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ABSTRACT
Introduction Pancreatic duodenum homeobox 1 (Pdx1) 
expression is crucial for pancreatic organogenesis and 
is a key regulator of insulin gene expression. Hairy and 
enhancer of split 1 (Hes1) controls tissue morphogenesis 
by maintaining undifferentiated cells. Hes1 encodes a 
basic helix loop helix (bHLH) transcriptional repressor and 
functionally antagonizes positive bHLH genes, such as 
the endocrine determination gene neurogenin-3. Here, 
we generated a new pig model for diabetes by genetic 
engineering Pdx1 and Hes1 genes.
Research design and methods A transgenic (Tg) 
chimera pig with germ cells carrying a construct 
expressing Hes1 under the control of the Pdx1 promoter 
was used to mate with wild- type gilts to obtain Tg piglets.
Results The Tg pigs showed perinatal death; however, 
this phenotype could be rescued by insulin treatment. The 
duodenal and splenic lobes of the Tg pigs were slender 
and did not fully develop, whereas the connective lobe 
was absent. β cells were not detected, even in the adult 
pancreas, although other endocrine cells were detected, 
and exocrine cells functioned normally. The pigs showed 
no irregularities in any organs, except diabetes- associated 
pathological alterations, such as retinopathy and renal 
damage.
Conclusion Pdx1- Hes1 Tg pigs were an attractive model 
for the analysis of pancreatic development and testing of 
novel treatment strategies for diabetes.

INTRODUCTION
Complications of diabetes mellitus can lead 
to irreversible damage in various organs and 
can even result in death.1 To improve physi-
ological glucose metabolism in patients with 
diabetes, several innovative approaches are 
under development, including islet trans-
plantation,2 generation of transplantable 
new β cells derived from human pluripotent 
stem cells,3 4 stimulation of endogenous β cell 
proliferation, reprogramming of non-β cells 
to β-like cells, harvesting islets from genet-
ically engineered animals, and encapsula-
tion technology to protect islet transplants 
from host immune surveillance.5 To validate 

and optimize novel therapeutics for safe 
application in humans, researchers need to 
select the appropriate large animal model. 
It is preferable that such investigations are 
conducted on animal species with anatomical 

Significance of this study

What is already known about this subject?
 ► Pancreatic duodenum homeobox 1 (Pdx1) expres-
sion is crucial for pancreatic organogenesis and is 
a key regulator of insulin gene expression. Hairy 
and enhancer of split 1 (Hes1) controls tissue mor-
phogenesis by maintaining undifferentiated cells. 
Hes1 encodes a basic helix loop helix (bHLH) tran-
scriptional repressor that functionally antagonizes 
positive bHLH genes, such as the endocrine deter-
mination gene neurogenin-3. Based on these well- 
known considerations, here, we generated a new 
transgenic (Tg) pig model for diabetes by genetic 
engineering the Pdx1 and Hes1 genes.

What are the new findings?
 ► The Tg pigs showed perinatal death due to severe 
diabetes; however, this phenotype could be rescued 
by insulin treatment. The duodenal and splenic lobes 
of Tg pigs were morphologically long and narrow, 
whereas the connective lobe and bridge were ab-
sent, indicating pancreatic agenesis.

 ► β cells were not detected, even in the adult pan-
creas, although other endocrine cells were detect-
ed, and exocrine cells functioned normally. The 
pigs showed no irregularities in any organs, except 
diabetes- associated pathological alterations, such 
as retinopathy and renal damage.

How might these results change the focus of 
research or clinical practice?

 ► Pdx1- Hes1 Tg pigs showed the induction of a sta-
ble diabetic phenotype and diabetes- associated 
complications relatively early. The Tg pigs were an 
attractive model for the analysis of pancreatic de-
velopment and testing of novel treatment strategies 
for diabetes.
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and physiological similarities to humans. Pigs are omniv-
orous and likely to be obese as well as dyslipoproteinemic 
like humans. Thus, they are frequently used in medical 
research as large experimental animals that can provide 
findings applicable to humans by extrapolation.6 Hence, 
production of a porcine diabetes research model is likely 
to contribute substantially to studies on the treatment 
of and on measures related to complications of human 
diabetes. Although some engineered pig models have 
been developed for diabetes research, such models are 
limited.6 7

During embryogenesis, precursor cells initially 
proliferate to give rise to sufficient numbers of cells; 
subsequently, these cells stop proliferating and begin 
differentiation. Proper timing of the transition from 
proliferation to differentiation is critical for normal 
development because premature or delayed transition 
leads to abnormal cell numbers and tissue morphology.8 
The pancreas exhibits similar mechanisms through 
which endocrine and exocrine cells differentiate from 
common precursor cells. Pancreatic transcription factors 
are involved in pancreas development and β cell differ-
entiation.9 10

The homeodomain- containing transcription factor 
pancreatic duodenal homeobox factor-1 (Pdx1) is a 
master gene involved in early pancreatic development.11 
In Pdx1- null mice, the phenotype is entirely consistent 
with complete pancreatic regression observed after 
initial bud formation. Inactivating mutations in Pdx1 
cause pancreatic agenesis.12 With growth, Pdx1 is mainly 
expressed in β cells of islets. It plays key roles in the regu-
lation of insulin gene expression11 12 and the mainte-
nance of mature β cell function.13 14 Data from human 
embryos have shown that Pdx1 expression characterizes 
the earliest steps of pancreatic endoderm development 
and is expressed sequentially in emergent buds and 
multipotent progenitors.15 Other Pdx1 alterations in 
human have been identified,16 including a mild deficit 
in exocrine pancreas function alongside permanent 
neonatal diabetes, presumably due to a hypomorphic 
mutation.17

Developmental processes are regulated positively or 
negatively by multiple basic helix loop helix (bHLH) 
genes in Drosophila.18 19 Among these bHLH genes, hairy 
and enhancer of split-1 (Hes-1) is expressed by almost all 
undifferentiated cells and regulates tissue morphogenesis 
by maintaining undifferentiated cells.8 Hes1 is controlled 
by the conserved Notch pathway and is a key regulator 
both of cell fate20–22 and embryonic development.23 Muta-
tions in Hes1 induce various defects, including reduced 
pancreas size and absences of a brain, eyes, and thymus 
in embryos.8 In the pancreas, Hes1 functions as a general 
negative regulator of bHLH genes, such as the endocrine 
determination gene neurogenin-3 (Ngn3), and defects in 
Notch signaling lead to accelerated pancreatic endocrine 
differentiation.24 Thus, several genes, including Pdx1, 
Hes1, and Ngn3, orchestrate pancreatic development and 
endocrine cell function. However, these mechanisms 

have not yet been exploited for the development of novel 
large animal models to study the mechanisms of pancreas 
development and diabetes.

In this study, we describe the development of a trans-
genic (Tg) pig strain exhibiting unique characteristics 
caused by overexpression of Hes1 under the control of 
the Pdx1 gene promoter. Our findings provide important 
insights into the use of this Tg pig model for studies of 
the pathophysiology of diabetes.

MATERIALS AND METHODS
Animal care
All animals were housed and maintained in accordance 
with Institutional Animal Care and Use committee 
(IACUC) guidelines. Pigs were bred under conventional 
conditions in an air- conditioned room and were observed 
daily by animal husbandry personnel under the supervi-
sion of an attending veterinarian.

Production of Pdx1-Hes1 Tg pigs
We have previously reported Tg pigs carrying a construct 
that expresses Hes1 under the control of the Pdx1 gene 
promoter (figure 1A) using intracytoplasmic sperm 
injection- mediated gene transfer and somatic cell 
nuclear transfer. From these Tg pigs, a Tg- chimeric 
boar producing fertile sperm carrying the Pdx1- Hes1 
expressing vector was obtained.25 The Tg- chimeric boar 
were mated with wild- type (WT) gilts to acquire Tg piglets 
exhibiting pancreatic agenesis owing to overexpression 
of Pdx1- Hes1. These piglets were evaluated in this study. 
The copy- number of the transgene in the Tg piglets was 
confirmed by Southern blot analysis.

