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1 | INTRODUCTION

Diabetes-related complications are the main cause of disabil-
ity, death, and increased medical expenditure in patients with

Abstract

Background: Miniature pigs are attractive animal models for exploring diabetes be-
cause they are similar to humans in terms of physiological structure and metabolism.
However, little is known about the complications of diabetes in pigs.

Methods: In this study, a 28-month observation of a Wuzhishan miniature pig with
streptozotocin (STZ)-induced (120 mg/kg) diabetes was conducted, to investigate
diabetes-related complications and the possibility of self-recovery in miniature pigs.
Blood glucose, serum and urinary biochemistry was measured, and histopathologic
examinations of eyes, kidney and pancreas were made.

Results: During the observation, diabetic complications of eyes and kidney were
observed. The eye complications included bilateral cataracts in the 15th month
and degeneration of inner retina and microaneurysm in the 28th month. Kidney
complications included glomerular mesangial expansion, focal segmental glomeru-
lar sclerosis, and renal tubular epithelial degeneration, but no proteinuria was ob-
served. By 28 months after the application of STZ, with no treatment given, blood
glucose had recovered and the number of pancreatic islet beta-cells had increased
significantly.

Conclusions: We showed that the STZ-induced diabetes model in miniature pigs could
accurately mimic the pathological changes of human diabetes, and that pancreatic
islet beta-cell regeneration did occur in an adult miniature pig, providing a new means
for exploring diabetic complications and pancreatic islet beta-cell regeneration.
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diabetes. The incidence of complications is highly related to the
patient's age, gender, systolic blood pressure, etc, with the dura-
tion of the disease considered to be one of the key influencing
factors.! For example, diabetic nephropathy (DN) usually occurs
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in a susceptible population with diabetes onset at between 15
and 25 years.>® Current experimental data on diabetes originate
mainly from rodent models, and studies on the pathogenesis of
diabetes-related complications and drug testing are performed
mainly in rodents.*® However, the metabolic mechanisms in ro-
dents and humans are significantly different, limiting the clinical
relevance of these research results. Several clinical trials on new
drugs targeting advanced DN have shown disappointing results in
recent years.7'9

Pigs are generally metabolically similar to humans, with sim-
ilar gastrointestinal structure and nutrient uptake mechanisms.
Pancreas development and morphology in the pigis also quite sim-
ilar to that of humans. Moreover, the insulin of pigs and humans
differs by only one amino acid.’®*? Therefore, pigs are attrac-
tive animal models for exploring diabetes. Streptozotocin (STZ)
has selective chemotoxicity on pancreatic islet beta-cells and is
commonly used to experimentally induce insulin-deficient diabe-
tes. 1314 A rapid intravenous injection of more than 100 mg/kg STZ
can cause porcine insulin-deficient diabetes, which persists for
more than 3 years.1%1>18

Some studies have shown that sensitivities to STZ varied
greatly in pigs. It is speculated that this difference relates to ge-
netic factors.®®% Liu et al'? found that the sensitivities of differ-
ent breeds of pigs to STZ is different; the application of a dose of
150 mg/kg successfully induced diabetes in Landrace pigs, but a
dose of 200 mg/kg was required to induce diabetes in Gottingen
miniature pigs. We compared the sensitivities of the three most
commonly used Chinese miniature pigs (Bama, Wuzhishan, and
Guizhou) to STZ-induced diabetes. Of these, Wuzhishan miniature
pigs were relatively sensitive to STZ; a dose of 120 mg/kg could
cause insulin-deficient diabetes. In this study, a Wuzhishan minia-
ture pig with STZ-induced diabetes was observed for 28 months
to investigate the possibility of self-recovery and diabetes-related

complications in these miniature pigs.?°

2 | METHODS
2.1 | Ethical statement

This trial was approved by the Laboratory Animal Welfare and
Ethics Committee of the PLA General Hospital (Document Number:
IACUC-D13009).

