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Damage to kidney cells can occur due to a variety of ischemic and toxic insults and leads to
inflammation and cell death, which can result in acute kidney injury (AKI). Inflammation plays a key
role in the injury of renal cells, as well as subsequent cellular regeneration processes. However, persistent
chronic inflammation may trigger renal fibrosis. The investigation of the molecular mechanisms involved
in each individual injury is currently insufficiently elucidated. Whereas the kidney has a remarkable
capacity for regeneration after injury and may completely recover depending on the type of renal lesions,
the options for clinical intervention are restricted to fluid management and extracorporeal kidney support.
AKl is still associated with high morbidity and mortality incidence rates, and it also bears an elevated
risk of subsequent chronic kidney disease. Therefore, the development of novel therapies to improve
renal regeneration capacity after AKI, to preserve renal function, and to prevent AKI is urgently needed.
In this context, we wanted to offer a forum for the publication of new results on renal inflammation,
injury and regeneration, as well as for the review and discussion of existing studies from this interesting
research field.

This Special Issue covers research articles that investigated the molecular mechanisms of
inflammation [1-3] and injury [4,5] during different renal pathologies and renal regeneration [6],
diagnostics using new biomarkers [7-9], and the effects of different stimuli like medication or bacterial
components on isolated renal cells or in vivo models [10-12], all of which were summarized in a very
simplified manner. Furthermore, this Special Issue contains important reviews that dealt with the
current knowledge of cell death and regeneration [13,14], inflammation [15-18], and the molecular
mechanisms of kidney diseases [19-22]. In addition, the potential of cell-based therapy approaches that
use mesenchymal stromal/stem cells (MSCs) or their derivates is summarized [23-25]. This edition is
complemented by a series of reviews that deal with the current data situation on other very specific
topics like diabetes and diabetic nephropathy [26-28], as well as new therapeutic targets [29].

In this Special Issue, twelve original research articles are presented that dealt with different
questions and the research models used within. The findings of Mocker and co-workers demonstrate that
renal chemerin expression, a chemoattractant adipokine, is associated with processes of inflammation
and fibrosis during renal damage [2]. The protection of kidney function by attenuating induced renal
inflammation was shown with the use of Farnesiferol B, an agonist of a receptor that is expressed by renal
tubular epithelial cells [1]. The xanthin oxidase inhibitor febuxostat is shown to exert anti-inflammatory
action and protect against diabetic nephropathy development [3]. Kidney injury leading to focal
segmental glomerulosclerosis was shown by variants in the collagen 4A5 gene, demonstrating that
the molecular genetics of different players in the glomerular filtration barrier can be used to evaluate
the causes of kidney injury [5]. In addition, another study suggested that renal disease in colitis mice
might be associated with changes in glomerular collagens and glomerular filtration barrier-related
proteins [4].

No injury or inflammatory effects of two anti-diabetically used gliflozins on proximal tubular
epithelial cells that were cultured in hyperglycemic conditions were found [10]. Stimulations with
bacterial lipopolysaccharide were used to investigate acute renal fibrosis in a model of sepsis-induced
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Int. ]. Mol. Sci. 2020, 21, 1164

AKI [11] and the inflammatory cascade of obese kidney fibrosis in a metabolic endotoxemia mouse
model [12].

A very interesting approach investigated the regeneration potential of MSC-derived extracellular
vesicles that were transfected with specific miRNA mimics [6]. Furthermore, others introduced a kidney
injury test for the noninvasive monitoring of IgA nephropathy progression [9]. Schiffer and co-workers
described CXCL13 blood levels as a biomarker in T-cell-mediated rejection [8]. The marker correlates
with B-cell involvement and might help to identify patients with a more severe clinical course of
rejection [8]. Others demonstrated that that specific IL-18 genotypes may play a role in the etiology
and progression of renal cell carcinoma and serve as useful early detection biomarkers.

Priante and co-workers reviewed the different modalities of apoptosis, necrosis, and regulated
necrosis in kidney injuries in order to find evidence for the role of cell death, which may pave the way for
new therapeutic opportunities [14]. Others discussed the molecular basis of injury and repair in distinct
cell types of the kidney during arterial hypertension [21]. In this context, the main mechanisms of kidney
regeneration, while focusing on epithelial cell dedifferentiation and the activation of progenitor cells
with special attention on the potential niches of kidney progenitor cells, were also lighted [13]. Three
reviews by Yun [25], Bochon [23] and Lee [24] summarized the therapeutic potential and efficacy of
MSCs, which are primarily associated with their capability to inhibit inflammation and initiate renal
regeneration. MSCs predominantly act through secreted factors, including microRNAs that are contained
within extracellular vesicles, cytoprotective effects anti-inflammatory effects, anti-apoptotic effects, and
the suppression of oxidative stress. In addition, further reviews summarized the inflammation-mediated
mechanisms or the inflammasome in various renal diseases [15-18,26,27]. Very interesting and new
approaches shed a light on the role of non-coding RNAs, either in the progression of glomerular or
tubulointerstitial kidney diseases [20] or as new therapeutic targets or biomarkers for fibrotic changes [29].
Another interesting work reviewed the involvement of salt-inducible signal transduction pathways in
AKI and discussed the possibility of new therapy options [22].
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published version of the manuscript.
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Abstract: Background: G-protein-coupled bile acid receptor (TGR5), a membrane bile acid
receptor, regulates macrophage reactivity, and attenuates inflammation in different disease models.
However, the regulatory effects of TGR5 in ischemia/reperfusion (I/R)-induced kidney injury
and inflammation have not yet been extensively studied. Therefore, we hypothesize that Farnesiferol
B, a natural TGR5 agonist, could alleviate renal I/R injury by reducing inflammation and macrophage
migration through activating TGR5. Methods: Mice were treated with Farnesiferol B before I/R or
sham procedures. Renal function, pathological analysis, and inflammatory mediators were examined.
In vitro, the regulatory effects of Farnesiferol B on the Nuclear Factor kappa-light-chain-enhancer of
activated B cells (NF-«B) pathway in macrophages were investigated. Results: After I/R, Farnesiferol
B-treated mice displayed better renal function and less tubular damage. Farnesiferol B reduced
renal oxidative stress and inflammation significantly. In vitro, Farnesiferol B treatment alleviated
lipopolysaccharide (LPS)-induced macrophage migration and activation, as well as LPS-induced
NF-«B activation through TGR5. Conclusions: Farnesiferol B could protect kidney function
from I/R-induced damage by attenuating inflammation though activating TGR5 in macrophages.
Farnesiferol B might be a potent TGR5 ligand for the treatment of I/R-induced renal inflammation.

Keywords: inflammation; ischemia/reperfusion injury; Farnesiferol B; Nuclear Factor kappa-light-
chain-enhancer of activated B cells (NF-«B); G-protein-coupled bile acid receptor (TGR5)

1. Introduction

Ischemia/reperfusion (I/R) is a common complication in patients undergoing major cardiac surgery,
kidney transplantation, and those experiencing hemorrhage and dehydration [1]. Ischemia/reperfusion
injury (I/RI) after renal transplantation is a well-recognized and prevalent postoperative complication,
which has been thought as a risk factor for the loss of tubular epithelial cell function, leading to
acute kidney injury (AKI), delayed graft function, as well as acute or chronic organ rejection [2,3].
The process of renal ischemia reperfusion (RIR) is exceedingly complex, including a series of intricate
and related events that lead to renal cell injury and ultimately give rise to cell death via apoptosis

Int. J. Mol. Sci. 2019, 20, 6280; doi:10.3390/ijms20246280 5 www.mdpi.com/journal/ijms



Int. ]. Mol. Sci. 2019, 20, 6280

and necrosis [4]. Even though reperfusion is critically paramount for the repair of ischemic tissue
and the survival of patients, the additional cellular damage by itself has provoked much attention,
largely due to the production of reactive oxygen species (ROS) and infiltration of neutrophils [5,6].

The mechanism and treatment of I/R on kidney injury is still under exploration. During I/R, toxic
products of kidney cells and cytokine release cause damage to renal epithelial tubular cells [7]. Besides,
several studies have suggested that I/R leads rise to neutrophil infiltration of kidney tissue and stimulates
the oxidative stress processes producing ROS [8]. Oxidative stress directly or indirectly affects all
aspects of the kidney damage by the pathway lead to apoptosis, necrosis, fibrosis, tissue damage
progression, and renal dysfunction [9]. ROS is considered as both the mediator or a signaling molecule
during acute kidney inflammatory diseases [10]. The oxidase activity is elevated soon after ischemic
injury, which is may originate from macrophages and/or neutrophils [11]. Moreover, inflammatory
cells can also induce post-hypoxic cellular damage by ROS, which in turn gives rise to tubular epithelial
cell damage or death by triggering apoptosis and necrosis pathways [12,13].

