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ABSTRACT

The identification of new biomarkers/pharmacological targets for chronic kidney disease (CKD) is
required for the development of more effective therapies. Several studies in vitro and in vivo have shown
the importance of the endoplasmic reticulum (ER) (cellular organelle devolved to protein biosynthesis
and maturation, and cellular detoxification processes) in the pathophysiology of CKD.

Hence, the synthesis and development of novel drugs against the different ER intracellular pathways is
crucial in order to slow down the development and progression of renal diseases.

This review aims to dissect the role of the different ER branches (PERK, IRE1a, ATF6) and their function in
CKD, providing potential insights for the development of new treatments.
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Endoplasmic reticulum

The endoplasmic reticulum (ER) is a continuum of tubules and vesicles morphologically divided in
“rough” ER (containing ribosomes attached on the cytosolic border that serves as the site of
biological protein synthesis)[1] and “smooth” ER, lacking ribosomes.

Lack or presence of ribosome reflects the multi-functional nature of the ER. In eukaryotic cells, the
rough ER has a pivotal function in protein biosynthesis serving as point for the secretory pathway
and in the folding and maturation of protein within the cell [2], while the smooth ER is involved in
carbohydrates metabolism, drugs detoxification and calcium storage [3].

Protein folding is required to create a functional protein able to exert its function; the ER is a
cellular organelle that rectifies abnormal protein folding/function by acting on protein that need to
be physiologically replaced/restored or have been damaged by external insults; this process is
defined as “unfolded protein response” (UPR). ER could be considered as a signalling platform that
responds to stimuli from in and outside the cells with the aim of maintaining cellular functions.

External perturbations of the ER, such as nutrient excess, oxidative stress, iron imbalance,
ca® leakage from the ER, viral infections and hypoxia are considered the most important causes of
ER stress and results in accumulation of unfolded proteins [4], an event that is considered, per se,
as direct cause of ER stress/dysfunction [5].

Activation of the UPR is considered a double-edged sword as it can trigger either pro-survival
pathways (early activation) or pro-apoptotic ones (sustained activation) [6, 7]. The sustained
activation of the UPR has been involved, not only in the pathophysiology of CKD [8, 9], but also in
alteration of innate immunity, dysregulation of metabolism and cell differentiation processes [10].

The ER interact with different cellular organelles: the specific interaction of the ER with
mitochondria is mediated by contact points known as mitochondria-associated membranes (MAM)
[11]. MAM are important in cellular homeostasis because they regulate lipids and Ca’" movements
between the ER and the mitochondria. Recent evidences suggest that ER-MAM alterations could
participate to the pathophysiology of insulin resistance [11], a known determinant implicated in
CKD in diabetes [12].

ER-mitochondria interaction plays a key role in regulating cell-death signalling through
sequestration of intracellular calcium [13]. Non-sustained ER stress/UPR activation induces ER and
mitochondria coupling and calcium transfer as increased Ca’uptake by the mitochondria
stimulates bioenergetics and adenosine triphosphate (ATP) production as an adaptative response.

Severe ER stress (with sustained IRE1 and PERK activation/UPR response) results in activation of
pro-apoptotic pathways that leads to mitochondrial Ca** overload, mitochondrial dysfunction and
release of pro-apoptotic factors [14].

Alterations in the ability of the ER membrane-resident sarco-endoplasmic reticulum Ca**/ATPase
pump and inositol 1,4,5-triphosphate receptors, essential processes for efficient mitochondrial
respiration and maintenance of normal cell bioenergetics, have been proposed to cause ER stress
and cell apoptosis [15].

Mitochondria dysfunction has been linked with oxidative stress and CKD in podocyte [16] and
Szeto et al. have shown important changes in mitochondrial structure in glomerular cells and
proximal tubular epithelial cells in an experimental mouse model of 28-weeks high-fat diet induced
glomerulopathy [17]. Further, studies conducted on renal biopsies from patients with focal
segmental glomerulosclerosis exhibited an increased mitochondrial damage [16].
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The interplay between the ER and mitochondria is crucial to understand the pathophysiology of
CKD.