Genotyping
Genomic DNA was extracted from tail biopsy speci-
mens of Tg newborn piglets using a DNeasy Blood and 
Tissue Kit (Qiagen, Hilden, Germany). Genotyping was 
performed by PCR using primers for Pdx1- Hes1 transgene 
sequences. PCR primers used to amplify Pdx1- Hes1 trans-
gene sequences were as follows: 5′- CAATGATGGCTC-
CAGGGTAA-3′ and 5′- TGACTTTCTGTGCTCAGAGG-3′. 
PCR conditions were as follows: 95°C for 60 s; followed by 
30 cycles of 95°C for 30 s, 60°C for 5 s, and 72°C for 60 s.

Estimation of transgene copy-number and integration site
Genomic DNA was extracted from skin samples of Tg 
fetuses using a DNA purification kit (DNeasy Blood and 
Tissue Kit; Qiagen). The purified genomic DNA (5 µg) 
was digested with PstI (Takara Bio, Shiga, Japan), sepa-
rated by gel electrophoresis, and transferred onto a 
nylon membrane (Hybond N+; GE Healthcare Biosci-
ences, Uppsala, UK). The membranes were blocked 
for 30 min at room temperature with blocking reagent 
(Blocking One; Nacalai Tesque, Kyoto, Japan). After 
blocking, the membranes were incubated in a hybridiza-
tion solution (DIG Easy Hyb; Roche Diagnostics, Basel, 
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Switzerland) and hybridized with a digoxigenin (DIG)- 
labeled Pdx1- Hes1 probe prepared by PCR using a DNA 
labeling reagent (DIG DNA Labeling Mix; Roche Diag-
nostics). The signals were developed and detected using 
conventional 5- bromo-4- chloro-3- indolyl phosphate- nitro 
blue tetrazolium chromogenic stain. The number of 
transgene copies integrated into the porcine genome was 
determined by comparison of the hybridization signal 
with that of the copy- number control, which was diluted 
to make a standard series (1–30 copies per diploid 
genome). For chromosomal analysis, fetal fibroblasts 
derived from a Tg pig with pancreatic agenesis were 
cultured and outsourced for fluorescence in situ hybrid-
ization (FISH) analysis (Chromosome Science Labo Inc, 
Sapporo, Japan).

Glucose control
Pdx1- Hes1 Tg pigs required lifelong administration 
of exogenous insulin. In humans, the magnitude 

of disruption of metabolic control by diabetes has 
been reported, even in young infants and neonates.26 
However, studies are often limited by difficulties in 
obtaining control data. To minimize the risk of hypo-
glycemia and dead in bed syndrome,27 a minimum 
dose of insulin is given by the injection of short- acting 
(Novolin R; Novo Nordisk, Bagsvaerd Denmark) and 
long- acting insulin analogs (Levemir and Tresiba; 
Novo Nordisk). Additionally, an insulin pump can be 
used for continuous subcutaneous insulin delivery as 
an alternative therapeutic strategy.28 To achieve target 
glycemic control issues associated with insulin therapy, a 
continuous subcutaneous insulin infusion (CSII) pump 
(Medtronic MiniMed 620G Insulin pump; Medtronic 
Inc, Dublin, Ireland) was used for one Pdx1- Hes1 Tg 
pig. Because the pump weighed approximately 100 g, 
we used short- acting and long- acting insulin until the 
pig reached 7 weeks of age and then used an insulin 
pump thereafter.

Figure 1 Generation of diabetic Pdx1- Hes1 Tg pigs. (A) Construction of a Pdx1- Hes1 expression vector consisting of the 
mouse Pdx1 promoter, mouse Hes1 cDNA, and rabbit β-globin 3′ flanking sequence, including the polyadenylation signal (pA). 
(B and C) Estimation of transgene copy- numbers and the integration site. (B) Southern blot analysis of PstI- digested genomic 
DNA from Pdx1- Hes1 Tg pigs. Offspring of the Tg- chimeric boar carried 15–20 copies of the transgene. The number of 
transgene copies integrated into the porcine genome was determined by comparison of the hybridization signal with that of the 
copy- number control. There were 1–30 copies per diploid genome. (C) Chromosomal analysis. Fetal fibroblasts derived from 
a Tg pig were analyzed by fluorescence in situ hybridization. Integration of the Pdx1- Hes1 transgenes was detected (arrow) 
in chromosome 7q21 as single- site multicopy transgenes. (D) Pancreatic agenesis in Tg pigs. At 5 weeks, the duodenal and 
splenic lobes of the pancreas in Tg pigs were morphologically slender and did not fully develop; the connective lobe and bridge 
were not present (left panel: Tg; right panel: WT). Physiological features. (E) Survival curve. Green line: Pdx1-Hes1 Tg pigs 
without insulin therapy (TG: n=9). Blue line: Tg pigs with insulin therapy (Tg: n=9). Red line: wild- type pigs (WT: n=5). (F, F’, G 
and G’) Developmental changes in the whole pancreas. One day (F and F’) and 9 weeks (G and G’) after birth are shown. Scale 
bars: B, B’ and C, C’: 5 cm. (H) Body weights at specified times. Blue line: Tg, n=4–8. Red line: WT: n=2–4. (I) Blood glucose 
levels. (D and E) Tg: n=4–8; WT: n=2–4. Time after birth is indicated as days and weeks. Quantitative data are presented 
as means±SDs. DU, duodenum; Hes1, hairy and enhancer of split 1; M, pUC mix marker; P, pancreas; Pdx1, pancreatic 
duodenum homeobox 1; S, stomach; Tg, transgenic pigs; WT, wild- type pigs.
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Biochemical analysis
Blood samples were collected from the jugular or ear 
vein. Blood glucose levels were measured using a glucose 
test meter (GLUCOCARD GT-1820; Arkray Inc, Kyoto, 
Japan) every day from after birth to 36 weeks after birth. 
Blood biochemistry for 24 biochemical parameters was 
measured at several points (FUJI DRI- CHEM 7000; FUJI-
FILM Corporation, Tokyo, Japan). The concentration 
of insulin was determined using the enzyme method 
(measured by SRL, Inc, Tokyo, Japan).

Histology
At 1 day and 5, 9, 12, 16, and 36 weeks after birth, pigs 
were sacrificed and subjected to routine necropsy. 
Selected organs were weighed. The retina, liver, pancreas, 
and kidney were cut in half, and paraffin- embedded and 
frozen samples were prepared. For one half of each spec-
imen, the tissue sample was immediately fixed in 4% 
paraformaldehyde, embedded in paraffin, and sectioned 
at 4 µm thickness. Cryosections were also prepared and 
sectioned at 8 µm thickness. Previously described immu-
nohistochemical methods were used.29 30 Briefly, after 
deparaffinization and blocking, the sections were incu-
bated with diluted primary antibodies overnight at 4°C.

For the pancreas, the following primary antibodies 
were used: goat anti- Pdx-1 (Abcam plc, Cambridge, UK), 
guinea pig anti- insulin (LifeSpan BioSciences, Inc, Wash-
ington, USA), mouse antiglucagon (Sigma Aldrich Japan, 
Tokyo, Japan), antisomatostatin (Sigma Aldrich Japan), 
and antiamylase (Abcam plc). The secondary antibodies 
included Alexa488- conjugated, Alexa594- conjugated, 
and Alexa568- conjugated antibodies (Abcam plc). Nuclei 
were counterstained with Vectashield mounting medium 
(Vector Laboratories, Burlingame, California, USA) or 
Hoechst 33 342. The negative controls included sections 
that were incubated only with the secondary antibodies. 
For the retina, isolectin B4 (Thermo Fisher Scientific, 
Waltham, Massachusetts, USA) was used to visualize blood 
vessels and microglia. For the liver, Oil- red O staining was 
carried out using a frozen section. For the kidney, peri-
odic acid- Schiff, periodic acid- methenamine- silver, and 
Masson- Trichrome staining were performed to examine 
the production of glycogen or fibers.31 The sections 
were examined under a confocal microscope (BZ- X700; 
Keyence, Osaka, Japan), and software was used for the 
data analysis (BZ- H3A; Keyence).