Early in a classic pharmacopoeia of traditional Chinese medicine book, Ferulae Resina is recorded
as widely used for its effects on removing stagnancy (Xiao Ji), dissolving hard mass (Hua Jia), dissipating
obstruction (San Pi), and as having anthelmintic properties (Sha Chong). Previous research reported
the isolation of Farnesiferol B, a new sesquiterpene that is highly produced in the Apiaceae family,
from the roots of Ferula [14,15]. Farnesiferol B has shown anti-plasmodial activity and anti-cytotoxicity
effects in rat skeletal fibroblasts, a L6-cell line [16]. In a recent in silico work, Farnesiferol B was
confirmed as a TGR5 agonist, also known as a G-protein-coupled bile acid receptor 1 (GPBARTI)
activator, which denotes a regulatory effect of Farnesiferol B on inflammation [17].

TGRS is expressed in several types of cells, including hepatic non-parenchymal cells [18-20].
The renal tubular cells, and immune cells including monocytes and macrophages [21,22]. Recently,
it was demonstrated that TGR5 activation could be exploited to confer protection from diabetic
nephropathy [23]. Considering that TGR5 activation possesses anti-oxidant and anti-inflammatory
roles [23,24] in the kidney, we hypothesized that Farnesiferol B would alleviate renal I/R injury by
reducing inflammation and ROS through regulating renal tubular cells and macrophages over TGR5.

In this study, the protective effect of Farnesiferol B was examined in a mouse model of AKI
induced by I/R. We investigated the regulatory effects of Farnesiferol B on pro-inflammatory pathways
in LPS-treated macrophages.

2. Results

2.1. Farnesiferol B Protection for Kidney Damage in I/R Kidney

The overall effect of Farnesiferol B on kidney injury was first explored by histological assessment
and creatinine quantification. Haemotoxylin and Eosin (HE) staining and kidney injury marker Kim-1
(kidney injury molecule-1) immunohistochemical staining analysis results show that I/R kidneys are
characterized by tubular basal membrane rupture, nuclear infiltration, tubular vacuolization, higher
Kim-1 expression, and a higher renal tubular injury score (Figure 1A,B,E). Levels of proximal tubular
cell death and cell proliferation were assessed. In the TUNEL assay, the nuclei of TUNEL-positive
cells were stained red (Figure 1C), and the levels of cell death were indicated as the percentage of
TUNEL-positive cells (Figure 1F). TUNEL-positive cells were observed mainly in the tubular area of
the renal cortex. I/R group displayed more TUNEL-positive cells that the sham group (Figure 1C(b)
vs. (a)). PCNA expression was observed in proliferating cell nuclei, and was significantly increased in
AKI compared with the sham group (Figure 1D,G). Serum creatinine levels in I/R mice were significantly
elevated in comparison to sham-operated mice (Figure 1H). The treatment with Farnesiferol B prior
to I/R decreased serum creatinine level, attenuating the I/R-induced kidney injury (Figure 1A,C,H).
However, Farnesiferol B treatment did not change the I/R-induced cell proliferation (Figure 1D(c)
vs. (b)). The above results suggest that, in general, Farnesiferol B treatment protects against the kidney
damage caused by I/R.
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Figure 1. Farnesiferol B protects kidney from I/R-induced kidney damage. Representative images showing
(A) Haemotoxylin and Eosin (HE) staining and (B) Kim1, (C) TUNEL, (D) PCNA immunostaining on renal
sections from (a) sham, (b) I/R, (c) I/R + Farnesiferol B and (d) sham + Farnesiferol B groups (scale bar
50 pm). Quantitative analysis of (E) tubular injury scores, (F) TUNEL staining, (G) PCNA staining, and (H)
serum creatinine from different groups. 1 = 6 mice/group. Data are means + SD, one-way ANOVA with
Bonferroni’s test. * p < 0.05.

2.2. Farnesiferol B Reduces Oxidative Stress and Lipid Oxidative Signaling Pathways in I/R Kidney

I/R is often associated with oxidative stress, with existing evidence suggesting that oxidative
stress is a paramount contributor in causing kidney damage [25]. Therefore, the effect of Farnesiferol B
on oxidative stress in the kidney after I/R was evaluated. Immunohistochemical staining for NGAL
neutrophil gelatinase-associated lipocalin (NGAL), an oxidative stress risk factor, showed that I/R may
induced significant increases of oxidative stress in I/R kidneys (Figure 2A(b),B). The level of NGAL was
reduced in mice treated with Farnesiferol B (Figure 2A(c),B). The potential mechanisms involved in
the inhibitory effects of Farnesiferol B on I/R-induced oxidative stress were investigated. The I/R greatly
increased the oxidative stress production and impaired antioxidant capacity in the injured kidney
(Figure 2C-E). Farnesiferol B administration significantly diminished oxidative stress in the urine
of injured group, namely H,O, (hydrogen peroxide). Treatment with Farnesiferol B significantly
increased the expression of Nrf2 and its downstream HO-1 (Figure 2D,E).
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Figure 2. Farnesiferol B reduces oxidative stress in ischemia/reperfusion (I/R) kidney. (A) Representative
images of immunostaining for NGAL on renal sections from (a) sham, (b) I/R, (c) I/R + Farnesiferol B
and (d) sham + Farnesiferol B groups (scale bar 50 um). (B) urinary neutrophil gelatinase-associated
lipocalin (NGAL), (C) urinary H,O,, and kidney mRNA levels of (D) Nrf2 and (E) HO-1 were
analyzed. n = 6 mice/group. Data are means + SD, one-way ANOVA with Bonferroni’s test. * p < 0.05.
(F) Representative images of immunostaining for 4-HNE on renal sections from (a) sham, (b) I/R, (c) I/R
+ Farnesiferol B and (d) sham + Farnesiferol B groups (scale bar 50 um). (G) kidney malondialdehyde
(MDA), (H) kidney GSH, and kidney mRNA levels of (I) Gpx4 were analyzed. n = 6 mice/group.
Data are means + SD, one-way ANOVA with Bonferroni’s test. * p < 0.05.

Reactive oxygen species accumulation can lead to lipid peroxidation and ferroptosis,
a kind of regulated cell death [26]. The lipid peroxidation marker, 4-HNE (4-hydroxynonenal)
and MDA (malondialdehyde), and markers related to ferroptosis were examined. The results show
that 4-HNE and MDA levels were induced and GSH (glutathione) levels were reduced in the injured
kidney (Figure 2F-H). Farnesiferol B administration reduced kidney lipid peroxidation and induced
GSH level in the renal tissue homogenate. Furthermore, mRNA expression of Gpx4, the key ferroptosis
regulator, was examined (Figure 2I). Gpx4 mRNA level was significantly down-regulated after I/R
injury, whereas the expression seemed to be increased by Farnesiferol B treatment (not significantly).
Taken together, the results indicated that anti-lipid peroxidation effects seen in Farnesiferol B treatment
group could be an indirect result of its regulation on antioxidant pathways.



Int. ]. Mol. Sci. 2019, 20, 6280

2.3. Farnesiferol B Protectes Kidney from I/R-Induced Inflammation and Inhibits NF-xB Signaling Pathway

The other oxidative stress-producer is the inflammatory cell such as monocytes and macrophages,
which infiltrate into tissue, especially during acute inflammation [27]. Next, we analyzed the degree
of kidney inflammation. I/R increased the positive stainings of macrophages and neutrophils in
the kidney (Figure 3A-D). I/R also induced levels of TNFx and MCP-1 in mouse serum and kidney,
as well as the proinflammatory mediator LTBy in the kidney (Figure 3E-I). The number of macrophages
and neutrophils, as well as the serum and kidney levels of TNF&, MCP-1, and LTB4 were significantly
reduced by Farnesiferol B treatment (Figure 3E-I). Inflammation-related genes expressed in the kidney
were also measured. Quantitative analysis showed that I/R stimulated the expression of kidney TNF«,
IL-6, and Icam mRNA levels, while levels of these mRNA decreased under treatment with Farnesiferol
B (Figure 3]-L). The evidence presented here suggests a positive role of Farnesiferol B in attenuating

renal inflammation.
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Figure 3. Farnesiferol B protects kidney from I/R-induced inflammation. (A) Representative images
and (B) the quantitative analysis of positive immunostaining for macrophages on renal sections from
(a) sham, (b) I/R, (c) I/R + Farnesiferol B,and (d) sham + Farnesiferol B groups (scale bar 50 um).
(C) Representative images and (D) the quantitative analysis of positive immunostaining for neutrophils
on renal sections from (a) sham, (b) I/R, (c) I/R + Farnesiferol B, and (d) sham + Farnesiferol B groups
(scale bar 50 um). Levels of (E) serum TNFe, (F) kidney TNFa, (G) serum MCP-1, (H) kidney MCP-1,
(I) kidney LTBy, (J) kidney TNFa mRNA, (K) kidney IL-6 mRNA, and (L) kidney Icam mRNA from
different treatment groups. n = 6 mice/group. Data are means + SD, one-way ANOVA with Bonferroni’s

test. * p < 0.05.

NF-kB signaling pathway is one of the key inflammatory pathways during AKI. To examine
the inhibitory effects of Farnesiferol B on I/R-induced inflammation, p65 levels from different treatment
groups were evaluated. I/R induced increased tubulointerstitial staining of p65 in the kidney sections
(Figure 4A (b)) and p65 translocation in the nuclei (Figure 4B). The I/R+Farnesiferol B group showed
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reduced levels of p65 immunostaining in kidney sections as well as nuclei translocation, indicating
that part of anti-inflammatory effect is reacted on inflammatory cells.

