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Abstract

Purpose of Review Diabetic nephropathy (DN) has become
the leading cause of end-stage renal disease (ESRD) world-
wide. Accumulating evidence suggests that endoplasmic re-
ticulum (ER) stress plays a major role in the development and
progression of DN. Recent findings suggested that many at-
tributes of DN, such as hyperglycemia, proteinuria, and in-
creased advanced glycation end products and free fatty acids,
can all trigger unfolded protein response (UPR) in kidney
cells. Herein, we review the current knowledge on the role
of ER stress in the setting of kidney injury with a specific
emphasis on DN.

Recent Findings As maladaptive ER stress response caused
by excessively prolonged UPR will eventually cause cell
death and increase kidney injury, several ER stress inhibitors
have been shown to improve DN in animal models, albeit
blocking both adaptive and maladaptive UPR. More recently,
reticulon-1A (RTN1A), an ER-associated protein, was shown
to be increased in both human and mouse diabetic kidneys. Its
expression correlates with the progression of DN, and its poly-
morphisms are associated with kidney disease in people with
diabetes. Increased RTN1A expression heightened the ER
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stress response and renal cell apoptosis, and conversely re-
duced RTN1A in renal cells decreased apoptosis and amelio-
rated kidney injury and DN progression, suggesting that
RTN1A may be a novel target to specifically restrain the mal-
adaptive UPR.

Summary These findings suggest that ER stress response in
renal cells is a key driver of progression of DN and that the
inhibition of the unchecked ER stress response in DN, such as
by inhibition of RTN1A function, may be a promising thera-
peutic approach against DN.
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Introduction

Diabetic nephropathy (DN) is the most common cause of end-
stage renal disease (ESRD) worldwide, and the incidences of
diabetes and DN have been increasing over the last decade [1].
Regardless of the recent advances, the incidence and prevalence
of DN remains high due to limited therapeutic options. In the
US, more than 30% of diabetic patients receive dialysis or kid-
ney transplantation as a result of DN [2]. Clinically, DN is de-
fined by the appearance of microalbuminuria at the early stage
that progresses toward ESRD over time. Morphologically, DN is
characterized by glomerular basement membrane (GBM) thick-
ening, mesangial expansion, podocyte and tubular cell injury at
the early stage and diffuse/nodular glomerulosclerosis and
tubulointerstitial fibrosis with inflammation at the later stage of
the disease.

Over the past decade, the underlying mechanisms predis-
posing to the development and progression of DN have been
under active investigation. Several lines of evidence suggest
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that endoplasmic reticulum (ER) stress plays a major role in
the development and progression of DN [3-6].
Hyperglycemia, proteinuria, advanced glycation end products
(AGESs) and free fatty acids (FFA) have been reported as key
inducers of ER stress and its downstream signaling pathway
activation in diabetic kidneys [7, 8]. More recently, several
novel ER-associated molecules have been described, contrib-
uting to ER stress-mediated kidney injury in DN [5, 9, 10e¢].
Herein, we present a review of recent studies on the role of ER
stress in DN, with a highlight of new findings.

UPR and ER Stress

ER is an important organelle necessary for protein synthesis,
folding, and maturation in the eukaryotic cell. Disruption of
ER homeostasis leads to the accumulation of unfolded or
misfolded proteins, resulting in ER stress and triggering the
unfolded protein response (UPR) [11]. The ER chaperone
protein glucose-regulated protein 78 (GRP78/BiP) serves as
a master modulator for the UPR signaling network. Under ER
stress, GRP78 preferentially binds to misfolded or unfolded
proteins and dissociates from the 3 main ER sensors, namely
protein kinase R-like ER kinase (PERK), inositol requiring-
lx (IRElw), and activating transcription factor 6 (ATF6),
allowing their activation [12] (Fig. la). Dissociation of
GRP78 from PERK allows its homodimerization and
transphosphorylation that results in phosphorylation of eu-
karyotic translation initiation factor-2ec (elF2x), leading to
the activation of activating downstream transcript factor 4
(ATF4) and UPR target genes such as C/EBP homologous
protein (CHOP) and growth arrest and DNA damage induc-
ible protein-34 (GADD34) [4, 13]. In parallel, ATF6 released
from GRP78 moves to the Golgi where it is cleaved by site-1
and site-2 proteases (S1P/S2P), and phosphorylated IRE1x
results in the splicing of X box binding protein-1 (XBP-1).
As aresult, both 50 kD ATF6 (pSOATF6) and spliced XBP-1
(XBP-1s) translocate to the nucleus to drive the activation of a
group of transcriptional factors involved in ER maintenance,
expansion, and ER-associated degradation (ERAD) proteins
[14, 15].

