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Abstract

It is unknown whether there is a gene signature in pancreas which is associated with 

type 1 diabetes (T1D). We performed partial pancreatectomies on 30-day preinsulitic, 

diabetes-prone BioBreeding (BBdp) rats to prospectively identify factors involved in 

early prediabetes. Microarrays of the biopsies revealed downregulation of endoplasmic 

reticulum (ER) stress, metabolism and apoptosis. Based on these results, additional 

investigations compared gene expression in control (BBc) and BBdp rats age ~8, 30 and 

60 days using RT-qPCR. Neonates had increased ER stress gene expression in pancreas. 

This was associated with decreased insulin, cleaved caspase-3 and Ins1 whereas Gcg 

and Pcsk2 were increased. The increase in ER stress was not sustained at 30 days and 

decreased by 60 days. In parallel, the liver gene profile showed a similar signature in 

neonates but with an early decrease of the unfolded protein response (UPR) at 30 days. 

This suggested that changes in the liver precede those in the pancreas. Tnf and Il1b 

expression was increased in BBdp pancreas in association with increased caspase-1, 

cleaved caspase-3 and decreased proinsulin area. Glucagon area was increased in both 

30-day and 60-day BBdp rats. Increased colocalization of BIP and proinsulin was observed 

at 60 days in the pancreas, suggesting insulin-related ER dysfunction. We propose that 

dysregulated metabolism leads to ER stress in neonatal rats long before insulitis, creating 

a microenvironment in both pancreas and liver that promotes autoimmunity.

Introduction

Type 1 diabetes (T1D) occurs in a small subset of genetically 
susceptible individuals whose immune systems destroy 
most of the pancreatic β-cells. Recent studies suggest that 
T1D begins in humans at a very early age, but the reasons 
why the β-cells are targeted and when this begins are 
unclear (Atkinson  et  al. 2015). Individuals who develop 
T1D have a smaller pancreas than nondiabetic individuals 

and studies indicate involvement of both endocrine and 
exocrine pancreas (Campbell-Thompson  et  al. 2015, 
Husseini  et al. 2015). An important question is whether 
there are defects in the whole pancreas of subjects who 
progress to T1D that distinguishes them from susceptible 
individuals who remain disease free (Scott  et  al. 2017). 
There have been attempts to investigate early changes 
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in diabetes-prone rodents often with an emphasis on 
immune-related genes, but there is no consensus on which 
markers predict onset of T1D. These studies frequently use 
non-physiological concentrations of pro-inflammatory 
cytokines to mimic the autoimmune attack on isolated 
islets. However, there are only a few studies on the 
natural course of pancreas gene expression in prediabetes 
(Crevecoeur et al. 2017, Henschel et al. 2018).

One way to identify differences in the target pancreas 
before T1D development is to surgically remove tissue 
from young, preinsulitic animals, analyze it and monitor 
disease development. One can then designate with 
certainty whether the tissue is from a prediabetic or 
nondiabetic individual. It is important to perform this 
analysis before insulitis is present to avoid confounding 
effects of infiltrating immune cells. In the BioBreeding 
diabetes-prone (BBdp) rats from our colony, classic 
insulitis is not apparent before 50 days of age and pancreas 
biopsies taken at 30 days are histologically normal, have 
minimal immune cell involvement and represent a very 
early point in diabetogenesis.

In the present study, microarray and bioinformatics 
analyses identified differences in genes involved in the 
endoplasmic reticulum (ER) stress response, metabolism 
and apoptosis in prediabetic pancreas of BBdp rats. 
Candidate genes and associated pathways were further 
investigated in pancreas and liver from non-diabetes-
prone (BBc) and BBdp rats at age ~8, 30 and 60  days. 
Differences in gene expression in both pancreas and liver 
of prediabetic individuals suggested that diabetogenesis 
begins very early in the pancreas and may involve 
crosstalk with other organs.

Materials and methods

Animals

We used the diabetes-prone BioBreeding (BBdp) rat inbred 
model of spontaneous diabetes to study the prediabetes, 
preinsulitic period because classic insulitis is absent in 
30-day animals. Insulitis is not apparent until ~50 days and 
approximately 2/3 of the animals develop diabetes before 
150  days. Rats were maintained as described previously 
(Pound  et  al. 2015) and monitored twice weekly for 
diabetes development; those with a fasting blood glucose 
≥11.1 mmol/L were deemed diabetic. Control BioBreeding 
(BBc) rats, which do not develop spontaneous diabetes 
despite sharing a similar genetic background, were used 
in a follow-up study, which compared nondiabetes-prone 
BBc vs diabetes-prone BBdp rats at ages ~8, 30 and 60 days. 

All procedures pertaining to this study were approved by 
the University of Ottawa and Ottawa Hospital Research 
Institute Animal Care Committees.

Analysis of pancreas biopsies

We performed 30% partial pancreatectomies (PPx) in 
BBdp rats aged 30 days (Fig. 1A) essentially as described 
by Logothetopoulos (Logothetopoulos et al. 1984). When 
larger biopsies (60–90%) are removed, a regenerative 
program is induced that results in the formation of 
numerous focal areas, also known as tubular complexes 
(Wang et  al. 2005). These were infrequent and did 
not differ comparing nondiabetic vs prediabetic rats. 
Following laparotomy, the pancreas tail was removed 
and either fixed for immunohistochemistry (n = 12, 
cohort 1) or used for gene expression analyses (n = 14, 
cohort 2). Postoperatively, animals were treated 
with analgesics: temgesic (0.3 mg/kg) every 12 h and 
melloxicam (0.2 mg/kg) every 24 h for 3  days. This 
treatment did not affect diabetes incidence. Animals 
were followed until 150 days or development of diabetes 
and then the biopsies were classified as originating from 
prediabetic or nondiabetic rats.