RNA isolation, complementary DNA (cDNA) synthesis, and 
quantitative real-time PCR (qPCR)
Gene expression profiles were determined using qPCR, 
which was performed using a StepOne Plus Real- Time 
PCR System (Thermo Fisher Scientific) with Premix Ex 
Taq (Probe qPCR) (Takara Bio), according to the manu-
facturer’s instructions. The TaqMan probes and primer 
sets are listed in online supplemental table S1. Total RNA 
was isolated from the pancreas using an RNeasy Plus Mini 
Kit (Qiagen) and was digested using RNase- free DNaseI 
(Thermo Fisher Scientific). First- strand cDNA was 

synthesized using SuperScript III First- Strand Synthesis 
SuperMix (Thermo Fisher Scientific) and oligo(dT)20. 
The ΔΔCT- method was used to determine the rela-
tive expression of genes after normalization to β-actin 
(ACTB) expression. The data were collected from at least 
three independent experiments.

Statistical analyses
Data were averaged and expressed as means (SD). To 
compare groups, the unpaired Student’s t- tests, repeated- 
measures one- way analysis of variance, and Fisher’s 
protected least significant difference tests were used. 
Results with p values of less than 0.05 compared with the 
WT were considered statistically significant.

RESULTS
Production of Tg pigs
We obtained 59 piglets from five litters as offspring of 
the Pdx1- Hes1 Tg- chimeric boar. These litters included 
30 Pdx1- Hes1 Tg piglets (50.8%) that showed pancreatic 
agenesis. Some of the piglets were confirmed by Southern 
blot analysis to carry 15–20 copies of the transgene 
(figure 1B), indicating that multicopy transgenes were 
transmitted from the Tg- chimeric boar to the offspring. 
The integration site of the Pdx1- Hes1 transgenes was 
confirmed by FISH (figure 1C) at chromosome 7q21. 
Thus, these findings showed that single- site integration 
of the transgenes was faithfully inherited from the Tg- chi-
meric boar to the offspring. All Tg piglets exhibited 
elevated blood glucose levels.

The WT pig pancreas has three lobes, that is, the 
duodenal (corresponding to the head of the pancreas), 
connective (ventral, corresponding to the uncinate 
process), and splenic (dorsal, corresponding to the body 
and tail in the human pancreas) lobes. Between the 
connective and splenic lobes, there is a bridge serving 
as an anatomical connection between the splenic and 
connecting lobes.31 At 5 weeks after birth, the duodenal 
and splenic lobes of Tg pigs were morphologically 
elongated and narrow, whereas the connective lobe 
and bridge were absent, indicating pancreatic agenesis 
(figure 1D, left panel).

Tg pancreas and physiological features of the Tg pigs
Pdx1- Hes1 Tg pigs without any treatment (TG group; 
figure 1E, green line) were dead within 8 days after 
birth (median time to death: 5.5 days). The Pdx1- Hes1 
Tg pigs with insulin injection treatment (Tg group) 
exhibited an improved clinical state, indicating 
that insulin was responsible for survival (figure 1E, 
blue line). The Tg group still exhibited deficiencies 
in the connective lobe and bridge of the pancreas 
(figure 1F,G). Bodyweight increased, consistent with 
the developmental changes in both the Tg and WT 
groups (figure 1H). However, relative body weight was 
markedly reduced, reaching 60% that of WT pigs at 9 
weeks of age (Tg: 20.0±2.6 vs WT: 33.6±2.7 kg; p=0.01) 
and 43% that of WT pigs at 16 weeks of age (Tg: 
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26.7±2.5 vs WT: 62 kg). The pancreas in Tg pigs was 
small (online supplemental table S2; p<0.001). Pigs 
with CSII showed improved survival (online supple-
mental figure S1B), although there were some prob-
lems with the CSII pump, including dislocation of the 
needle and pump failure (online supplemental figure 
S1C). The body and pancreatic weights of pigs in the 
Tg group were lower than those in the WT group 
(online supplemental table S3).

Morphologies in endocrine cells in the splenic lobe
In the Tg group, loose connective tissue was dotted with 
lobular structures in the parenchyma (figure 2A) on day 
1 after birth. These changes were enhanced from head to 
tail in the splenic lobe. Glucagon- positive cells were scat-
tered throughout the glands; however, these cells were 
scarce (figure 2A',A''). At 5 weeks after birth, the connec-
tive tissues surrounding the lobular structures were mark-
edly thickened (figure 2C). Glucagon- positive cells were 
arranged in small aggregates, although the cytoarchitec-
ture remained immature (figure 2C''). No insulin- positive 
cells were detected at all stages (figure 2A'',C'' and online 
supplemental figure 1D,D').

In the WT group, islet cell clusters (ICCs) were detected 
on day 1, and some ICCs consisted only of insulin- positive 
cells, whereas others contained both glucagon- positive 
and insulin- positive cells. Glucagon- positive cells were 

located within the cores and at the peripheries of the 
islets (figure 2B',B''). At 5 weeks after birth, well- defined 
small islets had formed (figure 2D',D'').

Triple immunostaining for somatostatin, glucagon, 
and insulin was carried out to confirm whether islet 
structures in the Tg group expressed other endocrine 
markers. The islet structures were positive for both 
glucagon and somatostatin but negative for insulin at all 
stages (figure 2F). Moreover, these cells did not exhibit 
Pdx1 expression (figure 2E), and there were no apparent 
differences in amylase staining in either group at all 
stages (figure 2G–I'). The expression patterns of insulin 
and glucagon were the same between the duodenal and 
splenic lobes (data not shown).

Quantitative serological analyses
In the Tg group, blood glucose levels for offspring 
exhibited significant elevations (Tg, 816.3±45 vs WT, 
109.7±11.3 mg/dL; online supplemental table S4). At 
36 weeks, blood glucose levels ranged from 382.0±56.3 
to 517.0±49.6 mg/dL in the Tg group (WT: 102.5±6.4 
to 125.3±16.3 mg/dL; figures 1I and 3E and online 
supplemental table S4). Insulin production was not 
detected in the Tg group at any time point, indicating 
that functional β cells did not exist (figure 2A'',C'',E–I, 
online supplemental figure 1D' and online supple-
mental tables S4 and S5). Amylase levels in both groups 

Figure 2 Comparison of protein expression associated with islets in the splenic lobe. (A–D) H&E staining of the pancreas at 
day 1 and 5 weeks. Day 1 (A: Tg; B: WT). HE staining showed loose, dispersed, larger shapes in Tg pigs (A) than in WT pigs (B). 
Week 5 (C: Tg; D: WT). Lobular structures in Tg pigs were present in the pancreas but were thin. Thickening was observed as 
a consequence of connective tissue surrounding the lobular structures (C). (A’–D’, A”–D”) Fluorescence micrographs showing 
glucagon- positive cells. Glucagon- positive cells (A’–D’: cytoplasm; green) and merged images (A”–D”: insulin- positive cells, 
cytoplasm; red). The nuclei are stained blue with DAPI. Day 1 (A’, A”: Tg; B, B”: WT). Week 5 (C’, C”: Tg; D, D”: WT). (E, E’) 
Staining of the transcription factor Pdx1 and insulin. Fluorescence micrographs showing Pdx1 (nuclear; green) and insulin 
staining (cytoplasm; red) in Tg (E) and WT pigs (E’). The nuclei are stained blue with DAPI. (F, F’) Staining of islet markers, 
glucagon, somatostatin, and insulin at 9 weeks. Fluorescence micrographs showing the expression of glucagon (cytoplasm; 
green), somatostatin (cytoplasm; yellow), and insulin (cytoplasm; red). The nuclei are stained blue with DAPI. Exocrine and 
endocrine cells throughout the glands. (G, H and G’, H’) Amylase and insulin staining. Fluorescence micrographs show the 
expression of amylase (white) and insulin (red). The nuclei are stained blue with DAPI. Day 1 (G: Tg; G’: WT). Week 5 (H: Tg, H’: 
WT). (I, I’) Triple staining for amylase, glucagon, and insulin at 5 weeks. Fluorescence micrographs showing the expression of 
glucagon (cytoplasm; green), insulin (cytoplasm; gray), and amylase (cytoplasm; red). The nuclei are stained blue with Hoechst 
33 342. Scale bars: blue: 1000 µm; purple: 500 µm; green: 200 µm; white: 100 µm; red: 50 µm. Time after birth is indicated as 
days and weeks. DAPI, 4′,6- diamidino-2- phenylindole; Tg, transgenic pigs; WT, wild- type pigs.
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were similar at all time points (Tg: 922.0±348.8 to 
1491.3±658.7 vs WT: 1114.0±110.0 to 1609.8±593.7 mg/
dL), and the functions of exocrine cells in the Tg group 
were normal (figure 3F and online supplemental tables 
S4 and S5).

