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Abstract
Aims/hypothesis Islet amyloid polypeptide (IAPP) misfolding and toxic oligomers contribute to beta cell loss and stress in type 2
diabetes. Pregnancy-related diabetes predicts subsequent risk for type 2 diabetes but little is known about the impact of pregnancy
on beta cell mass, turnover and stress. Availability of human pancreas tissue in pregnancy is limited and most widely used mouse
models of type 2 diabetes do not develop pregnancy-related diabetes, possibly because rodent IAPP is not prone to form toxic
oligomers. We hypothesised that mice transgenic for human IAPP (hIAPP) are prone to pregnancy-related diabetes with beta cell
responses reflective of those in type 2 diabetes.
Methods We evaluated the impact of a first and second pregnancy on glucose homeostasis, beta cell mass and turnover and
markers of beta cell stress in hIAPP transgenic (hTG) mice.
Results Pregnancy induced both endoplasmic reticulum stress and oxidative stress and compromised autophagy in beta cells in
hTG mice, which are characteristic of beta cells in type 2 diabetes. Beta cell stress persisted after pregnancy, resulting in
subsequent diabetes before or during a second pregnancy.
Conclusions/interpretation High expression of hIAPP in response to pregnancy recapitulates mechanisms contributing to beta
cell stress in type 2 diabetes. We hypothesise that, in individuals prone to type 2 diabetes, pregnancy-induced increased expres-
sion of IAPP inflicts beta cell damage that persists and is compounded by subsequent additive stress such as further pregnancy.
The hTG mouse model is a novel model for pregnancy-related diabetes.
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Abbreviations
CHOP C/EBP homologous protein
ER Endoplasmic reticulum
hIAPP Human IAPP
hTG hIAPP transgenic
IAPP Islet amyloid polypeptide
p-H2AX Phosphorylated H2A histone family member X

Introduction

The third trimester of pregnancy is an adaptive state of insulin
resistance that serves to preferentially direct nutrients to the
rapidly growing fetus [1]. In health, maternal insulin secretion
increases and glucose homeostasis is maintained [2]. In wom-
en who develop gestational diabetes, the adaptive increase in
insulin secretion is inadequate [3–8]. This failure to increase
insulin secretion sufficiently during pregnancy is predictive of
subsequent risk of developing type 2 diabetes [3, 4, 9, 10].
Moreover, multiparity increases the risk of subsequent diabe-
tes [11–13], implying that pregnancy in those vulnerable to
type 2 diabetes may have a lasting impact on maternal beta
cells that persists beyond pregnancy. Collectively, these obser-
vations suggest that gestational diabetes represents an oppor-
tunity to investigate the mechanisms subserving beta cell fail-
ure in type 2 diabetes.

Two obstacles confront efforts to exploit that opportunity.
First, there are limitations in accessing human pancreas from
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individuals during pregnancy. Second, rodents do not develop
gestational diabetes comparable to humans [14]. A possible
explanation is that beta cell failure in type 2 diabetes is
characterised by protein misfolding toxicity mediated by islet
amyloid polypeptide (IAPP). While human IAPP (hIAPP) is
amyloidogenic and may form toxic oligomers in membranes,
rodent IAPP is non-amyloidogenic [15]. Inmale rodents trans-
genic for hIAPP, increased expression of hIAPP by high-fat
feeding [16], pharmacological methods [17] or cross-breeding
to hIAPP homozygosity leads to hIAPP protein misfolding
[18], formation of intracellular toxic IAPP oligomers, beta cell
failure and diabetes with an islet pathology comparable to that
in type 2 diabetes [19]. In common with other rodent models
of diabetes, female hIAPP transgenic mice are relatively
protected from developing diabetes in an oestrogen-
dependent manner [20]. However, we observed that homozy-
gous hIAPP transgenic (hTG) female breeding mice were
more prone to developing diabetes than non-mated mice, im-
plying that this mouse model may provide a model for
pregnancy-related diabetes.

Pregnancy, typically studied in mice aged ~10–12 weeks,
has been used as a tool to investigate adaptive increases in beta
cell mass [21]. Those data reveal that a ~two- to threefold
increase in beta cell mass is achieved during murine pregnan-
cy, mediated by a marked increase in beta cell replication.

However, the increase in beta cell mass in human pregnancy
is only ~1.4- to 2.0-fold [22, 23]. The capacity for beta cell
replication declines in both humans (by age ~2 years) [24] and
mice (by age ~15 weeks) [25, 26]. We suspected that the
difference in the adaptive expansion of beta cell mass between
humans and young pregnant mice reflects the retained capac-
ity for beta cell replication in mice at an age where pregnancy
is possible compared with humans.