Adaptive phase of UPR is initiated to restore the homeo-
stasis and protect cells against injury via increasing ER capac-
ity and by enhancing the degradation of misfolded protein in
ER by ERAD. Terminally misfolded proteins are deglycosyl-
ated by enzymes such as ER mannosidase I (Man I) and in-
teract with ER degradation-enhancing o-mannosidase-like
protein (EDEM) and other ERAD lectins. Substrates are then
translocated into the cytosol, where they undergo
ubiquitination that marks the protein for destruction by the
proteasome [16°]. However, excessively prolonged UPR in
ER will finally cause cell death by triggering pro-apoptotic
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signaling such as CHOP, TRB3, c-Jun N-terminal kinase
(JNK), and caspase-12 pathways [3, 4, 17].

ER Stress and Kidney Diseases

ER stress has been shown to contribute to the development
and progression of chronic kidney disease (CKD) [16e, 18].
Increased expression of the ER stress markers was observed in
both glomeruli and tubular interstititum in human or murine
model of kidney diseases. Heightened ER stress was observed
in podocyte of proteinuric rats with passive Heymann nephri-
tis [19]. Activation of GRP78 and elF2« phosphorylation in
glomeruli was also evidenced in a model of experimental glo-
merulonephritis [20]. Nakajo et al. [21] demonstrated the pres-
ence of ER stress in the rat model of minimal-change nephrot-
ic syndrome by puromycin aminonucleoside (PAN), suggest-
ing a critical role of ER stress in podocyte injury that is likely
induced by albuminuria. In humans and experimental mouse
models with nephrotic syndrome, ER stress markers are also
elevated in tubular epithelial cells [22, 23]. In addition to glo-
merular cells, ER stress is also a key pathologic process lead-
ing to tubular cell injury in acute kidney injury (AKI) [24].
CHOP ™~ mice or mice treated with 4-phenylbutyrate (4-
PBA), an ER stress inhibitor, were protected against
tunicamycin-induced AKI [25]. Heterozygous mutant-
GRP78 mice also showed severe tubulointerstitial lesions with
aging, indicating that this ER associated protein was important
to maintaining the integrity of tubulointerstitial structure [26].

Cell Type-Specific ER Stress in Diabetic
Nephropathy

A large body of evidence suggests that dysfunction of ER
stress is associated with the onset and progression of DN.
For example, microarray data showed upregulated expression
of UPR genes, including ER chaperones GRP78, hypoxia up-
regulated 1 (HYOU1), and XBP-1 from human biopsies of
established DN compared with normal controls [7]. In this
section, we have summarized some of the recent studies on
the role of ER stress in different kidney cell types in DN.

Podocyte Injury and ER Stress

Podocytes are highly specialized and terminally differentiated
glomerular epithelial cells, and their dysfunction causes defec-
tive glomerular filtration, resulting in the onset of proteinuria
[27, 28]. Podocytes are thought to be highly susceptible to ER
stress due to their high protein-folding capacity in the ER and
their high levels of anabolic or catabolic activities [9]. High
glucose concentrations can induce ER stress and apoptosis in
podocytes [29, 30]. In addition, persistent proteinuria
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contributes to ER stress-mediated glomerular dysfunction in
DN and is one of the important mechanisms in albumin-
induced podocyte injury [7, 31]. It is well known that free
fatty acids (FFAs) are critically involved in the pathogenesis
of diabetes mellitus (DM). FFAs can induce podocyte ER
stress, leading to the induction of ER chaperone BiP and
proapoptotic transcription factor CHOP. FFAs can also in-
crease apoptosis of podocytes in vitro, as well as in diabetic
mice in vivo [8]. The mechanism of FFA-induced ER stress in
podocytes may involve the activation of TRB3-mediated
MAPK and NF-kB pathway [3]. Very recently, work by
Madhusudhan et al. suggested that impaired insulin signaling
impedes XBP1 activity in podocytes and exacerbates ATF6-
dependent maladaptive ER response in diabetic mice [32¢].
However, the exact role of diabetes-induced ER stress in
podocytes remains unclear.

Heightened
ER stress response

Mesangial Cell Injury and ER Stress

Mesangial cells (MCs) are essential in maintaining the struc-
tural integrity of the glomerular tuft and modulating the glo-
merular filtration. MCs are known to play an important role in
DN progression [33]. However, the role of ER stress in medi-
ating MC injury in DN remains largely unknown, as studies in
this research area are still very limited.

