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Diethylhexylphthalate (DEHP), acting as an endocrine digotor, disturbed reproductive
health. Here, we evaluated the effects of.actobacillus plantarumTW1-1 (L. plantarum

TW1-1) on DEHP-induced testicular damage in adult male miceResults showed
that oral supplementation ofL. plantarum TW1-1 signi cantly increased the serum
testosterone concentration, enhanced the semen quality, ad attenuated gonad

development defects in DEHP-exposed mice.L. plantarum TW1-1 also alleviated
DEHP-induced oxidative stress and in ammatory responses ¥ decreasing the mRNA
expression and serum protein concentration of different iammatory factors [tumor

necrosis factorqa, interleukin (IL)-b and IL-6]. Furthermore, L. plantarum TW1-1

signi cantly reduced DEHP-induced intestinal hyper-perraability and the increase in
the serum lipopolysaccharide level. Gut microbiota diveity analysis revealed that
L. plantarum TW1-1 shifted the DEHP-disrupted gut microbiota to that of tle control

mice. At phylum level, L. plantarum TW1-1 reversed DEHP-inducedBacteroidetes

increase and Firmicutes decrease, and restored Deferribacteres in DEHP-exposed
mice. Spearman’s correlation analysis showed thaBacteroidetes, Deferribacteres and

Firmicuteswere associated with DEHP-induced testicular damage. In adition, the ratio
of Firmicutesto Bacteroidetes (Firm/Bac ratio) signi cantly decreased from 0.28 (contrio
group) to 0.13 (DEHP-exposed group), which was restored by.. plantarum TW1-1

treatment. Correlation analysis showed that the Firm/Bacatio was negatively correlated
with testicular damage and in ammation. These ndings sug@st that L. plantarum

TW1-1 prevents DEHP-induced testicular damage via modulatg gut microbiota and

decreasing in ammation.
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Tian et al. Probiotics Alleviates DEHP-Induced Toxicity

INTRODUCTION microbiota regulates many physiological functions and plays a
very important role in maintaining host health. Previous dyu
Diethylhexylphthalate (DEHP) is the most commonly usedshowed testosterone level decreased in germ free micei(ra
phthalate for the production of exible polyvinylchloride. Isi et al., 1978 Furthermore, a recent research showed that the
present in consumer products, such as food packaging bagsut microbiota participated in modulating BTB permeability
medical devices, or food additives, which are widely used iAnd regulating testicular endocrine functionsl{Asmakh et al.,
dally life. However, Phthalates can ea.S”y leach out anérent2014_ Therefore’ the gut microbiota may be associated with
environmental cycles. Studies indicate that phthalate astdrs gonad development and reproductive health. Until recently,
in soil could enter plants and reach the human body or othefhere is no report illustrating the e ect of DEHP exposure on
organisms via food chains, and are potentially carcinogenit  gut microbiota. Hence, this study aims to determine whether
mutagenic (Vang et al., 2019aAccording to a study, 0.20— DEHP in uences the composition of gut microbiome in mice

7.11 mg/Kg concentration of DEHP was detected in the soiind evaluate the association of gut microbiota with DEHP-
samples of 23 cities in China. Most of the food and drinkinginduced disruption.

water were also detected to be contaminated by DEHR(g Probiotics maintain gut microbiota balance, regulate immeu
etal,, 2019z Therefore, DEHP has become a signi cant sourcgesponse, and reduce colonization of pathogenic organisms
of environmental pollution. through competitive inhibition of epithelial and mucosal

Toxicological studies have conrmed that DEHP can actadhesion $hanahan, 20)0Lactobacilluss a well-documented
as an endocrine disruptor and reproductive toxicant. DEHPprobiotic that has been used for the regulation of immune
adversely a ects the development of male reproductive tramt, a system and treatment of gastrointestinal diseases. The @iobi
reduces semen quality<gy et al., 2014 Exposure to DEHP  strain, Lactobacillus plantarunCCFM8610 protects the mice
has been shown to induce testicular damage by reducing thgyainst cadmium toxicity, whereak, plantarum CCFM8661
thickness of seminiferous epithelium and the number of celpjleviates lead-induced toxicity in mic&€Kai et al., 201% It
layers Zhang et al., 20)4DEHP has been proved to be a concernhas been reported that supplementationLafctobacillus reuteri
for human reproductive health, which leads to the decreasgcreases the level of testosterone in aging mieeu(ahidis
of sperm count and motility, and sperm DNA damage in aet al., 201)andLactobacillus rhamnoseshances sh backbone
human body Klinefelter etal., 20)2In addition, DEHP-induced  calci cation and reproduction Avella et al., 2012; Carnevali
testicular damage is associated with the increase of weactiet al., 2018 Hence, gut microbial remediation by probiotics is
oxygen species (ROS) and lipoperoxidation, and the decreaggcoming a new perspective for maintaining the health immune
of antioxidants Zhang et al., 2014; Abdel-Kawi et al., 2)J&  system, physiology, reproduction, and nutrient metabolism.
previous study has also provided an evidence that DEHP irdibitHere, we want to investigate whether probiotic could be used
testosterone hormone production and causes oxidatives{r&s  as a remediation strategy to diminish environmental polhita
et al., 201p Therefore, oxidative stress has been recognizegkposure induced physiological impairment in mice.
as a critical mechanism underlying DEHP-induced testicula |, plantarum TW1-1 (L. plantarum TW1-1), isolated from
injury. Although many natural antioxidants, such as lycopen a fermented milk product, has been recently reported to have
quercetin, and curcuminZhang et al., 2014; Abdel-Kawi et al., anti-in ammatory and anti-oxidative stress activitiesW(
2016; Bahrami et aI., 201)3Hnave been used to prevent DEHP- et a|.’ 20]_Y Here, we evaluated the pro[ective e ects laof
induced teStiCUlartOXiCitythOUghinhibiting oxidativéress. The p|antarum TW1-1 on DEHP-induced testicular damage in
exact mechanisms of DEHP-induced reproductive tOXiCity arenice through examining in ammatory markerg’ oxidative
still unclear. stress response, intestinal function and gut microbiota,

The emerging researches revealed the relationship betwegAd disclosed the relationship between reproductive health
microbial communities and environmental faCtOfS, inCl[]gi and gut microbiota. Our results would provide a novel
diet and environmental pollutantsJ(n et al., 201)7 Diethyl  therapeutic approach for environmental pollutants-induced
phthalate (DEP), a DEHP-like compound, at a very low dosgeproductive toxicity.

