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Abstract BACKGROUND: Diabetes mellitus (DM), characterized by hyperglycemia, is one 
of the leading causes of death worldwide. An appropriate DM animal model 
to explore the underlying mechanism of DM and develop new antidiabetic drugs 
is still desirable. Here, we aim to provide alternatives of DM animal models for 
medical researches.
OBJECTIVE: To establish a diabetes susceptible family in the Bama minipig (BMP) 
by N-ethyl-N-nitrosourea (ENU) induction. 
METHODS: Male BMPs with hyperglycemia were selected from G1 and bred by 
the inbreeding strategy. After 5 generations, parameters such as fasting plasma 
glucose (FPG), 2-hour plasma glucose (2hPG), intravenous glucose-tolerance test 
(IVGTT), and insulin resistance were determined to evaluate susceptible family 
members.
RESULTS: The male BMP 2907 (FPG = 6.1 mmol/L, IGVTT 2hPG = 11.9 mmol/L) 
with hyperglycemia was selected from G1 to generate the 2907 hyperglycemic 
family. With the number of breeding generations, average FPG levels in BMPs 
increased significantly (p < 0.05). G5 displayed the characteristics of elevated 
FPG, insulin resistance, dyslipidemia and abnormal glucose tolerance (p < 0.05). 
CONCLUSION: A diabetes susceptible family has been successfully established, 
which might be used for further inbreeding or induced to mimic the phenotype 
of diabetes.

INTRODUCTION
Diabetes mellitus (DM), the seventh leading cause 
of death in the USA as well as worldwide, is increas-
ingly considered a major non-communicable 
disease threatening both affluent and non-affluent 

societies (Narayan et al. 2000; Glovaci et al. 2019). 
The latest IDF Diabetes Atlas report showed that 
about 425 million adults suffered from diabetes in 
2017 worldwide. It is estimated that 629 million 
individuals will suffer from diabetes by 2045. 
Therefore, DM is a severe health problem that 
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imposes a heavy burden on individuals and the society 
at large. Diabetes prevention and treatment has there-
fore become a hot topic for scholars around the world 
(Cho et al. 2018). Under the circumstances, it is very 
important to establish an appropriate animal model 
of diabetes to explore the underlying mechanism of 
diabetes and develop novel antidiabetic drugs. At 
present, animal models of  diabetes are mainly estab-
lished by surgical excision of part or all of the pancreas, 
high glucose and high fat diet and/or induction with 
streptozotocin (STZ), the transgenic/gene knockout 
method, and the genetic breeding and selection method 
(Acharjee et al. 2013; Strauss et al. 2012; Yan et al. 2018).

Rodent models have long been a major tool for 
diabetes research because of low maintenance costs, 
well-studied genomics and ease of genetic engineering. 
However, due to clear metabolic and physiological 
differences between humans and rodents, research 
progress has been undoubtedly hampered with 
confusing biomedical discoveries generated, which 
hinders the clinical translation of potential preven-
tion and intervention tools for diabetes (Acharjee 
et al. 2013; Aigner et al. 2008). Compared with non-
human primates and canines, miniature pigs or mini-
pigs are less subject to resource and ethical constraints. 
Due to  the high similarity between pigs and humans 
in terms of physiology, anatomy, blood biochemical 
indexes, diet and drug metabolism, in addition to the 
availability of pig’s whole genome sequencing data, the 
miniature pig appears to be the best supplement and 
expansion, which can be used in addition to rodent 
diabetes models (Bassols et al. 2014; Renner et al. 2018; 
Spurlock & Gabler 2008).

At present, many scholars have attempted to estab-
lish a suitable minipig model by using the above 
methods. For example, Strauss A et al. compared two 
minipig diabetes models by total pancreatectomy and 
STZ induction, respectively. Although both methods 
reliably induced diabetes in GMP, the PE-GMP group 
clearly had more health problems and required more 
time and resources. The PE-GMP model, however, was 
better in eliminating endogenous insulin and C-peptide 
compared with the STZ-GMP mode (Strauss et al. 
2012). DM model establishment by STZ leads to direct 
injury of islet beta cells, which is often used in type 1 
DM modeling (Wu & Yan 2015). Due to islet beta cell 
regeneration leading to phenotype instability, STZ 
induction modeling is not suitable for long term experi-
ments (Strauss et al. 2012). High glucose and high fat 
diet could also produce diabetes symptoms. However, 
at least 5-10 months of diet treatment should be applied 
(Yuan & Tao 2016). DM is a polygenic disease, and 
simple gene knockout has great limitations. In addi-
tion, this method is very difficult to perform, and the 
problem of generation after successful model establish-
ment remains (Yuan & Tao 2016; Perleberg et al. 2018; 
Wolf et al. 2014). In the genetic breeding method, the 
first step involves obtaining spontaneous diabetic boars. 