Microarray analysis
RNA was isolated using a Nucleospin RNA kit (Machery-
Nagel, Bethlehem, USA). Gene expression analyses 
were performed using GeneChip Rat Gene 2.0 ST 
arrays (ThermoFisher Scientific) of pancreas RNA from 
prediabetic and nondiabetic BBdp rats (n = 6/group). 
Candidate genes and pathways were identified using 
the GeneChip Expression Console and Transcriptome 
Analysis Console (ThermoFisher Scientific). Because we 
expected only subtle differences, we identified genes of 
interest as those ≥1.5-fold-change in expression and 
P ≤ 0.1. Ontology of gene processes was analyzed using the 
Gene Ontology enRIchment anaLysis and visuaLizAtion 
(GOrilla) tool (Eden et al. 2009). Protein interactions were 
analyzed using multiple protein search in STRING version 
10.5 (Szklarczyk et al. 2017).

Immunohistochemistry staining of pancreas biopsy 
samples
Pancreatic tissues obtained by biopsy were fixed in 
Universal Molecular Fixative (n = 6/group, Sakura Finetek 
Inc, Torrance, USA) embedded in paraffin and cut into 
5 μm sections, which were labeled using the avidin-
biotin complex method (Patrick  et  al. 2013). Antibodies 
to the following proteins were used: CD68 and CD8α 
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(Bio-Rad Antibodies). Northern Eclipse (Empix Imaging, 
Mississauga, Canada) was used to quantify CD68+ and 
CD8α+ cells (Husseini et al. 2015).

Gene and protein expression of candidates and 
pathways in BBdp vs control BBc rats

Candidate genes and pathways were further analyzed in 
pancreas and liver from normoglycemic ~8, 30 and 60 day 
BBc and BBdp rats (n = 11–15/group) using RT-qPCR. 
Whole pancreas and liver tissues were obtained at necropsy 
and RNA was prepared as described earlier. Relative gene 
expression was quantified with an Applied Biosystems 
7500 Real-Time PCR System (ThermoFisher Scientific) 
using TaqMan primers and Actb as an endogenous 
control (ThermoFisher Scientific). Gene expression was 
normalized to the mean value of age-matched control BBc 
rats and presented as fold-change (2−ΔΔCt).

Immunohistochemistry staining of BBc and BBdp 
whole pancreas
Pancreas tissues from ~8-, 30- and 60-day BBc and BBdp rats 
(n = 10–15/group) were fixed in Bouin’s fixative, embedded 
in paraffin and cut into 5 µM sections as described earlier. 
Antibodies to the following proteins were used: insulin 
(Agilent Technologies Canada Inc., Mississauga, Canada), 
proinsulin (Bio-Techne, Minneapolis, USA), glucagon 
(MilliporeSigma), BIP (Abcam Inc.). ImageJ (National 
Institute of Health) was used to quantify the insulin+ 
and proinsulin+ area. Insulitis scoring was performed as 
described previously (Husseini et al. 2015).

Confocal laser scanning microscopy was performed 
with a Zeiss LSM 800/AxioObserver Z1 system. BIP 
and proinsulin were labeled using Cy3- or Alexa 
488-conjugated secondary antibodies, respectively. Image 
analysis used surface rendering and 3D reconstruction with 
seven full Z-stacks acquired at a z-distance of 0.3 μm and  

Figure 1
Microarray analysis of prospective pancreas 
biopsies from prediabetic and nondiabetic rats. 
(A) Survival analysis: Kaplan-Meier survival curves 
were analyzed by log-rank test using Prism 4.0 
(GraphPad, La Jolla, USA). No difference in 
survival was observed between sham-operated 
animals (n = 23, black line) and rats that received a 
30% PPx (n = 26, red line) (49.3 vs 54.6% 
incidence). (B) Increased endothelium-
associated-CD68+ cells were observed in 
prediabetic rats (red circles) compared to 
nondiabetic rats (open circles) (n = 6/group). Gene 
expression in prediabetic and nondiabetic 
pancreas (n = 6/group) was analyzed using 
GeneChip™ Rat Gene 2.0 ST Arrays and compared 
using Expression Console and Transcriptome 
analysis software. Genes of interest were those 
that had a 1.5-fold-change or greater (P ≤ 0.1).  
(C) PCA analysis of probe signals. An animal with 
late-onset diabetes had a different gene 
expression profile compared to other prediabetic 
rats and was excluded from subsequent analysis. 
(D) Hierarchical clustering analysis of genes of 
interest demonstrated the pancreatic gene 
expression signature in prediabetic rats differs 
from nondiabetic rats prior to the development 
of insulitis. A full colour version of this figure is 
available at https://doi.org/10.1530/JOE-18-0328.

Downloaded from Bioscientifica.com at 05/22/2023 11:10:38PM
via free access

https://doi.org/10.1530/JOE-18-0328
https://joe.bioscientifica.com
https://doi.org/10.1530/JOE-18-0328


https://doi.org/10.1530/JOE-18-0328
https://joe.bioscientifica.com © 2018 Society for Endocrinology

Published by Bioscientifica Ltd.
Printed in Great Britain

184Prediabetic pancreas and liver 
gene signature

J A Crookshank et al. 239:2Journal of 
Endocrinology

surface-surface volume colocalization analysis was 
performed with IMARIS 9.0.2 (Bitplane Zurich, Switzerland).

