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ORIGINAL ARTICLE

Participation of endoplasmic reticulum stress in the
pathogenesis of spontaneous glomerulosclerosis—Role
of infra-renal angiotensin system

MOHAMMAD A. AMINZADEH, TADASHI SATO, and NOSRATOLA D. VAZIRI
IRVINE, CALIF; AND SAGA, JAPAN

Endoplasmic reticulum (ER) is the site of synthesis, folding, assembly, and degrada-
tion of proteins. Disruption of ER function leads to ER stress, which is marked by accu-
mulation of unfolded proteins in the ER lumen. Detection of unfolded proteins by the
ER membrane receptors triggers the “unfolded protein response (UPR)” designed to
restore ER function via activation of the adaptive/cytoprotective responses. Failure of
UPR or persistent stress triggers activation of ER stress-mediated apoptotic pathway.
Several in vivo and in vitro studies have demonstrated the association of ER stress with
glometrular diseases. Imai rats develop progressive glomerulosclerosis (GS), which is
associated with oxidative siress, inflalnmation and activation of intra-renal angioten-
sin system, and can be prevented by AT-1 receptor blockade (ARB). Since persistent
oxidative and inflammatory stresses trigger ER stress-induced apoptosis and tissue in-
jury, we hypothesized that kidneys in the Imai rats may exhibit failure of the adaptive
and activation of the apoptotic ER stress responses, which could be prevented by
ARB. To this end 10-week old Imai rats were randomized to untreated and ARB-
treated groups and observed for 24 weeks. At age 34 weeks, untreated rats showed
heavy proteinuria, azotemia, advanced GS, impaired ER stress adaptive/cytopro-
tective responses (depletion of UPR-mediating proteins), and activation of ER stress
apoptotic responses. ARB treatment attenuated GS, suppressed intra-renal oxidative
stress, restored ER-associated adaptive/cytoprotective system, and prevented the
ER stress mediated apoptotic response in this model. Thus, progressive GS in Imai
rats is accompanied by activation of ER stress-associated apoptosis, which can be
prevented by ARB. (Translational Research 2012; l:1-10)

Abbreviations: ER = endoplasmic reticulum; UPR = unfolded protein response; GS = glomerulo-
sclerosis; AT-1 = angiotensin Il receptor type 1; ARB = angiotensin receptor-1 blockade; GRP94 =
glucose-regulated protein 94; GRP78 = glucose-regulated protein 78, GRP78 also known as BiP;
PERK = double stranded RNA activated protein kinase (PKR)-like endoplasmic reticulum kinase;
ATF6 = activating transcription factor 6; IRE1 = inositol-requiring enzyme 1; elF2a = eukaryotic
franslation initiation factor-2«; XBP 1 = X-box-binding protein-1; Ask1 = apoptosis-signal-regulat-
ing kinase-1; NFkB = nuclear factor kappa B; Bcl2 = B-cell ymphoma 2 family of proteins; FSGS =
focal segmental glomerulosclerosis; Nrf2 = nuclear factor-erythroid-2-related factor 2; BAX =
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Bcl-2—-associated X protein; JNK = c-Jun N-terminal kinase; Keap1 = Kelch-like ECH-associated
protein 1; MAPKKK = mitogen activated protein kinase kinase kinase; LC3 = microtubule-
associated protein light chain 3; GAPDH = glyceraldehyde 3-phosphate dehydrogenase

AT A GLANCE COMMENTARY
Aminzadeh MA, et al.

Background

Progressive glomerulosclerosis (GS) is associated
with oxidative stress, inflammation, and activation
of intra-renal angiotensin system in Imai rats, and
can be prevented by AT-1 receptor blockade
(ARB). Since persistent oxidative and inflamma-
tory stresses trigger endoplasmic reticulum (ER)
stress-induced apoptosis and tissue injury, we hy-
pothesized that kidneys in the Imai rats may ex-
hibit failure of the adaptive and activation of the
apoptotic ER stress responses that could be pre-
vented by ARB.

Translational Significance

Restoration of ER-associated adaptive/cytoprotec-
tive system and prevention of ER stress mediated
apoptotic responses reveals another salutatory
effect of ARB treatment in progressive GS.

The endoplasmic reticulum (ER) consists of a membra-
nous network that is contiguous with the nuclear enve-
lope and extends throughout the cytoplasm. It serves
as the principal site of synthesis, folding, assembly,
and degradation of secreted membrane-bound, and cer-
tain organelle-targeted proteins, production of steroids,
cholesterol, and other lipids and the major intracellular
reservoir of calcium. Newly synthesized proteins are
released into the lumen of ER wherein ER-resident
enzymes and chaperones mediate their covalent modifi-
cation and correct folded conformation. In the ER
lumen, peptidyl-prolylisomerase catalyzes protein
folding, glycosidases and mannosidases mediate protein
glycosylation and classical chaperones such as glucose-
regulated proteins (GRP) 94 and GRP78 (BiP), and
lectin-like chaperones, such as calnexin and calreticu-
lin, maintain their proper folding states.

