JOURNAL OF FOOD AND DRUG ANALYSIS 28 (2020) 103—114

)z
Nz

FDA

Available online at www.sciencedirect.com

journal homepage: www.jfda-online.com

ScienceDirect

Original Article

Alleviating chronic kidney disease progression §

Check for

through modulating the critical genus of gut
microbiota in a cisplatin-induced Lanyu pig model

Ya-Jane Lee #*, Kuan-Yi Li ®*, Pin-Jhu Wang ®, Hsiao-Wen Huang ®,

Ming-Ju Chen >%"

& Institute of Veterinary Clinical Science, School of Veterinary Medicine, National Taiwan University, Taipei, Taiwan
b Department of Animal Science and Technology, National Taiwan University, Taipei, Taiwan
¢ Center for Biotechnology, National Taiwan University, Taipei, Taiwan

ARTICLE INFO

Article history:

Received 2 July 2019

Received in revised form

22 September 2019

Accepted 1 October 2019
Available online 17 October 2019

Keywords:

Chronic kidney disease
Cisplatin

Gut microbiota

Lanyu pig

Probiotics

ABSTRACT

In the present study, we investigated the effects of Probiotic mix 1 (Pm1) with Lactobacillus
plantarum subsp. plantarum, Lactobacillus paracasei subsp. paracasei, and Streptococcus sali-
varius subsp. thermophilus on preventing renal injury using a chronic kidney disease (CKD)
minipig model previously developed in our lab using cisplatin-induced CKD in Lanyu pigs.
The results indicated that the high dosage Pm1 (H.Pm1) group demonstrated lower inci-
dence of lesions, including atrophy, mononuclear inflammation, cell infiltration, and
interstitial fibrosis in renal tubules in hematoxylin and eosin (H&E) and Masson’s tri-
chrome stain. We further systematically investigated the preventing effect of Pm1. The
H.Pm1 group decreased inflammatory cytokines production and increased the level of
superoxide dismutase activity in plasma. The pigs fed with high dosage of Pm1 group also
showed reduced both creatinine and blood urea nitrogen (BUN) when compared with the
cisplatin group. Microbiota results indicated that Pm1-intervention not only reduced the
abundance of Gram-negative bacteria but also affected the abundance of specific genera
biomarkers, Anaerovibrio, possible_genus_SK018, Holdemanella, and Lachnospiraceae_UCG_010
in gut microbiota, leading to decreased inflammation and apoptosis in the kidney and
further prevention/alleviation of the symptoms of CKD.
Copyright © 2019, Food and Drug Administration, Taiwan. Published by Elsevier Taiwan
LLC. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The gut microbiota could help immunological tolerance to
antigens from various nutrients or organisms, control
nutrient uptake and metabolism, and prevent invasion of
pathogenic organisms, which is important for regulating the
normal function of the intestinal barrier [1-3]. Current find-
ings suggest that the bacterial distribution and metabolites of
the intestinal microbiota might positively affect disease
pathogenesis [4], such as obesity [5], inflammatory digestive
disease [6], and cancer [7]. The bacteria composition also plays
an important role in the progression and complications of
chronic kidney disease (CKD). CKD, characterized by a gradual
loss of kidney function, is a global health issue that has a
serious impact on affected individuals [8]. The intestinal
microbiota may be the key factor that maintains the gastro-
intestinal tract in a chronic inflammatory state, as evidenced
in patients with CKD, which contributes to the syndrome of
uremia [9].

The modification of intestinal bacterial composition and
metabolism might provide the solution for CKD deterioration
[10]; thus, the interest in developing new research initiatives
on probiotics in CKD have increased over the last decade, with
the goal of fully exploring their therapeutic potentials [11,12].
The efficacy of probiotics to decrease uremic toxin production
and to improve renal function has been investigated in both
in vitro and in vivo models [13,14]. Most therapies targeting the
colonic microenvironment in CKD aim to block lipopolysac-
charide (LPS) or attenuate inflammation or target adsorption
of uremic toxin end products of microbial fermentation
[14,15].