Immunoblotting
Immunoblotting was performed using whole pancreas 
lysate from 8-day BBc (n = 7) and BBdp (n = 11) or 30-day 
BBc (n = 10) and BBdp (n = 10) rats. Protein extracts 
were prepared in RIPA buffer supplemented with Halt 
Protease Inhibitor Cocktail (ThermoFisher Scientific). 
Total pancreas protein (30–50 µg) was resolved on 
4–12% Bis-Tris gels (ThermoFisher Scientific) in MES 
buffer (ThermoFisher Scientific) and transferred to 
PVDF membranes (MilliporeSigma). Antibodies to the 
following proteins were diluted in 5% bovine serum 
albumin in Tris-buffered saline with 0.1% Tween-20 
and incubated overnight at 4°C: BIP (Abcam), insulin 
(Cell Signaling Technology), LC3B (MilliporeSigma), 
Sequestosome-1 (SQSTM1) (Bio-Techne, Minneapolis, 
USA), caspase-1 (SantaCruz Biotechnology), caspase-3 
(Cell Signaling Technology) and cleaved caspase-3 (Cell 
Signaling Technology). Membranes were incubated in 
the corresponding HRP-conjugated secondary antibodies, 
visualized using ECL, imaged with a ChemiDoc MP 
imaging system and quantified with Image Lab (Bio-Rad). 
Bands of interest were normalized to β-actin-HRP (Cell 
Signaling Technology) for semi-quantitative analysis of 
each blot. These values were normalized to the mean of 
control (BBc) rats and are presented as fold-change.

Statistical analyses

Kaplan–Meier survival curves were analyzed by log-
rank test using Prism 4.0 (GraphPad). Gene expression, 
immunohistochemistry and immunoblotting data were 
compared using unpaired t-test with Welch’s correction 
for unequal variance when applicable (GraphPad). 
Insulitis was analyzed by Kruskal–Wallis one-way ANOVA 
with Dunn’s multiple comparison post hoc test. Statistical 
outliers were identified using the Grubbs’ test (GraphPad) 
and removed from subsequent analyses. Data are expressed 
as mean ± s.d.

Results

We have previously demonstrated that the gastrointestinal 
tract plays an important role in the development of type 
1 diabetes (Lefebvre  et  al. 2006, Mojibian  et  al. 2009, 
Patrick  et  al. 2013, Crookshank  et  al. 2015, Scott  et  al. 
2017). Therefore, we performed prospective PPx in 30 day 

BBdp rats, approximately 1  week after weaning, which 
is a major event in the development of gut microbiota 
and the immune system and represents a time when 
insulitis is absent. PPx did not impact survival compared 
with sham-operated animals (Fig. 1A) although diabetes 
incidence in both groups (PPx, 55% (n = 26); sham, 49% 
(n = 23)) was lower than the historic norm for our colony 
which is ~65%. The number of islet- and duct-associated 
CD68+ and CD8α+ cells was similar in prediabetic (n = 6) 
and nondiabetic rats (n = 6) (data not shown). However, 
vascular endothelium-associated CD68+ cells were 
increased in prediabetic rats (Fig. 1B). Therefore, biopsies 
were obtained before the onset of classic insulitis and 
CD68+ macrophage cells are likely the initiating immune 
cells (Hanenberg et al. 1989).

Microarray study reveals unique pancreas gene 
signature in confirmed prediabetic rats

Prediabetic and nondiabetic BBdp rats (n = 6/group) 
mostly formed separate clusters (Fig. 1C); one outlier was 
removed. Seventy-three genes were differentially expressed 
in prediabetic rats, 44 downregulated and 29 upregulated 
(Supplementary Table 1, see section on supplementary data 
given at the end of this article). The largest fold-change 
(down 8.4 fold) was observed in Fkbp5, a pro-apoptotic 
and pro-autophagic co-chaperone of HSP90 (Gassen et al. 
2015). Genes involved in metabolic processes were also 
affected such as Pdk4 (down 4.1-fold), a negative regulator 
of the pyruvate dehydrogenase complex (Zhang  et  al. 
2014). The transcription factor, Zbtb16, has been reported 
to be down in PBMC from T1D patients (Jia et al. 2017) 
and was decreased 3.8-fold in prediabetic rats. The 
cytochrome P450 gene, Cyp2c22, was downregulated 
3.5-fold as was the ER stress gene Atf3 (2.5 fold). Gnpat, 
which encodes the rate-limiting enzyme in phospholipid 
biosynthesis, was downregulated 2.2 fold, similar to NOD 
mice (Lindfors  et  al. 2009). Numerous genes associated 
with disease resistance were identified that were involved 
in islet function: Rgs2, Cyth3, Rph3al, Epha7, protection 
from oxidative stress: JundD, Dusp16, apoptosis and 
autophagy: Zbtb16, Ip6k2 Klf6, Atf3. Upregulated genes 
displayed only modest increases. Hierarchical clustering 
analysis also showed distinct patterns of gene expression 
in prediabetic BBdp rats compared with BBdp animals 
that remained disease-free (Fig.  1D). Multiple GO terms 
were enriched with most related to apoptosis/ER stress 
(33.3%) and metabolism (29.2%) (Fig. 2A and B). Several 
genes, including Foxo3, Pdk4, Pik3r1, Txnip, Ern1 and Aft3 
were implicated in multiple GO processes (Fig. 2A).
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To search for known and predicted protein–protein 
interactions, the 73 genes were analyzed using STRING 
(Fig. 2C) with rat and human databases (Szklarczyk et al. 
2017), at medium confidence level (0.35) for the minimum 

required interaction score. Using the human database, 
we identified a network of 21 proteins with 23 edges;  
15 proteins formed a common network. This was higher 
than the expected value of 7 (P < 0.0001), indicating a 