Proper functioning of the ER is critical for the cell
function and survival. Conditions that disrupt ER func-
tion result in ER stress, which is marked by accumula-
tion and aggregation of unfolded proteins in the ER
lumen. Accumulation of the unfolded proteins is

detected by ER membrane receptors, which trigger an
adaptive/cytoprotective response termed “unfolded pro-
tein response (UPR)” to restore normal ER function and
cell survival via transmission of signals to the nucleus
and cytoplasm. The UPR represents a concerted and
complex cellular response mediated by 3 ER transmem-
brane receptors including double stranded RNA
activated protein kinase (PKR)-like endoplasmic reticu-
lum kinase (PERK), activating transcription factor 6
(ATF6), and inositol-requiring enzyme 1 (IRE1). At
resting condition, these ER stress receptors are held in
an inactive state by the ER chaperone, GRP78. Accu-
mulation of unfolded proteins triggers the UPR by pro-
moting dissociation and activation of these receptors
from GRP78. Once released, ATF6 migrates to the
Golgi apparatus where it is activated via cleavage by
site-1 and site-2 proteases. It then migrates to the nu-
cleus to promote transcription of ER chaperones and en-
zymes involved in protein folding, maturation, and
secretion. Simultaneously, PERK is activated via its ho-
modimerization and transphosphorylation. This allows
PERK to phosphorylate the eukaryotic translation initi-
ation factor-2a subunit (e[F2a), which by lowering the
initiation AUG codon recognition helps to slow the
translation rate, thereby reducing the protein load on
the damaged ER. Finally, IRE1 undergoes autophos-
phorylation and activation of its endoribonuclease activ-
ity, which by cleaving X-box-binding protein-1 (XBP1)
mRNA and changing its reading frame, yields a potent
transcriptional activator. Spliced XBP1, in turn, works
in parallel with ATF6 to promote gene transcription of
ER enzymes and chaperons (Fig 1).

The UPR is an adaptive/cytoprotective response de-
signed to reduce accumulation of unfolded proteins
and restore ER function and cell survival. However, fail-
ure of UPR and/or persistence of stress trigger the acti-
vation of the ER stress-induced apoptotic responses.’™®
Several apoptotic mediators have been recognized in re-
lation to the ER stress. They include apoptosis-signal-
regulating kinase-1 (Askl), nuclear factor kappa B
(NFkB), IRE1, and B-cell lymphoma 2 family of protein
(Bel2) (Fig 1).”"2

There is increasing evidence for the role of ER stress
in the pathogenesis of diverse illnesses including
kidney diseases. ER stress is present in glomerular
cells from the animal models of membranous nephrop-
athy and membranoproliferative glomerulonephri-
tis.'">"'> Development of proteinuria in animals with
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Fig 1. Unfolded protein response (UPR). The UPR is a concerted and complex endoplasmic reticulum (ER) re-
sponse mediated by 3 ER trans-membrane receptors, pancreatic ER kinase (PKR)-like ER kinase (PERK), acti-
vating transcription factor 6 (ATF6), and inositol-requiring enzyme 1 (IREl). Accumulation of unfolded
proteins triggers the UPR by promoting dissociation and activation of these receptors from ER chaperone,
GRP78. Once released, activated PERK phosphorylates the eukaryotic translation initiation factor-2a subunit
(elF2a), which by blocking the protein synthesis slows the translation rate, thereby reducing the protein load
on the ER. Active ATF6 migrates to the Golgi apparatus where it is cleaved and then activated by limited prote-
olysis. Cleaved ATF6 then migrates to the nucleus to promote transcription of ER chaperones and XBP1. XBP1
mRNA is subsequently spliced by active IRE1 and thereby achieves its active form sXBP1. The sXBP1, in turn,
works in parallel with ATF6 to promote gene transcription of ER enzymes, chaperons, PERK-inhibitor, PS8IPK,
and genes involved in protein degradation. In an attempt to restore the ER function and maintain the redox homeo-
stasis, PERK also phosphorylates Nrf2, which is the master regulator of genes encoding many antioxidant and
phase II detoxifying enzymes. Upon phosphorylation, Nrf2 dissociates from Nrf2-Keapl complex, enters the nu-
cleus and binds to antioxidant responsive elements (ARE) in the promoter regions of the target genes. Prolonged
stress or failure of adaptive/cytoprotective responses of ER stress leads to switch of the signals from prosurvival to
proapoptotic and activation of apoptotic responses of ER stress. IRE1 recruits ASK1 that relays stress signals to
downstream MAP kinases including c-Jun N-terminal kinase (JNK). IRE1 can also activate NF«B that can accen-
tuate ER stress-associated tissue damage and inflammation.

puromycin aminonucleoside-induced nephrosis is as-
sociated with upregulation of podocyte GRP78.'® In
addition induction of familial focal segmental glomer-
ulosclerosis (FSGS) in the mice (by expression of
a-actinin-4K256E transgene in podocytes) results in
expression of ER stress markers and proapoptotic
proteins.'” Moreover, markers of ER stress have
been identified in the renal biopsy specimens from
patients with various inflammatory and noninflamma-
tory glomerulopathies.'®'® These studies, among
others, point to the roles of ER stress in the pathophys-
iology of kidney disease.