Gene expression profiles associated with islets
In the TG group, Pdx1 expression was confirmed 1 day 
after birth, and the expression level was comparable with 
that in the WT group; however, Pdx1 expression was not 
detected at 9 weeks after birth (p<0.01; figure 3H). Insulin 
expression was barely detected at both time points (day 
1; week 9, p<0.05; figure 3I). Moreover, glucagon expres-
sion in the Tg group was markedly higher at 9 weeks after 
birth than that in the WT group (p<0.001) and was more 
abundant at 9 weeks after birth than at 1 day after birth 
(p<0.0001; figure 3J). Finally, somatostatin level was more 
abundant at 9 weeks after birth than at 1 day after birth 
(p<0.05; figure 3K).

Secondary alterations
Eyes
At 5 weeks after birth, white pupils were observed owing 
to the development of cataracts (figure 4A–D). Cataracts 
were not detected in Tg pigs with CSII (online supple-
mental figure S1F).

To investigate early changes in the retina in Tg pigs, we 
performed immunohistochemical analysis of the retina 
(figure 4G–H''). At the surface of the retina, there were 
more microglia in Tg pigs than in WT pigs. Microglia 
showed an amoeboid shape in the retina of Tg pigs in 
contrast with the WT retina, where microglia showed a 
relatively ramified shape.

Liver
Because the biliary epithelium is associated with 
pancreatic development,24 32 we next evaluated liver 
morphology. In the TG group, there were no abnormal-
ities in intrahepatic bile ducts (figure 4I,J). Liver speci-
mens were positive for Oil- red O staining from 9 weeks 

Figure 3 Biochemical parameters and comparison of mRNA levels of genes associated with islets. Biochemical parameters 
(A) TBIL, (B) AST, (C) ALT, (D) ALP, (E) GLU, (F) AMYL and (G) CRE. Tg: 1 day and 4, 8, 9, and 16 weeks: n=3, 8, 7, 3, and 3, 
respectively. WT: 1 day and 9 and 16 weeks: n=3, 8, 7, 3, and 3, respectively. Comparison of mRNA levels of genes associated 
with islets. (H–K) mRNA levels of the following genes were detected using qPCR: (H) pancreatic and duodenal homeobox 1 
(Pdx1), (I) insulin (INS), (J) glucagon (GCG), and (K) somatostatin (SST). The mRNA levels were normalized to the expression 
of β-actin (ACTB) and presented as fold change relative to the WT pancreas each day after birth.Time after birth is indicated 
as days and weeks. The expression levels were determined based on averages from triplicate assays. Quantitative data are 
presented as means±SDs. *P<0.05, **p<0.01, ***p<0.001 versus WT. ALP, alkaline phosphatase; ALT, alanine aminotransferase; 
AMYL, amylase; AST, aspartate aminotransferase; CRE, creatinine; GLU, glucose; qPCR, quantitative real- time PCR; TBL, total 
bilirubin; Tg, transgenic pigs; WT, wild- type pigs.
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after birth (figure 4L',M'), indicating hepatic steatosis.33 
These changes were not observed in the WT group 
(figure 4N,N' and online supplemental figure 1G',H'). 
Aspartate aminotransferase and alanine aminotrans-
ferase levels in the Tg group were comparable with those 
in the WT group and remained within the normal range 
until sacrifice (figure 3B,C; online supplemental table 
S4). The biliary enzymes, total bilirubin (TBIL), and alka-
line phosphatase (ALP) levels were significantly higher in 
the Tg group (TBIL: 1 day and 9 weeks; ALP: 1 day and 4 
and 9 weeks; figure 3A,D and online supplemental table 
S4; p<0.01, p<0.001 vs WT). In Tg pigs with CSII, Oil- 
red O staining was negative (online supplemental figure 
S1H), and there were no increases in some of the above 
parameters (online supplemental table S5).

Kidneys
Nodular lesions with mesangial matrix accumulation 
were detected in the renal glomeruli in the Tg group and 
increased over time (figure 4O'–Q'). In the Tg group, the 
rate of the lesions (nodular lesion positive glomeruli/
total number of glomeruli per slide) was elevated (Tg; 4 
weeks: 4.5%, n=1; 9 weeks: 25.7%±16.1%, n=3; 16 weeks: 
74%±11.6%, n=3). At 36 weeks, the rate was the same as 
on week four for Tg pigs (Tg: 5%, n=1). Insulin therapy 
of a CSII pump might have been effective in preventing 
the progression of renal damage.

Armanni- Ebstein- like lesions33 were also detected along 
the renal glomeruli in the Tg group and increased over 
time (yellow dotted line; figure 4P,P″). In the Tg group, 
the rate of the lesions (Armanni- Ebstein- like lesion posi-
tive glomeruli/total number of glomeruli per slide) was 
increased (Tg: 4 weeks: 0%, n=1; 9 weeks: 8.5%±4.1%, 

n=3; 16 weeks: 21.6%±3.4%, n=3). These changes were 
also confirmed in Tg pigs with CSII at 36 weeks, although 
the rate was only 1.1% (online supplemental figure 
S1I–K). These lesions were not identified in WT pigs 
(figure 4R′,R″).

Creatinine levels were within the normal range (online 
supplemental table S4), and urine samples showed no 
significant differences in any values in the comparison 
of Tg and WT groups (online supplemental table S6). In 
Tg pigs with CSII, changes in serological values related to 
the kidney were less pronounced (online supplemental 
tables S5 and S7).

DISCUSSION
Pdx1- Hes1 Tg pigs exhibit several unique properties, 
including severe diabetes, pancreatic agenesis, abnormal 
islet structure, no functional or morphological changes in 
exocrine cells of the biliary tract, and diabetes- associated 
pathological alterations.

Pdx1 expression controls pancreatic develop-
ment,11 12 15–17 34 and high expression of Pdx1 facilitates 
the development of proper pancreas specification and 
outgrowth from the foregut endoderm.35 In acinar cells, 
low Pdx1 expression is required for their formation and 
differentiation.36 Tanihara et al generated Pdx1 modi-
fied pigs using the CRISPR/Cas9 system introduced into 
zygotes and investigated the mosaicism, phenotypes, and 
inheritance of the resulting pigs. Pigs with high mutation 
rates (67.7% and 79.7%) exhibited hypoplasia of the 
pancreas. In contrast, pigs with low mutation rates were 
healthy.37 In our preliminary trial, we realized that 20–30 
copies of the Pdx1- Hes1 transgene in midgestational 

Figure 4 Secondary alterations. Secondary alterations in the eyes. (A–E) Cataracts. The lenses from 5 weeks showed 
progressive cataracts with increasing opacity in Tg pigs (A–D), whereas those of WT pigs remained clear (E). (A–D) Tg. (A) 
5 weeks, (B) 6 weeks, (C) 7 weeks, and (D) 9 weeks. (E) WT: 9 weeks. (F) Incidence of cataracts. (G, G” and H, H”) Isolectin 
B4- immunofluorescence labeling of the retina (G -G”: Tg; H -H”: WT). Scale bars: white: 100 µm; red: 30 µm; yellow: 10 µm. 
Secondary alterations in the liver. (I–K) Intrahepatic bile ducts. H&E staining. There were no abnormalities in intrahepatic bile 
ducts in Tg pigs (I and J). (I and J) Tg. (I) 5 weeks, (J) 9 weeks. (K) WT: 5 weeks. (L–N) Hepatic parenchyma. H&E staining (L and 
M: Tg; N: WT). (L) 9 weeks, (M) 16 weeks. (N) 9 weeks. (L’–N’) Oil- red O staining. Scale bars: 100 µm. Secondary alterations 
in the kidneys. (O–R) Periodic acid- Schiff staining, (O’–R’) periodic acid- methenamine- silver, and (O”–R”) Masson- Trichrome 
staining. (O–Q, O’–Q’, O”–Q”) Tg. (O–O”) 4 weeks, (P–P”) 9 weeks, (Q–Q”) 16 weeks. (R–R”) WT: 9 weeks. Armanni- Ebstein- like 
lesions were detected at 9 weeks in Tg pigs (yellow dotted line: P, (P”). Nodular lesions, as indicated with yellow arrows, were 
observed in Tg pigs but not WT pigs. Nodular lesions with mesangial matrix accumulations were detected in the renal glomeruli 
of Tg pigs and increased over time (O’–Q’, O”–Q”). Scale bar=50 µm. Time after birth is indicated as days and weeks. Tg, 
transgenic pigs; WT, wild- type pigs.
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fetuses resulted in anomalies in organs, including anal 
atresia. As shown by our qPCR results, endogenous 
expression of Pdx1 on day one after birth resulted in a 
30% reduction in expression compared with that in the 
WT group. Then, Pdx1 expression was suppressed, which 
may have blocked insulin gene transcription. Thus, our 
data showed that a certain level of endogenous Pdx1 
expression was necessary for the extension of life span in 
the Tg group, despite the occurrence of hyperglycemia.