We first sought to establish whether pregnancy-related
adaptive beta cell mass in mice more closely reflects that in
humans if mice were studied at an age when the capacity for
beta cell replication has declined comparably to the decline in
humans. Second, we investigated the impact of pregnancy on
beta cell mass and turnover in hTG mice, and to what extent
this reproduced alterations in beta cells mass, turnover and
stress reported in humans with type 2 diabetes.

Methods

Mice

The studies were reviewed and approved by the Office of
Animal Research Oversight (OARO), UCLA, Los Angeles,
CA, USA. The transgenic mice homozygous for human IAPP
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were originally from Pfizer (now available from Jackson
Laboratory, Bar Harbor, ME, USA: IMSR cat. no.
JAX:008232, RRID:IMSR_JAX:008232) and have been de-
scribed elsewhere [18]. Wild-type FVB mice (IMSR cat. No.
CRL:207, RRID:IMSR_CRL:207) were originally purchased
from Charles Rivers Laboratory (Wilmington, MA, USA).
Both colonies were bred and maintained at UCLA on a
12 h day–night rhythm, with Harlan Teklad Rodent Diet
8604 and water ad libitum. The level of expression of IAPP
in islets from female hTG mice assessed by western blot was
~1.6-fold higher than in wild-type mice (data not shown),
similar to the level reported previously in the male hTGmouse
type 2 diabetes model [27].

Blood glucose was measured weekly and on the day of
euthanasia after overnight fasting from a tail-tip blood sample
using a Freestyle blood glucose meter (Therasense, Alameda,
CA, USA). A summary of body weight and blood glucose
measurements is presented in electronic supplementary mate-
rial (ESM) Fig. 1. Mice were euthanised using isoflurane. A
mouse was considered diabetic if the fasting blood glucose
level was higher than 7 mmol/l. Eighty female FVBmice were
used in this study: 30 were assigned to breed once and ten to
breed twice; an additional 40 mice formed non-mated age-
matched control groups. In the hTG group, 82 mice were used
in total: 44 were assigned to breed once and eight to breed
twice; an additional 30 mice formed non-mated age-matched
control groups. Mice characteristics on the day of tissue col-
lection are presented in ESM Tables 1–4.

Experimental design

Age-dependence of adaptive response to pregnancy Blood
glucose, beta cell mass and beta cell turnover were evaluated
in a first pregnancy in young vs aged wild-type mice. The
experiment plan is presented in Fig. 1a. Female wild-type
mice were mated at age 8 weeks (young) or 26–28 weeks
(aged). Twenty females from each age group were randomly
assigned into pregnancy or non-mated control groups. Mice in
the pregnancy group were mated and euthanised on day 15
post coitus; mice in the non-mated control group were
euthanised at the same age.

Role of hIAPP toxicity in gestational diabetes The experiment
plan is presented in Fig. 1b.

Protocol 1 explored the adaptive response to a first preg-
nancy. Blood glucose, beta cell mass and beta cell turnover
were evaluated in a first pregnancy in hTG mice vs non-
transgenic wild-type pregnant mice (the same young wild-
type mice were used for the study of age-dependence of adap-
tive response to pregnancy described above). Mice were mat-
ed at 8 weeks of age and euthanised on day 15 post coitus.
Corresponding non-mated hTG and wild-type control mice
were evaluated in parallel.

Protocol 2 explored the consequence of a first pregnancy
on subsequent diabetes risk. Wild-type and hTG mice had
blood glucose monitored throughout a first pregnancy (mated
at 8 weeks of age) but were not euthanised until age 15 weeks
to permit evaluation of beta cell mass and turnover post-preg-
nancy. Corresponding non-mated hTG and wild-type control
mice were evaluated in parallel.

Protocol 3 explored the adaptive response to a second preg-
nancy. A group of hTG mice that did not develop diabetes
after the first pregnancy and previously mated wild-type mice
were mated again at 15 weeks of age. The mice were studied
through a second pregnancy before euthanasia on day 15 post
coitus for evaluation of beta cell mass and beta cell turnover.
Corresponding non-mated hTG and wild-type control mice
were evaluated in parallel.