The Imai rats develop heavy proteinuria, hyperlipid-
emia, and progressive FSGS at 6 to 8 weeks of age
culminating in end-stage renal disease and death by
age 8 to 9 months.?® Imai rats were originally derived
from the mating of a male Sprague-Dawley rat that ex-
hibited spontaneous renal disease and hyperlipidemia
while consuming a low-fat diet.*' In an earlier study,
we found that progression of renal disease in this model
is accompanied by activation of intra-renal angiotensin
system, oxidative stress, inflammation, and impaired ac-
tivation of nuclear factor-erythroid-2-related factor 2
(Nrf2), which is the master regulator of genes encoding
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many antioxidant and phase II detoxifying enzymes.
Long-term angiotensin receptor-1 blockade (ARB)
therapy attenuated intra-renal oxidative stress and in-
flammation, restored Nrf2 activity, and prevented ne-
phropathy in the treated animals pointing to the role
of intra-renal angiotensin system in the pathogenesis
of oxidative stress, inflammation, and nephropathy in
this model.”> Endoplasmic reticulum (ER) is highly sus-
ceptible to the effects of cellular redox state and as such
persistent oxidative stress can interfere with the ER
function and trigger ER stress. The present study was
conducted to test the hypothesis that progression of glo-
merulosclerosis in this model may be associated with
the failure of the ER stress-mediated adaptive response
and activation of ER stress-induce apoptotic pathway.
We further predicted that amelioration of nephropathy
with ARB may restore ER function.

METHODS

Study groups. Male Imai and Sprague Dawley rats
were obtained from Takeda Clinical Industries, (Osaka,
Japan). The 10-week-old Imai rats were randomized to
ARB-treated (olmesartan, 10 mg/kg/day by gastric
gavage for 24 weeks) or vehicle-treated groups. The
Sprague-Dawley rats served as controls. The given
dosage of olmesartan (Sankyo Pharmaceutical Inc.,
Tokyo, Japan) was chosen based on earlier studies
which had demonstrated optimal renoprotective effects
of this agent in the rat.*> The animals were fed regular
rat chow and water ad libitum. Arterial blood pressure
was determined by tail cuff plethysmography as
detailed in previous studies.* Timed urine collections
were obtained using metabolic cages. At the conclusion
of the observation period, the animals were placed in
metabolic cages for a 24-h urine collection that was
used for measurement of creatinine and protein
concentrations. They were then anesthetized with intra-
peritoneal injection of pentobarbital, 50 mg/kg and
euthanized by exsanguinations using cardiac puncture.
Kidneys were immediately harvested and stored at -70°
F until processed. Blood was collected and plasma was
separated and used for measurement of creatinine, urea,
albumin, cholesterol, and triglyceride concentrations.
Plasma creatinine, urea nitrogen, cholesterol, albumin,
and triglycerides were measured by Synchro CX3
autoanalyzer (Beckman Instruments, Fullerton, Calif).
Urine protein was quantified by a kit purchased from
Wako Pure Chemical Industries (Tokyo, Japan).
Proteinuria was determined in 24-h urine collections
and creatinine clearance was calculated using standard
formula.

The study protocol was approved by the Animal Care
and Ethical Committee of the Saga Medical School,
Saga, Japan.

Translational Research
W 2012

Preparation of kidney homogenates and nuclear
extracts. All solutions, tubes, and centrifuges were main-

tained at 0-4C°. The nuclear extract was prepared as de-
scribed previously.” Briefly, 100 mg of kidney cortex
was homogenized using a glass-Teflon homogenizer in
0.5 mL buffer A containing 10 mM HEPES (pH 7.8),
10 mM KCI, 2 mM MgCl2, 1 mM dithiothreitol (DTT),
0.1 mM EDTA, 0.1 mM PMSE, 1uM pepstatin, and 1
mM P-aminobenzamidine using a tissue homogenizer.
Homogenates were kept on ice for 15 min and then 125
uL of a 10% Nonidet p40 (NP 40) solution was added
and mixed for 15 s, and the mixture was centrifuged for
2 min at 12,000 rpm. The supernatant containing
cytosolic proteins was collected. The pelleted nuclei
were washed once with 200 uL of buffer A plus 25 uL
of 10% NP 40, centrifuged, then suspended in 50 uL. of
buffer B (50 mM HEPES, pH 7.8, 50 mM KCI, 300
mM NaCl, 0.1 mM EDTA, 1 mM DTT, 0.1 mM PMSF,
10% (v/v) glycerol), mixed for 20 min, and centrifuged
for 5 min at 12,000 rpm. The supernatant containing
nuclear proteins was stored at —80C°. The protein
concentrations in tissue homogenates and nuclear
extracts were determined by the Bio-Rad protein assay
(Bio-Rad Laboratories, Hercules, Calif). Target proteins
in the cytoplasmic and/or nuclear fractions of the
kidney tissue were measured by Western blot analysis
using the following antibodies: Rabbit antibodies
against rat GRP 78, PERK, Phospho-PERK (Thr980),
IREI, elF2«a, Akt, Phospho-Akt (Thr308), Bcl2,
Phospho-Bcl2 (Ser70), Phospho-ASK1 (Thr845), and
Bcl-2-associated X protein (BAX) were purchased
from Cell Signaling (Denver, Colo). Antibodies against
Nrf2, NFk P65 and Histone H1 were purchased from
Santa Cruz Biotechnology Inc (Santa Cruz, Calif).
ASK1, cyclophilin B, GAPDH, LC3 and f-actin
antibodies (Sigma-Aldrich, St. Louis, Mo), and ATF6
antibody (Abcam, San Francisco, Calif) were purchased
from cited sources.

