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IN VITRO AND ANIMAL STUDIES
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ABSTRACT
We investigated the regulation of hepatic ER stress in healthy liver and adult or perinatally pro-
grammed diet-induced non-alcoholic fatty liver disease (NAFLD). Female mice were fed either
obesogenic or control diet before mating, during pregnancy and lactation. Post-weaning, off-
spring from each maternal group were divided into either obesogenic or control diet. At six
months, offspring were sacrificed at 4-h intervals over 24 h. Offspring fed obesogenic diets devel-
oped NAFLD phenotype, and the combination of maternal and offspring obesogenic diets exacer-
bated this phenotype. UPR signalling pathways (IREa, PERK, ATF6) and their downstream
regulators showed different basal rhythmicity, which was modified in offspring exposed to obeso-
genic diet and maternal programming. The double obesogenic hit increased liver apoptosis
measured by TUNEL staining, active caspase-3 and phospho-JNK and GRP78 promoter methyla-
tion levels. This study demonstrates that hepatic UPR is rhythmically activated. The combination
of maternal obesity (MO) and obesogenic diets in offspring triggered altered UPR rhythmicity,
DNA methylation and cellular apoptosis.
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Introduction

Non-alcoholic fatty liver disease (NAFLD) is the hep-
atic manifestation of metabolic syndrome, which
ranges from bland steatosis to steatohepatitis (NASH),
cirrhosis and potentially hepatocellular carcinoma
(HCC) (Farrell & Larter 2006). It is now the leading
cause of chronic liver disease in the Western world
with a prevalence rising in parallel to obesity. If cur-
rent trends continue, the prevalence of NAFLD in the
USA is projected to increase by 50% in 2030
(Younossi et al. 2011). Among children, the preva-
lence of NAFLD has more than doubled over the last
two decades, now affecting approximately 11% of
adolescents (Welsh et al. 2013). These dramatically
rising rates could partially be explained by obesogenic
dietary patterns, and there is emerging evidence that
maternal obesity (MO) also predisposes offspring to
NAFLD in animal models (Oben et al. 2010;
Mouralidarane et al. 2013; Mouralidarane et al. 2015).
However, the precise molecular mechanisms of

programming in NAFLD pathogenesis remain
unknown.

Endoplasmic reticulum (ER) is an organelle dedi-
cated to the synthesis and folding of proteins. An ER
stress situation is usually established when there is an
accumulation of unfolded and misfolded proteins in
the ER due to physiological and pathological insults,
such as high-protein demand, viral infections, envir-
onmental toxins, inflammatory cytokines and mutant
protein expression. These consequently trigger the
unfolded protein response (UPR) as an adaptation
mechanism (Ron & Walter 2007). There are three
principal UPR sensors in mammals: inositol-requiring
1 alpha (IRE1a), protein kinase RNA (PKR)-like ER
kinase (PERK) and activating transcription factor 6
(ATF6). Each sensor is bound by glucose-regulated
protein 78 (GRP78), a chaperone protein and a master
regulator of ER homeostasis, which inactivate those
sensors and block the UPR. Excess misfolded proteins
in ER force the dissociation of GRP78, thus activating
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the ER sensors to induce downstream UPR signalling.
Consequently, the downstream UPR signalling
increases the expression of ER chaperones to enhance
protein-folding capacity, inhibit mRNA translation to
reduce protein overload, and activate the degradation
of the misfolded proteins. However, once the adapta-
tion threshold is reached, UPR signalling induces
apoptosis to eliminate the cell (Ron & Walter 2007).

Increasing evidence suggests that ER stress plays an
important role in the pathogenesis of metabolic diseases
including NAFLD (Dara et al. 2011; Hetz et al. 2013).
Genetic ablation of ER stress-sensing pathways (PERK,
IRE1a or ATF6) resulted in hepatic dyslipidaemia and
NAFLD in response to chemical induction of ER stress
(Basseri & Austin 2008; Fu et al. 2012). Furthermore,
GRP78 overexpression modulated ER stress and reduced
NAFLD in a murine model of obesity (Kammoun et al.
2009). UPR activation has also been reported in various
animal and human models of NAFLD (Cao et al. 2012;
Fu et al. 2012). It remains unclear, however, whether
UPR activation plays a causative or adaptive role in the
progression of NAFLD.