Interestingly, it has been suggested that Nogo-B, an ER protein, regulates the distance between
the ER and mitochondria [18]. Low levels of Nogo-B may increase the ER-mitochondria interaction
and, secondarily, the susceptibility to apoptosis under sustained stress conditions. Conversely, the
presence of Nogo-B during ER stress could reduce the mitochondria-ER interaction and protect
cells from apoptosis [18].

The Unfolded protein response

RNA-like ER kinase (PERK), inositol-requiring proteinl (IRE1) and activating transcription factor 6
(ATF6) are ER transmembrane proteins that contain an ER luminal stress-sensing domain and a
cytoplasmic enzymatic one. These proteins constitute the three UPR branches: they regulate the
transcription factors elF2a/ATF4, XBP1 respectively and promote chaperones activation [10].

Activation of PERK through Bip (an ATP-dependent chaperone) promotes a pro-survival signal that
represses protein synthesis and prevents further influx of client proteins (protein that need to be
processed to reach complete maturation) in the ER [19].

Eif2a/ATF4 is a regulator pathway controlling the transcription of essential genes for adaptative
functions involved in amino acid metabolism, cell differentiation processes and angiogenesis [20].

ATF4 is also an important regulator of autophagy, a mechanism that removes unnecessary or
dysfunctional cellular components [19]. As an example, ATF4 regulates autophagy-mediated gene
transcriptional program in response to amino acid starvation and ER stress [21].

IRE1 is the most ancient of the UPR sensors, being conserved from yeast to humans. When ER
demand and capacity of protein folding is balanced in non-disease conditions IRE1 is present in a
non-phosphorylated non active oligomer while, in condition of ER stress, IRE1 autophosphorylates
and oligomerizes into multimers. During the initial phase of ER stress (adaptive response) IRE1, in
its phosphorylated oligomeric state, determines splicing of the transcript of XBP-1 transcription
factor allowing the translation of an activated form of XBP-1 transcription factor, which, in turn,
promotes the expression of chaperones favouring cell survival [22, 23]; this process is common in
both mammals and plants [24]. Conditions of chronic ER stress and sustained IRE1 activation result
in reduced XBP-1 splicing and IRE1 becomes an important executor of apoptosis [24, 25].

The third UPR response, driven by ATF6, results in the activation of the chaperone system that
stimulates structural components of the ER including sarcoplasmic ER Ca®"-ATPase2, cellular
processes that promote protein-folding capacity [26].

The “transient activation” of these transcription factors (UPR response) repristinates the balance
between misfolded and folded protein in favour of the former [27]; the activation of the UPR can
therefore be considered a cellular protective response to an external insult causing ER stress.
Conversely, the chronic presence of ER stress results in a “sustained activation” of the UPR
response that in turn promotes the activation of pro-apoptotic signals and becomes noxious for
the cell trough the activation of the PERK-elF2a-CHOP-Caspase 3/7 pro-apoptotic cascade [28].

(Fig. 1)
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Chronic kidney disease and ER/UPR response

CKD, mainly represented by hypertensive and diabetic nephropathies, is a growing pathology that
is reaching epidemic proportion in Europe and worldwide [29, 30]. The CARHES (Cardiovascular
risk in renal patients of the health examination survey) study, led by the Italian Society of
Nephrology in partnership with the Italian Society of Cardiologists, published a detailed analysis of
the prevalence of CKD and associated cardiovascular risk in Italy. Among 9000 patients studied, 40-
50% were affected by CKD, while its prevalence was found to increase with age and to be similar
across genders [31, 32].

Diabetic nephropathy (DN) affects about one-third of patients with diabetes mellitus and is ranked
as the first cause of end-stage renal disease in the world [33]. DN and other CKD are silent
pathologies linked by a progressive decline in renal function and parallel increase in cardiovascular
morbidity and mortality [34].