Pancreatic tissue processing and immunostaining

The whole pancreas was rapidly resected, fat and non-
pancreas tissue were trimmed and the pancreas was weighed.
Pancreas was fixed in 4% paraformaldehyde overnight at
+4°C and embedded in paraffin for subsequent analysis as
previously described [28]. Longitudinal sections of the pan-
creas (tail through head in the flat plane of the sections of
pancreas) were then taken through the tissue in the plane of
embedding so that a near-complete section of pancreas (head,
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Fig. 1 Scheme of the experimental protocols related to the age-depen-
dence of adaptive response to pregnancy (a) and the role of hIAPP in
pregnancy-related diabetes (b). In Protocol 1, mice were mated at 8 weeks
of age and pregnant mice were euthanised on the 15th day post coitus.
Non-mated mice of the same age (~11 weeks) were used as a control
group. In Protocol 2, mice were mated at 8 weeks of age and were
euthanised after delivery and nursing. Non-mated mice of the same age
(~15 weeks) were used as a control group. In Protocol 3, mice weremated
at 8 weeks of age. After delivery and nursing, mice that did not develop
diabetes were mated again and euthanised on 15th day post coitus. Non-
mated mice of the same age (~18 weeks) were used as a control group.
dpc, days post coitus
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body and tail) through its maximal width was obtained for
each section. Sequential 4 μm sections were stained as fol-
lows: (1) for insulin (peroxidase staining) and haematoxylin
for beta cell mass (light microscopy); (2) TUNEL and insulin
for cell death (immunofluorescence); (3) Ki67 and insulin for
assessment of replication (immunofluorescence); (4) C/EBP
homologous protein (CHOP) and insulin for assessment of
endoplasmic reticulum (ER) stress (immunofluorescence);
(5) p62 and insulin to assess the efficiency of protein degra-
dation (immunofluorescence) and (6) phosphorylated H2A
histone family member X (p-H2AX) and insulin for DNA
damage (immunofluorescence). Additional sections were
stained for insulin, IAPP and glucagon for assessment of islet
morphology and IAPP expression (immunofluorescence).

Primary antibodies were: guinea pig anti-insulin 1:100
(Zymed, San Francisco, CA, USA; currently registered as
Innovative Research cat. no. 18-0067, RRID:AB_86637); guin-
ea pig anti-insulin 1:100 (Abcam, Cambridge, MA, USA; cat.
no. ab7842, RRID:AB_306130); guinea pig anti-insulin 1:400
(Abcam cat. no. ab195956; Abcam; Cambridge, MA, USA;
RRID not available); rabbit anti-IAPP 1:1000 for western blot-
ting and 1:500 for immunofluorescence (Peninsula Laboratories
cat. no. T-4157.0400, RRID:AB_518725); mouse anti-glucagon
1:1000 (Clone K79bB10, Sigma-Aldrich cat. no. G2654,
RRID:AB_259852); rat anti-mouse Ki67 1:50 (TEC-3; Dako,
Carpinteria, CA, USA; currently registered as Agilent cat. no.
M7249, RRID:AB_2250503); rabbit anti-mouse CHOP 1:100
(GADD-153 [F168]; lot no. I0909; Santa Cruz Biotechnology
cat. no. sc-575, RRID:AB_631365); guinea pig anti-p62 1:400
(Progen cat. no. GP62-C, RRID:AB_2687531); rabbit anti-P-
H2A.X Ser139 1:400 (clone 20E3; Cell Signaling Technology
cat. no. 9718, RRID:AB_2118009). Secondary antibodies were
F(ab′)2 conjugates with Alexa 647, Cy3 or FITC obtained from
Jackson ImmunoResearch (West Grove, PA,USA), and used at a
dilution of 1:200. For TUNEL staining, an in situ cell death
detection kit (no. 12 156 792 910; Roche Diagnostics
Corporation, Indianapolis, IN, USA) was used. For immunoflu-
orescence, slides were mounted with Vectashield with DAPI
(Vector Laboratories cat. no. H-1200, RRID:AB_2336790).
For insulin peroxidase staining, the ABC-VECTASTAIN
Standard Kit (Vector Laboratories cat. no. PK-4000,
RRID:AB_2336818) and DAB Peroxidase Substrate Kit
(Vector Laboratories cat. no. SK-4100, RRID:AB_2336382)
from Vector Laboratories (Burlingame, CA, USA) was used;
slides were mounted with Permount (SP15–100; Fisher,
Hampton, NH, USA).

