (G) levels between 2- to 26-month of age in 
wild-type (WT) and GcgrV369M/V369M mice measured periodically over time (n = 8–12). (H) Glucose tolerance (2 g/kg b.w.) in 12-month-old WT and GcgrV369M/V369M mice (n = 9). (I) Anatomical 
pictures of 3-, 12-, 21- and 30-month-old WT and GcgrV369M/V369M mice. *P < 0.05, **P < 0.01 and ***P < 0.001 using Student’s t-test compared with the WT mice. HDL-C, high-density lipoprotein 
cholesterol; LDL-C, low-density lipoprotein cholesterol; TC, total cholesterol; TG, triglycerides. 
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genes that were down-regulated, respectively (Fig. 6A and Table S4). Compared to WT mice, GcgrV369M/V369M mice showed a sig-
nificant decrease (P value = 2.72 × 10− 2, log2FC = − 2.15) in proline rich 5 like (PRR5L), which dissociates from mTORC2 to promote 
apoptosis [28]. Such a reduction may contribute to α-cell hyperplasia. Meanwhile, the expression of the growth arrest and DNA 
damage-inducible gamma gene (GADD45G), encoding GADD45γ in vivo, was most significantly up-regulated (P value = 1.24 × 10− 10, 
log2FC = 2.29). GADD45G has been implicated for anti-tumor property, as it suppressed the growth and epithelial-mesenchymal 
transition of human breast cancer cells both in vivo and in vitro, mainly via activation of the MAPK signaling pathway [29]. We 
assessed GADD45G expression in the pancreatic samples that were used for RNA-seq and found an approximately 4-fold increase in 
GcgrV369M/V369M mice (Fig. 6C), further validating the RNA-seq findings. 

Moreover, we observed a 1.9-fold up-regulation (P value = 4.96 × 10− 2, log2FC = 1.13) of angiopoietin-like 4 (ANGPTL4), a 
protein-coding gene known to regulate glucose homeostasis, lipid metabolism, and insulin sensitivity [30]. In contrast to the high 
expression of SLC38A in Gcgr− /− mice [31], SLC6A20A responsible for Pro transport, was markedly up-regulated (P value = 4.41 ×
10− 3, log2FC = 4.18) in GcgrV369M/V369M mice, a feature differs from the phenotype of GCGR knockout. These DEGs were further 
studied by KEGG enrichment and innovation pathway analyses (Fig. 6B and D), revealing the participation of “amino acid meta-
bolism”, “bile secretion”, “cell growth and death”, “IL-17 signaling pathway”, “PPAR signaling pathway” and “sugar biosynthesis”. 
Among these pathways, the most significantly enriched is mucin type O-glycan biosynthesis (adjusted P value = 0.23, rich factor =
0.0625), followed by other type O-glycan biosynthesis (adjusted P value = 0.27, rich factor = 0.0465). Glycosylation of mucin type 
O-glycans can occur on amino acids with functional hydroxyl groups, such as Ser and Thr [32], all of which displayed increased levels 
in GcgrV369M/V369M mice. 

Fig. 2. Pathological changes in the liver of GcgrV369M/V369M mice. (A) Microscopy evaluation (H&E staining) was performed on 3-, 12-, 21- and 30- 
month-old wild-type (WT) and GcgrV369M/V369M mice (n = 5–6). The yellow arrows indicate steatosis, while the red arrows indicate lymphocyte 
infiltration. Scale bars are shown in the slides. Liver function indicators AST (B), ALT (C), AST/ALT (D) and ALB (E) of WT and GcgrV369M/V369M mice 
were measured between 2- to 26-month of age (n = 8–12). *P < 0.05, **P < 0.01 and ***P < 0.001 using Student’s t-test compared with the WT 
mice. ALB, albumin; ALT, alanine aminotransferase; AST, aspartate aminotransferase. 