Furthermore, CKD has an important impact on the national health service, especially if we consider
the health-related costs attached to renal replacement therapy and the costs to society (e.g. loss
of working hours) [35]. CKD patients are characterized by a wide spectrum of kidney pathologic
lesions such as glomerular sclerosis, tubular atrophy, and interstitial fibrosis. Renal biopsy in CKD
patients can be classified into three main groups: classical diabetic nephropathy (DN), non-diabetic
renal disease (NDRD) and DN plus NDRD (mixed forms) [36].
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In CKD, chronic perturbations such as hyperglycaemia, dyslipidaemias and haemodynamic insults
(elevated systemic-hypertension and intraglomerular pressure) result in ER stress [37] and are
important factors driving renal function decline and progression towards end stage renal failure
[38].

The renal damage seen in CKD might be the result of direct injury (disease mediated fibrosis) or a
manifestation of wound repair in response to injury, where the response against the disease
exceeds the potential for restoration [39, 40].

The structural tissue-related damage is driven by perturbations (e.g. metabolic, haemodynamic)
that lead to ER stress and sustained UPR-mediated cell death, chronic inflammation and fibrosis
[41, 42]. Unresolved chronic sustained inflammation driven by ER stress, as seen in CKD, is a
promoter for uncontrolled healing, fibrosis and tissue damage [43, 44].

Sustained activation of the UPR, such as IRE1lq, results in the activation of tumor necrosis factor
receptor associated factor and of the proinflammatory transcription factor AP-1, which, in turn,
have been shown to promote the activation of pro-inflammatory pathways such as NF-kf3, NOD1/2
and RIP-dependent cascades [10]. Similarly, PERK activation and elF2a phosphorylation increases
NF-kB stability. ER stress in macrophages supports polarization towards a proinflammatory
phenotype driven by NF-kP [45]. ER stress is also characterised by an increase in pro-inflammatory
cytokines, such as IL1B and IL18; deletion of IRE1la in macrophages promotes their polarization
towards a non-inflammatory phenotype [46—48].

Epithelial cells exposed to ER stress lose their characteristics and undergo an epithelial-to-
mesenchymal transition which in turns participates to the fibrotic process (deposition of
extracellular matrix, and secretion of profibrotic mediators) upon tissue injury [49-51].
Transforming growth factor-B (TGF-B)-1 is a prosclerotic cytokine that plays a crucial role in ER
stress induced fibrosis, and the UPR activation has been shown to play a role in the wound repair
and tissue remodelling process [42,52]. In cultured renal tubular cells, TGF-B1 induces the
expression of ER stress markers and profibrotic factors, which can be reduced by inhibitors of UPR
such as chemical chaperones [53, 54]; further, sXBP1 appears to be required for extracellular
matrix production and secretion, through ER enlargement [55, 56].

Clinical and experimental studies have suggested that proteinuria is an active player in the
progression of CKD and a cause of tubular interstitial fibrosis and inflammation [57]. Indeed,
chronic proteinuria has a toxic effect on tubular cells and, by activating ER stress, results in the
sustained activation of the UPR that in turn drives the tubulointerstitial disease [58—60].

Studies have shown UPR activation in tubular cells exposed to albumin [61, 62]; more specifically,
albumin-mediated activation of PERK-ATF4 pathway, through the expression of lipocalin 2, appears
to play a role in tubular apoptosis and renal lesions: the inhibition of this pathway by chemical
chaperones slows renal deterioration in proteinuric mice [58].

It is very clear that the ER and UPR are important for cell and tissue homeostasis both in
physiology and diseases; dissecting the mechanism of ER/UPR activation could provide important
information for the development of new drugs.

Interventions modulating the ER/UPR response

Several molecules/putative drugs have been shown to modulate the function and the crosstalk
among the different branches of the UPR in kidney disease.
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Glucagon like peptide (GLP)-1 receptor agonists

Protein kinase-A signalling elicited by GLP-1 receptor agonists differentially modulates the UPR
PERK/elF2a arm, transcription factor ATF4, XBP1 splicing and CHOP, promoting B-cell survival
[63, 64]. Similar mechanisms could be postulated for the renoprotective effect of GLP-1 analogues
in diabetic kidney disease [65, 66] but more studies are warranted.