Morphometric analysis

Beta cell mass was calculated as beta cell fractional area multi-
plied by pancreas weight. To determine the pancreatic fractional
beta cell area, the entire pancreatic section was imaged at ×40
magnification (×4 objective) using Olympus IX70 microscope

(Olympus America, Melville, NY, USA). The ratio of the beta
cell area/exocrine area was digitally quantified as described [28]
using Image Pro Plus software (Image Pro Plus version 5.1.0.20;
Media Cybernetics, Silver Springs, MD, USA). The same ap-
proach was used for the assessment of alpha cell mass.

The mean cross-sectional area of beta cells was determined
using sections stained for insulin (fluorescence). All cell clus-
ters and single beta cells on the entire section were imaged
using the Leica DM6000 microscope with ×20 objective
(Leica Microsystems, Buffalo Grove, IL, USA). The area
stained for insulin in each cluster was measured using Image
Pro Plus and the number of beta cells was counted. The area of
single beta cells was calculated by dividing insulin positive
area by number of beta cells within this area; 30–100 clusters
per section were analysed.

The frequencies of beta cell replication and death was deter-
mined using sections double-stained for Ki67 and insulin, and
TUNELand insulin, respectively. Sectionswere viewed byLeica
DM6000 microscope (Leica Microsystems, Buffalo Grove, IL,
USA) with ×20 objective and all beta cells on the entire section
were counted (1000–4500 cells per section for non-diabetic
mice). In diabetic mice, because the number of beta cells per
section was sometimes low, we analysed at least three non-
adjacent sections to accumulate sufficient beta cell numbers for
evaluation (a minimum of 1000 beta cells per mouse). The fre-
quencies of beta cell replication and death was expressed as
percentage of Ki67-positive beta cells and percentage of
TUNEL-positive beta cells, respectively. The defect in the
autophagy–lysosomal pathway of protein degradation was
assessed by the frequency of beta cells containing p62-positive
inclusions. The extent of ER stress and DNA damage were eval-
uated by the percentage of CHOP-positive or p-H2AX-positive
beta cells counted on the sections co-stained for CHOP and
insulin, and p-H2AX and insulin, respectively.

Statistical analysis

Data are presented as mean ± SEM. Statistical calculations
were carried out by one-way ANOVA followed by Fisher’s
least-squares difference post hoc test for multiple group com-
parison using Statistica 8.0 (Statsoft, Tulsa, OK, USA) or by
two-tailed unpaired Student’s t test to compare two groups (in
Fig. 2 only as indicated in the legend). Avalue of p < 0.05 was
considered statistically significant.

Results

The adaptive increase in beta cell mass
during pregnancy is attenuated with age

To investigate the impact of age on adaptation of beta cell
mass during pregnancy, we evaluated the increment in beta
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cell mass in young pregnant (aged 11 weeks old) vs aged
pregnant (aged 28–30 weeks) mice in comparison with age-
matched non-mated littermates. Body weight and pancreas
weight increased comparably with pregnancy in young and
aged mice (ESM Table 1). Blood glucose did not differ be-
tween young non-mated and aged non-mated mice but levels
were higher in aged pregnant vs young pregnant mice (3.7 ±
0.2 vs 3.1 ± 0.2 mmol/l, p < 0.05; Fig. 2a). Beta cell mass
increased approximately twofold in young pregnant mice
compared with young non-mated mice (4.3 ± 0.4 vs 2.2 ±
0.2 mg, p < 0.001) but there was only a ~1.3-fold increase in
aged pregnant mice vs aged non-mated mice (3.9 ± 0.3 vs 3.1
± 0.3 mg, p < 0.1) (Fig. 2b). The increased beta cell mass seen
in young pregnant mice, compared with young non-mated
mice, was attributable to a ~1.2-fold increase in beta cell size
(Fig. 2c) and a fourfold increase in beta cell replication (0.68
± 0.06% vs 0.17 ± 0.04%, p < 0.001; Fig. 2d). The smaller
increase in beta cell mass in pregnant aged mice vs non-
mated aged mice was due to a smaller increment in beta cell
replication (0.27 ± 0.04% vs 0.11 ± 0.02%, p < 0.05; Fig. 2d)
since the increase in beta cell size was comparable in young
(~1.2-fold) and aged (~1.4-fold) mice. Beta cell death was
rarely detected and was not altered in pregnancy irrespective
of age (Fig. 2e). Islet size distribution was similar in young
non-mated and pregnant mice (ESM Fig. 2). In aged pregnant
mice, small islets were proportionately more frequent than
large islets in comparison with age-matched control mice,
comparable to human pregnancy [22].