Briefly, aliquots containing 50 ug proteins were frac-
tionated on 8 and 4% to 20% tris-glycine gel (Novex,
San Diego, Calif) at 120 V for 2 h and transferred to
a hybond-ECL membrane (Amersham Life Science,
Arlington Heights, I1I). The membrane was incubated
for 1 h in blocking buffer (1 X TBS, 0.05% Tween-20
and 5% nonfat milk) and then overnight in the same
buffer containing the given antibodies. The membrane
was washed 3 times for 5 min in 1 X TBS, 0.05%
Tween-20 before a 2-h incubation in a buffer (1 X
TBS, 0.05% Tween-20 and 3% nonfat milk) containing
horseradish peroxidase-linked anti-rabbit IgG and anti-
mouse IgG (Amersham Life Science) at 1:1,000
dilution. The membrane was washed 4 times and devel-
oped by autoluminography using the ECL chemilumi-
nescent agents (Amersham Life Science). Beta-actin,
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Table. Urinary protein excretion, creatinine clearance, serum concentrations of albumin, creatinine, urea
nitrogen, systolic arterial pressure, body weight and kidney weight in the control, untreated Imai group, and AT1
receptor blocker (ARB)-treated Imai group at 34 weeks of age

Control Imai Imai+ARB
Proteinuria (mg/24 h) 18.0 = 1.3 560.2 + 38.5* 18.1 = 1.57
Serum albumin (g/dL) 3.50 = 0.04 2.35 = 0.05* 3.95 + 0.06"
Serum urea nitrogen (mg/dL) 14.7 £ 0.55 75.60 *= 8.76* 14.38 + 0.25"
Serum creatinine (mg/dL) 0.30 = 0.02 1.67 + 0.40* 0.28 + 0.021
Creatinine clearance (mL/min/kg BW) 88+ 1.1 2.3 = 0.5* 6.5 +0.7"
Systolic blood pressure (mmHg) 90.55 + 4.45 182.25 + 5.12* 91.90 + 2.121
Body weight, g 654.78 + 20.05 518.98 = 19. 15* 534.50 + 3.40
Kidney weight, g 3.40 += 0.06 6.40 = 0.35* 3.67 = 0.67"

ARB = AT-1 receptor blockade.
Values are mean = SD.

*P < 0.01 vs control.

TP < 0.01 vs untreated Imai rats.

GAPDH, and histone Hlwere used as housekeeping
proteins against which expressions of the proteins of in-
terest were normalized.

Data analysis. Analysis of variance (ANOVA), multi-
ple range tests, and regression analysis were used in
statistical analysis of the data. Data are presented as
mean * SD. P values less than 0.05 were considered
significant.

RESULTS

General data. Data are summarized in the Table. As
expected, plasma creatinine, blood urea nitrogen,
urine protein excretion, and arterial pressure were
significantly elevated whereas creatinine clearance
and plasma albumin were significantly reduced in the
untreated Imai rats. These changes were associated
with decreased body weight and increased kidney
weight in the untreated Imai rats compared with the
normal control rats. Long-term ARB administration
prevented these abnormalities.

ER stress-associated adaptive/cytoprotective
system. Data are shown in Figs. 2 and 3. Among proteins

that mediate ER stress-induced adaptive/cytoprotective
responses, the abundance of GRP78, PERK, ATF6,
and elF2a was significantly lower in the kidneys of the
untreated Imai rats than those found in the normal
control group. This was accompanied by decreased
nuclear and elevated cytoplasmic abundance of Nrf2,
pointing to its impaired activity in the untreated Imai
rats’ kidneys. By means of upregulation of the genes
encoding many antioxidants and phase II detoxifying
enzymes and other molecules, activation of Nrf2
contributes to the ER stress-associated adaptive/
cytoprotective responses. Several kinases including
PERK and phosphorylated Akt facilitate activation and
translocation of Nrf2 to the nucleus and consequent
transcription of its targeted genes. In fact the

abundance of PERK, phosphorylated PERK, and
phosphorylated Akt was significantly reduced in the
kidneys of the untreated Imai rats, a phenomenon that
can in part account for the impaired activation of Nrf2.
The reduction of phosphorylated Akt in the kidneys of
the untreated animals was accompanied by increased
Akt abundance highlighting the defect in Akt
phosphorylation. The protein abundance of cyclophilin o,
B, which is a key factor in protein folding and serves
as a major mediator of the ER stress-induced adaptive/
cytoprotective response, was significantly reduced in
the kidneys of the untreated Imai rats. Long-term ARB
therapy prevented the above abnormalities.

ER stress-associated apoptotic pathway and
autophagy. Data are shown in Figs. 4 and 5. ASKI,
BAX, IREI, and NFxB are among the main mediators
of ER stress-induced apoptotic responses. The protein
abundance of these proteins was significantly higher in
the kidney tissue of untreated Imai rats than those found
in the normal control group. IRE1 appears to have both
prosurvival and proapoptotic properties. In early stages
of ER stress, IREl participates in the ER stress
adaptive/cytoprotective responses; but in presence of
persistent ER stress, IRE1 facilitates apoptosis by
promoting the synthesis and activation of apoptotic
proteins such as ASKI. In fact, protein abundance of
IRE1 was significantly elevated in the kidneys of the
untreated Imai rats. This was accompanied by increased
abundance and activation of the proapoptotic proteins
ie, phosphorylated ASKI1 and phosphorylated Bcl2.
Phosphorylation of Bcl2 via activated c-Jun N-terminal
kinase (JNK), which is a downstream MAP kinase of
ASKI1, promotes apoptosis by obviating its prosurvival
activity.

