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Accumulating evidence suggests that fetal growth restriction (FGR) leads to the development of diabetes mellitus in adults. The
aim of this study was to investigate the effect of protein malnutrition in utero on the pancreatic unfolded protein response (UPR)
pathway in FGR offspring. An FGR model was developed by feeding a low-protein diet to pregnant rats throughout gestation.
Eighty-four UPR pathway components in the pancreas were investigated by quantitative PCR arrays and confirmed by qPCR and
western blotting. Activating transcription factor (Atf4 and Atf6), herpudl, protein kinase R-like endoplasmic reticulum kinase
(Perk), X-box binding protein 1 (Xbpl), and the phosphorylation of eIF2a were upregulated, while cyclic AMP-responsive
element-binding protein 3-like protein was markedly downregulated in FGR fetuses compared with controls. Investigation in
adult offspring revealed temporal changes, for most UPR factors restored to normal, except that dysregulation of Atf6 and Creb313
maintained until adulthood. Moreover, autophagy was suppressed in FGR fetal pancreas and may be associated with decreased
activation of AMP-activated protein kinase (Ampk). Apoptosis regulators Bax and cleaved-caspase 3 and 9 were upregulated in
FGR fetal pancreas. Given that islet size and number were decreased in FGR fetus, we speculated that the aberrant intrauterine
milieu impaired UPR signaling in fetal pancreas development. Whether these alterations early in life contribute to the pre-
disposition of FGR fetuses to adult metabolic disorders invites further exploration.

1. Introduction

Fetal growth restriction (FGR) is the second leading cause of
perinatal death after prematurity and affects 3-7% of all
pregnancies [1, 2]. FGR is largely attributed to an insufficient
oxygen and nutrient supply by the placenta, such that
embryonic tissues and organs fail to grow to their normal
size [3]. It is becoming apparent that FGR has major impacts
on the fetus, with negative effects on cardiovascular, met-
abolic, and neurological development. FGR increases the
susceptibility to metabolic syndrome (type 2 diabetes mel-
litus (T2DM), obesity, and cardiovascular diseases) [4-6].
FGR fetuses have reduced circulating insulin levels, hy-
perglycemia, and impaired glucose tolerance [7]. Using a
well-established rat models caused by low-protein (LP) diet,

our previous work has suggested that maternal malnutrition
leads to hyperglycemia and impaired glucose tolerance in
FGR adult rats [8], consistent with other reports [9, 10].
It is well established that FGR is an independent risk
factor for the development of T2DM, although the mecha-
nisms underlying the impacts on pancreatic development and
insulin sensitivity are unclear, with conflicting results among
different animal models. In most reports, FGR fetuses caused
by alow-calorie or LP diet during pregnancy are characterized
by a reduced level of glucose-stimulated insulin secretion,
reduced pancreas size, small islets with fewer S-cells, and
impaired pancreatic vascularity [11]. Moreover, « cell masses
are reduced in FGR fetuses [12]. However, enhanced glucose-
stimulated insulin secretion and insulin sensitivity are also
present in young lambs with hyperthermia-induced FGR [13].
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External factors, such as malnutrition and lipid overload,
lead to protein folding disorders. Unfolded/misfolded
proteins accumulate in the endoplasmic reticulum (ER),
disrupt ER homeostasis, and trigger a protective response
termed the unfolded protein response (UPR) [14, 15]. The
UPR involves three chief pathways that are regulated by the
following transmembrane ER proteins: PKR-like ER kinase
(PERK), activating transcription factor (ATF) 6, and ino-
sitol-requiring protein (IRE) 1 [16-18]. The UPR is primarily
a protective response, triggering the production of ER
molecular chaperones and stress response proteins to en-
hance protein degradation and increase the protein folding
capacity of the ER [14]. However, an unresolved UPR can
trigger apoptotic or autophagic machinery and ultimately
lead to cell death [19].

