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Endoplasmic reticulum (ER) stress triggers complex adaptive
or proapoptotic signaling defined as the unfolded protein
response (UPR), involved in several pathophysiological pro-
cesses. Protein misfolding in the ER triggers the activation
of three homologous transmembrane protein kinases, Irel,
the PKR-like ER kinase (PERK), and the transmembrane
transcription factor ATF6. Protein folding is highly redox-
dependent; the relations between the generation of oxidative
stress and ER stress have become very interesting fields for
investigation. Evidence suggests that ROS production and
oxidative stress are not only coincidental to ER stress but also
integral UPR components. These components are triggered
by distinct types of ER stressors and facilitate either proapop-
totic or proadaptive UPR signaling. Thus, ROS generation
can be upstream or downstream UPR targets. Pathways
involved in unfolded protein response are important for nor-
mal cellular homeostasis and organismal development and
may also play key roles in the pathogenesis of many diseases.
This special issue intends to address the different aspects
relating interaction between oxidative stress, UPR, and cellu-
lar redox capacity. We are grateful to the Editorial Board of
Oxidative Medicine and Cellular Longevity, who devoted this
special issue to UPR, and all authors for their contribution.
Many manuscripts were submitted, and after a detailed peer
review process, three high-quality research works and two

reviews on topics of novelty were selected to be included in
this special issue.

In the review by Y. Rellmann and R. Dreier, mouse
models with specific changes in protein folding are described.
The authors mainly focus on those mouse models with ER
stress-related chondrodysplasia phenotypes. This is particu-
larly important as UPR downregulate essential processes of
the endochondral ossification including chondrocyte prolif-
eration and differentiation and ECM protein synthesis. In
consequence, autophagy and apoptosis are triggered and
lengths of long bones are reduced. However, the detailed
description of various mouse models with ER stress is partic-
ularly relevant for readers studying different aspects of the
UPR. The authors review among others mice with a knock-
out of proteins involved in ER folding machinery, UPR sig-
naling, degradation of aggregated proteins, and protein
trafficking and secretion. These mouse models could be use-
tul for the study of the molecular pathogenesis of various ER
stress-related human diseases as well as to propose novel
treatment schemes. One of the ER stress-related diseases is
acute kidney injury. The accumulation of unfolded protein
in ER in the kidney is observed in aging and during sepsis;
however, the molecular background of kidney injury is differ-
ent. The aged kidney has reduced UPR and elevated oxidative
stress in comparison with a younger one. Along this line is


http://orcid.org/0000-0003-2300-7339
http://orcid.org/0000-0003-1427-884X
http://orcid.org/0000-0001-6231-3334
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2019/6949347

the paper by X. Liu et al. The authors report the increased
susceptibility of an aged kidney to ER stress with excessive
reactive oxygen species level using a mouse model. This
phenomenon is connected with the loss of PERK phosphor-
ylation and XBP-1 mRNA splicing. They also compared the
level of ER stress in an aged kidney with and without an
antioxidant and found that the antioxidant prevented kid-
ney function failure induced by severe ER stress. A similar
protective function against ER stress-induced kidney injury
showed methane-rich saline as reported by Y. Jia et al. They
found that the ER stress in the kidney is a consequence of
sepsis and it is connected with oxidative stress and the ER
stress-related apoptosis. They measured histopathological
damage, the levels of proinflammatory cytokines, and reac-
tive oxygen species in kidney tissues and apoptosis ratio.
Methane has anti-inflammatory and antiapoptotic proper-
ties and seems to be a good candidate for supportive treat-
ment in sepsis; however, the molecular mechanisms of
methane remain to be elucidated. 67% hydrogen and 33%
oxygen mixture (H,-O,) work in a similar way. S. Zhao
et al. reported that H,-O, mixture inhalation could protect
against the cardiac dysfunction and structural disorders
induced by ER stress in rats with chronic intermittent
hypoxia (CIH). CIH is a consequence of obstructive sleep
apnea—a common breathing disorder in humans. The
authors found that H,-O, improved cardiac dysfunction
and attenuated CIH-induced ER stress by reduction of oxi-
dative stress and cardiac apoptosis. An ER stress-oriented
therapy is also used in cancer treatment. In the review by
A. Walczak et al,, the role of the ER-induced UPR pathway
and the efficacy of its inhibitors and inducers in the inhibi-
tion of tumor progression are discussed. Correct protein
processing and folding are crucial to maintain tumor
homeostasis. Endoplasmic reticulum stress is one of the
leading factors that causes disturbances in these processes.
It is induced by impaired function of the ER and accumula-
tion of unfolded proteins. Induction of ER stress affects
many molecular pathways that cause the unfolded protein
response. This is the way in which cells can adapt to the
new conditions, but when ER stress cannot be resolved, the
UPR induces cell death. The molecular mechanisms of this
double-edged sword process are involved in the transition
of the UPR either in a cell protection mechanism or in apo-
ptosis. However, this process remains poorly understood but
seems to be crucial in the treatment of many diseases that
are related to ER stress.

A. Walczak et al. discuss that the UPR involvement in the
pathogenesis and progression of various types of cancer is
presented. Since it is a very promising target for novel anti-
cancer therapy, more and more new molecules are being
tested. A significant amount of them is naturally occurring
chemicals that are present also in plants. Due to the abun-
dance of the compounds affecting UPR, A. Walczak et al.
have summarized the literature review on tested modulators
in various cancer cell lines. Thus, the UPR modulators are a
promising hope for a personalized therapy for patients in
whom chemotherapy or radiotherapy has failed. It can
become an innovative way to fight several different types of
cancer. The response to a given compound depends on the

Oxidative Medicine and Cellular Longevity

phenotype of tumor cells, the severity of the disease, and
the chemotherapy used so far.

The understanding of the ER stress response, especially in
the aspect of pathological consequences of UPR, has the
potential to allow us to develop novel therapies and new diag-
nostic and prognostic markers for cancer. It is emphasized
that further experiments and analyses should be carried out
using a variety of compounds that have the ability to inhibit
and induce the UPR pathway in different types of cancers.
It could also be useful in the treatment of noncancerous dis-
eases including neurodegenerative disorders, i.e., glaucoma
and Alzheimer’s disease.
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Obstructive sleep apnea (OSA) can cause intermittent changes in blood oxygen saturation, resulting in the generation of many
reactive oxygen species (ROS). To discover new antioxidants and clarify the endoplasmic reticulum (ER) stress involved in
cardiac injury in OSA, we established a chronic intermittent hypoxia (CIH) rat model with a fraction of inspired O, (FiO,)
ranging from 21% to 9%, 20 times/h for 8 h/day, and the rats were treated with H,-O, mixture (67% hydrogen and 33% oxygen)
for 2h/day for 35 days. Our results showed that H,-O, mixture remarkably improved cardiac dysfunction and myocardial
fibrosis. We found that H,-O, mixture inhalation declined ER stress-induced apoptosis via three major response pathways:
PERK-eIF2a-ATF4, IRE 1-XBP1, and ATF 6. Furthermore, we revealed that H,-O, mixture blocked c-Jun N-terminal kinase-
(JNK-) MAPK activation, increased the ratio of Bcl-2/Bax, and inhibited caspase 3 cleavage to protect against CIH-induced
cardiac apoptosis. In addition, H,-O, mixture considerably decreased ROS levels via upregulating superoxide dismutase (SOD)
and glutathione (GSH) as well as downregulating NADPH oxidase (NOX 2) expression in the hearts of CIH rats. All the results
demonstrated that H,-O, mixture significantly reduced ER stress and apoptosis and that H, might be an efficient antioxidant

against the oxidative stress injury induced by CIH.

1. Introduction

Obstructive sleep apnea (OSA) is a common breathing dis-
order and characterized by recurrent episodes of upper
airway obstruction during sleep [1]. Clinical data have
shown that the incidence of OSA was approximately
15-24% in adults [2] and that OSA was accompanied by
multiple cardiovascular disorders, such as hypertension,
heart failure, and atherosclerosis [3, 4]. OSA patients showed
long-term arterial oxygen saturation fluctuations and
frequent sleep apnea, exposing them to a specific internal
environment with chronic intermittent hypoxia (CIH) and
recurrent hypoxia [5-7].

Sun et al. found that increases in the left ventricular
diameter and ventricular mass in OSA patients correlated
with the severity of the disease [8]. Clinically, continuous

positive airway pressure (CPAP) is the most widely used
treatment for OSA during sleep [9]. Unfortunately, CPAP
lacks stability and is not effective in reducing the cardiac
damage caused by OSA. How can the cardiac damage caused
by CIH be effectively reduced? It is necessary to further study
the molecular mechanism of injury that is induced by CIH
and seek a more effective treatment method for CTH.

The endoplasmic reticulum (ER) is a crucial organelle for
protein synthesis, folding, and secretion. When cells are
stimulated by ischemia, hypoxia, or oxidative stress, unfolded
protein and incorrect proteins accumulate in the ER, trigger-
ing the unfolded protein response (UPR), which is called ER
stress [10, 11]. UPR activation is regulated by a molecular
chaperone protein 78 KD glucose-regulated protein named
Bip/GRP 78 [10, 12]. During ER stress, Bip and GRP 78 are
separated first, and protein kinase-like kinase (PERK),
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inositol-requiring enzyme 1 (IRE 1), and transcription factor
6 (ATF 6) are activated [10, 11]. However, prolonged or
severe ER stress could induce cell apoptosis [13, 14]. The
apoptosis caused by ER stress is stimulated through the
proapoptotic transcriptional factor C/EBP homologous
protein (CHOP) [15]. Activated ATF 6, PERK, and IRE
1 accelerate the activation of the CHOP protein and lead
to cell apoptosis [13].

During the process of low oxygen/reoxygenation induced
by CIH, a large number of reactive oxygen species (ROS) are
generated and trigger oxidative stress damage [12, 14, 16, 17].
Xu et al. found that the ER structure was changed and that
the GRP 78, CHOP, and caspase 12 levels were increased in
the hippocampus of adult mice exposed to CIH for 21d
[12]. These results suggested that the ER stress response
was an early event in cardiac apoptosis caused by CIH [18].
Cai et al. revealed that the PERK-eIF2a-ATF 4 signaling
pathway was involved in apoptosis in growing rats when they
were exposed to long-term CIH [19]. The study showed that
IRE 1-XBP 1 and ATF 6 expression was dramatically
increased in rat cardiac tissues when exposed to CIH for 5
weeks [20]. Tauroursodeoxycholic acid (TUDCA), an ER
stress inhibitor, could have inhibited ER stress activation
and apoptosis in the hippocampus of the rat CIH model
[12, 19]. TUDCA also attenuated the activation of PERK,
IRE 1, and ATF 6 in the liver of a mouse CIH model
[21]. Therefore, the inhibition of ER stress might be an
effective way to reduce cardiac injury when animals are
exposed to CIH.

As a “novel” antioxidant, H, has received extensive atten-
tion and is widely used in the prevention and treatment of
various diseases [22, 23]. It has been confirmed that H, is
very stable and easily penetrates cell membranes and barriers
without affecting basic metabolism in cells [24]. A study has
shown that H,-rich saline could have weakened hippocampal
ER stress after cardiac arrest in a rat model [25]. H,-rich
saline was also efliciently used to attenuate the permeability
of the blood-brain barrier and microvascular endothelial cell
apoptosis from cardiopulmonary bypass in a rat model [26].
H, inhibited isoproterenol-induced cardiac hypertrophy by
blocking excess ROS and mitochondrial damage [27].

Our previous research showed that H, inhalation signifi-
cantly increased the level of total superoxide dismutase
(T-SOD) in the serum of a CIH rat model [28]. Whether
H, can attenuate cardiac ER stress and apoptosis remains
unclear. To better understand the cardioprotective mecha-
nism of H,, we investigated the effect of H, on cardiac ER
stress and apoptosis in a rat model exposed to CIH.

2. Materials and Methods

2.1. Experimental Animals and the CIH Model. All proce-
dures were carried out in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory
Animals and were approved by the Animal Care and Use
Committee of Medical Ethics of Hebei University of
Chinese Medicine (no. HUCM-20117-010). Adult male
Sprague-Dawley rats (190-220g) were purchased from
Beijing Vital River Laboratory Animal Technology Co.
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Ltd. (Beijing, China). All rats were housed under a con-
stant temperature (22 +2°C) and controlled illumination
(12h light and 12h dark cycle) and given free access to
food and water. All rats were allowed to adapt to their liv-
ing conditions for at least 7 days before the experiment.

The SD rats (n=36) were randomly divided into four
groups (n=9 for each group): normoxia control group
(normoxia), normoxia H,-O, mixture-treated group (H,),
CIH model group (CIH), and H,-O, mixture-treated
CIH model group (CIH+H,). During the experiment, all
rats were housed in chambers with a controlled gas delivery
system. The fraction of inspired oxygen (FiO,) provided
to the chambers for the CIH and the CIH+H, groups
declined from 21% to 9% within 90s and then gradually
increased to 21% via reoxygenation within 90s. The expo-
sure cycle was repeated every 3min from 8:00 to 16:00
everyday for 35 days. The rats in the normoxia and H,
groups received air containing 21% O,. In addition, the
rats in the CIH+H, and H, groups were successively given
H,-O, mixture gas from 17:00 to 19:00 everyday for 35
days. The H,-O, mixture gas was obtained from water
electrolyzation with a hydrogen oxygen nebulizer
(AMS-H-01, Asclepius Meditec, Shanghai, China) and
consisted of 67% H, and 33% O,. During the experiment,
the rats were placed in a transparent chamber, and the
mixed gas went through the chamber at a rate of
200 ml/min. The concentration of mixed gas was moni-
tored by a detector (Thermo Fisher, MA, USA).

2.2. Echocardiography. Echocardiographic analysis was per-
formed by a high-resolution ultrasound imaging system
(Vevo 2100, VisualSonics Inc., Toronto, Canada) with an
MS-250 probe. First, the rat was anesthetized with 2.5% iso-
flurane in 95% oxygen and 5% carbon dioxide, and the hair
was removed with depilatory cream. The QRS and T waves
were used as indicators of the systolic and diastolic phases,
and the left ventricular diameter was measured by com-
bining the opening and closing of the mitral valve on
the image. M-mode recordings detected the left ventricular
end-diastolic diameter (LVEDd) and left ventricular end-
systolic diameter (LVEDs). The left ventricular end-
systolic volume (LVESV)=7/(2.4 + LVEDs) x LVEDs® x
1000, left ventricular end-diastolic volume (LVEDV)=7/
(2.4+LVEDd) x LVEDd’ x 1000, and ejection fraction
(EF) =(LVEDV-LVESV)/LVEDV x 100% were also mea-
sured. Four-chamber echocardiography showed the maxi-
mum flow rate in the early diastole (E), maximum flow rate
in the systolic phase (A) of the mitral valve (MV), isovolumic
contraction period (IVCT), isovolumic relaxation phase
(IVRT), and ejection period (ET). The value of the ratio of
MV E/A and Tei index = (IVCT + IVRT)/ET was used as
indicators to reflect the changes in cardiac function. The
technical parameters of the echocardiograph were the same
for all test objects, and the average values were taken for at
least 3 continuous cycles. The echocardiographic measure-
ments were taken by a blinded observer.

2.3. Histological Assessment. The hearts were removed,
soaked in 4% polyformaldehyde, washed with tap water,
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and dehydrated with serial dilutions of alcohol. The heart tis-
sues were transparent in xylene and embedded in paraffin for
24h. The paraffin-enclosed tissue was sliced into 5pm
sections by a sliding microtome (CM1950, Leica, Solms,
Germany). The sections were dewaxed by xylene and
rehydrated by a sequence of 100% to 70% ethanol.
Hematoxylin and eosin (H&E) staining was used to
detect changes in the basic tissue and structure of the
heart. Sections were continuously stained with hematoxy-
lin, differentiated with eosin, and dehydrated. Masson’s
trichrome (MT) staining was used to identify the collage-
nous fibrous area of the heart. The sections were stained
with Masson’s trichrome stain, distilled water, phosphomo-
lybdic, and aniline blue solution and then differentiated in
order. Finally, the sections were dehydrated, mounted, and
imaged using an electric light microscope (DM3000, Leica,
Solms, Germany). Image-Pro Plus 6.0 image analysis soft-
ware was used to analyze and calculate the myocardial
collagen volume fraction = collagen area/the total myocar-
dial area (100%).

2.4. Measurement of Oxidative Stress. T-SOD and glutathione
(GSH) were the antioxidant indices, while malonyldialde-
hyde (MDA) was a lipid peroxide marker. The activities of
T-SOD and GSH were measured with the hydroxylamine
method, and MDA was measured using the thiobarbituric
acid method as previously described [29]. First, the left
ventricle tissues were prepared to obtain a 10% (w/v)
ice-buffered homogenate. After centrifugation at 2500 rpm
for 10 min (4°C), the supernatant was collected to detect the
protein content with a BCA kit (CW0014S, Cwbiotech,
Beijing, China). The measurements were all performed
according to the manufacturer’s instructions (Nanjing
Jiancheng Bioengineering Institute, Nanjing, China). The
T-SOD, GSH, and MDA levels were measured with a mul-
timode microplate reader (Varioskan LUX, Thermo Fisher,
MA, USA) at wavelengths of 550 nm, 532 nm, and 550 nm,
respectively.

2.5. Detection of Apoptosis. Apoptosis in the heart tissue
was detected by the terminal deoxynucleotidyl
transferase-mediated ~ FITC-dUDP  nick-end labeling
(TUNEL) method. Heart tissue sections were dewaxed
and incubated with 3% H,O, for 20 min at room temper-
ature. The reaction mixture (TUN11684817, Roche, Basel,
Switzerland) was dropped onto slides and incubated at
37°C for 60min. After the sections were rinsed 3 times,
they were incubated in DAPI (2mg/ml, Solarbio, Beijing,
China) for 5min. Finally, the number of TUNEL-positive/-
DAPI-stained apoptotic bodies was counted with an elec-
tric light microscope (DM3000, Leica, Solms, Germany).

2.6. Western Blotting. The cardiac tissues were homogenized
in RIPA lysis buffer with a proteinase inhibitor. The suspen-
sion was centrifuged at 12,000 g for 20 min at 4°C, the super-
natant was collected, and the protein concentration was
measured with a BCA protein assay kit (CW0014S, Cwbio-
tech, Beijing, China). Thirty micrograms of proteins was sep-
arated by SDS-PAGE and transferred onto polyvinylidene

fluoride membranes. After blocking with 5% nonfat milk,
the blots were incubated with primary antibodies against
CHOP (GTX32616, GeneTex, Irvine, USA), GRP 78
(ARG20531, Arigo Biolaboratories, Taiwan, China), cas-
pase 12 (ARG55177, Arigo Biolaboratories, Taiwan,
China), p-PERK (DF7576, Affinity Biosciences, OH,
USA), PERK (AF5304, Affinity Biosciences, OH, USA),
p-elF 2« (AF3087, Affinity Biosciences, OH, USA), elF2«
(A0764, ABclonal Biotechnology, Boston, USA), p-IRE 1
(AF7150, Affinity Biosciences, OH, USA), IRE 1 (DF7709,
Affinity Biosciences, OH, USA), ATF 4 (Ab1371, Abcam,
Cambridge, UK), ATF 6 (A2570, ABclonal Biotechnology,
Boston, USA), XBP 1 (AF5110, Affinity Biosciences, OH,
USA), caspase 3 (9665, Cell Signaling Technology, Danvers,
USA), p-JNK (4671, Cell Signaling Technology, Danvers,
USA), JNK (ARG51218, Arigo Biolaboratories, Taiwan,
China), Bcl-2 (YT0470, Immunoway, Plano, USA), Bax
(GB11007, Servicebio, Wuhan, China), NOX 2 (GTX56278,
GeneTex, Irvine, USA), and f-tubulin (GB13017-2, Service-
bio, Wuhan, China) overnight at 4°C. The blots were washed
with TBST and then incubated with the secondary anti-
body conjugated with horseradish peroxide (Biosharp,
Hefei, China) for 90 min at room temperature. The chemi-
luminescence method (CWO0049S, Cwbiotech, Beijing,
China) was used to detect the immunoreactive proteins
with a multifunctional laser scanning system (Fusion FX5
Spectra, Vilber, Paris, France). All the analyses were
repeated at least three times. The densities of the positive
proteins were quantified by Image ] and expressed as a
ratio to f-tubulin.

2.7. Statistical Analyses. The results are presented as the
mean + SEM. The statistical analysis was carried out using a
two-way ANOVA followed by Tukey’s post hoc test. The
significance level was p < 0.05.

3. Results

3.1 H,-O, Mixture Remarkably Improved Cardiac
Dysfunction. Echocardiography was utilized to detect the
rat cardiac systolic and diastolic functions. M-mode
recordings showed higher values of LVEDd (Figures 1(a)
and 1(b)) and lower EF (Figure 1(c)), indicating cardiac
systolic dysfunction in the CIH rat model. However, the
groups with the H,-O, mixture treatment showed lower
LVEDd values and higher EF than did the CIH group
(Figures 1(a)-1(c)). Four-chamber echocardiography was
used to evaluate the cardiac diastolic function
(Figure 1(d)). The ratio of MV E/A showed no significant
difference among the four groups (Figure 1(e)). CIH rats
exhibited high values of the Tei index, indicating that their
cardiac diastolic function was impaired (Figure 1(f)).
However, H,-O, mixture treatment decreased the Tei
value to the normal level and improved cardiac diastolic
function induced by CIH (Figure 1(f)). These results sug-
gested that H,-O, mixture treatment was an effective way
to reduce cardiac systolic and diastolic dysfunctions in rats
when exposed to CIH.
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group; n = 5.

3.2. H,-O, Mixture Significantly Reduced Cardiac
Histological Changes. Did H,-O, mixture provide protection
against pathological changes in the heart of the CIH rat
model? H&E and MT staining were used to analyze the left
ventricle of the rats. H&E staining showed a clear and com-
plete cardiomyocyte structure and endocardium in normal

rats (Figure 2(a)). H,-O, mixture improved the widespread
myocardial structural disorder in the CIH group
(Figure 2(a)). In addition, MT staining was used to evaluate
myocardial fibrosis in the left ventricle. As shown in
Figures 2(b) and 2(c), collagen accumulation shown in blue
was increased in the CIH group. However, the groups treated
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staining. *p < 0.05 vs. normoxia group; #p < 0.05 vs. CIH group; n = 3.

with H,-O, mixture had a significantly lower collagen vol-
ume fraction in the left ventricle of the heart than did the
CIH group. Altogether, H,-O, mixture improved myocardial
structure disorder and collagen deposition when rats were
exposed to CIH.

3.3. H,-O, Mixture Remarkably Attenuated CIH-Induced ER
Stress. To further study the protective mechanism of H,-O,
mixture against cardiac injury induced by CIH, we first eval-
uated the expression of ER stress markers. GRP 78, CHOP,
and caspase 12 were all increased in the cardiac tissue when
exposed to CIH (Figure 3(a)). Then, we examined the three
major pathways involved in ER stress-induced apoptosis. In
the CIH group, the protein levels of p-PERK, p-elF2a, and
ATF 4 significantly increased compared to those in the
normoxia group (Figures 3(b), 3(c), and 3(e)). We found
that p-IRE 1, XBP 1, and ATF 6 were also elevated after
CIH exposure (Figures 3(d) and 3(e)). However, the acti-
vation of p-PERK, p-elF2«, and p-IRE 1 was inhibited in
the H, group compared to that in the CIH group
(Figures 3(b)-3(d)). Our results revealed that the protein
levels of ATF 4, ATF 6, and XBP 1 (Figure 3(e)) were
all decreased when the CIH rat model was treated with
H,-O, mixture. These results suggested that H,-O, mixture
could reduce ER stress-induced apoptosis via the PERK-el-
F2a-ATF 4, IRE 1-XBP 1, and ATF 6 pathways.

3.4. H,-O, Mixture Greatly Inhibited JNK-MAPK-Induced
Apoptosis. Did H,-O, mixture protect against myocardial cell
apoptosis via the mitochondrial pathway? First, we detected
the occurrence of cardiac apoptosis when rats were exposed
to CIH. As shown in Figure 4(a), a large number of apoptotic
bodies were observed in the left ventricle when the rat model
was exposed to CIH. The total number of apoptotic bodies in
the CIH+H, group was strikingly lower than that in the CIH
group (Figures 4(a) and 4(b)). At the same time, we detected
the effect of H,-O, mixture on some apoptotic signaling mol-
ecules. Our results indicated that H,-O, mixture significantly
increased the decrease in Bcl-2 and reduced the increase in
Bax that were induced by CIH (Figure 4(c)). Similarly, the
ratio of cleaved-caspase 3/procaspase 3 in the left ventricle
was increased in the CIH+H, group compared to that in
the CIH group (Figure 4(d)). Furthermore, we found that
the c-Jun N-terminal kinase- (JNK-) MAPK pathway was
activated in the left ventricle when the rats were exposed to
CIH (Figure 4(e)). However, H,-O, mixture markedly sup-
pressed the phosphorylation of JNK (Figure 4(e)) in the left
ventricle. The results indicated that H,-O, mixture could
attenuate myocardial cell apoptosis via the mitochondrial
pathway induced by CIH.

3.5. H,-O, Mixture Efficiently Reduced Oxidative Stress in
Cardiac Tissue. Oxidative stress might be an inducer of



(e)

6 Oxidative Medicine and Cellular Longevity
Normoxia H, CIH CIH + H,
*“ v ‘ n T; 0.8 E 4 :T; 0.6
GRP 78 Ll ok ..* 78KD & * = 2 -
£ 06 Z3 £ #
Caspase 12 | - Sy S W 16KD o % £ 04
Bo04 # a2 &
S =%
a v}
Tubulin R A A A S (o 55 KD 3 2
= 00 2 0 E 00
Normoxia H,  CIH CIH +H, £ Normoxia H, CIH CIH+H, Normoxia H,  CIH CIH +H,
()
Normoxia H CIH CIH+H .
2 : Normoxia H, CIH  CIH+H, Normoxia H, CIH = CH+H,
P el ' — -
PR ERERE T e e SRR o [ .0 <
L L1 F 5 5 1 | s & & ooemmmt 3 5 3 1 IO
25 1.0 * 15
§ ;SI — ok
* ]
g 2.0 % 0.8 # % 4
4 # 3 =
1.0
£ 15 £ o6 2
I 9 =
!‘3-4 [=% ay
s 1.0 5 04 B
k] 2 g 05
g 05 g 02 g
v v
= = E
0.0 0.0 0.0
Normoxia H, CIH CIH+H, Normoxia H, CIH CIH+H, Normoxia H, CIH CIH+H,
(b) () (d)
Normoxia H, CIH CIH + H,
3 08 o 3 20 315
£ 06 215 # g .
N L
ATF | s s s . s a— — — |37 K % "‘é g L0
2 0.4 510 &
XBP1 29KD % =
TEEEEEEs £ o £ o5 5 05
Tubulin | " — — e S S W (55D o o o
£ 00 £ 00 £ 00
Normoxia H, CIH CIH +H, Normoxia H, CIH CIH +H, Normoxia H, CIH CIH +H,

FiGure 3: The H,-O, mixture-induced inhibition of ER stress caused by CIH for 35 d: (a) the ER stress markers GRP 78, caspase 12, and
CHOP protein expressions; (b-d) the ratios of p-PERK, p-elF2a/elF2«, and p-IRE 1/IRE 1 in the left ventricle; (e) ATF 6, ATF 4, and
XBP 1 protein expressions. The results are presented as the mean + SEM. *p <0.05; **p < 0.01 vs. normoxia group; #p < 0.05 vs. CIH
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cardiac apoptosis when animals are exposed to CIH. We
investigated whether H,-O, mixture enhanced the antioxi-
dant capacity to protect against CIH-induced oxidative stress
injury. SOD and GSH are essentially endogenous antioxi-
dants that scavenge superoxide anion radicals and hydrogen
peroxide [30]. T-SOD and GSH activities were substantially
elevated in the CIH+H, group compared to the CIH group
(Figures 5(a) and 5(b)). However, the MDA content declined
when the rat model was treated with H,-O, mixture during
CIH (Figure 5(c)). NADPH oxidase is an important source
of ROS under some pathological conditions [29]. We found
that the protein level of NOX 2, which is an important sub-
type of NADPH oxidase, was decreased when the rats were
treated with H,-O, mixture compared to that in the CIH
group (Figure 5(d)). The results implied that H,-O, mixture
had ability to scavenge ROS in cardiac tissue exposed to CIH.