2.2 | Experimental animals

Three male Wuzhishan miniature pigs (7-8 months old; weighing 20.5-
26.5 kg) were selected for the experiments and a fourth Wuzhishan
miniature pig (36 months old; weighing 66 kg) was used as a control for
the pathological study. The pigs purchased from the Beijing Institute of
Animal Husbandry and Veterinary Medicine in the Chinese Academy

of Agricultural Sciences. The trial was completed at the animal

experimental center of the PLA General Hospital. The animals were
reared in a single cage at room temperature of 20-28°C and a relative
humidity of 40%-80%. They were given measured quantities of feed at

regular intervals but had free access to drinking water.

2.3 | Experimental instruments and reagents

Blood glucose was measured using a Bayer Contour blood glu-
cose meter (Leverkusen, Germany). STZ (S0130) was purchased
from Sigma (MA, USA). The antibodies for insulin (ab46716),
glucagon (ab10988), and growth hormone release-inhibiting fac-
tor (ab22682) were all purchased from Abcam (MA, USA). Fetal
bovine serum, primary antibody dilution buffer, goat anti-rabbit
secondary antibody, diaminobenzidine chromogenic solution, and
neutral balsam were purchased from Zhong Shan Jin Qiao com-

pany (Beijing, China).

2.4 | Experimental methods

After 1 week of adaptive feeding, three miniature pigs were treated
with STZ. After overnight fasting, STZ (120 mg/kg) was injected into
the lateral saphenous vein of the hind limb within 4 minutes. Blood
glucose values in the ear vein were evaluated with a blood glucose
meter every 2 hours within a 24 hour period. Fasting blood glucose
was tested every morning for 28 days, at which time two miniature
pigs were injected intramuscularly with ketamine hydrochloride
(25 mg/kg) to induce anesthesia, followed by an intravenous injec-
tion of 3% sodium pentobarbital (6 mg/kg), and sacrifice by femoral
artery bloodletting. The results from these two pigs, termed “28 d”,
were combined to give an average result. The remaining experimen-
tal pig had a higher blood glucose level and was further observed for
28 months; resulting data were termed “28 mo”. The general clinical
manifestations were observed daily, and fasting blood glucose, serum
biochemistry, urine, and urinary protein were tested monthly. The ex-
perimental pig and the control were sacrificed after 28 months and
pathologically examined.

Intravenous glucose tolerance tests (IVGTT) were performed at
0, 15, and 28 months after STZ application as previously reported.
A Roche Automated Biochemical Analyzer (Cobas C701; Basel,
Switzerland) was used to measure the serum biochemical indices,
including creatinine, urea nitrogen and uric acid. A routine urinalysis
was performed using a Sysmex automatic urine analyzer (UF-1000i;
Kobe, Japan). Urine protein was measured using a Siemens auto-
matic protein analyzer (BN II; Munich, Germany).

After sacrifice, pancreas, kidney, and eyeballs were fixed in 10%
neutral formalin. Paraffin sections were made using standard proce-
dures for hematoxylin and eosin (HE) staining. Renal and retinal sec-
tions were also stained with periodic acid-Schiff (PAS). Pancreatic
tissue sections were made for insulin, glucagon, and somatostatin
immunohistochemical staining, and insulin and glucagon immunoflu-

orescence double staining.
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3 | RESULTS

3.1 | Changes in blood glucose level and glucose
tolerance test

In contrast to the control, hypoglycemia was induced in all the minia-
ture pigs after the application of STZ (Figure 1A). Although the blood
glucose levels fluctuated greatly within 28 days, sustained rises were
observed in 28 d and 28 mo (Figure 1B); 28 mo was observed for
28 months because of the higher fasting plasma glucose at the ear-
lier stage. The 28 mo fasting plasma glucose level was maintained at
between 12.4 and 29.2 mmol/L over 22 months after the application
of STZ and then began to recover. By the 28th month, it was almost
restored to the initial level (Figure 1C).

Intravenous glucose tolerance test results showed that the blood
glucose regulation response in the 28 mo miniature pig was rapid
before STZ induction; 60 minutes after intravenous glucose admin-
istration, the blood glucose had recovered to the initial level. Fifteen
months after the application of STZ, the fasting plasma glucose level
and the highest blood glucose level of this pig increased significantly
after intravenous glucose administration, but the blood glucose
regulation response was slower; 120 min after intravenous glucose
administration, it had not recovered to the level before administra-
tion. By the 28th month, the fasting plasma glucose level of the 28
mo miniature pig had recovered to the pre-test level. However, the
response of blood glucose regulation remained slower (Figure 1D).

