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Abstract
Glucokinase (GCK) is a key enzyme in glucose sensing and glycemic regulation. In humans, mutations in the GCK gene 
cause maturity-onset diabetes of the young 2 (MODY-2), a disease that is characterized by an early-onset and persistent 
hyperglycemia. It is known that Gck knockout (KO) is lethal in mice with Gck KO mice dying within 2 weeks after birth. 
Therefore, Gck KO mice are not suitable for preclinical study and have limited suitability to study the pathophysiological role 
of glucokinase in vivo. Here, we report the generation of a novel rabbit with a non-frameshift mutation of GCK gene (GCK-
NFS) by cytoplasm microinjection of Cas9 mRNA and gRNA. These GCK-NFS rabbits showed typical features of MODY-2 
including hyperglycemia and glucose intolerance with similar survival rate and weight compared to wild-type (WT) rabbits. 
The diabetic phenotype including pancreatic and renal dysfunction was also found in the F1-generation rabbits, indicating 
that the genetic modification is germline transmissible. Treatment of GCK-NFS rabbit with glimepiride successfully reduced 
the fasting blood glucose drastically and improved its islet function. In conclusion, this novel GCK mutant rabbit generated 
with the CRISPR/Cas9 system mimics most, if not all, histopathological and functional defects seen in MODY-2 patients 
such as hyperglycemia and will be a valuable rabbit model for preclinical studies and drug screening for diabetes as well as 
for studying the pathophysiological role of glucokinase.
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Introduction

The GCK gene (7p15.3-p15.1) encodes the enzyme glu-
cokinase, a 465-amino acid protein which plays a major 
role in glycolysis [1]. Glucokinase acts as a glucose sen-
sor and contributes to maintaining glucose homeostasis 
through glucose-stimulated insulin secretion [2]. Mutations 
of GCK have been widely reported in Maturity-onset dia-
betes of the young 2 (MODY-2) patients, which is a clini-
cally heterogeneous group of disorders characterized by 
nonketotic diabetes mellitus, with onset usually before the 
age of 25 years (frequently in childhood or adolescence) 
and a primary defect in the function of the beta cells of the 
pancreas [1]. Hyperglycemia in GCK-MODY-2 resulting 
from a GCK mutation leads to both a reduced sensitivity 
of β-cells to glucose and a defect in glycogen synthesis in 
liver, as a consequence of a decreased GCK activity [3]. To 
date, over 600 different GCK-MODY-2 mutations have been 
reported, including those which result in a frameshift and/
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or a premature stop codon formation in the GCK gene, thus 
disrupting the expression of functional glucokinase from the 
affected allele [4, 5]. Due to the loss of GCK expression 
from the mutated allele, MODY-2 subjects have a reduced 
expression level of GCK, which can only be produced by 
the WT allele, leading to an overall reduced GCK activity 
per cell.

At present, only the Gck KO [6–8] and Gck transgenic 
mice [9–12] have been generated and used for preclinical 
studies. However, these Gck gene-modified mice have vari-
ous phenotypes [13]. For example, a hepatocyte-specific 
Gck KO mouse showed a slight change in blood glucose 
(BG) [14], and the pancreatic β-cell-specific Gck KO mice 
showed more serious hyperglycemia and insulin resistance 
[15, 16]. Moreover, two different lines of Gck null mice dif-
fer markedly in their age of death; one is lethal at midges-
tation, whereas the other dies shortly after birth, thereby 
preventing using these mice as an adult disease model for 
detailed pathophysiological studies on Gck in disease [6]. 
Therefore, there is a need to develop a better animal model 
in other species with glucokinase mutations to study the 
in vivo role of glucokinase. Of note, the rabbits share more 
similarities with humans in terms of physiology, anatomy, 
and genetics than mouse [17]. It has a short gestation period 
(30–31 days), large litter size (4–12/l) and can be housed 
conveniently in an indoor facility. Furthermore, the mani-
festations of metabolic and cardiovascular diseases in rabbit 
are similar to those in human beings [18].

In this study, we established the first rabbit model with a 
non-frameshift (NFS) deletion of a fragment of 36 bp within 
the exon 3 of the GCK gene by cytoplasm microinjection of 
Cas9 mRNA and gRNA. These GCK-NFS rabbits showed 
typical features of MODY-2 including hyperglycemia, glu-
cose intolerance and normal weight. Notably, the GCK-NFS 
rabbits are fertile and stably inherit the diabetic phenotypes 
in association with the mutant GCK genotype, suggesting 
that this model can be used for preclinical studies and inves-
tigation of the physiological and pathophysiological roles of 
GCK in the GCK-MODY syndrome.

Research design and methods

Ethics statement

The rabbits used in this study were New Zealand white rab-
bits. All animal studies were conducted according to exper-
imental practices and standards approved by the Animal 
Welfare and Research Ethics Committee at Jilin University.