4. Discussion

OSA leads to CIH and contributes to cardiovascular diseases
[31]. In this study, echocardiography revealed that cardiac
systolic function declined, as shown by higher values of
LVEDd and lower EF in CIH rats than in normoxia rats,

which is consistent with clinical findings [8]. The morpho-
logical results showed that the CIH rats showed myocardial
fiber fractures and disorders, which might be an important
cause of fibrosis in the heart [32]. In our study, we found that
H,-O, mixture inhalation could protect against the cardiac
dysfunction and structural disorders induced by CIH
in vivo. Furthermore, our study demonstrated that the cardi-
oprotective effect of H,-O, mixture was due to decreased
ROS accumulation by reducing NADPH oxidase expression
and blocking the PERK-elF2a-ATF4, IRE-XBP1, ATF 6,
and JNK signaling that is involved in ER stress and apoptosis
in CIH rats. Similar to other studies [33, 34], there was no sig-
nificant difference between the normoxia and H,-O,
mixture-treated rats. Therefore, we think that H, plays the
protective effect against CIH-induced cardiac damage.

A study showed that CHOP levels were significantly
increased in many cardiac-related diseases [15], and another
study showed that a deficiency in the CHOP gene reduced
apoptosis in response to ER stress [35]. Our results showed
that CHOP proteins were significantly increased in the left
ventricle of the CIH rat model, indicating that the heart
was undergoing apoptosis. During CIH, a large number of
ROS are generated [11, 12], which further accelerates the
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separation of GRP 78 from Bip [20] and activates PERK, IRE
1, and ATF 6 [36, 37]. The activation of PERK, IRE 1, and
ATF 6 is all involved in apoptosis via CHOP [15, 38]. Acti-
vated PERK can phosphorylate elF2« at Ser 51, which selec-
tively induces the translation and protein synthesis of ATF 4
[39]. ATF 4 is a transcription factor and enhances CHOP
translation [38]. Additionally, XBP 1 is spliced by the endor-
ibonuclease of IRE 1 under ER stress [40] and becomes a
potent transcription factor for CHOP [38]. Our results
showed that the PERK-elF2a-ATF4, IRE 1-XBP1, and ATF
6 pathways were all inhibited in the CIH+H, group com-
pared to the CIH group (Figure 3). These results suggested
that ER stress-induced apoptosis was inhibited in cardiac
tissues when CIH rats inhaled H,-O, mixture.

Previous studies confirmed that activated JNK-MAPK
was involved in cell apoptosis induced by oxidative stress
[29, 41]. The high level of ROS directly accelerates
JNK-MAPK signaling activation, resulting in apoptosis
[20, 29]. Activated JNK promotes Bax translocation from
the cytoplasm to the mitochondria and decreases the
expression of the antiapoptotic factor Bcl-2, resulting in
the release of cytochrome C (Cyto C) into the cytoplasm
[42]. Dysfunction in mitochondria would activate caspase
3, degrade the downstream substrate, and eventually lead to
apoptosis [43]. Our results showed a lower ratio of Bcl-2/Bax,
and the activation of caspase 3 and JNK was induced during
CIH (Figure 4). We found that the JNK-MAPK pathway was
significantly inhibited when CIH rats were treated with
H,-O, mixture. Furthermore, studies have reported that

JNK-MAPK signaling was also related to ER-induced apo-
ptosis [20, 44]. Studies revealed that activated PERK could
induce JNK phosphorylation [11] and that phosphorylated
IRE 1 was able to recruit TNFR-associated factor-2 (TRAF-2)
and activate the downstream target phospho-JNK-MAPK
[44]. In addition, activated CHOP is also involved in apopto-
sis via downregulating Bcl-2 expression [45]. Our results
showed that p-PERK, p-IRE, and CHOP were all inhibited
when rats were treated with H,-O, mixture (Figure 3).
Therefore, JNK-MAPK signaling played multiple roles in
the cardioprotective effects of H,-O, mixture (Figure 6).

During the hypoxia/reoxygenation process, ER stress
causes calcium ions to continuously drain from the ER
and accumulate in mitochondria [10]. The lower calcium
ion level induces calcium/calmodulin-dependent protein
kinase II (CAMKII) expression, resulting in caspase 12
activation [46]. Furthermore, activated caspase 12 could
trigger the caspase cascade in response to ER stress. Caspase
9 activation could be achieved by caspase 12 directly or by an
Apaf-1/Cyto C mechanism [43, 46]. The activated caspase 9
catalyzes the cleavage of procaspase 3, resulting in apoptosis
[43, 46]. In this study, we also found that caspase 12 protein
levels declined when rats were treated with H,-O, mixture
(Figure 3(a)). Therefore, H,-O, mixture played an active role
in resisting cardiac apoptosis induced by ER stress.

Similar to the injury caused by ischemia-reperfusion,
hypoxia and reoxygenation injury caused by CIH is the most
important pathophysiological features of OSA [47]. During
hypoxia, ATP is decreased, and oxidative phosphorylation
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FIGURE 6: A schematic graph of the proposed cardioprotective mechanism of H, when rats were exposed to CIH. H, reduced the high level of
ROS by elevating SOD and GSH activities and decreasing NOX 2 and the MDA content. H, inhibited ER stress by downregulating GRP 78,
CHOP, and caspase 12 proteins. H, decreased CIH-induced apoptosis via three major ER stress response pathways: PERK-eIF2a-ATF4, IRE
1-XBP1, and ATF 6. H, attenuated the JNK-MAPK pathway involved in apoptosis.

of mitochondria is also weakened [48]. When reoxygenation
occurs, a large number of oxygen molecules enter mitochon-
dria, and a large number of ROS are generated, including
hydroxyl radicals, oxygen radicals, and hydrogen peroxide
(48, 49]. Hydroxyl radicals are the most cytotoxic of ROS;
H, has a strong ability to eliminate hydroxyl radicals and per-
oxynitrite [22, 24]. Previous researches have demonstrated
67% H, and 33% O, mixture gas strikingly decreased ROS
induced by ischemia-reperfusion in the brain [34, 50], liver
[51], and heart [52] in animal models. Clinical studies have
reported 67% H, and 33% O, mixture reduced the inspira-
tory effort in patients with acute severe tracheal stenosis
[53] and restored the exhausted supply of CD8+ T cells in
patients with advanced colorectal cancer [54]. Our results
showed 67% H, and 33% O, mixture gas increased T-SOD
and GSH activity and decreased MDA content against the
elevated ROS level induced by CIH. Other studies also dem-
onstrated H, could increase catalase activity [33, 55], induce
Nrf 2 transcription [56], and elevate heme oxygenase-1
expression [57] against oxidative stress injury.

During hypoxia and reoxygenation, neutrophils are
activated, which triggers NADPH oxidase on the cell
membrane and induces the production of free radicals
[48, 58]. Heymes et al. first reported that NADPH oxidase
was expressed in human myocardium [59] and was an
important contributor to oxidative stress [60, 61]. In addi-
tion, NOX 2 (a subtype of NADPH oxidase) is specifically
expressed in the cytomembrane [59] and plays an integral
role in the oxidation-reduction signal pathway [62]. Our
results revealed that H,-O, mixture considerably reduced
CIH-induced ROS levels by inhibiting NOX 2 expression
(a subtype of NADPH oxidase) (Figure 5). NOX 2 has also
been reported to be an inducer of ER stress that mediates
apoptosis through a CHOP/CAMKII pathway [63]. There-
fore, lower NOX 2 levels suggested decreased ROS levels
and CHOP-derived apoptosis when rats were exposed to

CIH (Figure 6). Therefore, we considered H,-O, mixture
to be a safe and effective antioxidant.

5. Conclusion

In conclusion, our results revealed that H,-O, mixture effi-
ciently improved cardiac dysfunction and structural disor-
der. The cardioprotective effect of H,-O, mixture was due
to its ability to decrease ROS levels that were induced by
CIH. Furthermore, our results revealed that H,-O, mixture
dramatically reduced ER stress and apoptosis when rats were
exposed to CIH. The data showed evidence that H,-O, mix-
ture protected against the cardiac injury induced by CIH.
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Cancer is the second most frequent cause of death worldwide. It is considered to be one of the most dangerous diseases, and there is
still no effective treatment for many types of cancer. Since cancerous cells have a high proliferation rate, it is pivotal for their proper
functioning to have the well-functioning protein machinery. Correct protein processing and folding are crucial to maintain tumor
homeostasis. Endoplasmic reticulum (ER) stress is one of the leading factors that cause disturbances in these processes. It is induced
by impaired function of the ER and accumulation of unfolded proteins. Induction of ER stress affects many molecular pathways
that cause the unfolded protein response (UPR). This is the way in which cells can adapt to the new conditions, but when ER
stress cannot be resolved, the UPR induces cell death. The molecular mechanisms of this double-edged sword process are
involved in the transition of the UPR either in a cell protection mechanism or in apoptosis. However, this process remains
poorly understood but seems to be crucial in the treatment of many diseases that are related to ER stress. Hence, understanding
the ER stress response, especially in the aspect of pathological consequences of UPR, has the potential to allow us to develop

novel therapies and new diagnostic and prognostic markers for cancer.

1. Introduction

Cancer refers to any of a large number of diseases character-
ized by the development of abnormal cells that divide
uncontrollably and have the ability to infiltrate and destroy
normal body tissue. In the context of rapidly proliferating
cells, there is a large demand for protein synthesis [1]. The
endoplasmic reticulum (ER) is a cellular organelle responsi-
ble for the synthesis and proper folding of transmembrane
proteins [2]. Many insults, including hypoxia, nutrient star-
vation, acidosis, redox imbalance, loss of calcium homeosta-
sis, or exposure to drugs or other compounds, are capable of
disturbing ER homeostasis, resulting in diminished capacity
for proper protein folding.

These factors can result in unfolded and improperly
folded proteins, termed ER stress. Upon ER stress condi-
tions, the activated master regulators of the unfolded protein
response (UPR) communicate to the nucleus to regulate the

transcription of genes involved in protein folding and pro-
cessing to increase the ER protein folding capacity, ERAD,
and autophagy components. This further leads to reduction
in ER workload and cell survival and death factors to deter-
mine the fate of the cell depending on the ER stress condi-
tion [3]. Cancerous cells rely on these UPR pathways to
adapt to perturbations in ER folding capacity due to the hos-
tile tumor microenvironment as well as the increase in
unfolded and misfolded proteins [4]. When the UPR fails
to restore ER homeostasis and attenuate ER stress, the
UPR activation induces apoptosis [5]. Therefore, UPR can
be therapeutically exploited to reduce the survivability of
malignant cells or tip the balance towards apoptosis.

In this review, we have discussed the studies on ER
stress-induced UPR signaling in cancer as well as other var-
ious diseases and applications of ER stress-modulating mol-
ecules in therapy. The use of PERK kinase inhibitors appears
to be a chance for a modern personalized therapy for people
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for whom other therapies have failed. This article is a short
analysis of publications published so far in this field.

2. ER Stress, UPR, and Their Role in the
Disease Development

The stress of the endoplasmic reticulum (ER) can be induced
by various factors. In response to it, the UPR pathway is acti-
vated. It is responsible for preservation of cell homeostasis.
This ER balance can be perturbed by physiological and path-
ological insults such as high protein demand, infections,
environmental toxins, inflammatory cytokines, and mutant
protein expression resulting in the accumulation of mis-
folded and unfolded proteins in the ER lumen, a condition
termed as ER stress.

The stress of the endoplasmic reticulum is associated
with the activation of three factors: PKR-like ER kinase
(PERK), activating transcription factor 6 (ATF6), and
inositol-requiring enzyme 1 (IRElx). Studies on the role
of this pathway and the effects of its inhibition show dif-
ferent results depending on the activated factor and the
type of cancer.

The regulation of the protein synthesis process in
response to stress conditions is based on the phosphoryla-
tion of the eIlF2« factor by PERK kinase [6]. Interestingly,
higher levels of the phosphorylated eIlF2« protein have been
discovered in the course of neoplastic diseases, e.g., breast
cancer [7]. Activation of the UPR pathway results in the res-
toration of cellular homeostasis by increasing the translation
of ATF4 mRNA which is responsible for the expression of
proadaptive genes needed to transmit a signal that allows
the cell to survive during stressful conditions [8]. The pro-
longed stress of the endoplasmic reticulum results in an
increased transcription of the CCAAT-enhancer-binding
protein homologous (CHOP) protein [9]. It is a factor that
can both direct the cell to the pathway of programmed death
(by weakening the expression of antiproapoptotic Bcl-2 pro-
teins and activation of BIM proteins that bring cells to the
apoptosis pathway and enable cell survival by inducing the
expression of the GADD34 and EROla genes [6, 10]. On
the other hand, it is responsible for the weakening of the
UPR associated with PERK kinase and the proapoptotic
response induced by the CHOP protein [11, 12].

Other pathway that partially has a crosstalk with the
PERK branch of UPR is IREla. IREle is a kinase that
undergoes autotransphosphorylation upon ER stress condi-
tions, leading to endoRNase activation. Active IRE1 intro-
duces nicks in X-box-binding protein-1 (XBP1) mRNA,
and ligation of the remaining 5" and 3’ fragments resulting
in the activation of XBP1s (spliced form) Lu et al. [13]. It
modulates the expression of several UPR target genes
involved in ER folding, glycosylation, and ER-associated
degradation (ERAD) [14]. Moreover, the IRE1/endo-RNAse
activity can affect mRNAs and microRNAs and cause regu-
lated IRE1-dependent decay (RIDD). RIDD has emerged as
a novel UPR regulatory component that controls cell fate
under ER stress [15].

The last branch of ER stress-induced cellular response
via UPR is the activation of ATF6. It was primarily identified
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as a cytoprotective factor during ER stress [16]. ATF6 is acti-
vated by proteolysis and acts as a transcriptional factor for
regulating the downstream expression of genes responsible
for stresses [17]. Studies have shown that activated ATF6
signaling is correlated with lower OS of patients with various
types of tumors, cancer recurrence, metastatic lesions, tumor
growth, and resistance to radio- and chemotherapy [18]. The
UPR signaling cascade is shown in Figure 1.

3. Major Inducers of ER Stress

UPR is a factor of known prosurvival factor of tumor cells
that can act via adaptive mechanism during cancer progres-
sion. In the context of cancer, different extrinsic (hypoxia,
nutrient deprivation, and acidosis) and intrinsic (oncogene
activation) factors cause endoplasmic reticulum stress and
trigger the UPR.

One of the major factors inducing the UPR pathway is
hypoxia. The tumor microenvironment is characterized by
low oxygen concentration that is related to rapid tumor
growth. Cancer cells in this environment show a high prolif-
erative potential and, together with the increase in oxygen
concentration, an increasingly aggressive phenotype. Previ-
ous studies suggest that hypoxia weakens protein biosynthe-
sis due to the stress of the endoplasmic reticulum, which
leads to the activation of the response pathway to UPR. Acti-
vation of the UPR in hypoxic tumors leads to increased
autophagy [19]. Autophagy liberates amino acids from
long-lived proteins and damaged organelles. In multiple cell
lines, PERK mediates the upregulation of LC3 and
autophagy-related gene 5 via ATF4 and CHOP, respectively,
promoting phagophore formation.

Oxidative stress is also one of the main factors causing
ER stress. Reactive oxygen species (ROS), i.e., molecules hav-
ing an unpaired electron, such as hydroxyl (OH) and super-
oxide (O,) radicals, are formed endogenously during the
processes occurring in the respiratory chain in the mito-
chondria; hence, their increased amount can be observed
in cells with high-energy demand. O, may form nitrate
(ONOO-) together with nitric oxide (NO), which is an
extremely overreactive molecule and may interfere with pro-
teins and DNA causing their oxidation or nitration [20].
They arise in large quantities under hypoxia conditions,
which stimulate mitochondrial activity. Free radicals can
also be delivered to the body exogenously by eating fried
and grilled products. Their production is also induced by
smoking cigarettes. Free radicals in the human body perform
many roles such as signaling, regulation of gene expression,
or modulating the level of calcium in the cell [20]. Their
excess, however, can be harmful. Oxidative stress interferes
with the process of protein folding, leading to the formation
of deposits of unfolded proteins, which induces ER stress
[21]. Studies carried out on mice may confirm this directly
[22]. In transgenic animals that overexpressed the superox-
ide dismutase (SOD) gene, ATF4 and CHOP levels were
observed to be lower than in wild type. It follows that the
apoptotic death of hippocampal cells after ischemia associ-
ated with ER stress in these mice occurs to a lesser extent
if the process of eliminating free radicals is more efficient.
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Ficure 1: The UPR signaling cascade. UPR pathways are activated through competitive binding of the chaperone immunoglobulin
heavy-chain-binding protein (BiP) also known as glucose-regulated protein 78 (GRP78) to the receptors. Accumulation of misfolded or
unfolded proteins in the endoplasmic reticulum (ER) leads to the dissociation of BiP from 3 transducers: PERK (double-stranded
RNA-activated protein kinase-like ER kinase), ATF6 (activating transcription factor 6), and IREl (inositol-requiring enzyme). Upon
activation, PERK phosphorylates and deactivates the eukaryotic initiation factor (eIF2a), which results in an increased level of ATF4.
This triggers the activation of C/EBP homologous protein (CHOP). Subsequently, DNA damage-inducible protein transcript (GADD)
expression is also elevated, what negatively regulates e[F2a¢ phosphorylation and restores translation. While initially contributing to
cellular survival in conditions of ER stress, PERK is considered proapoptotic due to strong induction of CHOP in chronic or terminal
ER stress. PERK also regulates several transcription factors including NRF-2 that upregulate the antioxidant response and ATF4 which
can lead to both protective and apoptotic signaling. Upon activation, ATF6 is released from BiP that is trafficked to the Golgi apparatus
(it consists of two Golgi localization signals, GLS) and cleaved by the proteases into two subunits. Then it translocates to the nucleus
where it is the promoter region of UPR target genes termed the endoplasmic reticulum stress element (ERSE), activating genes
responsible for the components of the UPR response and leads to the induction of molecular chaperones (e.g., GRP78, Grp94, and
calreticulin, as well as CHOP and XBP1). The various ER chaperones are part of a protective adaptive response that regulates protein
folding and other components of the UPR. ATF6 is primarily considered prosurvival due to its role in promoting the transcription of
chaperones and XBP1. IRE-1 activation is responsible for in the unconventional splicing of XBP-1 mRNA. Spliced XBP-1 encodes a
transcription factor that activates the expression of UPR genes, such as chaperones and ER-associated degradation proteins (ERAD).
These include the activation of the cell death machinery, degradation of ER-localized mRNAs that encode secreted and membrane
proteins through the RIDD (regulated Irel-dependent decay) pathway, and induction of autophagosomes. This signaling cascade
increases the folding capacity of the ER and causes degradation of misfolded proteins. IRE1 is mainly considered as a prosurvival
pathway, but it also can contribute to apoptosis through the activation of JNK-dependent pathway.

Induction of oxidative stress is closely related to
inflammatory processes. Chronic inflammation can lead
to the release of inflammatory factors such as prosta-
glandins, production of ROS, and secretion of
tumor-promoting cytokines. These molecules promote
the survival, growth, and metastasis of tumor cells
through NFKB/NFkB (nuclear factor kappa B; mediators
downstream of the UPR), STAT3 (signal transducer and
activator of transcription 3), and AP-1 (AP-1 transcrip-
tion factor) signaling pathways as well as cytokines such
as IL1B/IL1b, IL6, IL11, and IL23A [23]. Experiments
performed on pancreatic islet cells and in mice with type

2 diabetes mellitus showed that cytokines such as IL-1B,
IL-23, and IL-24 can induce ER stress [21]. By adminis-
tering serum with antibodies against this particular
interleukin, an improved glycemic control and a reduc-
tion in ER stress were achieved. The experiments carried
out in 2010 by scientists from Belgium, Germany,
Greece, and USA have also shown that interferons can
cause disturbances leading to excessive ER stress [24].

Other factor that can induce ER stress is ionizing
radiation (IR). It is proven that IR can evoke the activa-
tion of the PERK-elF2a pathway and subsequently cell
death [25, 26].



During cancer genesis, an acute demand of protein syn-
thesis is also needed to support different cellular functions,
such as tumor proliferation, migration, and differentiation,
often driven by oncogenic activation [27]. Eukaryotic cells
react to the nutrient starvation by activation of the integrated
stress response (ISR). It is driven by kinases (including GCN2
and PERK kinase) that induce eIlF2«a phosphorylation and
translation of ATF4 [28]. ATF4 regulates adaptation to
amino acid deprivation (AAD) by regulation of amino acid
transporter expression (SLC3A2, SLC7A5, and GLYT1) and
enzymes of amino acids metabolism. Additionally, activation
of ATF4 is also vital for suppressing oxidative stress through
the induction of glutathione biosynthesis [29]. ATF4 is a
protein necessary for cancer cells growth proliferation. Data
has shown that ATF4-deficient cell cultures have to be sup-
plemented with antioxidants and necessary amino acids to
survive [30, 31]. GCN2 activation/overexpression and
increased phospho-elF2a were observed in human and
mouse tumors compared with normal tissues and abroga-
tion of ATF4 or GCN2 expression significantly inhibited
tumor growth in vivo [31]. Additionally, Wang et al. [32]
showed that amino acid deprivation promotes tumor angio-
genesis through the GCN2/ATF4 pathway [32].

UPR can also be induced by glucose deprivation and
subsequent acidosis. Tumor cells adapt to low glucose levels
by switching to a high rate of aerobic glycolysis, which is
correlated with the expression of glucose transporter GLUT1
[33]. The resulting lactic acid production reduces the pH
and thus causes acidosis. It is an important feature of the
tumor microenvironment that can increase tumor survival
rate and its progression by the regulation of CHOP and
BCL-2 (B-cell leukemia/lymphoma-2) protein family mem-
bers [34]. The glucose-regulated protein family, which
includes the master UPR regulator GRP78, was discovered
due to the upregulation of its members in response to glu-
cose deprivation [35]. Also, elevated XBP1 splicing level
was observed upon exposure to a nonmetabolizable glucose
analog that simulates glucose deprivation [36].

The most potent intrinsic factors that induce UPR are
activated oncogenes. We will discuss three of them: RAS,
BRAF, and c-MYC.

Data show that oncogenic HRAS induces and activates
the IREla RNase in primary epidermal keratinocytes
through the MEK-ERK pathway and that IREl«a and Xbp1
splicing are elevated in mouse cutaneous squamous tumors
[37]. Moreover, HRAS(G12V)-driven senescence was
mediated by the activation of all arms the ER-associated
unfolded protein response. It was also found that oncogenic
forms of HRAS (HRAS(G12V)), but not its downstream
target BRAF (BRAF(V600E)), engaged a rapid cell-cycle
arrest and were associated with massive vacuolization and
expansion of the ER [38]. ATF4-deficient MEFs trans-
formed with SV40 large T antigen and HRAS(G12V) onco-
genes displayed a slow growth, failed to form colonies on
soft agar, and formed significantly smaller tumors in vivo
due to suppressing expression of the INK4a/ARF [39].
Transformation of PERK-deficient cells by SV40 large T
antigen and K-RAS (G12V) did not affect growth and
anchorage-independent growth, suggesting that ATF4
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could have some PERK-independent functions during
transformation [40]. Increased levels of p-elF2«, XPBIs,
and GRP78 were observed in Nfl/p53 mutant mouse model
of malignant peripheral nerve sheath tumors (MPNSTs),
suggesting that the UPR is activated in HRAS-driven
tumors in vivo [41].

The BRAF(V600E) mutation is present in up to 70% of
malignant melanoma and other cancers and results in an
increased activation of the kinase, leading to enhanced
MEK/ERK signaling in the absence of extracellular signals
[42]. Tt was proven that the presence of this mutation
increased protein synthesis and activated XBP1 and GRP78
in human melanocytes. Activation of the UPR was depen-
dent on protein synthesis, as suppression of protein synthe-
sis attenuates the activation of XBP1s and GRP78 as well as
induced autophagy via IRE1 and PERK [43-45].

c-Myc drives important biological processes such as cell
growth, proliferation, and its metabolism (especially protein
synthesis) and regulates apoptosis [46]. Recent studies
showed that cell autonomous stress, such as activation of
the protooncogene MYC/c-Myc, can also trigger the UPR.
It was demonstrated that c-Myc and N-Myc activated the
PERK/elF2a/ATF4 arm of the UPR, leading to an increased
cell survival via the induction of cytoprotective autophagy.
Inhibition of PERK significantly reduced Myc-induced
autophagy, colony formation, and tumor formation. More-
over, pharmacologic or genetic inhibition of autophagy
resulted in increased Myc-dependent apoptosis [47]. Dey
et al. [48] also observed EIF2AK3/PERK-dependent induc-
tion of cytoprotective autophagy in MYC-overexpressing
cells. The deregulated expression of Myc drives tumor pro-
gression in most human cancers, and UPR and autophagy
have been implicated in the survival of Myc-dependent can-
cer cells. Data obtained in the animal model (Drosophila
melanogaster) show that UPR, autophagy, and p62/Nrf2 sig-
naling are required for Myc-dependent cell growth [49].

A number of studies confirm the role of the excess
of unfolded proteins in the induction of the PERK
kinase-dependent pathway. ER stress is induced to
restore cell homeostasis by inhibiting translation.

4. Cancer Cell Targeting via Apoptosis Pathway
or Promoting Cell Survival

The stress of the endoplasmic reticulum is associated with
the activation of three factors: PERK, ATF6, and IREla.
Studies on the role of this pathway and the effects of its inhi-
bition show different results depending on the activated fac-
tor and the type of cancer.

The role of ER stress as an important factor in cancer
development has been proposed in 2004, and since then there
are more and more evidence confirming this thesis [50]. For
instance, increased expression levels of the major compo-
nents of the UPR such as PERK and ATF6, IREla, both
unspliced and spliced XBP1, were observed in tissue sections
from a variety of human tumors including brain, breast, gas-
tric, kidney, liver, lung, and pancreatic cancers [51-58].
Moreover, the chaperone GRP78 that is linked to higher
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tumor grades dissemination/metastasis of human tumors
and reduced overall survival (OS).

