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Abstract

Early life events are associated with the susceptibility to chronic diseases in adult life. Per-

turbations of endoplasmic reticulum (ER) homeostasis activate the unfolded protein

response (UPR), which contributes to the development of metabolic alterations. Our aim

was to evaluate liver UPR in an animal model of intrauterine growth restriction (IUGR). A sig-

nificantly increased expression of X-box binding protein-1 spliced (XBP1s) mRNA (p<0.01),

Endoplasmic Reticulum-localized DnaJ homologue (Erdj4) mRNA (p<0.05) and Bip/

GRP78-glucose-regulated protein 78 (Bip) mRNA (p<0.05) was observed in the liver of

IUGR rats at birth. Furthermore, the expression of gluconeogenesis genes and lipogenesis

genes were significantly upregulated (p<0.05) in IUGR pups. At 105 d, IUGR male rats

showed significantly reduced glucose tolerance (p<0.01). A significant decreased expres-

sion of XBP1s mRNA (p<0.01) and increased expression of double-stranded RNA-depen-

dent protein kinase-like ER kinase (PERK) and Asparagine synthetase (ASNS) (p<0.05)

was observed in the liver of IUGR male adult rats. Liver focal steatosis and periportal fibrosis

were observed in IUGR rats. These findings show for the first time that fetal exposure to

uteroplacental insufficiency is associated with the activation of hepatic UPR and suggest

that UPR signaling may play a role in the metabolic risk.

Introduction

Early life events play a critical role in the long-term susceptibility to chronic diseases [1]. Epi-

demiological studies have shown an association between low-birth weight and cardiometabolic

risk, including visceral adiposity, hypertension, dyslipidemia, insulin resistance, glucose intol-

erance, type 2 diabetes and cardiovascular disease [2,3].
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To explain this association the thrifty phenotype hypothesis was proposed [4].

According to this hypothesis, when the fetus is exposed to malnutrition the organism

diverts the limited nutrient supply to favor the survival of vital organs, such as brain, at the

expense of growth and other organs, such as liver and pancreas. This fetal adaptation to in

utero undernourishment leads to permanent endocrine and metabolic changes through post-

natal life, eventually predisposing to cardiometabolic risk [5].

The process by which insults occurring at critical periods of development, lead to perma-

nent changes in organ function is known as intrauterine programming [6], whose underlying

molecular mechanisms have not been elucidated yet.

Functional deficiencies in the endoplasmic reticulum (ER), the intracellular organelle

responsible for maturation and folding of most membrane and secreted proteins [7], have

been identified as a hallmark of metabolic and inflammatory disorders. In conditions charac-

terized by overwhelming of ER protein folding capacity, misfolded proteins accumulate in the

lumen of the ER membranous network, and trigger the activation of a set of intracellular sig-

nalling molecules that mediate the unfolded protein response (UPR). A wide variety of stimuli,

including glucose and/or nutrient deprivation, viral infections, lipid overload, increased syn-

thesis of secretory proteins, and expression of mutant or misfolded proteins have been

reported to activate UPR [8–10].

In mammals, UPR signaling is initiated from three independent transmembrane ER stress

sensors: inositol-requiring 1 α (IRE1 α), double-stranded RNA-dependent protein kinase-like

ER kinase (PERK) and activating transcription factor 6 (ATF6α and β). Under physiological,

non-stress conditions, these transducers are kept in an basal state by the binding with the

chaperone glucose-regulated protein 78 (Bip/GRP78) [11,12]. The endoribonuclease activity

of IRE1α cleaves a 26 base-pair non canonical intron within the mRNA encoding the X-

box binding protein-1 (XBP1) transcription factor. Ligation of the resulting exons yields an

spliced transcripts that, in turn, is translated to produced spliced XBP1 protein (XBP1s). The

concerted actions of XBP1s/ATF6/ATF4 establish a transcriptional program aimed to restore

ER homeostasis.

In liver, folding and secretion of large quantities of protein (millions of molecules per min-

ute) [13] require an expanded ER network and a precise control of ER homeostasis. Beyond

protein folding control, hepatic UPR signaling is closely linked to the regulation of lipid and

carbohydrate metabolism.

The growing interest for the involvement of ER stress in the pathophysiology of metabolic

disorders originates from the observation that UPR signalling mechanisms are exacerbated in

the liver and adipose tissue of obese rodents [7]. In humans, this finding has been confirmed

in liver and subcutaneous adipose tissue of obese patients [14,15].

The aim of this study was to investigate the UPR activation in an animal model of intrauter-

ine growth restriction (IUGR) induced by uteroplacental insufficiency, from birth to

adulthood.