3.2 | Diabetic eye diseases

Binocular mild cataracts began to appear in 28 mo in the 15th month
after STZ injection. Fundus examination showed no significant ab-
normalities. The extent of the cataracts gradually increased, and the
fundus could not be seen by the 28th month (Figure 2A).

Retinal biopsies revealed significant pathological changes in the
retina in the 28th month, including degeneration and micro-aneu-
rysms (Figure 2C,D); these were categorized as moderate nonpro-
liferative diabetic retinopathy according to the international clinical
criteria for the severity of diabetic retinopathy.?! Retinal degener-
ation occurred, with shrinkage and reduction in the number of the
inner nuclear layer cells, reduction in the number of ganglion cells,
and vacuolar degeneration of the nerve fiber layer (Figure 2C). These
lesions were thought to be related to blood supply disorders caused

by retinal microangiopathy.

3.3 | Diabetic nephropathy

During the 28-month observation period, the urea (UN), creatinine
(CRE), and uric acid (UA) levels of the 28 mo pig fluctuated within
the normal range after the application of STZ (Table 1). Compared
with the normal values for serological indices in the miniature
pigs (UN, 2.35 + 0.70 mmol/L; CRE, 96.67 + 16.75 pmol/L; UA,
4.67 +1.51 umol/L), only a few values increased slightly at individual
time points (19 and 28 months after the application of STZ, UN was
4.39 and 6.47 mmol/L, respectively; 22 and 26 months after the ap-
plication of STZ, UN was 7 and 8.4 umol/L, respectively). Therefore
the renal function of the pig was considered normal during the trial
period.

Mild albuminuria in the pig was observed in the 15th month,
which then increased slowly. By the 19th month, the urine protein
level reached 4.15 g/L, and the urinary microalbumin level reached
4.73 mg/dL. Thereafter, no significant increase was observed; urine
protein fluctuated between 2.64 and 4.15 g/L; urinary microalbumin
fluctuated between 4.28 and 7.04 mg/dL (Table 1).

Pathological examination of the kidneys showed no obvious ab-
normality in the control miniature pig and the two 28 d pigs 28 days
after the application of STZ, whereas the kidneys of the pig 28 months
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FIGURE 2 Pathological changes

after 28 mo in the eyes of Wuzhishan
miniature pigs with STZ-induced
diabetes. A, Cataract of the right eye of
the diabetic pig. B, Retina of the control
pig, 4 mm from the left side of the optic
nerve bundle. C, Retina of the diabetic
pig, 4 mm from the left side of the optic
nerve bundle. m, nerve fiber layer. a,
ganglion cell layer. %, inner nuclear layer.
Pyknosis and reduction of cells in the
inner nuclear layer and ganglion cell layer
were observed. Vacuolar degeneration
of the cells in the nerve fiber layer was
also found (black arrow). D, Retina of

the diabetic pig; irregular expansion of
retinal arterioles was found. The arrow
points to a microaneurysm. Bar = 200 pm;
magnification 200x

TABLE 1 Examination of serum and urine of Wuzhishan miniature pigs after STZ treatment

Serum Urine
Time (month) BUN (mmol/L) Scr (upmol/L) UA (pmol/L) Insulin (pIU/mL) Glucagon (pg/mL) PRO (g/L) mALB (mg/dL)
0 2.35 96.7 4.6 18.53 101.54 0.00 0.00
1 2.47 84.3 8.3 9.58 99.87 0.00 0.00
15 2.67 79.3 1.5 9.63 92.31 0.58 1.25
16 2.83 76.4 3.2 8.96 102.16 0.69 1.48
17 3.52 71.5 4.2 8.19 95.76 1.85 2.64
18 3.60 83.4 &3 9.32 103.47 2.15 3.82°
19 4.397 104.6 4.5 9.87 119.25 4.15 4.73%
20 3.54 89.8 3.1 8.56 106.48 2.64 5.64°
21 3.06 91.0 4.6 6.71 98.22 2.96 7.042
22 2.81 85.9 7.0° 6.13 138.42 291 4.28°
23 2.26 64.6 3.6 7.57 135.89 3.14 4.33°
24 2.24 71.0 2.6 10.81 106.75 3.28 4.63°
25 212 75.4 4.1 14.06 97.23 3.59 5.82%
26 2.94 95.0 8.4% 17.92 89.06 4.05 4.97°
27 3.38 75.3 2.6 10.73 94.05 3.32 5.23%
28 6.47° 105.5 4.0 11.3 103.84 3.69 5.16°