The difficulty here is that experimental minipigs often 
tolerate diabetic factors such as lack of exercise and 
excess energy due to their origin from wildtype swines, 
and spontaneous diabetic boars are rarely found (Yuan 
& Tao 2016). Overall, the establishment of minipig 
diabetic animal models remains to be explored and 
improved.

N-ethyl-N-nitrosourea (ENU)-induced muta-
genesis is an effective forward genetic approach for 
identifying functional genes and generating animal 
models. ENU is a potent mutagen that primarily 
induces point mutations and chromosome rearrange-
ments in the genome in a random manner (Schimenti 
& Bucan 1998). Bernhard Aigner et al. successfully 
induced murine diabetic models by ENU [7]. The 
present study aimed to use Bama minipigs to generate 
large mammal gene mutation and animal models 
of  the human disease by ENU mutagenesis screening. 
In a  previous work, we have generated minipigs with 
traits simulating human Waardenburg Syndrome, 
Mondini dysplasia, Oculocutaneous Albinism II, 
Congenital Hypothyroidism, and Harlequin Ichthyosis 
(Hai et al. 2017). In the latest screening, a boar with 
FPG ≥ 6.1 mmol/L was obtained, versus averaged FPG 
levels of  2.0-3.5 mmol/L in minipigs raised with the 
same environment. It is promising to utilize this line 
to generate diabetes susceptible family, which would 
result in the establishment of spontaneous DM models 
in minipigs.

MATERIALS AND METHODS
Experimental animals
Bama minipigs were obtained from Dongguan 
Songshan Lake Mingzhu experimental animal science 
and technology Co., Ltd. The experimental animal 
production license number was SCXK (Guangdong) 
2012-0030, and the experimental animal license 
number was SYXK (Guangdong) 2012-0123. The 
experiments were approved by the welfare and ethics 
committee and completed in general large animal labo-
ratory of Dongguan Songshan Lake Pearl Laboratory 
Animal Science and Technology Co., Ltd. The minipigs 
were fed twice daily at 8-9 AM and 4-5 PM according 
to the standard of 4% body weight with unlimited water 
supply.

Reagents
Porcine insulin ELISA Kit (CSB-E06828p), porcine 
glucagon ELISA Kit (CSB-E04854p) and porcine 
HbA1c ELISA Kit (CSB-E17546p) were from Wuhan 
Huamei Bioengineering Co., Ltd., with reagent sensi-
tivity of 1  μIU/ml. 50% Glucose Injection (Tiangen 
biochemical technology (Beijing) Co., Ltd.) was also 
used.
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Instruments and equipment
A blood glucose meter (Ultraeasy, J&J), blood glucose 
test papers (Ultraeasy, J&J), a low temperature high-
speed centrifuge (Eppendorf 5810 R), a microplate 
spectrophotometer (Thermo FC), blood analyzer 
(Sysmex XT-1800 i), an automatic biochemical analyzer 
(OLYMPUS AU 2700), a desktop centrifuge (Eppendorf 
5418) and a water bath (Thermo Fisher) were employed.

Selection of a male BMP and subsequent breeding 
strategy
After ENU induction, the body weight, blood glucose, 
physiological and biochemical indexes of G1 were 
tested once per month. The male BMP with highest 
blood sugar levels was selected for subsequent breeding. 
The detailed breeding steps are described in Figure 1.