Sham

Sham

Farnesﬁerol B
B &

&
NN
N

+

Farnesiferol B - -
P65 pa—

PARP-1 e e s e

Figure 4. Farnesiferol B inhibits NF-«B signaling pathway in I/R kidney. (A) Representative images
showing immunostaining of p65 on renal sections from (a) sham, (b) I/R, (c) I/R + Farnesiferol B and (d)
sham + Farnesiferol B groups (scale bar 50 pm). (B) Representative immunoblotting image of nuclear
protein for NF-«kB p65 expression in kidney tissue. PARP-1 protein is used as the loading control.

2.4. Farnesiferol B Inhibits the Activity of Inflammatory Cells by Activating TGR5

To examine the direct effect of Farnesiferol B on macrophages, we conducted in vitro experiments
using the J774 cell line. J774 macrophages were treated with LPS and/or Farnesiferol B and migration
ability in a transwell system was monitored as a proxy for infiltration capability. Representative images
show that migration induced by LPS was abolished by co-incubation with Farnesiferol B (Figure 5A).
LPS-induced migration was associated with higher mRNA expression levels of TNF«, Ccl2, Ccl3 in
macrophages, compared with that from the untreated cells. Treatment with Farnesiferol B lowered
mRNA expression of these inflammatory cytokines significantly (Figure 5B-D).

Farnesiferol B was previously reported to be a TGR5 agonist, which can inhibit macrophage infiltration
through inhibiting NF-«B activation [28]. Based on this, we speculated that the anti-inflammatory effect
of Farnesiferol B may be related to its ability to activate TGR5. Therefore, we evaluated the regulatory
effect of Farnesiferol B on LPS-induced NF-«B activation in J774 macrophages. Immunoblotting of nuclear
protein for NF-«B p65 indicated an LPS-induced nuclear translocation in J774 macrophages (Figure 5E).
Similar to INT777, a known TGR5 agonist, Farnesiferol B also significantly reduced p65 translocation
in a dose-dependent way (Figure 5E). PARP-1 was stably expressed between groups as a nucleoprotein
control (Figure 5E). An NF-kB binding assay also revealed that LPS-induced NF-«B binding activity
was blocked by Farnesiferol B or INT777 co-incubation (Figure 5F), which was consistent with previous
publications [29].

In order to further verify the target of Farnesiferol B in macrophages, RAW264.7 cells, which do
not express TGR5 [30], were exposed to LPS with and without Farnesiferol B. As shown in Figure 6,
Farnesiferol B could not inhibit LPS-induced cell migration, suggesting that Farnesiferol B suppresses
LPS-mediated macrophage migration by activating TGR5. Benzoxathiole derivative (BOT), an NF-«B
inhibitor, was used as a positive control to block LPS-induced migration (Figure 6¢c). Taken together,
Farnesiferol B inhibits the LPS-induced NF-«B pathway by activating TGR5.
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Figure 5. Farnesiferol B inhibits the activity of inflammatory cells by activating TGR5. (A) Representative
images of J774 cells seeded in 3-um pore polycarbonate membrane and stained with crystal violet for
migration analysis (scale bar 100 um) after treatment with (a) PBS, (b) LPS, (c) LPS+Farnesiferol B, or (d)
PBS+Farnesiferol B. Level of mRNA for (B) TNF, (C) Ccl2 and (D) Ccl3 with different treatments.
(E) Representative immunoblotting image of nuclear protein for NF-kB p65 expression. ]774 cells
were treated with 100 ng/mL LPS with or without co-incubation with Farnesiferol B at 5 uM, 10 uM
and 20 uM, or INT777 for 2 h. (F) NF-kB DNA binding activity. Data are means + SD of at least three
independent experiments, one-way ANOVA with Bonferroni’s test. * p < 0.05.

LPS+FarneS|feroI B LPS+BOT

Figure 6. Farnesiferol does not inhibit migration of inflammatory cells not expressing TGR5.
Representative images of RAW 264.7 macrophages seeded in 3-um pore polycarbonate membrane
with different treatment for 2 h, and stained with crystal violet for migration assay (scale bar 100 pm).
Cells were treated with (a) 100 ng/mL LPS, (b) LPS with 20 uM Farnesiferol co-incubation, and (c) LPS
with a NF-«B inhibitor, benzoxathiole derivative (BOT).

3. Discussion

In the current study, our results point out that Farnesiferol B treatment play a beneficial role in
renal I/R injury. Compared with I/R treated mice, Farnesiferol B-treated mice showed lower score
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of renal injury, while significantly decreased levels of histological tubular injury, oxidative stress,
and inflammation (Figure 7). In line with and based on our experiments in mice, the in vitro analysis
show that Farnesiferol B reduces LPS-induced macrophage migration. Moreover, Farnesiferol B can
inhibit NF-«B nuclear translocation through activating TGR5 in macrophages. Thus, Farnesiferol B
might represent a novel natural compound against I/R-induced kidney damage.

ischemia/reperfusion

: TUbIUIarc-ROS

cell = Nrf2
TGRS <= Farnesiferol B
Inflammatory
cell <= NF-«kB

Figure 7. Model of the Farnesiferol B-mediated protection against ischemia/reperfusion-induced AKI.
I/R induces ROS generation that causes tubular cell damage (shown in purple-blue). In parallel,
inflammatory cell infiltration (shown in red) also promotes oxidative stress and post-hypoxic kidney
damage after I/R. Farnesiferol B-mediated TGR5 activation induces the antioxidant Nrf2 pathway
and inhibits the proinflammatory NF-«B signaling pathway, which in turn protects the kidney from
tubular damage and inflammation.

Ischaemia-reperfusion (I/R) injury is the main cause of AKI under common clinical conditions [31,32].
Nowadays, the pathogenesis of AKI is characterized by renal tubular damage, inflammation, and vascular
dysfunction [33,34]. In vivo experiment, we examined the kidney of AKI mice and found that Farnesiferol
B effectively reduced the regulated cell death and oxidative stress. Although it was hard to identify
the exact type of cell death, both results of TUNEL assay and ferroptosis marker Gxp4 showed that
Farnesiferol B have protective effects on tubular cell damage during AKI. NGAL is an early biomarker
of AKI which is produced in the distal nephron and its synthesis is upregulated in response to kidney
injury [35]. Recent evidence demonstrates that high NGAL level is a risk factor for oxidative stress in
patients [36]. In our case, I/R increased highly expression of NGAL in mice. Furthermore, Farnesiferol B
reduced the NGAL level both in kidney and in urine, as well as the other oxidative stress marker MDA.
Furthermore, with treatment of Farnesiferol B, GSH levels was increased and Nrf2 and HO-1 expression
were restored in the I/R injured kidney, while at the same time, reduced oxidative stress (H,O,) and lipid
peroxidation (4-HNE and MDA). These data indicated that antioxidant related pathways may be
regulated by Farnesiferol B-TGR5 signaling pathway. Nrf2 and its target gene, HO-1, has generally been
considered to be an adaptive cellular response to oxidative stress [26]. Recently, Nrf2/HO-1 has also been
shown to be protective in AKI and diabetic nephropathy [37-39]. It has been reported that treatment
with either FXR/TGR5 dual agonist INT-767 or TGRS specific agonist INT-777 could prevent diabetic
nephropathy through inducing Nrf2-mediated antioxidant generation, and reducing renal expression of
oxidative stress [23,40]. We have seen similar effects in the I/R-induced mouse AKI model with treatment
with FXR/TGR5 dual agonist [25]. In the study, treatment with 6alpha-ethyl-chenodeoxycholic acid
(6-ECDCA), a potent dual FXR/TGR5 agonist [41], significantly improved Nrf2-mediated antioxidant
capacity. Silencing of Nrf2 blocked the antioxidant effect of 6-ECDCA in proximal tubule cells exposed
to hypoxia. Based on these findings, TGR5 could be a potent target to induce antioxidant pathways.
However, to identify the renal signaling pathways regulated by FXR and TGR5 respectively and specify
the regulatory effects of TGR5 on antioxidant pathways need to be further studied.