Rubio-Patino et al. [59] showed that in mice with colo-
rectal malignancies, activation of the IREl-associated UPR
pathway led to reduced tumor growth and increased survival
[59]. This study, through a low-protein diet, induced ER
stress in tumor cells. During the experiment, it also turned
out that under such conditions the immune response is much
more efficient; these mice had an increased number of NK
cells and CD3 + CD8 + lymphocytes infiltrating the tumor.
Inhibition of this pathway by the inhibitor resulted in a
reduction in the beneficial effect of the low-protein diet,
which suggests that the UPR-related pathway associated with
IREla directed the cells to the pathway of apoptosis and
increased sensitivity to the immune system.

It should be noted that studies regarding the role of IREla
activated in the group of patients with breast cancer showed
that splicing XBP1 associated with the above-mentioned fac-
tor leads to the adaptation of cells to the conditions of hyp-
oxia [60]. Such tumors are characterized by a worse
prognosis. This underlines the very important role of accu-
rate determination of the impact of UPR pathway activation
on tumor progression.

In patients with chronic B-chronic lymphocytic leukemia
(B-CLL), it was shown that the induction of the UPR path-
way associated with ER stress (activation of PERK kinase)
leads to apoptotic death of tumor cells. This effect was con-
firmed by the influence of commercially available ER stress
inducers (thapsigargin and tunicamycin) on the progression
of tumor growth. Researchers have shown that these com-
pounds induce apoptosis of cells in patients with B-CLL
[61]. On the other hand, ER stress also triggers survival sig-
nals in B-CLL cells by increasing BiP/GRP78 expression.

The branch of the UPR pathway associated with PERK
kinase is responsible for the induction of blood vessel forma-
tion in tumor cells under hypoxic conditions. Angiogenesis
is mediated by ATF4, which induces the expression of vascu-
lar endothelial growth factor (VEGF) [62]. Data have shown
that ATF4 binds to the regulatory site of VEGF [63]. More-
over, in vitro studies revealed that partially blocking UPR
signaling by silencing PERK or ATF4 significantly reduced
the production of angiogenesis mediators induced by
glucose deprivation [63].

In the melanoma patients, the role of the UPR pathway in
promoting cell survival has been confirmed [64]. It induces
the expression of proadaptive proteins and at the same time
lowers proapoptotic proteins. It also increases the process
of autophagy, which allows cancer cells to recover the neces-
sary components, such as amino acids, and remove damaged
organelles from cells that are older and more damaged.

It has also been confirmed that the UPR pathway associ-
ated with PERK promotes the progression of colorectal
tumors. It has been shown that PERK plays an important role
in tumor cell adaptation to hypoxic stress by regulating the
translation of molecules that promotes cellular adhesion,
integrin binding, and capillary morphogenesis necessary for
the development of functional microvessels [65]. The associ-
ation of ATF4 factor promoting angiogenesis and proadap-
tive gene expression is suspected, and GADD34, which

prevents apoptosis induction during prolonged ER stress,
by lowering overtranslation of proteins [66].

Pancreatic cancer cells are under permanent high hyp-
oxic state caused by large volume of the tumor, and only a
small fraction of cancer cells are at the normal oxygena-
tion levels of the surrounding normal pancreas [67]. Choe
et al. (2011) showed that in pancreatic cancer cells, activa-
tion of the PERK and IRE1 arms of the UPR are delayed
in the presence of ER stressors, compared to normal pan-
creatic cells. This was attributed to an abundance of
protein-folding machinery, such as chaperones. Addition-
ally, once activated, the prosurvival XBP1 was noted to
be activated for a longer period of time in cancer cells
when compared to normal cells [68]. Moreover, the
unfolded protein response seems to play a predominant
homeostatic role in response to mitochondrial stress in
pancreatic stellate cells. Su et al. evaluated AMPK/mTOR
signaling, autophagy, and the UPR to cell fate responses
during metabolic stress induced by mitochondrial dysfunc-
tion [69]. Rottlerin treatment induced rapid and sustained
PERK/CHOP UPR signaling, causing loss of cell viability
and cell death. As well as adapting to chronic ER stress,
it has been recently postulated that anterior-gradient 2
(AGR2) may contribute to the initiation and development
of PDAC [70].

In addition, the experiment conducted by Liu et al. [71]
showed that activation of the UPR pathway leads to the
change in ATF6a, PERK, and IREl« expression and is asso-
ciated with progression of prostate cancer, worse prognosis,
and more aggressive growth [71].

The summary and additional information of the UPR
involvement in the pathogenesis and progression of various
types of cancer is presented in Table 1.

5. ER Stress and Cancer Treatment—Novel UPR
Modulating Factors

ER stress plays a large role in both progression and mod-
eration of response to cancer chemo- and radiotherapy.
Activation of the UPR pathway takes place under the
influence of many factors, which are subjected to a cancer
cell: unfolded proteins (protein economy is intensified dur-
ing cancer, which is a very dynamic process), hypoxia
(associated with excessively fast nascent tumor mass), pH
changes, or chemotherapy [84].

GPR78 as the chaperone protein is an interesting tar-
get for the anticancer therapy, especially in cancer steam
cells, and was partially effective in head and neck cancer
treatment [85]. An immune adjuvant therapy seems to
be effective since monoclonal antibody against GRP78
was shown to suppress signaling through the PI3K/Akt/m-
TOR pathway, which is responsible for radiation resistance
in nonsmall cell lung cancer and glioblastoma multiforme
(GBM). It was shown that ionizing radiation increased
GRP78 expression through the induction of ER stress,
and treatment with the monoclonal antibody along with
ionizing radiation in mouse xenograph models showed a
significant tumor growth delay [86]. Other study reveals
that using a phage, displaying a ligand specific to GRP78
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TasLE 1: UPR involvement in cancers.

UPR linked to cancer Cancer type Branch of the UPR References

PERK/elF2« axis activation is associated with the loss of
CRC stemness
Cancer initiation IREl« pathway induces intestinal stem cell expansion [72, 73]

XBP1 loss in epithelial cells results in intestinal stem cell
hyperproliferation
Prostate cancer Change in ATF6a, PERK, and IREl« expression

B-CLL BiP/GRP78 overexpression triggers survival signals and
prevents apoptosis

Colitis-associated cancer model

Tumor quiescence and e . Constl.tutlvelydactlve )I(I}{SFE)I (x/XlZI.’ls ZX}IIS con.fer.s }élgh.irl
aggressiveness riple-negative breast cancers aggressiveness due to l—me' iated hypoxia-inducible
factor-1a activation

(60, 61,71,
74, 75

IREla endoribonuclease activity regulates the extracellular
Glioblastoma (GBM) matrix protein SPARC (secreted protein acidic and rich in
cysteine) involved in GBM tumor invasion

Increased expression of XBP1s in metastatic tumors
correlates with the EMT inducer SNAIL (snail-related
protein)
LOXL2 (lysyl oxidase-like 2)/GRP78 activates the
IRE1-XBP1 signaling induce EMT-linked transcription
factors expression: SNAII (snail family transcriptional
Tumor Breast tumors thvroid cell repressor), SNAI2, ZEB2 (zinc-finger E-box-binding
epithelial-to-mesenchymal . A homeobox 2), and TCF3 (transcription factor 3) [76-78]
. glioblastoma (GBM) . . ) .
transition Serpin B3, a serine/cysteine protease inhibitor
overexpression, is associated with chronic UPR induction
leading to nuclear factor-«xB activation and interleukin-6
production
PERK constitutive activation correlates with the
overexpression of the TWIST (twist-related protein)
transcription factor

Human head and neck squamous Amino acid deprivation promotes tumor angiogenesis
cell carcinoma through the GCN2/ATF4 pathway

Glucose deprivation-induced UPR activation promotes
Human head and neck squamous  upregulation of proangiogenic mediators (VEGF, FGF2,
cell carcinoma, breast cancer, and and IL6) and downregulation of several angiogenic
glioma cell lines inhibitors (THBS1, CXCL14, and CXCL10) through the
PERK/ATF4

Hypoxic stress-induced PERK overexpression stimulates

Colorectal . .
olorectal cancer the creation of microvessels (32,63, 65,

Tumor angiogenesis
IREl« signaling induce vascular endothelial growth 79-82]
factor-A (VEGEF-A), interleukin-1p, and interleukin-6
. IREla-mediated mRNA cleavage of the circadian gene
Glioblastoma (GBM) PERIODI,92 an important med%ator of regulation (%f the
CXCL3 chemokine supports tumor angiogenesis
PERK-ATF4 branch upregulates VEGF in hypoxia

Chaperone ORP150 (oxygen-regulated protein 150)
Prostatic and glioma cancer cells  controls tumor angiogenesis by promoting the secretion of
VEGF

Hypoxia-inducible factor-1« activation, XBP1 upregulates
glucose transporter 1 expression promotes glucose uptake
of IREla, XBP1s downstream activates enzymes of the
hexosamine biosynthetic pathway expression

PERK/eIF2a/ATF4 pathway activation protect tumor cells
through autophagy induction via LC3B (autophagy protein
microtubule-associated protein 1 light chain 3b) and ATG5
(autophagy protein 5)
TNF receptor associated factor 2 (TRAF2)/IRElw activates
c-Jun N-terminal protein kinase induces autophagy

Tumor metabolic processes  Triple-negative breast cancer cells [83]

Tumor autophagy Triple-negative breast cancer cells [19, 83]
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with the antiviral drug ganciclovir, prostate cancer bone
metastasis tumors were reduced by an average of 50% [87].

A group of patients with AML has been studied for
molecular changes that allow survival and resistance to treat-
ment. The results clearly indicate the role of the proadaptive
pathway associated with ER stress mediated by PERK kinase.
In the case of PERK, selective ATP-competitive PERK kinase
inhibitors such as GSK2606414 or GSK2656157 were anti-
proliferative in multiple cancer models in vivo including
multiple myeloma [88, 89]. In the AML cells obtained from
the mouse model in which GSK2656157, a PERK inhibitor,
was used, the response to treatment was better. An 80%
greater decrease in tumor colony growth was obtained
against the group in which the UPR pathway occurred cor-
rectly [90]. In case of human multiple myeloma, other ER
stress modulator STF-083010, a small-molecule inhibitor of
Irel, is a promising target for anticancer therapy [91].

It has been demonstrated that tyrosine kinase inhibitors
(TKIs) on Hodgkin’s lymphoma are correlated to increase in
ER stress and ER stress-induced apoptosis. After treatment
of L-428, 1-1236, and KM-H2 cells with the TKI sorafenib,
the elevated level of p-PERK and phosphorylation of elF2«
were observed. In addition, proapoptotic signaling molecules
GADD34 and CHOP were noted to be upregulated after
incubation with sorafenib [92].

It has been also proven that PERK regulates glioblastoma
sensitivity to ER stress through promoting radiation resis-
tance [25]. By inhibiting PERK, it was determined that ion-
izing radiation- (IR-) induced PERK activity led to elF2«
phosphorylation. IR enhanced the prodeath component of
PERK signaling in cells treated with Sal003, an inhibitor of
phospho-elF2«a phosphatase. Mechanistically, ATF4 medi-
ated the prosurvival activity during the radiation response.
The data support the notion that induction of ER stress sig-
naling by radiation contributes to adaptive survival mecha-
nisms during radiotherapy.

Adaptation to an environment conducive to ER stress is
essential for survival and propagation of pancreatic cancer
cells. In vitro studies of diindolylmethane derivatives have
shown similar ER stress induction activity as thapsigargin
followed by subsequent apoptosis via death receptor 5
(DR5) through induction by CHOP [93]. Other compound,
a proteasome inhibitor called bortezomib, was increasing the
levels of GRP78, CHOP, and c-Jun NH2 terminal kinase
(JNK) in L3.6pl pancreatic cancer cells, yet interestingly at
the same time was blocking PERK autophosphorylation,
and thus inhibiting phosphorylation of elF2« [94].

ER stress can be a factor supporting the progression of
colorectal cancer. It has been proven that in cell lines of
colorectal cancer it plays an important role in the loss of
the intestinal stem cell (ISC) phenotype. Activation of the
PERK elF2« branch in response to ER stress leads to the
transformation of CRC cells to a more aggressive type [84].

It has been shown that activation of the UPR pathway
and adaptation to stress conditions lead to the emergence
of a chemotherapy-resistant phenotype HT-29/MDR [95].
This process takes place by activating the PERK/Nrf2/MRP1
axis. MRP1 is a protein belonging to membrane transporters.
Its activity is inversely proportional to the concentration of

doxorubicin in the cell. The induction of MRP1 protein
expression by PERK kinase under ER stress conditions was
associated with a lower concentration of the chemotherapeu-
tic agent in the cell and hence resistance to treatment [95].

Activation of the UPR pathway in response to ER stress
involves targeting the cell both to the apoptosis pathway and
to enable its survival. The pathways leading to cell survival
allow clones to resist both treatment [84] and those more
susceptible depending on the type of chemotherapy and
tumor phenotype used [96].

The research conducted by Wielenga et al. [96] in colo-
rectal cancer cells showed that the induction of tumor cell
differentiation before stress ER leads to the formation of
clones that are more susceptible to chemotherapy [96]. Cell
lines taken from patients with colorectal cancer were
exposed to an ER stress inducer (subtilase cytotoxin AB,
SubAB). The results were as follows: in vitro activation of
the UPR pathway led to the differentiation of tumor cells
whose colonies had increased sensitivity to chemotherapy
in the form of oxaliplatin. In vivo, supportive treatment in
the form of SubAB was shown to improve the tumor
response to oxaliplatin, but the experiment did not prove
in this model that this was directly due to the changes in
the phenotype of the derived cells.

The induction of ER stress with various substances,
moderating the course, blocking the branches of the UPR
pathway is currently used in in vitro and in vivo models to
assess their impact on growth and progression of CRC.
Treatment trials are divided into two streams of ER stress
use. One of them induces it with compounds that activate
the proapototic pathway. The other uses the assumption that
CRC stem cells, thanks to the PERK/eIF2« pathway, differ-
entiate into more aggressive phenotypes and the fact that
the primary role of the UPR pathway is to restore homeosta-
sis in the cell and allow it to survive under stress conditions
through its other branches.

Yang et al. [97] using levistolide A induced the formation
of free radicals that caused ER stress [97]. The wild type and
p53-/- CRC colonies treated with this compound were
reduced, since the cells were subject to apoptosis. Adminis-
tration of N-acetylcysteine, which blocked the action of levis-
tolide A, had an effect in the reduction of tumor mass.

The effect of tolfenamic acid, which belongs to the
NSAIDs group, was also investigated on the development
of CRC [98]. Tolfenamic acid promotes ER stress, result-
ing in the activation of the unfolded UPR signaling path-
way, of which PERK-mediated phosphorylation of
eukaryotic translation initiation factor 2« (elF2«) induces
the repression of cyclin D1 translation. In mice with
FAP syndrome, the apoptosis in CRC cells was induced
through the branch associated with ATF4. It also corre-
lated positively with the decrease in the concentration of
cyclin D1 and the activity of Rb oncogene. The result of
this study may suggest a likely mechanism of beneficial
effects of NSAIDs on the risk of CRC.

Other study confirms the positive effect on CRC tumor
regression, due to the activation of the branches associated
with CHOP, Bax, and caspase 3 in andrographolide thera-
pies [99]. This compound increases the production of free
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TaBLE 2: UPR-modulating factors inducing ER stress activity in cancer cells.
Agents Mechanism Cancer type/cell lines References
GSK2606414 and GSK2656157 p-PERK|, p-elF2a] Multiple myeloma (88, 89]
STF-083010 Irel inhibitor Multiple myeloma [91]
Sorafenib tyrosine kinase . .
inhibitor (TKI) CHOPT GADD347T; p-PERKT; p-elF2a L-428, L-1236, and KM-H2 cells [92]
Sal003, inhibitor of ) .
phospho-eif2a phosphatase ATF4; p-elF2a Glioblastoma cells [25]
Diindolylmethane derivatives CHOPT; DR5T Pancreatic cancer cells [93]
Bor.t ez omib proteasome GRP78T, CHOPT, JNKT, p-elF2a] L3.6pl pancreatic cancer cells [94]
inhibitor
Levistolide A ROST; CHOPT Colorectal cancer cells [97]
Andrographolide ROST; CHOPT Colorectal cancer cells [99]
Tolfenamic acid elF2aT; ATF4T Colorectal cancer cells [98]
Cantharidin GRP78/BiP T, IREla T, IRE1B T, ATF6« T, H460 [100]
XBP1 1
Carnosic acid ROST; CHOPT; ATF47T Renal carcinoma Caki cells [101]
Casticin CHORP T, p-elF2« T,TeIFsz 1, GRP78/BiP BGC.-823 [102]
Cryptotanshinone p-elF2a T, GRP94 T, GRP78 T, CHOP T, MCF7 [103]
ROST
Curcumin CHOP 1, GRP78/BiP T, ROS T NCI-H460, HT-29, AGS [104, 105]
Flavokawain B CHOP T, ATF4 7 HCT116 [106]
. CHOP T, ATF4 T, p-eIF2a T, GRP78/BiP
Fucoidan |, p-IRE1 |, XBP1 | MDA-MB-231 HCT116 [107]
Furanodiene CHOP T, BIP T A549, 95-D [108]
. IRE1 T, XBP1 T, GRP78/BiP T, PERK T,
2-3,4 Dihydroxyphenylethanol elF2a 1, CHOP 1 HT-29 [109]
7-Dimethoxyflavone CHOP T, GPR78/BiP T, ATF4 T Hep3B [110]
SMIP004
(N-(4-butyl-2-methyl-phenyl) ROST IRELT; p-38T; p-elF2aT Prostate cancer cells [111]
acetamide)
. ATEF6 1, elF2a T, IREla T, CHOP T,
Licochalcone A GRP94 1, XBP1 1, GRP78/BiP | HepG2 [112]
Neferine GRP78/BiP T Hep3B [113]
Paeonol GRP78 T, CHOP T HepG2 [114]
Pardaxin ROST; p-PERKT; p-elF2aT HeLa cells [115]
Parthenolide ATF4 1, p-elF2a 1, elF2a T A549, Calu-1, H1299, H1792 [116]
Piperine IREla T, CHOP T, GPR78/BiP T HT-29 [117]
ATF4 7, PERK T, p-elF2a T, eIF2a T,
Polyphenon E GRP78/BiP T, CHOP 1, XBP1 1, ROS | PC3, PNTla [118]
Polyphyllin D CHOP 1, GRP78/BiP T, PDI NCI-H460 [119]
Resveratrol GRP78/BiP T, CHOP T, XBP1 T, elF2a T HT29 [120]
p-PERK T, GRP78/BiP T, IRE1 T, CHOP i
Dehydrocostuslactone 1,XBP-11, ROS | NCI-H460 A549 [121]
y-Tocotrienol CHOP 1, GRP78/BiP T, XBP1 | MDA-MB-231; MCE-7 [122]
Q-Hydroxyundec-9-enoic )
Acid (0-HUA) ROST; CHOPT Lung cancer cells (H1299, A549, HCC827) [123]
Ampelopsin ROST GRP78T; p-PERKT; p-elF2aT Breast cancer cells (MCF-7; MDA-MB-231) [124]
Ardisianone GRP78/BiP T PC3 [125]
Genistein CHOP T, GRP78/BiP T Hep3B [126]
Guttiferone H ATF4 T, XBP1 T, CHOP T HCT116 [127]
Guggulsterone ROST; p-elF2aT; CHOPT DR57T Liver cancer cells (Hep3B; HepG2) [128]
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TastLE 2: Continued.
Agents Mechanism Cancer type/cell lines References
. GRP78/BiP, CHOP T, XBP1 T, p-elF2a T,
Marchantin M elF2a 1, ATF4 1, ATF6 1, ERAD | PC3, DU145, LNCaP [129]
Sarsasapogenin ROST; CHOPT HelLa cells [130]
Saxifragifolin IREla T, XBP1 T, ESS%P 1, GRP78/BiP T, MDA-MB-231, MCF7 [131]
. ROST; CHOPT; p-elF2aT; PERKT; Pancreatic (8898); breast cancer cells (MCF-7 and
Prodigiosin GRP787; ATF6al, IRE1 T, elF2a | MDA-MB-231) (132, 133]
Quercetin GRP78/BiP T, ATF4 T, IREla T ATF6 | PC3 [134]
. ) Chondrosarcoma (JJ012 and SW1353); gastric
Honokiol (HNK) ROS] p-elF2aT; GRP78] CHOP] (AGS, SCM. 1 and MKN.45) cancer cells [135-139]
. ROST, IREla T, PERK 7, XBP17; GRP787  Ovarian (OVCAR-3); lung (A549); colorectal
Brefeldin A (BFA) CHOPT (colo 205); breast (MDA-MB-231) cancer cells [140-142]
A-tocopheryl succinate SGC-7901 GRP78/BiP T, CHOP T [143]
. GRP78/BiP T, p-PERK T, p-elF2« T,
Verrucarin A CHOP 1 Hep3B, HepG2 [144]
o . GRP78/BiP 1, GRP94 |, PERK 1, ATF4 1,

Vitamin E succinate ATF6 1, XBP1 ], CHOP 1 SGC-7901 [145]
Ultrafine p-elF2a T, GRP78/BiP T SNU-484 [146]
Zerumbone ATF4 1, CHOP T, GRP78/BiP T, p-PERK HCT116-p53null, SW480, PC3 (68, 147]

T, PERK T elF2a T, p-elF2ar T

radicals and induces ER stress, which leads cells to the path
of apoptosis. In addition, decreased concentrations of cyclins
have also been demonstrated, which in turn inhibits the pro-
gression of the cell cycle.

Studies are not limited to the UPR modulators men-
tioned above. Since it is a very promising target for novel
anticancer therapy, more and more new molecules are being
tested. A significant amount of them are naturally occurring
chemicals that are present also in plants. Due to the abun-
dance of the compounds affecting UPR in Table 2, we have
summarized the literature review on tested modulators in
various cancer cell lines.

6. Conclusion

Stress of the endoplasmic reticulum is a process commonly
occurring under the influence of various factors (free radi-
cals, unfolded or misfolded proteins). The UPR pathway is
the physiological response of the cell to the stress conditions
affecting the cell. ER stress response has been highlighted as
a key factor (next to the mutations) occurring at various
stages of the disease progression and the individual response
to the treatment. Cancers are a very heterogeneous group in
which the UPR pathway can lead to adaptation to stress con-
ditions (e.g., hypoxia in rapidly growing tumors), apoptosis
(strengthening the immune response in colorectal cancer
cells or induction of apoptosis in B-CLL cells). At the same
time, depending on the circumstances and cell’s condition,
it can lead to resistance to treatment and production of
clones less sensitive to chemotherapy. UPR activation is a
vital step for oncogenic transformation, as UPR signaling
molecules interact with well-established oncogene and tumor

suppressor gene networks to modulate their function during
cancer development.

UPR modulators are a promising hope for a personalized
therapy for patients in whom chemotherapy or radiotherapy
have failed. It can become an innovative way to fight several
different types of cancer. The response to a given compound
depends on the phenotype of tumor cells, the severity of the
disease, and the chemotherapy used so far.

It is emphasized that further experiments and analyses
should be carried out using a variety of compounds that
have the ability to inhibit and induce the UPR pathway in
different types of cancers. It could also be useful in the treat-
ment of noncancerous diseases.
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The aged kidney is susceptible to acute injury due presumably to its decreased ability to handle additional challenges, such as
endoplasmic reticulum (ER) stress. This was tested by giving tunicamycin, an ER stress inducer, to either old or young mice.
Injection of high dose caused renal failure in old mice, not in young mice. Moreover, injection of low dose resulted in severe
renal damage in old mice, confirming the increased susceptibility of aged kidney to ER stress. There existed an abnormality in
ER stress response kinetics in aged kidney, characterized by a loss of XBP-1 splicing and decreased PERK-elF2«
phosphorylation at late time point. The presence of excessive oxidative stress in aged kidney may play a role since high levels of
oxidation increased ER stress-induced cell death and decreased IRE1 levels and XBP-1 splicing. Importantly, treatment with
antioxidants protected old mice from kidney injury and normalized IREl and XBP-1 responses. Furthermore, older mice
(6 months old) transgenic with antioxidative stress AGER1 were protected from ER stress-induced kidney injury. In conclusion,
the decreased ability to handle ER stress, partly due to the presence of excessive oxidative stress, may contribute to increased

susceptibility of the aging kidney to acute injury.

1. Introduction

Older individuals are more susceptible to renal failure caused
by drug toxicity and ischemic injury [1, 2]. Several factors,
such as the existence of mild to moderate renal function
decline, abnormalities in drug turnover, and dysregulation
of the vasculature, have been implicated in the pathogenesis
of aging-related susceptibility [2-5]. Since the kidney natu-
rally also faces an increased oxidant load with declining anti-
oxidant activity over the course of aging [4-6], we postulated
that the above factors in combination may lead to a decreased
capability in aging kidney to defend against acute stressors.
Endoplasmic reticulum (ER) stress is a common form of
cell stress. The accumulation of unmodified or unfolded pro-
teins in the ER induces a stress response called the unfolded
protein response (UPR) [7-9]. The UPR serves to reduce

protein synthesis, accelerates the folding machinery, and
increases the degradation of unfolded proteins to prevent
buildup of unfolded proteins. Thus far, three separate path-
ways have been identified that regulate the UPR, including
pancreatic ER kinase (PERK), activating transcription fac-
tor 6 (ATF6), and the inositol requiring enzyme 1 (IRE1)
and X-box binding protein 1 (XBP-1) pathways [10-12].
These three pathways are activated in an attempt to reduce
the stress. Failure to suppress ER stress may result in
increased generation of reactive oxygen species (ROS),
inflammation, and cell death. Increased acute stress has
been shown to contribute to various diseases including diabe-
tes mellitus, neurodegenerative diseases, cardiac disease, and
atherosclerosis [9, 13, 14].

ER stress in the kidney has recently been shown to be
an underlying cause of acute drug-induced nephrotoxicity


http://orcid.org/0000-0002-7764-407X
http://orcid.org/0000-0001-6996-9731
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2019/2746521

[15-19]. Moreover, hypoxia and ischemia have been shown
to generate ER stress [20-22]. We postulate that the aged kid-
ney has a decreased capability to cope with acute increases in
ER stress due to the presence of factors such as oxidative
stress [4, 5, 23]. This loss in coping capability may contribute
to the increased susceptibility of the aged kidney to drug and
ischemic injury.

2. Methods

2.1. Mice. 18-22-month-old C57B6 female mice, purchased
from the National Institute on Aging, National Institutes
of Health, Bethesda, MD, were housed in a specific
pathogen-free facility with free access to regular diet and
water. Since aged C57B6 mice may develop malignancies,
we examined all mice and excluded those with tumors from
the study. 3-6-month-old C57B6 female mice were pur-
chased from Jackson Laboratories (Bar Harbor, ME). AGER1
transgenic mice were generated, bred to C57B6 background,
and characterized as previously described [24]. 6-month-old
female mice were used for the study. All experiments and
animal care procedures were performed according to the
Guide to Animal Use and Care of the Dalian Medical
University, and every effort was made to minimize suffering.
This study was approved by the Institutional Animal Care
Use Committee of Dalian Medical University.