(0.1735 mg/kg/day), was reported to alter the overall gutdyzad

composition in rats (u et al., 201} According to literatures,

environmental pollutants could change the composition of\fATERIALS AND METHODS

gut microbiota, and result in a series of disorders, inchgdi

energy metabolism, immune system, neurodevelopment, andreparation of L. plantarum

reproductive development defects or other toxic symptoris ( TW1-1 Suspension

et al., 2015; Zhang et al., 20)5lt is well known that the gut | plantarumTW1-1 (KJ026561), isolated from a fermented milk
product, was generously provided by Dr. Jian Kong (Shandong

Abbreviations: L. plantarum TW1-1, Lactobacillus plantarunTw1-1; DEHP,  University, Jinan, China) and cultured in Man, Rogosa, and

Diethylhexylphthalate; TNFR, Tumor necrosis factog; IL, Interleukin; LPS, Sharpe broth (Beijing Solarbio Science and Technologyin@eij

Lipopolysaccharide; Firm/Bac, Firmicutes to Bacteroidetes; DERthi  ching) at 37C in aerobic conditions. After incubation for 24 h,

phthalate; GSH, G_Iutathlt_)ne; LPO, Lipid peroxidation; MDA, Malmidehyde;_ ltures were centrifuged at 8.000 rom for 5min. washed three

SOD, Super oxide dismutase; CAT, Catalase; ELISA, Enzyme-llnkectziu . g ! p !

immunosorbent assay; OTUs, Operational taxonomic units; DCAyréeled ~ LIMES with normal saline (NS), and theln plantarumTW1-1

correspondence analysis; ROS, Reactive oxygen species. was resuspended in N&. plantarum TW1-1 suspension was
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harvested after Itering through 0.22m Iters when its density The proportions of live and dead sperms were recorded under
reached 5 10° colony-forming units/ mL, and later was stored microscope (original magni cation: 400).
at 0—4 C for further use in a week.
Histopathology

Experimental Animals and Protocols The testes tissues were xed with 2.5% paraformaldehyde for
The adult male C57BL/6 mice (10-week-old, 252g) were 24h, and then, processed to prepanerd para n sections for
purchased from the Animal Center of Lanzhou Universityhematoxylin and eosin staining (H&E) (Beijing Solarbio &cie
(Lanzhou, China, SCXK (GAN) 2018-0002) and maintainedand Technology, Beijing, China).
under speci c pathogen-free (SPF) conditions in a separate
room at 22 1 C and at 40% 60% relative humidity for a Biochemical Analysis
week prior to the treatment. All mice ate and drank freely.The concentrations of glutathione (GSH), lipid peroxidation
DEHP was purchased from Sigma-Aldrich Corporation and(LPO) and malondialdehyde (MDA), and activities of super
dissolved in corn oil (100 mg/mL). Animals were randomlyoxide dismutase (SOD) and catalase (CAT) in the serum,
divided into four groups (8 mice per group): the control group testes, and colon were valued using commercial kits (Nanjing
(Control), the DEHP-exposed group (DEHP), the DEHP andJiancheng Institute of Biotechnology, Nanjing, China) adaw
L. plantarum TW1-1 administration group (DEHPC LTW1- totheinstructions. Serum testosterone, lipopolysacchdli@s),
1), and theL. plantarumTW1-1-treated group (LTW1-1). The tumor necrosis factor (TNFg, interleukin (IL)-1b, and IL-
control group mice received NS (206.) following with corn 6 levels were measured using corresponding enzyme-linked
oil (200 mL) administration 1 h later. DEHP group mice were immunosorbent assay (ELISA) kits (Shanghai Enzyme-linked
given DEHP (400 mg/kg body weight, 26@) 1 h after NS (200 Biotechnology, Shanghai, China) according to the manufacs
mL) administration. In the DEHPC LTW1-1 group, mice were protocols. The DEHP concentrations of the serum and
administered with 200rL of L. plantarumTW1-1 suspension testes were also detected by DEHP ELISA kit (Shanghai
at the nal dose of 18 cells 1 h before DEHP (400 mg/kg body Vinhaket Biological Technology Co. Ltd. China) accordirmy t
weight, 200mL) administration. LTW1-1 group mice were fed the instructions.
L. plantarumTW1-1 at the same dose with DEHE LTW1-1 .
group 1 h before corn oil (20€1L) administration Figure 14). Gene Expression Assay
All solutions were administered intra-gastrically onceaydor ~ Total RNA of the testis and colon of each mouse were extracted
4 weeks. using RNA extraction kit (TIANGEN Biotech, Shanghai, China)

The body weights were measured every other day. FecANF-a, IL-1b, and IL-6 gene expression levels were determined
sample from each mouse was collected at baseline and &g described previouslZni et al., 2000 Quantitative real time
the end of the experiment, and then stored aB0 C untii  polymerase chain reaction (PCR) was performed using SYBR
processing. Also, serum was collected and stor@® C for  green Master Mix (ShineGene Molecular Biotech Inc., Shanghai
further biochemical investigations. All mice were killeg b China) on instrument (FTC3000, Canada). The sequenceseof th
cervical dislocation. The testis and its epididymis wereceed forward and reverse primers used have been listedaile S2
immediately after the mice were sacri ced. The epididymiswa The cycling conditions used to amplify the complementary DNA
removed from testis to collect the semen samples, and thestesiere as follows: denaturation at $for 1 min, 40 cycles at 9&
were immediately removed and weighed. And then, the colofior 15s and 1 min at 58C. All samples were run in triplicate.
and testes were collected and quickly exposed in liquid ggrg  Mouse gen&sAPDHwas used to normalize the transcript levels
and stored at 80 C until processing. The body and testes weighof each in ammatory factor. Quanti cation of MRNA expression
are shown inTable S1 All animal experimental procedures were Was presented as fold changes with setting the value of theoton
approved and carried out according to Lanzhou University'group mice as one.
Institutional Animal Care and Use Committee guidelines. . .