Renal inflammation after I/R is directly related to monocyte infiltration and macrophage
activation [25,42]. TGR5, also called GPBAR1 or GPR131, is a bile acid-responsive G protein-coupled
receptor, which plays a crucial role in protection against diet-induced diabetes through different cellular
mechanisms [43]. The role of TGF5 activation in modulating inflammatory pathways was confirmed
in experiments on mice and immune cells [21,28]. Recent evidence suggests that activation of TGR5
regulates inflammatory cell signaling pathways such as NF-kB, AKT and extracellular signal-regulated
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kinase (ERK) [44,45]. Macrophages play a pivotal role in kidney injury, inflammation, and fibrosis [46].
In the present study, we can clearly notice that, after I/R, the mice shown an increased inflammation level
on renal tissue (e.g., the infiltration of macrophages and neutrophils in Figure 3 and high expression of
p65 in Figure 5), as well as high level of proinflammatory factors (TNF«, MCP-1, IL-6) both in serum
and kidney tissue. While the treatment with Farnesiferol B demonstrated a critical anti-inflammatory
effects by reducing those inflammatory factors or NF-«kB activation. However, NF-«B signaling can be
activated in all cell types during AKI, thereby immunostaining or immunoblotting providing only
limited information about cell-specific NF-«kB functions in the kidney during AKI [47]. Therefore,
we employed the in vitro experiments. Our results shown that Farnesiferol B effectively inhibited
the expression of inflammatory cytokines, such as MCP-1, LTB4, and TNF«. Farnesiferol B inhibited
LPS-induced NF-«B activation and decreased p65 translocation in J774 macrophages, possessing
similar effects as other TGR5 agonists [40]. Moreover, the anti-inflammatory effect of Farnesiferol
B was blocked in RAW264.7 cells, which do not express TGRS [21,30]. Taken together, these results
indicate that Farnesiferol B inhibits LPS-induced NF-«B activation through activating TGR5, which is
consistent with previous predictive results [17].

Ferula species from the family Apiaceae are rich sources of biologically active natural products
including sesquiterpene coumarins (SCs) and sesquiterpenes [48]. Some studies have shown that SCs
are able to enhance the cytotoxicity of anticancer compounds [49]. Recently Kasaian et al. showed
enhancement of doxorubicin cytotoxicity in MCF-7/Adr cells (doxorubicin resistant derivatives of
MCE-7 cells overexpressing P-gp) when combined with non-toxic concentrations of farnesiferols,
proving the significant activity of Farnesiferol B on multi-drug resistant cells [50]. Previous studies
show that sesquiterpene coumarins and their derivative from Ferula fukanensis reduces IL-6 and TNF«,
while inducing nitric oxide synthase in RAW264.7 cells, possessing inhibitory effects on LPS and IFN-y
induced pro-inflammatory cytokine release and nitric oxide production [51,52]. A recent study also
showed the anti-inflammatory effect of Ferula szowitsiana in vitro, which indicates that Farnesiferol B
might inhibit neuroinflammation via reducing the generation of inflammatory cytokines [53]. In this
study, we show the active effect of Farnesiferol B on TGR5, which suppresses the NF-kB p65 binding
activity and inhibits macrophage migration.

4. Materials and Methods

4.1. Animals Study Approval and Tissue Samples

All animal experiments conformed to both Swiss and Chinese animal protection laws and were
approved (May, 2015) by the Scientific Animal Study Committee of Shandong University, Jinan, China
(study number 2015064).

Six-week-old female C57/B] mice were randomly assigned to I/R or sham procedures. They were
divided into four groups with six animals each: sham, I/R, I/R + Farnesiferol B and sham + Farnesiferol B.
AKI was induced by unilateral nephrectomy and contralateral ischemia and reperfusion, as previously
described [25]. For Farnesiferol B treatment, mice were injected intraperitoneally (i.p.) with Farnesiferol
B (10 mg/kg, Golexir Pars Co., Mashhad, Iran) 2 h before the procedure. All mice were killed under
anesthesia 24 h after surgery. Kidneys were harvested for further analysis.

4.2. Measurements in Serum, Urine, and Kidney Samples

Urinary H,O, and NGAL levels were measured in the resulting urine samples with the Amplex
Red HyO, assay kit (A12214, Invitrogen, Carlsbad, CA, USA) and Mouse Lipocalin-2/NGAL ELISA Kit
(ab119601, Abcam, Cambridge, UK). Serum creatinine, MCP-1, TNF«, and LTB4 levels were measured
with a creatinine assay kit (ab65340, Abcam, Cambridge, UK), Mouse MCP1 ELISA Kit (ab100721,
Abcam), Mouse TNF alpha ELISA Kit (ab46105, Abcam), and LTB4 Parameter Assay Kit (KGE006B;
R&D Systems, Minneapolis, MN, USA), respectively. Kidney malondialdehyde (MDA) levels were
measured by a Lipid Peroxidation (MDA) Assay Kit (ab118970, Abcam).
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4.3. Renal Pathological Assessments and Immunostaining

Tissue sections were stained with hematoxylin and eosin (HE) using standard protocols.
TUNEL staining was performed with an ApopTag kit (Millipore, Billerica, MA, USA) based on
the manufacturer’s instructions. The antibodies for immunohistochemistry used in this study were
those against Kim-1 (ab78494, Abcam), 4-hydroxynonenal (4-HNE, ab46545, Abcam), neutrophil
gelatinase-associated lipocalin (NGAL, ab63929, Abcam), Ly-6B (NBP2-13077), NFkB p65 (sc-372, Santa
Cruz, CA, USA), and MAC387 (ab22506, Abcam). Sections were treated with the Envision+ DAB kit
(Dako, Basel, Switzerland) according to the manufacturer’s instructions.

4.4. Cell Culture and Migration Assay

J774 cells were grown in Dulbecco’s modified Eagle’s medium and RAW264.7 macrophages
were maintained in RPMI 1640 medium. Both cell culture media were supplemented with 10% FCS,
100 U/mL penicillin, and 100 mg/mL streptomycin. Cells were cultured at 37 °C in a humidified
atmosphere with 5% CO,.

For LPS treatment, J774 or RAW cells were treated with 100 ng/mL LPS with or without
co-incubation of 20 uM Farnesiferol B for 2 h. Afterwards, RNA and protein were extracted for further
analysis. For the migration assay, cells were seeded in 3-um pore polycarbonate membrane inserts
(Costar Corning, Darmstadt, Germany) on 12-well plates and treated with 100 ng/mL LPS (L3254,
Sigma, St. Louis, MO, USA) or 20 uM Farnesiferol for 2 h at 37 °C. The inserts were washed, fixed,
and stained with crystal violet for analysis.

4.5. NF-xB DNA Binding Assay

The assay was performed with a NF-«B p65 Transcription Factor Assay kit (ab133112, Abcam). Briefly,
nuclear extracts from cells were incubated with a double stranded DNA sequence containing the NF-«B
response element overnight. After washing, an NF-«B antibody was added and incubated for 1 h.
Then an HRP-conjugated secondary antibody was added for 1 h and washed twice. After incubation with
developing solution for 30 min, stop solution was added and the results were analyzed with a microplate
reader (Glomax, Promega, Madison, WI, USA).

4.6. Isolation of RNA from Kidney Tissue and Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)

Total RNA was prepared using Trizol (Invitrogen, Carlsbad, CA, USA). The mRNA was quantified based
on absorbance at 260 nm. After DNAse (Promega) treatment, 2 ug total RNA was reverse transcribed using
oligo-dT priming and Superscript I (Invitrogen). First-strand complementary DNA was used as the template
for real-time polymerase chain reaction analysis with TagMan master mix and primers (Life Technologies,
Carlsbad, CA, USA). Primers used were TNFa (No. Mm00443258-m1), Icam1 (No. Mm00516023_m1),
IL-6 (No. Mm00446190_m1), Ccl2 (No. Mm00441242_m1), Ccl3 (No. Mm00441259_g1), Gpx4
(No. Mm00515041_m1), Nrf2 (No. Mm00477784_m1), HO-1 (No. Mm00516005_m1). Transcript levels,
determined in two independent complementary DNA preparations, were calculated and expressed relative to
levels of RNA for the housekeeping gene beta-actin (No. Mm00607939-s1) or GAPDH (No. Mm99999915-g1).

4.7. Western Blotting

Protein lysates (20 pg protein) from cells nuclear were separated by SDS-PAGE and blotted on
polyvinylidene difluoride membranes (Millipore, Burlingtob, MA, USA). The membranes were
incubated overnight at 4 °C with the respective primary antibodies and secondary antibodies
accordingly. Staining was then developed using the ECL Plus detection system (Amersham Biosciences,
Little Chalfont, UK). The antibodies used were anti-p65 (sc-372, Santa Cruz, Recife, Pernambuco)
and PARP-1 (AV33754, Sigma-Aldrich).
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4.8. Statistics

Data are expressed as means + SD. For data relating to baseline characteristics and histological
analysis, groups were compared by one-way ANOVA followed by Bonferroni’s test. Statistical analyses
were performed using GraphPad software (GraphPad Software Inc., San Diego, CA, USA).