2.2. Tunicamycin Induced Acute ER Stress. To select a dose of
tunicamycin that would induce renal damage but not mortal-
ity, 3-6-month-old female C57B6 mice were injected intra-
peritoneally with the following doses of tunicamycin: 0.6,
0.8, 1.0, 1.2, and 1.4 pug/g/body weight in 0.9% NaCl
(n=2/dose). Mice were followed for 4 days. Renal histology
and renal function indicators of blood urea nitrogen (BUN)
levels were examined. Severe proximal tubular injury and
increased BUN levels were found in young mice at a dose
above 1.2 ug/g. Since a 0.8 ug/g dose generated moderate
renal proximal tubular injury, without increasing serum
BUN levels, this dose (designated at high dose) was chosen
to determine if the response to ER stress injury differed
between old (n=22) and young mice (n=22). Mice were
sacrificed at 24 hours (n = 8/age), 48 hours (n = 6/age), and
72 hours (n = 8/age) after injection. After examining tunica-
mycin doses from 0.2 to 0.6 ug/g to find a dose that would
induce significant kidney damage in old mice but not in
young mice, the dose of 0.2 ug/g was selected. Both old
(n =18) and young mice (n = 18) were injected with this dose
of tunicamycin. Mice were sacrificed 24, 48, and 72 hours
after injection for blood and tissue collection. Addition-
ally, 6-month-old AGERI1 transgenic and wild-type mice
(n = 14/group) were given 0.8 pg/g of tunicamycin and sacri-
ficed at 24 hours (n ="7/group) and 72 hours (n =7/group)
after injection.

2.3. N-Acetylcysteine (NAC) and Butylated Hydroxyanisole
(BHA) Treatment. 18-22 months and 3-6 months C57B6
mice (n=12/age group) received NAC (150 ug/g/body
weight) intraperitoneally 24 hours before the injection of
tunicamycin (0.8 pg/g). Mice were sacrificed 48 hours or 72
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hours after tunicamycin challenge. For BHA preventive treat-
ment, BHA (0.7%) was added to regular mouse chow of old
and young mice for 7 days before tunicamycin injection
(0.8 ug/g). Mice were sacrificed 48 hours (n = 6/age group)
or 72 hours (n = 6/age group) after tunicamycin challenge.

2.4. Analysis of Renal Function and Tunicamycin Blood Level.
Blood samples were collected from animals at sacrifice. BUN
was measured using a QuantiChrom assay kit (Quanti-
Chrom™ Urea Assay Kit, BioAssay Systems, Hayward, Calif.)
following the manufacturer’s instructions. Serum creatinine
was measured by high-performance liquid chromatography
(HLPC) using creatinine (Sigma, Munich, Germany) as stan-
dard. Plasma tunicamycin levels were determined by HPLC
using tunicamycin (Sigma, Munich Germany) as standard.

2.5. Histology and Morphometry. Kidneys were flushed with
phosphate-buffered saline and then fixed in 4% paraformal-
dehyde for 48 hours. After fixation, tissues were washed
and transferred to phosphate-buffered saline. Tissues were
embedded in glycol methacrylate or low-melting point paraf-
fin, and sections were cut at a thickness of 4 ym and stained
with periodic acid Schift (PAS) [25]. For electron micros-
copy, tissues were fixed for 1 hour in 1.0% osmium tetroxide,
prestained in 1.25% uranyl acetate for 1 hour, dehydrated
through a series of graded alcohol solutions, and embedded
in EPON epoxy resin. The severity of histological lesions in
tunicamycin-treated old and young mice was determined
using a Meta Imaging software (Molecular Devices, Down-
ingtown, PA, USA). The injured proximal tubules in the cor-
tical area were digitized under a microscope connected with a
Sony 3CCD color video camera. The ratio of the damaged to
normal tubular area was measured [26].

2.6. Apoptotic Cell Staining. Paraffin sections were processed
for staining as described [27, 28]. Briefly, tissues were
digested with 20 ug/ml of proteinase K for 2.5 minutes and
then reacted with terminal deoxynucleotidyl transferase
(TdT) for 1 hour. Positive reactions were revealed by
peroxidase-conjugated antidigoxigenin and DAB. Nuclei
were stained with hematoxylin. The number of apoptotic
cells was counted under 400x magnification. At least 10
random fields in each section were examined.

2.7. Western Blots. Renal cortices were collected under micro-
scope guidance. Tissue proteins were extracted using a lysis
buffer containing proteinase inhibitors [27]. Equal amounts
of protein were loaded in each lane of sodium dodecyl sulfate
polyacrylamide gels. After electrophoresis, proteins were
transferred to nitrocellulose membrane and blotted with
antibody against GRP78 (1:5000, Affinity BioReagents
(ABR), Golden, CO), GRP-94 (1:5000, Affinity BioReagents
(ABR), Golden, CO), phosphorylated eIF2« (1:1000, Stress-
gen, Ann Arbor, MI), C/EBP homologous protein (CHOP,
1:1000, Alexis Biochemicals, San Diego, CA), nuclear poly
ADP-ribose polymerase (PARP, 1:1000, Cell Signaling
Technology, Danvers, MA), or caspase 12 (1:1000, Cell
Signaling Technology, Danvers, MA) [26]. Membranes
probed for phosphorylated eIF2« were stripped to reblot with
antibody against total eIF2«a (1:5000, Bethyl Laboratories,
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Montgomery, TX). Finally, all membranes were stripped to
reprobe for f-actin as an internal control. The blotting for
each molecule was repeated at least twice. For the measure-
ment of phosphorylated PERK, 100 ug of tissue protein from
the kidneys of young and old mice was immunoprecipitated
with a rabbit anti-PERK antibody (Santa Cruz Biotechnology
Inc., Santa Cruz, CA). The precipitates were recovered with
protein A/G agarose (Pierce Biotechnologies, Rockfold, IL).
After denaturation, the immunoprecipitated protein was
examined by Western blots for phosphorylated PERK with
a specific antibody (SC32577-R, 1:200, Santa Cruz Biotech-
nology Inc., Santa Cruz, CA).

2.7.1. Real-Time PCR. Total RNA was isolated from the renal
cortex using a PureYield RNA Midiprep kit (Promega,
Madison, WI). The preparation was free of DNA contamina-
tion. 500ng of total RNA from each sample was reverse
transcripted and amplified using SYBR® Premix Ex Taq™ II
reagent kit and ABI Prism 7700 sequence detection system
(PerkinElmer Applied Biosystems, Foster City, CA) as previ-
ously described [27]. The GRP78, GRP94, oxygen-regulated
protein 150 (ORP150), ER degradation-enhancing a-manno-
sidase I-like protein (EDEM1), CHOP, and IRE1 mRNA
levels were determined. The primers were from previous
reports [26, 29]: GRP78, forward, 5'-TACTCGGGCCA
AATTTGAAG, reverse, 5'-CATGGTAGAGCGGAACAGG
T; GRP94, 5'-TGAAGGAGAAGCAGGACAAAA, reverse,
5'-AGTCGCTCAACAAAGGGAGA; ORP150 forward,
5'-GAAGCCAACCGGCTTAAAAC, reverse, 5-CCGAGT
TACTTTGGCCTTGA; EDEMI forward, 5'-TGTGAAAGC
CCTCTGGAACT, reverse, 5-AATGGCCTGTCTGGAT
GTTC; CHOP forward, 5'-TATCTCATCCCCAGGAAACG,
reverse, 5 -GGACGCAGGGTCAAGAGTAG. IRE1 forward,
5'.-TGAAACACCCCTTCTTCTGG, reverse, 5-CAGGGG
GACAGTGATGTTCT. The mRNA levels were corrected by
the levels of S-actin mRNA. Triplicates for each sample were
done to increase accuracy of the measurement. However,
since both previous reports [26, 29] had not described a
5-log dilution for primers and we had not specifically opti-
mized PCR conditions, the levels of gene expression measured
here were only semiquantitative in nature although the AACt
values were calculated after real-time PCR.

2.8. Spliced XBP-1. Total RNA was extracted from the
renal cortex and reversed transcribed as described [23].
When we screened for dosages of tunicamycin for experi-
ments, we noticed that X-box binding protein 1 (XBP-1)
splicing occurred at 48 hours after tunicamycin treatment.
Thus, this time point was chosen for examining XBP-1. The
presence of the spliced XBP-1 mRNA levels was measured
by standard PCR using the following primers: forward,
5" TTACGGGAGAAAACTCACGGG; reverse, 5'-GGGT
CCAACTTGTCCAGAATGC. 40 cycles of PCR were per-
formed with the annealing temperature of 58°C. GAPDH
mRNA levels were measured at the same sample using the
previously described primers [26, 27].

2.9. Analysis of Oxidative Stress. Lipid peroxidation in the
kidney was determined by a thiobarbituric acid-reactive sub-
stance assay that measures the formation of malondialdehyde
(MDA) (Cayman Chemical, Ann Arbor, MI) [25]. The quan-
tity of protein carbonyls in the kidney was measured by first
reacting kidney extracts with dinitrophenylhydrazine (DNP).
Protein-bound DNP was then detected by a biotinylated
anti-DNP antibody followed by streptavidin-linked horse-
radish peroxidase. Absorbances were related to a standard
(Chemicon International, Temecula, CA). To determine the
levels of glutathione, kidney extracts were processed and
deproteinized. A chemical reaction kit (Cayman Chemical,
Ann Arbor, MI) was used to measure glutathione. Both the
levels of reduced and total glutathione were determined. Kid-
ney AGE levels were determined by ELISA and corrected for
protein levels as previously described [30].

2.10. Oxidative Stress and Unfolded Protein Response in
Proximal Tubular Cells. A proximal tubular cell line obtained
from mice transgenic for SV40 T antigen was grown in
DMEM containing 10% FBS [31]. To determine if oxidative
stress could directly affect UPR, proximal tubular cells were
treated with H,O, (0.5-3mM) in the presence or absence
of NAC (15 mM, adding 1 hour before H,0,) for 6-24 hours.
IRE1 mRNA and protein and XBP-1 splicing and protein
were determined.

2.11. Proximal Tubule Isolation and Tunicamycin-Induced
Cell Death. Three mice from young or old mice were sacri-
ficed, and renal cortical proximal tubules (PT) were isolated
by a standard method [25, 32]. Briefly, renal cortexes were
freed from the medulla under a dissecting microscope.
Tissues were then cut into 1-2 mm? pieces and digested with
collagenase. Proximal tubules were obtained from gradient
Percoll centrifugation. Proximal tubules were suspended in
DMEM containing 2% FBS, allocated to a 24-well plate,
and incubated with increasing concentration of tunicamycin
(0.5-5 ug/ml). Both media and tubular segments were col-
lected 24 hours after tunicamycin treatment to determine
LDH activity.

2.12. Statistical Analysis. Data were expressed as mean + SD.
ANOVA or the two-tailed unpaired ¢-test was used to evaluate
differences between the means. For comparison with more
than two subgroups, the nonparametric Kruskal-Wallis
ANOVA followed by Dunnett’s test was performed. Signifi-
cance was defined as p < 0.05.

3. Results

3.1. Tunicamycin-Induced Acute ER Stress Is more Severe in
Older Mice. Tunicamycin, an inhibitor of protein N-glycosyl-
ation, which has been used extensively to induce ER stress
in vitro and in vivo [33-35], was given to mice (0.8 ug/g). A
sharp decrease in renal function as reflected by elevated
BUN and Scr levels was observed in older mice
(Figures 1(a) and 1(b)). Results from several of our experi-
ments including this study on young AGERI transgenic
wild-type controls indicated that the BUN and Scr levels
remained unchanged in most of young mice treated with
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Ficure 1: Differences in kidney function and renal lesions between old and young mice after high dose of tunicamycin injury (0.8 ug/g BW,
n = 8/age group). (a, b) Increased BUN and Scr levels in old mice after high dose of tunicamycin injection: serum samples were obtained from
18-22-month- or 3-6-month-old mice prior to and after 72 hours of high dose of tunicamycin injection. (c, d) Representative kidney sections
from (c) young and (d) old mice without receiving tunicamycin seem normal. (e, g) Extensive tubular vacuolation was present in young mice
at 72 hours of high dose tunicamycin injury (PAS, (e) 200x, and (g) 400x). The lesions were localized in proximal tubules (red arrow) while the
descending tubules extended from the injured proximal tubule were relatively normal as indicated by a (e) black arrow. (g) Nuclear pyknosis
(condensation) and fragmentation were widely present (arrows). (f) Large vacuoles were less common in the kidneys of tunicamycin-treated
old mice (200x). (f) However, the cellular damage was more severe with detachment of the whole segment of proximal tubular cells from the
basement membrane in old mice (arrows). (h) Higher power magnification (400x) showed that cells in the injured tubules in aging kidney
contained many small or fine vacuoles. Nuclear damages were also prominent. (i) Morphometry analysis revealed that tubular damage
occurred nearly in all proximal tubules in old mice after high dose of tunicamycin injection. More apoptotic cell death in aging kidney
after high dose of tunicamycin injury: apoptotic TUNEL staining was performed in kidney sections obtained from (1) young or (m) old
mice at 72 hours of high-dose tunicamycin injection. Kidneys without tunicamycin treatment for (j) young and (k) old mice were as
controls (400x). Nuclei with brown or black staining (DAB) were apoptotic cells (arrows). (n) More apoptotic cell counts in the kidneys

from tunicamycin-treated old mice. *p < 0.05 vs. young mice. **p < 0.01 vs. the levels before tunicamycin injection. Data was expressed as
mean + SD. Scale bar = 50 ym.
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0.8 ug/g of tunicamycin (data not shown), demonstrating
that younger mice can better tolerate acute ER stress.
Detailed pathological and histological investigations further
revealed the age-related differences in acute ER stress
response. The renal tubulointerstitial area appears normal in
both young and old mice before the tunicamycin challenge
(Figures 1(c) and 1(d)). Cortical enlargement caused by swell-
ing and vacuolation of proximal tubular cells was observed in
young mice after tunicamycin treatment, while other tubular
segments remained largely intact (Figure 1(e)). Cell death
under light microscopy, as evidenced by chromatin condensa-
tion, pyknosis, and nuclear fragmentation (Figure 1(g)), could
be seen in the main lesions in tunicamycin-treated young
mice, which occurred in about 60% of proximal tubules
(Figure 1(i)). In old mice treated with tunicamycin, tubular
injury was very severe and occurred in 94% of the area
(Figure 1(i)). Damages presented as the detachment of the
whole proximal tubular epithelium from the basement mem-
brane (Figures 1(f) and 1(h)). TUNEL staining showed a
2-fold increase in apoptosis in tubular cells in old mice
(Figures 1(j)-1(n)). Taken together, these results demonstrate
that older mice are much more susceptible to ER stress than
younger mice.

3.2. Low-Dose Tunicamycin-Induced Acute ER Stress Leading
to Renal Lesions in Old Mice. Since tunicamycin at a dose of
0.8 ug/g also caused kidney injury in young mice, we then
sought to reduce the dosage of tunicamycin to rule out the
possibility that results observed were solely because of the
extreme degree of ER stress received. At a dose of 0.2 ug/g,
young mice developed very trivial tubular lesions (affecting
less than 5% proximal tubules) (Supplementary Figures 1(a)
and (c)). However, the kidney lesions in old mice were wide-
spread, with 60% of the areas showing extensive proximal
tubular damage consisting of vacuolation, cell swelling, and
cell death (Supplementary Figures 1(b) and (c)). TUNEL
staining showed more apoptotic cells in the kidneys of old
mice (14.3 + 6.7 per high-power field) than in the kidneys
of young mice (3.7 +2.8 per high-power field, **p <0.01)
(Supplementary Figures 1(d)-(f)).

3.3. ER Stress Induces Proximal Tubular Injury in Old Mice.
The above results clearly showed that old mice were more
susceptible to ER stress-induced kidney injury in vivo. One
of the primary reasons for increased drug nephrotoxicity
experienced by older individuals is their decreased ability to
eliminate drugs, leading to higher blood/tissue concentration
and/or prolonged exposure. To find out if this is the case for
tunicamycin, we measured its concentration in plasma from
young or old mice at 1, 2, and 24 hours after 0.8 ug/g of
tunicamycin intraperitoneal injection. Plasma tunicamycin
was detectable at 1 hour after drug injection, and there was
no difference in the levels between old and young mice
(Supplementary Figure 2), which argues against delayed drug
excretion as a major cause of increased tunicamycin nephro-
toxicity in old mice. Our current and previous studies have
shown that proximal tubules are major sites for ER
stress-induced kidney injury [26]. Thus, we isolated proximal
tubules from either old or young mice to test directly their

response to acute ER stress injury. Tunicamycin caused a
dose-dependent increase in proximal tubular cell death
(Supplementary Figure 3). When exposed to the same dose
of tunicamycin, more cell death occurred in proximal tubules
from old mice (Supplementary Figure 3), suggesting that
proximal tubules from the old are more susceptible to injury.

On the organelle level, electron microscopy examination
showed that changes of proximal tubular cells in young mice
were mild (Supplementary Figure 4(a)), while there were
extensive vacuolar changes in old mice (Supplementary
Figure 4(b)). Higher definition further showed that abnormal
ER and mitochondria were widely present in old mice
(Supplementary Figures 4(c) and (d)). Mitochondria were
condensed with many electron-dense bodies absent of their
cristae (Supplementary Figure 4(c)). Additionally, the vacu-
oles in proximal tubular cells observed under light micros-
copy and low magnification of electron microscopy seemed
to be dilated rough ER, as evidenced by the presence of
ribosomes on the surface of the vacuoles (Supplementary
Figure 4(d)). Overall, it is clear that proximal tubular cells
in older mice are much more susceptible to acute ER stress,
while those of younger mice are able to tolerate it.

3.4. Prolonged UPR Responses in the Kidneys of Old Mice after
Low Dose of Tunicamycin Injury (0.2 ugl/g). Chemical and
genetic manipulations of UPR have been shown to directly
affect the outcome of acute ER stress-induced injury, and
aging has been linked with changes in UPR mechanisms
[35-40]. Based on these reports, we next examined the
expression of UPR-related genes before and after tunicamy-
cin treatment that might explain the age-linked difference
in ER stress. Prior to tunicamycin treatment, the mRNA
baseline levels of ER chaperones GRP78 and GRP94 were
about 50% and 60% lower, respectively, in the kidneys of
old mice than in the kidneys of young mice (n = 6/age group,
Supplementary Figure 5). Additionally, the mRNA levels of
protective ORP150 and IRE1 were also lower in the kidneys
from old mice (Supplementary Figure 5). Surprisingly
however, the baseline levels of GRP78 and GRP94 proteins
were similar between the kidneys of old and young mice
(Supplementary Figure 7(b)), despite a sizeable difference in
mRNA expression. The cause of the discrepancies between
mRNA and protein levels is not clear. One of the reasons
may be that our real-time PCR conditions especially the
primers have not been optimized by 5-log dilutions and
may affect the accuracy of mRNA quantitation. Another rea-
son may be the unparallel expression between mRNAs and
proteins of GRP78 and GRP94 in the kidney. To test this,
we dissected out proximal and distal tubules for PCR and
performed immunostaining of proteins in different nephron
segments. We found by both regular and real-time PCR that
GRP78 and GRP94 mRNA levels were higher in proximal
tubules than in distal tubules (data not shown), while the
proteins were higher in distal tubules than in proximal
tubules (Supplementary Figure 6), suggesting that posttran-
scriptional modification or transport mechanism was in play
in different nephron segments.

Low dose (0.2ug/g) of tunicamycin was sufficient to
induce ER stress in both the kidneys of young and old mice
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F1cure 2: Differences in mRNA levels of UPR-related genes between the kidneys of old and young mice after high dose of tunicamycin injury:
renal cortex RNA was obtained from young and old mice at baseline, 24 hours, and 72 hours after high dose of tunicamycin (0.8 ug/g)
injection. The levels of GRP78, GRP94, ORP150, EDEM1, and CHOP mRNAs were measured by real-time PCR, and data was expressed
as the ratio after dividing with B-actin mRNA levels at the same sample. ¥p < 0.05 vs. young mice at baseline. #p < 0.05 vs. young mice at

24 hours. *p < 0.05 vs. young mice at 72 hours.

as indicated by the appearance of spliced XBP-1 at 48 hours
(Supplementary Figure 7(a)). However, the levels of GRP78,
GRP%4, OPR150, EDEM1, and CHOP mRNAs were higher
in the kidneys of old mice after 72 hours (Supplementary
Figure 7(a)). GRP78 and GRP94 protein levels were also ele-
vated in old kidneys. Moreover, CHOP and cleaved caspase
12 were present in old kidneys (Supplementary Figures 7(b)
and (¢)), consistent with in vivo observations of higher tubu-
lar apoptosis and severe renal injury in old mice 72 hours
after acute ER stress (Supplementary Figure 1).

3.5. Dysregulated UPR Responses in the Kidneys of Old Mice
after High Dose of Tunicamycin Injury (0.8 ug/g). To further
explore the differences in UPR response in the kidneys of
old and young mice, we also examined mice treated with a
high dose of tunicamycin (0.8 ug/g). The mRNAs GRP78
and GRP94 were increased in both old and young mice 24
hours after tunicamycin injection (Figure 2). Similarly,
ORP150, EDEM1, and CHOP mRNAs were upregulated in
both old and young mice at 24 hours but the increases were
more pronounced in the old (Figure 2). 72 hours later, the
levels of GRP78, GRP94, OPR150, EDEM1, and CHOP
mRNAs had significantly reduced in young mice while they
remained high in old mice (Figure 2). However, at the protein
levels, GRP78 and GRP94 proteins were similarly increased
in the kidneys from old and young mice at both 24- and
72-hour time points (Figures 3(a)-3(d)). Thus, the unparallel
expression between mRNA and protein levels of GRP78 and
GRP%4 in the kidneys still existed after being exposed to high

dose of tunicamycin. Nevertheless, XBP-1 splicing was found
missing in old mice receiving high dose of tunicamycin
(Figure 3(g)). Additionally, the increase in phosphorylated
PERK, although occurring in old mice at 24 hours
(Figure 3(a)), was largely lost at 72 hours (Figure 3(e)). Sub-
sequently, phosphorylated elF2a was also largely missed in
old mice at 72 hours (Figure 3(e)). These were associated
with highly elevated proapoptotic CHOP, cleaved caspase
12, and cleaved PARP proteins in old mice (Figures 3(f)
and 3(h)). In contrast, XBP-1 splicing was clearly present
(Figure 3(g)) and phosphorylated PERK were increased
at both 24- and 72-hour time points in young mice
(Figures 3(a) and 3(e)), which were accompanied by
increased phosphorylated elF2« (Figure 3(e)).

3.6. Inhibition of Oxidative Stress Largely Protected Old Mice
from High-Dose Tunicamycin-Induced Renal Injury. Oxida-
tive stress has been shown elevated in aging kidney [11, 12].
Since ER stress causes oxidative stress and oxidative stress
in turn contributes to ER stress-induced cell death, we postu-
lated that excessive oxidative stress might play a role in severe
ER stress-induced kidney injury in old mice. We first
assessed the state of oxidative stress in kidneys from old
and young mice prior to and after tunicamycin treatment.
Although baseline levels of malondialdehyde (MDA), one
of the parameters for lipid peroxidation, were comparable
between old and young mice (Figure 4(a)), the levels of oxi-
dized proteins and advanced glycation end products (AGEs)
were significantly elevated in the kidneys of old mice
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FIGURE 3: Abnormalities in UPR in the kidneys of old mice: renal cortex RNA was obtained from young and old mice at baseline, 24 hours, 48
hours, and 72 hours after high dose of tunicamycin (0.8 ug/g) injection. The levels of GRP78, GRP94, phosphorylated PERK (PERK-p),
phosphorylated elF2a (eIF2a-p), total eIF2a, CHOP, caspase 12, and PARP were measured in eight animals from each group by Western
blots. XBP-1 and GAPDH mRNA expression in kidneys at baseline and 48 hours after tunicamycin injection was determined by RT-PCR
(n=6). Results from two representative animals of baseline and tunicamycin-treated young and old mice were shown. The intensity of
each blot band was quantitated using a densitometer. Data from the untreated kidneys of young mice was arbitrarily defined as 1 after
correcting with the intensity of the individual B-actin band of the same sample. Lanes Y (baseline) and YT (tunicamycin treated) were
samples from young mice. Lanes O (baseline) and OT (tunicamycin treated) were samples from old mice. Both GRP78 and GRP9%4 were
significantly increased in the kidneys of both young and old mice at 24 (a, b) and 72 hours (¢, d) after tunicamycin treatment. No
differences were found between young and old mice. At baseline, phosphorylated PERK levels were low (a, ). The levels were significantly
elevated in both old and young mice 24 hours after high dose of tunicamycin injection (a). Phosphorylated PERK remained high in young
mice but was largely lost in old mice at 72 hours (e). Subsequently, at 72 hours, phosphorylated eIF2«a was increased in young mice while
it was decreased in old mice (e). High-dose tunicamycin treatment was associated with more increased kidney CHOP protein levels in old
mice (f). XBP-1 mRNA splicing occurred only in the kidneys of young mice after treatment (g). Cleaved caspase 12 levels were increased
in old mice at baseline and were further increased after tunicamycin treatment (h). The increase in cleaved PARP was also more robust in
old mice (h). #p < 0.05 vs. young mice at baseline. ¥p < 0.05 vs. old mice at baseline.
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FIGURE 4: ER stress-induced severe oxidative stress in the kidneys of old mice is prevented by antioxidants. Renal tissue was obtained from
young and old mice at baseline, 72 hours after tunicamycin (0.8 pg/g) injection and old mice pretreatment with BHA for 7 days or NAC 24
hours before tunicamycin injection. ER stress caused elevation in MDA, oxidized protein, and AGEs and decreased reducing glutathione
(GSH)/glutathione disulfide (GSSG). (a) Levels of MDA, (b) levels of oxidized protein, (c) levels of AGEs, and (d) the ratio of GSH and
GSSG. Y: young mice; O: old mice; Y/tuni: young mice with tunicamycin injury; O/tuni: old mice with tunicamycin injury: NAC; old mice
treated with NAC; BHA: old mice treated with BHA. #p <0.05 and ##p <0.01 vs. young mice at baseline; “'p < 0.01 vs. old mice at
baseline; *p < 0.05 and **p < 0.01 vs. old mice that received tunicamycin; and ¥¥p < 0.01 vs. old mice treated with NAC.