Grouping and index determination 
The experiments were divided into four steps. (1) 
Male BMPs vs. controls: fasting blood glucose (FPG) 
was measured once a month starting at 13 months old 
to the end of the experiment, with glucose tolerance 
assessed at the end of the experiment. (2) G3 generation 
hyperglycemic BMPs vs. controls; there were 6 animals 
in all, including 3 males and 3 females in each group, 
with FPG measured at 6 months old. (3) G4 generation 
hyperglycemic BMPs vs. controls; there were 6 animals, 
including 3 males and 3 females in each group, with 
FPG assessed at 6 months old. (4) G5 generation hyper-
glycemic BMPs vs. controls; there were 6 animals, 
including 3 males and 3 females in each group, with 
FPG, 2-hour plasma glucose (2hPG), insulin (INS), 
glucagon (GC), glycosylated hemoglobin A1c (HbA1c), 
homeostasis model assessment for insulin resistance 

(HOMA-IR), blood physiological and biochemical 
indexes, and intravenous glucose tolerance (IVGTT) 
assessed at 6-month-old.

FPG and 2hPG measurements
Fresh blood was collected from the anterior vena cava 
plexus, and FPG and 2hPG were assessed with a J&J 
blood glucose meter. For 2hPG measurement, blood 
was drawn exactly 2 hours after food intake.

IVGTT test
50% Glucose Injection was administered through the 
ear vein at a dose of 1.2 ml/kg within 4 minutes (Chen 
et al. 2009). Blood samples were collected from the 
anterior vena cava plexus for blood glucose measure-
ments at 0, 10, 30, 60 and 120 minutes after injection, 
respectively.

Glycometabolism related indicators
Blood samples were centrifuged, and serum was used 
for the detection of glycometabolism indexes. ELISA 
was used to detect INS, GC and HbA1c.

Insulin resistance index (HOMA-IR)
The HOMA-IR was determined according to fasting 
blood glucose and fasting insulin as follows. Insulin 
resistance index (HOMA-IR) = fasting blood glucose * 
fasting insulin / 22.5 (Matthews et al. 1985).

Assessment of physiological and biochemical indexes 
Fasting blood was collected from the anterior vena 
cava plexus and aliquoted into EDTA-K2 tubes (2 ml/
tube) and non-anticoagulant tubes (5 ml/tube) for 
physiological and biochemical measurements, respec-
tively. For biochemical measurements, 5 ml blood in 

Fig. 1. The detailed breeding steps



180 Copyright © 2020 Neuroendocrinology Letters ISSN 0172–780X • www.nel.edu

Su et al: Diabetes susceptible families in Bama minipig

non-anticoagulant tubes was centrifuged at 2500g for 
5 min for serum preparation. Then, while blood cell 
(WBC), red blood cell (RBC), hemoglobin (HGB), 
red blood cell specific volume (HCT), mean corpus-
cular volume (MCV), mean corpuscular hemoglobin 
(MCH), mean corpuscular hemoglobin concentration 
(MCHC), platelet (PLT), red blood cell distribution 
width (RDW-SD and RDW-CV), neutrophil (NEUT), 
lymphocyte (LYMPH), monocyte (MONO), eosinophil 
(EO), and basophil (BASO) levels were assessed. Blood 
biochemical indexes were measured, including total 
protein (TP), albumin (ALB), globulin (GLO), indirect 
bilirubin (IBIL), direct bilirubin (DBIL), total bilirubin 
(TBIL), cholesterol (CHOL), low density lipoprotein 
cholesterol (LDL-CH), high density lipoprotein choles-
terol (HDL-CH), triglyceride (TG), aspartate amino-
transferase (AST), alanine aminotransferase (ALT), 
creatine kinase (CK) and lactate dehydrogenase (LDH) 
amounts.

Statistical analysis
Data are shown as mean ± standard deviation (SD). 
P<0.05 was considered statistically significant. Data anal-
ysis was performed with the SPSS software (SPSS, USA). 