ER stress has been shown to trigger autophagy in the
kidney and other tissues.”®*® In fact the observed acti-
vation of the ER stress-induced apoptotic pathway in
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Fig 2. Representative Western blots and group data depicting the abundance of proteins mediating ER stress-
induced adaptive/cytoprotective responses (GRP78, PERK, P-PERK, eIF2«a, ATF6, and cyclophilin B) in the con-
trol group and in the untreated and ARB-treated Imai groups. n = 6 in each group. Data are presented as mean *

SD. #¥P < 0.01 and ***P < 0.001vs control group.

the kidneys of our untreated Imai rats was accompanied
by marked upregulation of LC3, which is a well-known
marker of autophagy.

DISCUSSION

Progression of renal disease in the Imai rats is associ-
ated with activation of intra-renal angiotensin system,
upregulation of oxidative and inflammatory cascades,
and downregulation of antioxidant and cytoprotective
systems leading to oxidative stress and inflammation
in the renal tissue.”” Alteration of cellular redox state
can profoundly affect the ER function and lead to accu-
mulation of unfolded proteins and ER stress, which if
persists, can culminate in apoptotic cell death. Oxida-
tive stress and inflammation in the untreated Imai rat
kidney was associated with the impaired ER stress adap-
tive/cytoprotective responses and activation of ER stress
apoptotic responses. In fact, kidneys in the untreated an-
imals showed marked reduction of PERK and phosphor-
ylated PERK, elF2a, ATF6, GRP78, nuclear Nrf2,
phosphorylated Akt, and cyclophilin B; but, significant
elevation of IRE1, ASK1, phosphorylated ASK1, BAX,
NF«B phosphorylated Bcl2, and LC3.

As noted earlier, ATF6 and PERK play crucial roles in
mediating UPR. Activation of PERK through homodi-
merization and transphosphorylation enables it to

phosphorylate the eIF2« and, consequently, reduce pro-
tein load on a damaged ER via lowering the general rate
of translation. In addition, once activated, ATF6 pro-
motes transcription of ER chaperones and enzymes in-
volved in protein folding, maturation, and secretion,
thereby reducing the unfolded protein load. The kidneys
in the untreated Imai rats showed marked reductions of
PERK, phosphorylated PERK, elF2«a, and ATF6 abun-
dance. The reduction of these important mediators of
UPR reflects the failure of the ER stress-mediated adap-
tive response in this model. In addition, the observed re-
duction of cyclophilin B, which facilitates protein
folding via its peptidyl-prolyl isomerase activity, further
contributes to the failure of the ER adaptive response in
this model.”

In an earlier study, we found marked reduction of nu-
clear translocation of Nrf2 and downregulation of the
antioxidant and cytoprotective byproducts of its target
genes in the kidneys of Imai rats.”* In confirmation of
the latter study, we found marked reduction of nuclear
Nrf2 content in the untreated Imai rat kidneys. This
was accompanied by significant increase in cytoplasmic
Nrf2 abundance pointing to impaired activation of Nrf2
as the primary problem in this case. The impairment of
the ER stress response shown here may contribute to the
defective activation of Nrf2 in this model. Nrf2 is held in
the cytoplasm as an inactive complex bound to the
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Fig 3. Representative Western blots and group data depicting the abundance of cytoplasmic (cNrf2) and nuclear
(nNrf2) Nrf2, Akt, and P-Akt, in the untreated and ARB treated Imai groups. n = 6 in each group. Data are pre-
sented as mean * SD. **P < 0.01 and ***P < 0.001vs control group.

repressor molecule, Keapl (Kelch-like ECH-associated
protein 1). Separation of Nrf2 from Keapl is critical for
its activation (nuclear translocation). This process de-
pends on either phosphorylation of Nrf2 and/or oxida-
tive or covalent modification of thiols in cysteine
residue of Keapl.’*' By means of phosphorylation of
Nrf2, several upstream kinases including PERK can ac-
tivate Nrf2 to induce production of antioxidant and cy-
toprotective molecules.>* This phenomenon represents
an important component of adaptive/cytoprotective re-
sponses of ER stress to maintain the cellular redox ho-
meostasis.>> Thus, the observed reduction in PERK
abundance and activity may have contributed to the im-
paired Nrf2 activation in this model. In addition to
PERK, phosphorylated Akt can activate Nrf2 and
thereby participate in the ER stress-associated prosur-
vival response.®* Prolonged ER stress has been shown
to suppress phosphorylation of Akt and thereby promote
apoptosis.®> Consistent with these findings, phosphory-
lated Akt abundance was markedly reduced in the
kidneys of our untreated Imai rats. The observed reduc-
tion of phosphorylated Akt reveals another mechanism
for the impaired Nrf2 activation and the failure of the
ER stress-mediated adaptive/cytoprotective responses

in this model. Long-term treatment with ARB restored
expression of PERK, phosphorylated PERK, phosphor-
ylated Akt, and Nrf2 activity.