(Figures 4(b) and 4(c)). Additionally, the ratio of reduced to
oxidized glutathione (GSH/GSSG) was decreased in the
kidneys of old mice, confirming the presence of increased
oxidative stress in the kidneys of old mice (Figure 4(d)). After
high dose of tunicamycin injection, the levels of MDA in
the kidneys were increased comparably by about 44% in
both old and young mice (Figure 4(a)). However, the
levels of oxidized protein and AGEs were more elevated
in old mice following treatment (Figures 4(b) and 4(c)).
At the same time, the GSH/GSSG ratio for older mice
was halved by ER stress, while younger mice exhibited a
modest decline (Figure 4(d)). To determine if high levels
of oxidative stress directly contribute to increased ER
stress-induced kidney injury in old mice, old mice were given
antioxidants butylated hydroxyanisole (BHA) or N-acetyl
cysteine (NAC) before tunicamycin. Interestingly, both
BHA treatment and NAC treatment helped to preserve
reduced glutathione levels in the kidneys (Figure 4(d)). In
addition, BHA treatment seemed to have a better antioxidant
effect, because it also significantly downregulated MDA

(Figure 4(a)). Consequently, the elevation of oxidized protein
levels after tunicamycin injury was completely blocked by
BHA (Figure 4(b)). The levels of AGEs were also significantly
decreased by antioxidants, with much higher reduction in
BHA-treated than in NAC-treated old mice (Figure 4(c)).
Importantly, both NAC and BHA prevented renal func-
tion decline induced by severe ER stress. Unlike untreated
old mice that had significantly elevated BUN and Scr after
tunicamycin injury (Figures 5(a) and 5(b)), the BUN and
Scr levels were normal in mice receiving NAC or BHA. Renal
histological examination results were consistent with the
functional data, demonstrating substantial improvements
upon treatment with either NAC or BHA. The severe lesions
featuring proximal tubular cell sloughing were not seen in
NAC- or BHA-treated old mice (Figures 5(d) and 5(e)).
The main lesions in NAC-treated old mice (Figure 5(d))
were the vacuoles in proximal tubular cells instead of
severe damages characterized by detachment of tubular cells
seen in controls (Figure 5(c)). Only mild lesions were
present in BHA-treated old mice (Figure 5(e)). Quantitative
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FIGURE 5: Prevention of ER stress renal injury in old mice by antioxidants. NAC or BHA treatment blocked high dose of tunicamycin-induced
elevation (0.8 pg/g) of BUN (a) and Scr (b). Histologically, while severe renal injury characterized by sloughing of tubular cells (arrow) was
frequently seen in old mice that received tunicamycin alone (c), NAC treatment resulted in a partial protection against tunicamycin-induced
renal injury in old mice (d). There is no tubular cell sloughing, but vacuolation and nuclear damage (arrow) were seen in NAC-treated mice
(d). BHA treatment gave a nearly complete protection, and renal histology was essentially normal in this group (e). Morphometry
quantitation of the injured area in the renal cortex revealed a significant reduction in ER stress renal injury by antioxidants, and the effect
was especially prominent by BHA (f). Counting the number of TUNEL-positive cells in kidney sections showed that BHA and NAC
decreased tunicamycin-induced apoptotic cell death (g). **p < 0.01 vs. old mice that received tunicamycin alone (O/tu) and ##p < 0.01 vs.

NAC-treated mice. Scale bar = 50 ym.

measurement of the area of injury showed that BHA treat-
ment was able to reduce the coverage from 98% to 5%, while
NAC treatment was able to halve it (Figure 5(f)). The num-
ber of apoptotic cells remained directly correlated with the
severity of renal lesions (Figures 5(f) and 5(g)). Old mice
treated only with tunicamycin exhibited extensive apoptotic
cell death, which was largely prevented by antioxidants, with
BHA being more effective than NAC (Figure 5(g)). Collec-
tively, these results demonstrate that BHA treatment is

highly eftective for reducing the impact of severe ER stress
on proximal tubular cells in aged mice.

3.7. Inhibition of Oxidative Stress Largely Corrected the
Altered UPR in Aging Kidney. Since antioxidant treatment
significantly improved the outcome of ER stress renal injury
in old mice, we then examined if antioxidant treatment also
corrected dysregulated UPR dynamics. Real-time PCR
results showed that mRNA levels of GRP78, GRP94, EDEM,
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FIGURE 6: Antioxidant treatment corrects UPR dysregulation in old mice. RNA was collected from the kidneys of controls that received
tunicamycin alone (0.8 ug/g) or treated with NAC or BHA before tunicamycin injection (n = 6/group). mRNA levels of GRP78 (a), GRP94
(b), OPR150 (c), EDEM1 (d), and CHOP (e) in the kidneys at 72 hours after tunicamycin injection were determined by real-time PCR
and corrected for B-actin mRNA levels. O/tuni: old mice challenged with high dose of tunicamycin. ¥¥p < 0.01 vs. old mice treated with
tunicamycin alone (Con). **p < 0.01 vs. mice pretreated with NAC. XBP-1 spicing (f). Regular PCR was performed in the kidneys from
tunicamycin alone (Con) and NAC- and BHA-treated mice at 48 hours after tunicamycin injection (n = 6/group). Representative gels
from two mice of each group were shown. The loss of XBP-1 splicing in tunicamycin alone (Con) mice reappears in NAC-treated mice.
IRE1 mRNA levels (g). **p < 0.01 vs. young mice treated with high dose of tunicamycin or old mice pretreated with NAC or BHA. The
levels of phosphorylated PERK, phosphorylated eIF2a, and total elF2« in the kidneys from control and NAC- and BHA-treated old mice
(h). Renal protein was obtained from these mice 72 hours after tunicamycin injection (n = 6/group). Representative gel shows two samples
from each group. The levels of phosphorylated PERK and elF2«a were highest in the NAC-treated group. Phosphorylated eIlF2« was also
visibly higher in the BHA group than in the control group.

Additionally, NAC treatment and BHA treatment both
restored the PERK-elF2« pathway response to high dose of
tunicamycin at the 72-hour time point (Figure 6(h)), provid-
ing the aged kidneys with another UPR pathway to relieve
stress. Taken together, these data suggest that antioxidant
treatment is highly effective to restore the kinetics of UPR

and CHOP were significantly lower in old mice that received
BHA or NAC treatment (p < 0.01, Figures 6(a)-6(e)). Impor-
tantly, NAC treatment led to the appearance of XBP-1 splic-
ing (Figure 6(f)), a loss in untreated old mice after higher
levels of acute ER stress kidney injury. However, no XBP-1
splicing was observed in BHA-treated mice (Figure 6(f)),

one of the reasons may be that BHA treatment nearly
completely protected the kidneys of old mice from acute ER
stress injury. Both NAC treatment and BHA treatment pre-
vented the decrease in IRE1 mRNA levels (Figure 6(g)).

pathways in response to severe ER stress in old mice.

3.8. Oxidants Decreased IRE1 and XBP-1 Splicing in Proximal
Tubular Cells. Since ER stress-induced kidney injury
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occurred predominantly in proximal tubules and the injury
could be prevented by antioxidant prophylaxis, we next
asked if oxidative stress causes UPR dysregulation in proxi-
mal tubular cells. We tested this in a proximal tubular cell
line with known overactive XBP-1 splicing. Cells were
exposed to H,0, in the presence or absence of NAC. As
shown in Supplementary Figure 8, NAC blocked the suppres-
sion of IRE1 and XBP-1 on both mRNA and protein levels by
H,O,. These results suggest that oxidative stress may have a
direct effect on UPR regulation in proximal tubular cells.

3.9. Mice Transgenic for AGERI Were Resistant to
Tunicamycin-Induced ER Stress Kidney Injury. An aging kid-
ney has an elevated oxidative stress due to decreased antiox-
idants/anticarbonyls and excessive oxidants/carbonyls. Since
the above results show a clear role played by oxidative stress
in driving acute ER stress renal injury, we then sought to
determine whether overexpression of AGERI, one of the
antioxidants/anticarbonyls that is decreased in aging kidney
while the oxidants/carbonyls are more prevalent [30], was
protective against acute ER stress kidney injury. Mice trans-
genic for AGER1 have been shown to be resistant to acute
arterial wire injury [24]. AGER1 transgenic mice, which have
a nearly 5-fold increase in AGERI expression in the kidney
[24], and wild-type mice were treated with tunicamycin
(0.8 ug/g). As shown above, renal injury characterized by
extensive vacuolation and tubular cell death was widely
present in wild-type mice (Supplementary Figure 9(a))
while AGERI1 transgenic mice had an obvious reduction
in injury lesions (Supplementary Figure 9(b)). The injured
area was reduced by 50% in the kidneys of transgenic mice
(Supplementary Figure 9(c)), demonstrating a significant
protection from tunicamycin-induced acute ER stress kidney
injury in AGER1 transgenic mice.

4. Discussion

It is well-known that the aging kidney is more susceptible to
acute kidney injury and it develops more severe postinjury
outcome due to the preexisting structural and functional
deterioration [1, 41-43]. We show here that old mice, but
not young mice, developed severe renal failure after high dose
of tunicamycin injection. Even low dosage of tunicamycin
(reduced as to cause minimal or no kidney damage in young
mice) was sufficient to induce extensive injury and apoptosis
in the kidneys of old mice. Since ER stress is commonly asso-
ciated with acute kidney injury caused by infection, drug tox-
icity, and ischemia [16, 18, 19, 32, 44], the inability to handle
ER stress may be another mechanism for increased suscepti-
bility to and severity of acute injury in aging kidney.

There were noticeable differences in magnitude and tem-
porality of GRP78, GRP94, and ORP150 expression between
the kidneys of old and young mice at baseline and after tuni-
camycin treatment although there were inconsistencies
between the levels of mRNAs and those of proteins in
GRP78 and GRP94 due partly to posttranscription modifica-
tions. Nevertheless, based on the more severe kidney injury
seen in old mice, we speculate that there may be a difference
in UPR between the kidneys of old and young mice. Indeed,
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we found a dysregulated UPR dynamic in old mice: while
UPR at 24 hours after high dose of tunicamycin treatment
was similar between the kidneys of old and young mice,
XBP-1 splicing was lost at 48 hours and phosphorylated
PERK and eIF2a were not elevated at 72 hours in old mice.
PERK and elF2a phosphorylation along with XBP-1 splicing
are two key steps in ER stress regulation. Although inhibition
of IRE-1 has been shown to reduce apoptosis [36] and activa-
tion of PERK-elF2a may promote apoptosis by inducing
CHOP [36], these may not be a general phenomenon since
both IRE1-XBP-1 signaling and PERK-elF2« phosphoryla-
tion pathways have also been shown to be critical in main-
taining cell survival during ER stress [36, 45]. Additionally,
since high dose of tunicamycin caused extensive renal
damage at 72 hours in the kidneys of old mice, the results
of missing PERK and elF2a phosphorylation and XBP-1 at
a relative late time point likely reflected the failure of
dynamic ER stress responses. The causes of this failure are
not clear. Oxidative stress is one of the key factors in aging,
along with a number of human pathological conditions,
and has been shown to play an important role in ER
stress-induced cell death [46-48]. Unsurprisingly, the kid-
neys from old mice had higher basal levels of oxidative stress.
ER stress induced by tunicamycin caused an increase in oxi-
dative stress in both the kidneys of old and young mice, but
the increase was more prominent in those of old mice. When
old mice were pretreated with antioxidant NAC or BHA
before tunicamycin challenge, renal injury was largely pre-
vented. Moreover, the degree of renal protection was closely
related to the extent of oxidative stress inhibition. BHA treat-
ment, which resulted in a more extensive decrease in oxida-
tive stress compared to NAC treatment in this experiment,
offered a better renal protection than NAC treatment. It is
unclear if different mechanisms of antioxidant actions of
NAC and BHA, with NAC serving as a cysteine precursor
that increases reduced glutathione [49] and BHA acting
against lipid oxidation [50], contribute to the different
degrees of protection conferred. Overall, these data suggest
that excessive oxidative stress initiated by acute ER stress
may cause renal damage.

Since the protection against ER stress-induced renal
injury in old mice by antioxidants was associated with
improved UPR dynamics, including the recovery of XBP-1
splicing and of the PERK-elF2a pathway, excessive oxidative
stress may be one of the reasons for aging kidney failing in
UPR. This is partly supported by our finding that high levels
of H,O, decreased IRE1 levels and XBP-1 splicing, which
were largely prevented in the presence of an antioxidant.
Future studies are required to determine if oxidants could
affect the kinetics of UPR especially PERK phosphorylation
and if specific phosphatases are involved in dephosphoryla-
tion of PERK in aging kidney under a late time point of acute
ER stress. However, since old mice receiving low dose of tuni-
camycin had the UPR in XBP-1 and phosphorylated PERK
similar to those of young mice, it is likely that a different
magnitude of oxidative stress may dictate UPR kinetics.

Interestingly, our experiments using young AGER1 trans-
genic mice showed that a reduction of oxidative stress was suf-
ficient to protect against ER stress in an aging-independent
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manner. AGERI is a receptor of AGEs and AGERI can
decrease prooxidant action [51]. Previous reports have dem-
onstrated that the levels of AGEs were increased in cases of
acute kidney injury caused by various reasons including ische-
mia or endotoxin [45, 51, 52]. Since inhibition of AGEs by
aminoguanidine has been shown to decrease acute kidney
injury caused by various diseases [53, 54], these data, together
with our findings from AGERI transgenic mice, further sup-
port the proposition that AGEs are an important source of
oxidative stress that is directly involved in acute kidney injury.

Drug nephrotoxicity is increased in elderly patients due
partly to the decreased capability to metabolize and excrete
drugs [55]. Theoretically, this may also be the case for tunica-
mycin and thus lead to increased ER stress kidney injury in
old mice. However, we did not find tunicamycin accumula-
tion in old mice in the dosage used in this study. Moreover,
we found that the same dose of tunicamycin caused more cell
death directly in proximal tubules isolated from old mice,
suggesting that aging kidney is intrinsically more susceptible
to severe ER stress-induced renal injury even though we still
need to rule out a possibility that tunicamycin acts more
strongly to inhibit protein N-glycosylation in the kidneys of
old mice.

Data Availability

The data used to support the findings of this study are
available from the corresponding author upon request.

Conflicts of Interest

The authors declare no conflicts of interest.

Authors’ Contributions

Authors Xiaoyan Liu, Ruihua Zhang, Lianghu Huang, and
Feng Zheng designed the experiments herein, and authors
Xijaoyan Liu, Ruihua Zhang, and Lianghu Huang executed
the experiments and performed data analysis. Each author
contributed significantly to the intellectual content presented
in our manuscript. Authors Xiaoyan Liu and Feng Zheng
were responsible for drafting the manuscript, and all authors
participated in the revision and finalization process. All
authors approve this manuscript for publication. Xiaoyan
Liu, Ruihua Zhang, and Lianghu Huang contributed equally
to this work.

Acknowledgments

This work was supported by the National Natural Science
Foundation of China (nos. 81370460 and 81670668), Liao-
ning Key R&D Program Guidance Plan (no. 2017225041),
and Natural Science Foundation of Liaoning Province (no.
20180550411).

Supplementary Materials

Supplementary Figure 1: severe ER stress-induced kidney
injury in old mice. Both old and young mice were injected
with 0.2 ug/g of tunicamycin. Renal histology was examined
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72 hours after injection (n=6/age group). While renal
tubules remained relative intact in young mice ((a) 200x,
PAS), the formation of a big vacuole in proximal tubules
was prominent in old mice ((b) 200x, PAS), which affected
61% of proximal tubules in the cortex (c). TUNEL staining
showed more apoptotic cells (arrows) in the kidneys of old
mice ((d) representative section of young mice; (e) represen-
tative section of old mice, 400x). (f) The number of apoptotic
cells per high-power field was more in old mice. Scale
bar =50 ym. **p<0.01 vs. young mice. Supplementary
Figure 2: no differences in blood tunicamycin levels between
old and young mice. Old and young mice were injected with
0.8 ug/g of tunicamycin, and blood was obtained from mice
0.5, 1, and 2 hours after injection. Plasma tunicamycin levels
were determined by HPLC. Peak drug levels were observed in
both old and young mice at 1 hour after injection and were
comparable between young and old mice. Supplementary
Figure 3: tunicamycin induced more cell death in proximal
tubules isolated from old mice: proximal tubules isolated
from old and young mice were exposed to increasing concen-
tration of tunicamycin (0.5-5 pg/ml) for 24 hours. Cell death
was determined by LDH release from the cells, and the
data was expressed as the ratio of LDH in medium to total
LDH from both cells and medium. *p <0.05 vs. young
proximal tubules treated with the same dose of tunicamycin.
Supplementary Figure 4: electron microscopic examination
of renal lesions of old mice with ER stress injury: extensive
vacuolation was present in old, but not in young, proximal
tubular cells of mice ((a) young; (b) old). Scale bar =2.0 ym.
Higher magnification further revealed the abnormalities
in mitochondria and rough ER in old mice (scale bar=
500 nm). Mitochondria contained condensed body and lost
the regular structure of cristae ((c) arrow). (d) Many
round-shaped dilated ER with ribosomes still attached to
the outside membrane were seen (red arrow) and may
appear as a vacuole under a light microscope. The yellow
arrow points to a membrane-bounded, multilayered inclu-
sion body and an inclusion body containing incompletely
digested organelles. Supplementary Figure 5: differences
in mRNA expression of UPR-related genes in the kidneys
of old and young mice at baseline. Renal cortex RNA was
obtained from normal old and young mice (n=4/age
group). mRNA levels of GRP78, GRP94, OPR-150, IRE1,
XBP-1, and CHOP were measured by real-time PCR and
corrected for B-actin mRNA levels. The levels in the kidneys
from young mice were arbitrarily defined as 1. *p < 0.05 and
**p <0.01 vs. the levels in the kidneys from young mice.
Supplementary Figure 6: GRP78 and GRP94 immunohisto-
chemistry: renal sections from normal young mice (n=3)
were stained with anti-GRP78 or anti-GRP94, and the pos-
itive staining was revealed by FITC. To visualize the seg-
ment of tubules positive for GRP78 and GRP94, AQP1
that marks proximal tubules and THP that marks thick
ascending limbs and distal convoluted tubules were stained
and labeled (Cy5). Additionally, cell nuclei were stained
with blue DAPL (a) and (b) panels clearly showed that
the relatively strong GRP78 and GRP94 staining colocalized
with THP-positive tubules. (c) and (d) panels indicated that
neither GRP78 nor GRP94 strong staining was present in
AQP1-positive tubules. Scale bar =25 um. Supplementary
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Figure 7: differences in expression of UPR-related genes
between the kidneys of old and young mice after low dose
of tunicamyecin injury: renal cortex RNA was obtained from
young and old mice at baseline and 72 hours after low dose
(0.2 ug/g) of tunicamycin injection. The levels of GRP78,
GRPY94, ORP150, EDEM1, and CHOP mRNAs were mea-
sured by real-time PCR, and the results were corrected by
B-actin mRNA levels. The presence of spliced XBP-1 was
visualized by regular PCR. GRP78, GRP94, CHOP, and cas-
pase 12 protein levels were determined by Western blots.
B-actin levels were measured at the same membrane. The
intensity of Western blot band was quantified using a den-
sitometer. (a) mRNA levels at baseline and 72 hours after
tunicamycin injection. **p < 0.01 vs. mRNA levels in young
mice at 72 hours. XBP-1 splicing, which was not seen in
young control (Y/c) and old control (O/c) mice, was clearly
present in tunicamycin-treated young mice (Y/tuni) and old
mice (O/tuni). (b) GRP78 and GRP94 protein levels were
determined (8 mice/age/time point). Representative gels
from two kidneys of young and old mice at baseline and
72 hours after tunicamycin injection. Y: young mice con-
trol; O: old mice control; YT: young mice with 0.2 ug/gBW
tunicamycin; OT: old mice with 0.2 ug/gBW tunicamycin.
Density of the specific band was quantitated. *p <0.05
and **p < 0.01 vs. protein levels in young mice at 72 hours.
(c) CHOP and caspase 12 protein levels at 72 hours after
tunicamycin injection. Two representative gels from the
kidneys of old and young mice showed that CHOP protein
levels were higher in old mice and cleaved caspase 12 was
only present in old mice. Supplementary Figure 8: oxidative
stress and IRE1-XBP-1. (a) Severe oxidative stress decreased
IRE1 mRNA levels. RNA was collected from proximal
tubular cells treated with 1 and 3mM of H,O, in the pres-
ence or absence of NAC. mRNA levels of IRE1 were deter-
mined by real-time PCR and corrected for f3-actin mRNA
levels. The levels in cells without receiving H,O, were arbi-
trarily defined as 1. **p <0.01 vs. cells without receiving
H,0, (0). #p <0.01 vs. cells treated with 1 mM of H,0,.
(b) Severe oxidative stress decreased the levels of spliced
XBP-1 in proximal tubular cells. Spliced XBP-1 was readily
present in cultured proximal tubular cells. Adding high
dose of H,0, (1-3mM) into these cells for 6 hours caused
a decrease in spliced XBP-1 mRNA levels. Pretreatment of
cells with 15mM of NAC 1 hour before adding H,O,
blocked the effect of H,0,. (c) Severe oxidative stress
decreased protein levels of spliced XBP-1 and IRE1. Proxi-
mal tubular cells were treated with different concentrations
of H,0, (0.5-3mM) for 24 hours, in the presence or
absence of NAC pretreatment. Nuclear protein was collected
for the measurement of spliced XBP-1, and protein from total
cell lysate was collected for the determination of IRE1. The
blots used for IRE1 Western blot were reprobed with 3-actin.
High concentration of H,0, decreases the levels of both
spliced XBP-1 and IREl. The presence of NAC blocked
the effect of H,O,. Supplementary Figure 9: protection
against ER stress renal injury by overexpressing AGERI.
AGERI transgenic and wild-type mice were treated with
high dose of tunicamycin. Severe renal injury characterized
by extensive vacuolation and tubular cell death was present
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in wild-type mice (a) while the injury was much less in AGER1
transgenic mice (b). (c) Morphometry analysis revealed that
tubular damage occurred in 62% of proximal tubules in
wild-type mice while the injured area was reduced by
50% in the kidneys of transgenic mice. *p <0.05 vs.
AGERI transgenic mice. Data was expressed as mean + SD.
(Supplementary Materials)

References

[1] T. Brunnler, M. Drey, G. Dirrigl et al., “The oldest old in the
emergency department: impact of renal function,” The Journal
of Nutrition, Health & Aging, vol. 20, no. 10, pp. 1045-1050,
2016.

[2] F.Liafo,]. Pascual, and The Madrid Acute Renal Failure Study
Group, “Epidemiology of acute renal failure: a prospective,
multicenter, community-based study,” Kidney International,
vol. 50, no. 3, pp. 811-818, 1996.

[3] G. Chen, E. A. Bridenbaugh, A. D. Akintola et al., “Increased
susceptibility of aging kidney to ischemic injury: identification
of candidate genes changed during aging, but corrected by
caloric restriction,” American Journal of Physiology-Renal
Physiology, vol. 293, no. 4, pp. F1272-F1281, 2007.

[4] S. Adler, H. Huang, M. S. Wolin, and P. M. Kaminski,
“Oxidant stress leads to impaired regulation of renal cortical
oxygen consumption by nitric oxide in the aging kidney,” Jour-
nal of the American Society of Nephrology, vol. 15, no. 1,
pp. 52-60, 2004.

[5] S. Anderson and B. M. Brenner, “The aging kidney: structure,
function, mechanisms, and therapeutic implications,” Journal
of the American Geriatrics Society, vol. 35, no. 6, pp. 590-
593, 1987.

[6] F. Gunduz, U. K. Senturk, O. Kuru, B. Aktekin, and M. R.
Aktekin, “The effect of one year's swimming exercise on oxi-
dant stress and antioxidant capacity in aged rats,” Physiological
Research, vol. 53, no. 2, pp. 171-176, 2004.

[7] S. G. Coca, K. C. Cho, and C. Y. Hsu, “Acute kidney injury in
the elderly: predisposition to chronic kidney disease and vice
versa,” Nephron Clinical Practice, vol. 119, Supplement 1,
pp. €19-c24, 2011.

[8] A. S. Lee, “The ER chaperone and signaling regulator
GRP78/BiP as a monitor of endoplasmic reticulum stress,”
Methods, vol. 35, no. 4, pp. 373-381, 2005.

[9] K. Zhang and R.J. Kaufman, “The unfolded protein response:
a stress signaling pathway critical for health and disease,”
Neurology, vol. 66, no. 1, Supplement 1, pp. S102-S109,
2006.

[10] K. Mori, “Tripartite management of unfolded proteins in the
endoplasmic reticulum,” Cell, vol. 101, no. 5, pp. 451-454,
2000.

[11] M. Bensellam, E. L. Maxwell, J. Y. Chan et al., “Hypoxia
reduces ER-to-Golgi protein trafficking and increases cell
death by inhibiting the adaptive unfolded protein response in
mouse beta cells,” Diabetologia, vol. 59, no. 7, pp. 1492-1502,
2016.

[12] H. Yoshida, T. Matsui, A. Yamamoto, T. Okada, and K. Mori,
“XBP1 mRNA is induced by ATF6 and spliced by IRE1 in
response to ER stress to produce a highly active transcription
factor,” Cell, vol. 107, no. 7, pp. 881-891, 2001.

[13] N. Hiramatsu, W. C. Chiang, T. D. Kurt, C. J. Sigurdson, and
J. H. Lin, “Multiple mechanisms of unfolded protein


http://downloads.hindawi.com/journals/omcl/2019/2746521.f1.pdf

14

(14]

(15]

(16]

(17]

(18]

(19]

(20]

[21]

(22]

(23]

[24]

(25]

[26]

(27]

(28]

response-induced cell death,” The American Journal of Pathol-
ogy, vol. 185, no. 7, pp. 1800-1808, 2015.

S. J. Marciniak and D. Ron, “Endoplasmic reticulum stress
signaling in disease,” Physiological Reviews, vol. 86, no. 4,
pp. 1133-1149, 2006.

C. Lorz, P. Justo, A. Sanz, D. Subira, J. Egido, and A. Ortiz,
“Paracetamol-induced renal tubular injury: a role for ER
stress,” Journal of the American Society of Nephrology,
vol. 15, no. 2, pp- 380-389, 2004.

M. Yokouchi, N. Hiramatsu, K. Hayakawa et al., “Atypical,
bidirectional regulation of cadmium-induced apoptosis via
distinct signaling of unfolded protein response,” Cell Death
and Differentiation, vol. 14, no. 8, pp. 1467-1474, 2007.

A.Mandic, J. Hansson, S. Linder, and M. C. Shoshan, “Cisplatin
induces endoplasmic reticulum stress and nucleus-independent
apoptotic signaling,” The Journal of Biological Chemistry,
vol. 278, no. 11, pp. 9100-9106, 2003.

H. Liu and R. Baliga, “Endoplasmic reticulum stress-associated
caspase 12 mediates cisplatin-induced LLC-PK1 cell apopto-
sis,” Journal of the American Society of Nephrology, vol. 16,
no. 7, pp. 1985-1992, 2005.

M. Peyrou, P. E. Hanna, and A. E. Cribb, “Cisplatin, gentami-
cin, and p-aminophenol induce markers of endoplasmic retic-
ulum stress in the rat kidneys,” Toxicological Sciences, vol. 99,
no. 1, pp. 346-353, 2007.

N. Chaudhari, P. Talwar, A. Parimisetty, C. Lefebvre d' Hellen-
court, and P. Ravanan, “A molecular web: endoplasmic reticu-
lum stress, inflammation, and oxidative stress,” Frontiers in
Cellular Neuroscience, vol. 8, p. 213, 2014.

D. J. Thuerauf, M. Marcinko, N. Gude, M. Rubio, M. A.
Sussman, and C. C. Glembotski, “Activation of the unfolded
protein response in infarcted mouse heart and hypoxic
cultured cardiac myocytes,” Circulation Research, vol. 99,
no. 3, pp. 275-282, 2006.

S. Ogawa, Y. Kitao, and O. Hori, “Ischemia-induced neuronal
cell death and stress response,” Antioxidants ¢ Redox Signal-
ing, vol. 9, no. 5, pp. 573-587, 2007.

F. Zheng, Q. L. Cheng, A. R. Plati et al., “The glomerulosclero-
sis of aging in females: contribution of the proinflammatory
mesangial cell phenotype to macrophage infiltration,” The
American Journal of Pathology, vol. 165, no. 5, pp. 1789-
1798, 2004.