5. Conclusions

In vivo, the present study clearly demonstrates that Farnesiferol B protects kidney from I/R-induced
damage by reducing oxidative stress and inflammation. In vitro, Farnesiferol Bameliorates macrophage
migration by activating TGR5.
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Abbreviations

4-HNE  4-hydroxynonenal

AKI Acute kidney injury

ERK Extracellular signal-regulated kinase
GPBAR1 G protein—coupled bile acid receptor 1
H,O, Hydrogen peroxide

Icam Intercellular adhesion molecule
IL-6 Interleukin-6

ip. Intraperitoneally

I/R Ischemia/reperfusion

IRI Ischemia/reperfusion injury
Kim1 Kidney injury molecule-1

MDA Malondialdehyde
NF-«B Nuclear factor-kappa B
NGAL  Neutrophil gelatinase-associated lipocalin

RIR Renal ischemia reperfusion
ROS Reactive oxygen species
TNFo Tumor necrosis factor alpha
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Abstract: Chemerin and its receptor, chemokine-like receptor 1 (CmkIR1), are associated with
chemotaxis, inflammation, and endothelial function, especially in metabolic syndrome, coronary
heart disease, and hypertension. In humans, circulating chemerin levels and renal function show
an inverse relation. So far, little is known about the potential role of chemerin in hypertensive
nephropathy and renal inflammation. Therefore, we determined systemic and renal chemerin
levels in 2-kidney-1-clip (2k1c) hypertensive and Thy1.1 nephritic rats, respectively, to explore the
correlation between chemerin and markers of renal inflammation and fibrosis. Immunohistochemistry
revealed a model-specific induction of chemerin expression at the corresponding site of renal damage
(tubular vs. glomerular). In both models, renal expression of chemerin (RT-PCR, Western blot)
was increased and correlated positively with markers of inflammation and fibrosis. In contrast,
circulating chemerin levels remained unchanged. Taken together, these findings demonstrate that
renal chemerin expression is associated with processes of inflammation and fibrosis-related to renal
damage. However, its use as circulating biomarker of renal inflammation seems to be limited in our
rat models.

Keywords: chemerin; CmkIR1; 2-kidney-1-clip; 2k1c; Thy1.1 nephritis; renovascular hypertension;
renal inflammation; renal injury; renal fibrosis

1. Introduction

The significance of end-stage renal disease (ESRD) remains clinically relevant due to its high
mortality and morbidity, as well as the lack of effective preventive therapeutic interventions [1].
ESRD results from different forms of renal injury, e.g., arterial hypertension or glomerulonephritis [2,3].
Alterations in the renal microenvironment trigger pathologic immune cell responses with a subsequent
acceleration of progressive renal failure, in the setting of loss of glomeruli, tubular atrophy and
fibrosis, with reduced glomerular filtration rate (GFR) [2,4]. Unfortunately, the molecular pathways
driving persistent renal inflammation are only partly understood to date. Therefore, further research is
warranted regarding the regulatory components of inflammation-induced kidney damage in order
to develop targeted therapeutics to prevent ESRD effectively. Chemokines and cytokines are both
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important regulatory mediators of kidney inflammation and potential therapeutic targets [5,6]. They are
produced by resident kidney cells, particularly by podocytes, tubular and mesangial cells, as well as
by microvascular endothelial cells [6]. Certain mediator combinations determine the recruitment of
specific leukocyte subtypes to sites of renal inflammation [2].

Recently, the adipokine chemerin, also known as tazarotene-induced gene 2 protein (TIG2) or
retinoic acid receptor responder protein 2 (RARRES2), was introduced as a novel chemoattractant
protein [7]. It acts as a ligand for the G protein-coupled receptor CmkIR1, also known as ChemR23, and
was found to stimulate chemotaxis of dendritic cells and macrophages to sites of inflammation [7,8].
Beyond its classical role in adipogenesis and adipocyte metabolism [9,10], the potential involvement of
chemerin in cardiovascular and renal dysfunction has recently been acknowledged [11]. Chemerin
appears to form an integral link in metabolic syndrome, connecting obesity, the related dysfunctional
cardiometabolic state, and the associated chronic inflammation of adipose tissue [12].

Several investigations have addressed circulating chemerin levels and their pathophysiologic
relevance in cohorts with chronic kidney disease [11]. Unrelated to the method of determination [11],
serum creatinine is significantly and independently associated with serum chemerin [13,14]. The level
of circulating chemerin has been shown to be dependent on GFR and inversely correlated
with renal function. A two-fold increase of serum chemerin has been reported in patients on
hemodialysis [15]. These results were strengthened by an investigation of ESRD-patients undergoing
kidney transplantation [14], whose elevated serum chemerin levels returned to baseline values observed
in healthy controls three months after transplant. Furthermore, elevated chemerin levels persisted
in ESRD patients on hemodialysis compared to healthy controls or kidney transplanted patients.
Nonetheless, hemodialysis reduced high serum chemerin levels to some extent [16]. With adipose
tissue as the main source of circulating chemerin [9], it remains to be determined whether elevated
serum chemerin levels are due to the increase of fat mass in metabolic phenotypes or to the related
renal damage leading to impaired renal elimination. The latter seems more likely [11], as patients with
chronic kidney disease showed no difference in subcutaneous adipose tissue chemerin production
at the mRNA level [16]. However, the role of visceral adipose tissue cannot be completely ruled
out [11]. Also, beyond its role in chemerin elimination, the kidney itself may influence serum chemerin
concentrations via its synthesis, as chemerin expression can be found in animal kidneys [9]. In order to
investigate the role of renal chemerin and its potential use as a diagnostic marker of kidney disease,
our current study characterized its systemic and local expression in established animal models of
hypertensive nephropathy and glomerulonephritis using 2-kidney-1-clip (2klc) hypertensive and
Thy1.1 nephritic rats, respectively.

2. Results

2.1. Chemerin is Induced in Kidneys Exposed to High Blood Pressure

Five weeks after clipping of the left renal artery, the weights of the contralateral right kidneys
exposed to high blood pressure were significantly higher than the right kidneys of the sham-operated
controls (Table 1). Blood pressure and left ventricular weights of 2k1c rats were increased compared
to controls (Table 1). Serum urea and creatinine, as markers of renal damage, were elevated in
2klc rats compared to controls (Table 1). The expression levels of chemerin were significantly
higher in the right kidneys of 2klc hypertensive animals compared to the kidneys of controls
(Figure 1A). Immunohistochemical evaluation of chemerin in kidneys revealed some discrete vascular
and distal tubular staining for chemerin in control kidneys, with a prominent increase in chemerin
immunoreactivity in the tubulo-interstitium of hypertensive kidneys (Figure 1B). The expression of
the chemerin receptor CmkIR1 was also induced in hypertensive kidneys (Figure 1C). Moreover, a
Western blot analysis revealed an increase in chemerin protein in hypertensive kidneys (Figure 2).
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Table 1. Physiological parameters of 2k1c experimental groups.

Physiological Parameter Sham 2klc p-Value
Rel. right kidney weight
(mgfg body weight) 3.21 +0.06 4.87 +0.25 <0.001
Serum urea
(mg/dL) 3774 +1.13 80.92 +11.26 <0.001
Serum creatinine
(mg/dL) 0.195+0.007  0.335+0.038 <0.001
Rel. left ventricular weight
(mg/g body weight) 2.05 +0.04 3.03 +0.21 0.003
Mean arterial blood
pressure 1132 +£2.6 203.7 + 5.0 0.014
(mm Hg)

Sham, sham-operated control group; 2klc, hypertensive group. Data are means + standard error of the mean.
p < 0.05 2klc versus sham was considered significant.

A Chemerin

Immunohistochemistry | mRNA expression

mRNA expression

sham 2k1c

Figure 1. Chemerin and CmkIR1 in 2klc hypertensive nephropathy. (A) Chemerin mRNA
expression levels in the kidneys of 2klc hypertensive (2klc) and control (sham) rats. (B) Exemplary
photomicrographs of renal tissue from hypertensive (2klc) and control (sham) rats stained for chemerin.
Black bar represents 100 pm. (C) CmkIR1 mRNA expression levels in the kidneys of 2k1c hypertensive
(2k1c) and control (sham) rats. * p < 0.05 vs. sham control kidneys.
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Figure 2. Western blot analysis of chemerin protein expression in the hypertensive kidneys of 2k1c rats.
Amido black staining (abl) of the blot served as a loading control. Bar graph: densitometric analysis of
Western Blot. * p < 0.05 vs. sham control kidneys.

2.2. In Kidneys Exposed to High Blood Pressure, Chemerin Expression Correlates with Markers of Renal
Damage, Inflammation, and Fibrosis

Increased infiltration of M1 and M2 macrophages, neutrophil granulocytes, as well as total
and helper T-cells, but not of cytotoxic T-cells into the right kidneys of 2klc rats was observed
(Table 2 and Figure 3). Exemplary photomicrographs are shown in Supplementary Figures S1-S3.
The expression of TGFf3-1, a central mediator of tissue fibrosis [17], was upregulated in the kidneys of
2k1c rats (Table 3). Moreover, increased smooth muscle actin expression and the presence of more
smooth muscle actin positive interstitial cells indicate pronounced fibroblast activation [18] in the
right kidney of hypertensive rats (Table 3). Consequently, the expression of the matrix components
fibronectin and collagens I, III, and IV was augmented in the right kidneys of these rats (Table 3).
The expression of collagens I and IV in right kidney tissue was more prominent in 2klc rats than in
the right kidneys of control rats (Table 3 and Figure 3). Exemplary photomicrographs are shown in
Supplementary Figure S4.

Table 2. Inflammatory cell infiltration in the kidneys of 2klc.

