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Abstract: Background/aims: All chronic kidney disease (CKD) can eventually develop into renal fibrosis. We explored
the renoprotective effects of a gastric peptide, ghrelin, and investigated whether endoplasmic reticulum stress
(ERS) and the NLR family pyrin domain-containing 3 (NLRP3) inflammasome mediate the protective effect of ghrelin
in unilateral ureteral obstruction (UUO). Methods: Male C57BL/6J mice were divided into vehicle- or ghrelin-treated
sham-operated groups and vehicle- or ghrelin-treated UUO groups. The kidneys were harvested on postoperative
day 14. Renal fibrosis was evaluated by periodic acid-Schiff, Masson trichrome, and immunohistochemical (IHC)
staining. To assess renal fibrosis, a-smooth muscle actin and type | collagen were detected. NLRP3 inflammasome
and ERS activation were also detected via western blotting. The effect of ghrelin on cultured renal cells was fur-
ther confirmed in HK-2 cells. Results: Compared with the sham mice, UUO mice developed obvious renal fibrosis;
pathological and IHC staining showed increased matrix accumulation and elevated ERS, NLRP3 inflammasome
was activated both in vivo and in vitro. Ghrelin significantly attenuated collagen fibril accumulation and apoptosis
by reducing NLRP3 inflammasome activation and ERS in obstructed kidneys. Conclusions: Ghrelin may attenuate
UUO-induced renal fibrosis by inhibiting the NLRP3 inflammasome and ERS in vivo. Therefore, ghrelin might be an
effective strategy for preventing CKD.
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Introduction

Renal fibrosis is a common pathway of chronic
kidney disease (CKD) that ultimately leads to
end-stage renal failure. Various primary glomer-
ular diseases such as ureteral obstruction and
diabetes can induce inflammatory cell infiltra-
tion in the renal interstitium, tubular epithelium
cell apoptosis, and myofibroblast accumula-
tion, which can promote pro-fibrotic factors,
increasing the production of extracellular
matrix (ECM) and reducing its degradation.
Subsequently, renal interstitial fibrosis devel-
ops and damages renal function [1]. At present,
slowing the prognosis by controlling the risk
factors that aggravate the deterioration of
renal function and renal fibrosis is not satisfac-
tory in the clinic [2]. Accordingly, preventing and
curing renal fibrosis effectively presents a
major challenge.

Endoplasmic reticulum stress (ERS) is caused
by the accumulation of unfolded proteins or
false folded protein in the ER, which results in
an imbalance of calcium in the cell and ER
instability [3]. Accumulating evidence indicates
that ERS plays an active role in the develop-
ment of acute and chronic kidney disease; in
particular, it contributes to glomerular and
tubular damage in CKD [4]. Furthermore, inhib-
iting ERS can alleviate renal fibrosis progres-
sion [5]. ERS promotes renal fibrosis through
multiple signaling pathways, such as epithelial-
mesenchymal transition, transforming growth
factor-B, and oxidative stress. In rat models,
ERS causes podocyte injury and apoptosis,
leading to increased proteinuria and the devel-
opment of renal fibrosis [6]. Therefore, targeted
inhibition of ERS may be a promising therapeu-
tic strategy against renal fibrosis.
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The inflammasome is a polyprotein complex
mainly composed of intracellular pattern recog-
nition receptors, the adaptor ASC (apoptosis-
associated speck-like protein containing a cas-
pase recruitment domain), and pro-caspase-1
[7]. The inflammasome is believed to the cellu-
lar machinery triggering the maturation of pro-
inflammatory cytokines such as interleukin-1p3
(IL-1B) to engage the innate immune defenses.
Several types of inflammasomes have been
identified; among them, the NLR family pyrin
domain-containing protein 3 (NLRP3) inflam-
masome is currently the most fully character-
ized [8]. Activation of the NLRP3 inflammasome
directly causes renal tubular epithelial injury
[9]. NLRP3 inflammasome expression is incre-
ased in models of unilateral ureteral obstruc-
tion (UUO) [10], ischemia-reperfusion (I/R) [11],
and lupus nephritis [12]. NLRP3 gene knockout
(NLRP3-/-), which blocks NLRP3 inflammasome
activation, can significantly attenuate kidney
damage.