Vector construction and in vitro transcription

Vector construction and in vitro transcription were carried 
out as described previously [19]. Briefly, to produce sgRNA, 
two complementary DNA oligonucleotides were annealed 
at 95 °C for 5 min to generate double-strand DNA and then 
cloned into a BbsI-digested pUC57-simple vector expressing 
Cas9 (Addgene ID 51307).

Embryo collection, microinjection, and transfer

The protocol for microinjection of pronuclear-stage embryos 
has been described in detail in our published protocols [20]. 
Briefly, a mixture of Cas9 mRNA (200 ng/ul) and sgRNA 
(50 ng/ul) was co-injected into the cytoplasm of pronuclear-
stage zygotes. These zygotes were then immediately trans-
ferred into the oviducts of surrogate rabbits.

Mutation and off‑target effect detection assay

The protocol for the mutation and off-target effects detection 
assay has been described previously [21]. PCR primers are 
listed in Supplementary Table S1. PCR products were gel 
purified and cloned into pGEM-T vectors (Tiangen, China). 
Ten positive plasmid clones were sequenced, and DNAman 
was used for sequence analysis.

Real‑time quantitative PCR (qRT‑PCR)

The protocols for the RNA and cDNA isolation have been 
described in detail in our published papers [19, 21]. qRT-
PCR was performed using the BIO-RAD iQ5 Multicolor 
Real-Time PCR Detection System with the BioEasy SYBR 
Green I Real-Time PCR Kit (Bioer Technology, Hangzhou, 
China) according to the manufacturer’s instructions. The 
GAPDH was used as an internal control for normalization 
of individual samples. The relative gene expression was pre-
sented as mean ± S.E.M and analyzed by 2−ΔΔCT formula. 
Data were statistically analyzed by GraphPad Prism soft-
ware (T test) and a p < 0.05 was considered as statistically 
significant. The primers used for qRT-PCR are shown in 
supplementary table S1.

Determination of metabolic data and biochemical 
analysis of biological samples

The survival rate of GCK-NFS and WT rabbits was recorded 
daily and body weight was recorded weekly. An intraperi-
toneal glucose tolerance test (IPGTT) and insulin tolerance 
test (ITT) were performed as described previously [22]. 
Blood samples were bled from the postorbital vein and sera 
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were prepared by separation of the serum from the clot fol-
lowing a brief centrifugation. The serum insulin levels were 
determined using an INS ELISA Kit (IBL, Germany). The 
C peptide levels were measured using a C-PEP ELISA Kit 
(IBL, Germany). The fructosamine, triglyceride (TG) and 
total cholesterol (TC) were measured by the Chinese Peo-
ple’s Liberation Army 208 hospital via a contracted service.

Urine glucose was determined by the glucose oxidase 
method [14]. Urine protein concentrations were meas-
ured using a Coomassie dye-binding protein assay with 
bovine serum albumin as a standard. The concentrations of 
urine protein and glucose were calculated and all data are 
expressed as mean ± S.E.M.

T7 endonuclease I (T7EI) assay

A T7 endonuclease I (T7EI) assay was performed as 
described previously [23]. Briefly, the genomic DNA was 
extracted from either injected blastocysts or animal tissues 
as mentioned above. The regions containing the targeted site 
or the potential off-target sites were amplified by PCR with 
gene-specific primers (Table S2), then the PCR products 
were denatured and annealed under the following conditions: 
95 °C for 5 min, 95 °C for 5 min, 95–85 °C at − 2 °C/s, 
85–25 °C at − 0.1 °C/s, hold at 4 °C. The annealed samples 
were digested with T7EI (NEB M0302L), separated and 
measured on an ethidium bromide-stained 10% polyacryla-
mide TAE gel.

Histology

Hematoxylin and eosin (HE) stain [18]: briefly, eye, kidney, 
skeletal muscle, heart and liver tissues from GCK-NFS and 
WT rabbits were fixed with 4% paraformaldehyde for 48 h, 
embedded in paraffin and sectioned. Tissue sections were 
then stained with hematoxylin and eosin and examined by 
microscopy (Nikon ts100).

Periodic acid-schiff (PAS) stain [24]: tissue sections were 
stained by periodic acid-schiff (PAS) Stain to examine the 
glycogen deposition in kidney, skeletal muscle, heart and 
liver tissues. The staining quality and the glycogen content 
in these tissues were compared in the groups.

Masson’s trichrome staining [25]: various tissues includ-
ing eye, kidney, skeletal muscle, heart and liver tissues were 
collected from GCK-NFS and WT rabbits. The tissues were 
fixed in 4% paraformaldehyde at 4 °C, dehydrated in increas-
ing concentrations of ethanol (70% for 6 h, 80% for 1 h, 96% 
for 1 h, and 100% for 3 h), cleared in xylene and embedded 
in paraffin for the histological examination. The 5-μm sec-
tions were cut for Masson’s trichrome staining. The stained 
sections were imaged with a Nikon TS100 microscope.