Figure 2
Bioinformatic analyses of prediabetic pancreas microarrays. (A) Genes that demonstrated a 1.5-fold-change or greater and P ≤ 0.1 were analyzed using 
the GOrilla tool with the P-value threshold set to 10−3. Multiple gene processes were enriched in the list of differentially expressed genes. (B) Enriched 
GO terms were related mainly to apoptosis/ER stress (33.3%) and metabolism (29.2%). Enrichment in development- and lipid phosphorylation-associated 
terms was also observed (12.5 and 8.3%). (C) Candidates were analyzed by STRING using medium confidence for the minimum required interaction 
score. The resulting network had 23 edges (P < 0.0001), demonstrating interactions between the candidates at the protein level. Twelve proteins related 
to apoptosis and ER stress were altered in prediabetic rats. A full colour version of this figure is available at https://doi.org/10.1530/JOE-18-0328.
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Figure 3
ER stress and apoptosis-related genes in the 
pancreas of prediabetic rats. Expression of target 
genes was compared in pancreas samples from 
BBc (open circle) and BBdp rats (red filled circles) 
at (A) 8 (B) 30 and (C) 60 days of age (n = 11–15 
animals per group). (D) Increased (orange) or 
decreased (blue) pancreatic gene expression of ER 
stress and apoptosis associated genes, relative to 
age-matched BBc rats. (E) Bax:Bcl2 ratio was 
calculated using 2−ΔCt values; individual animals 
were normalized to the average of age-matched 
BBc rats. BBc and BBdp Bax:Bcl2 ratios were 
compared at each time point but are shown on 
the same x-axis for simplicity. Data were analyzed 
by unpaired t-test with Welch’s correction for 
unequal variance when applicable (GraphPad) 
and are expressed as mean ± s.d. A full colour 
version of this figure is available at https://doi.
org/10.1530/JOE-18-0328.
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biological connection among these proteins. Interestingly, 
12 proteins in this common network are associated with 
apoptosis and ER stress and 11 of the 12 proteins were 
downregulated in prediabetic rats. Using the rat database 
revealed 24 edges compared with the expected value of 8 
(P < 0.0001). These data are consistent with the pathways 
identified by GOrilla. Overall, this analysis further 
suggested that ER stress, apoptosis and metabolism genes 
were differentially expressed in prediabetic animals.

Different age-related gene signature in  
diabetes-prone BBdp compared to control BBc rats

ER stress, apoptosis and metabolism were identified as 
pathways of interest in both the GOrilla and STRING 
analyses of microarray data from prospective whole 
pancreas biopsies from nondiabetic and prediabetic BBdp 
rats. Based on bioinformatic analyses and a review of the 
literature, we selected genes involved in these pathways 
for further investigation. To further clarify whether these 
processes are linked to diabetes, we examined strain 
differences between BBdp and control BBc rats, which 
do not develop spontaneous diabetes despite having 
originated from the same Wistar colony (Lefebvre  et  al. 

2006). We obtained tissues from 8-day neonates, a time 
associated with pancreas remodeling (Trudeau et al. 2000), 
recently weaned 30-day rats and from 60-day rats to 
examine changes in gene expression related to the onset 
of insulitis. All animals were normoglycemic, however, 
60-day BBdp rats had increased insulitis compared with 
age-matched controls (Supplementary Fig. 1A).

Pancreatic transcriptional signature in 8-, 30- and 
60-day BBc and BBdp rats
There were age-dependent, strain differences in ER stress, 
apoptosis, metabolism and immune genes. In diabetes-
prone BBdp neonates (Fig.  3A), ER stress genes were 
increased including the molecular chaperone, Hspa5 (BIP), 
as well as Eif2ak3 (PERK) and Atf6, which control two of 
the three UPR branches (Brozzi & Eizirik 2016, Clark & 
Urano 2016); Ern1 (IRE1α), controller of the third branch 
was not different. Downstream effector genes, Edem1, 
Xbp1s and Ddit3 (CHOP) were also increased. Unresolved 
ER stress can result in the activation of apoptosis. 
Apoptosis-related genes such as Casp3, Plin2, a modulator 
of lipid homeostasis (Chen et al. 2017), Foxo3 (Morris et al. 
2015) and Txnip, which regulates glucose uptake 
(Waldhart  et  al. 2017) and activates the inflammasome 
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(Oslowski  et  al. 2012), were also increased in neonatal 
BBdp rats. In contrast, expression of anti-apoptotic Bcl2 
was increased in 8-day BBdp pancreas, while expression of 
pro-apoptotic Bax was not changed. Protective elements 
may also be engaged in neonatal pancreas as reflected by 
the decreased Bax:Bcl2 ratio (Fig. 3E).

Although Hspa5 was decreased in 30-day BBdp rats, 
there were no additional strain-related differences in ER 
stress genes (Fig. 3B). Expression of the pro-apoptotic genes 
Txnip, Hrk and Casp9 was decreased in diabetes-prone rats 
but Foxo3 and Casp3 did not differ. However, expression of 
Bcl2 was also lower, resulting in a pro-apoptotic Bax:Bcl2 
ratio (Fig. 3E). Hspa5 remained down at 60 days (Fig. 3C). 
Interestingly, Ern1, Eif2ak3 and Atf6 were also decreased 
at 60 days, as was expression of Edem1 and Xpb1s while 
Ddit3 was unchanged. This was consistent with our 
finding of reduced ER stress capacity in prediabetic rats 
(Fig.  2) (Bellmann  et  al. 1997, Herbert & Laybutt 2016). 
Downregulation of Plin2 is associated with decreased ER 
stress and prevention of β-cell apoptosis (Chen et al. 2017), 
and it was increased in 60-day BBdp rats. Gene signatures 
are summarized in panel D of Figs 3, 4, 5 and 6.