Cell Type Sham 2klc p-Value

M2 macrophages
(CD163 pos. cells/cortical view)
Neutrophil granulocytes

0.09 £ 0.04 0.86 + 0.20 <0.001

(myeloperoxidase pos. 0.53 £0.15 1.49 +0.30 0.039
cells/cortical view)

Total T-cells

(CD3 pos. cells/cortical view) 123 +0.47 4.88 + 181 0.046
Helper T-cells

(CD4 pos. cells/cortical view) 11.56 + 3.37 75.45 + 14.60 0.002
Cytotoxic T-cells 312+038  476+0.35 0.456

(CD8a pos. cells/cortical view)

Sham, sham-operated control group; 2klc, hypertensive group. Data are means + standard error of the mean.
p < 0.05 2k1c versus sham was considered significant.

22



Int. ]. Mol. Sci. 2019, 20, 6240

M1 Macrophages Collagen IV

18
* *

T 16

-
[N}

1

T4
£12
» 10

view
Y
(=]

tal

o

)

I
’

ED-1 pos. cells/

~
L

% pos. area
o N & O

o
!

sham 2ki1c sham 2klc

Figure 3. M1 macrophage infiltration and expansion of collagen IV in the tubulointerstitial area of rats
with 2klc hypertensive nephropathy. Sham, control sham operation; ED-1, M1 macrophage marker;
* p <0.05 vs. sham control kidneys, data are means + error of the mean.

Table 3. Markers of renal fibrosis in 2k1c.

Fibrotic Marker Sham 2klc p-Value

TGFf3-1 expression
(fold change)

Smooth muscle actin expression
(fold change)
Activated fibroblasts
(smooth muscle actin pos. cells/cortical view)
Fibronectin expression
(fold change)

Collagen I expression
(fold change)

Collagen I stain
(% pos. cells/cortical view)
Collagen III expression
(fold change)

Collagen IV expression
(fold change)

Sham, sham-operated control group; 2klc, hypertensive group. Data are means + standard error of the mean.
p < 0.05 2k1c versus sham was considered significant.

1.00 + 0.25 3.69 +0.44 0.001

1.00 +£0.21 5.89 +0.96 0.014

0.26 + 0.04 5.74 + 1.50 0.002

1.00 £ 0.24 8.81 + 1.55 0.003

1.00 £ 0.32 442 +0.78 0.024

4.66 +0.44 798 +1.14 0.001

1.00 + 0.49 18.25 +£5.32 0.004

1.00 + 0.22 6.03 £0.83 0.001

The expression of chemerin in the right kidney of hypertensive rats correlated with serum levels
of urea and creatinine, but not with blood pressure levels (Table 4). There was a correlation between
chemerin expression and M1 macrophage and neutrophil granulocyte infiltration into the right kidneys
(Figure 4). Chemerin expression also correlated with fibroblast activation, TGFf3-1 expression and
the expression of several matrix molecules (Table 4 and Figure 4). Furthermore, there was a high
correlation of chemerin expression with the expression of its receptor CmkIR1 (Table 4).

2.3. Chemerin is Induced in Glomeruli Afflicted with Thy1.1 Nephritis and Correlates with Markers of Renal
Damage, Inflammation, and Fibrosis

Two weeks after the induction of a Thy1.1 glomerulonephritis, an increase in serum creatinine and
albuminuria were observed (Table 5). Glomerular M1 macrophage infiltration and renal collagen IV
expression were increased in nephritic kidneys (Figure 5 and Figure S5). Blood pressure was not altered
in Thy1.1 nephritic rats (Table 5). Chemerin expression was increased in the renal tissue of Thy1.1
nephritic rats (Figure 6A). Staining for chemerin revealed prominent glomerular immunoreactivity
in nephritic glomeruli, while in control glomeruli, only some podocytes stained positive (Figure 6B).
The expression of the chemerin receptor CmkIR1 was also somewhat increased (Figure 6C).
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Table 4. Correlation of markers of renal damage, inflammation, and fibrosis with chemerin expression

in 2klc.

Chemerin (mRNA Expression) r p-Value
Serum creatinine (mg/dL) 0.62 0.009
Serum urea (mg/dL) 0.77 <0.001
Mean arterial blood pressure (mm Hg) 0.42 0.12
M1 macrophages (ED-1 pos. cells/view) 0.71 0.001
M2 macrophages (CD163 pos. cells/view) 0.51 0.16
Total T-cells (CD3 pos. cells/view) 0.27 0.40
Cytotoxic T-cells (CD8a pos. cells/view) 0.47 0.11
Helper T-cells (CD4 pos. cells/view) —-0.14 0.63
Neutrophil granulocytes (MPO pos. cells/view) 0.83 <0.001
Activated myofibroblasts (SMA-pos. cells/view) 0.74 0.003
Smooth muscle actin (NRNA expression) 0.65 0.005
Fibronectin (mRNA expression) 0.86 <0.001
Collagen I (% pos. area stained) 0.65 0.043
Collagen I (nRNA expression) 0.83 <0.001
Collagen III (mRNA expression) 0.84 <0.001
Collagen IV (% pos. area stained) 0.64 0.014
Collagen IV (mRNA expression) 0.90 <0.001
TGFB-1 (mRNA expression) 0.73 0.001
CmkIR1 (mRNA expression) 0.89 <0.001

r = Spearman-Rho correlation coefficient 1, statistical significance was defined as p-value < 0.05.
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Figure 4. Correlation of chemerin expression with infiltration of neutrophilic granulocytes and M1
macrophages and the expression of collagens III and IV. MPO, myeloperoxidase (marker for neutrophil

granulocytes), ED-1, marker for rat M1 macrophages.
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Table 5. Markers of renal damage and blood pressure in Thy1 glomerulonephritis.

Damage Marker NaCl Thyl p-Value
(I:E;grigi‘;;‘ivg‘e‘igg’eig“ 430+ 0.15 8.57 +0.18 <0.01
g;;;;‘;‘ig“ria 0.80+019  72579+30313 <001
(s;g/‘gi;reaﬁ“i“e 0.19 + 0.01 0.34 £ 0.03 <0.01
((:Cy];%?;l;sp.r-cizelﬁicortical view) 3:51£0.56 572041 s
E%E?oﬂl;cceglss/cortical view) 3.05+0.61 6.23+2.39 s
i\r/[ni;n;gr)terial blood pressure 1185+ 1.5 1237 + 6.3 ns.
g;;fgg;“‘::f;gr weight 223 +0.11 249 +0.09 ns.

NaCl, NaCl infused control group; Thy1, glomerulonephritic group. Data are means + standard error of the mean.

p < 0.05 2k1c versus sham was considered significant.
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Figure 5. Glomerular M1 macrophage infiltration and collagen IV expression in the renal cortex of rats
with anti-Thy1.1 mesangioproliferative glomerulonephritis. NaCl, control vehicle-injected; ED-1, M1
macrophage marker; ** p < 0.01; data are means + error of the mean.

The expression of chemerin in kidneys with Thyl.1 glomerulonephritis correlated with serum
creatinine levels, albuminuria, glomerular infiltration of M1 macrophages, and renal collagen IV
expression (Table 6). A correlation between chemerin expression and CmkIR1 expression was also

detected (Table 6).

Table 6. Correlation of markers of renal damage, inflammation and fibrosis with chemerin expression

in Thyl glomerulonephritis.

Chemerin (mRNA Expression) r p-Value
CmkIR1 (mRNA expression) 0.89 0.001
Serum creatinine (mg/dL) 0.73 0.017
Albuminuria (mg/24h) 0.73 0.016
Mean arterial blood pressure (mm Hg) 0.42 0.262
M1 macrophages (ED-1 pos. cells/view) 0.72 0.019
Cytotoxic T-cells (CD8a pos. cells/view) 0.58 0.082
Helper T-cells (CD4 pos. cells/view) 0.39 0.266
Collagen IV (mRNA expression) 0.83 0.005

r = Spearman-Rho correlation coefficient r, statistical significance was defined as p-value < 0.05.
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Figure 6. Chemerin and CmkIR1 in anti-Thy1.1 glomerulonephritis: (A) mRNA expression of chemerin
levels in the kidneys of Thy1.1 nephritic (Thy1) and control (NaCl) rats. (B) Localization of chemerin
protein in renal sections of Thy1.1 nephritic and control rats. Black bar represents 100 pm. (C) mRNA
expression of the chemerin receptor CmkIR1 levels in the kidneys of Thy1.1 nephritic (Thy1) and control
(NaCl) rats. NaCl, NaCl infused controls. Thy1, anti-Thy1l.1 infused glomerulonephritic animals.
**p <0.01,* p <0.05 vs. control kidneys.

2.4. Chemerin Plasma Levels are Not Increased in Rat Models of Renal Injury

To clarify whether increases of renal tissue chemerin are also reflected by increases in plasma
chemerin, ELISA assays were performed. In 2klc hypertensive rats, plasma chemerin was not increased
compared to sham-operated controls (1.15 + 0.06 ng/mL in hypertensive rats versus 1.29 + 0.11 ng/mL
in controls). Likewise, in Thy1.1 glomerulonephritic rats, plasma chemerin levels were similar to the
plasma levels of control rats (1.13 + 0.19 ng/mL in nephritic rats versus 1.22 + 0.10 ng/mL in controls).