The animal trial could assist to evaluate human diseases
and to design adequate therapeutic interventions [16]. In CKD
research, 5/6 nephrectomy in rodents has been a widely used
model due to robust functional readouts and reliable induc-
tion. However, the surgery is complicated, time-consuming,
and highly strain-specific in mice [17]. Although rodents are
often used because of easy handling, there are numerous
discrepancies between rodent and human models [18]. Mini-
pigs are an appropriate biomedical model for humans due to
many genetic and physiological similarities to humans, as
well as the anatomical similarities in the kidneys and their
microbiological characteristics, such as the composition of gut
microbiota [19,20]. However, only a limited number of porcine
CKD models have been developed [21,22].

Preselection of suitable probiotic strains based on their
expression of functional biomarkers is crucial since the physi-
ological functions of probiotics are highly strain specific [3]. In
our previous study, three strains, Lactobacillus plantarum subsp.
plantarum BCRC 12251, Lactobacillus paracasei subsp. paracasei
BCRC 12188, and Streptococcus salivarius subsp. thermophilus
BCRC 13869, were selected due to their abilities to reduce
indoxyl sulfate (IS) in vitro [13]. IS, one of the gut-derived pro-
tein-bound uremic toxins, shows the positive correlation with
the severity of renal dysfunction in CKD patients [23]. Combi-
nation of the strains (Pm1) demonstrated better IS removal than
individual strains. In vivo, oral administration of Pm1 signifi-
cantly suppressed the accumulation of IS in the serum, kidneys,

and liver in a cisplatin-induced acute kidney injury model [13].
The Lanyu pig is an indigenous breed from Lanyu Islet, located
southeast of Taiwan. The genotypic and phenotypic charac-
teristics have been intensively studied and determined to be
distinct from other pig breeds in Asia and Europe [24]. Taiwa-
nese Lanyu pigs were found to be ideal for skin wound healing
studies because of their small body size and stable wound
healing features [25]. Since swine shares similar anatomic and
physiologic characteristics with humans, in the present study,
we investigated the effects of Pm1 on preventing CKD pro-
gression in the minipig using a cisplatin-induced CKD model
previously developed in our lab [13]. The possible mechanisms
related to anti-inflammation, anti-oxidation, and regulating gut
microbiota were also investigated.

2. Methods
2.1. Bacterial strains

Pm1 consisted of Lb. plantarum subsp. plantarum BCRC 12251,
Lb. paracasei subsp. paracasei BCRC 12188, and S. salivarius
subsp. thermophilus BCRC 13869. The culture condition and
preparation procedure of Pm1 followed the method as previ-
ously described [13]. Each strain was mass-produced using a
5-ton incubator and freeze-dried with skim milk powder as a
cryoprotectant by Grape King Bio, Ltd. (Taoyuan, Taiwan) for
the following animal study.

2.2. Cisplatin-induced CKD Lanyu pig model

Twelve 8-month-old Lanyu pigs from Taitung Animal Propa-
gation Station (Taitung, Taiwan) were housed individually in
pens under a natural light/dark cycle and environmental
temperature, and with free access to food and water. Pigs with
similar body weights were randomly divided into four groups
of three animals each (control, CP, L.Pm1, and H.Pm1). Pigs in
the L.Pm1 and H.Pm1 groups were administered Pm1 daily for
90 days before cisplatin injection and throughout the whole
experiment period with 10° and 10'° CFU/kg feed, respectively;
the other two groups were administered with skim milk
powder instead. For induced CKD symptoms, cisplatin injec-
tion procedures were conducted following the methods as
previously described with modifications [26]. Body surface
area (BSA, m?) of miniature pigs were calculated based on the
body weight using the formula as previously described [27].
Pigs were injected intravenously via auricular vein with a low
dosage of cisplatin (10 mg/m? BSA) seven consecutive times
every two days beginning on the 91st day (day 0) and followed
by a high dosage (30 mg/m? BSA) for two consecutive in-
jections every two days. During this period, blood samples
were collected at day 0, 4, 10, 14, and 16. After 9 cisplatin in-
jections, blood samples were also collected at day 19, 25, 32,
and 39. At the end of animal experiment, all pigs were sacri-
ficed for collection of blood, feces, kidney, and cecum content
samples. All animal experimental protocols were reviewed
and approved by the Institutional Animal Care and Use
Committee of National Taiwan University (Approval No: NTU-
103-EL-32).
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2.3.  Analysis of blood urea nitrogen, creatinine, and IS
in plasma