We also investigated the expression of genes related to 
metabolic and immune functions. Ins1 was decreased in 

8-day BBdp rats, while expression of Pcsk2, a proprotein 
convertase that participates in both insulin and glucagon 
production, was upregulated (Jonsson et al. 2012) (Fig. 4A); 
Pcsk1 was unchanged. Both Ins1 and Ins2 were decreased 
in diabetes-prone animals at 30  days, while Pcsk2 
remained elevated. Expression of Gcg, which encodes 
glucagon, was increased, resulting in a decreased Ins1:Gcg 
ratio in BBdp rats (Fig.  4E). Because glucoregulation 
could be impaired, we investigated expression of glucose 
transporters. Slc2a1 was increased, while Slc2a2 was 
decreased in 8-day BBdp rats. Expression of Slc2a4 was 
decreased in both 30- (Fig. 4B) and 60-day (Fig. 4C) BBdp 
rats. In neonates, Pik3r1 was increased, as was Gnpat. 
Tfeb, required for the formation of lysosomes (Nabar & 
Kehrl 2017) and promotion of autophagy was down at 8 
and 60 days. There were no strain-related differences in 
the inflammasome gene, Nlrp3, or the pro-inflammatory 
cytokines Il1b or Tnf at 8 days. Increased Il1b and Tnf was 
first detected in 30-day BBdp rats, long before insulitis 
(Fig. 4B). Mtor was decreased at all ages (Fig. 4A, B and C). 
By 60 days, Nlrp3 and Tnf were increased as was Il1b in 
a subset of animals. By 60 days, expression of Ins1, Ins2, 
Gcg and Pcsk2 returned to control levels (Fig. 4C), whereas 
Gnpat and Tfeb were suppressed. However, the Ins1:Gcg 

Figure 4
Genes related to metabolism and immunity in the 
pancreas of prediabetic rats. Expression of target 
genes was compared in pancreas samples from 
BBc (open circle) and BBdp rats (red filled circles) 
at (A) 8 (B) 30 and (C) 60 days of age (n = 11–15 
animals per group). (D) Increased (orange) or 
decreased (blue) pancreatic gene expression of 
metabolism and immunity-associated genes, 
relative to age-matched BBc rats. (E) Ins1:Gcg 
ratio was calculated using 2−ΔCt values; individual 
animals were normalized to the average of 
age-matched BBc rats. BBc and BBdp Ins1:Gcg 
ratios were compared at each time point but are 
shown on the same x-axis for simplicity. Data 
were analyzed by unpaired t-test with Welch’s 
correction for unequal variance when applicable 
(GraphPad) and are expressed as mean ± s.d. A full 
colour version of this figure is available at https://
doi.org/10.1530/JOE-18-0328.
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ratio remained lower in BBdp rats at both 30 and 60 days 
(Fig.  4E) suggesting only partial success in normalizing 
metabolism.

Hepatic transcriptional signature in 8-, 30- and 
60-day BBc and BBdp rats
Gene expression in prediabetic liver in T1D has not been 
reported. Because several of our candidate genes were 
implicated in insulin resistance and T2D, we investigated 
genes in liver of 8-, 30- and 60-day BBc and BBdp rats. 
As in pancreas (Fig. 3), ER stress genes were increased in 
neonatal BBdp liver (Fig. 5A). We also observed increased 
Txnip, Hrk, Bax, Casp3 and Foxo3, suggesting that the 
increase in UPR genes was associated with increased 
expression of pro-apoptotic genes. Hspa5, Ern1, Eif2ak3 
and Atf6 were downregulated in 30-day BBdp rat liver 
but not in pancreas (Figs  3B and 5B). The downstream 
effector, Edem1, was similarly downregulated, but Plin2 
and Ddit3 were not different. Txnip, Hrk, Foxo3 and Casp9 
were down in 30-day BBdp rats (Fig. 5B). However, Bcl2 
was also decreased in 30-day BBdp, resulting in a pro-
apoptotic Bax:Bcl2 ratio (Fig. 5E). While Hspa5 and Plin2 
were increased in 60-day BBdp rats (Fig. 5C), there was no 
difference in Eif2ak3, Atf6 or Ddit3, and both Ern1 and 

Edem1 were decreased. Txnip, Hrk, Casp3 and Casp9 were 
also down at 60 days.

We also investigated metabolic and immune-related 
genes in the liver. Mtor was suppressed in 30- and 60-day 
BBdp rats (Fig.  6B and C). Slc2a2 was unchanged and 
Slc2a4 was down at all ages in BBdp liver (Fig. 6) whereas 
Slc2a1 was increased in neonates and decreased at 60 days 
(Fig. 6C). Pik3r1 was increased at all ages (Fig. 6). Gnpat 
was up in 8-day BBdp, but decreased by 30 and 60 days 
(Fig. 6). Fkbp5 was elevated at 8 and 60 days (Fig. 6A and 
C). G0s2, which modulates apoptosis and proliferation 
and negatively regulates triglyceride catabolism, was 
increased in 8-day rats only (Heckmann  et  al. 2013) 
(Fig. 6A). Serpinb1, a hepatic factor that stimulates β-cell 
proliferation (El Ouaamari  et  al. 2016), was decreased 
in 8- and 30-day BBdp rats (Fig. 6A and B). Plin2 was up 
at 8 and 60 days. The ratio of Serpinb1 and Plin2, genes 
coding for hepatic secreted proteins that influence 
β-cells (El Ouaamari  et  al. 2016, Chen  et  al. 2017), was 
low in neonates and 30-day BBdp rats suggesting a β-cell 
inhibitory microenvironment (Fig. 6E). Tfeb was decreased 
in both 30- and 60-day BBdp rats (Fig. 6B and C). Nlrp3 was 
only increased in 30-day BBdp animals (Fig. 6B). Although 
hepatic expression of Il1b was decreased in neonatal BBdp 
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Figure 5
ER stress and apoptosis-related genes in the liver 
of prediabetic rats. Expression of target genes 
was compared in liver samples from BBc (open 
circle) and BBdp rats (red filled circles) at (A) 8 (B) 
30 and (C) 60 days of age (n = 11–15 animals per 
group). (D) Increased (orange) or decreased (blue) 
hepatic gene expression of ER stress and 
apoptosis associated genes, relative to age-
matched BBc rats. (E) Bax:Bcl2 ratio was 
calculated using 2−ΔCt values; values were 
normalized to the average of age-matched BBc 
rats. BBc and BBdp Bax:Bcl2 ratios were compared 
at each time point but are shown on the same 
x-axis for simplicity. Data were analyzed by 
unpaired t-test with Welch’s correction for 
unequal variance when applicable (GraphPad) 
and are expressed as mean ± s.d. A full colour 
version of this figure is available at https://doi.
org/10.1530/JOE-18-0328.
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rats, expression of Tnf was elevated (Fig. 6A). However, we 
observed increased Il1b at 30- and 60-days, while Tnf was 
normalized (Fig. 6B and C).