In contrast, transduction with the Pdx1- Hes1 trans-
gene did not influence the production of glucagon or 
somatostatin.

Studies in mice have provided insights into the pres-
ence of the duodenal and splenic lobe, but the absence 
of the connective lobe of the pancreas in Tg pigs. In 
Pdx1- null mutants, the dorsal pancreas initially develops 
via budding, and the bud undergoes limited branching 
outgrowth. Ventral bud formation is not maintained as 
a discrete structure.11 34 Thus, the duodenal and splenic 
lobes of the pancreas may develop, even in the pres-
ence of low Pdx1 expression; however, the connective 
lobe likely requires an adequate level of Pdx1 expres-
sion. Accordingly, there may be differences in spatial 
development between the dorsal and ventral pancreas, 
and specific timing and signals are likely needed for the 
proper development of the pancreas.

Agenesis of the pancreas is a rare anatomical abnor-
mality of the human pancreas. Schwitzgebel et al38 
demonstrated that mutations in the insulin promoter factor 
1 gene was one of the causes leading to pancreatic agen-
esis. In this case, an infant was born at term from non- 
consanguineous parents and presented with intrauterine 
growth retardation. At the age of 12 days, hyperglycemia 
was observed, and neonatal diabetes was diagnosed. The 
infant was treated with an insulin pump. Despite eugly-
cemia, the infant did not gain weight, and exocrine 
pancreas insufficiency was diagnosed. Imaging studies, 
including abdominal ultrasound and CT scan, revealed 
no pancreas. In another case, agenesis of the dorsal lobe 
of pancreas (ADP) was reported. ADP patients have no 
specific symptoms, and such patients can be identified 
through imaging examinations for common abdominal 
symptoms such as pain or bloating. At present, the patho-
genesis of this disease is not fully understood.39 In our 
Tg model with genetically engineered pigs, the symptoms 
emerged drastically, but the dorsal lobe was present and 
the exocrine pancreas was normal. Thus, the pattern for 
emergence of pancreatic agenesis was different from 
humans.

In this study, we chose the Hes1 gene to generate Tg 
pigs for several reasons. First, Hes1 has critical roles 
during exocrine pancreatic development. Moreover, 
Hes1 suppresses endocrinal development through the 
Notch signal pathway. During pancreas development, the 
onset of exocrine differentiation is driven by the activity 
of the pancreas transcription factor (PTF1) transcrip-
tional complex, which is composed of the class II bHLH 
protein Ptf1a and a class I E- box binding partner.40 41 

Hes1 directly interacts with Ptf1- p48 and binds to Ptf1- 
p48 to downregulate the activity of the PTF1 transcrip-
tional complex, enabling Notch effector proteins to delay 
exocrine pancreatic differentiation. Hes1 also functions 
as a general negative regulator of endodermal endocrine 
differentiation by directly suppressing the expression of 
the endocrine progenitor gene Ngn3.24 42 During endo-
derm development, endocrine cells exhibit atonal and 
achaete/scute- related bHLH protein expression. These 
proteins are antagonized by the Notch pathway, partly 
acting through HES proteins.23 Thus, Hes1 has critical 
roles during pancreatic exocrine development and endo-
crine cell regulation. Additionally, Hes1 also mediates 
biliary organogenesis by preventing pancreatic differen-
tiation.24 The interactions between Pdx1 and Hes1 regu-
late cholangiocyte proliferation in response to injury.32 
Thus, biliary epithelium and pancreatic development 
are closely related, and we explored biliary epithelial 
cells by histological analysis and evaluation of hepatobi-
liary enzymes. Notably, Tg pigs showed suppression of 
pancreas and β cell development, but the hepatobiliary 
system was not affected.

In our study, Tg pigs showed perinatal death owing 
to severe diabetes. We first attempted glucose control 
in neonatal and juvenile pigs; however, this approach 
was extremely difficult to implement. The pigs showed 
symptoms consistent with the brittle type of diabetes.43 
CSII may offer an alternative therapeutic strategy in this 
case.28 However, the CSII pump was too heavy for use in 
neonatal pigs, and the use of the CSII pump attached 
to the piglets’ cage (with the insertion of an insulin 
injection needle using a long tube) was also ineffective 
because the tubes became clogged, and the needles were 
detached. One pig in this study was placed on a CSII 
pump, although the pump could only be used after the 
pig grew large enough.

This study focused on pig survival and characterization 
of Tg pigs using a minimum dose of insulin. Insufficient 
insulin therapy reportedly stunts growth in diabetic chil-
dren.44 Thus, in future studies, it will be necessary to 
evaluate the appropriate dose of insulin to control blood 
glucose levels in these piglets.

Secondary alterations due to the complications of 
diabetes cause vision loss and renal and neurological 
dysfunctions. The eyes are vulnerable to diabetes and, 
consequently, develop diabetic retinopathy and cataracts. 
In fact, diabetic retinopathy is a major cause of blindness 
among the working population worldwide. Cataracts 
account for more than half of all cases of blindness, 
regardless of age. Our immunohistochemical analysis 
confirmed microglial activation in the retinas of Tg pigs. 
A previous study also demonstrated that microglia were 
activated as early as 4 weeks after the onset of diabetes 
in a murine model of streptozotocin- induced type 1 
diabetes.45 Additionally, chronic inflammation has been 
shown to play crucial roles in the development of diabetic 
retinopathy.46 Although we did not implement biomicro-
scopic examination to detect typical signs of retinopathy, 
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our model may have exhibited the development of clin-
ically significant retinopathy as diabetes persists. Klein-
wort et al47 investigated the incidence of retinopathy in 
another diabetic pig model—the INSC94Y Tg pigs. We 
will apply their methodology for the investigation of reti-
nopathy in Tg pigs to investigate the development of reti-
nopathy in a future study.

Diabetic nephropathy is another disease that leads 
to end- stage kidney failure.1 48 One histological charac-
teristic of human diabetic nephropathy is the presence 
of nodular lesions in the glomeruli, that is, nodule- like 
structures that are formed by mesangial matrix expan-
sion. The number of glomeruli includes nodular lesions. 
In addition, Armanni- Ebstein lesions have been mostly 
described in the kidney of patients with poorly controlled 
diabetes.33 The rate of these lesions increased with time 
in Tg pigs underlying the worsening of diabetes in Tg 
pigs. Renal dysfunction was not evidenced by biochemical 
analysis; however, the lesions identified in Tg pigs may 
occur at the onset of diabetes- associated complications. 
These changes were milder in Tg pigs with CSII. Repro-
duction of diabetes- associated complications similar to 
the clinical course of diabetes in humans is challenging 
in large animal models6; however, we have shown that 
our model may be useful for elucidating the cause of and 
developing novel treatments for diabetic nephropathy.31

In conclusion, we generated Pdx1- Hes1 Tg pigs 
showing induction of a stable diabetic phenotype and 
diabetes- associated complications relatively early. This 
model is expected to have applications in determining 
the roles of Pdx1- Hes1 during embryogenesis. Additional 
studies using this model are needed to identify the 
timing of Pdx1 suppression and to assess the reasons for 
the upregulation of glucagon and somatostatin in the 
TG group. We also plan to evaluate whether changes in 
Pdx1- Hes1 transgene copy- numbers can affect the severity 
of diabetes and whether structural changes in periph-
eral nerves of Tg pigs could develop with increasing 
age. Although the transcription factor cascades that 
control the pancreas and pancreatic endocrine cell 
differentiation and function are well investigated in 
rodents,8 9 11 14 23 24 they remain largely unknown in pigs. 
Very recently, Kim et al49 demonstrated that both pig and 
human β and α cells share characteristic molecular and 
developmental features by showing stage- specific gene 
expression patterns that are not observed in mice. These 
findings show how studies of pig pancreas and pancre-
atic islet may complement our understanding of the 
developmental programs relevant to human pancreatic 
diseases. The Tg pigs would be useful to investigate the 
role of Pdx1 and/or Hes1 for pancreatic development in 
large animal models.