Blood urea nitrogen (BUN) and creatinine in plasma were
assessed using a Vitros 350 analyzer (Ortho Clinical Di-
agnostics, Raritan, NJ, USA). The concentration of IS was
measured by a high-performance liquid chromatography
(HPLC) system (Jasco International Co. Ltd., Tokyo, Japan),
equipped with quaternary gradient pump (PU-2089), coupled
to a fluorescence detector (FP-2020) using Reprosil 100 C18
column (250 x 4.6 mm; 5 um particle size; Dr. Maisch GmbH,
Ammerbuch-Entringen, Germany). IS (Cayman Chemical Co.,
Ann Arbor, MI, USA) was dissolved in methanol as a standard
solution. The mobile phase, which consistently mixed with
sodium acetate buffer (pH 4.5) and acetonitrile (10:90, v/v), was
delivered at flow rate of 1.3 mL/min. The excitation and
emission wavelengths were set at 280 and 375 nm,
respectively.

2.4.  Evaluation of fecal bacterial flora

Fresh feces were collected on day 39, and the analysis was
performed immediately after sampling. Fecal bacterial
numbers of lactobacilli, bifidobacteria, Escherichia coli, and
Clostridium perfringens were evaluated by Lactobacilli MRS agar
(Neogen Corp., Lansing, MI, USA), Bifidobacteria iodoacetate
medium-25 agar (Taiwan Prepared Media, Taipei, Taiwan),
tryptose sulphite cycloserine agar (Neogen Corp.), and
CHROMagar ECC (CHROMagar, Paris, France), respectively.
The culture condition followed the method as previously
described [28].

2.5.  Histological examination

Kidney sections were stained with hematoxylin and eosin
(H&E) and Masson’s trichrome to evaluate kidney damage and
fibrosis. Histopathological features were determined based on
quantitatively different scores as follows: 0, absent; 1, mild
(<10%); 2, mild to moderate (10—25%); 3, moderate (25—50%); 4,
moderate to severe (50—75%); and 5, severe (>75%). The kidney
lesions, including inflammation (grade 0-5) and fibrosis
(grade 0-5) in the renal interstitium; atrophy (grade 0-5),
degeneration (grade 0—5), necrosis (grade 0—5), regeneration
(grade 0-5), and hyaline cast (grade 0-5) in the renal tubule;
and dilation of Bowman’s capsule (grade 0-5) in the renal
corpuscle, were analyzed and scored by the pathologists. The
kidney injury score of each individual was then calculated
from the sum of each corresponding grade in the different
parameters [29]. The full section of the kidneys at low power
field to ensure the lesions which were consisted of the diffuse
type. Subsequently, three randomly chosen, non-overlapping
fields were then selected for evaluating the score of kidney
lesions and summing up the score of each parameter as the
kidney injury score. All morphological analyses were exam-
ined blindly by experienced pathologists. For Masson’s tri-
chrome staining, the area of the fibrotic lesion of the cortical
interstitium was assessed using Image]J v1.52a software (Na-
tional Institutes of Health, Bethesda, MD, USA). Cellular
apoptosis was evaluated by performing immunohistochem-
istry using the standard avidin-biotin immunoperoxidase

method. The kidney sections were immunostained with
cleaved caspase-3 antibodies. The immunohistochemistry
staining was performed following the manufacturer’s proto-
col (Ultravision Detection System, Thermo Fisher Scientific,
Waltham, MA, USA). The cleaved caspase-3 positive area (%)
was quantified by Image] v1.52a software.

2.6.  Analyses of plasma cytokines

Tumor necrosis factor (TNF)-a and interleukin (IL)-6 levels in
plasma were measured using commercial enzyme-linked
immunosorbent assay (ELISA) kits (porcine cytokine kit, R&D
system, Minneapolis, MN, USA) according to the manufac-
turer’s instructions.

2.7.  Analyses of antioxidative-related enzyme activity in
plasma and kidney tissues

The levels of catalase (CAT), superoxide dismutase (SOD), and
glutathione peroxidase (GPx) in plasma and kidneys were
determined using a commercial kit (Cayman Chemical Co.,
Ann Arbor, MI, USA) according to the manufacturer’s
instructions.