Accumulating evidence suggests that in addition to
acute ER stress, UPR activation may also play a crucial
role in normal physiological conditions to maintain
proper cellular function, differentiation, development
and survival (Ron & Walter 2007). Hepatic cells are
exposed to nutrient fluctuation, and protein secretory
pathways, lipogenesis and gluconeogenesis are acti-
vated in response to these fluctuations. It is plausible
that ER regularly adjusts their function according to
different stimuli. A recent study indicated that IRE1a
is rhythmically activated in the liver, and it is
synchronised by the circadian clock under normal
physiological conditions (Cretenet et al. 2010). The
absence of the circadian clock in mice perturbed this
rhythmicity, leading to impaired lipid metabolism in
the liver (Cretenet et al. 2010). In yeast, IRE1a is the
only pathway responsible for UPR response; whereas
in higher animals, UPR pathway also includes two
other core pathways (PERK and ATF6) to cope with
multiple signals and cell-specific reactions in a wide
variety of cell types. Although some stressors activate
all three pathways, it has been suggested that each
pathway acts more selectively and in a manner
dependent upon the cellular context physiological con-
ditions (Wu et al. 2014). However, physiological UPR
fluctuation in the liver and its relationship with liver
pathophysiology are largely unknown. More compre-
hensive analyses of UPR pathways, including detailed
time-course studies in intact organisms, and experi-
ments under different physiological conditions are,
therefore, needed.

We recently reported that developmental program-
ming models of NAFLD are an effective physiological
animal model of human NAFLD (Oben et al. 2010;
Mouralidarane et al. 2013). In these models, offspring
of lean mothers fed an obesogenic diet developed mild
NAFLD in adulthood, whereas those exposed to
both MO and obesogenic diets developed more severe
NASH. This model is a unique tool to investigate
NAFLD progression, as well as understanding the
developmental programming of NAFLD. Based on this
model, we analysed the ER rhythmicity by measuring
UPR fluctuation on a daily time course in the context
of NAFLD, and the influence that maternal program-
ming has on NAFLD pathogenesis and progression.

Materials and methods

Animal model

Female C57BL/6J mice (n¼ 20; Charles River
Laboratories, Margate, UK), of 100 d old were ran-
domly divided to be fed with a standard chow diet
(RM1, Special Dietary Services, Essex, UK) or an obe-
sogenic diet (824053, Special Dietary Services), supple-
mented with fortified sweetened condensed milk
(Nestle, Vevey, Switzerland) for 6 weeks ad libitum
(Oben et al. 2010; Mouralidarane et al. 2013) (dietary
composition in Table 1). Obesogenic fed mice (30% of
increase in body weight) were mated with C57BL/6J

Table 1. Composition of diets.
Dietary composition (g/kg) Control Obesogenic Condensed milk

Protein 144 230 80
Carbohydrates 540 398 550
Polysaccharides 500 283 0
Simple sugars 40 105 550

Lipid 27 226 90
Energy (kcal/g) 3.52 4.54 3.22
Starch 449.7 283.4
Cellulose 43.2 61.7
Hemicellulose 101.7
Sugar 40.5 104.9 544
Fatty acids
Saturated 5.1 76.2 59.4
Monounsaturated 8.8 85.2 24.3
Polyunsaturated 8.8 39.1 3.4

Aminoacids
Glutamic acid 31.7 45.5 16.6
Proline 12 24.8 7.7
Leucine 9.8 20.5 7.8
Aspartic acid 6.7 15.4 6
Serine 5.6 12.9 4.3
Valine 6.9 14.5 5.3
Lysine 6.6 18.9 6.3
Glycine 11.1 4.1 1.7
Arginine 9.1 8.1 2.9
Others 44.5 65.3 20.5

Mineral content 35
Vitamin content 4.1
AIN-93G mineral mix 1.68
AIN-93M mineral mix 43
Vitamin mix 12
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males from the same litter. Conception was deter-
mined by vaginal plug formation. The female animals
were maintained on their allocated diets throughout
gestation and lactation. After birth, litters were stand-
ardised to six pups each with equal number of males
and females when possible. At day 21 of life, offspring
from both sexes were weaned onto either the standard
chow or the obesogenic diet. Four experimental
groups were generated: offspring of lean weaned onto
standard chow diet (OffCon-SC), offspring of lean
weaned onto obesogenic diet (OffCon-OD), offspring
of obese weaned onto standard chow diet (OffOb-SC)
and offspring of obese weaned onto obesogenic diet
(OffOb-OD). At 6 months post-natal, offspring were
euthanised by CO2 inhalation at 4 h intervals over a
24-h period (Zeitgeber Time (ZT) 0, 4, 8, 12, 16 and
20, where ZT0 is light and ZT12 is dark). Following
the sacrifice, blood and liver samples were obtained
and appropriately stored until analysis. All studies
were approved by Local University College London
Ethics Committee, and conducted under UK Home
Office and Animal in Science Scientific Procedures
Act 1986 guidelines. Animals were maintained on a
12 h light/12 h dark cycle and at 22 �C with food and
water ad libitum during all the procedures.