Materials and methods

Animal model

The animal model of intrauterine growth restriction (IUGR) induced by uteroplacental insuf-

ficiency was previously described [16]. In brief, time-dated Sprague-Dawley pregnant rats

(Harlan-Envigo, Udine, Italy) were individually housed under standard conditions and were

allowed free access to standard chow diet and water. On day 19 of gestation (term is 22 d),

maternal rats were anesthetized with intramuscular injections of xylazine (8 mg/kg) and keta-

mine (40 mg/kg) (Sigma-Aldrich, St.Louis, MO), and the abdomen was opened along the
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midline. Suture was placed around both the uterine arteries and then either tied or withdrawn

before closing the abdomen. In our study we have included only the dams that delivered

within 24h on GD22. We excluded the few dams who delivered before or after GD 22. In our

study we have included only the dams that delivered within 24h on GD22. We excluded the

few dams who delivered before or after GD 22. Dams recovered quickly from uterine artery

ligation and SHAM procedures, and resumed feeding the same day. The animals started mov-

ing 4 hours after surgery and were kept warm by paper towels during recovery. After recovery,

rats had ad libitum access to food and water. The pregnant rats were allowed to deliver sponta-

neously, and approximately 8 h after delivery, pups were weighed and the litter size was ran-

domly reduced to eight to assure uniformity of litter size between IUGR and SHAM litters. At

birth, 14 SHAM and 14 IUGR pups were decapitated. The remaining pups were fostered to

unoperated normal female rats and remained with their foster mothers until they were

weaned. At 105 post-natal days (PND) rats were sacrificed by cervical dislocation. Animal

cages were kept isolated to avoid animal stress. Analgesia was not used to avoid drug absorp-

tion in the harvested tissues sacrificed were immediately harvested, frozen in liquid nitrogen,

and stored at -80˚C. 10 SHAM/11 IUGR males rats and 13 SHAM/8 IUGR females rats from

four different litters per each study group were randomly selected.

The study protocol was approved by the Committee for Animal Research of Tor Vergata

University, Rome, Italy (Ministry of Health, Department of Veterinary Public Health approval

6/12/2012, #153/2001-A). Animal experiments were performed according to the Guide for the

Care and Use of Laboratory Animals of the National Institutes of Health (NIH Publication No.

85–23, revised 1996). All procedures complied with Italian regulations for laboratory animal

care, according to the guidelines and under supervision of the Animal Technology Station,

Interdepartmental Service Center, Tor Vergata University, Rome, Italy.

Plasma assays

Blood samples were obtained quickly after sacrifice by cardiac puncture, collected in tubes and

centrifuged at 3000 r/min for 10 min. at 4˚C. Serum was collected and stored at −80˚C. Glu-

cose was determined using a colorimetric commercial kit (Sigma-Aldrich).

Plasma insulin concentrations were measured in duplicate by a rat/mouse insulin enzyme-

linked immunosorbent assay (ELISA) kit, using rat insulin as the standard (Millipore Co.

Vimodrone, Italy) according to the manufacturer’s instructions. The intra-assay coefficient of

variability (CV) was 1.17–3.22%, the inter-assay CV was 6.71–9.23%, and the sensitivity limit

was 0.1 ng/mL.

Leptin concentrations were measured using a leptin ELISA kit (R&D Systems, UK) accord-

ing to the manufacturer’s instructions. The intra-assay CV was 3.8–4.3%, the inter-assay CV

was 5–7.6%, and the sensitivity limit was 22 pg/mL. Quantification of free fatty acids (FFA)

was performed using a commercially available ELISA kit (Bioassay Tech. Lab., China) accord-

ing to the manufacturer’s instructions. The intra-assay CV was<10%, inter-assay CV was

<12%, sensitivity was 2.51 mM/L.

Oral glucose tolerance test

The animals were fasted for 4 hours before sacrifice and plasma samples were collected

between 11 am to 1 pm.

For Oral glucose tolerance test (OGTT), rats were fasted for 6 hours and gavage fed with

glucose (2 g/kg body weight). Glucose levels were measured both before and 15, 30, 60 and 120

min. after glucose administration by OneTouch UltraEasy (Life Scan, California).
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RNA isolation and cDNA synthesis

Total RNA from 20 mg of liver tissue was extracted using the automated Maxwell system

(Promega, Madrid, Spain) according to the manufacturer’s instructions and quantified in

duplicate using UV absorbance at 260 nm. One microgram of RNA, pre-treated with RNase

free DNase, was transcribed into the cDNA using the MLV-RT (Promega) in a final volume of

40 μL following the manufacturer’s protocol. To minimize variation in the reverse transcrip-

tion reaction, all RNA samples from a single experimental setup were reverse transcribed

simultaneously.

Real-time quantitative polymerase chain reaction

PCR primers to amplify different genes are described in supplemental methods (S1 Table).

Ribosomal protein large P0 (Rplp0) was used as an internal normalization control. Experi-

ments were performed in duplicate using 96-well tray and optical adhesive covers (Bio-Rad) in

a final reaction mixture of 10 μL containing 1 μL of undiluted cDNA. Real-time PCR was per-

formed using SybrGreen (Bio-Rad) on iQ5 (Bio-rad, Madrid, Spain). The cycling consisted of

2 min. at 50˚C, 2 min. at 95˚C followed by 40 cycles of 95˚C for 15 s and 60˚C for 45 s. Deter-

mination of reaction efficiency was routinely used as an internal quality control for adequate

assay performance. Results are expressed in raw relative quantification+/-standard errors.