M. Torreggiani, H. Liu, J. Wu et al., “Advanced glycation end
product receptor-1 transgenic mice are resistant to inflamma-
tion, oxidative stress, and post-injury intimal hyperplasia,” The
American Journal of Pathology, vol. 175, no. 4, pp. 1722-1732,
2009.

J. Wu, R. Zhang, M. Torreggiani et al., “Induction of diabetes
in aged C57B6 mice results in severe nephropathy: an associa-
tion with oxidative stress, endoplasmic reticulum stress, and
inflammation,” The American Journal of Pathology, vol. 176,
no. 5, pp. 2163-2176, 2010.

L. Huang, R. Zhang, J. Wu et al,, “Increased susceptibility to
acute kidney injury due to endoplasmic reticulum stress in
mice lacking tumor necrosis factor-a and its receptor 1,”
Kidney International, vol. 79, no. 6, pp. 613-623, 2011.

F. Zheng, A. R. Plati, M. Potier et al., “Resistance to glomerulo-
sclerosis in B6 mice disappears after menopause,” The Ameri-
can Journal of Pathology, vol. 162, no. 4, pp. 1339-1348, 2003.
S.J. Elliot, M. Karl, M. Berho et al., “Estrogen deficiency accel-
erates progression of glomerulosclerosis in susceptible mice,”

(29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

(40]

[41]

(42]

(43]

(44]

Oxidative Medicine and Cellular Longevity

The American Journal of Pathology, vol. 162, no. 5, pp. 1441-
1448, 2003.

L. Wang, W. chen, Y. Zhang et al., “Deletion of p18™*** aggra-
vates cisplatin-induced acute kidney injury,” International
Journal of Molecular Medicine, vol. 33, no. 6, pp. 1621-1626,
2014.

W. Caj, J. C. He, L. Zhu et al.,, “Reduced oxidant stress and
extended lifespan in mice exposed to a low glycotoxin diet:
association with increased AGERI expression,” The American
Journal of Pathology, vol. 170, no. 6, pp. 1893-1902, 2007.

G. Wolf and E. G. Neilson, “Angiotensin II induces cellular
hypertrophy in cultured murine proximal tubular cells,” The
American Journal of Physiology, vol. 259, 5 Part 2, pp. F768-
F777, 1990.

V. Esposito, F. Grosjean, J. Tan et al., “CHOP deficiency results
in elevated lipopolysaccharide-induced inflammation and kid-
ney injury,” American Journal of Physiology. Renal Physiology,
vol. 304, no. 4, pp. F440-F450, 2013.

M. Schroder and R. J. Kaufman, “The mammalian unfolded
protein response,” Annual Review of Biochemistry, vol. 74,
no. 1, pp. 739-789, 2005.

D. T. Rutkowski, S. M. Arnold, C. N. Miller et al., “Adaptation
to ER stress is mediated by differential stabilities of
pro-survival and pro-apoptotic mRNAs and proteins,” PLoS
Biology, vol. 4, no. 11, article €374, 2006.

S.J. Marciniak, C. Y. Yun, S. Oyadomari et al., “CHOP induces
death by promoting protein synthesis and oxidation in the
stressed endoplasmic reticulum,” Genes ¢ Development,
vol. 18, no. 24, pp. 3066-3077, 2004.

J. H. Lin, H. Li, Y. Zhang, D. Ron, and P. Walter, “Divergent
effects of PERK and IRE1 signaling on cell viability,” PLoS
One, vol. 4, no. 1, article e4170, 2009.

J. H. Lin, H. Li, D. Yasumura et al., “IRE1 signaling affects cell
fate during the unfolded protein response,” Science, vol. 318,
no. 5852, pp. 944-949, 2007.

D. T. Rutkowski, J. Wu, S. H. Back et al., “UPR pathways com-
bine to prevent hepatic steatosis caused by ER stress-mediated
suppression of transcriptional master regulators,” Develop-
mental Cell, vol. 15, no. 6, pp. 829-840, 2008.

J. Wu, D. T. Rutkowski, M. Dubois et al., “ATF6« optimizes
long-term endoplasmic reticulum function to protect cells
from chronic stress,” Developmental Cell, vol. 13, no. 3,
pp. 351-364, 2007.

M. Boyce, K. F. Bryant, C. Jousse et al., “A selective inhibitor of
elF2a dephosphorylation protects cells from ER stress,” Sci-
ence, vol. 307, no. 5711, pp- 935-939, 2005.

N. A. H. Sadik, W. A. Mohamed, and M. I. Ahmed, “The asso-
ciation of receptor of advanced glycated end products and
inflammatory mediators contributes to endothelial dysfunc-
tion in a prospective study of acute kidney injury patients with
sepsis,” Molecular and Cellular Biochemistry, vol. 359, no. 1-2,
pp. 73-81, 2012.

J. Himmelfarb, “Acute kidney injury in the elderly: problems
and prospects,” Seminars in Nephrology, vol. 29, no. 6,
pp. 658-664, 2000.

C. G. Musso, V. Liakopoulos, I. Toannidis, T. Eleftheriadis, and
L. Stefanidis, “Acute renal failure in the elderly: particular char-
acteristics,” International Urology and Nephrology, vol. 38,
no. 3-4, pp. 787-793, 2006.

X. Zhang, Y. Yuan, L. Jiang et al., “Endoplasmic reticulum
stress induced by tunicamycin and thapsigargin protects



Oxidative Medicine and Cellular Longevity

[45]

(46]

(47]

(48]

(49]

(50]

(51]

(52]

(53]

(54]

(55]

against transient ischemic brain injury: involvement of
PARK2-dependent mitophagy,” Autophagy, vol. 10, no. 10,
pp. 1801-1813, 2014.

D. Zhang, Y. Wang, Z. Shi et al., “Metabolic reprogramming of
cancer-associated fibroblasts by IDH3«a downregulation,” Cell
Reports, vol. 10, no. 8, pp- 1335-1348, 2015.

S. E. Schriner, N. J. Linford, G. M. Martin et al., “Extension of
murine life span by overexpression of catalase targeted to
mitochondria,” Science, vol. 308, no. 5730, pp. 1909-1911,
2005.

T. Finkel and N. J. Holbrook, “Oxidants, oxidative stress and
the biology of ageing,” Nature, vol. 408, no. 6809, pp. 239-
247, 2000.

C.-H. A. Tang, S. Ranatunga, C. L. Kriss et al., “Inhibition of
ER stress-associated IRE-1/XBP-1 pathway reduces leukemic
cell survival,” The Journal of Clinical Investigation, vol. 124,
no. 6, pp. 2585-2598, 2014.

J. Zhou, L. D. ColeS, R. V. Kartha et al., “Intravenous adminis-
tration of stable-labeled n-acetylcysteine demonstrates an
indirect mechanism for boosting glutathione and improving
redox status,” Journal of Pharmaceutical Sciences, vol. 104,
no. 8, pp. 2619-2626, 2015.

M. Al-Hijazeen, E. Lee, A. Mendonca, and D. Ahn, “Effects of
tannic acid on lipid and protein oxidation, color, and volatiles
of raw and cooked chicken breast meat during storage,” Anti-
oxidants, vol. 5, no. 2, p. 19, 2016.

N. Rabbani, K. Sebekova, K. Sebekova Jr., A. Heidland, and
P. J. Thornalley, “Accumulation of free adduct glycation,
oxidation, and nitration products follows acute loss of renal
function,” Kidney International, vol. 72, no. 9, pp. 1113-1121,
2007.

A. Polat, H. Parlakpinar, S. Tasdemir et al., “Protective role of
aminoguanidine on gentamicin-induced acute renal failure in
rats,” Acta Histochemica, vol. 108, no. 5, pp. 365-371, 2006.

A. Heidland, K. Sebekova, and R. Schinzel, “Advanced glyca-
tion end products and the progressive course of renal disease,”
American Journal of Kidney Diseases, vol. 38, no. 4, pp. S100-
S106, 2001.

C. van Ypersele Strihou, “Advanced glycation in uraemic
toxicity,” EDTNA-ERCA Journal, vol. 29, no. 3, pp. 148-150,
2003.

U. Klotz, “Pharmacokinetics and drug metabolism in the

elderly,” Drug Metabolism Reviews, vol. 41, no. 2, pp. 67-76,
2009.

15



Hindawi

Oxidative Medicine and Cellular Longevity
Volume 2018, Article ID 8421394, 14 pages
https://doi.org/10.1155/2018/8421394

Review Article

Different Forms of ER Stress in Chondrocytes Result in
Short Stature Disorders and Degenerative Cartilage Diseases:
New Insights by Cartilage-Specific ERp57 Knockout Mice

Yvonne Rellmann @ and Rita Dreier

Institute of Physiological Chemistry and Pathobiochemistry, WaldeyerstrafSe 15, 48149 Miinster, Germany
Correspondence should be addressed to Rita Dreier; dreierr@uni-muenster.de

Received 30 August 2018; Accepted 13 November 2018; Published 17 December 2018

Guest Editor: Tomasz Poplawski

Copyright © 2018 Yvonne Rellmann and Rita Dreier. This is an open access article distributed under the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work
is properly cited.

Cartilage is essential for skeletal development by endochondral ossification. The only cell type within the tissue, the
chondrocyte, is responsible for the production of macromolecules for the extracellular matrix (ECM). Before proteins and
proteoglycans are secreted, they undergo posttranslational modification and folding in the endoplasmic reticulum (ER).
However, the ER folding capacity in the chondrocytes has to be balanced with physiological parameters like energy and
oxygen levels. Specific cellular conditions, e.g., a high protein demand, or pathologic situations disrupt ER homeostasis and
lead to the accumulation of poorly folded or misfolded proteins. This state is called ER stress and induces a cellular quality
control system, the unfolded protein response (UPR), to restore homeostasis. Different mouse models with ER stress in
chondrocytes display comparable skeletal phenotypes representing chondrodysplasias. Therefore, ER stress itself seems to be
involved in the pathogenesis of these diseases. It is remarkable that chondrodysplasias with a comparable phenotype arise
independent from the sources of ER stress, which are as follows: (1) mutations in ECM proteins leading to aggregation, (2)
deficiencies in ER chaperones, (3) mutations in UPR signaling factors, or (4) deficiencies in the degradation of aggregated
proteins. In any case, the resulting UPR substantially impairs ECM protein synthesis, chondrocyte proliferation, and/or
differentiation or regulation of autophagy and apoptosis. Notably, chondrodysplasias arise no matter if single or multiple
events are affected. We analyzed cartilage-specific ERp57 knockout mice and demonstrated that the deficiency of this single
protein disulfide isomerase, which is responsible for formation of disulfide bridges in ECM glycoproteins, is sufficient to
induce ER stress and to cause an ER stress-related bone phenotype. These mice therefore qualify as a novel model for the
analysis of ER stress in chondrocytes. They give new insights in ER stress-related short stature disorders and enable the
analysis of ER stress in other cartilage diseases, such as osteoarthritis.

1. Cartilage Enables Skeletal Development,
Bone Growth, and Diarthrodial
Joint Function

Cartilage is a connective tissue with essential functions in
embryonic development and throughout life. During bone
development by endochondral ossification, cartilaginous tem-
plates of future bones are formed and later gradually replaced
by bone [1, 2]. The bone formation starts with the generation
of cartilage condensations, consisting of prechondrogenic

mesenchymal cells. These cells differentiate into chondro-
cytes, produce a cartilage-specific ECM, and build bone tem-
plates (= bone anlagen), in which the central chondrocytes
start to proliferate and progressively differentiate into meta-
bolically highly active hypertrophic chondrocytes. During
proliferation and hypertrophic differentiation, chondrocytes
produce large amounts of extracellular proteins that form
structural components of the ECM or act as local growth fac-
tors. Through a variety of these growth factors, the chondro-
cytes trigger the differentiation of osteoblasts from the
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surrounding periosteum to form the bone collar [3]. In
addition, vascular invasion is initiated and brings osteo-
blasts and osteoclasts into this so-called primary ossifica-
tion center. These cells replace the cartilage by bone
through removal of cartilaginous extracellular matrix and
deposition of newly formed trabecular bone. Most hyper-
trophic chondrocytes die by apoptosis. However, recently,
it was proven that some of the osteoblasts arise from hyper-
trophic chondrocytes by transdifferentiation [4]. All pro-
cesses recur in the secondary ossification centers in both
epiphyses of the long bones. Following ossification in the
primary and secondary ossification centers, cartilaginous
tissue remains on the bone surfaces as articular cartilage,
where it is responsible for frictionless movement of the
joints. Cartilage also remains in the growth plates between
the ossification centers, where it is responsible for long
bone growth until the growth plate fuses during puberty.
Lengthening of a bone is dependent on proliferation and
maturation of chondrocytes and the increasing production
and secretion of ECM molecules by the chondrocytes.
However, the largest contribution comes from a dramatic
increase in the volume of hypertrophic chondrocytes in
the growth plate as they undergo terminal differentiation
[5]. Any imbalance between proliferation and hypertrophy
can lead to skeletal defects and in particular to chondrodys-
plasias [6]. Chondrodysplasias comprise several hundred
distinct forms of skeletal diseases from severe disorders that
are perinatal lethal to milder conditions that are recognized
postnatally [7]. The latter are characterized by a dispropor-
tionate short stature, eye abnormalities, cleft palate, and
hearing loss [8]. In addition to skeletal development and
bone growth, cartilage is involved in the maintenance and
function of diarthrodial joints.

2. A Proper ER Function Is a Prerequisite for
Effective Protein Synthesis and
Secretion by Chondrocytes

To build and maintain cartilage, a proper function of the
endoplasmic reticulum (ER) is essential in chondrocytes,
as they are responsible for the production of large
amounts of ECM proteins during skeletal development
and growth. Due to avascularity of cartilage, the secretory
chondrocytes experience a variety of stresses, such as low
oxygen tension and limited nutrient conditions [9, 10],
and consequently, the protein folding capacity in the cells
has to be balanced with physiological parameters like
energy and oxygen levels [11]. However, different cellular
conditions, e.g., phases of high protein demand or patho-
logic situations, prevent ER homeostasis and lead to the
accumulation of poorly folded proteins. This physiological
or pathological state is called ER stress and induces a cel-
lular quality control system, the so-called unfolded protein
response (UPR), an adaptive mechanism to cope with ER
stress to restore homeostasis [12].

Prior to their secretion, all proteins destined not only for
the extracellular space but also for the plasma membrane
or for secretory compartments undergo posttranslational
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modification, folding, and maturation in the rough ER
(Figure 1) [13]. For this purpose, the lumen of the ER
contains resident molecular chaperones, protein disulfide
isomerases (PDIs), and folding factors that multiply the
rate of protein folding. The folding complexes are active
in a specific environment of high Ca®>* concentration and
oxidizing conditions [12, 14]. The chaperones and folding
enzymes can be assigned to different protein families: (1)
members of the heat shock family (e.g., BiP, GRP%4), (2)
serpins (e.g., HSP47), (3) lectins (e.g., calreticulin, calnexin,
and EDEM), (4) oxidoreductases or protein disulfide isom-
erases (e.g., PDI, ERp57), and (5) peptidyl-prolyl cis/trans
isomerases (cyclophilins, FK506-binding proteins, and
parvulin-like peptidyl-prolyl cis/trans isomerases) [14-16].
Initially, the proteins to be folded are targeted to the ER
by hydrophobic signal sequences that are cotranslationally
recognized by signal recognition particles. After transition
through a translocon complex in the ER membrane, the
signal peptide is cleaved oft by signal peptidases in the
ER lumen and the nascent polypeptide is posttranslation-
ally modified, e.g., by the oligosaccharyltransferase which
is responsible for N-linked glycosylation. Attachment of car-
bohydrate moieties, called glycans, to asparagine within the
Asn-X-Ser/Thr consensus sequence enhances the intrinsic
solubility of nascent polypeptides during folding, poten-
tially by masking hydrophobic patches, but also allows
critical interactions with the lectin chaperones calnexin
and calreticulin [17].

Via particular domains at their N-termini, the lectins
calnexin and calreticulin specifically bind monoglycosylated
N-linked glycans on the nascent proteins, after these were
attached by the oligosaccharyltransferase and trimmed by
glycosidases I and II and ER mannosidases [18]. The N-
termini of calnexin and calreticulin in addition bind the
PDI ERp57, assisting in folding by disulfide exchange reac-
tions. Like other protein disulfide isomerases in the ER,
ERp57 is responsible for correct disulfide bridge formation.
After a first round of folding, calnexin or calreticulin releases
the protein and glucosidase II removes the final glucose mol-
ecule from its glycan, thereby inhibiting the binding of lectin
chaperones again. However, until the folding process is not
completed, a wuridine diphosphate-glucose-glycoprotein
transferase adds a new glucose molecule to the glycan again,
and the protein enters the calnexin/calreticulin cycle for a
second time allowing another round of folding. Such
glycosylation-folding reglycosylation cycles continue until
the native conformation is finally achieved or proteins aggre-
gate due to misfolding [12, 19]. This review focusses on
ERp57, that is, as a part of the calnexin/calreticulin cycle,
mainly engaged in folding of glycoproteins with unstructured
disulfide-rich domains [20, 21]. An overview about these and
other distinct functional roles of ERp57 in various cellular
compartments playing a role under physiological and patho-
logical conditions is given elsewhere [22].

Correctly folded proteins move via vesicular transport
to the Golgi apparatus. There are additional modifications
such as O-glycosylation occur, and sorting of the proteins
into different kinds of vesicles is established to enable a
further transport to different cellular compartments or
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F1GURE 1: ER stress induces morphological and functional changes in chondrocytes. Normal chondrocytes produce large amounts of cartilage
components. Before secretion into the ECM, these proteins undergo posttranslational modification and folding in the ER. If these processes
fail, ER stress arises and misfolded proteins aggregate in the ER. This leads to a dilation of ER cisternae and a diminished protein secretion into

the ECM.

secretion into the extracellular space. In case of incorrect
folding of ECM proteins or protein overload in the ER,
unfolded or misfolded proteins accumulate in the ER
and subsequently activate the UPR. This complex quality
control system leads to a general stop of cellular protein
synthesis, an increased production of additional chaper-
ones and other folding proteins, and to the degradation
of aggregated proteins by ER-associated degradation
(ERAD type I) or autophagy (ERAD type II). ERAD type
IT represents an autophagic pathway in which soluble and
insoluble misfolded proteins are incorporated in autopha-
gosomes, which then fuse with lysosomes. ERAD type I
targets soluble misfolded proteins only. These are polyubi-
quitinylated and translocated into the cytosol, where they
are degraded in the proteasome [23]. However, when the
combined efforts of UPR and ERAD do not readjust cellu-
lar homeostasis, cell death by apoptosis is initiated, in order
to enable general tissue homeostasis. [24].

3. The UPR Initiates a Stepwise Rescue
System for ER-Stressed Cells

The adaptive UPR comprises three parallel signaling path-
ways starting from ER stress sensor proteins located in the
ER membrane: ATF6a (activating transcription factor 6
alpha), IREla (inositol-requiring enzyme 1 alpha), and
PERK (protein kinase RNA-like endoplasmic reticulum

kinase) [25-27]. At the luminal side of the ER membrane,
BiP (immunoglobulin heavy-chain-binding protein), also
known as glucose-regulated protein 78 (GRP78), binds to
these sensor proteins and keeps them inactive. Upon binding
of BiP to unfolded or misfolded proteins accumulating in the
ER, BiP is released from the ER stress sensors, which trigger
the UPR signaling pathways. On the first route, BiP-free
ATF6a traffics to the Golgi apparatus, where it is processed
by the site 1 and site 2 proteases (S1P and S2P). The released
ATF6a fragment acts as a transcription factor, enters the
nucleus, and induces UPR genes encoding additional
chaperones or initiators of ERAD [28]. On the second
pathway, BiP-free IREla is activated by oligomerization
and autophosphorylation [29]. Active IREla degrades
certain mRNAs through regulated IRE1-dependent decay
(RIDD) [30] and induces splicing of the transcription fac-
tor XBP1 (X-box-binding protein 1). The spliced tran-
scription factor XBP1s (XBP1,;..q) then directly activates
gene expression for folding proteins and quality control
mechanisms in the ER. On the third route, oligomerized
and autophosphorylated PERK acts as a kinase on elF2a
(eukaryotic translation initiation factor 2A) and thereby
stops global transcription, thus reducing the overall pro-
tein synthesis and decreasing the load of unfolded proteins
in the ER [31]. However, due to preferential translation of
mRNAs containing short open reading frames in the 5’
UTRs, the amount of transcription factor ATF4 is



increased. ATF4 positively regulates the expression of UPR
genes that are involved in amino acid metabolism, antiox-
idant response, folding, and regulation of autophagy and
apoptosis. Examples of such ATF4-induced genes are
CHOP (C/EBP homologous protein) and GADD34
(growth arrest and DNA damage-inducible 34) [32].

4. ER Stress in Cartilage Is Important under
Physiological and Pathological Conditions

One should consider that ER stress or UPR signaling path-
ways play a crucial role in chondrocytes in phases of high
protein synthesis, e.g., during bone development by endo-
chondral ossification. As cartilage is a nonvascularized tissue,
low energy levels and hypoxic conditions prevail. ER stress,
therefore, is essential for normal differentiation and hyper-
trophic maturation of chondrocytes under these tough, but
physiological conditions [33, 34].

In addition, ER stress is triggered by pathological condi-
tions, such as metabolic dysfunction, Ca*" ion imbalances,
and expression of mutant proteins, or inducible by specific
drugs. Under all circumstances, the direct consequence of
ER stress is the initiation of UPR signaling in order to return
to cellular homeostasis. However, this is not always possible,
and thus, cellular imbalances occur that lead to ER stress-
related pathological outcomes. Due to unresolved ER stress
in chondrocytes, diseases of the skeletal system, such as
chondrodysplasias, arise.

5. Various Mouse Models with ER Stress in
Chondrocytes Display Phenotypes
Resembling Skeletal Diseases Associated with
Growth Plate Abnormalities and Dwarfism

Several whole-body knockout mouse models demonstrate
the general necessity of a proper protein folding in the ER
for developmental processes, organ function, and cellular
homeostasis. Homozygous deletion of ER chaperones such
as calreticulin, BiP, GRP94, ERp57, or UDP-glucose-
glycoprotein glucosyltransferase results in embryonic lethal-
ity [14, 35]. Thus, the function of these proteins is exclusive
and essential for embryonic development. Here, we focus
on the impact of chondrocytes to the development and
growth of long bones. Different actions of these cells are
important for endochondral ossification, such as the finely
tuned proliferation and maturation, the raising production
and secretion of specific ECM molecules, the increase in the
volume of hypertrophic chondrocytes, and the exact regula-
tion of chondrocyte death by apoptosis at the lower end of
the epiphyseal plate. If one or more of these processes fail,
skeletal development is impaired and short stature diseases,
like chondrodysplasias, may develop.

In order to specifically analyze the role of ER stress in
chondrocytes and its relevance to chondrodysplasias, more
and more mouse models with cartilage-specific changes in
protein folding have been developed (Table 1) [36, 37]. From
these mice, one can deduce that prolonged ER stress, e.g., due
to a mutation of an ECM protein initiating poor folding and
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aggregation in the ER, is a pathogenic mechanism behind
short stature diseases like metaphyseal chondrodysplasia
type Schmid (MCDS), multiple epiphyseal dysplasia
(MED), or pseudoachondrodysplasia (PSACH). Similarly,
mice with mutations in proteins of the ER folding machin-
ery [38], mutations in UPR signaling factors [39, 40], or
mutations in proteins of the secretory and degradative
pathways eliminating aggregated proteins display related
skeletal phenotypes. This substantiates that ER stress acts
as a pathogenic factor in chondrodysplasias.

To get a well-defined overview about mouse models with
ER stress in chondrocytes, one should discriminate between
(1) transgenic mice with mutations in genes encoding ECM
proteins, (2) transgenic mice with mutations in genes encod-
ing exogenous proteins that are normally not expressed in
cartilage, (3) mice with a knockout of genes encoding pro-
teins of the ER folding machinery, (4) mice with a knockout
of genes of UPR signaling factors, (5) mice with a knockout
of proteins involved in the degradation of aggregated pro-
teins, and (6) mice with a knockout of proteins essential for
protein trafficking and secretion.

5.1. Transgenic Mice with Mutations in Genes Encoding
Cartilage ECM Proteins. The extracellular matrix of cartilage
is composed of a set of self-assembled secreted macromole-
cules that form a dynamic network of fibrillar and nonfibril-
lar structures. The key macromolecules of cartilage ECM are
collagens II, IX, and XI, forming collagen fibrils and thus are
mainly responsible for the tensile strength; proteoglycans,
primarily aggrecan, responsible for the osmotic swelling
and elastic properties; noncollageneous glycoproteins such
as COMP and matrilins, connecting various ECM compo-
nents; and hyaluronan, providing compression strength,
lubrication, and hydration within the cartilaginous ECM
[41]. Due to mutations in genes encoding such ECM pro-
teins, misfolding may occur during its synthesis, which initi-
ates ER stress. The following mouse models demonstrate that
ER stress seems to be critically involved in the development
of skeletal diseases, as all mice display chondrodysplasia-
like phenotypes, no matter which deficiency they have.

5.1.1. Mouse Model of Chondrodysplasia Associated with a
Mutation in the Col2al Gene (p.Glyl170Ser in Col2al).
Mutations in the al chain of procollagen type II initiate
chondrodysplasias of different severity from lethal to mild
forms [42]. Such disease-inducing mutations often occur
in the triple-helical domain (Gly-X-Y domain) of collagen
IT alpha 1 chains and initiate intracellular retention of the
targeted protein with induction of ER stress and activation
of UPR signaling [37]. One prominent example is a
knockin mouse model harboring a col2alp.Gly1170Ser
mutation, in which the growth plate develops abnormally
because chondrocytes undergo apoptosis before hypertro-
phy. This leads to the disappearance of hypertrophic
zones. The detailed investigation of this mouse model sug-
gested that this early chondrocyte death is related to the
ER stress-UPR-apoptosis cascade and that this is the main
cause of the p.Glyl170Ser-induced chondrodysplasia in
mice and men [43].
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5.1.2. Mouse Model of Spondyloepiphyseal Dysplasia (SED)
Associated with a Arg992Cys (p.Argl192Cys) Mutation in
the Col2al Gene. Another class of mutations within the
human Col2al gene resulting in skeletal abnormalities is a
single base substitution that converts codons for arginine in
the Y position of the Gly-X-Y domain to codons for cysteine
[44-46]. The most interesting is the SED model associated
with an Arg992Cys (p.Argl192Cys) substitution [45, 46].
These mice reveal ER stress and an altered linear bone
growth. The growth plates display a disturbed columnar
organization of chondrocytes, an altered collagenous matrix,
an atypical cell polarization with unusual organization of pri-
mary cilia, and a reduced chondrocyte proliferation. Remark-
ably, this phenotype can be rescued by switching off the
expression of mutated collagen II only during embryonic
development or in newborn mice but not later, suggesting
that possible therapies in human diseases with this mutation
must be applied at prenatal or early postnatal stages in order
to be successful [46]. Recently, the impact of arginine-to-
cysteine mutations in collagen II on protein secretion and cell
survival was described elsewhere [47].

