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Renalinterstitial fibrosis is the common pathway underlying the progression of chronic kidney disease (CKD)
to end-stage renal disease (ESRD) and the corresponding therapies are limited. Quantitative and qualitative
alterations in gut microbiota are noted in patients with CKD and ESRD. In our previous study, SKLB023
exhibited antifibrotic effects by interfering TGF-B1/Smad3 signaling in obstructive nephropathy. However,
it remained unclear that oral administration of SKLB023 drives the alteration of gut microbiota to
attenuate renal fibrosis. In the study, the marked inflammation and interstitial fibrosis were found in the
kidney tissues of unilateral ureteral obstruction (UUO) mice. While treatment with SKLB023 significantly
alleviated renal interstitial fibrosis and reduced serum proinflammatory cytokines TNF-a, IL-6 levels.
Importantly, SKLB023 derived the modulation of gut microbiota with the increasing similarity between

the composition of gut microbiota in the control and UUO. The number of Turicibacter and
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Accepted 21st November 2018 Candidatus_Arthromitus was significantly decreased following UUO surgery and recovered by SKLB023,

which positively correlated with pro-inflammatory cytokine expression. These results indicated the

DOI: 10.1039/cBra08049¢ potential relationship between the antifibrotic benefits of SKLB023 and gut microbiota alteration, which
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Introduction

The gut microbiota play crucial roles in health and diseases.
Every person's gut harbors a complex community of >100 tril-
lion microbial cells, and >1000 different bacterial species
constitute gut microbiota.> Normal gut microbiota shares
a mutually beneficial relationship with the host by contributing
to its nutrition, metabolism, physiology and immune func-
tion.>* Changes in microbial abundance or composition has
been implicated in the pathogenesis of diverse illnesses, such as
obesity,>® diabetes,”” inflammatory bowel disease,'*** cardio-
vascular disease™™® and cancer,"”*® etc. In addition, quantita-
tive and qualitative alterations of gut microbiota are also noted
in patients with chronic kidney disease (CKD) and end-stage
renal disease (ESRD).”** Besides gut microbiota themselves,
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provided new insights into drug therapy via gut microbiota modulation in obstructive nephropathy.

gut microbiota-derived metabolites, both harmful and benefi-
cial, have been shown to influence the development and
progression of CKD, particularly, short-chain fatty acids and
other uremic toxins, including indoles, ammonia, and trime-
thylamine N-oxide.>

As is known, CKD is a global health problem associated with
cardiovascular disease, infectious diseases, and premature
death.”® Renal interstitial fibrosis is considered as the final
common pathway from CKD to ESRD.**® Numerous studies
focused on the development of potential drug for renal fibrosis
treatment. In a phase I study of patients with treatment-
resistant primary focal segmental glomerulosclerosis a single-
dose of anti-TGF-B antibody was well-tolerated.> However, the
phase II study of the antibody in patients with diabetic kidney
disease was terminated in 2014 due to a lack of efficacy. In total,
no approved therapy for renal interstitial fibrosis appears at
present.

In recent years, considerable studies have explored a new
and exciting area: the interaction between gut microbiome and
disease.”* Several studies reported the benefits of gut microbiota
in liver fibrosis. The analysis of fecal microbiome in patients
with liver fibrosis showed the significant differences with an
increase in pathogenic bacterial group, and a decrease of
beneficial bacterial group compared with health individ-
uals,***? suggesting the gut microbiota played potential role in
fibrosis. Although there is no evidence proving the direct

This journal is © The Royal Society of Chemistry 2018
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relationship between gut microbiota and renal fibrosis,
circumstantial evidence supports that they are closely con-
nected. Recently, researchers examined the gut microbiome in
progressor vs. nonprogressor immunoglobulin A nephropathy
(IgAN) patients and compared them with healthy controls,*
indicated that the gut microbiota significantly varied between
the three groups.