ER stress is closely linked to a range of metabolic dis-
orders, including diabetes and obesity, and causes pancreatic
B-cell dysfunction and apoptosis as well as peripheral tissue
insulin resistance [20]. The UPR is also associated with
maternal programming. Maternal obesity triggers alter-
ations in the UPR signaling pathway in hepatic and pan-
creatic tissues [21, 22]. Uterine artery ligation upregulates
Atf6 and p-elF2 in the adipose tissues of juvenile FGR rats,
which contributes to the development of glucose intolerance
[23]. We previously showed that a maternal LP diet triggers
alterations in the UPR pathway in the liver of FGR progeny
[24]. Using the same model, we evaluated the impact of FGR
on the UPR pathway in the pancreas with the aim of elu-
cidating the mechanisms underlying developmental ab-
normalities of the pancreas and hyperglycemia.

2. Materials and Methods

2.1. Animals. Female Wistar rats were randomly divided
into two groups after mating with male rats. The animals in
the undernourished group were fed an isocaloric low-
protein diet (7% protein, according to the standard of AIN-
93 purified diet for laboratory rodents from American
Institute of Nutrition) throughout the pregnancy period, as
previously described [24], while the control animals were
maintained on a standard chow diet (22% protein) (Sup-
plement Table 1). At 20 days of gestation (E20, near term), a
set of pups were delivered by caesarian section. Here, FGR
refers to fetus with a birth weight of at least two standard
deviations lower than the average birth weight of normal
fetus, and those birth weight did not meet the criteria were
excluded. Other pregnant rats were allowed to deliver
spontaneously and only litters with 10-14 pups were se-
lected for subsequent experiments, to exclude the effects of
unbalanced development caused by litter size. The fetal
pancreas from each litter was obtained, pooled (by com-
bining three samples), and stored until analysis. Juvenal
rats were weaned at 3 weeks of age, and then all fed with
standard rat chow until 12 weeks (12 W). Only male adult
offsprings were used to avoid interference from sex-related
differences. At 12 W, offspring rats were killed under ether
anesthesia, and the pancreas was collected and stored at
80°C until analysis. Animals were maintained under spe-
cific pathogen-free conditions with a 12h light/12h dark
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cycle at 22°C with food and water provided ad libitum
throughout the study period.

2.2. Histological Staining. Fetal pancreases were formalin-
fixed and paraffin-embedded before sectioning. The 3 ym
sections were subjected to immunohistochemical (IHC)
staining according to standard procedures. In brief, after
antigen retrieval and blocking for endogenous peroxidase
and nonspecific binding, the sections were incubated with
primary antibodies (Supplement Table 2) overnight at 4°C
and blotted with the biotinylated secondary antibody
(Beyotime, Haimen, China). Pancreas sections were also
subjected to immunofluorescence (IF) according to standard
procedures with Perk antibody. A negative control without
the primary antibody was also included, and no background
staining was observed. Imaging was performed using a
Nikon ECLIPSE Ti microscope (Tokyo, Japan). For each
group, up to five sections (each containing at least five islets)
of each pancreas were chosen for the evaluation of immune-
positive areas. In each group, pancreases of up to 3 rats were
examined.

2.3. Quantitative PCR (qPCR) Array. The mRNA levels of
UPR-related molecules (including 84 UPR-related genes, 5
housekeeping genes, and 7 quality control genes; Supple-
mentary Table 4) in the fetal pancreas were measured using
qPCR arrays (PARN-089Z; QIAGEN, Frederick, MD, USA)
as previously described [24]. To reduce intersample varia-
tion, nine controls from three litters were pooled into three
samples (control 1, control 2, and control 3), and nine FGR
samples from three litters were pooled to obtain FGRI,
FGR2, and FGR3. In brief, total RNA was extracted from the
fetal pancreas, quantified, and used for integrity detection.
The cDNA was synthesized, and PCR assays were performed in
96-well PCR plates. The global patterns of UPR-related
molecules were analyzed by Student’s t-tests and visualized
using K-means clustering in conjunction with a heatmap
and volcano plot.

Routine qPCR techniques were used to validate the PCR
array results with a larger sample size (1 = 6-8). In brief, total
RNA was extracted, quantified, and reverse transcribed.
Quantitative real-time PCR was performed using the ABI
PRISM 7500 HT Fast Real-time PCR System (Applied
Biosystems, Austin, TX, USA) and SYBR Green PCR Kit
(Novizan, Q711-02, Nanjing, China) with gene-specific
primers, which was listed in Supplement Table 3. The
analysis of mRNA level was performed using the 2744¢
method after normalization, with S-actin as an internal
control.