Fig. 3. Amino acid levels in GcgrV369M/V369M mice. (A) Clustering of plasma concentrations of 42 amino acids differentially accumulated in 
GcgrV369M/V369M (red) and wild-type (WT; green) mice. The scale represents normalized counts derived from variance stabilizing transformation. 
The gradient color of the graph, ranging from red to blue, indicates high to low concentration levels. The concentrations of plasma amino acid were 
measured in 12-month-old male mice. (B) Fold change of plasma amino acid levels in GcgrV369M/V369M mice relative to WT mice. (C) Comparison of 
amino acid levels in GcgrV369M/V369M and WT mice. n = 6. *P<0.05 using Student’s t-test. BCAA, branched-chain amino acid; GAA, glucogenic 
amino acid; KAA, ketogenic amino acid; TAA, total α-amino acid. 
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4. Discussion 

In the present study, we not only confirmed our prior observations of reduced blood glucose, elevated GCG and amino acid levels, 
but also demonstrated α-cell hyperplasia in GcgrV369M/V369M mice at all stages, similar to that seen in Gcgr− /− mice. In younger mice (3- 
month-old), α-cell hyperplasia predominates without clear enlargement of the pancreas. By 12 months of age, pancreas enlargement 
becomes apparent, but it diminishes by the time the mice reach 21 months. The sustained α-cell hyperplasia observed throughout the 
lifespan of GcgrV369M/V369M mice underscores the chronic nature of Mahvash disease and highlights the importance of long-term 
monitoring to understand disease progression. It is known that disrupted GCG signaling leads to PNETs in mice with Gcgr deletion 
and in humans with inactivating mutations in GCGR [33]. Despite prolonged α-cell hyperplasia and elevated GCG levels, the absence of 
PNETs in GcgrV369M/V369M mice suggests that additional factors or genetic alterations may be required for tumor formation. The 
observed outcomes suggest a "dose effect" of the GCGR mutation on the mice. Complete GCGR deletion results in the most severe 
phenotype, including the development of PNETs and very high glucagon levels. In contrast, a partially inactivating mutation like 
V369M only has subtle effects. 

It appears that incomplete inhibition of GCG signaling may induce a compensatory increase in α-cell mass and elevated GCG 
secretion, involving circulating amino acids such as Ala, Pro, and Arg. This feedback loop supports the presence of a liver–α-cell axis. A 
recent case report found that hepatocyte-specific overexpression of WT GCGR could be a potential therapeutic strategy for Mahvash 
disease. A woman with Mahvash disease who had a liver transplant demonstrated normalized serum glucagon and ammonia levels, as 
well as a reversal of pancreatic hypertrophy [34]. 

Previous studies have shown that primary hepatocytes isolated from 20- to 25-week-old female GcgrV369M/V369M mice exhibited 
reduced 125I-glucagon binding and decreased glucagon potency, leading to lower fasting blood glucose levels [9]. In this paper, young 

Fig. 4. Pathological changes in the pancreas of GcgrV369M/V369M mice. (A) Microscopy evaluation (H&E staining) of the 3-, 12-, 21- and 30-month- 
old wild-type (WT) and GcgrV369M/V369M mice (n = 5–6). The black arrows represent the autophagic vacuoles of acinar cells, while the red arrows 
indicate lymphocyte infiltration. Scale bars are shown in the slides. 
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GcgrV369M/V369M mice displayed significantly reduced fasting glucose and elevated cholesterol and low-density lipoprotein-cholesterol 
levels. However, as the mutant mice aged, their physiological indicators became similar to those of WT mice. In aging mutant mice, 
adaptive glucose and lipid metabolism occurred to compensate for GCGR abnormality. Meanwhile, aging WT mice may experience 
liver dysfunction, leading to decreased insulin sensitivity and a decline in GCGR function. This results in ineffective glycogen 
breakdown, abnormal gluconeogenesis, and disrupted lipid metabolism. Interestingly, such an adaptation in aging mutant mice also 
decelerates α-cell hyperplasia, likely due to prolonged suppression of GCGR signaling in GcgrV369M/V369M mice. These findings are 
consistent with our RNA-seq data. GADD45G, known for initiating embryonic stem cell differentiation and inhibiting breast cancer cell 
carcinogenesis [29], was the most significantly upregulated gene, suggesting a mechanism by which α-cell hyperplasia and tumor 
formation are contained. The potential role of GADD45G in α-cell hyperplasia throughout life is worth further investigation. Likewise, 
increased expression of ANGPTL4 and SLC6A20A implies the involvement of additional pathways. In addition, the results of the KEGG 
pathway analysis align with the observed changes in amino acid metabolism in GcgrV369M/V369M mice, indicating the upregulation of 
amino acids (Ser and Thr) that can undergo glycosylation of mucin O-glycans. Overall, our study offers an accessible mouse model of 
Mahvash disease, characterized by initial α-cell dysplasia followed by metabolic adaptation including reduction of GCG and resto-
ration of α-cell mass. 