Reactive oxygen species (ROS) and hyperglycemia are
commonly considered to be triggers of ER stress in cultured
mesangial cells, which can be alleviated by oleanolic acid
treatment [34]. Studies have demonstrated that hyperglycemia
and ROS-induced ER stress can result in MC proliferation and
extracellular matrix (ECM) overproduction, whereas overex-
pression of XBP-1s suppresses the high glucose-induced
ECM synthesis and ROS generation in cultured MCs [35].
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Induction of ER stress was also shown to be involved in the
AGE-induced MC apoptosis, while inhibition of ER stress by
4-PBA reversed AGE-induced apoptotic response in
mesangial cells [6]. Fatty acid-binding protein 4 (FABP4), a
carrier protein for fatty acids, has been linked to diabetes and
diabetic nephropathy (DN). Very recently, Yao et al. reported
that FABP4 was expressed mainly in glomerular mesangial
cells and that its expression was increased in DN kidney bi-
opsies [36]. The up-regulation of FABP4 was accompanied by
increased expression of GRP78 and Caspase-12 and de-
creased expression of B-cell CLL/lymphoma 2 (Bcl-2) in the
glomeruli, indicating that FABP4-mediated ER stress might
be involved in mesangial cell apoptosis in DN.

Glomerular Endothelial Cell Injury and ER Stress

Endothelial cell injury is a central event in the development of
diabetic vascular diseases, and DN is one of the most common
microvascular complications. Prolonged ER stress response
contributes to atherosclerosis and endothelial dysfunction
[37, 38]. A number of studies in cultured endothelial cells
and animal models have provided insights into the molecular
mechanisms linking induction of ER stress to endothelial cell
dysfunction [39—41]. High glucose-induced ER stress has
been closely linked to various aspects of endothelial cell dys-
function in patients with diabetes [42]. Chen et al. [43] report-
ed that high glucose-induced ER stress in retinal endothelial
cells results in the activation of PERK—eIF2-ATF4 pathway.
Genetic inhibition of ATF4 ameliorated STAT3-mediated ret-
inal inflammation and vascular injury in STZ-induced diabetic
mice suggest a pivotal role of ER stress and the ATF4/STAT3
pathway in diabetic microvascular diseases. In glomerular en-
dothelial cells, recent studies showed that advanced oxidation
protein products (AOPPs) triggered endothelial-to-
mesenchymal transition (EndMT) through the induction of
ER stress [44]. Treatment with asymmetric dimethylarginine
(ADMA), an endogenous competitive inhibitor of nitric oxide
synthase (NOS) enzymes, activated PERK and IRE1«x path-
ways, which induced CHOP expression and c-Jun N-terminal
kinase (JNK) phosphorylation in glomerular endothelial cells
[45]. Angiopoietinl (Angptl), a vascular growth factor, has
been recently found to ameliorate glomerular endothelial cell
dysfunction by suppression of PERK/CHOP pathway [46].
Since at this time only few reports focus on the role of ER
stress in glomerular endothelial cells in DN, future research is
needed to better understand the mechanism by which ER
stress induces glomerular endothelial dysfunction in DN.

Renal Tubular Injury and ER Stress
Renal tubular epithelial cells (RTECs) are key target cells that

are highly vulnerable to damage in conditions of glucose-
induced metabolic disorder and play an important role in the
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progression of DN [7, 22]. ER stress has been recgnized to
contribute to the development and progression of CKD, espe-
cially in tubulointerstitial injury [47, 48].

ER stress is closely associated with tubular injury in human
DN. Microarray analysis of the tubulointerstitial compartment
of renal biopsies obtained from DN patients revealed a signif-
icant upregulation of UPR-associated genes, including the ER
chaperones BiP and HYOUI [7]. It is well known that pro-
teinuria contributes to tubulointerstitial injury in DN, as ER
stress is one of the important mechanisms in albumin-induced
tubular injury [7, 49]. In order to ascertain the central ER
chaperone function of BiP, Mimura et al. generated a BiP
knock-in mouse expressing BiP with a mutated retrieval se-
quence to cause a defect in ER function without completely
eliminating BiP [50]. Although the heterozygous BiP-mutant
mice showed no gross phenotype, aged BiP-mutant mice
showed more severe tubulointerstitial lesions than in age-
matched wildtype mice [26]. In addition, compared with
age-matched wild-type controls, young heterozygous BiP-
mutant mice showed more severe renal injury to albumin
overload-induced proteinuric kidney disease. This injury was
accompanied by caspase-12 activation and tubular cell apo-
ptosis, suggesting that prolonged ER stress response is in-
volved in the pathogenesis of chronic renal tubulointerstitial
injury in proteinuric kidney diseases.