Total liver protein extracts and western blot analysis

Frozen liver fragments (50 mg) were homogenized in 500 μL of homogenization buffer: [7M

Urea, 2M Thiourea, 4% CHAPs, 40 mM DTT, supplemented with protease and phosphatase

inhibitors (Complete and Phostop, respectively; Roche, Mannheim, Germany)] and ultracen-

trifuged at 75.000 rpm for 45 min. Supernatants were collected in a clean cryo-tube and con-

served in -80˚C until use. Equivalent amounts of protein were separated in denaturing

polyacrylamide gels and transferred onto a nitrocellulose membrane. The primary antibodies

against p-eIF2α (Ser51-#9721), IRE1α (#3294), Irβ (#3025), AKT(#9272), p-AKT (Thr308-

#9275) and p-AKT (Ser473-#9271) were purchased from Cell Signaling Technology, XBP1

(sc7160) and EIF2α (sc11386) from Santa Cruz Biotechnology and ATF6 (IMG273) from

IMGENEX, alpha-tubulin (T6074) from Sigma. Detection of immunolabeled proteins was per-

formed using a commercial chemiluminescent assay (ECL prime; Amersham, Buckingham-

shire, UK). Visualization and quantitative measurements were made with a CCD camera and

software for Western blot image analysis (Odissey Fc Imager System and Image Studio Lite v

4.0, respectively; Li-COR, Bad Homburg, Germany).

Liver histology

Hepatic tissues were fixed in 4% paraformaldehyde (PFA,Sigma-Aldrich) overnight at 4

degrees, followed by serial dehydration in 30, 50, 70 and 80% aqueous ethanol for 24 hours at

each concentration, at room temperature (RT). Afterwards, samples were placed for 6 h in

96% ethanol, then in 99.6% ethanol and 100% butyl acetate, each overnight at RT and finally

embedded in paraffin (Paraplast X-TRA, Sigma-Aldrich) at 61˚C overnight. Paraffin-embed-

ded tissue was cut to a thickness of 5 μm, using a Biocut sectioning machine (Reichert-Jung,

NT, USA), mounted on microscope slides (Superfrost Plus, Thermo Scientific, MA, USA) and

placed at 37˚C overnight.

For histology, tissue sections were dewaxed with xylene (Histolab, Göteborg, Germany) for

10 min. and then serially rehydrated with 99.6, 96, and 70% aqueous ethanol, each step being

performed twice for 5 min. Samples were subsequently stained with periodic acid-Schiff (PAS,
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Sigma-Aldrich). In brief, after washing twice with distilled water, samples were incubated for 5

minutes with periodic acid and then rinsed with tap water followed by 2x distilled water. Sam-

ples were then incubated for 15 min. with Schiff’s reagent and washed again as previously

described. Slides were finally incubated with hematoxylin solution modified according to Gill

III for 2 min., washed with tap water for 3 min., dehydrated with increasing aqueous ethanol

solution and 100% xylene, and finally mounted with Entellan new (Merck, Vimodrone, Italy)

and cover glass.

Images were captured using Zeiss Axio Imager M1 and photographed with a digital color

camera system (Olympus DP70, Tokyo, Japan) attached to DP controller imaging software.

The PSR is intended for use in the histological visualization of collagen in tissue sections,

Picro-Sirius Red (PSR) staining was performed with Connective Tissue Stain Kit (Abcam).

The staining was performed on 2 μm-thick sections obtained from formalin-fixed tissue

embedded in paraffin. The light microscopy imaging was performed on Nikon E600 light

microscope equipped with NIS Elements BR software.

Histologic evaluation was performed based on the NAFLD Clinical Research Network

(CRN) criteria [17].

Statistical analysis

Differences in gene expression between SHAM and IUGR rats were analysed with one-way

ANOVA. Differences between means from plasma assays and densitometric analyses were

assessed by unpaired two-tailed t test. Differences were considered statistically significant at

p< 0.05. All analyses were performed using SPSS version 13.0 for Windows (SPSS, Chicago,

Illinois).

Results

Animal weights and metabolic profile at birth

This study was conducted in a well-established rat model of IUGR generated by the ligation of

uterine arteries. One of the main hallmarks of intrauterine nutrient restriction is the reduced

birth weight. As shown in Fig 1, the weight of IUGR rat pups at post- natal day 0 (PND0) was

significantly reduced in comparison with SHAM animals (mean weight ± SD: 4.0±0.57 versus

6.5± 0.32 g; p<0.001, Fig 1A). Biochemistry revealed no significant differences in blood glu-

cose (63.9±13 vs 62.9±21.5 mg/dl) and insulin (0.34±0.15 vs 0.36±0.16 ng/ml) levels among

IUGR and SHAM animals. IUGR animals showed significantly higher serum free fatty acids

(FFAs) levels (0.35±0.08 vs 0.28±0.05 mM/L; p<0.001) (Fig 1B).