Metabolic and apoptotic proteins in pancreas
We observed dysregulated metabolic gene expression in 
very young BBdp rats (Fig. 4A and B) and therefore, we 
investigated levels of insulin, proinsulin and glucagon. 
Insulin+ area at 30 or 60 days was not different between BBc 
and BBdp rats (Fig. 7A, B and C). However, proinsulin area 
was decreased in 30-day BBdp rats, resulting in a smaller 
ratio of proinsulin:insulin (Fig. 7A and B). Concomitantly, 
glucagon+ area was larger in BBdp islets (Fig.  7B and 
C). Although colocalization of BIP and proinsulin by 
confocal microscopy was not different at 30 days, it was 
increased by 60 days (Fig. 8A). This suggested that lower 
levels of proinsulin can be managed by BIP chaperone 
in younger animals, however, restoration of proinsulin 
levels at 60 days (Fig. 7C) could exceed the capacity of BIP 
and the ER machinery resulting in unresolved ER stress 
(Szabat et al. 2016).

Western blots of pancreas demonstrated decreased 
caspase-1 and cleaved caspase 3 protein in BBdp neonates, 

although there was no difference for caspase-3 (Fig.  8B 
and C). Neonatal BBdp rats also had lower levels of insulin 
protein. There was no difference in BIP, or the autophagy 
markers, LC3-I and LC3-II, in neonates (Fig. 8B and C) nor 
was the ratio of LC3-I:LC3-II different. By 30 days, LC3-I 
and LC3-II were down, but the ratio was not different nor 
were there differences in sequesterome-1 (Fig. 8D and E). 
Caspase-1 and cleaved caspase-3 were increased whereas 
total caspase-3 was not different. BIP tended to be less 
expressed but this only reached statistical significance if 
the two highest points were removed (P = 0.004) (Fig. 8D 
and E).

Discussion

The early events in the pancreas which predispose β-cells to 
autoimmune attack are currently unknown. Most studies 
examine early changes in pancreatic ER stress using heat 
shock, chemical inducers or analyze isolated islets which 
have undergone stress during preparation. Our prospective 
analysis of pancreatic biopsies in BBdp rats enabled us to 
identify differences in ER stress, apoptosis and metabolic 
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Figure 6
Genes related to metabolism and immunity in the 
liver of prediabetic rats. Expression of target 
genes compared in liver samples from BBc (open 
circle) and BBdp rats (red filled circles) at (A) 8 (B) 
30 and (C) 60 days of age (n = 11–15 animals per 
group). (D) Increased (orange) or decreased (blue) 
hepatic gene expression of metabolism and 
immunity associated genes, relative to age-
matched BBc rats. (E) Serpinb1:Plin2 ratio was 
calculated using 2−ΔCt values; individual animals 
were normalized to the average of age-matched 
BBc rats. BBc and BBdp Serpinb1:Plin2 ratios were 
compared at each time point but are shown on 
the same x-axis for simplicity. Data were analyzed 
by unpaired t-test with Welch’s correction for 
unequal variance when applicable (GraphPad) 
and are expressed as mean ± s.d. A full colour 
version of this figure is available at https://doi.
org/10.1530/JOE-18-0328.

Downloaded from Bioscientifica.com at 05/22/2023 11:10:38PM
via free access

https://doi.org/10.1530/JOE-18-0328
https://joe.bioscientifica.com
https://doi.org/10.1530/JOE-18-0328
https://doi.org/10.1530/JOE-18-0328


https://doi.org/10.1530/JOE-18-0328
https://joe.bioscientifica.com © 2018 Society for Endocrinology

Published by Bioscientifica Ltd.
Printed in Great Britain

pathways in prediabetic animals before insulitis and in 
the absence of stress inducers. These animals displayed 
different disease outcomes despite being at similar genetic 
risk and in the same environment as their disease-free 
littermates. Follow-up studies comparing control BBc vs 
BBdp rats revealed ER stress/UPR genes were increased 
in the pancreas and liver of neonates. However, this 
increase was not sustained in older animals, which also 
showed signs of dysregulated metabolism and increased 
pro-inflammatory cytokines. Immune genes were not 

increased in neonatal pancreas but Tnf was increased in 
liver at this age.

PERK, IRE1α and ATF6 cooperatively detect errors in 
protein folding by halting protein translation, promoting 
degradation of misfolded protein and increasing 
expression of molecular chaperones that facilitate proper 
protein folding (Brozzi & Eizirik 2016). Several studies have 
demonstrated that persistent, unrelieved ER stress leads to 
β-cell apoptosis, which in turn promotes inflammation and 
T1D (Eizirik et al. 2013). Islets from individuals with overt 
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Figure 7
Metabolic hormones in the pancreas of prediabetic rats. Proinsulin, insulin and glucagon were quantified using IHC in 30 and 60 day BBc and BBdp rats 
(n = 10–15). (A) Representative images from BBc and BBdp rats. (B) 30 day BBdp rats had decreased proinsulin area, but no difference in insulin area. 
Glucagon area was increased in BBdp rats. (C) No strain-related differences were observed in insulin or proinsulin area at 60 days. However, glucagon 
area was increased. Data were analyzed using unpaired t-test with Welch’s correction for unequal variance when applicable (GraphPad) and are 
expressed as mean ± s.d. A full colour version of this figure is available at https://doi.org/10.1530/JOE-18-0328.
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T1D had increased C/EBP homologous protein (CHOP, 
Ddit3) (Marhfour  et  al. 2012) while CHOP knockdown 
reduced cytokine-induced apoptosis in primary β-cells 
and the Ins1 cell line (Allagnat  et  al. 2012). Inhibiting 
the activity of IRE1α partially reversed diabetes in NOD 
mice (Morita  et  al. 2017). Conversely, there is evidence 