5.1.3. Mouse Model of MED (p.Val194Asp in MATN-3). MED
comprises a range of genetically and phenotypically hetero-
geneous skeletal dysplasias characterized by disorganized
endochondral ossification of the epiphyses of long bones
and early-onset osteoarthritis in large weight-bearing joints.
Autosomal dominant forms of MED can result from muta-
tions in genes encoding type IX collagen, oligomeric cartilage
protein (COMP), and matrilin-3 [36]. The MED-causing
mutant proteins are structurally unrelated, but all three com-
prise perifibrillar constituents and most likely form the struc-
tural basis for the mutual interaction of the cartilage fibrils
with the extrafibrillar matrix [48]. In addition, the mutations
lead at least to partial retention of the affected protein in the
ER. Leighton et al. generated a murine model of MED by
introducing a specific human disease-causing mutation
(p-Vall94Asp) into mouse matrilin-3 [49]. Homozygous
mice of this genotype develop a progressive chondrodyspla-
sia with weight loss and short-limbed dwarfism. Mutant
matrilin-3 is retained within the rough ER of chondrocytes,
and the aggregated proteins with aberrant disulfide bonding
[50] initiate an unfolded protein response, with upregulation
of the UPR marker proteins BiP and calreticulin. The mice
display disorganized growth plates with reduced prolifera-
tion. In addition, spatially increased apoptosis of chondro-
cytes occurs. However, whether this chondrocyte death is
directly linked to ER stress is unresolved yet, as CHOP
expression is not correspondingly augmented [36, 51].

5.1.4. Mouse Models of PSACH (p.Thr583Met and p.D469del
in COMP). Mutations in the cartilage oligomeric protein
(COMP) can also cause PSACH. PSACH is a more severe
skeletal dysplasia, characterized by a marked short stature,
a deformation of the legs, and ligamentous laxity [52]. For a
detailed analysis of PSACH, different mouse models were
used. One harbors a single point mutation (Thr583Met) in
the C-terminal domain of COMP [53] which in patients
results in a mild form of the disease with typical radiographic
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features and waddling gait, but normal or only mild short
stature [54]. Mutant mice are normal at birth, but grow
slower than their wild-type littermates and also develop a
mild short-limbed dwarfism. The chondrocyte columns in
the growth plates of these mice are poorly organized. Mutant
COMP, however, is secreted into the extracellular matrix, but
it is dislocated along with several COMP-binding proteins.
Although mutant COMP is not retained within the rough
ER, an unfolded protein response with upregulated expres-
sion of BiP, calreticulin, phosphorylated elF2«, and proc-
essed ATF6 is initiated. Chondrocyte proliferation is
significantly reduced, while apoptosis is both generally
increased and spatially dysregulated. By 16 months of age,
mutant animals exhibit severe degeneration of articular carti-
lage, which is consistent with early-onset osteoarthritis seen
in PSACH patients [55]. A second transgenic mouse model
carries the most frequent mutation in humans, the deletion
p-D469del [56]. In these mice, both wild-type and mutant
COMP were detected throughout the growth plate. Mutant
molecules were restricted to the pericellular matrix, while
wild-type COMP showed a uniform distribution throughout
the extracellular matrix. Mice expressing the mutant trans-
gene showed a slight gender-specific growth retardation. In
mutant animals, the columnar organization in the growth
plate was disturbed, proteoglycans were lost, and improperly
formed collagen fibrils were observed. In some chondrocytes,
the ER was dilated, most probably due to an impaired secre-
tion of mutant COMP similar to that observed in patients.
Later in development, the growth plate was irregularly
shaped and prematurely invaded by bony tissue [56]. A third
mouse model harbors the D469del COMP mutation as a
knockin and was generated by homologous recombination
[57]. Most phenotypic characteristics were similar to the
transgenic mouse, but in contrast, the knockin mouse
showed no canonical UPR signaling although proteins
aggregated in the ER. Instead, gene profiles of oxidative
stress, cell cycle, apoptosis, and NF-«B signaling changed,
suggesting the involvement of UPR-independent stress
pathways [57].

5.1.5. Mouse Model of MCDS (13del in COL10al). MCDS is a
dominant disease caused by mutations in the type X collagen
gene. Collagen X is a short, nonfibrillar collagen expressed by
hypertrophic chondrocytes in the growth plates of long
bones. MCDS patients suffer from a relatively mild chondro-
dysplasia characterized by growth plate malfunction with a
strong expansion of the hypertrophic zones [58]. Almost all
patients with MCDS carry mutations in the NC1 domain of
type X collagen [37]. Tsang et al. generated transgenic mice
carrying a disease-causing 13 base pair deletion (13del) in
this domain [59]. These mice display a chondrodysplasia
phenotype including short limbs and expanded hypertrophic
zones in growth plates of long bones. Collagen X is retained
in the ER cisternae of hypertrophic chondrocytes, and UPR
marker proteins such as BiP, XBP1s, CHOP, and processed
ATF6 are upregulated, suggesting MCDS to be an ER
stress-related skeletal disease. Furthermore, the authors
described changes in the chondrocyte differentiation pro-
gram as part of the adaptive response to the ER stress. The
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hypertrophic chondrocytes are reprogrammed to a “prehy-
pertrophic chondrocyte-like” cell showing proliferative
characteristics to circumvent the expression of mutated col-
lagen X. These aberrations from the normal differentiation
processes during endochondral ossification then lead to the
chondrodysplasia phenotype [59].

In all of these mouse models, mutations in ECM proteins
result in the synthesis of misfolded proteins, which accumu-
late in the ER and induce the UPR. However, due to the intra-
cellular retention of the mutated proteins, the ECM also lacks
essential constituents or contains minor amounts of the
affected ECM macromolecules. Therefore, it is hard to deter-
mine whether the ER stress itself, the loss of essential ECM
components, or both is the underlying mechanism of the
given chondrodysplasias.

5.2. Transgenic Mice with Mutations in Genes Encoding
Exogenous Proteins That Are Normally Not Expressed in
Cartilage. In order to analyze the effects of ER stress on bone
development and long bone growth without loss of a single,
essential cartilage ECM constituent, transgenic mice were
generated in which mutated thyroglobulin (Tg®®) is
expressed in chondrocytes [60, 61]. The mutated thyroglobu-
lin fails to be folded, accumulates in the ER, and induces ER
stress. However, as thyroglobulin normally is only expressed
in the thyroid gland, the cartilage of these transgenic mouse
lines does not lack any specific essential cartilage component.

5.2.1. Tg™® Mouse (Col2al-Tg**®). This mouse line was gener-
ated to investigate the generic role of ER stress and the UPR
in the pathogenesis of the chondrodysplasia types MED and
PSACH. Tg ® was expressed as potential ER stress-inducing
protein in proliferative chondrocytes under the control of the
collagen II alpha 1 promoter. Due to its mutation, Tg™® was
retained in the ER cisternae, induced ER stress, and activated
the UPR. This was detected by increased expression of the ER
stress marker protein BiP, phosphorylation of elF2a, and
appearance of XBP1s, the spliced form of XBP1. Col2alTg®
mice displayed diminished long bone growth and a reduced
rate of chondrocyte proliferation. However, morphology of
the chondrocytes and architecture of the overall growth plate
were normal. In addition, no increased apoptosis was detect-
able. Summarized, these data demonstrate that the targeted
induction of ER stress in chondrocytes is sufficient to reduce
the rate of bone growth and establishes that classical ER
stress is a pathogenic factor that contributes to the disease
mechanisms of MED and PSACH. However, as not all path-
ological features of MED and PSACH were recapitulated, a
combination of intra- and extracellular factors is suggested
to be responsible for disease pathology [60].

5.2.2. Tg™® Mouse (Coll0al-Tg*®). An analogous mouse
model was established to examine the role of ER stress and
the UPR in the pathogenesis of MCDS. Mutant thyroglobulin
(Tg™®) was expressed in hypertrophic chondrocytes under
the control of the collagen X promoter. The hypertrophic
chondrocytes in these mice exhibited ER stress with a char-
acteristic UPR response. In addition, the hypertrophic zone
was expanded, gene expression patterns were disrupted,

osteoclast recruitment to the vascular invasion front was
reduced, and long bone growth decreased. Moreover,
hypertrophic chondrocytes regain a prehypertrophic differ-
entiation state comparable to chondrocytes of the MCDS
mice. These data demonstrate that triggering ER stress in
hypertrophic chondrocytes per se is sufficient to induce
the essential features of the cartilage pathology associated
with MCDS and confirm that ER stress is a central path-
ogenic factor in the disease mechanism [61].

Both Tg“°® mouse models prove that ER stress is centrally
involved in the pathogenesis of chondrodysplasias. The
advantage over mouse models with mutant ECM proteins is
obvious, but the contribution of a possibly reduced con-
centration of numerous ECM components cannot clearly
be ruled out as a potential factor in the pathogenesis of
chondrodysplasias, as the induced UPR reduces the overall
protein synthesis in affected chondrocytes. This is the reason
why additional mouse models are important to confirm the
direct link between ER stress and the pathogenesis of
chondrodysplasias.

5.3. Mice with a Knockout of Genes Encoding Proteins of the
ER Folding Machinery. To further characterize the role of
ER stress as a pathogenic factor in chondrodysplasia,
transgenic mice were generated with a cartilage-specific
deficiency in proteins of the folding machinery or missing
UPR signaling factors.

5.3.1. Hsp47 KO Mouse (Col2al Hsp47 KO). The most prom-
inent knockout mouse model in this respect is the cartilage-
specific Hsp47 KO mouse [38]. Masago et al. generated a
mouse model with a conditionally inactivated Hsp47 gene
in chondrocytes using Hsp47 floxed mice and mice carrying
a chondrocyte-specific Col2al-Cre transgene. Hsp47 binds
Yaa-Gly-Xaa-Arg-Gly in triple-helical procollagen in the
ER via hydrophobic and hydrophilic interactions. In carti-
lage, the binding of Hsp47 mainly stabilizes procollagen II
by preventing unfolding of the triple helix. Thus, Hsp47 is
crucial for efficient secretion, processing, fibril formation,
and deposition of collagen type II in the ECM of cartilage
[62]. These mice die just before or shortly after birth and
exhibit a severe generalized chondrodysplasia and bone
deformities with lower levels of type II and type XI collagen.
Most long bones were severely twisted and shortened. First,
these results demonstrate that Hsp47 is indispensable for
well-organized cartilage fibril formation and normal endo-
chondral bone formation. In addition, this mouse model
displays numerous characteristics of ER stress. Cartilage
collagens and other ECM components accumulated in the
rough ER and induced the UPR with induction of the ER
stress marker BiP. Moreover, the TUNEL assay revealed an
elevated apoptosis rate. This ER stress induced chondrocyte
death clearly contributes to the chondrodysplasia phenotype
of cartilage-specific Hsp47 KO mice.

5.3.2. ERp57 KO Mouse (Col2al ERp57 KO). In our lab, the
cartilage-specific ERp57 knockout mouse was intensively
investigated [63]. ERp57 is a member of the protein disulfide
isomerase family of ER chaperone proteins and is essentially



involved in the formation of disulfide bridges in newly
formed glycoproteins [21]. Moreover, ERp57 accounts for a
folding correction in misfolded proteins by elimination of
disarranged and formation of new disulfide bridges [64].
The activity of ERp57 is dependent on interactions with cal-
nexin and calreticulin, which mediate the recognition and
binding of N-glycosylated substrates [20, 65]. As a total
deficiency of ERp57 in mice is lethal at embryonic day 13.5,
demonstrating that ERp57 action is indispensable for verte-
brate development [66], a cartilage-specific KO mouse model
was generated. We used ERp57 floxed mice and crossed these
with Col2al-Cre transgenic animals [63]. The cartilage-
specific ERp57 KO animals (ERp57cKO) display an obvious
chondrodysplasia-like bone phenotype. Four-week-old male
mice reveal a reduced weight, shorter long bones, enlarged
growth plates, and a decreased proliferation and increased
apoptotic cell death in growth plate chondrocytes. Most
likely, this bone phenotype is pronounced especially at this
age because of an extremely high protein demand due to
the pubertal growth spurt. The significantly reduced tibia
lengths and the enlarged growth plates were confirmed by
y-computer tomography analysis. By this method, also
altered trabecular structures and a reduced bone volume
compared to the total volume were detectable. With respect
to the function of ERp57 in protein folding, chondrocytes
were analyzed by electron microscopy. Dilated ER structures,
which are most likely a consequence of accumulating mis-
folded proteins and therefore represent a sign of ER stress
in these cells, were evident. Immunofluorescence staining of
chondrocytes of the tibial growth plate indeed displayed
higher amounts of the ER stress markers BiP and CHOP.
This demonstrates that ER stress, triggered by the knockout
of the protein disulfide isomerase ERp57, is the basic reason
of the chondrodysplasia phenotype in these mice [63]. There-
fore, mice with a cartilage-specific knockout of the protein
disulfide isomerase ERp57 qualify as a novel model for the
analysis of ER stress in chondrocytes and ER stress-related
skeletal diseases. We wondered that the knockout of this
single PDI led to this pronounced phenotype and started to
examine ERp57 substrates. In preliminary studies, we
observed that the secretion of collagen II by ERp57 KO chon-
drocytes was almost normal, whereas the proteoglycans were
diminished as seen by alcian blue staining of micromass-
cultured cells. These analyses, however, are far from accurate
and should be expanded in future. Jessop et al. analyzed
ERp57 substrates by biochemical means and found common
structural domains which are important for the interaction of
ERp57 with the proteins to be folded [67]. These specific
domains may also be one reason why other protein disulfide
isomerases, such as PDI or ERp72, could not efficiently com-
pensate for the loss of ERp57. The superior function of the
calreticulin-calnexin ERp57 cycle over other protein folding
mechanisms [20] might also play a role in this context. The
complex of multiple proteins that work together is important
for speeding up the folding process. If the calreticulin-
calnexin-ERp57 cycle fails, this cannot be compensated by
individual PDIs. These results and additional detailed analy-
ses of the ERp57 KO mouse in the future will provide access
to new insights into ER stress-related cartilage diseases.
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As these mice also display chondrodysplasia-like pheno-
types, ER stress gets more and more likely as a pathogenic
factor in chondrodysplasia.

5.4. Mice with a Knockout of Genes Encoding Proteins
Influencing UPR Signaling. ER stress initiates the UPR to
restore cellular homeostasis by expression of additional
chaperones, reduction of translation, and initiation of the
degradation of aggregated proteins. Whenever the UPR fails
or is not able to counteract the ER stress, cellular homeostasis
cannot be restored and apoptosis is initiated. In mice with
deficiencies in UPR signaling factors, this restoration system
is reduced, and consequently, the ER stress remains high
for a longer period. Therefore, the initiation of pathologic
outcomes is anticipated. However, if only one UPR signaling
route is blocked, the others probably can substitute for this
loss. Here, different mouse models with a failure in ER
stress-induced signaling processes in chondrocytes are
described exemplarily.

5.4.1. XBP1 KO Mouse (Col2al-XBP1 KO). In presence of
aggregated proteins, the ER sensor protein IREl« is activated
and then induces splicing of XBP1. The spliced form of XBP1
(XBP1s) acts as a transcription factor inducing the expres-
sion of different genes involved in quality control mecha-
nisms of the ER. Cartilage-specific XBP1 knockout mice
[39] display a mild form of chondrodysplasia with a delay
in endochondral ossification. The main characteristics are
dysregulation of chondrocyte proliferation and shortening
of hypertrophic growth plate zones. Moreover, long bones
reveal a delayed ossification. While ER stress was enhanced
in the XBPI-deficient growth plate cartilage and was detect-
able by IREI hyperactivation, only minimal alterations in
the expression of chondrocyte proliferation markers were
observed and no changes in apoptotic cell death were detect-
able. The effects of a XBP1 deficiency in cartilage are rather
low, but even small imbalances in chondrocytes induce
changes in the timing of mineralization during endochondral
ossification, ending in an ER stress-induced chondrodyspla-
sia phenotype [39].

5.4.2. ATF4 KO Mouse (Total KO). ATF4 positively regulates
the expression of UPR genes that are involved in folding and
regulation of autophagy and apoptosis, e.g., CHOP and
GADD34 [32]. Compared to XBP1 deficiency, the ablation
of Atf4 in mice leads to more severe skeletal defects. ATF4-
deficient mice display a 50% reduction in body weight and
in femoral bone length at the age of 1 month, indicating a
severe limb dwarfism. In the growth plates, the typical
columnar structure of proliferative chondrocytes is disturbed
and the proliferative zone is shortened. In addition, the
hypertrophic zone is abnormally expanded, suggesting a
delay in the overall endochondral ossification process.
Detailed analysis in chondrocytes showed that ATF4 acts as
a transcriptional activator of Indian Hedgehog and therefore
controls chondrocyte proliferation and differentiation during
bone development and growth [40].

5.4.3. BMP2 KO Mouse (Col2al-Bmp2 KO). During bone
development by endochondral ossification, BMP2 activates
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via Smad-4 the transcription of XBP1, which is involved in
ER stress signaling and positively regulates bone formation
by activating granulin-epithelin precursor [68]. Both is
essential, as mice with a conditional knockout of BMP2
develop a severe chondrodysplasia, with defects in prolifera-
tion, differentiation, and apoptosis of chondrocytes in the
growth plate [69]. The phenotypes of cartilage-specific
BMP2 and XBP1 KO mice are comparable.

5.4.4. SIP KO Mouse (Col2al-SIP). The site 1 protease is
essential in UPR signaling as well, as it is responsible for
the processing and activation of the transcription factor
ATF6. Due to a loss of active ATF6, one of the three UPR
signaling pathways is completely shut down, and therefore,
S1P KO mice exhibit a severe chondrodysplasia with a sub-
stantial increase in chondrocyte apoptosis. Ultrastructural
analysis revealed that the ER in S1P KO chondrocytes
displays characteristics of severe ER stress. This suggests that
S1P activity is required for the genesis of normal cartilage by
endochondral ossification [70].

These mouse models clearly demonstrate that UPR
signaling factors play a role not only under pathological but
also under physiological conditions in cartilage. Without a
well-functioning ER quality control system, normal endo-
chondral ossification and regular bone growth are disturbed.

5.5. Mice with a Knockout of Proteins Involved in the
Degradation of Aggregated Proteins. In addition to other
processes, the UPR initiates the degradation of aggregated
proteins by ER-associated degradation (ERAD type I) or
autophagy (ERAD type II). These mechanisms are com-
menced to liberate the chondrocytes from the overflow of
unfolded or misfolded proteins in the ER. However, if the
translocation processes into the cytosol or the degradation
processes fail, the ER stress in affected chondrocytes remains
and the initiation of apoptosis is the last chance to rescue
cartilage homeostasis.

5.5.1. Derlin-2 KO (Total KO). A multiprotein complex link-
ing dislocation, ubiquitination, and extraction of misfolded
proteins from the ER membrane mediates the dislocation
process from the ER to the cytosol in the case that misfolded
proteins should be degraded in the proteasome [71]. Derlin-2
is one of the important players within this multiprotein
complex. Whole-body deletion of derlin-2 in mice results in
perinatal death of most of the animals due to feeding failures.
However, the few mice that survive to adulthood develop a
severe chondrodysplasia with defects in ECM protein synthe-
sis and secretion. Derlin-2 KO mice were smaller, had
reduced bone lengths, and displayed a striking involution of
the rib cages with fusion of the third and fourth sternebrae.
Chondrocytes of KO animals showed intracellular retention
of ECM components, suggesting a defective protein secretion
and degradation. In addition, higher CHOP RNA and pro-
tein levels suggest an increase in chondrocyte apoptosis in
these animals [72].

5.5.2. CTGF/CCN?2 (Total KO). In addition to ERAD type I,
autophagy (ERAD type II) is activated in case of ER stress.
This mechanism is of great importance for the functionality

and homeostasis of the growth plates in mice, as the loss of
the connective tissue growth factor (CTGF/CCN2), which
is a positive regulator of autophagy, leads to a severe chon-
drodysplasia. CTGF/CCN2 KO chondrocytes displayed
dilated ER cisternae, increased apoptosis, and increased BiP
and CHOP expression levels [73]. Overall, autophagy is
considered as a particularly important mechanism for the
survival of highly secretory cells under hypoxic and other
stressful conditions [74].

The occurrence of chondrodysplasias due to the loss of
proteins engaged in ERAD I or II demonstrates the impor-
tance of a functional degradation system for unfolded or
misfolded proteins. A retention of aggregated proteins in
the ER induces ER stress in chondrocytes culminating in dys-
function of the skeletal system.

5.6. Mice with a Knockout of Proteins Which Are Essential for
Protein Trafficking and Secretion. In addition to the above-
mentioned processes, disturbed trafficking of proteins within
the cells and to the cell surface and insufficient secretion
induce skeletal phenotypes as well.

5.6.1. BBF2H7 KO Mouse (Total KO). Under normal condi-
tions, ER stress induces the activation of the transcription
factor BBF2H7, which then, via Sec23, encodes a component
that is responsible for the protein transport from the ER to
the Golgi apparatus. If BBF2H7 and subsequently Sec23 are
absent, the formation of vesicles for these transport processes
fails and cartilage matrix secretion is impaired. BBF2H7 KO
mice showed severe chondrodysplasia and died by suffoca-
tion shortly after birth because of an immature chest cavity.
ECM proteins, type II collagen, and COMP remained in the
ER; ER stress arose and a severe chondrodysplasia with char-
acteristics, such as a lack of the typical columnar structure in
the proliferating zone of growth plates and proliferating
chondrocytes showing abnormally expanded ERs developed.
This indicates that the ER stress-induced BBF2H7-Sec23a
pathway is crucial in endochondral ossification as insufficient
protein trafficking into the ECM results in ER stress counter-
acting proper cartilage proliferation and differentiation pro-
cesses [75]. In addition, a C-terminal fragment of BBF2H7
accelerates chondrocyte proliferation by binding to Indian
hedgehog and its receptor PTCHI, supporting their interac-
tion and signaling [76]. If this acceleration is missing, the
proliferative capacity of chondrocytes is reduced.

5.6.2. GMAP-210 KO Mouse (Col2al-Trip11 KO). Another
trafficking component of interest is the golgin Golgi
microtubule-associated protein of 210kDa (GMAP-210).
Like other golgins, GMAP-210 is required for efficient traf-
ficking from the ER to the Golgi. Studies by Bird et al.
revealed that the skeletal phenotype of achondrogenesis type
1A is exclusively caused by defects in chondrocytes, but not
osteoblasts, osteoclasts, or hematopoetic cells. Loss of
GMAP-210 led to a massive ER swelling and cell death in
growth plate cells culminating in impaired bone formation.
Notably, the intracellular accumulation of proteins applies
only to specific ECM components such as perlecan, but is
not a general secretion defect [77].
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FIGURE 2: Causes and effects of ER stress in growth plate chondrocytes. ER stress in growth plate chondrocytes is induced by mutations in
genes encoding ECM components, chaperones, UPR signaling factors, or ERAD proteins. The ER stress-induced unfolded protein
response (UPR) substantially impairs essential processes of the endochondral ossification, such as ECM protein synthesis and chondrocyte
proliferation and differentiation, and activates autophagy and apoptosis. This results in a chondrodysplasia phenotype with reduced

lengths of long bones.

These examples show that mice with trafficking defects
display ER stress. Consequently, it seems very likely that
chondrodysplasias in mice with such defects are not induced
by the loss of nonsecreted components in the ECM, but by
the increasing ER stress in chondrocytes.

6. The Skeletal Phenotypes of Different ER
Stress Mouse Models Show a High
Degree of Similarity

Taken together, various mouse models with prolonged or
high levels of ER stress in growth plate chondrocytes display
chondrodysplasia phenotypes (Figure 2). However, the cause
for this pathological outcome varies between the different ER
stress mouse models. ER stress may arise due to misfolding of
ECM proteins, failures in the ER folding machinery, mal-
function of UPR signaling factors, or mutations in proteins
involved in the degradation of aggregated proteins. All these
cellular dysfunctions result in high levels of ER stress and are
obvious, e.g., by dilation of ER cisternae due to the accumu-
lation of unfolded or aggregated proteins. The cells react via
UPR by a reduction of protein synthesis, an induction of
additional folding enzymes, and by degradation of aggre-
gated proteins. If these rescue mechanisms succeed, chon-
drocytes regain their normal function. If not, ECM protein
synthesis is reduced for a longer period of time, proliferation
decreases, differentiation of chondrocytes gets impaired, and
apoptosis is augmented. All these changes critically impact
bone development.

There are several essential steps in the endochondral ossi-
fication process and even slight imbalances at one or the
other checkpoint affect the overall process. Long bone growth
can be inhibited due to an ER stress-related reduced protein
synthesis of cartilage ECM components by affected chondro-
cytes. The diminished ECM then leads to a reduced bone
volume and manifests in a dwarfism disease. Another feature
is an ER stress-induced change in chondrocyte proliferation
or enhanced apoptosis. Together, this leads to a reduced
number of chondrocytes in the growth plates affecting the
overall process of endochondral ossification. In addition,
ER stress-induced changes in the differentiation program of
chondrocytes during endochondral ossification lead to
dwarfism diseases. If only one of these necessary events fails,
anormal bone development is impossible. This demonstrates
that a finely tuned chondrocyte homeostasis with a distinct
competence to cope with ER stress in all growth plate
zones is essential for a regulated bone development and
long bone growth.

7. ER Stress Also Affects Degenerative Cartilage
Diseases Such As Osteoarthritis

ER stress, however, does not only affect temporary cartilage,
which is involved in skeletal development. The function of
permanent cartilage in various joints also is dependent on a
regulated protein synthesis without enhanced ER stress
levels. If this is altered, degenerative cartilage diseases,
such as osteoarthritis (OA), may arise. OA is most likely
associated with changes in protein synthesis and changes
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in proliferation and differentiation of chondrocytes and
enhanced apoptosis. These OA features are similar to ER
stress-induced characteristics occurring during bone endo-
chondral ossification.

In general, OA preferentially develops in the elderly.
However, chondrodysplasias are often associated with
cartilage degradation in young patients [37, 78]. Stickler
syndrome, for example, is a dominantly inherited vitreore-
tinopathy and chondrodysplasia caused by mutations in
the genes for types II and XI collagen [79, 80]. About
50% of all stickler syndrome patients develop severe carti-
lage erosion in diarthrodial joints before they get 30 years
old, and this may be the result of ER stress in articular
chondrocytes [81].

In the literature, various studies describe a link between
osteoarthritis and ER stress [82-89]. During OA chondro-
cytes undergo activation, they proliferate and form cell clus-
ters. In addition, the protein synthesis of both ECM
molecules and matrix-degrading proteases increases [90],
and thus, a high protein load arises in the ER. In late stages
of OA, however, cartilage cells reduce their proliferation
and die by apoptosis. With age, the expression and activity
of folding enzymes for the ER and the UPR signaling
decline [91]. Thus, an increased protein synthesis during
OA and a weaker UPR response may induce ER stress,
which cannot be compensated [92]. Moreover, the concen-
tration of advanced glycation end products (AGEs)
increases and AGEs are known to induce ER stress signaling
[93, 94]. We assume that ER stress may contribute to the
development of OA in young chondrodysplasia patients as
well as in aged individuals.

In chondrocytes of osteoarthritis patients compared to
cartilage cells of healthy controls, a 1.5-fold increase of
ERp57 was detected. Simultaneously, calnexin and calreticu-
lin were induced and the stimulation with thapsigargin, an
ER stress inducer, increased the ERp57 expression in
chondrocytes 2.8-fold [84]. Accordingly, ERp57 and the
calnexin/calreticulin cycle appears to be particularly active
during ER stress in osteoarthritic cartilage cells. We suggest
to employ the cartilage-specific ERp57 KO mouse for a
detailed analysis of the contribution of ER stress in the
pathogenesis of different skeletal diseases, including OA.