2.4. Western Blot Analysis. Total proteins were extracted
from the pancreas with SDT buffer (4% sodium dodecyl
sulfate (SDS), 1 mM dithiothreitol (DTT), 150 mM Tris-HCI,
pH 8.0). UPR-related protein expression was determined by
western blot analyses. Total protein was loaded onto a
10-12% polyacrylamide gel for electrophoresis and trans-
ferred to a polyvinylidene membrane by electroblotting.
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After blocking with 5% BSA in TBS-T, the membrane was
divided into several strips to detect different target proteins
depending on the molecular weight (Supplement Table 2).
The blots were then incubated with appropriate secondary
antibodies and developed using Immobilon Chemilumi-
nescent HRP substrate (EMD Millipore Corporation, Bur-
lington, MA, USA) on a ChemiDoc XRS Imaging System
(Bio-Rad Laboratories, Hercules, CA, USA). The optical
density of bands was quantified using Gel-analyzer software.

2.5. Statistical Analysis. Data are presented as mean-
s + standard error of the mean (SEM). All data were checked
for normal distribution using the Shapiro-Wilk test. The
statistical analyses were performed by a two-tailed, unpaired
Student’s t-test implemented in SPSS 17.0 (SPSS Inc.,
Chicago, IL, USA) for parametric data. Statistical signifi-
cance was accepted at p<0.05.

3. Results

3.1. Effect of Protein Malnutrition on Pancreas Histopathology.
In both groups, fetal islets were structurally intact with clear
boundaries and scattered in the exocrine acinus of the
pancreas showed by THC with insulin antibody. Most of the
islet cells were insulin-positive (Figures 1(a)-1(d)). Com-
pared with control, the FGR fetus was characterized by
remarkable decreases in the pancreatic islet counts and mass
size (Figures 1(e) and 1(f)). The protein level of Pdx1, a 3-cell
marker which is essential for pancreatic development [25],
was significantly reduced in the FGR pancreas
(Figures 1(g)-1(j)).

3.2. Effect of Protein Malnutrition on Fetal Pancreatic mRNA
Levels of UPR Pathway. We analyzed qPCR array data using
a fold change cutoff of >2 and a significance threshold of
p<0.05. The significance and magnitude of differences
between groups were evaluated by K-means clustering and
visualized using heatmaps (Figure 2(a)), scatter plots
(Figure 2(b)), and volcano plots (Figure 2(c)). Seven of the
eighty-four UPR molecules displayed significant differential
transcription level; 6 were upregulated; and 1 was down-
regulated in the FGR fetal pancreas compared with the
control. These differentially expressed molecules could be
assigned to five categories of UPR pathway according to
molecular function, including transcription factor, endo-
plasmic reticulum-associated degradation, and regulation of
translation, apoptosis and heat-shock protein (Figure 2(d)).
Specifically, the mRNA levels of Atf2, Atf6, Herp, Hspall,
and Perk were significantly higher in the FGR fetal pan-
creases than in the controls, while Creb3I3 level was re-
markably lower (p <0.05) (Figure 2(e)). Pancreatic X-box
binding protein 1 (Xbp1) tended to be highly expressed in
the FGR fetuses, but the difference was not significant
(p =0.092), owing to high intersample variation. With an
increased sample size, QPCR confirmed the results of the
PCR array. Overall, protein restriction in utero significantly
increased pancreatic Atf2, Atf6, Herp, Hspall, Xbp-1, and
Perk mRNA levels and decreased Creb3l3 transcription

(Figure 3(a)). PCR product specificity was confirmed by
electrophoresis on 2% agarose gels stained with Goldview
(Figure 3(b)).