that the UPR is impaired during diabetes development. 
Engin et  al. demonstrated deficient ATF6 and sXBP1 in 
two murine models of T1D and in pancreas sections  
from patients with TID. Additionally, augmenting ATF6 
activity using a chemical chaperone reduced diabetes 
incidence in both murine models (Engin  et  al. 2013).  
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Figure 8
Protein expression of identified targets in the pancreas of 30 and 60 day old BBdp rats. (A) Confocal analysis of BBc and BBdp islets showed increased 
colocalization of BiP (Cy3, pseudo-colored red) and proinsulin (Alexa 488, pseudo-colored green) in 60 day BBdp rats (n = 6, 14 islets) compared with BBc 
animals (n = 6, 11 islets); no difference in colocalization was observed at 30 days (BBc, n = 3, 6 islets; BBdp, n = 4, 11 islets). Hoechst (pseudo-colored blue) 
was used to stain nuclei. The insets show magnified views of BiP and proinsulin. Representative western blots from day 8 (B) and day 30 BBc and BBdp 
rat pancreas (D) Protein bands were detected by chemiluminescence. Band intensity was normalized to β-actin and individual animals were normalized 
to the average value of age-matched BBc controls. (C) Neonatal BBdp rats had decreased caspase-1, cleaved caspase-3 and insulin protein compared with 
BBc rats. (E) 30 day old BBdp rats had increased caspase-1 and cleaved caspase-3 but decreased LC3-I and LC3-II protein compared with BBc rats. Data 
were analyzed using unpaired t-test with Welch’s correction for unequal variance when applicable (GraphPad) and are expressed as mean ± s.d. A full 
colour version of this figure is available at https://doi.org/10.1530/JOE-18-0328.
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Loss-of-function mutations in PERK (Eif2ak3) result in 
diabetes development in both mice and humans (Delepine 
et al. 2000, Harding et al. 2001). Notably, Eif2ak3-/- mice 
had increased IRE1α activity in addition to reduced insulin 
secretion and hyperglycemia.

Other studies support the concept that ER/UPR 
response is impaired in BBdp animals (Bellmann  et  al. 
1997, Wachlin et al. 2002, Pino et al. 2009, Ravelli et al. 
2013). Heat stressed isolated islets from 45- to 52-day BBDP 
rats were unable to upregulate HSP70 (Bellmann  et  al. 
1997) and similar results were observed in high glucose 
challenged islets at a very early age with decreased insulin 
secretion being a common feature following heat stress 
(Wachlin  et  al. 2002). In both these cases, age-related 
differences were observed under high stress conditions. 
The present study indicates that diabetes-prone rats 
upregulate ER stress/UPR protective mechanisms early in 
life (8 days) but cannot sustain this response. It is rather 
an impairment of UPR that distinguishes animals that 
are prone to T1D from those that remain diabetes free 
(Figs 1D and 2). Thus, our study not only agrees with the 
previous reports that UPR is impaired in postnatal BBdp 
rats, but also provides a detailed genetic analysis and 
reveals increased UPR in day 8 neonates.

In BBdp neonates, we saw increased ER stress genes in 
pancreas and liver associated with decreased Ins1, insulin 
protein, Slc2a2 and increased Gcg, Txnip, Pcsk2. The increased 
ER stress response was not maintained at 30 days despite 
continued downregulation of Ins1 and Ins2 while Gcg and 
Pcsk2 expression remained elevated whereas proinsulin+ 
area was decreased and the ratio of proinsulin:insulin was 
also down (Fig. 7B). In a previous report, we demonstrated 
insulin defects in this model. Compared with BBc rats, 
neonatal and young BBdp rats had lower insulin content 
per islet (Malaisse  et  al. 2000). While β-cell proliferation 
was increased, β-cell growth factors, Pdx1 and Ngfb, were 
decreased in islets from 30-day BBdp rats (Kauri et al. 2007). 
Of note, nerve growth factors were shown recently to be 
essential for glucose-induced insulin secretion (Houtz et al. 
2015, Pingitore  et  al. 2016). Preinsulitic BBDRlyp/lyp rats 
display impaired insulin secretion in response to glucose 
challenge (Medina et al. 2017).

Szabat et  al. demonstrated that reducing insulin 
expression lowers ER stress and induces β-cell proliferation 
(Szabat  et  al. 2016). Although insulin gene expression 
was reduced, insulin protein levels were maintained 
through depletion of proinsulin stores. This agrees 
with our observations of decreased Ins1 and Ins2 gene 
expression, decreased proinsulin+ area and increased 
β-cell proliferation in 30-day BBdp rats (Kauri et al. 2007) 

in association with reduced ER stress gene expression. A 
recent pseudotime analysis of gene expression in single 
β-cells from normoglycemic individuals identified distinct 
subpopulations, including a population with high insulin 
gene expression/low UPR gene expression (Inshi/UPRlo) 
and unexpectedly, a population of Inslo/UPRhi β-cells, 
which showed higher proliferation and higher antioxidant 
activity than the other subpopulations (Xin et al. 2018). 
Thus, they theorized that β-cells in the normal pancreas 
fluctuate between an active, insulin-producing state and 
a recovery state. It is possible that development of T1D 
in the BBdp rat is associated with disruptions among 
these states, and it would be intriguing to perform similar 
analyses in this model.