Van Gieson’s stain [26]: for identifying elastic fibers in 
tissues, paraffin sections were cut and deparaffinized with 

96% ethanol. Sections were then stained with Weigert’s 
Iron hematoxylin solution for 10 min, soaked under run-
ning water for approximately 30 min for destaining, and then 
stained with Van Gieson’s stain for 15 min. The sections 
were examined by microscopy (Nikon ts100).

Toluidine blue stain [27]: for observation of osteoblasts, 
the bone sections were first incubated in diastase solution 
at 37 °C for 1 h and washed. The air-dried smear with bone 
sections was flooded with Toluidine blue stain for 1 min fol-
lowed by washing in a stream of deionized water.

Bone structure and histomorphology

X-ray autoradiography pictures of femurs and tibias in GCK-
NFS and WT rabbits were taken using the YEMA Radiogra-
phy System with a digital camera attached (Varian, USA) on 
X-ray film (ROTANODE, Japan). The images were taken at 
40 kV with 3-mAs exposure. Bone mineral density (BMD) 
was analyzed by Alpha View SA.

For histological analyses, femurs and tibias in GCK-NFS 
and WT rabbits were collected and the surrounding muscles 
were removed. The bones were then fixed in 4% paraformal-
dehyde at 4 °C, and subsequently decalcified in 15% EDTA 
for 2 weeks, dehydrated in progressive concentrations of 
ethanol (70% for 6 h, 80% for 1 h, 96% for 1 h and 100% for 
3 h), washed with xylene and embedded in paraffin. Sec-
tions of 0.05 cm were cut and used for HE staining, Masson-
staining and Toluidine blue as described above and were 
then analyzed by microscopy (Nikon ts100) [25].

Enzyme content and activity

For glucokinase content and activity measurements, the 
freeze-clamped liver and muscle of GCK-NFS and WT rab-
bits were homogenized in 50 mmol/l HEPES, 100 mmol/l 
KCl, 1 mmol/l EDTA, 5 mM MgCl2, and 2.5 mmol/l dithi-
oerythritol. Glucokinase content and activities were deter-
mined in the supernatant and sedimentary fractions. After 
centrifugation at 20,000×g at 4 °C for 10 min, the superna-
tant was analyzed for the glucokinase activity by a glucoki-
nase Colorimetric Assay Kit (Biovision Research Products, 
Mountain View, CA).

Statistical analyses

All data are expressed as mean ± S.E.M, of at least three 
individual determinations per parameter in all experiments. 
The data were analyzed with t test using GraphPad Prism 
software 6.0. A probability of p < 0.05 was considered sta-
tistically significant.
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Fig. 1   Genome editing of the GCK gene via the Cas9/gRNA sys-
tem. a Schematic diagram of the 2 sgRNA target sites at the GCK 
gene locus. The CDS region is indicated by blue rectangles. sgRNA 
target sites are indicated by green. PAM sites are underlined and 
highlighted in red. F and R represent the PCR primer pairs used for 
mutation detection. b Mutation detection of F0 GCK-NFS rabbits 
by T7E1 cleavage assay. PCR products of the targeted GCK exon 3 
region from 12 F0 rabbits (101–112) (upper panel) and their cleav-
age products (lower panel) are shown. c Genomic DNA sequences of 
the targeted region of GCK from the F0 rabbits 101–112, determined 

by sequencing the cloned PCR products. PAM sites are underlined 
and highlighted in red; target sequences are green; deletions (−) are 
shown. WT wild type. d Computer modeling 3D structure of GCK 
and its fragments. e Survival curves of wild type (WT), non-frame 
shift mutant (GCK-NFS) and frame shift mutant (GCK-FS) rabbits. 
f Fasting blood glucose levels of GCK-NFS rabbits are shown at the 
age from 2 to 16 weeks. The data were expressed as the mean ± SEM. 
A probability of p < 0.05 was considered statistically significant. *, 
p < 0.05; **, p < 0.01; ***, p < 0.005. ns not significant
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Results

Generation of GCK KO rabbits using CRISPR/Cas9

To disrupt open reading frame (ORF) of the GCK gene, 
two sgRNAs targeting the exon 3 of GCK, where the most 
mutant sites have been reported previously in humans [4, 
5], were designed using the online tool (http://crisp​r.mit.
edu/) (Fig. 1a). Then, we tested the efficiency of CRISPR/
Cas9-mediated gene targeting of the GCK gene in rab-
bit zygotes. As shown in Figure S1A, the microinjected 
embryos showed similar developmental rates compared to 
normal embryos. 73.9% of injected embryos developed to 
the blastocyst stage, and nine of ten blastocysts were found 
GCK mutation (Fig. S1B), demonstrating that the muta-
tions of the GCK gene can be achieved via the CRISPR/
Cas 9 system with high efficiency in zygotes.