Ghrelin is a brain peptide found in 1999 by
Kojima et al. [13]. Acting on the growth hor-
mone (GH) secretagogue receptor (GHSR),
ghrelin can accelerate GH secretion, partici-
pate in energy metabolism, improve gastroin-
testinal function, and protect the cardiovascu-
lar system [14]. A recent study demonstrated
that the exogenous injection of ghrelin protect-
ed against acute kidney injuries [15]. In 2004,
Rodriguez et al. [16] found that the serum ghre-
lin levels of patients with ESRD were signifi-
cantly increased as compared to the controls.
Borges and co-workers have suggested that
the increased total ghrelin levels in patients
with CKD is mainly due to the impaired renal
function of ghrelin removal and degradation,
which may be one of the main reasons for the
apparent increase in patients with CKD [17].

However, to our knowledge, no direct evidence
shows that ghrelin can alleviate renal fibrosis,
and the underlying mechanisms of ghrelin alle-
viation of renal fibrosis remain unexplored.
Considering the role of ghrelin in inhibiting the
release of inflammatory factors, we assumed
that ghrelin and the NLRP3 inflammasome
might be linked. To test this hypothesis, we
evaluated the effects of ghrelin on UUO-induced
renal dysfunction, fibrosis, and inflammation
and verified the mechanisms of ghrelin-mediat-
ed ERS and NLRP3 inflammasome signaling in
renal fibrosis.
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Materials and methods
Reagents and antibodies

Ghrelin was purchased from Sigma Chemical
(St. Louis, MO, USA) and dissolved in dimethyl-
sulfoxide (DMSO) (Sigma, St. Louis, MO).
Antibodies against a-SMA, Collagen-l, fibronec-
tin and GAPDH, were obtained from Abcam
(Cambridge, UK). Mouse monoclonal anti-NIrp3
antibody was purchased from adipoGen (San
Diego, CA). Rabbit polyclonal anti-IL-18, IL-18
and anti-caspase-1 were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA). Antibodies
against GRP78, Caspasel2, IREla, CHOP,
ATF4, PERK, phospho-PERK, elF-2a, phospho-
elF-2a, BAX, BCL-2, phospho-Erk, Erk and
B-actin were purchased from Cell Signalling
Technology.

Animal studies

The study protocols were reviewed and ap-
proved by the Institutional Animal Care and
Use Committee at Fudan University, China.
C57BL/6J mice (male, 20-25 g, 8 weeks old)
were housed in a light, temperature-, and
humidity-controlled environment under stan-
dard conditions with a 12-h light-dark cycle and
free access to water and feed. The mice were
divided into four groups (n = 6 per group): Sham
(control); UUO; UUO+ghrelin; ghrelin. For the
experiments, the mice were anesthetized, an
incision was made in the abdominal midline,
and the left proximal ureter was exposed and
ligated with 6-zero silk sutures. In sham-operat-
ed mice, the ureters were manipulated but not
ligated. Ghrelin (100 ug/kg/day) was adminis-
tered by daily subcutaneous injection from the
day of surgery until the end of the experiment
[18]. The mice were anesthetized, and kidney
sections were fixed in 10% formalin and paraf-
fin-embedded. In addition, kidney samples
were immediately frozen in liquid nitrogen and
stored at -80°C for further analyses.

Cell culture

Human renal proximal tubular cells (HK-2 cells)
were cultured in DMEM/F12 medium, supple-
mented with 10% bovine serum at 37°C and
5% CO, in a humidified incubator. In vitro experi-
ments, cells were incubated with ghrelin (10
nM) for 1 h, then treated with Angll (10 mol/L)
for further 24 h [19].
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Figure 1. Ghrelin attenuated renal fibrosis and glomerular injury in UUO mice. (A) Representative photomicrographs
of PAS-stained kidney sections (x400 magnification) and Masson'’s trichrome-stained kidney sections (x400 mag-
nification), (B) tubulointerstitial fibrosis area, and (C) glomerular injury score. All values are means + SEM (n = 6).