High insulin production in response to fluctuating 
glucose makes pancreatic islets particularly susceptible 
to ER stress due to protein misfolding. Unresolved or 
sustained ER stress can invoke programmed cell death 
(Pirot et al. 2007, Pino et al. 2009, Brozzi & Eizirik 2016, 
Herbert & Laybutt 2016, Szabat  et  al. 2016). Increased 
ER stress response-related genes in neonatal pancreas 
were associated with a corresponding increase in pro-
apoptotic genes but decreased levels of caspase-1 and 
cleaved caspase-3 compared with control animals. This is 
significant as the neonatal period is a time of pancreas 
remodeling (Trudeau  et  al. 2000, Wang  et  al. 2005, 
Kauri  et al. 2007) and suggests that this process may be 
impaired in BBdp animals. In contrast, pro-apoptotic 
proteins were increased in 30-day rats in association with 
increased pro-inflammatory cytokine expression.

BBdp rats had lower levels of CD68+ cells in total 
pancreas at day 30 (Supplementary Fig.  1B), consistent 
with diminished capacity to clear apoptotic debris 
(O’Brien  et  al. 2002), which could polarize CD68+ cells 
to M1, pro-inflammatory macrophages. The increase 
in pro-inflammatory cytokines, Tnf and Il1b, persisted 
in 60 day BBdp rats, in association with downregulated 
UPR, apoptosis and autophagy genes and an increase in 
colocalization of proinsulin and BIP proteins (Fig.  8A). 
Thus, insulitis could develop as a response to impaired 
clearance of apoptotic debris (O’Brien  et  al. 2002), 
resulting in a pro-inflammatory cell death pathway, 
known as pyroptosis (Miao et al. 2011). We hypothesize 
that failure of apoptosis, which is meant to clear damaged 
cells results in danger-associated molecular patterns which 
induce inflammation and contribute to autoimmunity. 
Additionally, induction of ER stress has been 
demonstrated to upregulate activity of post-translational 
modifying enzymes including tissue-transglutaminase-2 
and peptidyl arginine deiminase (Marre  et  al. 2018).  
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This was associated with the generation of post-
translationally modified epitopes which were recognized 
by T cell clones from patients with T1D. It would be 
interesting to investigate whether increased UPR in 
neonates activates these enzymes, generating neoepitopes 
that promote early development of autoimmunity.

The actions of insulin are opposed by glucagon, and 
together these hormones maintain glucose homeostasis 
by regulating gluconeogenesis in the liver. Destruction of 
insulin-producing β-cells also causes hyperglucagonemia, 
resulting in uncontrolled hepatic glucose production. 
Glucagon receptor ablation has been shown to prevent 
diabetes, reflecting the importance of glucagon in 
diabetes pathogenesis (Lee  et  al. 2011). Surprisingly, 
expression of Gcg was increased in both neonatal and 
30-day BBdp rats and the Ins1:Gcg ratio was decreased at 
all ages in diabetes-prone animals (Fig. 4). BBdp rats also 
had increased glucagon+ area at 30 and 60 days (Fig. 7B 
and C) in keeping with dysregulated glucagon and insulin 
responses in preinsulitic pancreas (Kanazawa et al. 1988). 
Thus, altered Gcg expression contributes to the abnormal 
transcriptional signature in the prediabetic BBdp rat.

A new concept concerning the decline of β-cell mass 
and function in diabetes is the contribution of inter-organ 
crosstalk (Shirakawa  et al. 2017). The liver is of interest in 
this respect as it shares embryonic origin with the islets, 
produces factors that influence regeneration such as serpin 
B1 and PLIN2 and has major effects on glucose metabolism 
(El Ouaamari et al. 2016, Chen et al. 2017, Shirakawa et al. 
2017). The low ratio of Serpinb1:Plin2 genes in 8- and 30-day 
BBdp rats would likely favor β-cell death. A previous study 
demonstrated alterations in lipid metabolism in liver of 
prediabetic BBDRlyp/lyp rats with decreased insulin levels 
contributing to altered gene expression (Regnell et al. 2017). 
We demonstrate here that hepatic genes are also altered in 
the prediabetic period. We observed a striking reduction of 
ER stress and metabolism genes in BBdp liver that coincided 
with increased expression of the inflammasome gene, Nlrp3 
and increased pro-inflammatory cytokines, Il1b and Tnf. Of 
particular note, the UPR genes were downregulated in liver 
before pancreas (Figs 3 and 5). Alteration in genes involved 
in the PI3K-AKT signaling pathway, such as Pik3r1 and Mtor 
and changes in genes associated with glucose uptake suggest 
that insulin signaling and hepatic functions involving 
gluconeogenesis, lipid metabolism and fatty acid catabolism 
could be altered in BBdp rats. The gene signature in liver 
and pancreas suggests there is metabolic stress and a pro-
inflammatory microenvironment in both organs by 30 days. 
Further studies are needed to determine whether the β-cell 
destructive process is initiated or promoted by the liver.

In summary, the gene signature in liver and pancreas 
demonstrates that dysregulated metabolic ER stress precedes a 
pro-inflammatory microenvironment and the development 
of insulitis. This temporal imbalance in pancreas and liver 
proteostasis long before insulitis may reflect very early 
metabolic dysregulation linked to dysregulated insulin and 
glucagon that the system attempts to correct by increasing 
the UPR. This is not sustained by 30 and 60 days at which 
time a pro-inflammatory milieu is present facilitating the 
autoimmune attack. Our analysis suggests that there are 
multiple points of failure in insulin and glucose homeostasis, 
ER stress response and immune tolerance that contribute to 
diabetes development. The involvement of the liver in these 
processes begs further investigation.

Supplementary data
This is linked to the online version of the paper at https://doi.org/10.1530/
JOE-18-0328.
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