Liver phenotype analysis

Offspring livers at 6 months were formalin fixed and
paraffin embedded before sectioning, and stained with
haematoxylin and eosin (H&E) and Masson’s
Trichrome to asses NAFLD activity score by an expert
liver pathologist blinded to the group identities.

Alanine aminotransferase

Plasma ALT concentration was assayed by the Royal
Free Hospital Clinical Biochemistry Department
(London, UK).

Hepatic triglyceride content

Hepatic triglyceride content was determined by an
adaptation of the Folch Method (Folch et al. 1957) for
extraction followed by an enzymatic colorimetric assay
for quantification (UNIMATE 5 TRIG, Roche
Diagnostics, Sussex, UK).

Western blotting

Proteins were extracted and quantified as previously
described (Soeda et al. 2012). We pooled together
(n¼ 3–5) and analysed equal amounts for each group/
time point. Proteins were loaded onto a polyacrylamide

gel for electrophoresis and transferred to a polyvinylidene
membrane by electroblotting. Membranes were blocked
with 5% non-fat dried milk in TBS-T and incubated
with the primary antibodies (Table 2). After washing in
TBS-T, the membranes were incubated with the second-
ary antibody and developed by chemiluminescence (ECL,
Amersham plc, Amersham, UK).

Real time qPCR

Total RNA (n¼ 3–4 animals per experimental group/
time point) was isolated from frozen hepatic tissue using
TRIzol reagent (Invitrogen, Carlsbad, CA). RNA was
DNase treated and retrotranscripted with the Qiagen
QuantiTect Reverse Transcription Kit (Qiagen,
Germantown, MD). Quantitative real-time PCR was per-
formed by triplicate using ABI PRISM 7500 HT Fast
real-time PCR system (Applied Biosystems, Austin, TX)
and SYBR Green PCR kit (Qiagen) and target genes nor-
malised with GAPDH as an internal control. Fold change
between groups was calculated using 2�DDCt method.
Gene-specific primer sequences are listed in Table 3.

TUNEL assay

TUNEL assay was carried out by using the TUNEL
Apoptosis detection kit (Millipore, Temecula, CA).

Table 2. Antibodies for western blotting.
Antibody Species (clone) Manufacture Number

p-PERK Rabbit Cell Signaling Technology 3179S
p-EIF2a Rabbit Cell Signaling Technology 3398S
p-IREa Rabbit Abcam 14C10
ATF4 Rabbit Cell Signaling Technology 11815
ATF6 Mouse AbFrontier 70B1413.1
GRP78 Rabbit Cell Signaling Technology 3177
CHOP Mouse Cell Signaling Technology 2895
p-JNK Mouse Santa Cruz Biotechnology sc-6254
b-actin Mouse Santa Cruz Biotechnology sc-47778

Table 3. Rt-qPCR primers sequences.
Gene Primer sequence

sXBP1 Sense: CTGAGTCCGAATCAGGTGCAG
Antisense: GTCCATGGGAAGATGTTCTGG

EDEM1 Sense: AGTCAAATGTGGATATGCTACGC
Antisense: ACAGATATGATATGGCCCTCAGT

ATF4 Sense: GAGCTTCCTGAACAGCGAAGTG
Antisense: TGGCCACCTCCAGATAGTCATC

ERO1L Sense: TTCTGCCAGGTTAGTGGTTACC
Antisense: GTTTGACGGCACAGTCTCTTC

Dnajc3 Sense: GGCGCTGAGTGTGGAGTAAAT
Antisense: GCGTGAAACTGTGATAAGGCG

CHOP Sense: TATCTCATCCCCAGGAAACG
Antisense: GGGCACTGACCACTCTGTTT

Pdia4 Sense: TCCCATTGCTGTAGCGAAGAT
Antisense: GGGGTAGCCACTCACATCAAAT

GRP78 Sense: GAAAGGATGGTTAATGATGCTGAG
Antisense: GTCTTCAATGTCCGCATCCTG

HERP Sense: GCAGTTGGAGTGTGAGTCG
Antisense: TCTGTGGATTCAGCACCCTTT

GAPDH Sense: TGAACGGGAAGCTCACTGG
Antisense: TCCACCACCCTGTTGCTGTA
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Paraffin embedded samples were cut, deparaffinised
and incubated with proteinase K. The slides were
incubated with TdT buffer and subsequently with a
mix including TdT buffer, biotin-dUTP and TdT.
After washing with TB and PBS, samples were incu-
bated with a blocking solution and later with an
Avidin-FITC solution. Finally, slides were counter-
stained and assessed by fluorescent microscopy.