To generate the GCK mutant rabbits, 170 injected 
embryos were transferred to four pseudo-pregnant recipi-
ent rabbits. Two of these recipient mothers were pregnant 
to term and gave birth to 12 live pups (Table 1). Ten of 
the 12 (83.3%) newborn pups carried a GCK mutation 
with indels ranging from 2 to 36 bp, which was shown 
by T7E1 assay (Fig. 1b) and confirmed by sequencing of 
the cloned PCR products (Fig. 1c). Five pups (50%) had a 
36 bp deletion with non-frameshift mutation (NFS rabbit). 
Among them, 2 of 5 are homozygous mutations (#107 and 
#109, GCK-Hom), and others were heterozygosity (#101, 
#108 and #111, GCK-Het). The other 5 (#102, #103, #105, 
#106, #110) had deletions that lead to a frameshift muta-
tion of GCK gene (FS rabbit). The predicted 3D models 
showed GCK protein structures were disrupted in the GCK 
fragment-shift mutation rabbits (GCK-FS rabbit, such as 
34 bp and 28 bp deletion) (Fig. 1d). Notably, all GCK-FS 
rabbits died within 12 weeks after birth, and no signifi-
cantly different survival rate between the GCK-NFS and 
WT rabbits was observed (Fig. 1e).

Furthermore, the potential off-target (POT) effects in 
these genetically modified rabbits were determined by 
Sanger sequencing and T7E1, showing that no off-target 
effects occurred in the GCK mutation rabbits (Figure S2). 

These results demonstrated that cytoplasmic microinjec-
tion of dual sgRNA directed CRISPR/Cas9 system effi-
ciently and specifically modified the GCK gene in the rab-
bits in this study.

Typical symptoms of diabetes were found 
in GCK‑NFS rabbits

To determine the phenotypes of GCK-NFS rabbits, a vari-
ety of diabetes-related indicators were compared between 
WT and GCK-NFS rabbits from 2 to 26 weeks. The results 
showed no significant difference in body weight between 
the GCK-NFS and WT rabbits (Fig. S3A). However, sig-
nificantly increased fasting blood glucose (Fig. 1f), glu-
cose intolerance (Fig. S3B) and fructosamine levels (Fig. 
S3C) were found in the GCK-NFS rabbits compared to the 
age-matched WT littermates (p < 0.05). Interestingly, the 
plasma C peptide and insulin levels were also decreased in 
the GCK-NFS rabbits (Fig. S3D and S3E). These results 
suggested that the GCK-NFS rabbits had typical phenotypes 
of MODY-2-type diabetes, such as a lower insulin level and 
a higher blood glucose level.

Next, we verified the heritability of the GCK-NFS rab-
bits, the founder (F0) rabbits with 36 bp mutation (#101 and 
#108) were mated and the genotypes of F1 generation were 
determined by PCR and sequencing of the PCR products 
cloned in plasmid. The results showed that 16 of the 26 F1 
rabbits carried the 36 bp deletion (6, GCK-Hom; 10, GCK-
Het, 10 GCK-WT) (Fig. 2a). As expected, no significant dif-
ference of the growth curves was found between the GCK-
NFS and WT rabbits (Fig. 2b). These results indicated that 
the GCK-NFS rabbits were viable and the targeted mutation 
of the GCK gene is heritable. Therefore, the GCK-NFS rab-
bits can be used for further phenotype analysis and preclini-
cal study as a rabbit model of MODY-2.

We further examined the phenotypes of MODY-2 diabe-
tes in these F1 generation rabbits. As shown in Fig. 2, the 
F1 GCK-NFS mutant rabbits showed similar body weight 
(Fig.S3A), triglyceride (TG) and total cholesterol (TC) 
levels (Fig. S3B and S3C) compared to their WT con-
trols, which were consistent with those seen in MODY-2 
subjects. Importantly, these rabbits showed increased 

Table 1   Generation of genetically GCK-targeted rabbits using CRISPR/Cas9

gRNA/Cas9 
mRNA (ng/uL)

Embryos 
injected

Transferred embryos 
(% microinjected)

Recipients Pups obtained (% 
transferred)

Mutations in the 
individual (% pups)

Homozygous 
mutations (% 
pups)

1 25/100 40 30 (75%) No
2 25/100 45 40 (89%) No
3 25/100 40 34 (85%) Yes 5 (12.5%) 4 (80%) 1 (20%)
4 25/100 45 42 (91%) Yes 7 (15%) 6 (86%) 2 (28.5%)

http://crispr.mit.edu/
http://crispr.mit.edu/
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glycogen content (Fig. 2c), impaired glucose tolerance 
(Fig. 2d), reduced C peptide expression levels (Fig. 2e) 
and elevated fructosamine levels (Fig. 2f), which the char-
acteristic changes were seen in the MODY-2 patients.