Intestinal Permeability Measurement

Sperm Characteristics Analysis Intestinal permeability was assessed using 4000 Da uoréscen
The testis and its epididymis were removed immediatehdextran-FITC (Dx-FITC; Sigma-Aldrich, USA). Briey, mice
after the mice were sacriced. The semen samples, collecté¢ere administered with 2001 of Dx-FITC (100 mg/mL) after
from epididymides, were incubated in pre-warmed phosphate2 5h fasting period. Four hours after the gavage of mice, 200
bu ered saline (pHD 7.2) at 37C for 20 min, and then, sperm ML of blood was collected and centrifuged at4at 1,000y for
parameters including sperm cell concentration, sperm mgtilit 10 min. The serum was collected and store80 C until use.
and viability were examined as previously describedghdi  Intestinal permeability was determined by measuring the anto
et al., 201) Briey, sperm cell concentration was analyzedof Dx-FITC in the serum with a uorescence spectrophotometer
under light microscope. Sperm motility was assessed via gmynt (€xcitation 485 nm and emission 535 nngjni et al., 2000
progressive, non-progressive, and immotile sperm after aimegyz . .
the recorded Ims. 5L sperm suspension was transferred on a2NA Extraction and Sequencing of Fecal
slide and 20s Im was recorded using video camera in ve eldsBacterial 16S rRNA Genes
from each slide. To assess sperm viability, we performedl 5 The fecal genomic DNA extraction was performed using the
trypan blue staining by mixing 1&L of the sperm suspension. DNA extraction kit (TIANGEN Biotech, Shanghai, China).
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FIGURE 1 | Effects ofL. plantarum TW1-1 treatment on mouse growth and development in the diffeent groups. (A) Experimental design.(B) The relative body weight
curve of the four groups of mice during the 4 weeks of intervetion. The relative body weight was calculated as the perceage of baseline weight for each mouse(C)
Average testis weight relative to the body weight for each mase. (D) Photomicrographs of Hematoxylin and eosin stained testidar sections. Green arrows indicate
the seminiferous tubules with reduced thickness of the gerinal epithelium and black arrows indicate an irregular amgement of germ cells in the seminiferous
tubules with exfoliation of germ cells into the lumen(E) Changes in testosterone levels in the different groupgF) Sperm concentration. (G) Sperm motility. (H) Sperm
viability. The data are expressed as mean S.E.M. f1 D 8), different letters represent signi cant differences beteen groups by Tukey's test P < 0.05).

Briey, 0.2g fecal samples were used for DNA extraction andPipeline-Version 1.9.0 was performed for raw data screening
the puri ed DNA were diluted in 50mL dH>O. Quanti cation and the length of sequences150 bp were removed. The

of DNA was carried out using Nanodrop 2000 (Thermo Fishersequences were clustered into operational taxonomic units
Scienti ¢, USA). The V4 region of the 16S rRNA gene wagOTUs) at a 97% identity threshold. Singleton sequences
ampli ed from the total DNA using the primer pair, 515F- were ltered out. Next, each sample was rareed at 11,080
909R (forward: 8GTGCCAGCMGCCGCGGTAAS reverse: sequences for further analysis. Ribosomal Database Project
52CCCCGYCAATTCMTTTRAGT-8 with unique barcode for (RDP) classi er was performed for taxonomy of each OTU
each sample and then used for lllumina Miseq sequencinffom genus to kingdom. Alpha-diversity was generated based
(Nuozhou Biotech Co., Chengdu, China). 10 ng genomic DNAon observed species described as Shannon and Simpson
was used for PCR with 30 cycles of @4for 40s, 56C for indices and rarefaction curves. Detrended correspondence
60s. For each sample, two PCR reactions were conductedalysis (DCA) was conducted for the comparison of microbial
and then combined for recovery from the agarose gel. Altommunity in each sample using R software (version v3.1.0).
samples were pooled together with an equal molar amountladograms generated from linear discriminant analysisA)L.D
from each sample. After obtaining the sequencing data, QIIME ect size analysis (LEfSe) were used to show the most
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di erentially abundant taxa enriched in gut microbiota. LDA thatL. plantarumTW1-1 alleviates DEHP-induced reproductive
scores showed the di erentially abundant taxa represented itoxicity in mice.

cladograms on the basis of LDA scor€2 and a signi cance

ofa< 0.05. Effects of L. plantarum TW1-1 on Oxidative

The sequence data reported in this paper have been submitt&Skrass in the Serum, Testes, and Colon,
to NCBI database and the accession number is PRJNA542534.and DEHP Concentration in the Serum

. . and Testes

StatIStl(_:a,l AnalySIS, For the detection of oxidative stress induced by DEPH exposure,
The statistical analysis between groups was performed byo focised on some popular and reliable oxidative stress
one-way analysis of varlance_(ANOVA) followed by themarkers, including GSH, CAT, SOD, LPO, and MDA. As
post-hoc test (Tukey's test) using SPSS 16.0. Values agg .. inFigures 2A-E DEHP exposure signi cantly reduced
e_xpr.essed as the mean S.E.M.P < 0.05 |nd|cate.d statistical GSH concentration, CAT, and SOD activities, and increased
signi cance. Detrended correspondence analysis (DCA) wag,ncentrations of LPO and MDA both in the testes and colon,
conducted for the comparison of microbial community \nich means that DEHP caused oxidative stress by reduciag th
in each sample usmg R _software (version v3.1.0). I‘D%ntioxidant status and increasing oxidant status. Morepler
SCores showed the di erentlally abundant taxa. re,presemeglantarumTwrl supplementation restored the levels of GSH,
in cladograms on the basis of LDA score2 and a signi cance CAT, SOD, LPO, and MDA in DEHP-exposed mice to those

ofa< 0.05. of the control group mice. Comparing with control group, no
signi cant changes were observed in the LTW1-1 group. DEHP-

RESULTS induced oxidative stress and the countering e ecLoplantarum
TW1-1 were also observed in the seruable S3. In addition,

L. plantarum TW1-1 Alleviates DEHP was detected to be present both in the serum and testes.

DEHP-Induced Testicular Damage in Mice DEHP exposure signi cantly increased the levels of DEHP in the