5. Conclusion 

In conclusion, our study demonstrated that GcgrV369M/V369M mice, the mouse model of mild Mahvash disease, exhibited reduction 
in fasting blood glucose levels, elevated cholesterol and LDL-C levels, hyperaminoacidemia, and α-cell hyperplasia with increased GCG 
levels at a young age. However, metabolic disparities between WT mice and GcgrV369M/V369M mice waned with age. 
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Fig. 5. Hyperplasia of α-cells in GcgrV369M/V369M mice. Immunofluorescence staining of the pancreas (A) and glucagon area (% of the islet area) (B) 
in 3-, 12-, 21- and 30-month-old wild-type (WT) and GcgrV369M/V369M mice. Insulin (green) and glucagon (red) were visualized by immunofluo-
rescence staining while the nuclei (blue) by DAPI. Bars indicate 50 μm. n = 5–6. (C) Glucagon concentration in plasma of WT and GcgrV369M/V369M 

mice between 2- to 26-month of age (n = 6–8). *P < 0.05, **P < 0.01 and ***P < 0.001 using Student’s t-test compared with the WT mice. 
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Fig. 6. RNA-seq analysis of the pancreas in 12-month-old mice. (A) Volcano plot of DEGs (FDR<0.05) in wild-type (WT) and GcgrV369M/V369M mice. The horizontal axis represents the log2 fold change 
between WT and GcgrV369M/V369M genes, while the vertical axis represents the negative log10 of the P value from the Fisher’s exact test. Each point on the graph corresponds to a single gene. (B) Pathway 
over-representation analysis utilizing the KEGG database was conducted on genes from each of the clusters. (C) Real-time PCR detection of GADD45G expression in the pancreas of WT and GcgrV369M/ 

V369M mice. Data are presented as means ± S.E.M. and were conducted in quadruplicate. (D) Ingenuity Pathway Analysis of the RNA-seq data was employed to predict signaling pathway activity. 
Statistical significance was determined by Student’s t-test, with *P < 0.05 and **P < 0.01 compared with the WT mice (n = 4–5). 
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Ala alanine 
ALB albumin 
ALT alanine aminotransferase 
ANGPTL4 angiopoietin-like 4 
Arg arginine 
AST aspartate aminotransferase 
BCAA branched-chain amino acids 
Ca2+ calcium ion 
cAMP cyclic adenosine monophosphate 
DEGs differentially expressed genes 
ECL3 extracellular loop 3 
FDR false discovery rate 
GAA glucogenic amino acids 
GADD45G growth arrest and DNA damage-inducible gamma gene 
GCG glucagon 
GCGR glucagon receptor 
GCGR glucagon receptor gene 
GLP-1 glucagon-like peptide-1 
GO Gene Ontology 
HbA1c Hemoglobin A1c 
H&E hematoxylin and eosin 
HDL-C high-density lipoprotein-cholesterol 
HFD high-fat diet 
|log2FC| absolute log2 fold change 
KEGG Kyoto Encyclopedia of Genes and Genomes 
KAA ketogenic amino acids 
LDL low-density lipoprotein 
LDL-C low-density lipoprotein-cholesterol 
mTOR mammalian target of rapamycin 
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PFA paraformaldehyde 
PNETs pancreatic neuroendocrine tumors 
Pro proline 
qRT-PCR quantitative reverse transcription polymerase chain reaction 
RCD regular chow diet 
RNA-seq RNA-sequencing 
SCD standard chow diet 
S.E.M standard error of the mean 
SPF specific-pathogen–free 
TAA total α-amino acids 
TC total cholesterol 
TG triglycerides 
WT wild-type 
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