(2)-N-(3-Chlorophenyl)-2-(4-((2,4-dioxothiazolidin-5-ylidene)
methyl)phenoxy) acetamide (SKLB023, Fig. 1A) is a synthetic
anti-inflammatory compound on the basis of thiazolidine-2,4-
dione moiety. SKLB023 exhibited the potent inhibitory effects
(ICs50 = 8.66 uM) without cytotoxicity on RAW 264.7 micro-
phages shown by MTT assay (without or with LPS, ICs, > 100
uM). The rat acute toxicity and Beagle long-term toxicity test by
oral gavage exhibited no marked toxicity.>® In our previous
studies, SKLB023 blocked joint inflammation and cartilage
destruction in arthritis by the inhibition of pro-inflammatory
cytokines expression.** In the kidney of UUO mice, SKLB023
also could hinder renal interstitial fibrosis by interfering with
TGF-B1/Smad3 signaling pathway.** However, the protective
effects of SKLB023 on UUO mice model by modulating gut
microbiota remains unclear.

In the study, our results indicated the potential relationship
between antifibrotic benefits of SKLB023 and gut microbiota
alteration in obstructive nephropathy. Our data showed that
SKLB023 exerted an anti-inflammatory property in the
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regulation of gut microbiota in renal interstitium and the sup-
pressed expression of inflammatory cytokines after UUO, sug-
gesting that the inhibition of inflammatory response through
gut microbiota may be one mechanism by which SKLB023
relieved renal interstitial fibrosis.

Experimental section

Animal model and treatment

The UUO model was established in male C57BL/6] mice (8-10
weeks old; 20-25 g) from the Animal Laboratory Center of
Sichuan University (Chengdu, China). All animal protocols were
approved by the Institute of Animal Care and Use Committee.
Briefly, the abdominal cavity was exposed via a midline incision
and the left ureter was isolated and ligated. To examine the
efficacy of SKLB023 in renal fibrosis after UUO injury, the mice
were randomized into three groups (n = 7 in each group): (1)
sham operated mice, (2) UUO mice that received daily saline for
7 d by oral gavage (0.g.) after UUO, (3) UUO mice treated with
SKLB023 50 mg kg~ " d~' for 7 d by o.g. after UUO. The mice
were sacrificed and the kidneys were removed at day 7 for
morphologic analyses. All animal procedures were performed in
accordance with the Guidelines for Care and Use of Laboratory
Animals of Sichuan University and approved by the Animal
Ethics Committee of West China Hospital, Sichuan University.

SKLB023

~

Fig.1 The chemical structure of SKLB023 (A) and histopathological finding of renal tissues. (B) UUO mice exhibited marked interstitial fibrosis in
renal tissue stained with HE and Masson's trichrome. (C and E) SKLB023 inhibited the expression of fibrosis maker a-SMA in UUO mice. (D)

Treatment with SKLB023 significantly reduced interstitial fibrosis.
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Morphologic analyses

Two-micrometer sections of paraffin-embedded kidney tissue
were subjected to Masson's or HE staining using commercial
kits (Sigma-Aldrich, USA) according to the manufacturer's
protocol.*” Heat-induced epitope retrieval was performed on
dewaxed slides in citrate buffer (pH 6.0) at 95 °C for 40 min.
Then sections were exposed to peroxidase blocking solution
(3% H,0,) prior to the addition of primary antibody, anti-a-SMA
antibody (Abcam, USA) diluted to 1 : 500 in PBS. After incuba-
tion with primary antibody overnight at 4 °C, the slides were
washed three times with PBS, and incubated with horseradish
peroxidase (HRP)-incubated secondary antibody (Abcam, USA)
for 45 min. The sections were washed again with PBS for three
times. Subsequently, the slides were developed by dia-
minobenzidine (DAB) and counterstained with hematoxylin.
Finally, the slides were observed under a light microscope.
Masson staining as well as immunostaining intensity were
scored, and the scoring criteria were as follows: 10 high-power
fields (x200) were randomly selected and photographed in
each group. None, mild, moderate and severe involvement were
scored as 0, 1, 2, or 3 according to the degree and extent of
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inflammatory cell infiltration and fibrosis.*® The blue area of
collagen by Masson staining, which represents the extent of the
lesion, was calculated. The dyed area was measured by the
average optical density in the immunostaining intensity scores.