To determine whether the GCK mutation in the rabbits 
affected the gene expression of GCK gene itself, the mRNA 
level of GCK and enzymatic content of glucokinase were 
examined in liver and pancreas, where glucokinase is mainly 

Fig. 2   Phenotype characterization of MODY 2 in F1 GCK-NFS rab-
bits. a Sequences of mutant GCK gene in F1 rabbits. PAM sites are 
underlined and highlighted in red; target sequences are green; dele-
tions (−) are shown. WT wild type. b–g Survival curves of wild-type 
(WT) rabbits and rabbits with GCK heterozygous mutation (GCK-
Het) and homozygous mutation (GCK-Hom) in the F1 generation 
(b), fasting blood glucose (c), Intraperitoneal glucose tolerance test 
result (d), blood pro-insulin C peptide level (e) and fructosamine 

(f) levels are shown. g Relative mRNA levels of of GCK gene were 
determined by qRT-PCR in the pancreas and liver of WT and mutant 
rabbits and are shown. The data were analyzed by t tests using the 
Graphpad Prism software. h Analysis of glucokinase content in pan-
creas and liver of WT and mutation rabbits. The data were expressed 
as the mean ± SEM using GraphPad Prism software. A probability 
of p < 0.05 was considered as statistically significant. *, p < 0.05; **, 
p < 0.01; ***, p < 0.005. ns not significant
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involved in the glycolysis process. As shown in Fig. 2g, h, a 
significant decrease in both the mRNA levels and enzymatic 
content was seen in liver and pancreas of the homozygous 
GCK-NFS rabbits when compared with the WT controls, 
suggesting that the mutant GCK products led to the reduc-
tion in expression of the GCK gene, and a lower glycogen 
level within the liver and pancreatic cells in these rabbits.

Pancreatic dysfunction in the GCK‑NFS rabbits

The pancreas contains approximately three million cell 
clusters called pancreatic islets, which are involved in the 
regulation of blood glucose (BG) levels [1]. To explore 
whether the GCK gene mutation affected pancreatic func-
tion, we firstly examined pathological structure of the 
pancreatic tissue in the GCK-NFS rabbits. The GCK-NFS 
rabbits, both heterozygous and homozygous, displayed 

a smaller size of islets and weaker staining for insulin 
compared with WT rabbits as shown by HE staining and 
insulin immunohistochemical staining (IHC), respectively, 
on pancreas sections (Fig. 3a). As a result, the levels of 
circulating insulin in the GCK-NFS rabbits were signifi-
cantly lower than WT rabbits (Fig. 3b). In contrast, gluca-
gon staining was slightly higher in these smaller islets of 
GCK-NFS rabbits (Fig. 3a) and the circulating glucagon 
levels were increased (Fig. 3c). Moreover, amylopsin and 
pancrelipase were also decreased in GCK-Het rabbits and 
further decreased in GCK-Hom rabbits (Fig. 3d, e), show-
ing a dose-dependent effect of the GSK mutation. These 
pathological changes in pancreas resemble the typical fea-
tures of human MODY-2 disease, indicating that pancre-
atic function was affected by glucokinase deficiency and/or 
the change of the primary structure of GCK with a deletion 
of 12 amino acid residues.

Fig. 3   Pancreatic dysplasia in F1 GCK-NFS rabbits. a Histological 
images of the pancreas in WT and GCK-NFS rabbits. H.E. staining 
(HE), immunohistochemical staining (in brown color) for insulin 
(INS) and glucagon (GLA) are shown. Levels of serum insulin (b), 
serum glucagon (c), serum pancreatic amylase (d) and serum pancre-

lipase (e) were measured in WT, GCK-HET and GCK-HOM rabbits 
in F1 generation. Blood glucose and insulin were measured after a 
6-h fasting. The data were expressed as the mean ± SEM. A probabil-
ity of p < 0.05 was considered as statistically significant. *, p < 0.05; 
**, p < 0.01; ***, p < 0.005. ns, not significant
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Multiple mild diabetic syndrome symptoms 
in GCK‑Hom rabbits

Long-term hyperglycemia can result in diabetic complica-
tions affecting the eyes, blood vessels, nerves and kidneys in 
diabetic subjects [28]. In patients of MODY families, typi-
cal microvascular and macrovascular complications occur 
in a frequency similar to those type 2 diabetic patients who 
have similar levels of hyperglycemia [29, 30]. To determine 
whether the GCK-NFS rabbits developed diabetic compli-
cations, the histopathology of multiple tissues was ana-
lyzed and compared between GCK-NFS and WT rabbits at 
8 months of age.