Activation of the IRE1 appears to have both prosur-
vival and proapoptotic properties. On the one hand, ac-
tivation of its endonuclease function by ER stress results
in removal of a 26-nucleotide from X binding protein 1
(XBP1) mRNA and generation of a frame shift splice
variant (sXBP), which avidly induces expression of
ER chaperones and P58IPK.>*” The ER chaperones
and PS58IPK, in turn, contribute to normalization of
cell function and survival by increasing ER protein fold-
ing and relieving protein translational block at the con-
clusion of ER stress. However, activation of IRE1 in the
face of persistent ER stress can facilitate apoptosis by
promoting the synthesis of proapoptotic proteins.*®
Accordingly, the severity and duration of ER stress de-
termines the success or failure of the ER stress re-
sponse.’”*® In addition to participating in the ER
stress-induced apoptosis, IRE1 has been shown to pro-
mote autophagy in the eukaryotic cells.?®

The kidneys in our untreated Imai rats showed
a marked increase in IRE1 abundance, which was asso-
ciated with marked elevation of ASK1, phosphorylated
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Fig 4. Representative western blots and group data depicting the abundance of proteins mediating ER stress-
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Fig 5. Representative Western blots and group data depicting the
abundance of LC3 protein in the control group and in the untreated
Imai and ARB-treated Imai groups. n = 6 in each group. Data are pre-
sented as mean = SD. **P < 0.01 vs control group.

ASK1, phosphorylated Bcl2, and LC3. IRE1 has been
shown to induce apoptosis through recruitment of
ASKI1. ASKI is a mitogen activated protein kinase
kinase kinase (MAPKKK) that relays stress signals to

downstream MAP kinases including JNK and p38.4'**
The role of ASKI1 in mediating apoptosis is supported
by the observations that overexpression of ASKI1 in-
duces apoptosis in several cell types and the neurons
from ASKI1-/- mice are resistant to lethal ER stress.”
It is of note that once activated, JNK can phosphorylate
Bcl2 and, thereby obviate its prosurvival activity.*’ In
addition to promoting ASKIl-mediated apoptosis,
IRE1 activates NFxB, which can accentuate ER stress-
associated tissue damage and inflammation.'® In fact
upregulation of IREI in the kidneys of our untreated
Imai rats was accompanied by activation of NFxB.
Thus, upregulation of IRE1, ASKI, phosphorylated
ASKI1, and phosphorylated Bcl2 in the kidneys of the
untreated Imai rats points to the activation of ER stress
apoptotic responses. Additionally, concomitant upregu-
lation of IRE1 and LC3 points to the association of ER
stress apoptotic responses with autophagy. Long-term
administration of ARB preserved renal function and
structure, and prevented upregulation of IRE1 and
ASK1 and phosphorylation of ASK1 and Bcl2. Upregu-
lation of LC3 was also prevented with ARB administra-
tion. This observation points to the central role of
pathologic activation of intra-renal angiotensin system
in the defective ER stress response and autophagy in
this model. Hypertension and proteinuria have been
shown to induce ER stress.”” “**® Activation of
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intra-renal angiotensin system in the diseased kidney
contributes to progression of renal disease by promoting
oxidative stress, inflammation, hypertension, and pro-
teinuria. Therefore, prevention/attenuation of oxidative
stress, inflammation, hypertension, and proteinuria in
our ARB-treated animals could have collectively con-
tributed to alleviation of ER stress in this model.

In conclusion, advanced glomerulosclerosis in the
Imai rats is associated with conspicuous impairment
and failure of ER stress adaptive/cytoprotective re-
sponses and activation of ER stress apoptotic responses.
Long-term administration of ARB preserved renal func-
tion and structure, restored normal ER function, and
prevented activation of ER stress. These findings point
to the important role of activation of intra-renal angio-
tensin system in the defective ER stress response in
this model.

All authors have read the journal’s policy on disclosure of potential
conflicts of interest and have no conflict of interest to declare.

REFERENCES

1. Szegezdi E, Logue SE, Gorman AM, Samali A. Mediators of en-
doplasmic reticulum stress-induced apoptosis. EMBO Rep 2006;
7:880-5.

2. Schroder M, Kaufman RJ. The mammalian unfolded protein re-
sponse. Annu Rev Biochem 2005;74:739-89.

3. Harding HP, Calfon M, Urano F, Novoa I, Ron D. Transcriptional
and translational control in the Mammalian unfolded protein re-
sponse. Annu Rev Cell Dev Biol 2002;18:575-99.

4. Mori K, Ma W, Gething MJ, Sambrook J. A transmembrane pro-
tein with a cdc2+/CDC28-related kinase activity is required for
signaling from the ER to the nucleus. Cell 1993;74:743-56.

5. Patil C, Walter P. Intracellular signaling from the endoplasmic re-
ticulum to the nucleus: the unfolded protein response in yeast and
mammals. Curr Opin Cell Biol 2001;13:349-55.

6. WuJ, Kaufman RJ. From acute ER stress to physiological roles of
the unfolded protein response. Cell Death Differ 2006;13:374-84.

7. Chevet E, Cameron PH, Pelletier MF, Thomas DY, Bergeron JJ.
The endoplasmic reticulum: integration of protein folding, quality
control, signaling and degradation. Curr Opin Struct Biol 2001;
11:120-4.

8. Ron D, Walter P. Signal integration in the endoplasmic reticulum
unfolded protein response. Nat Rev Mol Cell Biol 2007;8:519-29.

9. Nishitoh H, Matsuzawa A, Tobiume K, et al. ASK1 is essential for
endoplasmic reticulum stress-induced neuronal cell death trig-
gered by expanded polyglutamine repeats. Genes Dev 2002;16:
1345-55.