Immunofluorescence staining and image analysis

Immunofluorescence staining was performed as previously
described.* Briefly, the tissue sections were fixed, per-
meabilized with 0.2% Triton X-100, and incubated with the
primary antibodies overnight at 4 °C, followed by incubation
with secondary antibodies conjugated with Cy3 (Jackson Inc.,
USA). Cells were counterstained with DAPI to visualize the
nuclei. Images were taken by confocal microscopy (Olympus
Corporation, Tokyo, Japan). Positive signals were examined
using a fluorescent microscope (Axioplan2 imaging; Carl Zeiss,
Oberkoche, Germany) and single-positive cells were counted in
10 high-power fields (x40) per section and expressed as cells per
square millimeter.

DNA extraction and PCR amplification

Microbial DNA was extracted from ileum content samples using

tubular degeneration and necrosis, tubular atroph . .
& ’ PhY>  the E.Z.N.A.® DNA Kit (Omega Bio-tek, Norcross, GA, U.S.)
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Fig. 2 Microbiota changes in the composition of UUO mice by SKLB023. The rarefaction curves of alpha diversity by Shannon index of (A) each
sample and (B and C) each group. (D) Venn diagram of OTUs in the three groups. (E) Multiple sample PCA analysis. (F) Multiple sample PCoA

analysis.

Table 1 Diversity indices of the various groups

OTU Ace Chao Simpson Shannon Coverage
Control 181 102 (100, 123) 104 (94, 123) 0.3222 (0.2339, 0.3785) 1.89(1.63,2.05) 0.999 361
Uuo 218 157 (109, 161) 140 (109, 149) 0.3218 (0.2811, 0.6434) 1.72(0.93,1.90) 0.999 164
SKLB023 227 123 (110, 139) 105 (98, 127) 0.2979 (0.1914, 0.5022) 1.80(1.20,2.28) 0.999 195
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according to standard protocol. The V3-V4 hypervariable
regions of the bacteria 16S rRNA gene were amplified with
primers 338F (5-ACTCCTACGGGAGGCAGCAG-3’) and 806R (5'-
GGACTACHVGGGTWTCTAAT-3’) by thermocycler PCR system.
PCR reactions were performed in triplicate 20 pL mixture con-
taining 10 ng template DNA, 2 uL dNTPs (2.5 mmol L"), 0.8 pL
forward primer (5 umol L™ "), 0.8 L reverse primer (5 pmol L™ %),
4 uL 5 x FastPfu Buffer, 0.4 pL FastPfu Polymerase, and ddH,O.
Amplicons were extracted from 2% agarose gels, purified using
the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union
City, CA, USA), and quantified using QuantiFluor™-ST (Prom-
ega, USA) according to the standard protocols.

Processing of sequencing data

Purified amplicons were pooled and paired-end sequenced (2 x
300) on an Illumina MiSeq platform (Illumina Inc., San Diego,
CA, USA) according to the standard protocols. All raw reads were
screened according to barcode and primer sequences, using
Quantitative Insights Into Microbial Ecology (QIIME, version

>
=

View Article Online

Paper

1.17), with the following criteria: (1) the reads were truncated at
any site receiving an average quality score <20 over a 50 bp
sliding window; (2) primers were exactly matched allowing 2
nucleotides mismatching, and reads containing ambiguous
bases were removed; (3) sequences whose overlap longer than
10 bp were merged according to their overlap sequence. Oper-
ational taxonomic units (OTUs) were clustered with the cut-off
of 97% similarity using UPARSE (version 7.1) and UCHIME
was utilized to identify and remove chimeric sequences. Alpha
and beta diversity analyses (Unweighted UniFrac principal
coordinates analysis) were also performed.

Measurement of plasma cytokines

Blood samples were centrifuged at 3000 rpm for 15 min and
stored at —80 °C until use. Plasma levels of TNF-o and IL-6 were
detected by solid-phase sandwich enzyme-linked immunosor-
bent assay (ELISA) kits (Elabscience Biotechnology Co., Ltd.,
China) specific for these factors and absorbance was measured
at 450 nm using a plate reader (BioTek ELx800, USA).
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Statistical analysis

Data are expressed as the mean + SD. Comparisons between
groups were made using one-way analysis of variance (ANOVA).
In terms of microbiota analysis, the alpha diversity of the
microbiota between two groups were performed by the two-
tailed Student's ¢ test. The differences of bacterial composi-
tion among the multiple group was analyzed by ANOVA. Wil-
coxon rank sum test was utilized to evaluate the differences in
bacterial relative proportion comparing each group with model.
The correlations between relative abundance of certain genus/
class/phylum and hyperlipidemia indexes (including physical
and biochemical indexes) were performed by Spearman's
correlation analyses. P < 0.05 was considered to be statistically
significant.