Abbreviations: BUN, blood urea nitrogen; mALB, microalbumin; PRO, protein; Scr, serum creatinine; UA, uric acid.

#Values higher than that of control.

after the application of STZ manifested obvious morphological ab-
normalities. Glomerular basement membrane (GBM) thickening, me-
sangial expansion, and sclerosis were observed (Figure 3C,D, black
arrow). According to the Tervaert pathologic classification,?? these
features indicated Class lla DN. Glomerular mesangial expansion
was generally visible; stromal hyperplasia and proliferation existed
in some of the cells. Renal glomeruli with severe mesangial expan-
sion (the expanded mesangial region exceeded the average width

of the glomerular capillary cavity) were distributed mainly between

the renal cortex and the medulla. Five sections of different parts of
the kidney were selected. The number of renal glomeruli with severe
mesangial expansion among 100 renal glomeruli was determined,
with an average of 3.1 + 0.91%. Sclerosing lesions in the entire renal
glomerulus were occasionally seen, but no Kimmelstiel-Wilson le-
sion was observed. Tubular abnormalities showed basement mem-
brane thickening, vacuolar degeneration in renal tubular epithelial
cells, and lumen protein-like substance deposition. Arteriolar hyali-

nosis was occasionally observed in the glomerular basement.
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3.4 | Morphology and function of the pancreas

The level of insulin had significantly decreased 28 days after the ap-
plication of STZ but, excitingly, it had increased 24 months after the
application of STZ (Table 1), indicating that the secretion of pancre-
atic islets was partially restored.

The pancreatic islets of the control miniature pig differed in size
and were generally small. HE staining showed that pancreatic islet
was shallow; the cells were arranged regularly with clear boundaries
with exocrine glands (Figure 4A). Immunohistochemical staining of
insulin, glucagon, and somatostatin showed that most pancreatic is-
lets were composed mainly of beta-cells, with other endocrine cells
rarely seen (Figure 4B). Some pancreatic islets also contained al-
pha-cells scattered throughout the pancreatic islets, but these com-
prised no more than 30% of total cells (Figure 4C). The proportion of
delta-cells in pancreatic islets was small (Figure 4D).

In the experimental pigs, the number of pancreatic islets was
significantly reduced by the 28th day after the application of STZ.
Those remaining were significantly atrophied and collapsed and
were squeezed by the surrounding exocrine glands; the bound-
aries were also irregular. Pancreatic islet cells were irregularly ar-
ranged with necrotic and few newly generated cells (Figure 4E).
Immunohistochemical staining revealed a significant decrease in the
number of beta-cells in the remaining pancreatic islets (Figure 4F),
a relative increase in the number of alpha-cells, and a concentrated

distribution due to exocrine extrusion (Figure 4G); the number of

FIGURE 3 Pathological changes

after 28 mo in the kidneys of Wuzhishan
miniature pigs with STZ-induced diabetes.
A, HE staining in the control pig. B, PAS
staining in the control pig. C, HE staining
in the diabetic pig. Hyperplasia of the
glomerular mesangium was observed
(black arrow); the mesangium was fused
with the glomerular capsule, and the area
of connective tissue in the glomerulus
exceeded the area of the capillary. D, PAS
staining in the diabetic pig. Glomerular
capillary and renal tubular basement
membrane thickening were observed.
Hyperplastic mesangium was positively
stained by PAS staining (black arrow).

Bar = 100 pm; magnification 400x

delta-cells was still small (Figure 4H). The pancreatic islets of the two
miniature pigs were significantly damaged with similar lesions.