Diabetic nephropathy is one of the most prevalent micro-
vascular complications in diabetic patients with glomerular 
dysfunctions [31]. As shown in Fig. 4a, b, Masson’s tri-
chrome and VG staining of kidney sections showed more 
extensive renal degeneration and perirenal fibrosis (Fig. 4a), 
and GCK-NFS rabbit displayed significant increase in the 

amount of mesangial matrix by light microscopy (Fig. 4b). 
Moreover, we found that the urines of the GCK-NFS rab-
bits were more turbid with significantly increased urine 
protein and urine glucose in GCK-Het rabbits (Fig. 4c) and 
their parameters further increased in GCK-Hom rabbits 
(Fig. 4e) showing a dose-dependent effect. A similar pattern 
of elevated serum creatinine levels was seen in heterozy-
gous and homozygous GCK-NFS rabbits compared to the 
WT rabbits (Fig. 4f), suggesting a declined renal function 
in these rabbits affected by the garget mutation in the GCK 
gene.

Foot disease, which includes infection, ulceration, or 
destruction of the foot, affects nearly 6% of people with dia-
betes [32, 33]. In our study, the GCK-Hom rabbits exhib-
ited marked ulceration of the superficial layer of the foot at 
8 months (Fig. 5a). On the other hand, the histological anal-
ysis indicated the myocardium glycogen deposition (PAS 
stain) and increased fibrosis (Masson’s and VG stain) in 
GCK-Hom rabbits (Fig. 5b). Similar pathological alterations 

Fig. 4   Renal function is impaired in F1 mutant rabbits. a Histologi-
cal images of kidney from WT and heterozygous (GCK-Het) and 
homozygous (GCK-Hom) rabbits are shown. b Mesangial matrix 
index was calculated to quantify differences in the GCK-Het and 
GCK-Hom rabbits. *p < 0.05, **p < 0.01 vs. age-matched WT rab-
bits. c Photograph of urine samples from WT and GCK-NFS rabbits. 

Urine protein levels (d), urine glucose levels (e) and serum creati-
nine levels (f) were measured in WT, GCK-Het and GCK-Hom rab-
bit in F1 generation. The data were expressed as the mean ± SEM. A 
probability of p < 0.05 was considered as statistically significant. *, 
p < 0.05; **, p < 0.01; ***, p < 0.005. ns not significant
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were also observed in the skeletal muscles, showing more 
glycogen deposition (Fig. 5b). Therefore, this mutation of 
the GCK gene also led to pathological changes in the foot 
and muscle of the GCK-NFS rabbits.

Finally, we examined the role of GCK in osteoblast differ-
entiation and mineralization. Tibia and femur were examined 

by X-rays imaging analysis (Fig. 5c), which showed a signif-
icant reduction in bone density (Fig. 5d) and compact bone 
substance in GCK-Hom rabbit (Fig. 5e). Histological stain-
ing showed the typical phenotype of osteoporosis, including 
bone degeneration, osteoblast reduction and incomplete bone 
structure, which were also accompanied by bone fibrosis in 

Fig. 5   Pathological observation of multiple organs in F1 muta-
tion rabbits. a Superficial ulceration on forepaw and hindpaws of a 
homozygous GCK-NFS rabbit (GCK-Hom) and wild-type (WT) rab-
bits are shown. b Histological images of skeletal muscle and myocar-
dium sections of a WT and a homozygous GCK-NFS (GCK-Hom) 
rabbit with hematoxylin–eosin staining (HE), periodic acid-Schiff 
staining (PAS), Masson’s trichrome staining (MASSON) and Ver-
hoeff-van Gieson staining (VG) are shown. Black arrow represents 

glycogen deposition, green arrows represent muscle fiber hyperplasia. 
c X-ray autoradiographs of hindlimbs and forelimbs of 8-month-old 
WT and GCK-Hom rabbit. The blue arrows represent compact bone 
substance in rabbits. The Red arrows represent bone density. d BMD 
of the Fibula and tibia were analyzed in WT and GCK-Hom rabbit. 
e Quantification of the compact bone substance thickness. *p < 0.05, 
**p < 0.01 vs. age-matched WT rabbits. f, g Pathological section of 
the fibula (f) and osteoarticular (g) in WT and GCK-Hom rabbit
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GCK-Hom rabbits (Fig. 5f, g). Taken together, these results 
showed certain levels of injury in multiple sites of the GCK 
mutant rabbits, which represent the complications in asso-
ciation with diabetes mellitus due to the reduction of insulin 
and disturbance of carbohydrate metabolism.