2.8.  Microbiota analysis

Total genomic DNA was extracted from approximately 200 mg
of cecum content samples with the QIAamp DNA Stool Mini
Kit (Qiagen, Hilden, Germany) according to the manufac-
turer’s instructions. The V3—V4 regions of 16S rRNA genes
were amplified by universe primers 341F (5'-
CCTACGGGNGGCWGCAG-3') and 805R (5'-GACTACHVGGG-
TATCTAATCC-3) with the barcodes. Barcoded amplicons
were analyzed and sequenced using the Illumina MiSeq
paired-end sequencing platform. Effective tags were obtained
followed the procedures as previously described [5]. Se-
quences with >97% similarity were assigned to the same
operational taxonomic units (OTUs) by Uparse v7.0.1001
software [30]. Taxonomic annotation of the representative
sequence for each OTU was performed using the Ribosomal
Database Project (RDP) classifier v2.2 against the Silva v128
database [31,32]. OTU abundance information was normalized
using a standard sequence number corresponding to the
sample with the least sequences. Subsequent analyses were
performed by this normalized data. The alpha diversity (chao
1 richness estimator and Shannon’s diversity index) and
partial least squares discriminant analysis (PLS-DA) were
analyzed with QIIME v1.7.0 and R v2.15.3 software. The linear
discriminant analysis (LDA) effect size (LEfSe) algorithm was
executed for biomarker discovery to identify differential
enrichment of abundant taxa between groups [33]. Microbial
biomarkers with log-transformed LDA scores greater than 2
were retained for subsequent plotting.

2.9. Statistical analysis

All values are given as mean + standard error of the mean
(SEM). Nonparametric Mann-Whitney U test was executed for
all the phenotypic and next generation sequencing (NGS) data
to identify significant difference compared with control and
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CP group, respectively. Bacterial networks were constructed
by Spearman’s correlation analysis to clarify the correlation
between biomarkers at the genus level, as well as between
biomarkers and blood biochemical values. All statistical ana-
lyses were performed by Statistical Analysis System v9.4 (SAS
Institute Inc., Cary, NC, USA) and R software.

3. Results

3.1. Pretreatment of Pm1 prevents the symptom of the
cisplatin-induced renal injury in minipig models

First, we investigated the effects of Pm1 on food intake and
kidney/body weight ratio of the cisplatin-induced renal injury
minipigs. Results indicated that the cisplatin treatment (CP
group) could significantly reduce kidney/body weight ratio in
the minipigs (Fig. 1A). The pretreatment of 10'° CFU/kg feed
Pm1 (H.Pm1 group) could prevent the decrease in the daily

food intake and kidney/body weight ratio of the minipigs
significantly after the cisplatin treatment (Fig. 1A).

We then determined the BUN, creatinine, and IS levels in
plasma. The cisplatin treatment (CP group) significantly
increased both plasma BUN and creatinine and reached
27.0 mg/dL (8.0 mg/dL for the normal control) and 4.4 mg/dL
(1.3 mg/dL for the normal control) at day 19, respectively.
Pretreatment of high-dose Pm1 could decrease levels of the
plasma BUN and creatinine through all the experimental
period as compared with the CP group (Fig. 1B). IS levels in
plasma were elevated in the CP group as compared to the
control counterparts. This increase in plasma IS level showed
the trend to be suppressed when the minipigs had received
Pm1 (Fig. 1C).

Consequently, we observed H&E stained kidney sections of
the minipigs (Fig. 2A). Since no obvious gross lesion was
observed in each pig, both kidneys were trimmed at the cen-
tral part for the histopathologic evaluation with the sections
of capsule, cortex, medulla, and papilla. The renal sections of
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Fig. 1 — Administration of Pm1 effect on daily food intake, uremic toxins, and kidney in a cisplatin-induced renal injury
Lanyu pig model. The effect of Pm1 on the (A) daily food intake and kidney/body weight ratio and; (B) plasma blood urea
nitrogen (BUN) and creatinine in minipigs are revealed. (C) The plasma BUN, creatinine, and indoxyl sulfate on the 39th
treatment day are shown. The data are presented as mean + SEM. Symbols indicate significant difference compared with

the control (*P < 0.1) and CP groups (*P < 0.1), respectively.
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respectively.

the control minipigs showed normal parenchyma. The renal
corpuscles appear to be morphologically normal with a double
walled Bowman’s capsule surrounding the glomerulus. Prox-
imal and distal convoluted tubules can also be seen (Fig. 2A).
After cisplatin treatment, the kidneys reveal degenerative
changes, including tubular cell atrophy and cystic dilatation.
Interstitial expansion of kidneys was also prominent in the
cisplatin-treated minipigs (Fig. 2A). In Pm1-treated animals,
interstitial expansion was less than that in the CP group and
the tubular back-to-back structure was relatively well pre-
served (Fig. 2A). The tubular injuries evoked by cisplatin were
reduced by pretreatment of Pm1. The kidney injury score
indicated that administration of 10° and 10'® CFU Pm1 pre-
vented the cisplatin-induced kidney injury (Fig. 2B).