The number of pancreatic islets was still small 28 months after
the application of STZ. The remaining pancreatic islets were signifi-
cantly atrophied and collapsed and were similar in morphology to
those seen on the 28th day after the application of STZ. However, no
denatured and necrotic cells were observed and the endocrine cells
were arranged more regularly than before (Figure 41). The number of
pancreatic islet beta-cells increased to a level similar to the control
(Figure 4J). The number of alpha-cells still accounted for the majority
of non-beta cells in a small fraction of pancreatic islets (Figure 4K).
The number of delta-cells remained small, similar to the proportion
on the 28th day after application the application of STZ (Figure 4L).
In addition, immunofluorescence was detected in a small percentage
of cells co-stained with insulin and glucagon (Figure 5), suggesting
that a small number of alpha-cells had transformed into beta-cells.

4 | DISCUSSION
4.1 | Main achievements

This study showed that STZ application (120 mg/kg) can cause
insulin-deficient diabetes in Wuzhishan miniature pigs. However,
individual differences between pigs existed, including transience

or persistence of hyperglycemia. The miniature pig with persistent
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FIGURE 4 Pathological changes in the pancreatic islets of Wuzhishan miniature pigs with STZ-induced diabetes. A-D, Results from the
control pig. E-H, Results from the pig with STZ-induced diabetes after 28 d. I-L, Results of the pig with STZ-induced diabetes after 28 mo.

A, E and | show HE staining. Black arrow points to pancreatic islet. B, F and J show immunohistochemical staining of insulin. Black arrows
represent positive staining. C, G and K show immunohistochemical staining of glucagon. Black arrows represent positive staining. D, H and L
show immunohistochemical staining of somatostatin. Black arrows represent positive staining

FIGURE 5 Immunofluorescence
staining of pancreatic islets of a
Wuzhishan miniature pig with STZ-
induced diabetes after 28 months. A,
Merged image from the images in B, C
and D, showing, respectively, nucleus
(blue), insulin (green), and glucagon (red).
The arrow points to the insulin- and
glucagon-positive cell, which indicates
that the cell is transforming from an
alpha-cell (glucagon-positive) into a beta-
cell (insulin-positive). B, DAPI staining of
nucleus. C, Immunofluorescence staining
of insulin. D, Immunofluorescence staining
of glucagon
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hyperglycemia was able to survive for a long time without treatment
and the diabetes was spontaneously alleviated 28 months after the
application of STZ. Fasting blood glucose level and glucose tolerance
levels (IVGTT) were restored to normal, indicating that the insulin
secretion in this pig was sufficient to control glucose metabolism
and maintain a stable blood glucose level within a certain range.
Pathological examination found that the number and morphology of
pancreatic islets in the pig were not completely recovered compared
with those on the 28th day after the application of STZ, but the num-
ber of beta-cells in pancreatic islets had increased significantly and
transformation of alpha-cells into beta-cells was observed. Eye and
kidney complications were present during the observation period of
28 months. Bilateral cataracts were observed 15 months after the
application of STZ and degeneration of inner retina and microaneu-
rysm were observed 28 months after the application. Urinary micro-
albumin was detected from the 15th month; glomerular mesangial
expansion, focal segmental glomerular sclerosis, and degeneration
and necrosis of epithelial cells in renal tubules were observed by
the 28th month. These results show that the STZ-induced diabetes
model in miniature pigs can provide a new means of studying diabe-
tes-related complications and regeneration of beta-cells in pancre-

atic islets.

4.2 | Diabetes-related complications

Despite great advances in understanding the pathogenesis of diabe-
tes-related complications, limited progress has been made in deter-
mining the specific factors leading to complications or predicting the
occurrence and progression of complications. One important reason
is the lack of animal models that reliably simulate human diseases.
Therefore, in 2001, the National Institutes of Health (NIH) initiated
the Animal Models of Diabetic Complications Consortium (AMDCC),
with the aims of hastening the development and identification of
animal models, promoting the development of treatment and pre-
vention strategies for diabetes-related complications, and testing
their effectiveness. In recent years, a large number of rodent models
for diabetes-related complications have been established, including
artificially induced animal models and spontaneous and genetically
engineered (gene knockout and transgenic) animal models, which
have improved the phenotypic and strain analyses of mice and en-
hanced understanding of the pathogenesis of diabetes-related com-
plications but, unfortunately, no rodent model has achieved the
criteria of AMDCC.*¢ Recently, miniature pigs have become an at-
tractive animal model for exploring diabetes, especially for studying
the pathogenesis of diabetes-related complications, because they
are similar to humans in terms of anatomic structure and metabolic
mechanisms.