**P < 0.01 versus Sham group; #P < 0.01 versus UUO group.

Histopathologic examination

The kidneys were sectioned (4 um thickness),
processed, and stained with periodic acid-
Schiff (PAS) and Masson trichrome [20]. After
PAS staining, the severity of glomerular injury
was evaluated using light microscopy in accor-
dance with the following semi-quantitative
grades: grade O, normal; grade 1, < 25% seg-
mental lesion; grade 2, 25%-50% segmental
lesion; grade 3, 50%-75% segmental lesion;
grade 4, 75%-100% segmental lesion. At least
20 glomeruli were analyzed per group. Following
Masson trichrome staining, the area of tubu-
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lointerstitial fibrosis was measured in 10 ran-
dom fields under x400 magnification.

Immunohistochemical staining

Kidney tissues were fixed with PBS containing
4% paraformaldehyde and embedded in paraf-
fin. Sections were cut 3-um. Immunohistoch-
emical staining was performed using primary
antibody against type | collagen (1:200) and
fibronectin (1:200) overnight at 4°C. The sec-
tions were subsequently incubated with the
corresponding secondary antibodies at room
temperature for 1 h. Diaminobenzidine was

Am J Transl Res 2019;11(1):131-141
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IHC staining

-

Figure 2. Ghrelin alleviated the fibronectin and type | collagen expression induced by UUO. (A) Representative im-
munohistochemistry images show type | collagen (COL 1) and fibronectin expression. (B, C) Bar graphs show the
quantification of immunostained areas for fibronectin (B) and type | collagen (CO-l, C). **P < 0.01 versus Sham
group; #P < 0.01 versus UUO group. n = 6.

added as a color reagent to develop the immune
complex; hematoxylin was used as a counter-
stain [21]. Ten randomly selected fields per
section were analyzed manually for type | col-
lagen and fibronectin under microscopy or were
automatically quantified using a Nikon inverted
Eclipse Ti microscope (x400) with built-in NIS-
Elements Advanced Research (AR) software,
and measured by a blinded observer using
Image-Pro Plus version 6.0.

Western blotting

Harvested renal and cell proteins were boiled
at 98°C in Laemmli buffer with 5% B-merca-
ptoethanol for 5 min, separated by sodium
dodecyl sulfate-polyacrylamide gel electropho-
resis and transferred onto a polyvinylidene fluo-
ride membrane, blocked with 5% milk in Tris-
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buffered saline-Tween 20 (10 mM Tris-HCI, pH
8.0; 150 mM NaCl; 0.5% Tween 20) for 1 h [22],
and probed with primary antibodies against
NLRP3, caspase-1, IL-18, IL-18, a-SMA, GRP94,
CHOP, BAX, Bcl-2, ATF4, PERK, phospho-PERK,
EIF2a, GRP78, Caspasel2, IRE1x, phospho-
Erk, Erk and phospho-EIF2a« (all, 1:1000) at 4°C
overnight. The membranes were incubated with
horseradish peroxidase-labelled secondary
antibodies for 1 h at 37°C, then the blots were
visualized with the ECL-plus detection system
(Merck Millipore, USA), and band density was
quantified by ImageJ (http://imagej.nih.gov/ij/).

Statistical analysis

Data are expressed as the mean + standard
error of the mean (SEM). Comparisons between
groups were performed with one-way analysis

Am J Transl Res 2019;11(1):131-141
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Figure 3. Ghrelin alleviated a-SMA and type | collagen expression in UUO mice.
(A) Representative immunoblots of type | collagen and «-SMA. (B, C) Mean
quantitative analysis of relative expression of type | collagen (B) and a-SMA (C)

considered statistically sig-
nificant.