RESULTS
Male BMP selection and breeding
Hyperglycemia is the most prominent feature of DM, 
and is mainly used as a diagnostic indicator of DM 
clinically. According to the diagnostic criteria of the 
American Diabetes Association, diabetes can be diag-
nosed with one of the following conditions: (1) FPG 
≥7.0 mmol/L; (2) oral glucose tolerance test 2hPG 
≥11.1 mmol/L; (3) glycosylated hemoglobin HbA1c 
≥6.5%; (4) typical diabetic symptoms and blood 
glucose PG ≥ 11.1 mmol/L at any time (the first three 
need to be re-examined for definite diagnosis). After 
5 generations of breeding, a total of 66 families (3800 
pigs) were established. The BMP G1 male with highest 
blood glucose levels was selected, numbered 2907, and 
used to establish the 2907 family line (Figure 2). After 
long-term monitoring, FPG levels in the male BMP 
2907 varied in the range of 6.1-9.9 mmol/L (see Figure 
2), while the FPG levels of other control BMPs in the 
same environment were 2.0-3.5 mmol/L. The male 
BMP 2907 was used to mate a normal BMP female, and 
progenies with FPG above 5.0 mmol/L were selected for 
subsequent breeding (Yan et al. 2018). After 5 genera-
tions of breeding, male BMP 2907 displayed normal 
body weight, good physical condition, exuberant 
saliva secretion and normal sexual behavior, except for 

Tab. 1. Body weight, FPG, 2hPG and glucose metabolism related indexes

Control (n=6) Hyperglycemia (n=6)

Body weight (kg) 18.78±1.58 19.01±0.72

FPG (mmol/L) 3.15±0.69 6.53±1.76**

2hPG (mmol/L) 3.37±0.58 7.08±1.05**

INS (μIU/mL) 17.45±1.39 14.66±2.98

GC (pg/mL) 291.76±28.57 273.25±40.03

 HbA1c (ng/mL) 236.07±50.48 300.56±32.39*

HOMA-IR 2.43±0.48 4.15±1.19**

*P < 0.05 and **P < 0.01, compared to the normal group.

Fig. 2. The family tree of 2907
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hyperglycemia (abnormal FPG and 2hPG of IVGTT of 
11.9 mmol/L, Table 1). According to the current phys-
ical condition, male BMP 2907 could be continually 
used for 2 years or more. 

Hyperglycemic phenotypes in G3, G4 and G5 of 
2907 family
The inherited hyperglycemia in the 2907 family tree 
began in the G3 generation, and the numbers of individ-
uals with increased blood glucose were high in the G3, 
G4 and G5 generations. Hyperglycemic BMPs in Figure 
3 showed FPG levels at 6 months of age: G3 generation, 
5.93±0.54 mmol/L; G4 generation, 6.75±0.70 mmol/L; 
G5 generation, 7.48±0.85 mmol/L. Compared with the 
G3 generation, both G4 and G 5 generations showed 
significantly increased FPG levels (p < 0.05). The char-
acteristics of hyperglycemia in the G5 generation were 
more obvious, with more than 50% individuals having 
FPG levels above 6.0 mmol/L.

IVGTT
After 50% glucose injection, blood glucose levels in 
both groups immediately increased to 28 mmol/L, and 
then gradually recovered. At 60 min, the control group 
basically showed fasting blood glucose level, while the 
hyperglycemia group showed a drop to 3.78±0.93 mmol. 
At 120 min, blood glucose levels in the hyperglycemia 
group returned to 5.77±1.07 mmol/L. The hypergly-
cemia group showed significantly higher FPG, 30-min 
glucose levels and 120-min glucose levels compared 
with the control group (p < 0.05); however, there were 
no significant differences in 0-minute, 10-minute and 
60-minute blood glucose levels during the IVGTT 
between the two groups (Figure 4).

Fig. 3. Fasting blood-glucose of 2907 for 25 months

Fig. 4. Intravenous glucose tolerance test results. *P < 0.05 and **P < 0.01, compared to 
the normal group.
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Weight, FPG, 2hPG and glycometabolism related 
indicators
The levels of FPG, 2hPG, HbA1c and HOMA-IR in 
hyperglycemic BMPs were significantly higher than 
those of control subjects (p < 0.05); however, there were 
no significant differences in body weight, INS and GC 
between the two groups (Table 1).

Blood physiological indexes
There were no significant differences in blood physi-
ological indexes between the two groups (Table 2).

Blood biochemical parameters
CHOL and LDL-CH levels in the hyperglycemia group 
were significantly higher than those of the NC (P < 
0.01). However, there were no significant differences 
in other blood biochemical indexes between the two 
groups (Table 3).