Recent studies have focused on some specific inducers that
trigger UPR in renal tubular cells and investigated the possible
mechanisms of ER stress in the progression of DN. Liu et al.
reported that ATF4/p16 signaling was activated by AGE-
induced ER stress in RTECs and was associated with DN
progression [51]. Similarly, receptor of AGE (RAGE) medi-
ated ER stress in RTECs to induce premature senescence via
p21 signaling in DN [52]. Palmitic acid (PA) is an important
promoter of tubulointerstitial damage in DN and activates ER
stress and apoptosis in proximal tubular cells [53]. Activation
of cannabinoid receptor 1 (CB1R) by PA results in ER stress
and apoptosis in proximal tubular cells in DN [54]. A recent
study found that urotensin II induces ER stress and increases
extracellular matrix production in RTECs of early diabetic
mice [55]. Taken together, these findings suggest that ER
stress is an important mechanism of tubulointerstitial injury
leading to the progression of DN.

Therapeutics by Targeting ER Stress

There has been considerable interest in developing com-
pounds that modulate ER stress response in the recent years.
FDA-approved chemical chaperones such as 4-PBA and
taurine-conjugated ursodeoxycholic acid (TUDCA) are clas-
sic ER stress inhibitors that enhance ER folding capacity, al-
leviate ER stress, restore glucose tolerance, and improve insu-
lin sensitivity in metabolic disorders such as diabetes, obesity,
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and insulin resistance [56, 57¢]. Recent work showed that both
4-PBA and TUDCA can attenuate kidney injury not only in
type I or type II diabetic murine model [58—60] but also in
human subjects with obesity and insulin-resistance via ame-
liorating ER stress [61-63].

Of note, several recent studies demonstrated the beneficial
effects of herbal or plant medicines in the treatment of DN via
inhibition of ER stress. Astragaloside IV (AS-IV) has been
shown to ameliorate albuminuria and kidney injury in diabetic
rats, and this was associated with the inhibition of ER stress
signaling [64e, 65]. Huangkui, a Chinese herbal extracted
from Abelmoschus manihot (L.) medic (AM), was recently
found to reduce ER stress and alleviate renal inflammation
and glomerular injury in DN rats. Oleanolic acid (OA), a nat-
ural compound in fruits and vegetables, was shown to reduce
ER stress and had therapeutic effects for DN [34]. Quercetin, a
flavonoid found in a wide variety of plants and human diet,
suppressed ER stress pathways and exhibited a promising
effect in preventing glomerular endothelial cell apoptosis
[45]. However, as the above-mentioned inhibitors and herbal
medicines may have multiple biological functions and are not
specific for inhibition of ER stress response, it is important to
develop drugs that target specific molecules in the ER stress
pathway that are activated in diabetic kidneys. In addition, the
ER stress response may have both protective and deleterious
features in different cellular contexts at various disease stages.
Therefore, an improved understanding of the molecules regu-
lating this process in a cell and disease stage-specific manner
would expedite the identification of better therapeutic strate-
gies targeting ER stress as a therapy for DN.

Role of Reticulon-1A in Diabetic Nephropathy

In a recent study, we identified a novel gene, reticulon-1
(RTN1), which was associated with the progression of kidney
diseases [10e¢]. Reticulons were first described in neuroendo-
crine cells, localize primarily to the ER membrane, and are
thought to function as ER-shaping proteins [66, 67]. Of the 3
known RTN1 isoforms (RTN1-A, RTN1-B, RTN-1C), upreg-
ulation of RTN1A was confirmed in the kidneys of both hu-
man and murine models of HIV-associated nephropathy
(HIVAN) and DN. Interestingly, both mRNA and protein
levels of RTN1A in the kidneys are associated with serum
creatinine and eGFR in patients with DN [10+¢]. Genetic as-
sociation studies showed that common variants in RTN1A
gene were associated with ESRD in people with diabetes
[68]. In vitro, RTN1A mediates hyperglycemia and albumin-
induced ER stress in both podocytes and renal tubular cells.
Overexpression of RTN1A leads to prolonged ER stress and
apoptosis of kidney cells that is likely mediated through the
sustained PERK activation and CHOP expression (Fig. 1b)
[10ee]. Global knockout of RTNIA attenuates albuminuria

and kidney injury in an animal model of DN. In addition,
knockdown of RTN1A specifically in kidney tubular cells
ameliorates ER stress signaling and prevents apoptosis in mice
with protein-overload nephropathy [69¢]. Together, these find-
ings suggest a pivotal role for RTN1A in ER-stress-induced
kidney injury. RTN1A could be a new target for treatment of
DN by specifically inhibiting the ER stress pathway.

Conclusions

A large body of evidence suggests that ER stress plays a major
role in the development and progression of kidney disease,
including DN, and that reducing ER stress may thwart the
kidney disease progression. Evidence further suggests that
the attenuation of maladaptive ER stress response decreases
apoptosis of renal cells and attenuates kidney injury and may
be a novel therapeutic approach in kidney disease, including
diabetic nephropathy.
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