UPR activation in the liver of IUGR pups at birth

Next, we measured the levels of mRNAs produced in response to the different UPR mecha-

nisms in the liver of male and female PND0 pups. Activation of the kinase/endonuclease

IRE1α leads to the non-canonical splicing of the mRNA encoding the transcription factor

XBP1. We observed that spliced XBP1 mRNA levels were significantly increased in IUGR rats

(2.08 ± 1.22 vs 1 ± 0.88; p<0.01). Without reaching statistical significance, a similar trend was

observed for total XBP1 mRNA, and for the spliced/total XBP1 mRNA ratio, suggesting that

the increase in spliced XBP1 mRNA was due, at least in part, to the activation of IRE1α-medi-

ated splicing. XBP1s mRNA encodes a potent transcription factor that enhances the expression

of specific UPR target genes, such as the chaperone ERdJ4 mRNA, which was in fact signifi-

cantly increased in IUGR rats (2.35 ± 1.43 vs 1 ± 0.7; p<0.05). The genes transcriptionally
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Fig 1. A. Birth weights of SHAM (n = 14) and IUGR (n = 14) animals (mean weight + SD, �p<0.001). B. Plasma concentrations of metabolic parameters in 14

SHAM and 14 IUGR (mean ± SD, �p<0.001). C. Expression of target genes from three branches of UPR (IRE1alpha, ATF6 and PERK). D. Expression of main

lipogenesis and gluconeogenesis genes in liver. Values are expressed as fold change (mean + SD, �p<0.01, �� p<0.005).

https://doi.org/10.1371/journal.pone.0198490.g001
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activated by the XBP1, ATF6 or ATF4 displayed a similar trend in IUGR liver samples, reach-

ing statistical significance in the case of GRP78/BiP (2.3 ± 2.0 vs 1 ± 0.46; p<0.05) (Fig 1C).

Since IRE1α/XBP1 activation has been shown to promote transcription of genes involved

in hepatic lipogenesis and gluconeogenesis, we monitored the steady-state mRNA levels of

lipogenic and gluconeogenic enzymes. As shown in Fig 1D, a significant increase of mRNA

levels of lipogenic enzymes Acetyl-CoA carboxylase 2 (Acc 2) (5.0 ± 7.6 vs 1.0 ± 0.3, p<0.01),

diacylglycerol O-acyltransferase 2 (Dgat 2) (2.42 ± 2.0 vs 1.0 ± 0.31, p<0.05) and Stearoyl-CoA

desaturase-1 (Scd 1) (2.70 ± 2.30 vs 1.0. ± 0.81, p<0.01) and the rate-limiting gluconeogenic

enzymes Phosphoenolpyruvate Carboxykinase 1 (PCK1) (1.40 ± 0.6 vs 1.02 ± 0.15, p<0.05)

and glucose-6-phosphatase catalytic subunit (G6Pc) (2.38±1.55 vs 1.0 ±0.46, p<0.01) was

observed in IUGR pups. Of note, fructose 1, 6-bisphosphatase (FBP), one of the gluconeogenic

limiting enzymes was not upregulated in IUGR animal (Fig 1D). These findings suggest an

upregulation of the gene expression program for de novo glucose and lipid biosynthesis, asso-

ciated with the raise in UPR sensor transcription, in liver of IUGR pups.

Animal weights and metabolic profile in adult animals

At one hundred and five days after birth (PND105), IUGR rats showed no significant differ-

ence in weight when compared to SHAM animals (mean weight ± SD: 421.9±146.7 versus

443.76± 130.4 g, Fig 2A) and did not display significant differences in the blood levels of glu-

cose, insulin, leptin or free fatty acids (FFAs) (Fig 2B).

Oral glucose tolerance tests (OGTT) were carried out in PND105 rats. IUGR male rats

showed significantly higher glucose levels during OGTT at 30 and 60 minutes (t 30’

242.82 ± 38.7 vs 188.44 ± 19.44, p<0.01; t 60’ 217.7 ± 44.8 vs 171.7 ± 16.77, p< 0.05), whereas

IUGR female rats did not show any significant difference in glucose tolerance (Fig 3A). Con-

sistent with evidence in humans [18], the findings in the rat IUGR model recapitulate the

influence of gender in the development of IUGR-associated insulin resistance.

Insulin signaling in liver of adult animals

Due to the gender differences in glucose homeostasis observed at PND105, our next experi-

ments focused on male rats. To assess whether the altered OGTT kinetics in IUGR animals

was a bona fide surrogate of defective hepatic insulin signaling, we evaluated total and phos-

phorylated AKT, as well as insulin receptor beta in liver tissue. IUGR male rats showed lower

levels of total and phospho- Ser473 AKT levels, as well as a clear reduction in insulin receptor

beta subunit (IRbeta) (Fig 3C and 3D). This difference was most likely due to post-transcrip-

tional regulation of these genes, as IRbeta mRNA levels were similar in IUGR and SHAM

animals.

In liver, insulin signaling drives the expression of lipogenic enzymes, while it mitigates glu-

coneogenic transcription. To assess whether the reduced insulin signaling would lead to

altered metabolic transcription, we analyzed the expression of gluconeogenic and lipogenic

enzymes described above, without detecting any significant difference between IUGR and

SHAM rats (S1 Fig).

Liver histology

Since molecular and functional findings indicated that PND105 IUGR animals would be at an

early stage of liver metabolic dysfunction, we performed liver histological analysis to evaluate

hepatic steatosis or fibrosis. A scattered focal steatosis in IUGR male rats compared with

SHAM animals was observed (Fig 3B). Furthermore, a pattern of periportal and perisinusoidal

Unfolded protein response in intrauterine growth retardation
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fibrosis (stage 2) was detected in the 100% of IUGR rats while only in 30% of SHAM animals

(NAFLD Fibrosis Score = 2±0 vs 1.3±0.48, respectively, p<0.01, Fig 3E).