Immunohistochemistry

Paraffin embedded tissue was cut, deparaffinised and
treated with proteinase K and subsequently with a pri-
mary anti-rabbit Cleaved caspase-3 antibody (96645,
Cell Signaling Technology, Danvers, MA). Then, sam-
ples were incubated with a diluted biotinylated sec-
ondary antibody (Vector Laboratories, Burlingame,
CA). The slides were counterstained with haematoxy-
lin and the images were captured using Nikon Eclipse
e600 microscope and quantified by NIS-Elements
Advance software (Nikon Corporation, Tokyo, Japan).

DNA methylation measurement

DNA from liver samples was isolated using the
DNeasy Blood & Tissue Kit (Qiagen GmbH, Hilden,
Germany). gDNA methylation percentage was meas-
ured by the EpiTect Methyl II PCR primer assay for
mouse Grp78 (CpG island 106178). After incubation
with restriction enzymes, rt-qPCR was performed by
using ABI PRISM 7500 HT Fast real-time PCR system
(Applied Biosystems) and SYBR Green PCR kit
(Qiagen). These results were analysed using Qiagen
excel templates for the assay.

Statistical analyses

Data are expressed as mean ± standard error of the
mean (SEM). The statistical unit used throughout the
analysis is the number of dams. Means of each group
were compared using a one-way ANOVA statistical
test followed by Tukey’s post-hoc test when necessary
(GraphPad Prism 5.0; GraphPad Software Inc., Cary,
NC). Statistical significance was accepted as p< .05.

Results

Offspring exposed to maternal obesity and
post-natal obesogenic diets developed profound
NAFLD phenotype

Consistent with our previous reports, offspring
exposed to MO and an obesogenic diet (OffOb-OD)

post-weaning developed a profound obesity-associated
NAFLD phenotype, characterised by higher liver
weight (Figure 1(B)), NAS score (Figure 1(D)) and
hepatic triglyceride content (Figure 1(C,F)), in com-
parison to offspring exposed to post-partum obeso-
genic diet only (OffCon-OD). Additionally, in
comparison to the control group (OffCon-SC), there
was also a significant increase in body weight (Figure
1(A)) and plasma ALT levels (Figure 1(E)).
Furthermore, the obesogenic potential of the diet was
widely demonstrated when compare OffCon-SC and
OffCon-OD groups, as OD diet intake after weaning
induced increased body weight (Figure 1(A)), liver
weight (Figure 1(B)), NAS score (Figure 1(D)) and
liver triglyceride content (Figure 1(F)). These results
would indicate that MO programmes features of
NAFLD in offspring, which is further exacerbated fol-
lowing exposure to an obesogenic diet post-weaning.

UPR pathways are rhythmically activated in
normal physiological conditions

Initially, we investigated the activation patterns of the
three major UPR pathways (IRE1a, PERK and ATF6)
during a 24-h-time period under normal physiological
conditions (OffCon-SC). Mice were maintained on
strict 12:12 h light/dark cycles and sacrificed every 4 h
over 24 h. IRE1a activation, as detected by their phos-
phorylation status, showed increased protein concen-
tration at the end of the dark period and reached
a maximum at the beginning of the light period
(Figure 2(A)). IRE1a activation initiates the splicing of
the transcriptional factor XBP1 to spliced XBP1
(sXBP1), an active transcriptional factor which induces
ER metabolic components. sXBP1 mRNA expression
showed weak biphasic peaks at ZT4 and ZT16
(Figure 2(B)). EDEM1 and DNajc3, sXBP1 specific
downstream targets genes, reached their maximum
mRNA expressions at the end of the dark period
(Figure 2(C,D)). There was a long time delay between
sXBP1 expression and downstream targets, consistent
with the slow induction of EDEM1, which has been
reported previously (Hampton 2003). Upon activation,
PERK is autophosphorylated and promotes Eif2a
phosphorylation (Ron & Walter 2007). pEif2a gener-
ally inhibits mRNA translation, but specifically indu-
ces ATF4 transcriptional factor expression (Ron &
Walter 2007). Phospho-PERK and phospho-Eif2a
showed peak levels at ZT4 (Figure 2(A)). ATF4
mRNA and protein expression also reached maximum
at ZT4 (Figure 2(E)). Ero1l expression, which is
thought to be relatively ATF4-dependent, showed
a 24 h rhythm peak at ZT16 (Figure 2(F)).
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Figure 2. Protein and mRNA concentration of UPR pathways in normal physiological condition (OffCon-SC experimental group; off-
spring of lean weaned onto standard chow diet) during 24 h. n¼ 3–4 per experimental time.