3. Discussion

We have demonstrated specific induction of local expression patterns of chemerin related to the
underlying model of renal injury, i.e., tubular-interstitial (2klc, in kidneys exposed to high blood
pressure) and glomerular damage (Thy1.1 nephritis). In our study, renal chemerin expression positively
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correlated with markers of renal damage and inflammation in 2klc hypertensive animals and Thy1.1
nephritic rats, indicating a possible involvement of chemerin in these processes, as seen in adipose
tissue [19]. Concomitantly, the expression of the chemerin receptor CmkIR1 was also found to be
induced in hypertensive kidneys, while somewhat increased in anti-Thy1.1 treated animals. Of the
three known chemerin receptors (i.e., chemokine-like receptor 1 (CmkIR1), G-protein-coupled receptor
(GPR) 1, and C-C motif receptor-like (CCRL) 2, only CmklIR1 sufficiently mediates intracellular
signaling functions (reviewed by [12]). Besides its expression in hematopoietic tissues, CmkIR1 is
strongly expressed in cells of the immune system (e.g., blood monocytes, monocyte-derived human
macrophages, immature dendritic cells, CD4+ T lymphocytes) [7,20]. CmkIR1 directs the migration
of immune cells to lymphoid organs and inflamed tissues [21]. Thus, the observed renal damage in
our models might have partly resulted from chemerin-induced, CmkIR1-mediated chemoattraction
of immune cells to the respective sites of renal damage (i.e., tubulo-interstitium in 2k1lc model and
glomerulus in Thy1.1 nephritic rats).

Interestingly, CmkIR1 expression was additionally observed in human microvascular endothelial
cells (ECs) by Kaur et al. [22]. Thus, para-/autocrine effects of chemerin on renal vasculature in our
model are also possible. Kaur et al. showed that the expression of the receptor was significantly
up-regulated by pro-inflammatory cytokines in human ECs and had strong angiogenic potential via
activation of PI3K/Akt and MAPK pathways in these cells [22]. The involvement of an imbalance of
angiogenesis-related factors in the progression of CKD and the therapeutic potential of modulating
these factors in CKD has been acknowledged (reviewed by [23]). Furthermore, Kaur et al. showed that
chemerin was able to induce the activity of members of the matrix metalloproteinase (MMP) family
in ECs [22], which play an important role in the degradation of the extracellular matrix (ECM) [24].
This effect is also crucial in the development and progression of CKD; however, non-proteolytic
functions of MMPs might also play a role [24]. In line with these observations, we found chemerin to
correlate with markers of renal fibrosis.

So far, the exact mechanisms of renal chemerin induction in our animals remain unknown.
However, a potential role of angiotensin 2 (Ang II) in the regulation of chemerin expression has been
proposed by others. Using a model of diabetic nephropathy, Yu et al. [25] were able to show that the
expression of chemerin in the kidney of diabetic rats was significantly elevated compared to control
animals, suggesting that chemerin might be relevant to the model-specific renal pathology. Treatment
with irbesartan (Ang II type 1 receptor antagonist) appeared to reduce the renal chemerin expression in
these diabetic animals secondary to a reduction in renin-angiotensin system (RAS) components [25].

The Goldblatt 2k1c rat hypertension model is a long-established and widely employed model in
the study of renal artery stenosis and renovascular hypertension [26,27]. We have observed that the
RAS, including Ang II, is closely related with the 2klc model [28] since their levels are elevated in
the development and maintenance of hypertension in these animals: Early on, hypertension in 2klc
animals is characterized by increased plasma renin levels in response to low renal arterial pressure and
subsequently by an increase in circulating Ang II. Later, hypertension is maintained by a continuously
activated RAS, as contralateral pressure diuresis of the unaffected kidney prevents hypervolemia [29,30].
Persistent elevation of Ang Il also triggers an inflammatory response, characterized by the infiltration of
macrophages (ED-1), tubular overexpression of macrophage chemotactic and adhesion molecules, such
as osteopontin (OPN), MCP-1 and the expression of inflammatory cytokines, ultimately aggravating
renal damage induced by hypertension [3,31,32].

A potential interaction of Ang II with chemerin in the 2klc model remains to be determined.
Ang Il is a key mediator of CKD. A blockade of the Ang II type 1 receptor prevents lethal malignant
hypertension [28]. It is also understood that Ang II mediates renal fibrosis by stimulating the
endogenous synthesis of transforming growth factor-p (TGF-f) [33] in damaged kidney cells, thereby
stimulating the synthesis of the extracellular matrix (ECM), and inhibiting the action of MMPs [34].
TGEF-f induces the transformation of fibroblasts into myofibroblasts (x-smooth muscle actin-positive
cells, -SMA) and stimulates the expression of fibronectin (FN) and collagen type III (Col III).
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This induces the development of renal fibrosis, leads to functional deterioration and increases kidney
damage [34-36]. Notably, we have found that renal chemerin levels correlated positively with these
Ang II-dependent markers of inflammation and fibrosis in both our models of renal injury. Moreover,
other RAS-associated factors, such as aldosterone/mineralocorticoid receptor [37] or the activity of the
angiotensin-converting enzyme (ACE) [38], might be relevant in the function of renal chemerin.

Similar to 2klc animals, RAS activation also plays a pivotal role in the progression of
glomerulonephritis (GN) in Thy1.1 nephritic rats [39]. Thus, potential cross-talk of chemerin and Ang
11 [25] at the glomerular level might be conceivable. The immunohistochemically observed glomerular
expression of chemerin in our Thy1.1 nephritic rats closely resembled glomerular cyto/chemokine
expression patterns typically found in nephritic renal damage [40], thereby underscoring the potential
role of chemerin as a damage-site specific chemoattractant. The most commonly used model of
selective mesangial cell damage [41-43], anti-Thy1.1-induced glomerulonephritis, resembles some
human forms of GN [44], where the renal damage is characterized by the continued accumulation of
ECM, related to the overproduction of glomerular TGF-{3.

As alimitation, the role of Ang Il in our 2klc animals and Thy1.1. nephritic rats remains speculative
due to the lack of functional data regarding RAS signaling. Future studies are needed to uncover the
mechanistic insights of chemerin signaling transduction pathways in the kidney, with a special focus
on the exploration of potential therapeutic targets for renal fibrosis and inflammation.

Despite the association of increased chemerin with (renal) inflammation and fibrosis, Yamamoto et
al. found an association of elevated chemerin levels with a survival advantage in dialysis patients [45].
This seems controversial, as CKD induces premature vascular aging with vascular calcification and
increased arterial stiffness [46]. In addition, previous studies had indicated a role of CmkIR1 for
the vascular smooth muscle cell (VSMC) atherosclerotic phenotype [47], characterized by vascular
inflammation and intimal hyperplasia [48,49]. Surprisingly, chemerin seemed to inhibit atherogenesis
through CmkIR1 [48,50]. Carracedo et al. [51] were able to show that chemerin treatment of
isolated wild-type mouse VSMCs significantly reduced phosphate-induced calcification and increased
expression of the calcification inhibitor matrix-gla-protein (MGP). In contrast, VSMCs of CmkIR1
knock-out mice were devoid of these effects. This suggests that elevated chemerin might, in fact, exert
a direct protective vascular role in CKD, while negatively altering the local microenvironment via
attraction of immune cells at the same time.

In contrast to findings in humans [11], we did not observe an induction of circulating chemerin.
So far, the majority of existing human reports focus on elevated circulating levels of chemerin in CKD
patients, while little is known about the local renal expression of the protein. Based on our finding of
increased chemerin expression in ESRD, one could speculate that this may contribute to the reported
increase of circulating chemerin levels in ESRD, apart from the postulated reduced chemerin renal
elimination capacity associated with ESRD [14]. However, as we were unable to detect an increase of
circulating chemerin levels in both animal models of our study, it remains uncertain to what extent such
local changes in our rodent models might translate into a significant increase of circulating chemerin
levels observed in human ESRD.

The lack of increased circulating chemerin seemed unrelated to an inoperative experimental
design. Clipping of the left renal artery and anti-Thy1.1 treatment both sufficiently reduced kidney
function, as determined by a ~2-fold increase in serum urea and creatinine. Also, renal weight was
significantly increased in both rodent models. These results match findings previously obtained by our
group in 2klc rats [52]. It is possible that despite the detectable renal affliction of our animals and
its correlation with local chemerin expression, the functional renal restriction might not have been
relevant enough to fully resemble the level of kidney failure seen in human ESRD [14]. Thus, the renal
capacity to eliminate increasing levels of circulating chemerin might still have been sufficient in the
examined animal models.

A current methodological limitation in the field of chemerin research is the lack of analysis of
the multitude of existing chemerin pre-cursors [12,19]. Chemerin is proteolytically processed (e.g., by

28



Int. ]. Mol. Sci. 2019, 20, 6240

cathepsin G, elastase, plasmin, and tryptase) into different active and inactive chemerin peptides, such
as pre-prochemerin and mature prochemerin, which might exert specific functions on their own.

In summary, our findings provide novel evidence that renal chemerin expression in 2klc and
Thy1.1 nephritic rats are associated with markers of kidney inflammation and fibrosis. However, we
did not find elevated levels of circulating chemerin in these animals. Thus, chemerin might not serve
as a biomarker in these models.