UPR activation in the liver of IUGR males at PND105

RNA and protein analyses showed an unexpected differential activation of the different UPR

signaling mechanisms.

Whilst spliced XBP1 mRNA levels and Xbp1s/t ratio (0.10 ± 0.03 vs 0.17±0.07; 0.02±0.005

vs 0.04 ±0.01, respectively, p<0.01, Fig 4A) were significantly decreased in liver samples of

IUGR males, PERK and ASNS were expressed at higher levels in IUGR rats (0.02 ± 0.006 vs

0.014 ± 0.003; 0.006 ± 0.002 vs 0.003±0.001, respectively, p<0.05, Fig 4A). No significant dif-

ferences were observed for other UPR target genes.

Interestingly, Western blot analysis documented the activation of PERK signaling, marked

by the enhanced phosphorylation of its main target, the translation initiation factor eIF2 α.

Similarly, ATF6 was activated as indicated by the appearance of the 50 kDa protein corre-

sponding to the active form of the protein (Fig 4B). Consistently with the lower levels of spliced

XBP1 mRNA, XBP1s protein levels were lower in IUGR livers. IRE1α phosphorylation was

increased in IUGR animals, suggesting a dysfunctional activation of signaling. A significant

Fig 2. A. Weights of SHAM (n = 11) and IUGR (n = 11) at PND 105. B Plasma concentrations of metabolic parameters in 11 SHAM and 11 IUGR adult

animals (mean + SD, ��p<0.005).

https://doi.org/10.1371/journal.pone.0198490.g002
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Fig 3. A. OGTT in male and in female rats at PND105 (mean ± SD, ��p<0.005. B. Histology of SHAM and IUGR

animals at PND105 (staining with H&E). C. WIB of insulin signaling in IUGR and SHAM adult animals. D. Protein

and mRNA level of IR beta. E. Evaluation liver tissues of fibrosis pattern in IUGR and SHAM adult males rats, using

Picro-Sirius Red Stain. Values are expressed as fold change (mean + SD, � p<0.01).

https://doi.org/10.1371/journal.pone.0198490.g003
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correlation between mRNA Xbp1s and pAkt protein t was observed in SHAM animals only

(R2 = 0.75, p<0.01), whereas this relationship was completely lost in IUGR animals (Fig 4C).

Finally, consistent with the relationship between ER stress, insulin resistance and liver fibrosis,

ASNS expression, a transcriptional target of PERK, was significantly higher in animals with

score 2 fibrosis when compared with score 1 animals (p<0.05) (Fig 4D).

Discussion

In this study, we have investigated longitudinally the activation of hepatic ER stress in a rat

model of intrauterine growth restriction and, at the same time, we have tested whether UPR

activation is associated with metabolic dysregulation in adult animals. Our results provide the

first evidence that “in utero” malnutrition stimulate UPR at birth and may lead to a dysfunc-

tional UPR status in adulthood.

Fig 4. A. Expression of target genes from the three branches of UPR (IRE1 alpha, ATF6 and PERK) at PND105. Values are

expressed as fold change (mean + SD, �� p<0.005). B. WIB of UPR activation (IRE1 alpha, ATF6 and PERK) at PND105. C.

Relationship between mRNA Xbp1s and pAkt protein level (r = 0.86, p< 0.002) in IUGR animals. D. Relationship between liver

fibrosis score (F1 and F2) and mRNA levels of UPR (IRE1 alpha and PERK), �p<0.05.

https://doi.org/10.1371/journal.pone.0198490.g004
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In IUGR pups, UPR target genes displayed—as a general trend–increased levels of tran-

scription, which reached statistical significance in IRE1α branch. At the same time, both genes

encoding lipogenic (Acc2, Dgat2 and Scd1) and gluconeogenic enzymes (PEPCK and G6Pase)

displayed higher expression in IUGR rat pups. The transcriptional upregulation of both carbo-

hydrate and lipid biosynthetic machineries are consistent with an acute compensatory mecha-

nism induced by fetal exposure to malnutrition. Consistent with this, Vuguin et al. [19] have

reported, in the same animal model of IUGR secondary to uteroplacental insufficiency, a mod-

ulation of the liver expression of PEPCK and glucose-6-phosphatase in IUGR animals, perma-

nently altering liver glucose metabolism in the offspring. These changes occurred early in life

before the onset of obesity and diabetes, suggesting that abnormal liver glucose metabolism

may represent an early defect that contributes to the subsequent onset of fasting hyperglyce-

mia. Our data suggest that UPR activation may be one of the mechanisms underlying the link

between IUGR and dysregulation of lipid and glucose homeostasis in liver.