3.3. Effect of Protein Malnutrition on Fetal Pancreatic Protein
Levels of UPR Factors. The impact of maternal protein
malnutrition was further evaluated on the protein levels of
UPR molecules. Transcription factor Perk mainly distrib-
uted in the nucleus and seemed more highly expressed in
FGR fetuses evidenced by IHC and IF (Figures 4(a) and
4(b)). Immunoblotting confirmed that Perk protein was
significantly upregulated in FGR fetuses than in controls.
elF2a, a key Perk mediator, showed no significant difference
in total protein levels, while the phosphorylation of elF2«
was significantly elevated in the FGR group, resulting in a
significant increase in the ratio of p-elF2« to total elF2«
(Figures 4(c) and 4(d)). Atf4, a target of the Perk-eIF2«
pathway, tended to be higher in the FGR pancreas than in
the control, but the difference was not statistically significant
(p = 0.053). Atf4 regulates CHOP expression, inducing the
activation of JNK and leading to ER stress and apoptosis.
Modest upregulation of Atf4 may not be enough to affect
downstream molecules; neither Chop mRNA (Supplemental
Table 4) nor Jnkl protein showed significant differences
between groups. Interestingly, there was no difference in the
hspall protein level between the two groups at E20
(Figures 4(c) and 4(d)), although the mRNA levels were
elevated in the FGR group.

Atf6, another UPR upstream transducer, exhibited sig-
nificantly higher protein levels in the FGR fetal pancreas,
while Creb313 protein level was remarkably lower. There was
no statistical difference in the Irela mRNA level (Supple-
mental Table 4). However, maternal low-protein level led to
an increase in the levels of Xbp-1 mRNA (Figure 3(a)) and
spliced Xbp1 protein. Consequently, Herp, which is induced
by IREla-Xbpl and Atf6, showed an increase in the FGR
group. Both Dnajc2, a cytosol chaperone, and BIP/Grp78, an
ER chaperone protein were decreased in FGR fetus
(Figures 4(c) and 4(d)), despite similar mRNA levels in the
two groups. It suggests that malnutrition in utero affects
some UPR factors at the translational or posttranslational
levels, rather than at the transcriptional level.

3.4. Expression of Autophagy and Apoptosis Regulators in Fetal
Pancreas. Autophagy regulators Beclin 1 and LC3-II were
remarkably decreased in the fetal pancreas. AMP-activated
protein kinase (AMPK), an autophagy promoter showed
lower phosphorylation level in the FGR group (Figures 5(a)
and 5(b)). Immunoblotting showed that proapoptotic protein
Bax was remarkably higher in FGR group, compared with the
control group, while antiapoptosis protein Bcl-2 was un-
changed (Figures 6(a) and 6(b)). We also observed significant
higher levels of cleaved caspases 3, 9, and 12 in the FGR group,
compared with control fetus (Figures 6(a) and 6(b)).

3.5. Expression of UPR Genes in Adult Pancreas. To explore
whether the changes in pancreas were transient or
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FIGURE 1: Fetal pancreatic histopathology. (a—f) Analysis of the islet index by insulin staining. Representative photomicrographs of IHC
staining for insulin at 200x (a, b) or 400x (¢, d) magnification in the pancreas of control (a, ¢) and FGR (b, d) fetuses. (e—f) Analysis of the
islet index. Islet area (e) were calculated based on the photomicrographs at a magnification of 400x. (f) Islet count was calculated based on
the photomicrographs (black cross marks the islet) at 200x. (g, h) Representative photomicrographs of immunoblotting results for Pdx1, an \

cell marker. Data are expressed as means + SEM. * p < 0.05 vs. controls (n =5-6). (i, j) Representative photomicrographs of IHC staining for
Pdx1 at 400x magnification in the pancreas of control (i) and FGR (j) fetuses.