Diabetic nephropathy is the main cause of end-stage renal dis-
ease. The imbalance between vascular endothelial cell dysfunc-
tion and the angiogenesis response is crucial in the development
of the disease.?>?* Moreover, pathological changes in kidneys may

serve as a marker of systemic microvascular injury.?> Histological

findings in patients with DN include GBM thickening, podocyte
foot process widening or detachment, mesangial expansion, me-
sangial sclerosis, nodular sclerosis/Kimmelstiel-Wilson lesions,
and vasculopathy (hyalinosis). Of these, GBM thickening and
podocyte foot process widening or detachment are thought to be
the early lesions of DN.2%267

Compared with other animals, the kidney of the miniature pig is
more similar to that of humans in anatomy and function. For exam-
ple, the pig has a multilobular and multipapillary kidney similar to
that in humans.3® Maile et al®! have reported early kidney lesions in
Yorkshire pigs 6 months after diabetes onset, including GBM thick-
ening, podocyte depletion, and mesangial expansion, as well as an
increased urinary albumin-creatinine (Cr) ratio. Significant lesions
were observed in male domestic pigs 15 months following induc-
tion of diabetes, including mesangial expansion, podocyte injury, and
foamy cytoplasm and hyaline droplets in renal tubular.3? Marshall et
al®® also reported severe DN in Hanford pigs with STZ-induced dia-
betes. Severe mesangial expansion was noted and nodular swelling
of the mesangium and distinct cell proliferation and matrix prolifera-
tion were observed in the 23rd month. In the 37th month, more se-
vere mesangial expansion was observed, and hyaline droplets could
be seen in the glomerular capsule wall.

In this study, no obvious functional and morphological changes
were found in the kidney of miniature pigs 28 days after the applica-
tion of STZ. By the 15th month, proteinuria occurred, which gradu-
ally increased and by the 28th month the morphology of the kidneys
showed significant abnormality, and renal function also began to de-
cline (0 month vs 28 months: BUN 2.35 vs 6.47 mmol/L; CRE 96.7 vs
105 mmol/L). The renal lesions were similar to the results of Marshall
et al but more serious than those in the 6- and 15-month studies,
indicating that proteinuria is a hallmark of STZ-induced DN in min-
iature pigs, with the progress of pathological changes being closely
related to the course of diabetes.

In addition, end-stage glomerular lesions (glomerular sclerosis)
were found in this study. In the severest cases, the entire glomer-
uli were sclerotic. However, Kimmelstiel-Wilson lesion was not
found, possibly linked to the shorter course of diabetes, since the
Kimmelstiel-Wilson lesion is generally considered as indicating a
transitional period from early or moderate progression to a more
advanced stage of the disease.>*% In the Tervaert pathological clas-
sification, Kimmelstiel-Wilson lesion is a marker of grade Il DN.?2
The presence of at least one Kimmelstiel-Wilson lesion is considered
to mark a longer disease course and is a poor clinical indicator of di-
abetes.>*% |n addition, severe glomerular lesions were found at the
boundary of the renal cortex and the medulla.