Firstly, the body weight of each mouse was measured, arf@rum and teste®(< 0.001), and.. plantarumTW1-1 treatment
no signi cant di erence was observed in body weight betweerflid not a ect this increase Table 1). All together, our results
the four groups of mice Rigure 1B). However, the testes §uggestthat. plantarumTW?1-1 could aIIevigtes oxidaFivg stress
weight and the percentage of testes weight to body weight iffduced by DEHP exposure, even though it do not eliminate the
DEHP group decreased dramaticallp © 0.0004), whereas residual DEHP in mice.

mice treated with DEHP andl. plantarumTW1-1 together did .

not show decrease in the testes weight comparing with both- Plantarum TW1-1 Treatment Alleviates

the control and the LTW1-1 groupsTéble Sland Figure 10). the Increased In ammatory Responses in

Thi.S hresult indicatzsb;lhatl DEHP_i?—S\l;](_:id declrease il’l. teStiﬂ‘]e Serum, Testes, and Colon of

weight was restore . plantarum -1 supplementation. _ :

Histopathological examination showed that DEHP exposurDEHP Exposed Mice
induced testicular damage. The testes sections from the ®DE
group mice showed a thickness reduction of the germina?
epithelium and irregular arrangement of germ cells with cel
exfoliation into the lumen of seminiferous tubules compared
with the control mice Figure 1D). However, L. plantarum

n DEHP exposure, as shown kigures 3A-C concentrations

f TNF-a, IL-1b, and IL-6 in the serum increased obviously,
nd DEHP-induced high concentrations of those in ammatory
molecules were signi cantly countered hy plantarum TW1-

1 administration. In addition, the relative mMRNA expression

TW1-1 administration to the DEHP-exposed mice prevente f TNF-a, IL-1b, and IL-6 in the colon and testes were

the irregular arrangement of germ cells, although some germigth increased in DEHP-exposed mice as compared fo the
cells were still exfoliated into the lumen, which indicatedContrOI and the LTW1-1 group miceFgures 3D,B. For those

that L. plantarum TW1-1 partially decreased DEHP-induced DEHP-exposed mice, additionhl plantarumTW1-1 treatment

testicular damage. Furthermore, we found that DEHP exposurseIgnl cantly restrained the gene expression of these in aatary

. markers, and gene expression levels of TdN&nd IL-6 in the
signi cantly decreased serum testosterone concentra({ai6 colon were similar to those of the control mice. These result
0.09 vs. 2.00 0.11ng/mL,P < 0.001) Figure 1§ in '

. . . suggest thatL. plantarum TW1-1 treatment could alleviate
comparison with the control group. Testosterone concentrati svstemic and tissue in ammation induced by DEHP exposure
in the serum of the DEHPC LTW1-1 group mice were at Y y P '

the same level with the controlP(D 0.379). In the LTW-
1 group, L. plantarum TW1-1 did not in uence testosterone L. plantarum TW1-1 Pretreatment Prevents

concentration P D 0.62), compared with the control mice. the Increase of DEHP-Induced Intestinal

Additionally, mice semen quality was also evaluated. DEHIPermeability

exposure signi cantly decreased sperm cell concentratiperra  Dx-FITC and LPS were used to determine the intestinal
motility and viability, comparing with the controlR < 0.001) permeability. For DEHP group mice, compared with the control,
(Figures 1F-H, which were restrained with the intervention the serum Dx-FITC level was signi cantly increasé&dgure 4A,

of L. plantarum TW1-1. All together, these results suggestt83.5 18.12 vs. 232.29 14.92ng/mLP < 0.001), suggesting
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FIGURE 2 | Effects of L. plantarum TW1-1 treatment on GSH level, CAT, and SOD activity, and LPOna MDA concentrations in the testes and colon(A) GSH
concentration. (B) CAT activity.(C) SOD activity.(D) LPO concentration.(E) MDA concentration. The data are expressed as mean S.E.M. (nD 8), different letters
represent signi cant differences between groups by Tukeydest (P < 0.05).

that DEHP increased intestinal permeability. Additionally TABLE 1| DEHP concentrations in serum and testes in different groupat the
although the serum Dx-FITC concentration in DEHPLTW1-  end of experiment.

1 group mice was higher than that of the control mide D
0.016),L. plantarumTW1-1 supplement induced a signi cant
reduction comparing with DEHP group micé>(< 0.001). With Control DEHP DEHP C LTwi-1
the application of endotoxin, we determined the serum LPS LTwWi-d

level of dierent mice groups. The level of LPS in the DEHP

DEHP (ng/mL) Groups

: : i " serum 65.44 626.34 578.98 73.19
group mice tended to be higher than that in the control mice 5.472 65.11b 43.620 7.162
(045 0.02 vs. 0.25 0.02 EU/mL,P < 0001), which further Testes 16.27 111.29 138.64 20.53
demonstrated the increase in intestinal permeability afigHP 3.362 20.31P 37.78° 6.472

exposurefigure 4B). AdditionalL. plantarumTW1-1 treatment
with DEHP kept the serum LPS at the similar level as the controlhe data are expressed as mean S.E.M. (nD 7-8), different letters represent signi cant
group (P D 0.66). This indicated that. plantarum TW1-1  “ferences between groups by Tukey's test (R 0.001).

would prevent the increase of intestinal permeability causgd

DEHP exposure.

However, the diversity and abundance of gut microbiota were
di erence between DEHP group and other three groups at the
EﬁeCtS_ of L. plantarum TWi-1 Or,] the, end of the experimentRigure 5. The alpha-diversity assessed
Diversity and Abundance of Gut Microbiota by rarefaction curve, Shannon, or Simpson index, showed
in DEHP-Exposed Mice that bacterial species diversity of the DEHP-exposed mice
We performed Miseq sequencing analysis of 16S rRNA twas lower than that of control groupP(< 0.01), which was
determine the diversity and abundance of gut microbiotarestored byL. plantarum TW1-1 treatment Figures 5A-Q.
associated with DEHP and/oL. plantarum TW1-1 treated DCA data showed that phylogenetic community structures
mice at baseline and at the end of the experiment. Althoughvere signi cantly dierent between DEHP-exposed samples
environmental factors, such as house conditions and djetarand others, and the DEHP group was clearly separated
change the overall composition of the gut microbiota in hursan from other groups along DCA1l (16.72%)Figure 5D),

and animals observed in previous studygluyen et al., 20)5In  suggesting that DEHP exposure signi cantly changed gut
the present study, at baseline, our results showed that these microbiota composition and.. plantarum TW1-1 supplement