In conclusion, beta cell mass increases in response to preg-
nancy in young mice, through increased beta cell replication.
Pregnancy-related increase in beta cell mass occurs to a lesser
extent in aged mice in which the capacity to increase beta cell
replication is attenuated. As such, the changes in beta cell
mass in aged mice more closely mirror those observed in
human pregnancy.

Pregnancy increases hIAPP-induced beta cell toxicity,
contributing to pregnancy-related diabetes

Pregnancy is a risk factor for developing type 2 diabetes [4], a
disease characterised by beta cell stress induced by hIAPP
misfolding [28–30]. We sought to establish the potential con-
tribution of hIAPP misfolding in beta cells in pregnancy-
induced diabetes by comparing hTG mice (transgenically ex-
pressing hIAPP in beta cells) with wild-type mice (expressing
soluble rodent IAPP).

First pregnancy (Protocol 1) During their first pregnancy,
hTG mice were modestly hyperglycaemic compared with
wild-type mice (4.0 ± 0.1 vs 3.1 ± 0.2 mmol/l, p < 0.05;
Fig. 3a, Protocol 1). The increased fasting glucose in
hTG mice during their first pregnancy, when compared
with wild-type mice, was accompanied by a modest def-
icit in beta cell mass (Fig. 3b, Protocol 1) by virtue of the
magnitude of the pregnancy-induced increase in beta cell
mass (compared with non-mated mice) being smaller (1.3-
fold vs twofold) in the mice expressing hIAPP (3.3 ± 0.3
vs 2.3 ± 0.3 mg, p < 0.05) than in the wild-type mice (4.3
± 0.4 vs 2.2 ± 0.2 mg, p < 0.001).

Beta cell mass was maintained in non-mated hTG mice by
increased beta cell replication, which offset an increased fre-
quency of beta cell death (Fig. 3c,d, Protocol 1). As TUNEL
detects cell death by several mechanisms, including apoptosis,
we used detection of cleaved cytokeratin 18 (CK18), a known
substrate of caspase-3, to validate the finding that beta cell
apoptosis was increased in hTG mice (ESM Fig. 3).

In contrast to thewild-typemice, hTGmice showed no further
increment in beta cell replication during their first pregnancy,
presumably accounting for the modest deficit in beta cell mass.
Alpha cell mass was comparable between groups (ESM Fig. 4).
The morphology of islets is shown in Fig. 4, Protocol 1.

Fig. 2 Fasting blood glucose (a)
and beta cell mass (b), cross-
sectional area (c), proliferation (d)
and death (e) in young and aged
pregnant and age-matched non-
mated wild-type mice. White
circles, young mice; black circles,
aged mice. NM, non-mated mice;
P, pregnant mice. Data are the
mean ± SEM, n=10 for each
group; *p<0.05 and ***p<0.001,
one-way ANOVA followed by
Fisher’s least-squares difference
post hoc test; in (a) *p<0.05 was
calculated using two-tailed
unpaired Student’s t test
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In conclusion, young mice transgenic for hIAPP have a mod-
estly increased fasting blood glucose concentration and a ~20%
deficit in beta cell mass during a first pregnancy compared with
pregnant wild-type mice, which do not express oligomeric-prone
hIAPP. We next evaluated the impact of a first pregnancy on the
subsequent risk for diabetes in hTG mice.

Prior pregnancy increases the frequency of postpartum dia-
betes in hTG mice (Protocol 2) Despite only modest fasting
hyperglycaemia during a first pregnancy, ~75% of the previously
pregnant hTG mice developed diabetes postpartum by 15 weeks
of age compared with none of the age-matched non-mated hTG
mice (25/34 vs 0/10). To investigate the impact of a prior preg-
nancy on vulnerability to subsequent diabetes development, we
quantified beta cell mass and turnover in the previously pregnant
vs non-mated hTG mice and wild-type control mice. Previously
pregnant wild-type mice had a beta cell mass comparable to that
of the non-mated control mice (Fig. 3b, Protocol 2). In contrast,

beta cell mass was decreased by ~50% in hTGmice after the first
pregnancy compared with non-mated hTG mice (1.1 ± 0.1 vs
2.0 ± 0.2 mg, p < 0.01). Alpha cell mass was comparable be-
tween groups (ESM Fig. 4). The morphology of islets is shown
in Fig. 4, Protocol 2.