Chemical chaperones

Inhibition of ER stress/UPR activation using chaperones has been shown to improve the
progression of CKD. Specifically, the chemical chaperone 4-phenylbutyric acid (4-PBA) [67] seems
to have a direct protective effect on renal tubular cells in vitro through the modulation of
aristolochic acid-induced ER stress/UPR response and related inflammatory cascade response [68].
It has also been demonstrated that 4-PBA protects human glomerular mesangial cells in vitro from
lipid-mediated injury by modulating PERK-elF2a pathway [69] and ameliorates renal function in
models of focal segmental glomerulosclerosis [70].

Further, 4-PBA seems to be able to reduce resistant artery contractility and increase nitric oxide-
mediated endothelial vasodilation through a chaperone/UPR-mediated mechanism, resulting in
correction of haemodynamic perturbations and kidney protection [71]. In vivo, 4-PBA limits the
progression of chronic kidney disease in Dahl salt-sensitive rats [72] and is renoprotective in the
angiotensin ll/deoxycorticosterone acetate/salt murine model of CKD [73].

Ursodeoxycholic acid (UDCA), another chemical chaperone that is known to inhibit ER stress and
UPR response [74], has demonstrated a protective role on kidneys and eyes in experimental animal
models of diabetes [75, 76].

Indeed, the two chemical chaperones UDCA and 4-PBA, in combination, have been proposed as
potential novel therapeutic approach for the treatment of diabetic nephropathy [74].

Modulation of ER proteins

The ER protein, RTN1, correlates inversely with renal function in patients with diabetic
nephropathy: RTN1 overexpression in renal cells induces an increase in ER stress and apoptosis,
whereas RTN1 knockdown attenuates hyperglycaemia-induced ER stress and apoptosis [77].

RTN1A acts by interacting with PERK through its N-terminal and C-terminal domains. The sustained
RTN1A-PERK interaction promotes PERK-mediated apoptosis; knockdown of RTN1A expression in
vivo inhibits the interaction/sustained activation of PERK and attenuates ER stress and renal
fibrosis in mice model of unilateral ureteral obstruction and diabetic nephropathy, suggesting that
RTN1A contributes to the progression of kidney disease by inducing ER stress [77].

Similarly, downregulation of the ER protein Nogo-B has been implicated in sustained stimulation of
the PERK/ATF4/ATF6 pathway in norepinephrine-mediated cardiomyocyte hypertrophy and TGF-
B1-induced cardiac fibroblast activation [78].

We recently demonstrated that overexpression of sNogo-B (the N-terminus fragment of the ER
protein Nogo-B) in the circulation, prevents diabetes mediated Nogo-B downregulation and
ameliorates diabetic kidney disease by reducing albuminuria, hyperfiltration, abnormal
angiogenesis and protecting glomerular capillary structure [79]. Systemic sNogo-B overexpression
in diabetic mice is associated with inhibition of diabetes-mediated upregulation of VEGF-A
signalling and eNOS, AKT and GSK3B phosphorylation [79]. Collectively, these studies provide the
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first evidence that modulation of the ER protein Nogo-B could protect the vasculature in diabetes
and may represent a novel therapeutic target for diabetic vascular complications [79]. Ongoing
studies are exploring whether sNogo-B could inhibit/modulate sustained diabetes-mediated
PERK/ATF4/ATF6 pathway activation.

Flavonoids

Chrysin (5,7-dihydroxyflavone) is a natural flavonoid found in propolis and mushrooms that has
anti-inflammatory, antioxidant and anticancer properties. Inin vitroand in vivo experimental
model of diabetes, chrysin treatment blocked high glucose/diabetes-mediated ER stress/UPR
responses and podocyte apoptosis via inhibition of PERK-elF2a-ATF4-CHOP activation [80].

Conclusions

Multi-target approaches are required to delay the progression of CKD. Discovery of new ER
biomarkers/molecules implicated in the regulation of molecular mechanisms regulating ER stress
mediated sustained UPR response in CKD may lead to the development of new therapies for this
devastating disease.
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