Retinopathy is another important complication of diabetes, and
is a major cause of blindness in adults worldwide.®” Diabetic reti-
nopathy affects the microcirculation of the retina, and changes in
its histology and pathophysiology lead to visual impairment and
blindness.*8 In clinical practice, retinal microaneurysm, hemorrhage,
cotton wool spots, and angiogenesis are classic signs of retinal vas-
cular disorders. Prior to these manifestations, histological changes

appear, including capillary basement membrane thickening, loss of
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periderm cells or ghost residue, and proliferation of capillary endo-
thelial cells, leading to blindness through hemorrhage and tractional
retinal detachment.®”

Pig's eyes are quite similar to human eyes both in size and struc-
ture,*© as are the basic structures of the retina and blood vessels.*!
Hainsworth et al*? first reported retinal capillary basement membrane
thickening in Yucatan miniature pigs with alloxan-induced diabetes
in the 20th week after induction. Lee et al*® extended the observa-
tion period to 32 weeks in Yorkshire pigs with STZ-induced diabetes.
They found that all pigs with diabetes had different degrees of cata-
ract, and 75% exhibited retinal capillary basement membrane thick-
ening. However, no other microvascular abnormality was noted. Our
28-month study is the first to show significant microvascular lesions,
reaching the microaneurysm stage, in the retina of diabetic pig. In ad-
dition, the lack of blood supply caused by the retinal microvascular
lesions led to an obvious lesion of the inner retina. The manifesta-
tions were pyknosis, reduction of the inner nuclear layer of the retina,
ganglion cell loss, and vacuolar degeneration of the nerve fiber layer,
which indicated that simple hyperglycemia can cause obvious retinop-
athy in miniature pigs, and the process of lesion development simu-

lates diabetic retinopathy in humans more closely than that in rodents.

4.3 | Regeneration of pancreatic islet beta-cells

Currently, normal blood glucose level can be restored in diabetic
patients via beta-cell transplantation (type 1 diabetes) or islet trans-
plantation (type 2 diabetes).**#% Since it is difficult to find beta-cell
donors, functional recovery or regeneration of endogenous islet
beta-cells is an attractive option.

Recent studies have suggested that regeneration of beta-cells
in adults occurs via three pathways: proliferation of beta-cells,
neogenesis from non-beta cell precursors, and transformation
from alpha-cells. These three pathways have been confirmed in
rodents.*’>2 Further, it is clear that the enhancement of residual
beta-cell replication is the main mechanism of beta-cell damage
repair.52'53 Unfortunately, it is impossible to measure the quality of
human pancreatic islet beta-cells in vivo. Models involving trans-
plantation of human pancreas into immunodeficient animals also
have some limitations and effects could be influenced by many
exogenous factors.>*>” Despite few studies having found any ev-

idence of B-cell replication in adult humans,8-¢°

many xenograft
models have shown newly activated human pancreatic islet cells
in the grafts. However, some scholars believe that these results
do not exclude the influence of the microenvironment in mice or
the effect of ischemia and temperature changes on proliferation
gene expression.

The pancreas of pigs provides a large animal model for the
study of pancreatic islet endogenous regeneration. Kim et al*?
have reported that the range of islet sizes in humans, pigs and mice
closely overlaps. They all exhibit a similar pattern of islet distribu-
tion, but the fraction of alpha-, beta- and delta-cells within an islet

varies between islets in the different species. Porcine islets have

their own particular characteristics, including absence of large
pancreatic islets and a less compact islet structure. In this study of
miniature pigs, the number of pancreatic islet beta-cells decreased
significantly 28 days after the application of STZ (120 mg/kg), but
the insulin level in the blood circulation increased by 24 months
after the application. Pathological sections showed that the num-
ber of beta-cells had increased significantly by the 28th month.
Moreover, without any treatment, the blood glucose had recov-
ered, indicating that pancreatic islet beta-cell regeneration in adult
miniature pigs had occurred. Regarding the regeneration mecha-
nism, only a small number of alpha-cells were seen to transform
to beta-cells and little neogenesis of beta-cells was observed. We
speculate that the generation of beta-cells in the miniature pigs
depends mainly on replication; its specific mechanism needs fur-
ther exploration.

In conclusion, this pig model simulates well the pathogenesis of
human diabetes. In this study, severe mesangial dilatation and glo-
merulosclerosis were detected, while in the majority of other DN
models only early renal lesions have been observed. Our study thus
provides a new research strategy and a good model for the study
of DN lesions. In addition, we report for the first time significant
microangiopathy, such as microaneurysm, in diabetic pig retina, pro-
viding an important basis for the use of miniature pigs in diabetic

retinopathy studies.
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