The fibrosis area of kidney tissue was also evaluated using
Masson’s trichrome staining on the 23rd day after cisplatin
induction. The connective tissues with blue staining were
deposited significantly on renal tubulointerstitium in the CP

group indicating severe tubulointerstitial fibrosis (Fig. 2A).
Pretreated Pm1 reduced the tubulointerstitial fibrosis in the
kidneys on the 23rd day after cisplatin induction. The average
reduced area of kidney tubulointerstitial fibrosis for the high-
dose groups was 26% of that in the CP counterparts (Fig. 2B).

3.2 Pm1 prevents the symptom of cisplatin-induced
renal injury through modulating caspase-3, inflammatory
cytokines, and anti-oxidative enzymes

Additionally, caspase activation, a key step in the genesis of
renal cell apoptosis, was also determined [34]. Results of
localized caspase-3 immunohistochemistry indicated that the
CP group exhibited significant accumulation of caspase-3 in
the glomeruli, tubules, and interstitium in the kidney of renal
injury Lanyu pigs. The caspase-3 level in renal cells evoked by
cisplatin was reduced by pretreatment of Pm1l (Fig. 2A).
Additional quantification of the cleaved caspase-3 positive
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area by Image] software, the Pm1 groups also demonstrated
significantly smaller positive areas than the cisplatin coun-
terpart (Fig. 2B), indicating the preventing capability of Pm1 for
the apoptosis of renal cells induced by cisplatin.

We next investigated the possible mechanisms by which
Pm1 prevented the symptom of cisplatin-induced renal injury.
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two proinflammatory cytokines without statistical signifi-
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We also measured the activities of major enzymes
participating in free radical metabolism (CAT, SOD, and GPx)
in plasma and kidney tissues. Results indicated that the CP
group has a significantly lower SOD in the kidney as compared
to other groups. Pretreatment with Pm1 increased the levels of
SOD in the kidney and plasma when compared to CP group,
while no difference was observed in CAT and GPx activity
among the experimental groups (Fig. 3B).

3.3.  Pm1 intervention changed significantly enriched
taxa in the cecum of the cisplatin-induced renal injury in a
minipig model

We then studied whether modulating effects of Pm1 on renal
cell apoptosis, anti-oxidation, and inflammation were asso-
ciated with changes in the gut microbiota. In fecal microbiota,
the Pm1 administration group had a greater proportion of
Lactobacterium and Bifidobacterium while significantly less
Clostridium when compared with the cisplatin group (Table 1).
In total, NGS results showed that a total of 1,956,259 effective
tags were obtained from 3,458,032 raw paired-end reads. First,
Pm1 administration showed a significant increase in Chao 1
richness estimator and the trend to increase Shannon’s di-
versity index than other tested groups (Fig. 4A). A Venn dia-
gram, reflecting the distribution of OTUs of gut microbiota in
all tested groups, indicated that 975 (72.5%) of total 1344 OTUs
were overlapped among four tested groups. Up to 12, 40, 8, and
9 OTUs only existed in the gut of the control, CP, L.Pm1, and
H.Pm1 groups, respectively (Fig. 4B).

To clarify the role of Pm1l in alteration of intestinal
microbiota, we also analyzed the abundance of specific bac-
terial taxa in the cecum. The abundance of Gram-negative
bacteria (except Ruminococcaceae_UCG_005) was highest in
the CP group (40.27%) than in the control group (32.44%), L.Pm1
group (24.43%), and H.Pm1 group (25.95%) in the top 10 pre-
dominant genera (Fig. 4C). The top 10 of specific genera
showed that CP intervention could significantly reduce the
abundance of Prevotella_9 and Prevotellaceae_NK3831_group
and increase Bacteroides and Fusobacterium as compared with
the control group, whereas Pm1 treatment could restore the
microbiota toward the control group (Fig. 4C). Although
heatmap results also showed a similar trend that Pm1 inter-
vention could skew the microbiota toward the normal control,
a diverse genera abundance was observed among the tested
groups (Fig. 4D). Thus, we further evaluated the gut microbiota
composition among all groups using the PLS-DA method. PLS-
DA plot showed that PLS1 and PLS2 explained 15.00% and

9.25% of variation of gut microbiota composition, respectively.
A significant separation in PLS1 and PLS2 among each group
was observed (Fig. 4E). These findings indicated that the
composition of gut microbiota, which has been assumed to be
in a dysbiotic state due to cisplatin treatment, could be
modulated through Pm1 administration to an intermediate
configuration.