Results

Ghrelin attenuated renal
injury in UUO mice

We evaluated renal fibrosis
by Masson trichrome stain-
ing. The UUO group had
increased glomerular and
interstitial fibrosis; ghrelin
treatment attenuated these
changes (Figure 1A). Con-
sistent with this finding, qu-
antitative determination of
the tubulointerstitial fibrosis
index revealed that UUO
induced marked renal fibro-
sis compared with the Sham
group; however, ghrelin tre-
atment inhibited the UUO-
induced renal fibrosis (Fig-
ure 1A, 1B). Similarly, me-

in the experimental groups. **P < 0.01 versus Sham group; #P < 0.05 versus

UUO0 group; #P < 0.01 versus UUO group. n = 6.
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Figure 4. Ghrelin alleviated P-Erk activation in UUO
mice. A. Representative immunoblots of P-Erk. B.
Mean quantitative analysis of relative expression of
P-Erk. **P < 0.01 versus Sham group; #P < 0.01
versus UUO group. n = 6.

of variance followed by Dunnett’s multiple com-
parison tests or Student’s t-test. P < 0.05 was
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sangial matrix expansion
was evident in the glomeruli
of the UUO group. Compared
with the Sham group, mice
in the UUO group had significantly larger PAS-
positive mesangial matrix areas (Figure 1A).
However, treatment with ghrelin significantly
attenuated the renal injury and decreased the
glomerular injury score (Figure 1C).

Ghrelin alleviated the expression of pro-fibrosis
factors and renal fibrosis induced by UUO

To investigate whether ghrelin regulates UUO-
induced renal fibrosis, we quantified the
amount of type | collagen, fibronectin, and
a-SMA by immunohistochemical staining and
western blotting. At 14 days after UUO surgery,
there was an obvious increase in collagen
deposition in the renal interstitial area in UUO
group, which ghrelin treatment significantly
reduced renal fibrosis. Consistent with these
pathological changes, the kidney cortices of
UUO mice had significantly increased expres-
sion levels of fibronectin. However, this increase
was attenuated in ghrelin-treated UUO mice
(Figure 2). UUO induced marked type | collagen
and o-SMA protein expression, while ghrelin
administration decreased it (Figure 3). Ghrelin
inhibited renal fibrosis in uuo mice, may most
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Figure 5. Ghrelin reduced renal cell apoptosis during UUO. (A) Western blot
of Bcl-2 and Bax protein. Bcl-2 protein expression was significantly decreased
in the UUO group, while Bax expression was significantly increased; ghrelin
increased Bcl-2 and decreased Bax. (B, C) Densitometric analysis of Bcl-2 (B)
and Bax (C) expression. Results are the mean + SEM of four experiments (n
= 6). **P < 0.01 versus Sham group; #P < 0.05 versus UUO group; *#P < 0.01

versus UUO group.

likely by inhibiting the activation of Erk pathway
(Figure 4).

Ghrelin decreased renal cell apoptosis during
uuo

As apoptosis is an important detrimental out-
come of progressive kidney disease, we detect-
ed the effect of ghrelin on renal cell apoptosis
and dysfunction in response to UUO by evaluat-
ing apoptotic renal cells in a UUO mouse model
(Figure 5). As expected, UUO increased renal
cell apoptosis, and ghrelin prevented the UUO-
mediated Bcl-2 downregulation and Bax upreg-
ulation, which subsequently increased the
Bcl-2/Bax expression ratio (Figure 5). These
results all indicate that ghrelin protected renal
function by attenuating apoptosis in UUO mice.

Ghrelin inhibited NLRP3 inflammasome activa-
tion both in vivo and in vitro

To investigate the role of ghrelin on NLRP3
inflammasome activation in UUO-induced renal
injury in vivo, we detected NLRP3, caspase-1,
IL-1B, and IL-18 levels using western blotting.
The UUO group had significantly upregulated
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renal NLRP3 and caspase-1
protein levels, while treat-
ment with ghrelin markedly
inhibited NLRP3 inflamma-
some activation (Figure 6).
Similarly, renal IL-13 and
IL-18 protein levels were
increased in the UUO group.
However, the administration
of ghrelin decreased the lev-
els of these inflammatory
cytokines (Figure 6). To con-
firm the protective role of
ghrelin in UUO, we detected
whether it could inhibit Ang
ll-induced NLRP3 inflamma-

some activation in HK-2
cells. As shown in Figure 6C,
6D, treatment with ghrelin
significantly prevented NL-
RP3 inflammasome activa-
tion in Ang ll-induced HK-2
injury.