10. Hu P, Han Z, Couvillon AD, Kaufman RJ, Exton JH. Auto-
crine tumor necrosis factor alpha links endoplasmic reticulum
stress to the membrane death receptor pathway through
IREla-mediated NF-«B activation and downregulation of
TRAF2 expression. Mol Cell Biol 2006;26:3071-84.

11. Distelhorst CW, McCormick TS. Bcl-2 acts subsequent to and in-
dependent of Ca2+ fluxes to inhibit apoptosis in thapsigargin-
and glucocorticoid-treated mouse lymphoma cells. Cell Calcium
1996;19:473-83.

12. Wei MC, Zong WX, Cheng EH, et al. Proapoptotic BAX and
BAK: arequisite gateway to mitochondrial dysfunction and death.
Science 2001;292:727-30.

13.

14.

15.

17.

18.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

Aminzadeh etal 9

Cybulsky AV, Takano T, Papillon J, Khadir A, Liu J, Peng H.
Complement C5b-9 membrane attack complex increases expres-
sion of endoplasmic reticulum stress proteins in glomerular epi-
thelial cells. J Biol Chem 2002;277:41342-51.

Cybulsky AV, Takano T, Papillon J, Bijian K. Role of the endo-
plasmic reticulum unfolded protein response in glomerular epi-
thelial cell injury. J Biol Chem 2005;280:24396—403.

Cybulsky AV. Endoplasmic reticulum stress in proteinuric kidney
disease. Kidney Int 2010;77:187-93.

. Nakajo A, Khoshnoodi J, Takenaka H, et al. Mizoribine corrects

defective nephrin biogenesis by restoring intracellular energy bal-
ance. J Am Soc Nephrol 2007;18:2554-64.

Cybulsky AV, Takano T, Papillon J, Bijian K, Guillemette J,
Kennedy CR. Glomerular epithelial cell injury associated with
mutant alpha-actinin-4. Am J Physiol Renal Physiol 2009;297:
F987-95.

Bek MF, Bayer M, Miiller B, et al. Expression and function of C/
EBP homology protein (GADD153) in podocytes. Am J Pathol
2006;168:20-32.

. Markan S, Kohli HS, Joshi K, et al. Up regulation of the GRP-78

and GADD-153 and down regulation of Bcl-2 proteins in pri-
mary glomerular diseases: a possible involvement of the ER
stress pathway in glomerulonephritis. Mol Cell Biochem 2009;
324:131-8.

Yoshikawa Y, Yamasaki K. Renal lesions of hyperlipidemic Imai
rats: a spontaneous animal model of focal glomerulosclerosis.
Nephron 1991;59:471-6.

Imai Y, Matsumura H, Miyajima H, Oka K. Serum and tissue
lipids and glomerulonephritis in the spontaneously hypercholes-
terolemic rats with a note on the effect of gonadectomy. Athero-
sclerosis 1977;27:165-78.

Kim HJ, Sato T, Rodriguez-Iturbe B, Vaziri ND. Role of intrarenal
Angiotensin system activation, oxidative stress, inflammation,
and impaired nuclear factor-erythroid-2-related factor 2 activity
in the progression of focal glomerulosclerosis. J Pharmacol Exp
Ther 2011;337:583-90.

Kadowaki D, Anraku M, Tasaki Y, et al. Evaluation for antioxi-
dant and renoprotective activity of olmesartan using nephrectomy
rats. Biol Pharm Bull 2009;32:2041-5.

Vaziri ND, Ni Z, Oveisi F, Trnavsky-Hobbs DL. Effect of antiox-
idant therapy on blood pressure and NO synthase expression in
hypertensive rats. Hypertension 2000;36:957-64.

Sakurai H, Hisada Y, Ueno M, Sugiura M, Kawashima K,
Sugita T. Activation of transcription factor NF-«B in experimental
glomerulonephritis in rats. Biochim Biophys Acta 1996;1316:
132-8.

Yorimitsu T, Nair U, Yang Z, Klionsky DJ. Endoplasmic reticu-
lum stress triggers autophagy. Biol Chem 2006;281:30299-304.
Kawakami T, Inagi R, Takano H, et al. Endoplasmic reticulum
stress induces autophagy in renal proximal tubular cells. Nephrol
Dial Transplant 2009;24:2665-72.

Shimada Y, Kobayashi H, Kawagoe S, et al. Endoplasmic reticu-
lum stress induces autophagy through activation of p38 MAPK in
fibroblasts from Pompe disease patients carrying ¢.546G>T mu-
tation. Mol Genet Metab 2011;104:566-73.

Kim J, Choi TG, Ding Y, et al. Overexpressed cyclophilin B sup-
presses apoptosis associated with ROS and Ca2+ homeostasis af-
ter ER stress. J Cell Sci 2008;121:3636—48.

Copple IM, Goldring CE, Kitteringham NR, Park BK. The Nrf2-
Keapl defense pathway: role in protection against drug-induced
toxicity. Toxicology 2008;246:24-33.

Jeong WS, Jun M, Kong AN. Nrf2: a potential molecular target for
cancer chemoprevention by natural compounds. Antioxid Redox
Signal 2006;8:99-106.