4. Materials and Methods

4.1. Experimental Procedures

All animal experiments were performed in compliance with the DIRECTIVE 2010/63/EU of
the European Parliament and were approved by the local government authorities (Regierung of
Mittelfranken, AZ 54-2532.1-51/12, 22 October 2013 and AZ 55.2.2532-2-526, 18 October 2017). All efforts
were made to minimize suffering in the animal cohort. Rats were housed in a room maintained at 22 +
2 °C, exposed to a 12-h dark/light cycle. The animals had unlimited access to standard rodent nutrition
and tap water.

Induction of hypertensive nephropathy: Two-kidney, one-clip renovascular hypertension (2k1c)
was induced in male Sprague-Dawley rats (Charles River, Sulzfeld, Germany) weighing 150-170 g by
placing a silver clip of 0.2 mm internal diameter around the left renal artery through a flank incision
under isoflurane anesthesia as previously described (1 = 25) [53]. Control animals underwent a sham
operation without placement of the clip (7 = 10). Analgesia was provided post-operatively in all
animals, and as needed later on. Five weeks after the clipping of the renal artery, the experiment was
terminated, and renal tissue was collected.

Induction of acute glomerulonephritis: Male Sprague-Dawley rats (150 to 200 g) were obtained
from Charles River Deutschland. Anti-Thy1.1 nephritis was induced in uninephrectomized rats by a
single intravenous injection of 1 mg/kg body weight anti-Thy1.1 antibody into the tail vein in light
isoflurane anesthesia. Controls received solvent only (1 = 5 per group). The monoclonal antibody
against Thy1.1 (ER4) was from Antibody Solutions (Santa Clara, CA, USA). Anti-Thy1.1 nephritis is an
acute mesangioproliferative glomerulonephritis with mesangial expansion and glomerulosclerosis
peaking at days 7 to 14 of disease [42,54]. On day 13, animals were housed in metabolic cages for 24 h
to collect urine. Five animals per group were sacrificed on day 14 after induction of nephritis and renal
tissue was obtained for further evaluation.

4.2. Blood Pressure Measurements

At the end of the experiment, rats were weighed and instrumented with femoral artery catheters for
intraarterial blood pressure measurements in anesthesia, as described previously [55]. Measurements
were performed on the same day after termination of anesthesia and a recovery phase of 2 h in
conscious animals via transducers connected to a polygraph (Hellige, Freiburg, Germany).

4.3. Measurement of Serum and Urine Parameters

For urine collection, anti-Thy1.1 nephritic animals were put in metabolic cages for 24 h on the
day before sacrifice. Albumin excretion was assessed by enzyme-linked immunosorbent assay (Bethyl
Laboratories, Biomol, Hamburg, Germany). For serum analysis, blood was collected from catheters.
Thereafter, rats were euthanized by bleeding in deep anesthesia. Plasma creatinine and plasma urea
were analyzed using an automatic analyzer Integra 1000 (Roche Diagnostics, Mannheim, Germany).
Plasma chemerin was determined using a commercially available ELISA kit (MyBiosource, Biozol,
Eching, Germany) according to the manufacturer’s protocol.
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4.4. Tissue Sampling

After organ weighing, kidneys were decapsulated. Both poles of each kidney and the apical tip
of the left ventricle were immediately snap-frozen on liquid nitrogen for protein or RNA extraction.
One 6 mm slice of the kidney was put in paraformaldehyde solution (for detection of chemerin), while
another 6 mm slice of the remaining kidney was put in methyl-Carnoy solution (60% methanol, 30%
chloroform and 10% glacial acetic acid) for fixation. After overnight fixation, tissues were dehydrated
by bathing in increasing concentrations of alcohol and embedded in paraffin. Three um sections were
cut with a Leitz SM 2000 R microtome (Leica Instruments, Nussloch, Germany).

4.5. Immunohistochemistry

Tissue was processed as described [56]. Immunohistochemical detection of chemerin, collagen
I, collagen IV, x-smooth muscle actin (SMA), ED-1, myeloperoxidase (MPO), CD3, CD4, CD8a, and
CD163 was performed in methyl Carnoy-fixed tissue sections. Antibodies used are described in
Supplementary Table S1. The specificity of the chemerin antibody was confirmed by staining in
control tissue: rat skin, lung and testes (see Supplementary Figure S6). Interstitial collagens I and
IV were quantified in 30 medium-power views (magnification x200) by means of an 11 x 11-point
grid or by densitometric analysis using MetaVue software (Molecular Devices, Sunnyvale, CA, USA).
The percentage of grid points corresponding with a stained area or the percentage of stained area in
relation to the total area was calculated. SMA, ED-1, MPO, CD3, CD4, CD8a, and CD163 positive cells
were counted in 20 medium-power cortical views. All histological evaluations were done by a single
investigator blinded to the group assignment.

4.6. Western Blot Analysis

Frozen renal tissue was homogenized, protein samples were prepared as described [57] and
separated on a denaturing SDS-PAGE gel [58]. After electrophoresis, the gels were electroblotted
onto PVDF membranes (Hybond-P, GE Amersham, Munich, Germany), blocked with Rotiblock
(Roth, Karlsruhe, Germany) for 1 h and incubated overnight with a primary antibody to chemerin.
Protein bands were visualized with secondary horseradish peroxidase-conjugated IgG antibodies
(Santa Cruz Biotechnology, 1:50,000), using the Pierce ECL+ system (Thermo Fisher Scientific, Waltham,
MA, USA). Blots were quantified using a luminescent imager (LAS-1000, Fujifilm, Berlin, Germany)
and Aida 2.1 image analysis software (Raytest, Berlin, Germany). Loading of the blot was quantified
by Amido Black staining solution (Sigma, Taufkirchen, Germany).

4.7. Real-Time Polymerase Chain Reaction (PCR) Analyses

Renal tissue was homogenized in RLT buffer reagent (Qiagen, Hilden, Germany) with an ultraturrax
for 30 s, total RNA was extracted from homogenates by RNeasy Mini columns (Qiagen) according
to the manufacturer’s protocol, and real-time RT-PCR was performed [59]. First-strand cDNA was
synthesized with TagMan reverse transcription reagents (Applied Biosystems, Darmstadt, Germany)
using random hexamers as primers. Reactions without Multiscribe reverse transcriptase were used as
negative controls for genomic DNA contamination. PCR was performed with a StepOnePlus™ sequence
detector system (Applied Biosystems, Darmstadt, Germany) and TagMan or SYBR Green Universal
PCR master mix (Applied Biosystems), as described previously [57]. All samples were run in duplicates.
Specific mRNA levels in hypertensive animals relative to sham-operated controls were calculated and
normalized to a housekeeping gene (18S) with the AACt method as specified by the manufacturer
(Applied Biosystems). Primer pairs used for experiments are shown in Supplementary Table S2.

4.8. Statistical Analysis

Data are expressed as mean =+ standard error of the mean (SEM). After testing for normality
distribution using Shapiro-Wilk’s test, we performed Student’s ¢-test or the Mann—-Whitney U-test,
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where appropriate. A p-value < 0.05 was considered significant. To assess correlations between
chemerin and markers of inflammation and fibrosis, Spearman’s correlation coefficients (Spearman’s
rho) were calculated. Calculations were carried out using the SPSS 19 software (IBM, Ehningen,
Germany) and GraphPad Prism 7.00 (GraphPad Software, La Jolla, CA, USA).

Supplementary Materials: Supplementary Materials can be found at http://www.mdpi.com/1422-0067/20/24/
6240/s1. Figure S1: Exemplary photomicrographs of kidneys with 2klc nephropathy and control kidneys (sham)
stained for the M1 macrophage marker ED1 and the M2 macrophage marker CD163. Figure S2: Exemplary
photomicrographs of kidneys with 2klc nephropathy and control kidneys (sham) stained for the neutrophil
marker myeloperoxidase and the T-cell marker CD3. Figure S3: Exemplary photomicrographs of kidneys with
2klc nephropathy and control kidneys (sham) stained for the T-helper cell marker CD4 and the cytotoxic T-cell
marker CD8a. Figure S4: Exemplary photomicrographs of kidneys with 2klc nephropathy and control kidneys
(sham) stained for collagen I and collagen IV. Figure S5: Exemplary photomicrographs of kidneys with Thy1
induced glomerulonephritis and control kidneys (NaCl) stained for the M1 macrophage marker ED1. Figure S6.
Specificity testing of the chemerin antibody. The antibody stained skin (Luangsay S et al. 2009, ] Immunol 183;
Vermi W et al. 2005, ] Exp Med 201), lung (Luangsay S et al. 2009, ] Immunol 183) and testes (Li L et al. 2014, J
Endocrinol 220), as described before. Black arrowheads point to the chemerin positive keratinocyte layer in a skin
sample, to the chemerin positive ciliated epithelium of the lung bronchioles and to chemerin positive Leydig cells
in testes. Table S1. Antibodies used for immunohistochemistry. Table S2. Primer sequences.
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