Finally, we are now conducting β cell replacement ther-
apies with human- derived insulin- producing cells in Tg 
pigs.50 The model is also useful for elucidating the under-
lying causes and the development of novel treatments 
for diabetic retinopathy and nephropathy, as well as the 
complications of diabetes.
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Supplemental Table 1. Characteristics of the target genes evaluated using the real-time 

polymerase chain.  

Gene 

symbol 

Primer/ 

Probe 
Sequences (5'-3') 

Amplicon 

size (bp) 
Ref Seq ID 

PDX1 

Forward 5'-GTGGATGAAGTCTACCAAGGCTC  

72 
NM_001141984 

 
Reverse  5'-TCGGGCTCTGCTGCGTAG  

Probe 5'-CACCGCCTGCCCACTGGCCTTTC 

     

INS   

Forward 5'-GCTTCTTCTACACGCCCAAGG 

140 

NM_001109772 

AF064555 

Reverse  5'-GCACTGCTCCACGATGCC 
 

Probe 5'-CGGAGAACCCTCAGGCAGGTGCC 
 

     

GCG 

Forward 5'-CCAGTGACTACAGCAAGTATCTG  

130 NM_214324 Reverse  5'-GTCCCTTCAGCATGTCTCTCA  

Probe 5'-CTTGTTCCTCTTGGTGTTCATCAGCCACTG  

     

SST 

Forward 5'-CGCTGGGAAGCAGGAACTG  

134 NM_001009583 
Reverse  5'-GCAGCTCCAGCCTCATTTCA  

Probe 
5'-CAAATCTTCAGGCTCCAGGGCATCGTTCT

C  

     

ACTB 

Forward 5'-TGGATGACGATATTGCTGCGC 

132 XM_003124280 Reverse  5'-CCATCACGCCCTGGTGTC 

Probe 5'-AGCATCGTCGCCCGCAAAGCCG 

PDX1, pancreatic duodenum homeobox1; INS, insulin; GCG, glucagon; SST, somatostatin; PPY, 
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pancreatic polypeptide; ACTB, β-actin; PCR, polymerase chain reaction; Ref SeqID, Reference 

Sequence Identification. 

 

Supplemental Table 2. Whole pancreas and body weights at specified times. 

  

Pancreas weight (PW) 

 

Body weight (BW) 

 

PW/BW 

Age  Tg (g) 
WT 

(g) 
P value  Tg (g) WT (g)  P value  Tg WT P value 

Day1 
 

0.2 ± 

0.1 

1.9 ± 

0.3* 
0.0005*** 

 

880.5± 

24.3 

1423.0 ± 

72.6 
0.0003*** 

 

0.0% 

(0.03%) 

0.1% 

(0.13%) 
0.0003*** 

Week 9 
 

4.9 ± 

0.6 

53.9 ± 

10.3 
0.0009*** 

 

20000.0 

± 2582.4 

33625.0 

± 2656.6 
0.01** 

 

0.0% 

(0.02%) 

0.2% 

(0.16%) 
0.0001*** 

Week 16  

18.7 ± 

1.8 
62.6 -  

26650.0 

± 2550.0 
62600 -  

0.1% 

(0.07%) 

0.10% 

(0.10%) 
- 

The time after birth is indicated as days or weeks.  

PW/BW ratio in Tg versus WT pigs.  

Tg, transgenic pigs; WT, wild-type pigs. 

Tg, 1 day, 9 weeks, and 16 weeks: n = 4, 3, and 2, respectively.  

WT, 1 day, 9 weeks, and 16 weeks: n = 3, 4, and 1, respectively. 

Quantitative data are presented as means ± SDs. **P < 0.01, ***P < 0.001 versus WT. 

 

Supplemental Table 3. Body and whole pancreas weights for Tg pigs with CSII. 

  

pancreas weight (PW) 

 

Body weight (BW) 

 

PW/BW 

Age  Tg (g) WT (g)  Tg (g) WT (g)  Tg WT 

36 weeks  48 153.3 ± 40.3  120000 131433.3 ± 14609.7  0.0% (0.04%) 0.1% (0.12%) 
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The time after birth is indicated as days or weeks.  

PW/BW ratio in Tg versus WT pigs.  

Tg, transgenic pigs; WT, wild-type pigs. 

Tg: n=1. 

WT: n=3. 

Quantitative data are presented as means ± SDs. 

 

Supplemental Table 4. Biochemical parameters of blood samples. 

  
Day1 

 
Week 4 

 
Week 8 

   Tg WT P value  Tg WT P value  Tg WT P value 

TP 

(g/dl) 
 5.9± 0.5 5.8± 0.8 0.92  4.5± 0.5 4.7± 0.2 0.46  5± 0.5 5.2± 0.5 0.66 

ALB 

(g/dl) 
 1.6± 0.1 1.5± 0.2 0.83  3.2± 0.6 2.9± 0.3 0.42  3.9± 0.7 4.3± 0.6 0.39 

TBIL 

(mg/dl) 
 0.7± 0.2 0.2± 0.0 0.03*  0.7± 0.5 0.4± 0.0 0.06  0.2± 0.1 0.2± 0.1 0.69 

AST 

(IU/l) 
 38.7± 3.4 

49.7± 

18.1 
0.45  24± 6.9 44± 8 0.002  27± 13.4 

28.9± 

13.4 
0.82 

ALT 

(IU/l) 
 45± 13.4 29.7± 4.6 0.2  

45.4± 

11.3 
59.3± 6.5 0.07  

36.1± 

3.5 
37.3± 5.2 0.66 

ALP 

(IU/l) 
 

6820.7± 

609.6 

4475.7± 

152.7 
0.01*  

2316.6± 

486.5 

1345± 

72.9 

0.000983

38*** 
 

1036.6± 

427.6 

1017± 

175.5 
0.92 

γ-GTP  64± 9.9 50.3± 4.6 0.15  41.4± 27.5± 1.1 0.01  38.3± 10 26.8± 4.0 0.03 
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(IU/l) 10.8 

LDH 

(IU/l) 
 697± 170 

506.3± 

85 
0.23  

520.1± 

172.9 

601± 

138.7 
0.47  

526± 

39.5 

746.5± 

103 

0.0036

6966 

TCHO 

(mg/dl) 
 96± 20.1 75.7± 7.8 0.25  

77.3± 

12.4 
87± 21.7 0.39  

89.3± 

11.2 

76.5± 

20.3 
0.21 

TG 

(mg/dl) 
 38± 24.2 59.3± 6.3 0.29  

202.6± 

170.5 
69± 9.8 0.08  

132.7± 

149.3 

29.3± 

15.9 
0.14 

HDL-C 

(mg/dl) 
 

49.7± 

10.3 
28.3± 2.9 0.048  

48.5± 

10.4 

44.5± 

15.1 
0.64  

48.7± 

8.5 
37.2± 9.5 0.057 

GLU 

(mg/dl) 
 

816.3± 

45.0 

109.7± 

11.3 

0.00003*

** 
 

438± 

113.7 

102.5± 

6.4 

0.000100

99*** 
 

370.1± 

255.7 

109.3± 

26.2 
0.047* 

Insulin 

(μIU/ml

) 

 N.D. 2.8± 3.1 -  N.D. 0.9± 0.2 -  N.D. 5.3± 1.3 - 

AMYL 

(IU/l) 
 

1466.3± 

468.7 

1035± 

203 
0.3  

1273.1± 

787.8 

1302.3± 

294.5 
0.95  

1294.7± 

773.9 

1582.8± 

402.0 
0.47 

LIP 

(IU/l) 
 47.7± 3.9 43.7± 5.2 0.43  37.8± 5.3 

45.3± 

15.2 
0.28  

37.9± 

7.8 

35.0± 

13.6 
0.67 

BUN 

(mg/dl) 
 