DISCUSSION
Previously reported DM susceptible swine models 
include Yucatan Miniature Swine and Ossabaw Island 
Hog with low blood sugar clearance rate, and Iberian 
pigs with inheritable elevated levels of low density 
lipoprotein cholesterol (IHLC) and leptin resistance 

compared with Iberian pigs (Spurlock & Gabler 2008; 
Yuan & Tao 2016). The mutation of pig IHLC origi-
nated from a missense mutation (C253 → T253) in the 
LDL receptor, resulting in the substitution of Arg94 by 
Cys94 in the LDL. Moreover, the mutation was shown 
to be inherited in an autosomal manner, similar to that 
of human familial hypercholesterolemia. Spontaneous 
dyslipidemia is also characteristic of insulin resistant 
individuals, and has the potential to model human type 
2 DM (Chen et al. 2009).

Most of the miniature pigs in China, especially Bama 
minipigs, are bred for food supply. Therefore, BMPs can 
tolerate most causative factors of diabetes such as lack 
of exercise and excess energy with rare natural occur-
rence (Yuan & Tao 2016). ENU, a synthetic chemical, is 
able to generate random and single base mutations in 
DNA sequences. The mechanism is that the acetyl group 
of ENU could replace chemical groups on some bases 
of the DNA. The male BMP 2907 was generated from 
crossing an ENU-induced male BMP with a normal 
female BMP, and hyperglycemic individuals were found 
from 2907 and its offspring. We assume that the hyper-
glycemic characteristics of the family are likely induced 
by ENU mutagenesis, which is similar to that of IHLC 
pigs. At present, considering the inheritability of hyper-
glycemia in G3, G4 and G5 generations, FPG levels 
in G4 and G5 generations were significantly higher 
than those of G3, and the G5 generation had glucose-
tolerant individuals just like 2907 (G1). Therefore, it is 
presumed that in subsequent breeding generations, new 
families of diabetic miniature pigs would be established.

Compared with normal BMPs under the same envi-
ronmental, feeding and age conditions, the G5 of the 
DM susceptible family showed higher levels of FPG, 
2hPG and HbA1c. In vivo, blood glucose levels are 
mainly regulated by neurohumoral mechanisms, with 
insulin and glucagon as the main players. For DM, type 
1 DM is mainly due to islet beta cell damage resulting 
in insufficient insulin secretion. In contrast, Type 2 DM 
mostly results from insulin resistance and islet beta cell 
dysfunction (Bellinger et al. 2006). Studies have shown 
that type 2 DM not only shows abnormal islet beta cells, 
but also abnormal islet alpha cells; abnormal glucagon 
secretion also promotes the occurrence of  hyper-
glycemia and diabetes (Matthews et al. 1985). In this 
study, hyperglycemia group BMPs showed higher blood 
glucose levels, but normal insulin and glucagon levels, 
indicating that in this case hyperglycemia is not related 
to abnormal insulin or glucagon. The HOMA-IR values 
of the hyperglycemia group were significantly higher 
than those of the controls, indicating that BMPs in the 
hyperglycemia group had obvious insulin resistance, 
resulting in reduced response and sensitivity of tissues 
and cells to insulin, leading to decreased insulin-medi-
ated glucose uptake and utilization efficiency, thus 
maintaining a high blood sugar phenotype (Liu et al. 
2007). There are many factors and mechanisms under-
lying insulin resistance, including obesity, oxidative 

Tab. 2. Blood physiological indexes

Normal (n=6) Hyperglycemia (n=6)

WBC (109/L) 20.16±3.15 24.06±9.46

RBC (1012/L) 7.79±0.42 7.96±0.62

HGB (g/L) 142.17±9.83 144.00±14.01

HCT (%) 44.38±2.91 44.58±6.09

MCV (fL) 56.98±2.97 55.92±4.56

MCH (pg) 18.26±1.09 18.08±0.88

MCHC (g/L) 320.17±4.71 324.17±12.16

PLT (109/L) 638.00±86.67 655.50±148.47

RDW-SD (fL) 38.38±1.24 40.60±4.48

RDW-CV (%) 21.61±0.97 22.97±2.26

NEUT# (109/L) 4.65±1.23 6.17±3.13

LYMPH# (109/L) 13.37±2.30 15.81±6.89

MONO# (109/L) 1.34±0.24 1.23±0.37

EO# (109/L) 0.63±0.43 0.65±0.53

BASO# (109/L) 0.17±0.07 0.21±0.06

NEUT% 23.15±5.39 25.80±11.72

LYMPH% 66.27±3.55 65.58±10.63

MONO% 6.70±0.70 5.32±1.24*

EO% 3.03±2.03 2.40±1.00

BASO% 0.85±0.40 0.90±0.19

Note: Compared with the normal, *P < 0.05, **P < 0.01.
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stress, receptor substrate phosphorylation and organelle 
dysfunction (Koopmans et al. 2006). Further study is 
required to unveil the mechanism of insulin resistance 
in 2907 family.