3.4.  Pm1 affected BUN and creatinine through
manipulating the network of co-occurring genus biomarkers

To further identify the specific bacterial taxa that were statis-
tically differential as the biomarker between the H.Pm1 and CP
groups, the LEfSe algorithm was used for biomarker discovery.
A total of 35 influential taxonomic clades were recognized, and
18 genus biomarkers were obtained (Fig. 5A and B). With
cisplatin treatment, the most impacted taxa in the CP group
were the genera Bacteroides, Lachnospiraceae_UCG_010, Alistipes,
and Ruminococcaceae_UCG004. Administrating Pm1 specifically
influenced 22 taxonomic clades including the genera Pre-
votella_9,  Anaerovibrio,  possible_genus_Sk018,  Lachnospir-
aceae_UCG_003, [Eubacterium]_ruminantium_group, Oscillospira,
[Eubacterium]_fissicatena_group, Ruminococcaceae_UCG_009, Cop-
rococcus_2,  Lachnospiraceae_NK4A136_group, Anaeroplasma,
Lachnospira, Holdemanella, and Cuneatibacter in the pigs.

After identifying the specific bacterial taxa as the biomarker
between the H.Pm1 and CP groups, we aimed to determine
whether there were any specific bacterial interactions among
these biomarkers. Thus, we constructed a module of the
microbiome network among 18 genera correlated with levels of
BUN and creatinine. The BUN level was positively correlated
with the biomarker Lachnospiraceae_UCG_010 and negatively
correlated with Anaerovibrio, possible_genus_Sk018, and Holde-
manella (P < 0.05) (Fig. 6A). Among the bacterial network, Lach-
nospiraceae_UCG_010 was also negatively correlated with
Anaerovibrio, possible_genus_Sk018, and Holdemanella (P < 0.05)
(Fig. 6A). Similar results were found in the creatinine. Creati-
nine levels were negatively correlated with Holdemanella
(P < 0.05), indicating that physiologically important microbes
may be influential at narrower taxonomic levels. The relative
abundances of these four genera were consistent with the
above findings (Fig. 6B). The H.Pm1 group showed significantly
higher relative abundances of Anaerovibrio and possible_ge-
nus_Sk018, and significantly lower relative abundances of
Lachnospiraceae_UCG_010 than the CP group. Administration of
Pm1 also showed the tendency to increase the relative abun-
dances of genus Holdemanella.

Table 1 — Effect of Pm1 treatment on fecal microbiota in a cisplatin-induced renal injury minipig model.

Lactobacilli Bifidobacteria

Escherichia coli Clostridium perfringens

4.30 + 0.60 x 10°
5.08 + 1.12 x 10°
8.47 + 1.70 x 10°**
9.70 + 1.21 x 10>

1.25 + 0.24 x 108
4.65 + 3.30 x 107
2.50 + 1.00 x 107*
7.40 + 3.80 x 107

2.33 +2.06 x 108
5.40 + 1.63 x 107
3.15 + 1.40 x 108
1.86 + 1.40 x 108

Control 9.95 + 4.38 x 108
CP 479 +2.94 x 108
L.Pm1 7.79 + 5.33 x 108
H.Pm1 7.92 +3.26 x 108

Control: pigs fed with normal diet; CP: cisplatin-induced pigs fed with normal diet; L.Pm1: cisplatin-induced pigs fed with 10° CFU/kg feed Pm1;
H.Pm1: cisplatin-induced pigs fed with 10'° CFU/kg feed Pm1. The data are presented as mean + SEM (CFU/g). Symbols indicate significant
difference compared with the control group (*P < 0.1) and CP group (*P < 0.1), respectively.
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Fig. 4 — Gut microbiota dysbiosis in the renal injury minipigs is restored by Pm1 intervention. (A) The chao 1 richness
estimator and Shannon’s diversity index are shown with symbols indicating significant difference compared with the
control group (*P < 0.1). (B) Venn diagram shows the distribution of OTUs of gut microbiota in four groups. Gut microbiota
composition are presented as (C) bar chart and (D) heatmap based on the relative abundance at genus level. (E) Partial least
squares discriminant analysis (PLS-DA) plot based on the relative abundance of bacterial taxa indicates administration of