62.6± 

12.2 
18.5± 4.8 0.01*  18.3± 7.6 15.4± 2.5 0.39  

12.7± 

5.0 
9.3± 2.0 0.17 

CRE 

(mg/dl) 
 0.9± 0.0 0.6± 0.0 0.01  0.4± 0.0 0.6± 0.1 0.1  0.9± 0.2 0.7± 0.1 0.11 

UA 

(mg/dl) 
 2± 0.2 0.4± 0.0 0.001  0.3± 0.1 0.4± 0.1 0.46  0.3± 0.1 0.3± 0.1 0.89 
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Week 9 

 
Week 16 

   Tg WT P value  Tg WT P value 

TP (g/dl)  5.5± 0.2 5.4± 0.2 0.64  5.2± 0.2 4.9± 0.3 0.39 

ALB 

(g/dl) 
 4.3± 0.2 4.2± 0.1 0.48  3.8± 0.2 2.9± 0.3 0.07 

TBIL 

(mg/dl) 
 0.7± 0.2 0.1± 0.0 0.00158***  0.6± 0.4 0.2± 0.1 0.26 

AST 

(IU/l) 
 57.0± 24.5 37.8± 6.6 0.26  23.7± 5.8 39.0± 3.0 0.08 

ALT 

(IU/l) 
 44.7± 1.7 41.8± 2.8 0.23  36.0± 5.0 37.0± 5.0 0.88 

Na 

(mEq/l) 
 144± 3.6 

142.7± 

2.9 
0.7  

129.1± 

4.7 

139.5± 

0.9 

0.000472

092 
 

135.6± 

3.7 

139.2± 

6.6 
0.28 

K 

(mEq/l) 
 3.9± 0.1 3.6± 0.3 0.33  4.4± 0.3 4.0± 0.2 0.08  4.4± 0.6 3.6± 0.2 0.02 

Cl 

(mEq/l) 
 

105.3± 

3.3 
100± 2.4 0.14  95.5± 4.3 98.0± 1.2 0.32  

99.6± 

4.0 

101.3± 

6.0 
0.57 

Ca 

(mg/dl) 
 12.2± 0.5 12.1± 0.0 0.86  9.3± 0.5 10.1± 0.5 0.03  

10.1± 

0.4 
9.8± 0.8 0.41 

Mg 

(mg/dl) 
 2.8± 0.2 2.1± 0.0 0.01  2.1± 0.1 2.4± 0.1 0.01  2.4± 0.2 3.6± 2.8 0.37 

IP 

(mg/dl) 
 11± 0.3 8.3± 1.1 0.03  9.6± 0.7 10.5± 0.3 0.04  9.8± 0.3 9.7± 0.9 0.81 
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ALP 

(IU/l) 
 1420± 201.7 962.8± 75.7 0.02*  888.0± 158.2 920.0± 21.0 0.84 

γ-GTP 

(IU/l) 
 50.0± 5.7 38.3± 6.4 0.09  34.7± 4.2 34.5± 3.5 0.97 

LDH 

(IU/l) 
 546.7± 61.8 783.5± 87.8 0.02  472.3± 161.4 739.0± 44.0 0.18 

TCHO 

(mg/dl) 
 73.0± 5.1 62.8± 15.9 0.41  104.7± 4.1 67.5± 7.5 0.01 

TG 

(mg/dl) 
 273.0± 94.4 61.5± 36.2 0.02  73.3± 30.4 30.0± 3.0 0.22 

HDLC 

(mg/dl) 
 34.3± 7.0 33.3± 5.7 0.86  47.7± 3.3 33.0± 8.0 0.12 

GLU 

(mg/dl) 
 517.0± 49.6 125.3± 16.3 0.00006***  382.0± 56.3 105.5± 5.5 0.01* 

Insulin 

(μIU/ml) 
 N.D. 4.9± 1.1 -  N.D. 5.2± 1.0 - 

AMYL 

(IU/l) 
 

922.0± 

348.8 

1609.8± 

593.7 
0.19  

1491.3± 

658.7 

1114.0± 

110.0 
0.58 

LIP (IU/l)  64.3± 34.9 28.3± 7.1 0.28  27.7± 3.7 28.5± 6.5 0.9 

BUN 

(mg/dl) 
 29.3± 2.5 6.6± 0.7 0.00003***  8.7± 4.0 9.2± 1.9 0.91 

CRE 

(mg/dl) 
 1.2± 0.3 1.0± 0.1 0.27  1.1± 0.1 1.2± 0.0 0.73 

UA  0.2± 0.0 0.2± 0.0 0.15  0.2± 0.0 0.3± 0.1 0.79 
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(mg/dl) 

Na 

(mEq/l) 
 134± 0.0 143± 1.6 0.00041  134.0± 3.6 143.5± 0.5 0.06 

K (mEq/l)  4.6± 0.0 3.8± 0.3 0.01  5.1± 0.7 4.2± 0.4 0.27 

Cl (mEq/l)  91.0± 1.4 103.5± 1.8 0.00039  98.7± 3.7 100.5± 0.5 0.63 

Ca (mg/dl)  9.7± 0.9 10± 0.5 0.62  8.8± 0.9 9.1± 0.7 0.75 

Mg 

(mg/dl) 
 3.1± 0.1 2.4± 0.2 0.01  2.5± 0.8 2.5± 0.0 1 

IP (mg/dl)  9.6± 0.5 10± 1.0 0.64  10.1± 1.4 8.3± 0.7 0.3 

The time after birth is indicated as days or weeks.  

Tg, transgenic pigs; WT, wild-type pigs. 

TP, total protein; ALB, albumin; TBIL, total bilirubin; AST, aspartate aminotransferase; ALT, 

alanine aminotransferase; ALP, alkaline phosphatase; γ-GTP, gamma-glutamyl transferase; LDH, 

lactate dehydrogenase; TCHO, total cholesterol; TG, triglycerides; HDLC, high-density 

lipoprotein cholesterol; GLU, glucose; AMYL, amylase; LIP, lipase; BUN, blood urea nitrogen; 

CRE, creatinine; UA, uric acid; Na, sodium; K, potassium; Cl, chloride; Ca, calcium; Mg, 

magnesium; IP, inorganic phosphate. 

Tg, 1 day and 4 and 8 weeks: n = 3, 8, and 3, respectively.  

WT, 1 day and 4 and 8 weeks: n = 3, 4, and 6, respectively.  

Tg, 9 and 16 weeks: n = 3 and 4, respectively.  

WT, 9 and 16 weeks: n = 4 and 2, respectively. 

Quantitative data are presented as means ± SDs. *P < 0.05, **P < 0.01, ***P < 0.001 versus WT. 

 

Supplemental Table 5. Biochemical parameters of blood samples from Tg pigs with CSII.  
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Week 4 