Figure 1. Phenotypical, histological and biochemical evidences of NAFLD phenotype in offspring at 6 months: (A) body weight, (B)
liver weight, (C) H&E stains of representative liver sections, (D) NAFLD activity score, (E) plasma ALT concentrations and (F) hepatic
triglyceride content. n¼ 5 per experimental group; values shown as mean± SEM; OffCon-SC: offspring of lean weaned onto stand-
ard chow diet; OffCon-OD: offspring of lean weaned onto obesogenic diet; OffOb-SC: offspring of obese weaned onto standard
chow diet; OffOb-OD: offspring of obese weaned onto obesogenic diet; one way ANOVA with Tukey’s post-hoc test for the main
comparisons (OffCon-SC versus OffCon-OD; OffCon-SC versus OffOb-OD; OffCon-OD versus OffOb-OD).
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ATF6 activation, detected by active cleavage protein
form (p50 ATF6), showed a clear bimodal pattern
peaking at ZT4 and ZT20 (Figure 2(A)). Pdia4 mRNA
expression, which is predominantly regulated by
ATF6, also showed a similar bimodal pattern (Figure
2(G)). Other important components of UPR, GRP78
(predominantly ATF6 dependent) and CHOP (pre-
dominantly PERK-Eif2a-ATF4 dependent) also
showed bimodal mRNA expression patterns (Figure
2(H,I)) and protein expression (Figure 2(A)). HERP,
which is induced by IRE1a-XBP1 and ATF6 showed a
24 h rhythmicity pattern (Figure 2(J)). From the
results, all three UPR pathways and their downstream
targets showed either 12 h or 24 h activation pattern in
the liver under normal physiological conditions. The
differences in the rhythmicity and time of peak activa-
tion among the three UPR sensors indicate that each
arm of the sensors could be driven by different envir-
onmental cues. Furthermore, the different times of
downstream gene upregulation suggests that the three
UPR sensors are regulated by different output
timeframes.

Offspring exposure to maternal obesity and post-
natal obesogenic diet-disrupted UPR homeostasis

We next investigated how MO and obesogenic diets
post-weaning can influence the rhythmic activation of
UPR. Our preliminary studies showed very similar
UPR activation pattern between OffCon-SC and
OffOb-SC (Figure 1). Given this, the OffOb-SC cohort
was excluded from further studies.

Western blotting of phosopho-IRE1a showed differ-
ent activation patterns among the three experimental
groups (Figure 3(A)). In OffCon-OD, IRE1a activation
occurred more broadly at the beginning of dark and
beginning of light compared to OffCon-SC, showing
an activation peak at ZT12, whereas OffOb-OD
showed a stronger constant activation of IRE1a.
sXBP1 mRNA expression presented a single peak at
ZT4 in OffCon-OD and it was constantly downregu-
lated in OffOb-OD (Figure 3(H)). DNajc3, a target
gene of sXBP1 showed slight early peak at ZT16 in
OffCon-SC but constantly lower expression in OffOb-
OD parallel to sXBP1 mRNA levels (Figure 3(I)).

Figure 3. Protein and mRNA hepatic concentrations of UPR pathways depending on maternal feeding and offspring post-weaning
diet during 24 h. n¼ 3–4 per experimental group/time point; values shown as mean± SEM; OffCon-SC: offspring of lean weaned
onto standard chow diet; OffCon-OD: offspring of lean weaned onto obesogenic diet; OffOb-OD: offspring of obese weaned onto
obesogenic diet; �statistical differences (p< .05) between OffCon-SC and OffCon-Ob. #Statistical differences (p< .05) between
OffCon-SC and OffOb-Ob.
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PERK was strongly activated at ZT4-ZT12 in OffCon-
OD, although it was more constantly activated in
OffOb-OD (Figure 3(B)). As a result, phosopho-Eif2a
was constantly overexpressed in OffOb-OD
(Figure 3(C)). Conversely, ATF4 protein concentration
and mRNA expression was constantly suppressed in
this group (Figure 3(D,J)). In contrast to other two
pathways, ATF6 activation showed the same bimodal
pattern of activation among all three groups whereas
it had much broader strong activation in OffCon-OD
and OffOb-OD (Figure 3(E)). Pdia4 also presented a
similar bimodal expression pattern among the three
groups, but their magnitudes were not statistically dif-
ferent between them (Figure 3(K)). GRP78 and HERP
expression, which is thought to be a sensitive marker
of UPR activation, showed OffCon-OD single peak at
ZT0, whereas this was constantly downregulated in
OffOb-OD (Figure 3(L,M)). GRP78 protein expression
was also decreased in OffOb-OD compared to
OffCon-SC (Figure 3(F)). The pro-apoptotic transcrip-
tion factor C/EBP homologous protein (CHOP) was
consistently expressed in OffOb-OD at all time-points.
However, in OffCon-OD, peak CHOP expression time
was shifted from the end of the dark period to the
beginning of light period (Figure 3(N)). CHOP pro-
tein expression levels were significantly high at ZT0 in
OffOb-OD compared to OffCon-SC (Figure 3(G)).