Drug screening and treatment in GCK‑NFS rabbits

In most cases, it is considered unnecessary to treat patients 
with MODY-2 since they usually have mild hyperglycemia 
which rarely led to serious complications. However, MODY-
2-type diabetes occurring in middle-aged and older people, 
as well as during pregnancy, requires treatment [34]. The 
current strategy for treating Type-1 and most Type-2 diabe-
tes mellitus is insulin therapy and oral hypoglycemics [35, 
36]. As a proof-of-principle study, we explored to treat these 
GCK-NFS rabbits as a model of MODY-2 with anti-diabetic 
medicines.

Firstly, we measured the effects of glimepiride in GCK-
NFS rabbits. Drug concentration screening test showed that 
glimepiride at 0.2 mg/kg can reduce the BG level mod-
erately in 4 h and continue to 24 h after injection in both 
WT and GCK mutant rabbits (Fig. 6a, b). Moreover, the 
similar treatment effect had been verified on repaglinide at 
0.1 mg/kg (Fig. 6c) and insulin at 5 U/kg (Fig. 6d) in GCK 
mutant rabbits. Surprisingly, no effect was observed with 
Metformin and Sitagliptin, even if we increased the con-
centration to 0.4 mg/kg (Fig. S5A and S5B), suggesting that 
insulin, glimepiride and repaglinide are efficacious to reduce 
the symptoms resulted from an abnormal GCK as seen in 
MODY-2.

To evaluate the long-term effects of glimepiride in the 
GCK-NFS rabbits, we treated the GCK-NFS rabbits with 
daily oral administration of glimepiride (0.2 mg/kg) for 
28 days. The BG levels were significant monotonic decrease 
in the GCK-Hom rabbits treated with glimepiride (GCK-
HomGlim) (Fig. 6e). Similarly, the insulin and C peptide con-
centrations in plasma were significantly increased to normal 
level (Fig. 6f, g). Histological analysis revealed reduced 
glycogen deposition in skeletal muscle, and significantly 
increased insulin-positive islet cells in the pancreas of GCK-
HomGlim rabbits receiving glimepiride treatment (Fig. 6h, i). 
These results provided experimental evidence that glime-
piride can be used to treat MODY-2 subjects with symptoms 
of diabetes mellitus, thus highlighting the usefulness of our 
GCK-NFS rabbit model for preclinical studies.

Discussion

Glucokinase encoded by the GCK gene is the main glu-
cose-phosphorylating enzyme in the liver and pancre-
atic beta cells. It converts glucose into G6P as a first and 

rate-limiting step in glycolysis, which plays a part in the 
process of glucose oxidation [15, 16]. In previous studies, 
the heterozygous Gck KO mice were hyperglycemic and 
the Gck null mice were lethal either at midgestation [6], 
or a few days after birth [7]. Approximately, one-third of 
the embryos in timed pregnancies were found to be reab-
sorbed starting at E9.5, indicating that the absence of Gck 
is lethal to embryos [16]. In our study, all the GCK-FS 
rabbits with the GCK gene disrupted at exon 3 died within 
12 weeks after birth (Fig. 1e). We speculated that the 
reason for the prolonged survival may be that they were 
chimeras, which were common in CRISPR/Cas9 embry-
onic injections because genome editing occurs following 
the one-cell embryonic stage, resulting in diverse genetic 
outcomes [37, 38]. Fortunately, different from Gck KO 
mice, the GCK-NFS rabbits are fertile which showed the 
typical characteristics of diabetes similar to the MODY-2 
in man. Therefore, the GCK-NFS rabbit is likely useful in 
preclinical studies to evaluate the therapeutic effects of 
new treatment. The relatively lower maintenance cost and 
shorter gestational duration make the GCK-NFS rabbit a 
particularly attractive model for preclinical studies.

It is worth noting that the homozygous GCK mutant 
rabbits exhibited more severe diabetic symptoms, includ-
ing a greater degree of hyperglycemia (Fig. 2c), lower 
insulin level in the circulation (Fig. 3b) and various com-
plications associated with diabetes (Figs.  4, 5). These 
changes are consistent with the significant decrease in the 
glucokinase enzymatic activity compared with GCK-Het 
and WT rabbits. On the other hand, it is understood that 
GCK can send signal to release insulin from β cells when 
blood glucose level increased, whereas MODY2 mutant 
GCK has an increased threshold of blood glucose sensing 
[39]. Therefore, we speculate that the 36bp deleted frag-
ment at exon 3 of the GCK gene may be involved in blood 
glucose sensing. The deletion of this fragment within glu-
cokinase leads to an increased threshold of blood glucose 
sensing and consequent hyperglycemia, accompanied by 
the decrease of insulin levels in the circulation.