permanent, the UPR pathway was further determined in = Chop, Perk, and Xbp1 was similar with age-matched control
adult (12W) offspring. Q-PCR assay showed that mRNA  at 12W, which indicated a temporal window of vulnera-
level of most UPR genes including Atf2, Dnajc1/2, Grp78/94,  bility. However, increase in Atf6 and decrease in Creb313
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FIGURE 2: Expression of unfolded protein response- (UPR-) related factors in the FGR fetal pancreas, as determined by qPCR arrays. (a) K-
means clustering representation of eighty-four mRNA profiles. The magnitude of the change is represented by a color scale (top right) from
low (green) to high (red). b and ¢ indicates scatter plot and volcano plot displaying differentially expressed genes in pancreatic tissues
between two groups (n=3). (b) The x and y axis, respectively, indicate the mean expression value of control and FGR after log;,
transformation. (c) The y-axis indicates the p value after log;, transformation, and the x-axis displays the log2 fold change (FC) value (FGR/
control). Red dots represent upregulated transcripts (FC > 2); blue dots represent downregulated transcripts; black dots represent un-
changed transcripts (0.5 <FC<2). (d) Differentially expressed genes divided into 5 categories according to molecular function. TF,
transcription factor; ERAD, endoplasmic reticulum-associated degradation; AP, apoptosis, HSPs, heat-shock protein; RT, regulation of
translation. (e) Differentially expressed genes between two groups (n =3 per group; * p <0.05 vs. control, unpaired Student’s t-test).

were maintained until 12 W. Contrary to the trend of the
fetus, the mRNA levels of Herp were significantly decreased
in adult FGR pancreas (Figure 7).

4. Discussion

Epidemiological and experimental studies have substantiated
the proposed link between adverse intrauterine environments
and adult diseases, such as T2DM and hyperglycemia. This
study demonstrated that FGR fetus caused by a low-protein
diet during pregnancy was characterized by reduced

pancreatic islet numbers and size. Alterations in FGR fetus
might be due to protein deficiency, though we could not rule
out the possibility that slightly higher carbohydrates and fat in
the isocaloric low protein diet may also have an independent
impact on pancreas development.

Previous report suggested that FGR induced by a ute-
roplacental insufficiency triggers the activation of hepatic
UPR in offspring rats, indicating that UPR signaling play a
role in the fetal programming of metabolic diseases [26]. This
study demonstrated that major UPR pathways in pancreas
were dysregulated by protein deficiency in utero, but most
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FIGURE 3: Determination of differentially expressed genes in UPR pathways in the fetal pancreas. (a) gPCR analysis showing the mRNA
levels of pancreatic UPR-related genes in fetal rats. Data are expressed as means + SEM. * p < 0.05 vs. controls (1 = 6-8). (b) Representative
agarose gel electrophoresis images of PCR products confirming amplicon specificity.

UPR factors restore to normal in adulthood. Using the same
model, we previously reported that blood glucose and plasma
insulin level were lower in FGR fetus [27], but higher in
adulthood [8]. We speculate that lower insulin levels in FGR
fetus was due to fetal pancreatic dysplasia. Increased insulin
levels in adulthood may be due to significant insulin resistance
in tissues such as the liver and skeletal muscle, which has been
confirmed by several reports [28, 29].

In the FGR pancreas, Perk, a UPR transducer, was
upregulated by ER stress and subsequently phosphorylated
elF2, which represses the translation of most mRNAs in the
ER but selectively increases the translation of ATF4,
resulting in the induction of the downstream gene Chop
[30]. Atf4 mRNA levels were significantly higher in the
FGR pancreas, consistent with expectations. However,
there was no significant difference in Atf4 protein levels
between two groups. Accordingly, Chop was unchanged at
the mRNA level. Atf4 gene expression levels were not
correlated with protein levels, suggesting posttranscrip-
tional regulation or possible rhythmical activation of the
UPR pathway [22], which deserves further research. Mo-
lecular chaperone was involved in folding or maintaining of
nascent polypeptides [31]. We speculated that insufficient
chaperone Dnajc2 and Bip lead to incorrect folding or
aggregation of polypeptides and then disrupt ER homeo-
stasis in FGR fetus [32].

ATF6 plays a major role in the regulation of ER quality
control proteins by regulating GRP78 and XBP1 [33]. Our
results indicated that FGR lead to a significant increase in
ATF6 activation, thereby increasing ER stress in the FGR
pancreas. Atf6 augments the expression of Xbpl mRNA,
providing more substrates for the IRE1-induced generation
of Xbp1s [34]. Further research showed that increased Xbp1

mRNA transcription is induced by Atf6 in the FGR pancreas,
though there were no changes in Irel mRNA levels. In the
FGR pancreas, upregulated Atf6 and Xbpl also induce an
increase in Herp, a ubiquitin-like membrane protein that is
abundant in the pancreas [35], suggesting an important role
in the degradation of ER proteins in the pancreas.