The mechanism underlying the defect in beta cell
mass in the hTG mice was increased beta cell death
(0.88 ± 0.11% in hTG mice post-first pregnancy vs 0.27
± 0.04% in non-mated hTG mice and 0.03 ± 0.01% in
wild-type mice post-first pregnancy, p < 0.001; Fig. 3d,
Protocol 2).

The implication of these findings is that a period of tran-
sient misfolded hIAPP beta cell stress can lead to subsequent
diabetes due to the residual impact of the prior beta cell injury.
Sincemultiparity has been linked to an increased risk of type 2
diabetes [11–13], we investigated the impact of a second preg-
nancy on the hTG mice that remained non-diabetic after the
first pregnancy.

Fig. 3 Fasting blood glucose (a)
and beta cell mass (b),
proliferation (c) and death (d) in
wild-type and hTG mice during
the first pregnancy (Protocol 1),
after the first pregnancy (Protocol
2) and, for mice that did not
develop diabetes during protocols
1 and 2, during the second
pregnancy (Protocol 3). White
circles, wild-type mice; black
circles, hTG mice. NM, age-
matched non-mated mice; P1,
first pregnancy; P2, second
pregnancy. Data are the mean ±
SEM; *p<0.05, **p<0.01 and
***p<0.001, one-way ANOVA
followed by Fisher’s least-squares
difference post hoc test. Protocol
1, n=10 in all groups; Protocol 2,
n=8 in wild-type NM group, n=9
in wild-type post-P1 group; n=10
in both groups of hTG mice in (a)
and (b), n=6 in all groups in (c)
and (d); Protocol 3, n=7 in hTG-
P2 group in (a) and (b), n=10 for
all other groups
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A second pregnancy induces diabetes in hTG mice (Protocol
3) By design, hTG mice included in Protocol 3 were
non-diabetic despite a prior pregnancy at 8–11 weeks
of age. During the second pregnancy, ~80% of the
hTG mice (7/9) and none of the wild-type mice (0/10)
developed diabetes. Compared with non-mated control
mice, beta cell mass increased ~1.5-fold in wild-type
mice during their second pregnancy (3.8 ± 0.5 vs 2.6 ±
0.3 mg, p < 0.05) but decreased by ~70% in hTG mice
during the second pregnancy (0.8 ± 0.2 vs 2.5 ± 0.3 mg,
p < 0.01; Fig. 3b, Protocol 3). The morphology of islets
is shown in Fig. 4, Protocol 3. The alpha cell mass was
comparable between the groups (ESM Fig. 4).

The mechanism underlying the pregnancy-induced diabe-
tes in hTG mice was an approximately threefold increase in
beta cell death compared with the age-matched non-mated
control mice (1.34 ± 0.24% vs 0.39 ± 0.05%, p < 0.001; Fig.
3d, Protocol 3).

These data imply that the beta cell toxicity induced by
hIAPP misfolding implicated in beta cell failure in type 2
diabetes may contribute to pregnancy-related diabetes.
Further, the pregnancy-related hIAPP beta cell stress from
sequential pregnancies may be additive. hIAPP misfolding
leads to several downstream effects that have been reported
in beta cells in type 2 diabetes, including ER stress, accumu-
lated DNA damage and impaired autophagy [29, 30]. Next,
we sought to determine whether pregnancy-induced hIAPP
toxicity manifests through these effects.

Pregnancy-induced hIAPP beta cell toxicity is
characterised by ER stress, impaired autophagy
and oxidative stress manifest by accumulated DNA
damage

The marker of ER stress, nuclear immune reactivity to CHOP,
was infrequently detected in beta cells in pregnant and non-

Fig. 4 Representative images of
islets from wild-type and hTG
mice from all protocols.
Pancreatic sections were stained
for IAPP (Cy3, red), insulin (Ins;
FITC, green) and glucagon (Gluc;
Alexa 647, white); nuclei were
stained blue with DAPI. NM, age-
matched non-mated mice; P1,
first pregnancy; P2, second
pregnancy. The exposure time
during IAPP imaging in hTG
groups was decreased to avoid
bleaching. Scale bars, 50 μm
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mated wild-type mice (Fig.5). By contrast, nuclear CHOPwas
readily detectable in non-mated hTG mice and pregnancy in-
creased its frequency ~2.5-fold (0.88 ± 0.19% vs 0.37 ± 0.1%,
p < 0.01; Fig. 5, Protocol 1); in pregnant hTG mice the fre-
quency of CHOP was tenfold that in pregnant wild-type mice
(0.09 ± 0.03%, p < 0.001). A similar pattern was observed af-
ter the first pregnancy (Fig. 5b, Protocol 2) and during the
second pregnancy (1.37 ± 0.39% vs 0.48 ± 0.09%, pregnant
hTG mice vs non-mated hTG mice, p < 0.01; Fig. 5,
Protocol 3). Taken together, these data affirm that
pregnancy-related beta cell hIAPP toxicity is manifest, at least
in part, by increased ER stress.