no signi cant di erence observed in the diversity and abumta diminished the eect of DEHP on microbiota changes.
of gut microbiota between the four groupsSigure SJ, indicating  Figure 5E showed the bacterial composition and the relative
that environmental factors do not induce the di erence in the abundance at the phylum level of each individual sample
mouse gut microbiota between four groups before interventio in four groups. The dominant phyla in the gut microbiota
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FIGURE 3 | Effects of L. plantarum TW1-1 treatment on in ammatory factors in the serum, testes ad colon in DEHP-exposed mice.(A) Serum TNFa level. (B)
Serum IL-1b level.(C) Serum IL-6 level.(D) Relative mRNA expression of TNR, IL-1b, and IL-6 in the colon.(E) Relative mRNA expression of TNR, IL-1b, and IL-6
in the testis. The levels of TNFRg, IL-1b, and IL-6 were detected by ELISA. Gene expression levels of tse cytokines were analyzed by RT-gPCR. The data are
expressed as mean S.E.M. fi D 7-8), different letters represent signi cant differences éween groups by Tukey's test P < 0.05).

FIGURE 4 | Effects of L. plantarum TW1-1 treatment on intestinal permeability in DEHP-exposkemice. (A) Serum Dx-FITC levels(B) Serum LPS levels. The LPS

levels were detected by ELISA. The data are expressed as mean S.E.M. ( D 7-8), different letters represent signi cant differences étween groups by Tukey's test
(P < 0.05).

were Bacteroidetes Firmicutes Proteobacteria Tenericutes, attenuated DEHP-induced increase imacteroidetesand
and Deferribacteregrelative abundance> 0.5%). Comparing decreases inFirmicutes and DeferribacteresThe ratio of
the DEHP group to the control mice, there was a signi cantFirmicutesto BacteroidetegFirm/Bac ratio) was signi cantly
increase in relative abundance &acteroideteqFigure 5F  decreased upon DEHP exposur® O 0.004), which was
86.4 vs. 76.0%P < 0.01) and reduction inFirmicutes mitigated byL. plantarumTW1-1 treatment Figure 5H). The
and DeferribacteregFigures 5G,t P < 0.01 andP < 0.05, major composition and relative abundance of gut microbiota
respectively).L. plantarum TW1-1 treatment signi cantly at the class, order, family, and genus levels in mice feces we
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FIGURE 5 | Effects of L. plantarum TW1-1 treatment on the structural changes and microbial diersity of the gut microbiota in DEHP-exposed mice(A) Rarefaction
curve. (B) Bacterial diversity as assessed by the Shannon indeXC) Bacterial diversity as assessed by the Simpson indeXD) DCA of fecal microbiota in the four
groups. (E) Relative abundance of each fecal microbial pro le at the phyim level in the four groups.(F,G,|) Relative abundances of signi cantly changed bacterial
phyla Bacteroidetes, Firmicutes,and Deferribactereg. (H) The Firm/Bac ratio in the different groups. The data are expssed as mean S.E.M. f D 7-8), different
letters represent signi cant differences between groups byTukey's test P < 0.05).

also presented (relative abundareed.5%) Figure S3. At the  genus of theBacteroidetephylum was over-represented in
genus level Rigure S2D), the results showed that the relative DEHP-exposed mice as well as tRhodobacteracegamily
abundance ofPrevotellaincreased after DEHP exposurB €  and the Vibrio and Lysobacte genera of theProteobacteria
0.001), while that ofOscillospira ParaprevotellaCoprococcys phylum (Figure 6A), whereas theMucispirillum genus of
Lactobacillus Ruminococcuys and Mucispirillum decreased the Deferribacteresphylum and the Ruminococcaceaand
(P < 0.05). L. plantarum TW1-1 administration countered Erysipelotrichaceaéamilies of the Firmicutes phylum were
DEHP-inducedPrevotellaabundance increase ar@scillospira  under-represented compared to those of the control group
ParaprevotellaCoprococcid.actobacillus Ruminococcysand  mice. MoreoverFigure 6B showed thatL. plantarum TW1-1
Mucispirillumdecreases. treatment prevented the changes in taxa composition induced
Furthermore, cladograms generated from LEfSe analysby DEHP exposure, although thEscherichiagenus of the
and corresponding LDA scores showed the most di erentiallyProteobacterigphylum was still over-represented. Additionally,
abundant taxa in gut microbiota from phylum to genus andCompared with the control mice, the results showed only
provided phylogenic information Rigure 6. The prevotella very few dierences in gut microbiota between DEHE
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FIGURE 6 | Cladogram and corresponding LDA scores showed the most diéfrentially abundant taxa in gut microbiota from phylum to geus. (A) The taxa most
highly associated with DEHP (red) or Control (green) ar{8) DEHP (red) or DEHRC LTW1-1(green) and(C) DEHP C LTW1-1(red) or Control (green). Circle sizes in the
cladogram plot are proportional to bacterial abundance. T circles represent, going from the inner circle to the outecircle: phyla, genus, class, order, and family.
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LTW1-1 group and the Control group miceF{gure 6C, which was represented by the decrease in the weight of
suggesting thatL. plantarum TW1-1 restored the gut testes, sperm activity and testosterone secretion, coirgidi
mcirobita of DEHP-exposed mice to that of the control with previous studiesAbdel-Kawi et al., 2006 Similarly, other
mice. These data indicate that these bacteria, includingtudies have also veri ed that DEHP and its metabolites iitkib
prevotella genus, Rhodobacteraceagéamily, Vibrio family, testosterone levels and decreases the relative weigtitestey
Lysobacte families, Mucispirillum genus, Ruminococcaceae disturbing hypothalamic-pituitary-testis axis and ERK-meteid
family, and Erysipelotrichaceadamily, were sensitive to 5a-Reductase 2Hotelho et al., 2009; Ha et al., 2010ur results
DEHP and involved in the protective e ects &f. plantarum demonstrated that. plantarumTW1-1 treatment signi cantly
TW1-1 against DEHP exposure. In summary, these resulisicreased the weight of testes as well as sperm activity and the
suggest that DEHP destroyed the balance of gut microbiotaerum testosterone levels reduced by DEHP exposure, suggesti
composition and L. plantarum TW1-1 had the ability to that L. plantarum TW1-1 protected against DEHP-induced

improve it. testicular injury. Furthermore, histopathological anagshowed
that DEHP exposure reduced the thickness of the germinal
Correlation Between Gut Microbiota and epithelium and induced irregular arrangement of germ cells in

the seminiferous tubules with exfoliation of these cells itite
) ) . . lumen, which was consistent with the ndings of previous sasd
Spearman's correlation analysis was used to determi