Pm1 manipulates microbiota composition among groups.
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4, Discussion

In the present study, we evaluated the effect of Pm1 on pre-
venting renal dysfunction and renal proximal tubular cell
(RPTC) apoptosis using a cisplatin-inducing renal injury pig
model. We then systematically verified the possible mecha-
nism contributing to the preventing effects in CKD, further
underscoring the importance of the tripartite relationship
among the host, microbiota, and metabolites.

First, we observed that the Lanyu pigs treated with
cisplatin showed a decrease in daily food intake and kidney/
body weight ratio. Both features were attenuated but not
completely prevented by pretreatment with 10'° CFU/kg feed
Pml1. Cisplatin, a platinum compound, has been widely used
as an effective chemotherapeutic agent for many carcinomas,
sarcomas, and lymphomas due to its high activity to bind with
DNA and form cross-linking contributing to inhibit DNA syn-
thesis and replication [35]. However, the major limitation and
concerns in the use of cisplatin are the side effects including
nausea, vomiting, and nephrotoxicity, which could also lose
appetite and reduce the food intake. The side effects evolve
slowly and predictably after initial and repeated exposure of
cisplatin [36]. The renal dysfunction features, including high
levels of BUN and creatinine in plasma, interstitial fibrosis and
tubular injuries in cisplatin-induced renal injury was reduced
by Pm1 pretreatment, which was accompanied by suppres-
sion of caspase-3 and proinflammatory cytokines production.
Caspase-3 is one of the most important members of the cas-
pase enzyme family, having a crucial role in both intrinsic and
extrinsic apoptosis pathways [37,38]. Several studies demon-
strated that caspase-3 was activated in renal cell lines with
cisplatin. Upregulated apoptosis in kidneys is likely to be
caspase-3-dependent. Caspase-3 also correlated with inflam-
mation and fibrosis in kidneys [37].

Consistent with suppression of caspase-3, the production
of proinflammatory cytokines (TNF-q, IL-6) also decreased in
the cisplatin-treated pigs given Pml. Earlier reports have
shown that critical proinflammatory mediators, such as TNF-
o contribute to tissue damage [39]. This evidence suggests that
Pm-1 has a potent reduction of caspase-3 and proin-
flammatory cytokines, which may lead to inhibition of
inflammation and apoptosis in the cisplatin-treated pigs.
Several studies suggested that the presence of specific pro-
biotic strains could move cytokine production from a proin-
flammatory to an anti-inflammatory profile [39]. Blockade/
inhibition of caspase-3 in progress of renal injury by Pm1l
pretreatment might provide a novel approach to the preven-
tion/alleviation of renal injury by controlling in appropriate
apoptosis of renal cells.

In accordance with the anti-inflammatory and anti-
oxidative effects of Pm1, we observed that the abundance of
renal toxin and inflammation-associated bacteria in intestinal
microbiota were regulated by the Pm1 intervention. The study
revealed higher microbiota richness and diversity as pre-
sented by alpha diversity indexes in the Pm1 groups compared
with the CP group. The result was parallel with the previous
study, which indicated that CKD rats had lower genus rich-
ness and relative abundance using a 5/6 nephrectomy CKD rat
model [40].

Additionally, shifts in the microbial community structure
may also play a crucial role by Pm1 in CKD prevention. We
noticed that the top 10 predominant genera, occupying 40.27%
relative abundance in the CP group, were almost all Gram-
negative bacteria. Changes in the composition of the intesti-
nal microbiota toward Gram-negative, pathogenic bacteria
could generate the intestinal immune system in the direction
of a proinflammatory response and increase the production of
LPS, a major component of the Gram-negative bacterial outer
membrane [41]. Dysbiosis of microbiota also led to an increase
in intestinal permeability and disruption of its barrier function
which may subsequently result in translocation of LPS and
bacteria into the internal environment and the alteration of
toxic metabolites that contribute to loss of kidney function
due to uremic toxicity and inflammation [40,41]. Loss of kid-
ney function could inversely cause the production of urea in
the gastrointestinal tract. Urea could be hydrolyzed by certain
microorganisms into ammonia and influence the growth of
commensal microorganisms [42].