Ghrelin suppressed ERS
activation in obstructed
kidneys

Growing evidence suggests that ERS is involved
in renal injury [18, 19]. Therefore, based on the
findings discussed above, we hypothesized that
ghrelin may be involved in the protective effects
against renal injury by inhibiting ERS in UUO
mice. Compared with the Sham group, mice in
the UUO group had increased expression of the
ERS-related protein (Figures 7, 8), and ghrelin
treatment decreased ERS marker levels signifi-
cantly (Figures 7, 8). The ERS-mediated apopto-
sis pathway was also involved; in particular, the
UUO group had markedly increased CHOP and
caspase 12 protein levels, and treatment with
ghrelin attenuated these changes (Figures 8,
9).

Discussion

This study provides evidence of the overall
effects and underlying mechanisms of the
ghrelin in the pathogenesis of obstructive ne-
phropathy. First, we showed that UUO induc-
ed significant renal damage in mice, as char-
acterized by the increased glomerular injury
score, tubulointerstitial fibrosis index, collagen,
and ECM deposition in the mouse kidneys.
Moreover, mice in the UUO group had increas-
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Figure 6. Ghrelin attenuated activation of the NLRP3 inflammasome in vivo and in vitro. (A, B) Expression of renal
NLRP3 protein via western blot (A) and (B) relative protein levels normalized against B-actin in mice. **P < 0.01
versus Sham group; *P < 0.05 versus UUO group; #P < 0.01 versus UUO group. (C, D) Expression of NLRP3 protein
via western blot (C) and (D) relative protein levels normalized against B-actin in HK-2 cells. All values are means +
SEM (n = 6). *P < 0.01 versus Con (control) group; **P < 0.01 versus control group; *P < 0.05 versus Ang-ll group;

#P < 0.01 versus Ang-ll group.

ed renal cell apoptosis, NLRP3 inflammasome
activation, and increased ERS activation. We
found that treatment with ghrelin had protec-
tive effects against renal fibrosis, renal cell
apoptosis, NLRP3 inflammasome activation,
and ERS. Therefore, ghrelin may be a poten-
tial therapeutic target for reducing UUO-induc-
ed kidney damage and renal fibrosis.

Inflammasomes are cytoplasmic multiprotein
complexes that were first proposed by the
Tschopp research group in 2002 [23]. In-
flammasomes are responsible for caspase-1
activation, the subsequent production of the
cytokines IL-1B and IL-18, and the initiation of
the inflammatory cell death program termed
pyroptosis [24]. Four main types of inflamma-
somes have been found, including NLRP1,
NLRP3, NLRC4, and they are absent in mela-
noma [25]. So far, the NLRP3 inflammasome
has been the most extensively studied. The
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NLRP3 inflammasome is typically composed of
a NLRP3 inflammasome sensor, ASC, and the
precursor pro-caspase-1 [26]. Considering the
inflammatory response is involved in cellular
dysfunction during CKD, and an increasing
amount of evidence has demonstrated that
NLRP3 inflammasome activation is an impor-
tant pathogenic factor in multiple kidney dis-
eases [27], inflammation appears to be an
important destructive process that mediates
injury in the kidneys. In addition, NLRP3 inflam-
masome activation is involved in UUO-induced
renal inflammation and leads to renal fibrosis. A
recent study also demonstrated that an NLRP3-
specific inflammasome inhibitor improved crys-
tal-induced renal inflammation and fibrosis sig-
nificantly [28]. Consistent with previous stud-
ies, the present study shows that the NLRP3
inflammasome activation was increased both
in vivo and vitro. Moreover, its downstream
cytokines including mature IL-13 and IL-18 were