_— . . . hang et al., 2014; Abdel-Kawi et al., 2p1ignportantly, we
associations between key gut microbial taxa and testicular o

. . . . . . Observed there were no changes of germ cells and seminiferous
function (including relative testis weight, testosterorend

o . tubules between control group and DEHP LTW1-1 group,
sperm act|V|ty)_ {able 9. The prevotellg and BacthOIdale§ indicating thatL. plantarum TW1-1 alleviated DEHP-induced
in the Bacteroidetephylum were negatively associated with, " L

testicular toxicity.

relative testis weight, testosterone, sperm concentration -
- . . In response to DEHP toxicity, some ROS are generated
and viability, respectively. S24-7 arRhraprevotellain the . . o O )
. - . . disturbing the activity of antioxidant enzym&\ang et al., 2012;
Bacteroidetephylum and Mucispirillum in the Deferribacteres . .
. . bdel-Kawi et al., 20)6High levels of ROS caused LPO of outer
phylum were positively correlated with testosterone an . f e
L - - iy membrane in sperm causing the loss of motility simultaneously
sperm activity. Bacteria fronfrirmicutesthat were positively . .
. . . a ecting sperm concentration{rata et al., 200LGSH, CAT and
correlated with testicular function were restoredlhyplantarum . . . .
. . . . SOD are considered to be important factors in the protection of
TW1-1 pretreatment in DEHP-exposed mice, including . .
. i . : host organisms. The accumulation of LPO products decreases
Oscillospira Lachnospiraceae, Coprocogcukactobacillus o o . . .
antioxidant activity, and increases free radical productio

Rumin Th resul indi h roi R S
uminococcus These resu ts ind ca.t € thaBactero dgtes resulting in an oxidative stress. MDA, as an end product of LPO,
Deferribacteresand Firmicutes were signi cantly associated .

) . . 2. is one of the most popular and reliable oxidative stress markers
with DEI_—|P-|nduced _tesucular d.a”.‘age- _In gd_dmon, based Or}he accumulation gf Ii?vhich decreases antioxidant actiatydl
the crucial role of F|rm/Ba<_: ratio in maintaining host hd_alt increases free radical production resulting in oxidativeess.
we also analyzed the relationship between Firm/Bac ratid an."\ s been reported that DEHP and its metabolites mono-
testicular function and in ammation. Our data showed that ; o, ey phthalate (MEHP) and 2-ethylhexanol (2 EH)
Firm/Bac r_atlo was posmvel_y co rrelated_wnh_ testlc_ulalahnb induce oxidative stress in the testes, leading to disrupthng t
$r'lldF_r;eglaLt_|geIlyL_060rraerI1adteSde\r/\L/J|:Tr]l II?PaSr;]g al'jlrznn(lngllﬁgngem function of the Sertoli cell and Leydig cell associating with
o T /AU ) Ogetner, apoptosis of spermatocytesgsahara et al., 2002; Richburg et al.,
these ndings indicate that gut microbiota was signi cantl

correlated with DEHP-induced testicular damage and syg&tem 2002; $omasundargm etal, ZDI.“ lerefore, O_X|dat|ve str_ess IS
. recognized as a critical mechanism underlying DEHP-indLice
in ammatory response.

testicular damage. In accordance with previous studiisd(
El-Fattah et al., 20)6 our results demonstrated that DEHP
DISCUSSION reduced GSH concentration, SOD and CAT activities, while
increased LPO and MDA concentrations in the serum and
Probiotics have become a new therapeutic approach fdestes of mice, indicating that DEHP accelerated the oxidati
series of diseases. Our previous study has reported lthat stress. This suggests that DEHP-induced testicular dangge i
plantarum TW1-1 has anti-in ammatory and anti-oxidative correlated with the reduction of antioxidant activity amtirease
stress activities. In the current study, we examined the te ecof lipid peroxidant. Furthermore, we also found tHatplantarum
of L. plantarumTW1-1 treatment on DEHP-induced testicular TW1-1 restored the concentrations of GSH, LPO, and MDA, the
injury in adult male mice. Our research conrmed for the activities of SOD and CAT in the serum and testes of the DEHP-
rst time that L. plantarum TW1-1 prevented DEHP-induced exposed mice to those of the control mice. These resultsanelic
testicular injury in mice via modulating gut microbiota and pretreatment ofL. plantarumTW1-1 alleviates DEHP-induced
decreasing in ammation. reproductive toxicity via regulating oxidative stress.

Previous studies have demonstrated that DEHP induces To further evaluate the protective e ects &f plantarum
testicular damage and adversely a ects reproductive health iTW1-1 on DEHP-induced testicular injury, inammatory
male rats Zhang et al.,, 2014; Abdel-Kawi et al., 21  responses in the testes were also examined. Oxidative stress
the present study, DEHP exposure induced testicular toxicithas been demonstrated to up-regulate in ammatory responses

Testicular Damage Parameters
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TABLE 2 | Spearman’s correlation between key gut microbial taxa andesticular damage parameters in DEHP and/ok.. plantarum TW1-1treated mice.