 
Week 8 

 
Week 36 

    Tg WT  Tg WT   Tg WT 

TP (g/dl)  5.1 4.7± 0.2  5.5 5.2± 0.5  6.3 5.8± 0.8 

ALB (g/dl)  3.3 2.9± 0.3  4.3 4.3± 0.6  4.3 3.8± 0.5 

TBIL (mg/dl)  1.2 0.4± 0.0  0.3 0.2± 0.1  0.9 0.1± 0.0 

AST (IU/l)  54 44± 8  22 28.9± 13.4  62 32.0± 4.0 

GPT (IU/l)  52 59.3± 6.5  33 37.3± 5.2  73 43.0± 11.0 

ALP (IU/l)  1866 1345± 72.9  1588 1017± 175.5  643 294.0± 14.0 

γ-GTP (IU/l)  83 27.5± 1.1  31 26.8± 4.0  28 34.0± 0.0 

LDH (IU/l)  703 601± 138.7  597 746.5± 103  864 316.5± 27.5 

TCHO (mg/dl)  71 87± 21.7  94 76.5± 20.3  76 48.0± 3.0 

TG (mg/dl)  209 69± 9.8  93 29.3± 15.9  90 16.5± 11.5 

HDL-C (mg/dl)  38 44.5± 15.1  45 37.2± 9.5  18 26.5± 2.5 

GLU (mg/dl)  331 102.5± 6.4  351 109.3± 26.2  589 113.0± 26.0 

Insulin (μIU/ml)  N.D. 0.9± 0.2  N.D. 5.3± 1.3  N.D. 3.3± 2.5 

AMYL (IU/l)  1665 1302.3± 294.5  2320 1582.8± 402.0  1577 1241.0± 453.0 

LIP (IU/l)  83 45.3± 15.2  12 35.0± 13.6  31 35.0± 13.0 

BUN (mg/dl)  51.4 15.4± 2.5  22.3 9.3± 2.0  29.7 8.2± 0.9 

CRE (mg/dl)  0.5 0.6± 0.1  0.6 0.7± 0.1  1.6 1.2± 0.3 

UA (mg/dl)  0.5 0.4± 0.1  0.3 0.3± 0.1  0.4 0.4± 0.1 

Na (mEq/l)  135 139.5± 0.9  134 139.2± 6.6  136 118.0± 1.0 

K (mEq/l)  3.4 4.0± 0.2  3.7 3.6± 0.2  5.6 3.5± 0.3 

Cl (mEq/l)  95 98.0± 1.2  97 101.3± 6.0  97 80.0± 2.0 
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The time after birth is indicated as days or weeks.  

Tg, transgenic pigs; WT, wild-type pigs. 

TP, total protein; ALB, albumin; TBIL, total bilirubin; AST, aspartate aminotransferase; ALT, 

alanine aminotransferase; ALP, alkaline phosphatase; γ-GTP, gamma-glutamyl transferase; LDH, 

lactate dehydrogenase; TCHO, total cholesterol; TG, triglycerides; HDLC, high-density 

lipoprotein cholesterol; GLU, glucose; AMYL, amylase; LIP, lipase; BUN, blood urea nitrogen; 

CRE, creatinine; UA, uric acid; Na, sodium; K, potassium; Cl, chloride; Ca, calcium; Mg, 

magnesium; IP, inorganic phosphate. 

Tg, 4, 8, and 36 weeks: n=1.  

WT, 4, 8, and 36 weeks: n=4, 6, and 2, respectively.  

Quantitative data are presented as means ± SDs.  

 

Supplemental Table 6. Biochemical parameters of urine samples.  

Ca (mg/dl)  9.1 10.1± 0.5  10.3 9.8± 0.8  9.1 8.4± 0.2 

Mg (mg/dl)  2.4 2.4± 0.1  2.2 3.6± 2.8  2.2 1.7± 0.2 

IP (mg/dl)  9.9 10.5± 0.3  10.4 9.7± 0.9  7 6.5± 0.8 

  

Day 1 
 

Week 4 
 

Week 8 

    Tg WT P value   Tg WT P value   Tg WT P value 

TP (g/dl) 
 

0.4± 0.1 0.5± 0.1 0.21 
 

1.2± 0.3 0.7± 0.5 0.14 
 

1.2± 0.0 1.3± 0.0 0.35 

Alb (g/dl) 
 

0.1± 0.0 0.1± 0.0 1 
 

0.1± 0.0 0.1± 0.0 − 
 

0.1± 0.0 0.1± 0.0 0.15 

GLU 

(mg/dl)  

1976± 

78.6 

45.3± 

11.1 
0.001** 

 

571.3± 

530.4 
24.0± 3.9 0.17 

 

714.0± 

968.1 
21.0± 1.6 0.42 

Amylase 
 

90± 7.0± 4.2 0.12 
 

31.8± 68.3± 0.16 
 

36.7± 74.0± 0.24 
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Week 9 

 
Week 16 

    Tg WT P value 

 

Tg WT P value 

TP (g/dl) 
 

1.5± 0.1 1.1± 0.0 0.053 
 

0.3± 0.1 1.2± 0.1 0.0496* 

Alb (g/dl) 
 

0.1± 0.0 0.1± 0.0 0.29 
 

0.1± 0.0 0.1± 0.1 − 

GLU 

(mg/dl)  
1099.7± 449.3 7.3± 0.4 0.08 

 

1822.8± 

391.7 
17.0± 5.0 0.004** 

Amylase 

(IU/l)  
21.7± 13.0 95.1± 82.6 0.25 

 
46.8± 50.7 69.5± 12.5 0.64 

CRE 

(mg/dl) 
 5.4± 1.5 47.1± 37.2 0.15   32.1± 5.8 28.3± 5.1 0.60 

The time after birth is indicated as days or weeks.  

Tg, transgenic pigs; WT, wild-type pigs. 

TP, total protein; ALB, albumin; GLU, glucose; AMYL, amylase; CRE, creatinine. 

Data are presented as means ± SDs.   

Tg, 1 day and 4 and 8 weeks: n = 3, 4, and 3, respectively.  

WT, 1 day and 4 and 8 weeks: n = 3, 4, and 4, respectively.  

Tg, 9 and 16 weeks: n = 3 and 4, respectively.  

WT, 9 and 16 weeks: n = 4 and 2, respectively. 

Quantitative data are presented as means ± SDs. *P < 0.05, **P < 0.01, ***P < 0.001 versus WT. 

 

(IU/l) 60.2 13.6 37.4 20.2 37.6 

CRE  

(mg/dl) 
 

13.2± 

3.3 

13.0± 

3.8 
0.94  

20.8± 

16.8 

35.5± 

12.9 
0.27  

13.5± 

8.9 

55.3± 

28.0 
0.09 
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Supplemental Table 7. Biochemical parameters of urine samples from Tg pigs with CSII. 

  

Week 36 

   Tg WT 

TP (g/dl)  0.2 0.3± 0.1 

ALB (g/dl)  0.1 0.1± 0.0 

GLU (mg/dl)  1995 24.5± 3.5 

AMY (IU/l)  24 43.0± 7.0 

CRE (mg/dl)  99 31.8± 1.8 

The time after birth is indicated as days or weeks.  

Tg, transgenic pigs; WT, wild-type pigs. 

CSII, Continuous subcutaneous insulin infusion. 

TP, total protein; ALB, albumin; GLU, glucose; AMYL, amylase; CRE, creatinine. 

Data are presented as means ± SEs.  

Tg: n=1.  

WT: n=2.  

Quantitative data are presented as means ± SDs. 
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Supplemental Figure 1. Pdx1-Hes1 Tg pigs with continuous subcutaneous insulin infusion (CSII). 

(A, A’) Whole pancreas at 36 weeks. Scale bars: 5 cm. (B) Bodyweight at the indicated times. Tg 

with CSII (blue line; n = 1), WT (red line; n = 2). (C) Blood glucose levels. CSII was attached at 

7 weeks. At some point, the needle fell out spontaneously (*), and infusion errors (#) were also 

confirmed at some points. The blood glucose rebounded at those points. The equipment was 

detached at 36 weeks ($). Blue line: Tg, n = 1; red line: WT, n = 2. Quantitative data are 

presented as means ± SDs. (D, D’ and E, E’) Endocrine cells. Fluorescence micrographs show the 

expression of glucagon (cytoplasm; green) and insulin (cytoplasm; red). The nuclei are stained 

blue with DAPI. (D, D’) Tg with CSII. (E, E’) WT. Scale bars: blue, 1000 μm; white, 100 μm. 

Secondary alterations in Tg pigs with CSII at 36 weeks. (F, F’) Eyes. (G, G’ and H, H’) Liver. 

BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
Supplemental material placed on this supplemental material which has been supplied by the author(s) BMJ Open Diab Res Care

 doi: 10.1136/bmjdrc-2020-001792:e001792. 8 2020;BMJ Open Diab Res Care, et al. Nagaya M



 
09/17/2020 Nagaya M., et al. 

 

 
 

3 

(H, H’) Oil-red O staining. G, G’ and H, H’ panels are at the same magnification. Scale bar: 100 

μm. (I–K, I’–K’) Kidneys. (I, I’) Periodic acid-Schiff, (J, J’) periodic acid-methenamine-silver, 

and (K, K’) Masson-Trichrome staining. I–K and I’–K’ panels are at the same magnification. 

Scale bar: 50 μm. Tg, transgenic pigs; WT, wild-type pigs. Time after birth is indicated as days 

and weeks. 
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