Some Gram-negative bacteria have been found to be
associated with human diseases, such as Fusobacterium, which
was higher in the CP group than other tested groups. Fuso-
bacterium within the family Bacteroidaceae, found mainly in
the mouth, upper respiratory tract, gastrointestinal tract, and
female genital tract, cause several human diseases, including
periodontal diseases, Lemierre’s syndrome, and topical skin
ulcers [43]. Recent studies have indicated that Fusobacterium
may be correlated to colon cancer and ulcerative colitis [44].
Fusobacterium was also reported in hemodialysis patient [45].
The Pm1 groups in our study harbored more diverse and
shared more similar microbial communities to the normal
control group than did the CP group. Many commensal or
beneficial microbes, such as Prevotella and Ruminococcaceae,
depleted in the CP group, were restored in the Pm1 group. The
Prevotellaceae family was found to have a decreased abun-
dance in uremic animals and the CKD patients [40,46]. Firmi-
cutes genus Ruminococcus was associated with improved
kidney function as measured by creatinine clearance [47].
These beneficial bacteria also produce short-chain fatty acids
(SCFAs), especially butyrate acid, which has multiple critical
roles in the maintenance of human health, including pro-
ducing intestinal epithelial nutrition and energy components,
reducing the severity level of inflammation, and enhancing
intestinal barrier functions [48,49]. The findings showed that
pretreatment with Pm1 could maintain/shift the overall
structure of cisplatin-disrupted gut microbiota toward that of
normal control pigs.

Another important issue is to identify the key microor-
ganisms associated with Pm1 intervention leading to the
prevention of CKD. After analysis by LEfSe and Spearman’s
correlations, the genera, Anaerovibrio, possible_genus_Sk018,
and Holdemanella, that correlated with improved kidney
function also had negative correlations with plasma BUN and
creatinine. Anaerovibrio has been reported to regulate the ab-
sorption of phosphate in the intestine in hemodialysis pa-
tients by phosphorus metabolism [50]. Dietary interventions
with milk could also affect the abundance of Anaerovibrio [51].
Another genus, Holdemanella, has been reported to be associ-
ated with the progression of CKD and hemodialysis due to the
reduction of its abundance in the CKD patients compared with
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the health control group [46]. The recent report also observed
that Holdemanella was attributed to the normal patients
instead of hemodialysis patients after LEfSe analysis [52].
Conversely, the genus, Lachnospiraceae_UCG_010, had positive
correlations with plasma BUN. An increase in Lachnospiraceae
was observed in immunoglobulin A nephropathy patients,
especially in progressive cases [S53]. Members of Lachnospir-
aceae families have also been reported to be inversely associ-
ated with inflammatory bowel disease in humans by
producing butyric acid and to influence the development of
obesity and diabetes in germ-free mice [54,55].

In summary, we demonstrated an impressive impact of
pretreatment with Pm1 on preventing CKD in a cisplatin-
induced kidney injury Lanyu pig model. We further system-
atically investigated that the preventing effect of Pm1 was
associated with reduction of inflammation, apoptosis, and
oxidation through regulating the plasma metabolites, IS,
creatinine and BUN, via manipulating microbiota. Adminis-
tration of Pm1 could shift the microbiota to a more even dis-
tribution, resulting in a healthy intestinal environment. Pm1-
intervention also reduced Gram-negative bacteria, leading to
decreased inflammation and apoptosis in the kidney. Addi-
tionally, Pm1 demonstrated an influence in the abundances of
specific genera, Anaerovibrio, possible_genus_SK018, Holdema-
nella, and Lachnospiraceae_UCG_010 in gut microbiota, which
further diversely modulated the specific plasma metabolites,
IS, creatinine, and BUN. The reduction of these metabolites
could contribute to the prevention/alleviation of the symp-
toms of CKD. This study highlights the importance of specific
probiotic intervention preventing CKD through modulating
the tripartite relationship among the host, microbiota, and
metabolites. To the best of our knowledge, this is the first trial
to use a cisplatin-inducing renal injury pig model to evaluate
the effect of Pm1 on preventing renal dysfunction and RPTC
apoptosis.
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