8. Outlook/Conclusion

Various mouse models with prolonged or high levels of ER
stress in growth plate chondrocytes display chondrodysplasia
phenotypes suggesting ER stress as a pathogenic factor
contributing to these skeletal diseases. We analyzed in detail
the phenotype of the cartilage-specific ERp57 knockout
mouse and demonstrated that the deficiency of this single
ER-resident protein disulfide isomerase, which is responsible
for the correct building of disulfide bridges in cartilage ECM
glycoproteins, is sufficient to induce ER stress in chondro-
cytes and to cause an ER stress-related bone phenotype
resembling a chondrodysplasia. This mouse line therefore
qualifies as a novel model for the analysis of ER stress in
chondrocytes. It may give new insights in ER stress-related
short stature disorders and enables the analysis of the role
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of ER stress in other cartilage diseases, such as osteoarthritis.
By proteomic analysis, it would be possible to examine
whether specific or all ECM proteins accumulate in the
ER of ERp57 cKO mice. Comparable tests in different
MED and PSACH mouse models with ER stress revealed
genotype-specific differences, suggesting common and dis-
tinct disease signatures [95]. This shows that ER stress in dif-
ferent mouse models may have diverse effects. Therefore,
multiple ER stress mouse models are valuable to examine
cartilage diseases in further detail and to test therapeutics to
intervene. Possible therapeutic options are as follows: (1)
small molecular chemical chaperones, which efficiently sup-
port protein folding in the ER and ameliorate UPR signaling;
(2) inhibitors of single UPR pathways, such as PERK signal-
ing inhibitors [96]; (3) activators of ER-associated degrada-
tion and autophagy, such as carbamazepine [97]; or (4)
inhibitors of excessive apoptosis. However, it is further to
be tested whether such compounds alone or in combination
are applicable to achieve improvement in ER stress-related
cartilage disorders in patients.
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1. Introduction
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permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Sepsis-induced acute kidney injury (AKI) is a severe complication of sepsis and an important cause of mortality in septic patients.
Previous investigations showed that methane had protective properties against different diseases in animal models. This study is
aimed at investigating whether methane-rich saline (MRS) has a protective effect against sepsis-induced AKI. Sepsis was
induced in wild-type C57BL/6 mice by cecal ligation and puncture (CLP), and the mice were divided into three groups: a sham
control group (sham), a surgery group with saline intraperitoneal injection (i.p.) treatment (CLP +NS), and a surgery group
with MRS ip. treatment (CLP + MRS). 24 h after the establishment of the sepsis, the blood and kidney tissues of mice in all
groups were collected. According to the serum levels of blood urea nitrogen (BUN) and creatinine (CRE) and a histologic
analysis, which included hematoxylin-eosin (H&E) staining and periodic acid-Schiff (PAS) staining, MRS treatment protected
renal function and tissues from acute injury. Additionally, MRS treatment significantly ameliorated apoptosis, based on the
levels of apoptosis-related protein makers, including cleaved caspase-3 and cleaved PARP, and the levels of Bcl-2/Bax expression
and TUNEL staining. In addition, the endoplasmic reticulum (ER) stress-related glucose-regulated protein 78 (GRP78)/
activating transcription factor 4 (ATF4)/C/EBP homologous protein (CHOP)/caspase-12 apoptosis signaling pathway was
significantly suppressed in the CLP + MRS group. The levels of inflammation and oxidative stress were also reduced after MRS
treatment. These results showed that MRS has the potential to ameliorate sepsis-induced acute kidney injury through its
anti-inflammatory, antioxidative, and antiapoptosis properties.

(RRT) after they were discharged. The leading cause of acute
kidney injury is sepsis, which contributes to the 50% of the

Sepsis-induced acute kidney injury (AKI) is a severe compli-
cation of sepsis and a leading cause of mortality in intensive
care unit (ICU) patients. Among critically ill patients, the
morbidity of acute renal injury can be up to 70%, and
approximately 5% of these patients progress to acute renal
failure during their hospital stays. The overall ICU mortality
rate of acute renal failure is approximately 50%, and 15% of
survivors continued to rely on renal replacement therapy

incidence [1-4]. Despite advances in clinical treatment and
intensive care, there is currently no specific therapy for septic
AKT; however, the early onset of RRT may reduce mortality
[5]. Septic AKI is the result of a series of complex interactions
between vascular endothelial cell dysfunction, subsequent
inflammation, and tubular cell damage [6]. Additionally,
recent research has suggested that apoptosis and immune
suppression, especially the apoptosis of tubular cells, may
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be involved in the pathological process of septic AKI, which
is quite different from the other types of AKI [7].

During the sepsis process, the accumulation of unfolded
protein in endoplasmic reticulum (ER), which is called ER
stress, triggers an evolutionarily conserved unfolded protein
response (UPR) to reestablish cellular homeostasis. Three
transmembrane proteins, including inositol-requiring enzyme
1 (IREla), PKR-like ER kinase (PERK), and activating tran-
scription factor 6 (ATF6), are initially activated and accelerate
the unfolded protein response by activating downstream
signaling pathways. However, prolonged UPR can lead to an
excessive ER stress and result in C/EBP homologous protein-
(CHOP-) mediated apoptosis [8]. During sepsis-induced acute
kidney injury, ER stress also plays an important role [9, 10].

Methane, the simplest organic compound, can be
detected in 30%-50% of healthy adults around the world
and has been deemed to have little physiological activity for
decades. However, many recent studies have discovered that
methane has several important biological effects that can
protect cells and organs from inflammation, oxidative stress,
and apoptosis [11-14]. It is notable that methane could play a
protective role in the cellular apoptosis process. Methane
could remarkably attenuate the expression of the proapopto-
tic protein Bax and increase the expression of Bcl-2, which
resulted in the downregulation of caspase-3 and other
downstream caspases, thus suppressing the activation of the
mitochondrial apoptotic pathway [15]. Based on these
protective effects, methane has been considered a possible
therapeutic agent for several diseases, including acute
lung injury, autoimmune hepatitis, and spinal cord injury
[13, 16, 17]. However, there has been little investigation
regarding whether methane can protect the kidney from
septic AKIL. Accordingly, we hypothesize that methane
has a protective effect against septic AKI and aim to prove
it using a CLP-induced sepsis model. We also examined
whether ER stress played a key role in the mechanism under-
lying this effect and provided some suggestions for the use of
methane in clinical practice.

2. Materials and Methods

2.1. Animals. Healthy female wild-type C57BL/6 mice (6-7
weeks old, weighing 20-25 g) were obtained from the Animal
Feeding Center of Xi’an Jiaotong University Health Science
Center. All the mice were maintained at a constant tempera-
ture of 25°C and a humidity of 50% and fed with a standard
diet with open access to tap water under a 12:12 day/night
cycle for 7 days before the experiments. The animal experi-
ment was performed in accordance with the Guide of Labora-
tory Animal Care and Use from the United States National
Institution of Health and was approved and supervised by
the Institutional Animal Care and Use Committee of the
Ethics Committee of Xi'an Jiaotong University Health Science
Center, China.

2.2. Animal Model of CLP. The sepsis model was established
as previously described [18]. Mice were anesthetized by
50mg/kg pentobarbital sodium (ip.), and laparotomy was
performed to isolate the cecum of mice along the midline of
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the abdomen, ligating the 1/3 cecal tip with a 4-0 silk suture.
The cecum was separated with forceps and punctured twice,
and one column of fecal material was squeezed out. The cecum
was returned to its original location, and the abdomen closed
in layers with a 4-0 silk suture. The mice were put back in their
cages until they completely recovered. The sham operation
was performed by only incising the abdomen, separating and
exposing the cecum for 5 minutes, then closing it in layers.

2.3. Experimental Groups and Drug Treatment. Mice were
randomly divided into the three groups: (1) sham group
(n = 6): the C57BL/6 mice received a sham laparotomy oper-
ation. (2) Normal saline group (n = 12): the C57BL/6 mice
underwent a laparotomy operation with CLP; meanwhile,
the normal saline was administered at 10 mL/kg dosage every
4 hours as a control (CLP+NS group). (3) Methane-rich
saline group (n =12): the C57BL/6 mice received a laparot-
omy operation with CLP and were given an intraperitoneal
injection (ip.) of methane-rich saline (MRS) at 10 mL/kg
(CLP + MRS group) every 4 hours after a successful sepsis
model establishment [14]. 24 hours after the surgery, all
animals were euthanized; kidney and blood samples were
collected for quantification of biochemical analysis.

2.4. Methane-Rich Saline Production. The production
method of the MRS was described by Ye et al. [19].
Briefly, normal saline was saturated with pure methane
(>99.999%) in a high-pressure vessel (Wuhan Newradar
Special Gas Co. Ltd., Wuhan, China) under 0.4 MPa for
4h, stored at 4°C, and freshly prepared 24 h before adminis-
tration to the animals to ensure the methane concentration.
The concentration of the methane was detected as previous
described [20].

2.5. Renal Function Analysis. Blood samples (n=6) were
collected from the eyeballs of the mice and centrifuged at
4°C for 15min at 1500 x g in tubes. Renal functions were
evaluated by BUN and CRE levels, which were detected by
a Hitachi 7600-20 automatic biochemical analyzer (Clinical
Laboratory of the First Affiliated Hospital of Xi’an Jiaotong
University, Xi’an, China).

2.6. Histopathological Examination. Kidney tissue samples
(n=6) were gathered 24h after surgery and fixed in 10%
formalin solution. Serial 5pm sections were stained with
hematoxylin and eosin (H&E). The histologic changes and
the quantity of infiltrated neutrophils were assessed in a
double-blinded way to randomly select five different fields
in each sample through the light microscope. Then, the
samples were embedded in paraffin and sectioned into 5 ym
thick sections and stained with periodic acid-Schift (PAS).
Histological changes in the cortex and in the outer stripe of
the outer medulla (OSOM) were assessed by quantitative
measures of tissue damage by a blind observation. Tubular
damage was defined as tubular epithelial swelling, loss of
brush border, vacuolar degeneration, necrotic tubules, cast
formation, and desquamation. The degree of kidney damage
was estimated at X200 magnification, using five randomly
selected fields for each animal, by the following criteria: 0,
normal; 1, area of damage<25% of tubules; 2, damage
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involving 25-50% of tubules; 3, damage involving 50-75% of
tubules; and 4, damage involving 75-100% of tubules [21].

2.7. Cytokine Detection. Kidney tissues from different groups
(n=6) were homogenized with PBS on ice and then centri-
fuged at 4°C for 40 min at 12,000 rpm. Subsequently, the
supernatants were collected to perform ELISA. We used
commercially available ELISA kits to detect the levels of
inflammatory cytokines, including TNF-a, IL-6, and IL-1f
(Jiancheng Bioengineering Institute, Nanjing, China), in kid-
ney tissue according to the manufacturer’s reccommendation.

2.8. Reactive Oxidative Stress Activity Assay. The kidney
tissue (n=6) homogenate produced was previously
described to measure the oxidative stress indexes. The level
of malondialdehyde (MDA) in the tissue was taken as the
level of lipid oxidation in the tissue, while the superoxide
dismutase (SOD) was the index of the tissue antioxidant.
The levels of MDA and the activities of SOD in kidney tissues
were detected by commercial biochemical kits (Jiancheng
Bioengineering Institute, Nanjing, China) following the
manufacturer’s instructions.

2.9. Detection of ROS Activation. Tissue samples (n = 6) were
fixed with 10% formaldehyde and dehydrated using 30%
sucrose solution. The sections (4 ym thick) were incubated
with dihydroethidium (DHE; 10 uM) (Vigorous Biotechnol-
ogy Co. Ltd., Beijing, China). After 60 min in the dark, the
specimens were washed with adequate volumes of PBS.
DHE oxidized by ROS in the cells could show red emission.

2.10. Western Blot Assay. The protein expression in kidney
tissue (n=6) was detected by Western blot. In brief, RIPA
lysis buffer was used to extract the total protein and nucleo-
protein at 14000g for 15min at 4°C. After the protein
concentration was determined, the lysates were separated
using sodium dodecyl sulfate-polyacrylamide gel electropho-
resis (SDS-PAGE). The proteins were transferred onto
polyvinylidene difluoride (PVDF) membranes. The resulting
blots were blocked with 8% skim milk and incubated with an
anti-GRP78 antibody (1:5000; Proteintech, China), an
anti-ATF4 antibody (1:1000; Proteintech, China), anti-
caspase-12 antibodies (1:1000; Cell Signaling Technology
(CST), USA), anti-IL-1p antibodies (1:1000; Abcam, USA),
anti-TNF-a (1:500; Abcam, USA), anti-Bcl2 antibodies
(1:1000; Biosis, China), anti-Bax antibodies (1:2000; Pro-
teintech, China), anti-cleaved-caspase-3 antibodies (1:1000;
Cell Signaling Technology (CST), USA), anti-PARP antibod-
ies (1:1000; Cell Signaling Technology (CST), USA), and
anti-B-actin antibodies (1:10000; Santa Cruz Biotechnology,
USA) overnight at 4°C. Subsequently, the blots were washed
three times with PBS and incubated with anti-rabbit and
anti-mouse horseradish peroxidase-conjugated secondary
antibodies (1:10000; Abmart, China) for 1h at 37°C. The
proteins were detected with the chemiluminescence (ECL)
system. The expressions of proteins were normalized to
B-actin as a reference.

2.11. Immunohistochemical Analysis. Twenty-four hours
after the CLP operation, the kidney tissues (n=6) were

gathered and processed for immunohistochemistry to esti-
mate the activation of CHOP and IL-1p. Briefly, the kidney
tissues were fixed into 4% paraformaldehyde and then
embedded in paraffin and cut into 4 um thick sections. The
sections were deparaffinized with xylene and rehydrated with
serial gradient ethanol. After incubation with 3% hydrogen
peroxide for 15 min to block endogenous peroxidase activity,
the sections were blocked with goat serum and then incu-
bated with primary antibodies against CHOP (1:500; Bioss,
China) and IL-1f (1:150; Proteintech, China) overnight at
4°C. After those procedures, the sections were washed with
PBS three times and incubated with biotinylated secondary
antibodies at room temperature for 40 min. Finally, the sec-
tions were incubated with diaminobenzidine tetrahydrochlo-
ride (DAB), counterstained with hematoxylin, and mounted
for microscopic examination. The images were selected at
200x magnification, and five fields were captured randomly.

2.12. Detection of the Apoptosis Rate by TUNEL Staining. The
apoptosis rate of the kidney tissue (n=6) was detected by
TdT-mediated dUTP nick-end labeling (TUNEL) staining
24h after sepsis. The experiment was carried out strictly
according to the instructions of the TUNEL kit (Roche
Molecular Biochemicals, Indianapolis, IN, USA). The images
were selected at 200x magnification, and five fields were
captured randomly.

2.13. Statistical Analysis. The measurement data were
described as the mean + standard deviation (SD). All statisti-
cal analyses were performed by the SPSS 18.0 software (SPSS
Inc., Chicago, USA). Student’s t-test or one-way analysis of
variance (ANOVA) was used for the comparison among
the groups. The figure was made by GraphPad (version 7)
Prism software (GraphPad Software, La Jolla, CA). All tests
were two sided, and significance was accepted at P < 0.05.

3. Results

3.1. Methane-Rich Saline Protected Kidney Functions in CLP
Mice. First, we investigated whether MRS can improve
kidney function during the sepsis process. Blood urea nitro-
gen (BUN) and serum creatinine (CRE) are the products of
protein metabolism and are used as indicators of kidney
function. Elevated levels of BUN and CRE were observed
after the establishment of the CLP model, confirming that
the sepsis model was successfully constructed (Figure 1).
However, in the CLP + MRS group, the levels of BUN and
CRE were reduced dramatically compared to those of the
CLP +NS group (P < 0.05).

3.2. Methane-Rich Saline Attenuated Histopathological
Damage in the Kidneys of CLP Mice. We then attempted to
confirm the histopathological damage among the different
groups. The H&E staining was performed on kidney tissue
slices. There was little histopathological damage observed in
the sham group. Widespread degeneration and necrosis were
observed in tubular epithelial cells in the CLP + NS group.
However, there was slight damage, including tubular epithe-
lial swelling and brush border injury, in the CLP+MRS
group (Figure 2(a)). We calculated the number of infiltrated
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FIGURE 2: Methane-rich saline attenuated kidney histopathological damage in CLP mice. (a) H&E staining was performed on kidney tissue
slices 24 h after CLP. (b) The infiltrated neutrophil granulocytes were counted. (c) PAS staining was performed on kidney tissue slices 24 h
after CLP. (d) The tubular damage scores of kidney tissue were calculated. Representative sections; original magnification, 200x. *P < 0.05,

**P <0.01, and ***P < 0.001.

neutrophils (Figure 2(b)) and found that the MRS treatment
could greatly ameliorate the severity of kidney destruction.
Moreover, the PAS staining and the tubular damage score
also showed the same protective effect of MRS on kidney
histology (Figures 2(c) and 2(d)).

3.3. Anti-Inflammation Effects of Methane-Rich Saline on
Septic AKI. An unresolved inflammation response plays a
crucial role in sepsis. As previous research has reported,
MRS can attenuate organism damage by suppressing the
overactivation of the inflammatory response. We detected
the levels of proinflammatory cytokines in kidney tissues
from the different groups, including IL-1p, IL-6, and TNF-«
by ELISA (Figures 3(a), 3(b), and 3(c)) and Western blot
(Figures 3(f) and 3(g)). According to the results, the levels
of IL-1B, IL-6, and TNF-a were all increased after CLP

surgery. Compared with the CLP+NS group, the levels
of the proinflammatory cytokines were reduced in the
CLP + MRS group, which confirmed the anti-inflammation
effect of MRS. Then, we performed an immunohistochem-
ical analysis of IL-1f in kidney tissues from the different
groups (Figures 3(d) and 3(e)). The results of the immuno-
histochemical analysis demonstrated similar results to those
from the ELISA and the Western blot. According to the
results, the sham group had few IL-1p-positive cells. How-
ever, the CLP + NS group had a more obvious emergence of
IL-1p-positive cells than the CLP+MRS group. All these
results showed that MRS has a very strong inflammatory
suppression effect.

3.4. Antioxidative Effects of Methane-Rich Saline on Septic
AKI. The activation of oxidative stress, including reactive
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FIGURE 3: Methane-rich saline suppressed inflammation response in kidney tissue after CLP. The levels of (a) IL-1f3, (b) IL-6, and (c)
TNF-« in kidney tissue were assessed by ELISA. (d) The expression of IL-1 was detected by immunohistochemistry. (e) The quantity
of IL-1B-positive cells was counted in a high-power field. (f) The kidney protein expression levels of IL-1f3, IL-6, and TNF-a were
detected by Western blot. (g) The relative band intensity (fold of the sham group) were shown. Representative sections; original

magnification, 200x. *P < 0.05, **P <0.01, and ***P < 0.001.

oxygen species (ROS), also occurs during sepsis and induces
organ and tissue damage. Oxidative stress levels above a cer-
tain threshold can trigger an ER stress overload and induce
the activation of CHOP-mediated apoptosis. Simultaneously,
excessive ER stress can also lead to harmful oxidative stress.
We detected the serum MDA and SOD levels 24 h after the

CLP operation (Figures 4(a) and 4(b)). The results showed
that the CLP + NS group had the highest MDA level among
the three groups, and the level in the CLP + MRS group was
significantly reduced compared to that in the CLP+NS
group. Moreover, the results indicated that SOD activity
of the CLP+MRS group was greater than that of the
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FIGURE 4: Methane-rich saline attenuated oxidative stress in kidney tissue after CLP. The levels of (a) MDA and (b) SOD in kidney tissue were
assessed. (c) The DHE fluorescent probe was performed on kidney tissue slices. (d) The relative fluorescence intensities (fold of sham) of ROS
were shown. Representative sections; original magnification, 200x. *P < 0.05, **P < 0.01, and ***P < 0.001.

CLP + NS group. To reveal the different levels of oxidative
stress in a visual way, we measured the ROS levels in kid-
ney tissues by DHE, and different levels of fluorescence
intensity revealed different levels of ROS activity
(Figures 4(c) and 4(d)). The results demonstrated that
the ROS activity in the CLP+MRS group was attenuated
when compared with that of the CLP + NS group, as the DHE
fluorescence intensity was decreased in the CLP+MRS
group compared with the CLP+NS group. According to
these results, MRS has an antioxidative effect on the kidney
during sepsis.

3.5. Antiapoptosis Effects of Methane-Rich Saline on Septic
AKI. As an important link in sepsis-related acute kidney
injury, apoptosis of the cells in the kidney, especially tubular
endothelial cells, could lead to major damage in the septic
kidney. We examined apoptotic cells using a TUNEL sys-
tem (Figures 5(a) and 5(b)). Two researchers counted the
number of TUNEL-positive cells. A significant increase
was observed in the number of TUNEL-positive tubular
cells in the CLP + NS group compared with the sham group.
However, the CLP + MRS group had a greatly reduced num-
ber of TUNEL-positive cells compared with the CLP + NS
group. In agreement with the TUNEL assay results, the
CLP operation also led to a significant augmentation of Bax
and a decline in Bcl-2 expression in comparison with the
sham group, and MRS treatment reduced the level of Bax
and increased the level of Bcl-2 (Figures 5(c) and 5(d)). In
addition, MRS could also attenuate the high expression of
cleaved caspase-3 and PARP induced by CLP (Figures 5(e)
and 5(f)). These results revealed that there was significant

apoptotic activity in the cells of the kidney during sepsis
and that MRS treatment could dramatically reduce apoptosis.

3.6. Methane-Rich Saline Ameliorated the ER Stress-Related
Apoptosis Process in Septic AKI. ER stress played an impor-
tant role in sepsis-induced AKI; therefore, we tested the
expression levels of the ER stress proteins and related
components of apoptosis signaling pathways. We exam-
ined the levels of GRP78/ATF4/CHOP/caspase-12 by
Western blot (Figures 6(a) and 6(b)). An increasing trend
could be identified in the CLP +NS group, which showed
the activation of ER stress-related apoptosis. However,
there was an obvious decreasing trend in the CLP+MRS
group when compared to the CLP + NS group. Moreover,
we also assessed the level of CHOP using immunohistochem-
ical analysis (Figures 6(c) and 6(d)). As the immunohisto-
chemical analysis images show, the methane-rich saline
effectively reduced the number of the CHOP-positive cells.
Hence, we suggest that methane has a downregulating effect
on ER stress-related apoptosis.

4. Discussion

Sepsis-related AKI is a severe complication following sepsis
and leads to high mortality [22]. Although many studies have
been performed on sepsis-related AKI, they have mostly
focused on the pathophysiological mechanisms and risk
factors. However, the treatment of sepsis-related AKI is still
limited, and thus, the mortality is still a challenging problem
in clinical practice.
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Methane, the simplest alkane and likely the most
abundant organic compound on earth, has been used as gas
fuel by people for hundreds of years. Recently, scientists have
focused on the clinical properties of methane and have sug-
gested that methane can influence several pathological pro-
cesses, including inflammation, oxidation, and apoptosis in
different diseases [12—14]. However, the mechanisms behind
these effects could be complex and have yet to be investi-
gated. Some researchers, when examining a carbon
tetrachloride-induced liver injury, have suggested that
methane exhibits an anti-inflammatory effect through the
activation of the PI3K-AKT-GSK-33 pathway, which
induces IL-10 expression and produces anti-inflammatory
effects via the NF-¥B and MAPK pathways. In addition,
Nrf2 and its downstream pathway have been suggested to
be involved in the anti-inflammation and antioxidant effects
in spinal cord ischemia-reperfusion injury [14].

There has been little research regarding the protective
effects of methane on serious sepsis-induced acute kidney
injury. Some previous studies have demonstrated that
inflammation, oxidative stress, and apoptosis, especially the
apoptosis of tubular endothelial cells, play important roles
in sepsis-related AKI [23]. This study is aimed at revealing

the protective effects of methane on sepsis-related AKI and
at determining the underlying mechanisms.

We created a sepsis mouse model using a CLP operation
and gathered the blood and kidney tissue samples after
24 hours. First, we evaluated the renal functions of all
groups and the levels of BUN and CRE after CLP to
confirm the establishment of a sepsis model. The MRS
treatment demonstrated protective properties for kidney
function during serious sepsis, and the results were con-
firmed using histopathological damage analysis. We next
attempted to investigate which parts of pathophysiological
process had been influenced by MRS. We assessed the
levels of the inflammatory response and oxidative stress
among the different groups and found a significantly decreas-
ing trend in the CLP+MRS group, which suggested that
MRS treatment has strong anti-inflammation and antioxida-
tive effects. As a crucial part of sepsis-related AKI, we
examined cell apoptosis in renal tissues, especially the
expression of cleaved caspase-3, PARP, and Bcl-2/Bax, and
demonstrated an antiapoptosis effect of MRS treatment. We
revealed a protective effect for MRS treatment against
sepsis-related AKI that was mediated through anti-
inflammation, antioxidative, and antiapoptosis effects.
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Apoptosis is a process of programmed cell death that
occurs in multicellular organisms and is important for
homeostasis in multicellular life forms. The apoptosis
of mammalian cells can be triggered by various stimuli
via the intrinsic pathways, mitochondrial pathway and
ER pathway.

Endoplasmic reticulum (ER) stress is a stress condition
in which unfolded or misfolded proteins amass in the
endoplasmic reticulum. While a mild ER stress-induced
UPR signaling pathway can be considered a maintenance
mechanism, chronically prolonged ER stress can deteriorate
cellular functions and transform the adaptation programmed
into CHOP-mediated apoptosis, activating the caspase-12
and Bcl-2/Bax system to clean irreversibly injured cells
[24, 25]. We further investigated the level of ER stress-
related apoptosis and discovered that MRS treatment
could attenuate ER stress-related apoptosis, which is consis-
tent with the previous results demonstrating the antiapopto-
sis effects of MRS. The levels of CHOP and caspase-12 were
both reduced in the CLP + MRS group when compared with
the CLP+NS group. In addition, the levels of cleaved
caspase-3 and PARP as well as Bax were suppressed in the
CLP + MRS group.

The exact molecular mechanisms of methane have not
been clarified. Several scholars have proposed different
hypotheses to explain the protective functions of methane,
including the regulation of embedded proteins in the cell
membrane, an interaction with a specific receptor, or ion
channel kinetics [26, 27]. According to our research, we
found that the reduction of ER stress may be involved in
the protective mechanism of methane and could inhibit cell
apoptosis directly. Therefore, we hypothesize that methane
might block some signaling pathway triggers of ER stress
and raise the threshold of the ER stress-related apoptosis,
so that methane could also stop the downstream inflamma-
tion and oxidative signals. Many studies have confirmed that
ER stress is involved in several pathological processes and
contributes to tissue damage. As a potential ER stress-
related apoptosis inhibitor and a promising medicinal
treatment for sepsis-induced AKI, MRS could be applied as
a valid intervention during the early stages of sepsis and for
establishing a protective effect on the kidney and other
organs. In conclusion, this study demonstrated that methane
treatment reduced the inflammatory response, oxidative
stress, and apoptosis during sepsis-induced AKI, suggesting
that the reduction of ER stress may be the underlying
protective mechanism.
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