Testis weight/body weight Testosterone Sperm concentrati on Sperm motility Sperm viability
r p r p r p r p r p
Prevotella 0.343 0.0687 0.505 0.0052 0.354 0.0600 0.329 0.0815 0.266 0.1626
S24-7 0.263 0.1679 0.103 0.5950 0.437 0.0178 0.208 0.2786 0.307 0.1053
Bacteroides 0.055 0.7769 0.133 0.4910 0.019 0.9222 0.020 0.9172 0.051 0.7918
Clostridiales 0.234 0.2228 0.230 0.2303 0.086 0.6584 0.093 0.6364 0.058 0.7635
[Prevotella] 0.306 0.1067 0.049 0.7996 0.120 0.5353 0.287 0.1319 0.055 0.7781
Oscillospira 0.585 0.0009 0.514 0.0043 0.287 0.1315 0.334 0.0770 0.297 0.1175
Lachnospiraceae  0.460 0.0121 0.365 0.0514 0.278 0.1442 0.273 0.1523 0.313 0.0984
Rikenellaceae 0.150 0.4384 0.161 0.4052 0.024 0.9001 0.026 0.8920 0.054 0.7801
Paraprevotella 0.342 0.0696 0.411 0.0269 0.451 0.0140 0.499 0.0058 0.397 0.0331
Bacteroidales 0.466 0.0108 0.170 0.3779 0.452 0.0138 0.221 0.2488 0.474 0.0094
Parabacteroides 0.137 0.4795 0.325 0.0857 0.188 0.3292 0.098 0.6126 0.203 0.2899
Bacteroidales 0.322 0.0882 0.233 0.2234 0.181 0.3466 0.342 0.0695 0.037 0.8480
Lactobacillus 0.024 0.9034 0.329 0.0814 0.406 0.0290 0.222 0.2472 0.314 0.0977
Coprococcus 0.325 0.0859 0.303 0.1101 0.276 0.1471 0.045 0.8167 0.387 0.0380
Mucispirillum 0.416 0.0249 0.505 0.0052 0.279 0.142 0.429 0.0203 0.161 0.4048
Ruminococcus 0.635 0.0002 0.361 0.0546 0.568 0.0013 0.563 0.0015 0.48 0.0084

Spearman's “r” and “P < 0.05” highlighted in bold are statistically signi cant.

in the testes though increasing the secretion of in ammagtor stress and in ammatory response in the colon. Over production
factors such as TNB-and IL-6, indicating that in ammatory of ROS has been demonstrated to cause chronic intestinal
responses is associated with apoptosis of spermatogenic dalammatory diseases by increasing gut permeability and
and aggravates testicular injunsiferif et al., 2014; Hussein in ltration of in ammatory leukocytes into intestine. Ingéstinal
etal., 201p In human macrophages, DEHP treatment increasesxidative stress is recognized as a major contributor testinal
the production of in ammatory cytokines, such as TNE-IL-  injury, resulting in endotoxin translocationAssimakopoulos
1b, IL-8, and IL-6, which induces the in ammatory responseet al., 200% Previous study reported that DEHP exposure
during allergic reactions\(ishioka et al., 20)2DEHP promotes induces colon tumor promotion in ratsGhen et al., 2007
the development of immune responses and subsequent maldée pulmonary in ammation in rat o spring were exacerbated
infertility through increasing the expression of inammato when pregnant or lactating rats were exposed to DEHP with the
mediators (arsen et al.,, 2007; Hirai et al.,, 2018Recent increasedin ammatory factor IL-4f/ang et al., 200)3Thus, our
studies have reported that DEHP increased the production ofiata suggest that DEHP-induced colonic injury could be eslat
in ammatory cytokines such as TNB-and IL-1b in mice testes with oxidative stress and in ammatory response in the collm.
(Bahrami et al., 20189,bln agreement with previous studies, addition, we also found DEHP increased the level of the serum
our results showed that DEHP elevated serum T&H--1b, and  gut-derived bacterial product LPS and intestinal permeaphilit
IL-6 levels and increased the mRNA expression of T&\ft- LPS and intestinal hyper-permeability are involved in vasiou
1b, and IL-6 in the testes. This indicates that DEHP exposuréliseases. Therefore, these results verify that DEHP exposure
increases the expression of in ammatory mediators in miceinduces colonic injury and results in intestinal dysfurcti
In addition, we found thatL. plantarum TW1-1 signi cantly via inducing oxidative stress and in ammatory response in
decreased serum TN&- IL-1b, and IL-6 levels and the gene the colon. It has been demonstrated that some probiotics can
expression of these in ammatory factors in the testes, sstijgge ~ reduce oxidative stress and liver injury by increasing G&¥l
thatL. plantarumTW1-1 could attenuate systemic and testicular(Lutgendor et al., 2007; Wu et al., 20)L7The probiotic strain,
in ammatory responses. Our previous study have revealed theactobacillus Fermentyneleases colonic GSH preventing the
anti-in ammatory e ects of L. plantarum TW1-1 (Wu et al., in ammatory processes in rat{eran et al., 2006ln ammation
2017). Therefore, these ndings indicate thdt. plantarum can be reducedn vitro or colitis mice by probiotic strains,
TW1-1 prevents DEHP-induced testicular damage via inhilgjti  like Lactobacillusand Bi dobacterium (Roselli et al., 2006;
in ammatory response. Veiga et al., 20)0Previous study demonstrated that probiotics
Furthermore, we determined the eect df. plantarum  signi cantly prevents pro-in ammatory (CD11¢, MMP-1X)
TW1-1 on DEHP-induced intestinal dysfunction. Our results macrophages permeating into adipose tissue and attenuates TNF-
con rmed for the rst time that DEHP exposure reduced the a expression\(ang et al., 2019bOur previous study revealed
concentrations of GSH, LPO, and MDA, the activities of SODthat L. plantarum TW1-1 treatment alleviates in ammatory
and CAT, and increased gene expression of T&\lft-1b, and responses as a result of induction by chromium exposure in
IL-6 in the colon. This suggests that DEHP induce oxidativamice (Wu et al., 201). In the present studyL. plantarum
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FIGURE 7 | Spearman correlation analysis between the Firm/Bac ratio ahtesticular function parameters and in ammation were perfaned. The data were
determined by Spearman's rho, which correspond to the f” and “p” values, respectively, as shown in each plot. The Y-axis inchates the Firm/Bac ratio for each
mouse compared with Relative testis weigh{A), Testosterone(B), Sperm concentration (C), Sperm motility (D), Sperm viability(E), TNF-a (F), IL-1b (G), IL-6 (H), and
LPS(I) (n D 7-8).