A maternal low-protein diet reduced the expression of
Creb3l13 in the fetal pancreas and maintained until adult-
hood. Interestingly, we previously showed upregulated
Creb3I3 in hepatocytes of the FGR fetus using the same
model. Creb3l3 is considered as an ER stress-associated
liver-specific transcription factor, and most studies focused
on its function in the hepatocytes. In response to ER stress,
Creb3l3 is cleaved by S1P and S2 and translocate into nu-
cleus [36] and transactivates acute phase response (APR)
pathway [37] and hepcidin expression in hepatocytes
[38, 39]. Creb3l3 elicits UPR signaling in a tissue-specific
manner. It is expressed at lower levels in human islets. It
mediates the adaptive UPR in response to FFAs, but is
reduced in cases of severe chemical ER stress [40]. Opposite
changes in Creb3l3 in different tissues suggest a novel role
for Creb3l3 in pancreas UPR signaling.

It is well established that UPR activation lead to changes
of key autophagy regulators. PERK/eIF2« pathway induces
the expression of autophagy-related genes through ATF4,
and XBP1 activation leads to the conversion of soluble LC3-I
to lipid bound LC3-II and the formation of autophagosomes
[41]. Nevertheless, autophagy marker LC3-1I was reduced in
FGR pancreas, contrary to our expectation. Beclin 1, a core
component playing a central role in the regulation of
autophagy was also decreased. AMPK signaling is a major
positive regulatory axis of autophagy and direct inhibition of
AMPK activity is sufficient to suppress autophagy induction.
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transcription factor; ERAD: endoplasmic reticulum-associated degradation; AP, apoptosis; HSPs, heat-shock protein; RT, regulation of
translation.
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We speculated that the suppression of autophagy resulted
from lower phosphorylation of AMPK in the pancreas of
FGR fetus, which is yet to be proved by further research.

Prolonged ER stress impairs insulin synthesis and causes
pancreatic 3-cell apoptosis. Pdx1 deficiency enhances f-cell
susceptibility to ER stress-associated apoptosis [42], Our
work revealed decreased PDX protein in the ITUGR fetal
pancreas. Further research showed an increase in proa-
poptosis protein Bax and in activated caspase 3, 9, and 12 in
IUGR fetal pancreas, consistent with our speculation.

One limitation of our research is using the whole
pancreas for analysis. The pancreas is composed of both

exocrine and endocrine tissues (islet). Human islets consist
of ~60% f cells and 30% « cells, the remaining 10% con-
sisting of § cells, y cells and € cells. Malenvironment in utero
have different effects on endocrine and exocrine cells, so
isolating different cells of the pancreas for study will be more
precise. IUGR induced by uterine artery ligation also led to
temporal changes in IUGR islets. Both extracellular matrix
genes and mesenchymal stromal cell-derived factors were
increased at 2 weeks and decreased in adulthood [43]. We
speculated that the discrepancy between two results derived
from different rat models (uteroplacental insufficiency vs.
LP) and different developmental stages (2, 10 weeks vs.
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FIGURE 7: Determination of UPR genes in adult offspring. Q-PCR analysis of key UPR factors in the adult pancreas. Data were expressed as

the mean + SEM. n=6, * p<0.05 vs. age-matched control.

embryo 20 days)and different tissues (islet vs. whole pan-
creas). These results indicated that IUGR caused by different
aetiologies lead to different changes in different cells and also
one type of rat model cannot completely simulate the
condition of human diseases.

In summary, our findings demonstrated that maternal
protein malnutrition triggers an ER stress imbalance and
leads to disruptions in the UPR pathway, which might be
responsible for fetal pancreatic dysplasia. Further studies of
nutritional epigenetic programming of ER stress are war-
ranted, given the potential implications for early develop-
ment and treatment strategies to reduce the incidence of
metabolic syndrome in adults.
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