Am J Transl Res 2019;11(1):131-141
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Figure 7. Ghrelin decreases ERS in UUO mice. (A) Western blot showed obvious
inhibition of ERS activation by ghrelin. (B, C) Western blot analysis of the ratios
of phospho-PERK and PERK (B) and phospho-EIF2a and EIF2a (C). Ghrelin ab-
rogated the UUO-induced increased ERS-relative proteins in the mice. All data
are the means + SEM of four independent experiments (n = 6). **P < 0.01
versus Sham group; #P < 0.01 versus UUO group.
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Figure 8. Ghrelin suppressed UUO-induced ERS. (A) Whole renal protein sam-
ples were immunoblotted with antibodies against CHOP, ATF4, and GAPDH.
(B, C) Graphs indicate the relative abundance of ATF4 (B) and CHOP (C) after
normalization with GAPDH. Results are the mean + SEM of three experiments
(n=6). **P < 0.01 versus Sham group; *P < 0.05 versus UUO group; #P < 0.01
versus UUO group.

also increased in UUO mice.
Taken together, these re-
sults suggest that the
NLRP3 inflammasome may
contribute to UUO-induced
renal injury. Treatment with
ghrelin markedly attenuated
kidney disease and decre-
ased NLRP3 inflammasome
activation both in vivo and
vitro.

The ER is an important cell
organelle, and is a site
responsible for protein syn-
thesis, folding, and matura-
tion; it participates in Ca?*
storage, signal transduc-
tion, lipid, and glucose
metabolism; and regulates
protein synthesis, folding,
and congregation after syn-
thesis. When the body is
exposed to oxidative stress,
ischemia, hypoxia, malnutri-
tion, viral infection, and cal-
cium imbalance, unfolded
proteins or false folded pro-
teins accumulate in the ER
cavity. This accumulation
causes cellular calcium im-
balance and ER instability,
which results in ERS and the
unfolded protein response
[29]. Previous studies have
indicated that ERS plays a
critical role in CKD progres-
sion [30]. CHOP, an ERS
activation marker, is com-
monly expressed at low lev-
els and is robustly activated
in a wide variety of organs
as part of the natural stress
response. Here, we show
that UUO substantially incre-
ases CHOP expression, and
demonstrate that ghrelin
alleviates the ERS response
by markedly reducing the
ERS signaling pathway in
UUO mice.

Ghrelin is a hormone pro-
duced by specific cells in the
stomach. It can cause in-
creased pituitary secretion
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of GH. Research on the role of ghrelin has main-
ly focused on GH secretion and regulation of
the balance between growth and energy, and it
can promote gastric acid secretion and increase
appetite and body weight. At the same time, the
universality of its receptor distribution indi-
cates that ghrelin may have a wider biological
effect. Recombinant ghrelin was successfully
used to alleviate cachexia, anorexia, and gas-
trointestinal symptoms in patients with cancer
and chronic disease [31-33]. In addition, recent
studies have shown that ghrelin could attenu-
ate myocardial I/R injury by inhibiting ERS [34].
Recent research has also suggested that ghre-
lin can alleviate the renal fibrosis caused by
UUO, but the mechanism is unknown [35]. In
present study, ghrelin alleviated inflammation-
induced injury by downregulating the NLRP3
inflammasome, and inhibiting UUO-driven pro-
duction of IL-18 and IL-1B, suggesting that
redundant inflammatory pathways are involved
in UUO-induced CKD. Furthermore, ghrelin can
block the ERS pathway. The above results sug-
gest that ERS and the NLRP3 inflammasome
both contribute to UUO-induced renal injury.
Ghrelin may attenuate UUO-induced renal fibro-
sis by inhibiting the NLRP3 inflammasome and
ERS activation.
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Figure 9. Ghrelin suppressed UUO-induced ERS. (A)
Whole renal protein samples were immunoblotted
with antibodies against IRE1lx, Caspasel2, and
GRP78. (B-D) Graphs indicate the relative abun-
dance of IRE1a (B), Caspasel12 (C) and GRP78 (D)
after normalization with GAPDH. Results are the
mean * SEM of three experiments (n = 6). **P <
0.01 versus Sham group; *P < 0.05 versus UUO
group; *#P < 0.01 versus UUO group.
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Conclusions

Our results indicate that ghrelin plays an impor-
tant role in attenuating UUO-induced renal inju-
ry in vivo, possibly by alleviating collagen depo-
sition and preventing NLRP3 inflammasome
and ERS activation. Therefore, ghrelin might be
an effective strategy for ameliorating obstruc-
tion-induced renal injury and the progression of
CKD.
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