These results indicate that post-weaning, an obeso-
genic diet changes the timing of IRE1a, PERK and
ATF6 pathway activation, and the combination of MO
and post-weaning obesogenic diet induces constant
activation of these UPR sensors. Furthermore, down-
stream signalling of these pathways was unresponsive
to proximal UPR sensor activation mainly in OffOb-
OD, whereas in OffCon-OD it could still be
responsive.

Offspring exposure to maternal obesity and
post-natal obesogenic diet-induced increased
apoptosis and hypermethylation of GRP78

The previous results suggested an unresolved UPR-
induced apoptosis in the mice liver. The TUNEL assay
was used to detect cell nuclei in apoptotic cells. As
predicted, OffOb-OD showed significantly higher
degrees of apoptosis according to the TUNEL
index score as well as to the caspase-3 probe
(Figure 4(A,B)). The apoptotic effector protein cas-
pase-3 was also activated in OffOb-OD as an effect of
obesogenic feeding. Finally, the addition of both obe-
sogenic stimuli (maternal and offspring) significantly
increased the activation of the proapoptotic protein
JNK (Figure 4(C)).

GRP78 is considered as a master regulator of UPR,
and ATF6 is primarily responsible for the transcrip-
tional induction of this chaperone protein. The con-
stantly low GRP78 expression despite the elevated
ATF6 activation in OffOb-OD prompted the investiga-
tion of the possible mechanism of downregulation of
this gene. As other previous perinatal studies have
suggested (Martinez et al. 2012), epigenetic changes
play a significant role in pathophysiological pheno-
types derived from developmental programming
(Cordero et al. 2015). Thus, we hypothesised that
alterations in DNA methylation might play a role in
regulating the expression of this gene. Methyl specific
quantitative PCR assay revealed that GRP78 was sig-
nificantly hypermethylated in OffOb-OD compared
with OffCon-SC and OffCon-OD (Figure 5), which
suggests that these changes require additional stimula-
tion by maternal programming and offspring obeso-
genic feeding. However, as downregulation of GRP78
expression was partly opposed to gene methylation

Figure 4. Inflammation, apoptosis and autophagy assessment by (A) TUNEL staining assay, (B) active caspase-3 staining and (C)
phospho-JNK protein concentration measurement. n¼ 5 per experimental group; values shown as mean± SEM; OffCon-SC: offspring
of lean weaned onto standard chow diet; OffCon-OD: offspring of lean weaned onto obesogenic diet; OffOb-SC: offspring of obese
weaned onto standard chow diet; OffOb-OD: offspring of obese weaned onto obesogenic diet; one way ANOVA with Tukey’s post-
hoc test for the main comparisons (OffCon-SC versus OffCon-OD; OffCon-SC versus OffOb-OD; OffCon-OD versus OffOb-OD).
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patterns, and higher methylation is usually associated
with lower expression, GRP78 mRNA levels could par-
tially be explained by epigenetic alterations.

Discussion

ER stress is increasingly thought to play an important
role in the pathogenesis and progression of NAFLD.
As such, it is now considered a potential therapeutic
target (Dara et al. 2011; Fu et al. 2012; Hetz et al.
2013), however, further understanding of the complex
physiology of the UPR pathways, and their relation to
NAFLD is required. We have shown here that even in
healthy conditions, three major UPR pathways are
dynamically activated in the liver. Obesogenic feeding
appears to change their rhythmicity, and the combin-
ation of MO and post-weaning obesogenic diets can
significantly alter UPR rhythmicity and homeostasis in
parallel with the development of a NAFLD phenotype.

Under normal physiological conditions, IRE1a and
PERK activation reached maximum peaks at the end
of dark periods up to the beginning of light periods.
ATF6 showed a clear peak in the middle of the
light period, and at the end of the dark period.