Results

SKLB023 ameliorates renal interstitial fibrosis in UUO mice

To confirm antifibrotic effects of SKLB023 on renal fibrosis, the
mice were subjected to UUO surgery and treated by oral
administration of SKLB023 at a dose of 50 mg kg™ d~" for 7
days. As shown in Fig. 1B, UUO mice exhibited marked renal
interstitial fibrosis stained by HE and Masson's trichrome.
Treatment with SKLBO023 significantly reduced interstitial
fibrosis in kidneys (Fig. 1D). SKLB023 also inhibited the
expression of fibrotic biomarker a-SMA in UUO mice (Fig. 1C
and E), suggesting that SKLB023 could ameliorate renal inter-
stitial fibrosis.
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SKLBO023 drives the structural modulation of gut microbiota
in UUO mice

A bar-coded pyrosequencing run was conducted to analyze
structural changes of gut microbiota in the three studied
groups. In total, 792 252 usable reads and 276 OTUs were ob-
tained from the 21 samples. Rarefaction and Shannon diversity
curves were exhibited in Fig. 2A-C and Table 1. The rarefaction
curves plateau with the current sequencing, indicating that
most of the diversity has been captured in all samples. The
overlap of OTUs revealed that 139 OTUs coexisted in all three
groups. A further 17 OTUs were present in both control and
UUO mice, and 40 in the UUO and SKLB023-treated groups, as
well as 15 in control and SKLB023 groups. 22 OTUs were only
found in UUO and 33 OTUs only found in SKLB023-treated
group (Fig. 2D). PCA and PCoA analyses revealed that gut
microbiota in the UUO mice deviated from baseline structure,
and SKLB023-treated group was approximate to the control level
(Fig. 2E and F). As for the PCoA analyses, the changes in the
distribution of microbiota were also clear. The balance of gut
microbiota was relatively concentrated on the opposite side
compared to UUO/control and SKLB023-treated/control mice,
respectively (Fig. 2F).

SKLB023 regulates structural segregation of gut microbiota in
UUO mice

At the genus level, the heatmap and circus were created on the
basis of the most modified species (Fig. 3). There was a remarkable
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In addition, histograms illustrating the gut microbiota
community structure reveal the microbial species and their
relative abundance. As exhibited in Fig. 4A-C, the most abun-
dant phyla were Firmicutes in all samples. The relative abun-
dance of microbiota was not significantly different among the
three groups at the phylum level. However, sequencing data
identified Cyanobacteria of microbial flora were identified in
the UUO but were not detected in the control and SKLB023-
treated group. Lactobacillaceae accounted for the majority of
the families of microflora (Fig. 4D-F). The 111 genera were
identified in all samples. Turicibacter and unclassified_c_Bacilli
significantly lowered and Candidatus Arthromitus was increased
in the UUO group compared with that of control and reversed by
SKLB023 treatment (Fig. 4G-I).

SKLB023 inhibits the growth of certain bacteria in UUO mice

In the study, gut microbiota in the groups was analyzed by LEfSe
(LDA > 2, Fig. 5). A histogram of LDA scores was plotted to
identify statistically significant biomarkers and to reveal the
dominant microorganisms. The results showed that the domi-
nant communities in control were Turicibacter, Staphylococcus,
Romboutsia, Clostridium_sensu_stricto_1,  Brachybacterium
genera, while Streptococcus, Blautia, Desulfovibrio and jeotgali-
coccus were the main genera in SKLB023-treated UUO mice.
Among  them, Clostridiaceae_1  family,  Lachnospir-
aceae_UCG_001 genus, Lachnospiraceae_bacterium_A2 species,
Lachnospiraceae_bacterium_COE1 species and Bacteroides fragi-
lis species exerted crucial influences in the UUO group.

An evolutionary clustering analysis diagram was generated
based on LDA score to identify key microflora using taxonomy.
As exhibited in Fig. 5, the branches of Clostridia were the major
microbiota in the control group. In the SKLB023-treated UUO
mice, the predominant intestinal flora, including Deltaproteo-
bacteria, Erysipelotrichaceae, Bacilli and Microbcocales played
important roles in the active period of renal fibrosis.