Beta cell accumulation of p62 immuno-reactive
sequestome deposits is a manifestation of impaired flux
through the autophagy–lysosome pathway [31]. p62-positive
intracellular inclusions were detected in beta cells in both non-
mated and mated hTG female mice, but not in wild-type mice
(Fig. 6a). The frequency of beta cells with p62 inclusions was
~1.7-fold higher during the first pregnancy in hTG mice com-
pared with non-mated mice (7.2 ± 0.8% vs 4.2 ± 0.4%,
p < 0.001; Fig. 6b, Protocol 1), implying that pregnancy exac-
erbates the autophagy defect induced by the high expression
of hIAPP. During the second pregnancy, the frequency of beta
cells containing p62 inclusions increased further in pregnant
vs non-mated hTG mice (21.3 ± 2.6% vs 7.3 ± 1.0%,
p < 0.001; Fig. 6b, Protocol 3).

Accumulated oxidative DNA damage has been reported in
beta cells in type 2 diabetes by increased p-H2AX nuclear
immune reactivity [30]. The frequency of p-H2AX nuclear
staining in beta cells (Fig. 6c) was increased in hTG mice

compared with wild-type mice in Protocol 1 but its frequency
was comparable in non-mated vs pregnant hTG mice (0.32 ±
0.09% vs 0.35 ± 0.04%; Fig. 6d, Protocol 1). However, evi-
dence of beta cell nuclear damage was more abundant in hTG
mice in the second pregnancy (0.57 ± 0.05% vs 0.30 ± 0.05%
p-H2AX-positive beta cells in pregnant vs non-mated mice,
p < 0.001; Fig. 6d, Protocol 3).

In summary, in mice hIAPP-mediated pregnancy-induced
beta cell stress manifests as ER stress, impaired flux through
autophagy and increased oxidative DNA damage, comparably
to that reported in beta cells of humans with type 2 diabetes.

Discussion

Gestational diabetes presents risks to both mother and child.
While there have been elegant clinical studies of gestational
diabetes [3–8], there is a paucity of data at the islet level due to
limited access to human pancreas and the lack of a represen-
tative animal model of human gestational diabetes.

Since there is a difference in the reported adaptation of beta
cell mass to pregnancy in mice vs humans, we investigated
whether this is because most studies in young mice are under-
taken when the capacity for replication is still high, whereas in
humans the capacity for beta cell replication is already dimin-
ished by menarche. We resolved this by evaluating the incre-
ment in beta cell mass and turnover during pregnancy in
young vs aged mice. While the former displayed expanded
beta cell mass by twofold during pregnancy, the latter
displayed only a 1.3-fold expansion, a comparable increase
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Fig. 5 (a) Representative immunofluorescence images of mouse islets
from pancreas samples collected at first pregnancy (P1, Protocol 1), after
the first pregnancy (post P1, Protocol 2) and during the second pregnancy
(P2, Protocol 3). Sections were stained for insulin (green) and CHOP
(red); nuclei were stained blue with DAPI. WT, wild-type. (b) The fre-
quency of beta cells with nuclear CHOP staining in all groups of mice

from Protocols 1, 2 and 3. White circles, wild-type mice; black circles,
hTG mice. NM, age-matched non-mated mice; P1, first pregnancy; P2,
second pregnancy. Data are the mean ± SEM; **p<0.01 and ***p<0.001,
one-way ANOVA followed by Fisher’s least-squares difference post hoc
test. Protocol 1, n=10 for all groups; Protocol 2, n=6 for all groups;
Protocol 3, n=7 in hTG groups and n=10 in wild-type groups

Diabetologia (2019) 62:1000–1010 1007



to that seen in humans. This difference was due to the age-
related decline in the capacity to increase beta cell replication.
The implication is that studies of beta cell adaptation in young
pregnant mice are rational if the objective is to study mecha-
nisms regulating beta cell replication, whereas older mice
might be more representative of beta cell adaptation in human
pregnancy.