Creatinine is a metabolic product of creatine and phos-
phocreatine, and excreted through glomerular filtration, 
which is both found almost exclusively in muscle [40]. 
Thus, creatinine production is proportional to muscle mass 
and varies little from day to day when kidney filtration 
function is normal [41]. The concentration of blood creati-
nine reflects the functional status of glomerular filtration. 
When the glomerular filtration rate (GFR) decreases to 
a critical level (typically 1/3 of the normal level), serum 
creatinine concentration increases dramatically; therefore, 
it is considered to be an indicator of GFR impairment, 
although not useful for early diagnosis. The blood creati-
nine levels were found to be increased in the GCK-NFS 
rabbits which have spontaneous diabetes, suggesting that 
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Fig. 6   Drug screening and treatment in GCK-NFS rabbits. a Fast-
ing blood-glucose levels in WT rabbits at specified time points after 
treatment with glimepiride at various doses. b Fasting blood-glucose 
levels in WT, GCK-Het and GCK-Hom rabbits at various time points 
after a treatment with glimepiride at 0.2 mg. c–f Fasting blood-glu-
cose levels in WT, GCK-Het and GCK-Hom mutant rabbits at vari-
ous time points after a treatment with 0.1  mg repaglinide (c), 5  IU 
insulin (d) are shown. The data are expressed as the mean ± SEM. A 
probability of p < 0.05 was considered as statistically significant. *, 
p < 0.05; **, p < 0.01; ***, p < 0.005. ns not significant. e–g Weekly 
levels of blood glucose (e), serum insulin (f) and serum C peptide 

(g) were measured in WT, GCK-Hom rabbits and GCK-Hom rab-
bits treated with glimepiride at 0.2 mg daily are shown for 4 weeks. 
Glucose and insulin were measured after a 6-h fasting. The data were 
expressed as the mean ± SEM. A probability of p < 0.05 was consid-
ered statistically significant. *, p < 0.05; **, p < 0.01; ***, p < 0.005. 
ns not significant. d, e Histological images of pancreas (d) and skel-
etal muscle € from a WT and a GCK-Hom rabbit and a GCK-Hom 
rabbit receiving glimepiride treatment for 4 weeks are shown. Tissue 
sections were stained by hematoxylin–eosin staining (HE), immuno-
histochemical staining of insulin (INS) or periodic acid-Schiff stain-
ing (PAS)
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these rabbits have impaired renal function, an important 
complication of diabetes.

Diabetes is a chronic condition requiring long-term 
treatment to control the blood glucose levels, with both 
hyperglycemia and hypoglycemia leading to severe health 
consequences. As such, methods of treating the condition 
must be able to be readily maintained over a long period 
of time. In this paper, we show that both glimepiride and 
repaglinide have a significant effect to reduce blood glu-
cose levels in the GCK-NFS rabbits (Fig. 6). These drugs 
are anti-diabetic medicines for Type-2 DM. They lower 
blood glucose levels by stimulating the release of insulin 
from pancreatic β-cells and have antioxidant and hypolipi-
demic actions as well [42, 43]. The efficacious effects of 
these drugs in the GCK-NFS rabbits are consistent with 
our finding that these rabbits had reduced insulin levels, 
which led to hyperglycemia.

However, there is no effect observed in the GCK-NFS 
rabbits receiving Metformin and Sitagliptin treatment (Fig. 
S5A and S5B). Sitagliptin is a selective DPP-4 inhibitor 
that enhances intact (active) incretin levels and improves 
24-h glycemic control in patients with type 2 diabetes and 
Metformin is a biguanide that decreases blood glucose con-
centration by mechanisms different from those of sulpho-
nylurea or insulin [44]. Although it is generally agreed that 
metformin reduces fasting plasma glucose concentrations by 
reducing rates of hepatic glucose production [45], its effect 
on the relative contributions of hepatic glycogenolysis and 
gluconeogenesis remains controversial. Some studies con-
clude that metformin works mostly by reducing rates of glu-
coneogenesis [43]. These findings support that the insulin 
insufficiency in the circulation is likely the major mechanism 
underlying the hyperglycemia in these mutant rabbits, and if 
this is the case in MODY-2, sitagliptin and biguanide drugs 
may not be suitable for treating MODY-2-type patients.

Our finding that the pancreatic islets are reduced in size 
with decreased insulin expression levels in both islets and 
the circulation in the GCK-NFS rabbits may have a signifi-
cant clinical significance. These changes are caused as a 
result of deletion of a 12-residue fragment of glucokinase, 
suggesting that MODY-2 patients, particularly those with 
mutations within this region of GCK gene, require monitor-
ing of their β-cell function and insulin levels. Furthermore, 
these results suggest a potential biological function of the 
glucokinase domain containing the 12-residue fragment in 
regulating expression of insulin gene as well as blood glu-
cose sensing.

To the best of our knowledge, this is the first report of 
recapitulation of the typical symptoms of MODY-2 in rab-
bit by a CRISPR/Cas9 approach. This new model would 
facilitate basic research to understand the pathogenesis of 
MODY-2 and the translational studies to develop novel 
therapeutic strategies for this disease.
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