The alteration of gut microbiota in UUO mice is associated
with inflammatory events

Pro-inflammatory cytokines tumor necrosis factor alpha (TNF-
o) and interleukin 6 (IL-6) play a pivotal role in the process of
renal fibrosis. Compared with control, the levels of TNF-a and
IL-6 were significantly increased in the UUO. Oral administra-
tion of SKLB023 suppressed the accumulation of TNF-a. and IL-6
in the UUO mice (Fig. 6A). Although serum cytokines were not
significantly correlated with the concentration of gut micro-
biota in phylum level (Fig. 6B), when down to the order level,
Bifidobacteriales, Micrococcales and  unclassified_c_Bacilli
exhibited robust negative correlations (Fig. 6C). As far as genus
level was concerned, Turicibacter (r = —0.533, p < 0.05 of TNF-a.),
Candidatus_Arthromitus (r = 0.455, p < 0.05 of TNF-o) and
unclassified_c_Bacilli (r = —0.727, p < 0.001 of TNF-o. and r =
—0.455, p < 0.05 of IL-6), as was observed in Fig. 6D. These
findings suggested that SKLB023 prevented renal fibrosis by
anti-inflammatory action through regulating gut microbiota in
obstructive nephropathy.

This journal is © The Royal Society of Chemistry 2018
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Discussion

SKLBO023 is a synthetic, potent, and orally available drug
candidate based on thiazolidine-2,4-dione moiety.>* In the
study, we investigated the therapeutic role of SKLB023 by the
regulation of gut microbiota in a mice model of renal interstitial
fibrosis by UUO surgery. The results indicated that SKLB023
significantly attenuated renal fibrosis and drive the alteration of
gut microbiota in obstructive nephropathy.

The underlying mechanisms of renal interstitial fibrosis are
not completely understood and antifibrotic therapies are lack-
ing. The host-microbiota interaction has been the focus of
increasing interest in recent years. It has become clear that
host-microbe interactions are essential to many aspects of
“Bmammalian” physiology. Previously, serum samples of IgAN
patients showed altered levels of some metabolites.***' And
recently, a marked damage of the colonic epithelial barrier
structure and an alteration of the colonic microbiota and
intestinal microbiota were found in humans and animals with
CKD and IgAN.*** Targeting the large intestine and under-
standing the composition of gut microbial communities might
be a promising approach to tackle the high morbidity and
mortality of CKD. Therefore, an intimate connection between
the gut and kidney has been proposed, which is called the gut-
kidney axis.**** However, supportive data in patients or experi-
mental animals were limited.

Microbiological composition was determined by high-
throughput sequencing. As shown in Table 1, the results of
Simpson and Shannon indices indicated that the microbial
diversity in control and SKLB023-treated groups was greater
than that of UUO mice. It is noteworthy that UUO and SKLB023
changed the concentration of gut microbiota toward the oppo-
site sides (Fig. 2F). The gut microbiota community in all
samples was evaluated on the basis of the following criteria:
phylum, class, order, family, and genus. In the UUO group,
Firmicutes was the dominant phyla in the gut, while Bacter-
oidetes occupied a second tier. Although there was no difference
of microbiological composition in phylum level, our study
revealed in the first time that there were significantly different
between the groups in Clostridiaceae_1 and unclassified_c_Ba-
cilli in family level and Turicibacter, Candidatus_Arthromitus,
unclassified_c_Bacilli in genus level.

One bacterial taxon in the study was found to be significantly
decreased following UUO surgery and treatment of SKLB023
could recover the level of Turicibacter. Turicibacter is a bacte-
rium that considered to be beneficial to the host and associated
with inflammatory diseases.**** Studies showed that Turici-
bacter markedly decreased in mice access to HFD and reported
that the prevalence of Turicibacter infection was lower in
patients with inflammatory bowel disease,**™** that was consis-
tent with our findings in UUO. In contrast, the UUO group
increased the abundance of Candidatus Arthromitus which
belonged to Clostridiaceae_1 family in the ileum and SKLB023-
treated group decreased it. Candidatus_Arthromitus is
a commensal bacterium with an important role in the post-
natal development of the gut immune functions by increasing

RSC Adv., 2018, 8, 40232-40242 | 40239
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the number of lymphoid cells in the lamina propria of the ileal
and cecal mucosa.’®* It also plays an key role in modulating
host immune function.®»** It induces IgA secreting B-cells and
steers the development of the T-cell repertoire.**** In the
previous studies, the higher level of Candidatus_Arthromitus was
observed in central nervous system and played immune func-
tions.***” However, these genera have not been reported in the
relationship with renal interstitial fibrosis whether in humans
or animal models. Therefore, further studies are warranted to
confirm the mechanisms that link gut microbiome and meta-
bolic alterations in the development of renal interstitial fibrosis.