A growing body of evidence illustrates the close relationship between hepatic UPR and glu-

cose and lipid metabolism. Interestingly, XBP1s promotes glucose consumption for anabolic

reactions in hepatocytes, leading to hepatic glycogen storage depletion [20], and enhancing the

expression of lipogenic enzymes [21,22]. On the flip side, UPR activation has been proposed to

interfere with hepatic gluconeogenesis. In particular, the association of XBP1 with the tran-

scription FOXO1 promotes its proteosomal degradation and the consequent inhibition of

PEPCK and G6Pc transcription [23]. Furthermore, ATF6 disrupts the interaction of the gluco-

neogenic transcription factor CREB and its coactivator CRTC2, thereby reducing gluconeo-

genic transcription [24]. Since in the liver of IUGR animals both lipogenic and gluconeogenic

genes were upregulated, we speculate that UPR signaling may serve as a counter-regulatory

mechanism to mitigate the effect of the gluconeogenesis activated by in utero malnutrition

thereby limiting the liver glucose output.

The early metabolism/UPR activation pattern documented in this study may reflect the

ability of the organism to change structure and function in response to environmental cues,

known as “developmental plasticity” [20]. Such plasticity permits a range of phenotypes to

develop from a single genotype and is aimed to allow the organism to match its environment

[25,26]. When environmental cues act during windows of developmental plasticity–at early

phases of life–they may induce permanent changes as a result of biological “tradeoffs”. The sus-

tained activation of UPR in adult IUGR rats stands out as one of these changes.

The histological analysis of liver from IUGR adult rats provided a clear indication of the

gradual establishment of metabolic stress. Steatosis foci were scattered through the liver paren-

chyma. Consistent with these data, all IUGR animals showed periportal fibrosis (score 2) com-

pared with SHAM animals. Furthermore, periportal fibrosis score was correlated with PERK

activation branch. This finding is further supported by the reduced AKT phosphorylation,

clearly indicating an altered insulin signaling.

We postulate that the defective insulin signaling occurs as a consequence of unresolved,

chronic ER stress (PERK and ATF6 signaling activation). A crippled UPR may be insufficient

to restore ER homeostasis and may promote liver steatosis [27]. Moreover, the reduction of

XBP1s does not permit a complete response to stress, thereby affecting the restoration of ER

homeostasis. XBP1 haploinsufficiency has been shown to drive insulin resistance in mice fed

with a high fat diet 7. Intriguingly, IRE1α phosphorylation–a well-established indicator of

IRE1 α activation–was increased in IUGR animals, suggesting a dysfunctional signaling of this

UPR branch. In this scenario, the lower expression of XBP1s could contribute to unmitigated

ER stress thus leading to insulin resistance. Consistent with this hypothesis was the finding of

a significant correlation between Xbp1s mRNA and pAkt levels in SHAM animals only,

whereas this relationship was completely lost in IUGR. Serine 724 can be phosphorylated by
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IRE1α trans autophosphorylation, but it can also be the substrate for protein kinase A (PKA).

In response to fasting, PKA phosphorylates IRE1α and modulates the IRE1 capacity to stimu-

late hepatic gluconeogenesis [28].

Our data indicate a direct correlation between AKT phosphorylation and spliced XBP1

mRNA levels or XBP1s/XBP1 total ratio. Similarly, in vitro studies provided robust evidence

for an inverse correlation between phosphorylation of eIF2α and reduced phosphorylation of

Akt (Ser 473). Diet- and drug-induced stress activates–possibly through IRE1a –JNK, which in

turn alters the phosphorylation status of insulin receptor substrate, and downstream insulin

signaling [29–31]. In our IUGR model, a post-transcriptional downregulation of IR-beta pro-

tein levels was observed. This finding can be explained by the capacity of XBP1s to stimulate

either the turnover of IR-beta or its proper folding and secretion. Alternatively, the recent

identification of direct contact sites between endosomes and ER could provide an exciting

mode for modulation of receptor tyrosine kinase signaling (RTKs) in the endosomal mem-

branes [32]. Further work is needed to assess this regulation and its possible link to UPR

activity.

Conclusion

Our results show that fetal exposure to uteroplacental insufficiency is associated with activa-

tion of hepatic UPR. In parallel with IRE1α, ATF6 and PERK activation, adult male IUGR ani-

mals show an impairment of glucose tolerance and the development of hepatic steatosis with

progression to fibrosis. These findings suggest that hepatic ER stress/UPR signaling may play a

key role in the metabolic risk associated with intrauterine growth restriction.

This study has some limitations: a) the lack of comparison between IUGR and SHAM ani-

mals and unoperated control rats at the different time points; b) gender-related metabolic dif-

ferences were not tested at 5PND; c) a longer follow-up could allow to verify the risk of overt

metabolic alterations such as type 2 diabetes in adulthood; d) the evaluation of UPR in other

key organs such as pancreas and adipose tissue could provide further insights into the mecha-

nisms involved in intrauterine programming and long-term susceptibility to chronic diseases.