The expression levels of the downstream targets of
these pathways followed a similar rhythmicity,
although induction of each gene seems to have a dif-
ferent time lag from the time of proximal sensor acti-
vation. These results further expand on previous
findings which showed a 12 h rhythmic activation of
the IRE1a pathway (Cretenet et al. 2010). The discrep-
ancy between our results showing a 24 h cycle of
IRE1a activation and these previous results might be
related to the age of mice (24 versus 8 weeks), as there
is an aged-linked decrease in the expression and activ-
ity of key ER-related mediators (Brown & Naidoo
2012). An additional possibility for this discrepancy
could rely on the sampling interval, longer in this
study (4 h versus 2 h). The findings of a bimodal pat-
tern of ATF6 downstream mRNA expression being
dependent upon the weight and feeding of offspring is
consistent with previous studies (Vollmers et al. 2009).
Multiple, critical functions of the liver are precisely
timed processes (Liu et al. 2013; Oishi & Itoh 2013).

In addition to hepatic functions being timed, UPR
rhythmicity appears to be broadly modified by expos-
ure to dietary modifications. Post-weaning obesogenic
diets resulted in an alteration of the time of activation
for both IRE1a and PERK, while the combination of
MO and post-weaning obesogenic diets induced con-
stant activation of these two sensors. IRE1a and PERK
share considerable sequence homology in their
luminal domains, while ATF6 does not, suggesting
that substrate specific activation exists for each sensor
(Wu et al. 2014). ATF6 has been shown to be prefer-
entially activated by tissue ischaemia (Doroudgar et al.
2009), while other UPR pathways may be associated
more with protein overloading, and abnormalities in
liver calcium and lipid metabolism (Fu et al. 2011).
Furthermore, both classical ER stress due to misfolded
protein and other environmental cues, such as feeding
(lipid and glucose fluctuations) can trigger UPR
(Kanda et al. 2015). Bimodal ATF6 target gene expres-
sion in the liver, which reflects bimodal feeding pat-
terns (i.e. consolidate feeding event in the middle of
the night and several events during the day), seems to
be closely coupled with a daily rhythm in feeding
rather than the circadian clock (Pendergast et al.
2013). Our control group data supports this feeding-
induced ATF6 activation. It was found that a high-fat-
diet-induced changes in feeding behaviour, in which
the main feeding was during the night, with extra
calories consumed by the mice on a high-fat-diet
mostly during the daytime (Kohsaka et al. 2007).
Thus, obesogenic diets enhanced the ATF6 activation
during the day. Contrary to ATF6, IRE1a activation
appeared to be governed instead by clock regulated

Figure 5. Specific DNA methylation measurement in GRP78
promoter region. n¼ 5 per experimental group; values shown
as mean± SEM; OffCon-SC: offspring of lean weaned onto
standard chow diet; OffCon-OD: offspring of lean weaned onto
obesogenic diet; OffOb-SC: offspring of obese weaned onto
standard chow diet; OffOb-OD: offspring of obese weaned onto
obesogenic diet; one way ANOVA with Tukey’s post-hoc test
for the main comparisons (OffCon-SC versus OffCon-OD;
OffCon-SC versus OffOb-OD; OffCon-OD versus OffOb-OD).
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lipid metabolism. Kitai et al. recently demonstrated
that IRE1a and PERK can sense lipid saturation by
their transluminal domains without misfolded protein,
while ATF6 was unaffected (Kitai et al. 2013). ATF6
was also reported to be activated by the expression of
physiological levels of ER membrane bound protein,
possibly by sensing their transluminal domains
(Maiuolo et al. 2011). These mechanisms might
explain anticipatory UPR, where environmental stim-
uli or developmental programming induce UPR acti-
vation, rather than misfolded proteins. Indeed, our
results showed that IRE1a and PERK were more con-
stantly activated by an obesogenic diet, possibly sec-
ondary to increased saturated fatty acid content
(Wang et al. 2006), supporting specific membrane
lipid-saturation sensing mechanisms with IRE1a and
PERK. More sensitive assays, shorter interval sampling
and metabolomics or proteomic approaches might fur-
ther illustrate the precise rhythmicity and link between
liver metabolic rhythm and UPR activation.

The continuous activation of three UPR sensors
was a hallmark of UPR status in OffOb-OD, while
downstream pathways were not upregulated. In
OffCon-OD, although there was the time shift and dif-
ference of magnitude of proximal sensor activation,
downstream signalling was partially maintained. Thus,
dysregulation of UPR homeostasis might be a key fac-
tor in the progression of an obesity-associated NAFLD
phenotype. This UPR dysregulation has also been
reported in human NAFLD (Puri et al. 2008). A pos-
sible explanation for the decreased expression of
sXBP1 observed in OffOb-OD mice together with
higher IRE1a activation could be the regulation by
IRE1-dependent decay (RIDD), which induces select-
ive post-transcriptional mRNA degradation including
XBP1 and cellular apoptosis (Tam et al. 2014).
Sustained stress attenuates IRE1a-XBP1 while activat-
ing RIDD, which in turn degrades UPR target genes
and upregulates caspase-2-induced cellular apoptosis
(Lin et al. 2007).