The gastrointestinal tract has emerged as a major instigator
of systemic inflammation associated with kidney injury.*® The
single layer of intestinal epithelial cells not only constitute
a physical barrier against the entrance of microorganisms, but
also serve as active component of the host defense to prevent
the systemic translocation of pathogenic microorganisms or
their molecules into the portal circulation by sensing and
responding to them.*** Commensal bacteria are important in
maintaining the intestinal epithelial barrier by enhancing the
tight junction between epithelial cells and suppressing intes-
tinal inflammation, and the intestinal immune system becomes
largely tolerant to resident commensals.*** Exposure to the gut-
derived endotoxin will initiate a systemic inflammatory
response and oxidative stress, which will further induce and
accelerate the kidney injury.®***

On the other hand, inflammation plays crucial roles in renal
interstitial fibrosis. Renal inflammation is induced as a protec-
tive response to injuries to eliminate the cause and promote
repair, but ongoing inflammation promotes progressive renal
fibrosis.®® The discovery of “gut-derived inflammation” strongly
suggested that interventions aimed at establishing gut symbi-
osis and blocking microbiome-related pathogenic biochemical
pathways should be explored to ameliorate kidney inflamma-
tion and uremic syndrome. In the present study, SKLB023
significantly inhibit renal interstitial fibrosis in morphology
and o-SMA expression in tissue section of immunofluorescence
staining. And SKLB023 could block joint inflammation and
cartilage destruction in arthritis by the inhibition of pro-
inflammatory cytokines TNF-a. and IL-6 expression.***
Considered studies revealed that gut microbiota was involved in
progressive disease, and we also speculated the SKLB023
exhibited antifibrotic effects by inhibiting inflammation to
recover the balance of gut microbiota. In agreement with that,
pro-inflammatory cytokines TNF-o. and IL-6 were significantly
increased in serum of UUO mice and decreased after SKLB023
treatment, with positively correlations with the expression of
numbers of Turicibacter and Candidatus_Arthromitus. Besides,
several gut microbiotas were in close with cytokine factors
(Fig. 6D), which consistent with the previous studies, such as
unclassified_Coriobacteriaceae®®  Coriobacteriaceae_UCG-002
(ref. 67) and Lachnospiraceae_UCG-001.°7

Conclusion

Consistent with these findings, our data showed that SKLB023
exerted an anti-inflammatory property in the regulation of gut
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microbiota in renal interstitium and the suppressed expression
of inflammatory cytokines, such as TNF-a and IL-6 after UUO
surgery. These results suggested that the inhibition of inflam-
matory response through gut microbiota may be one mecha-
nism by which SKLB023 relieved renal interstitial fibrosis. To
the best of our knowledge, the present study was the first to
survey the dynamic shifts of colonic mucosal microbiomes in
renal interstitial fibrosis and the therapeutic effects by SKLB023
in UUO. Our data revealed that UUO reduced the diversity and
richness of colonic mucosa associated microbiota, with
significantly-dynamic shifts in the abundance of Clos-
tridiaceae_1 and unclassified_c_Bacilli in family level and Turi-
cibacte, Candidatus_Arthromitus, unclassified_c_Bacilli in genus
level. Oral administration of SKLB023 inhibited renal intersti-
tial fibrosis and reversed the change of gut microbiota. These
results indicated that the process of renal fibrosis and treat-
ment of SKLB023 altered or recovered the microbial fermenta-
tion and the composition and potential function of the mucosa-
associated bacterial communities in the colon. In summary, our
data highlighted the potential relationship between antifibrotic
benefits of SKLB023 and gut microbiota alteration, which
provided new insights into drug therapy via gut microbiota
modulation in obstructive nephropathy.
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