Further studies are needed to understand the molecular mechanisms linking the reduced

nutrient supply with the activation of UPR pathways.
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9. Kaufman RJ, Scheuner D, Schröder M, Shen X, Lee K, Liu CY, et.al. The unfolded protein response in

nutrient sensing and differentiation. Nat Rev Mol Cell Biol 2002, 3: 411–21. https://doi.org/10.1038/

nrm829 PMID: 12042763

10. Kharroubi I, Ladrière L, Cardozo AK, Dogusan Z, Cnop M, Eizirik DL. Free fatty acids and cytokines

induce pancreatic beta-cell apoptosis by different mechanisms: role of nu- clear factor-kappaB and

endoplasmic reticulum stress. Endocrinology 2004, 145: 5087–96. https://doi.org/10.1210/en.2004-

0478 PMID: 15297438

11. Bertolotti A, Zhang Y, Hendershot LM, Harding HP, Ron D. Dynamic interaction of BiP and ER stress

transducers in the unfolded-protein response. Nat Cell Biol 2000, 2: 326–32. https://doi.org/10.1038/

35014014 PMID: 10854322

12. Shen J, Chen X, Hendershot L, Prywes R. ER stress regulation of ATF6 localization by dissociation of

BiP/GRP78 binding and unmasking of Golgi localization signals. Dev Cell 2002, 3: 99–111.

13. Yung HW, Hemberger M, Watson ED, Senner CE, Jones CP, Kaufman RJ, et.al. Endoplasmic reticu-

lum stress disrupts placental morphogenesis: implications for human intrauterine growth restriction. J

Pathol 2012, 228: 554–6. https://doi.org/10.1002/path.4068 PMID: 22733590

14. Gregor MF, Yang L, Fabbrini E, Mohammed BS, Eagon JC, Hotamisligil GS, et.al. Endoplasmic reticu-

lum stress is reduced in tissues of obese subjects after weight loss. Diabetes 2009, 58: 693–700.

https://doi.org/10.2337/db08-1220 PMID: 19066313

15. Puri P, Mirshahi F, Cheung O, Natarajan R, Maher JW, Kellum JM, et.al. Activation and dysregulation of

the unfolded protein response in nonalcoholic fatty liver disease. Gastroenterology 2008, 134: 568–76.

https://doi.org/10.1053/j.gastro.2007.10.039 PMID: 18082745

Unfolded protein response in intrauterine growth retardation

PLOS ONE | https://doi.org/10.1371/journal.pone.0198490 June 13, 2018 13 / 14

https://doi.org/10.1016/j.earlhumdev.2004.10.003
https://doi.org/10.1016/j.earlhumdev.2004.10.003
http://www.ncbi.nlm.nih.gov/pubmed/15707715
http://www.ncbi.nlm.nih.gov/pubmed/2871345
http://www.ncbi.nlm.nih.gov/pubmed/2570282
http://www.ncbi.nlm.nih.gov/pubmed/1644236
http://www.ncbi.nlm.nih.gov/pubmed/11809615
https://doi.org/10.1038/nrm829
https://doi.org/10.1038/nrm829
http://www.ncbi.nlm.nih.gov/pubmed/12042763
https://doi.org/10.1210/en.2004-0478
https://doi.org/10.1210/en.2004-0478
http://www.ncbi.nlm.nih.gov/pubmed/15297438
https://doi.org/10.1038/35014014
https://doi.org/10.1038/35014014
http://www.ncbi.nlm.nih.gov/pubmed/10854322
https://doi.org/10.1002/path.4068
http://www.ncbi.nlm.nih.gov/pubmed/22733590
https://doi.org/10.2337/db08-1220
http://www.ncbi.nlm.nih.gov/pubmed/19066313
https://doi.org/10.1053/j.gastro.2007.10.039
http://www.ncbi.nlm.nih.gov/pubmed/18082745
https://doi.org/10.1371/journal.pone.0198490


16. Puglianiello A, Germani D, Antignani S, Tomba GS, Cianfarani S. Changes in the expression of hypo-

thalamic lipid sensing genes in rat model of intrauterine growth retardation (IUGR). Pediatr Res 2007,

61: 433–437. https://doi.org/10.1203/pdr.0b013e3180332d4e PMID: 17515867

17. Kleiner DE, Brunt EM, Van Natta M, Behling C, Contos MJ, Cummings OW, et.al. Design and validation

of a histological scoring system for nonalcoholic fatty liver disease. Hepatology 2005, 41: 1313–1321.

https://doi.org/10.1002/hep.20701 PMID: 15915461

18. Flanagan DE, Moore VM, Godsland IF, Cockington RA, Robinson JS, Phillips DI. Fetal growth and the

physiological control of glucose tolerance in adults: a minimal model analysis. Am J Physiol Endocrinol

Metab 2000, 278: E700–6. https://doi.org/10.1152/ajpendo.2000.278.4.E700 PMID: 10751205

19. Vuguin P, Raab E, Liu B, Barzilai N, Simmons R. Hepatic insulin resistance precedes the development

of diabetes in a model of intrauterine growth retardation. Diabetes 2004, 53: 2617–22. PMID:

15448092

20. Deng Y, Wang ZV, Tao C, Gao N, Holland WL, Ferdous A, et.al. 2013 The Xbp1s/GalE axis links ER

stress to postprandial hepatic metabolism. J Clin Invest 2013, 123: 455–68. https://doi.org/10.1172/

JCI62819 PMID: 23257357

21. Lee A.-H.A.-H., Scapa EF, Cohen DE, Glimcher LH. Regulation of hepatic lipogenesis by the transcrip-

tion factor XBP1. Science 2008, 320: 1492–6. https://doi.org/10.1126/science.1158042 PMID:

18556558

22. Ning J, Hong T, Ward A, Pi J, Liu Z, Liu H-YY, et al. Constitutive role for IRE1α-XBP1 signaling pathway

in the insulin-mediated hepatic lipogenic program. Endocrinology 2011, 152: 2247–2255. https://doi.

org/10.1210/en.2010-1036 PMID: 21447637

23. Zhou Y, Lee JJ, Reno CM, Sun C, Park SW, Chung J, et al. Regulation of glucose homeostasis through

a XBP-1-FoxO1 interaction. Nat Med 2011, 17: 356–65. https://doi.org/10.1038/nm.2293 PMID:

21317886

24. Wang B, Majumder S, Nuovo G, Kutay H, Volinia S, Patel T, et al. Role of microRNA-155 at early stages

of hepatocarcinogenesis induced by choline-deficient and amino acid-defined diet in C57BL/6 mice

Hepatology 2009, 50: 1152–6. https://doi.org/10.1002/hep.23100 PMID: 19711427

25. Gluckman P, Hanson M. Living with the past: evolution, development, and patterns of disease. Science

2004, 305: 1733–1736.

26. Gluckman P, Hanson M, Bateson P, Beedle A, Law C, Bhutta Z. Towards a new de- velopmental syn-

thesis: adaptive developmental plasticity and human disease. Lancet 2009, 373: 1654–1657. https://

doi.org/10.1016/S0140-6736(09)60234-8 PMID: 19427960

27. Zhang K, Wang S, Malhotra J, Hassler JR, Back SH, Wang G, et al. The unfolded protein response

transdu- cer IRE1α prevents ER stress-induced hepatic steatosis. EMBO J 2011, 6: 1357–75.

28. Mao T, Shao M, Qiu Y, Huang J, Zhang Y, Song B, et al. PKA phosphorylation couples hepatic inositol-

requiring enzyme 1α to glucagon signaling in glucose metabolism. Proc Natl Acad Sci USA 2011, 108:

15852–1585. https://doi.org/10.1073/pnas.1107394108 PMID: 21911379

29. Yung HW, Cox M, Tissot van Patot M. Evidence of endoplasmic reticulum stress and protein synthesis

inhibition in the placenta of non-native women at high altitude. FASEB J 2012, 26: 1970–81

30. Lee SI, Kang KL, Shin SI. Endoplasmic reticulum stress modulates nicotine-induced extracellular matrix

degradation in human periodontal ligament cells. J Periodontal Res 2012, 47: 299–308. https://doi.org/

10.1111/j.1600-0765.2011.01432.x PMID: 22489671

31. Mounir Z, Krishnamoorthy JL, Wang S. Akt determines cell fate through inhibition of the PERK-eIF2al-

pha phosphorylation pathway. Sci Signal 2011, 4: ra62 (https://doi.org/10.1126/scisignal.2001630).

PMID: 21954288

32. Eden ER, White IJ, Tsapara A, Futter CE. Membrane contacts between endosomes and ER provide

sites for PTP1B-epidermal growth factor receptor interaction. Nat Cell Biol 2010, 12: 267–272. https://

doi.org/10.1038/ncb2026 PMID: 20118922

Unfolded protein response in intrauterine growth retardation

PLOS ONE | https://doi.org/10.1371/journal.pone.0198490 June 13, 2018 14 / 14

https://doi.org/10.1203/pdr.0b013e3180332d4e
http://www.ncbi.nlm.nih.gov/pubmed/17515867
https://doi.org/10.1002/hep.20701
http://www.ncbi.nlm.nih.gov/pubmed/15915461
https://doi.org/10.1152/ajpendo.2000.278.4.E700
http://www.ncbi.nlm.nih.gov/pubmed/10751205
http://www.ncbi.nlm.nih.gov/pubmed/15448092
https://doi.org/10.1172/JCI62819
https://doi.org/10.1172/JCI62819
http://www.ncbi.nlm.nih.gov/pubmed/23257357
https://doi.org/10.1126/science.1158042
http://www.ncbi.nlm.nih.gov/pubmed/18556558
https://doi.org/10.1210/en.2010-1036
https://doi.org/10.1210/en.2010-1036
http://www.ncbi.nlm.nih.gov/pubmed/21447637
https://doi.org/10.1038/nm.2293
http://www.ncbi.nlm.nih.gov/pubmed/21317886
https://doi.org/10.1002/hep.23100
http://www.ncbi.nlm.nih.gov/pubmed/19711427
https://doi.org/10.1016/S0140-6736(09)60234-8
https://doi.org/10.1016/S0140-6736(09)60234-8
http://www.ncbi.nlm.nih.gov/pubmed/19427960
https://doi.org/10.1073/pnas.1107394108
http://www.ncbi.nlm.nih.gov/pubmed/21911379
https://doi.org/10.1111/j.1600-0765.2011.01432.x
https://doi.org/10.1111/j.1600-0765.2011.01432.x
http://www.ncbi.nlm.nih.gov/pubmed/22489671
https://doi.org/10.1126/scisignal.2001630
http://www.ncbi.nlm.nih.gov/pubmed/21954288
https://doi.org/10.1038/ncb2026
https://doi.org/10.1038/ncb2026
http://www.ncbi.nlm.nih.gov/pubmed/20118922
https://doi.org/10.1371/journal.pone.0198490