Failure of UPR adaptation induces apoptotic cell
death (Rutkowski et al. 2006). Therefore, significant
increase in apoptotic cell death in OffOb-OD could be
explained by UPR-induced cell death, as IRE1a acti-
vates the JNK pathway, which is related to inflamma-
tion and apoptosis (Van Rooyen et al. 2013).
Furthermore, ATF4 regulates amino acid biosynthesis,
glutathione and oxidative stress defence (Harding
et al. 2003). In our model, the downregulation of
ATF4 could lead to a susceptibility to cellular stress.
Moreover, CHOP is a transcriptional factor that plays
a role in UPR-induced apoptosis, and its upregulation
induces reactive oxygen species (ROS) production.

All these effects induced by JNK, ATF4 and CHOP
are key mechanisms of NAFLD pathogenesis. It is not
clear how these downstream pathways were downre-
gulated, but ATF4 translation has been reported to be
inhibited by Toll-like receptor 4 (TLR4) activation in
macrophages (Woo et al. 2009), and TLR4 on hepato-
cytes activated by increasing circulating LPS in
NAFLD (Li et al. 2011). CHOP expression is predom-
inantly regulated by PERK-ATF4 axis, as well as
affected by ubiquitin-proteasome dependent degrad-
ation (Hattori et al. 2003). The continuous expression
of CHOP in OffOb-OD with ATF4 downregulation,
and transient expression in OffCon-SC and OffCon-
OD might be adaptive responses to UPR activation,
and the continuous expression could induce cellular
apoptosis, as demonstrated by the TUNEL assay and
caspase-3 results.

The downregulation of GRP78, a master regulator
for ER stress, might play an important role. It func-
tions as a major ER chaperone and a controller of
UPR signalling activation (Ron & Walter 2007).
GRP78 knockout showed lethality in embryos day 3.5
with reduced proliferation rate of embryonic cells and
massive apoptotic death (Luo et al. 2006).
Furthermore, a decrease in GRP78 has been reported
in the liver of diabetic db/db mice (Yamagishi et al.
2012); however, proteomic analysis has revealed
increased hepatic GRP78 in human NASH, but no
changes in a NAFLD phenotype (Gonzalez-Rodriguez
et al. 2014). These findings suggest that GRP78 might
be a potential therapeutic target for NAFLD. In our
model, downregulation of GRP78 in OffOb-OD might
be due to DNA methylation of its promoter, while
degradation of GRP78 by RIDD may be related other
mechanisms. According to epigenetic regulation, it has
been described in rodents that maternal feeding dur-
ing perinatal stages could affect global and specific
DNA methylation status in the liver of offspring
(Cordero et al. 2013; Chen et al. 2015). Further studies
based on nutritional epigenetic programming of ER
stress will be important in better delineating UPR acti-
vation mechanisms.

Interestingly, observational studies in high-fat diet
fed mice across three generations (F0, F1 and F2)
showed that transgenerational accumulation of epigen-
etic modifications may lead to up-regulation of lipo-
genesis and ER stress pathways in the liver (Li et al.
2012).

Our previous report on the same mouse model of
maternal transmission of obesity demonstrated that
obese dams had raised breast milk leptin levels com-
pared to lean dams (Oben et al. 2010). Leptin deficient
mice are one of the most widely used animal model of
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obesity (ob/ob) (Li et al. 2004). Leptin protein has
been consistently shown to inhibit PERK-mediated ER
stress and apoptosis in vitro in hepatocytes (Xiong
et al. 2014). Mice with leptin deficiency displayed
increased hepatic ER stress response and liver injury
(Kim et al. 2015), and there is a strong association
between hypothalamic ER stress and leptin resistance
(Mardones et al. 2014; Ramirez & Claret 2015). An
intriguing mechanistic hypothesis to explain our find-
ings would be that the increase in leptin observed in
the setting of obesity might be a compensatory mech-
anism to reduce ER stress in NAFLD.

Conclusions

Our findings demonstrate that major UPR pathways
are rhythmically activated in the liver under normal
physiological conditions, and this rhythm can be pro-
foundly affected by maternal obesogenic feeding and
post-natal intake. In each of the UPR pathways, an
obesogenic diet caused phase shifts in the time of the
peak activation. Furthermore, the combination of MO
and an obesogenic diet post-weaning induced continu-
ous activation of IRE1a and PERK pathways, perturb-
ation of downstream gene expressions, and disruption
of UPR pathways associated with several apoptotic-
related factors, leading to greater cell death and
changes on DNA methylation patterns.
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