Next, we followed up on the observation that female ho-
mozygous hIAPP transgenic breeding mice developed diabe-
tes much more frequently than their non-mated female coun-
terparts. Prior studies have uncovered a protective role of
oestrogen against hIAPP-associated beta cell toxicity in this
mouse model [20]. Given the lack of murine models of
pregnancy-related diabetes, we investigated the impact of a
first and second pregnancy on glucose homeostasis, beta cell
mass and beta cell turnover in hTGmice. These mice tolerated
a first pregnancy without developing diabetes. While no in-
creased beta cell death was recorded at 15 days post coitus
during the first pregnancy, this is the peak period of
pregnancy-related oestrogen [32] and this might have offset
the pregnancy-enhanced hIAPP-mediated ER stress and atten-
uated autophagy. However, the impact of the pregnancy-
enhanced hIAPP-mediated beta cell stress became evident in
subsequent weeks when the majority of the previously preg-
nant hTG mice developed diabetes in contrast to none of their
non-mated counterparts. This finding implies that a period of
transient insulin resistance-induced beta cell misfolded protein
stress, such as that induced by pregnancy, can leave residual
beta cell vulnerability to subsequent beta cell misfolding-
induced dysfunction and loss. This is consistent with the

increased risk of type 2 diabetes with multiparity, and the
protection against development of type 2 diabetes following
gestational diabetes by decreasing the beta cell work load with
insulin sensitisers [33].

In the second pregnancy, hTG mice invariably developed
diabetes, with markedly greater indices of ER stress, DNA
oxidative stress and impaired autophagy leading to increased
beta cell apoptosis and loss rather than expansion of beta cell
mass. Notably the pregnancy-induced hIAPP-mediated beta
cell stress reproduced the ER stress, oxidative damage and
impaired autophagy pathways characteristic of beta cells in
humans with type 2 diabetes [29, 30]. Moreover, non-mated
female hTG counterparts did not develop diabetes.

Efforts to establish rodent models that reproduce gestation-
al diabetes in humans have been problematic [14]. We postu-
late that this is because rodent IAPP is soluble and does not
form toxic oligomers [27]. hIAPP misfolded protein stress is a
hallmark of beta cells in type 2 diabetes and, therefore, it is not
surprising that the hTGmouse model more closely reproduces
human pregnancy-induced diabetes than rodent models that
are based on high-fat feeding or leptin deficiency. It should be
noted, however, that while it has been established that toxic
oligomers of IAPP are present in beta cells in humans with
type 2 diabetes, to date there is no data to affirm that this is the
case in beta cells in humans with gestational diabetes [19].

Animal models all have limitations in their application to
human disease. One obvious difference is the relatively short
period of mouse pregnancy with rapid beta cell adaptation
compared with the much longer gestational timespan in
humans. Some pathways that induce beta cell replication in
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Fig. 6 A defect in autophagy–lysosomal pathway (a, b) and DNA dam-
age (c, d) are characteristics of beta cells in female hTG mice prone to
pregnancy-related diabetes. Representative images of pancreatic sections
of wild-type and hTG pregnant and non-mated mice from Protocol 1 (first
pregnancy, P1) immunostained for p62 (a) or p-H2AX (c) and insulin
were taken using 20× objective; scale bars, 50 μm. Quantification of
frequency of beta cells positive for the marker of interest (b, d) is shown
for Protocol 1 and Protocol 3 (second pregnancy, P2) and presented as the

mean ± SEM; *p<0.05, **p<0.01 and ***p<0.001, one-way ANOVA
followed by Fisher’s least-squares difference post hoc test. White circles,
wild-type mice; black circles, hTG mice. NM, age-matched non-mated
mice; P1 first pregnancy; P2, second pregnancy; WT, wild-type. In (b)
n=5 for wild-type groups and n=6 for hTG groups; in (d) n=6 per group in
Protocol 1, n=4 for wild-type groups and n=5 for hTG groups in Protocol
3
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pregnant mice have not been reproduced in humans [34].
While postmenopausal oestrogen replacement has been par-
tially protective against diabetes in humans, there is clearly a
much greater protection against beta cell failure and loss
afforded by oestrogen in mice. Nonetheless, the hTG mouse
model is widely available and reproduces pregnancy-related
diabetes in humans to a greater extent than other available
rodent models. We propose the hTG mouse as a novel and
potentially useful model for investigation of adverse
pregnancy-induced changes in beta cells leading to diabetes
during and/or subsequent to pregnancy.
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