FLA 5.1.0 DTD m TRSL561_proof B 5 April 2012 ® 9:07 pm M ce

1088
1089
1090
1091
1092
1093
1094
1095
1096
1097
1098
1099
1100
1101
1102
1103
1104
1105
1106
1107
1108
1109
1110
1111
1112
1113
1114
1115
1116
1117
1118
1119
1120
1121
1122
1123
1124
1125
1126
1127
1128
1129
1130
1131
1132
1133
1134
1135
1136
1137
1138
1139
1140
1141
1142
1143
1144
1145
1146
1147
1148
1149
1150
1151



1152
1153
1154
1155
1156
1157
1158
1159
1160
1161
1162
1163
1164
1165
1166
1167
1168
1169
1170
1171
1172
1173
1174
1175
1176
1177
1178
1179
1180
1181
1182
1183
1184
1185
1186
1187
1188
1189
1190
1191
1192
1193
1194
1195
1196
1197
1198
1199
1200
1201
1202
1203
1204
1205
1206
1207
1208
1209
1210
1211
1212
1213
1214
1215

10

32.

33.

34.

35.

36.

37.

Aminzadeh et al

Cullinan SB, Zhang D, Hannink M, Arvisais E, Kaufman RJ,
Diehl JA. Nrf2 is a direct PERK substrate and effector of
PERK-dependent cell survival. Mol Cell Biol 2003;23:
7198-209.

Surh YJ, Kundu JK, Na HK. Nrf2 as a master redox switch in turn-
ing on the cellular signaling involved in the induction of cytopro-
tective genes by some chemopreventive phytochemicals. Planta
Med 2008;74:1526-39.

Hu P, Han Z, Couvillon AD, Exton JH. Critical role of endogenous
Akt/IAPs and MEK1/ERK pathways in counteracting endoplas-
mic reticulum stress-induced cell death. J Biol Chem 2004;279:
49420-9.

Du K, Herzig S, Kulkarni RN, Montminy M. TRB3: a tribbles ho-
molog that inhibits Akt/PKB activation by insulin in liver. Science
2003;300:1574-17.

Lee AH, Iwakoshi NN, Glimcher LH. XBP-1 regulates a subset of
endoplasmic reticulum resident chaperone genes in the unfolded
protein response. Mol Cell Biol 2003;23:7448-59.

Yoshida H, Matsui T, Yamamoto A, Okada T, Mori K. XBP1
mRNA is induced by ATF6 and spliced by IRE1 in response to
ER stress to produce a highly active transcription factor. Cell
2001;107:881-91.

. Wang XZ, Harding HP, Zhang Y, Jolicoeur EM, Kuroda M,

Ron D. Cloning of mammalian Irel reveals diversity in the ER
stress responses. EMBO J 1998;17:5708-17.

39.

40.

41.

42.

43.

44.

45.

46.

Translational Research
W 2012

Oono K, Yoneda T, Manabe T, et al. JAB1 participates in unfolded
protein responses by association and dissociation with IRE1. Neu-
rochem Int 2004;45:765-72.

Yoneda T, Imaizumi K, Oono K, et al. Activation of caspase-12,
an endoplastic reticulum (ER) resident caspase, through tumor ne-
crosis factor receptor-associated factor 2-dependent mechanism
in response to the ER stress. J Biol Chem 2001;276:13935-40.
Nishitoh H, Saitoh M, Mochida Y, et al. ASK1 is essential for
JNK/SAPK activation by TRAF2. Mol Cell 1998;2:389-95.
Hatai T, Matsuzawa A, Inoshita S, et al. Execution of apoptosis
signal-regulating kinase 1 (ASKI)-induced apoptosis by the
mitochondria-dependent caspase activation. J Biol Chem 2000;
275:26576-81.

Davis RJ. Signal transduction by the JNK group of MAP kinases.
Cell 2000;103:239-52.

Lindenmeyer MT, Rastaldi MP, Tkehata M, et al. Proteinuria and
hyperglycemia induce endoplasmic reticulum stress. J Am Soc
Nephrol 2008;19:2225-36.

Sun Y, Liu G, Song T, et al. Upregulation of GRP78 and caspase-
12 in diastolic failing heart. Acta Biochim Pol 2008;55:511-6.
Okada K, Minamino T, Tsukamoto Y, et al. Prolonged endoplas-
mic reticulum stress in hypertrophic and failing heart after aortic
constriction: possible contribution of endoplasmic reticulum
stress to cardiac myocyte apoptosis. Circulation 2004;110:
705-12.

FLA 5.1.0 DTD m TRSL561_proof m 5 April 2012 ® 9:07 pm M ce

1216
1217
1218
1219
1220
1221
1222
1223
1224
1225
1226
1227
1228
1229
1230
1231
1232
1233
1234
1235
1236
1237
1238
1239
1240
1241
1242
1243
1244
1245
1246
1247
1248
1249
1250
1251
1252
1253
1254
1255
1256
1257
1258
1259
1260
1261
1262
1263
1264
1265
1266
1267
1268
1269
1270
1271
1272
1273
1274
1275
1276
1277
1278
1279



	Participation of endoplasmic reticulum stress in the pathogenesis of spontaneous glomerulosclerosis-Role of intra-renal ang ...
	Methods
	Study groups
	Preparation of kidney homogenates and nuclear extracts
	Data analysis

	Results
	General data
	ER stress-associated adaptive/cytoprotective system
	ER stress-associated apoptotic pathway and autophagy

	Discussion
	References