Glucose tolerance is an indicator of the body's 
ability to regulate blood sugar. Once glucose tolerance 
is altered, the odds of developing DM increases. Oral 
glucose tolerance test (OGTT) is usually used to eval-
uate glucose tolerance in clinical practice. However, it is 
inconvenient and error-prone in terms of manipulating 
experimental minipigs. Therefore, IVGTT was used 
to evaluate glucose tolerance in minipigs. The results 
showed that pigs in the G5 generation showed impaired 
glucose tolerance, whereas other pigs had normal regu-
lation of blood glucose.

The occurrence of diabetes is often accompanied 
by changes in physiological and biochemical indica-
tors. Alken Tacitimur et al. found that the percentage 
of monocytes, hemoglobin, mean red blood cell volume 
and average platelet distribution width in patients with 
diabetes are significantly lower than those of normal 
individuals (Tobisch et al. 2011); Fang Li et al. found 
that platelet count (PLT) in DM patients is lower than 
that of healthy individuals, while platelet distribution 
width (PDW), mean platelet volume (MPV) and platelet 
ratio (P-LCR) are higher than those of healthy people 
(Li et al. 2010). Therefore, the occurrence of diabetes 
may possibly be monitored by detecting blood physi-
ological indicators. In this study, there were no signifi-
cant differences in blood physiological indexes between 
those two groups, probably due to the young age at 

testing that may mask abnormalities to develop in older 
age. The changes of biochemical indexes were reflected 
by abnormal metabolism of lipids, mainly including 
CHOL, TG, HDL-CH and LDL-CH. Several clinical 
studies have shown that diabetic patients have increased 
TG and LDL-CH, and decreased HDL-CH (Mooradian 
2009); therefore, early prevention of diabetes can be 
achieved by monitoring blood lipids. The occurrence 
of dyslipidemia is related to insulin resistance, which 
affects TG and HDL-CH regulation (Zhang et al. 2016). 
In this study, TG and HDL-CH levels between those 
two groups were not significantly different; however, 
CHOL and LDL-CH levels in the hyperglycemia group 
were higher than those of the control group, consistent 
with blood lipid test results in DM patients, suggesting 
lipid metabolic disorders is indeed associated with DM.

The number of germ cells in male animals is much 
greater than that of female counterparts, which makes 
males more advantaged in ENU induction, resulting in 
more gametes mutated and larger amounts of subse-
quent mutated offspring (Aigner et al. 2008; Hai et al. 
2017). It is critical to maintain and apply the established 
mutated family to carry out related studies. With the 
increasing age of 2907, we will focus to select suitable 
boars exhibiting similar or more severe hyperglycemic 
traits in 2907 derived generations. Most minipig breeds 
in China, including Bama minipigs, are found in 
a closed environment, which enables inbreeding to an 
extent (Yuan & Tao 2016). The 2907 family members 
were inbred to the 5th generation in good conditions 
without obvious defects from inbreeding. One of the G5 
BMPs in the hyperglycemia group reached the test stan-
dard for DM, and more than 80% of BMPs at G5 were 
susceptible to DM, although the total number of family 
members remains small. Considering the general 
law of inbreeding, sterility and stillbirth would begin 
to occur in G5 or G6. The 2907 family could be utilized 
in DM modeling in two ways: (1) inbreeding should 
be continued to generate more stable DM suscep-
tible families if no obvious defects are observed from 
inbreeding; (2) avoidance of further inbreeding of this 
line and induction with a high glucose/high fat diet or 
STZ to generate a DM model for scientific research. 

In summary, the 2907 family has been initially 
established as DM susceptible. The selected hypergly-
cemia minipigs bred in this family show characteris-
tics suggesting type 2 diabetes, including continuous 
increase in FPG, insulin resistance and lipid metabo-
lism impairment. The family has the potential for 
further inbreeding selection or additional induction 
to establish DM model families.
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