TW1-1 pretreatment recovered the concentrations of GSH, LPQiver injury in rats (Wang et al., 2013 Similar to these previous
and MDA, the activities of SOD and CAT, and restrainedstudies, our results indicate that plantarumTW1-1 alleviate
the expressions of TNE; IL-1b, and IL-6 in the colon of intestinal dysfunction induced by DEHP exposure.
DEHP-exposed mice. This indicates that plantarum TW1- Intestinal dysfunction, including gut leaky and gut dystig

1 can inhibit in ammation and oxidative response induced by causes translocation of intestinal bacteria or their metibs
DEHP exposure in the colon. As previously observed, probiotirom the digestive tract to the systemic circulation, réisg
strains improves mucosal barrier homeostasis and restares gin several diseasesithtman et al., 1990; Yan et al., 2011
barrier permeability {/artin et al., 201} Bi dobacterium lactis Emerging studies have demonstrated that the gut microbiota
CNCM [-2494 restrains intestinal permeability in rat&gostini  might be related to gut in ammatory response€gni et al.,

et al., 201p Lactobacillus casenproves the anti-oxidative and 2009, which participate in a series of diseases and regulates
anti-in ammatory capacities to struggle with endotoxindoced host health. According to a literature, gut microbiota maga
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the development of obesity and diabetes through controllingvith previous ndings that DEP increased thBacteroidetes
the changes of environmental factofsnedeker and Hay, 20)L2 populations and signi cantly decreasddrmicutespopulations
Although the exact mechanism for the change in gut microbiot (Hu et al., 2015 Similarly, tetrachlorodibenzofuran treatment
composition is unknown, the destruction of gut microbial signi cantly altered Bacteroidetepopulations compared with
community maybe aroused by drugs, diet, or environmentatontrol group, and reduced the ratio of Firm/Ba&hang
pollutants (in et al., 201)7 Recent evidence conrmed that et al., 20152 However, other studies demonstrated that the
environmental pollutants induces colonic in ammation, tlisbs  gut microbiota of obese humans and high-fat diet-fed mice
the host microbial ecosystem and ultimately a ects humanlthea represented high Firm/Bac ratid_¢y et al., 2006; Brun et al.,
(Jin et al., 2016 To investigate the relationship between DEHP-2007). Generally, the Firm/Bac ratio is crucial to maintaining
induced testicular injury and gut microbiota, fecal ba@ér host health. In the current study, correlation analysiswestn
16S rRNA sequencing was performed. MiSeq results show&irm/Bac ratio and reproductive health parameters reveded t
that DEHP exposure signi cantly reduced the diversity andFirm/Bac ratio was positively correlated with relative testeight
abundance of gut microbiota compared to those of the controlnd testosterone level as well as sperm activity. Therefare, o
group mice, which was recovered Wy plantarum TW1-1 ndings indicate thatL. plantarum TW1-1 attenuates DEHP-
treatment. As revealed by DCA, plantarumTW1-1 resulted induced testicular injury probably associated with the apaof

in the gut microbiota of DEHP-exposed mice very similar tothe Firm/Bac ratio.

that of the control mice, suggesting that plantarum TW1- At the genus level, DEHP exposure increased the relative
1 e ectively improve the gut microbiota disturbed by DEHP abundance ofPrevotellaand Paraprevotella and decreased
exposure. Moreover, at the phylum level, DEHP signi cantlythat of Oscillospira Coprococcid.actobacillusRuminococcus
increased the relative abundance Bfcteroideteswhereas and Mucispirillum However,L. plantarum TW1-1 prevented
decreased that dfirmicutesand DeferribacteresHowever,L.  DEHP-induced Prevotellaand Paraprevotellaincreases and
plantarumTW1-1 pretreatment signi cantly attenuated DEHP- Oscillospira CoprococcusLactobacillus Ruminococcys and
induced increase irBacteroideteand decreases ifrirmicutes Mucispirillum decreases. Furthermore, LEfSe analyses revealed
and DeferribacteresAs predominant membergsirmicutesand  that prevotellagenus,Rhodobacteracedamily, Vibrio family,
Bacteroidetesimpart key functions to their host, such as Lysobacte families, Mucispirillum genus, Ruminococcaceae
metabolism and developmental and immunologic propertiesamily and Erysipelotrichacedamily, were sensitive to DEHP
(Mazmanian et al., 2005 Previous study has demonstratedand involved in the protective e ects df. plantarum TW1-1
that the ratio of Firm/Bac is positively related to obesityagainst DEHP exposure. Similarly, DEP treatment results in
in mammals (urnbaugh et al., 2009 In the present study, an increase in abundance &frevotellagenus and a decrease
DEHP markedly decreased the ratio of Firm/Bac, consisterin that of Lactobacillusgenus Hu et al., 2015 In addition,

FIGURE 8 | Proposed pathways of protection byL. plantarum TW1-1 treatment against DEHP-induced testicular damage.
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correlation analysis between gut microbiota and testiculaDEHP-induced testicular toxicity. The e ects and possible
damage identied that prevotella and Bacteroidaleswere underlying mechanisms af. plantarumTW1-1 blocking DEHP-
negatively associated with testicular function, while -324 induced testicular damage are briey depicted Figure 8
Paraprevotella Mucispirillum, Oscillospira Lachnospiraceae, Although L. plantarum TW1-1 did not reduce the residual
Coprococcyd actobacillus and Ruminococcusvere positively DEHP concentration in mice, we provide the initial evidence
correlated with thatL. plantarumTW1-1 pretreatment reduced that L. plantarum TW1-1 modulated gut microbiota and
the increases oprevotellaand Bacteroidalesand elevated the e ectively ameliorated DEHP-induced testicular injury via
decreases of S24-ParaprevotellaMucispirillum, Oscillospira  anti-oxidative and anti-in ammatory capacities. Based on
Lachnospiraceae, Coprocog¢tiagtobacillusand Ruminococcus the relationship between environmental pollutants and gut
in DEHP-exposed mice. This suggests that gut microbiotanicrobiota, gut remediation of microbial communities assied

is signicantly correlated with DEHP-induced testicular with reproductive disease could be useful for prevention
damage. It has been reported th&revotella Clostridiales or therapy.

CoprococcysLactobacillus and Ruminococcusre associated

with human health and diseaderevotellas reported to promote

inammatory disease by inducing neutrophil dysfunction ETHICS STATEMENT
(Matsui et al., 201¢ Lactobacillusmotivates the host to
produce immunoglobulins and improve host immunity against

gastrointestinal infectionsSanz et al., 200.7The abundance of Laboratory Animals and the Declaration of Helsinki. The

pathogenic bagterla Increases, Wh"e. that .Of bene cial ‘_*"Et protocol was approved by the United States National Institutes
decreases, which may contribute to intestinal dysfunctonl of Health

result in diseases. Overall, the present study demonstitsaiek.
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