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Abstract 
Bac kground: My eloid differentiation factor 88 ( MyD88 ) is the core adaptor for Toll-like r ece ptors defending a gainst micr obial inv asion 

and initiating a downstream immune response during microbiota–host inter action. How ever, the role of MyD88 in the pathogenesis 
of inflammatory bowel disease is controversial. This study aims to investigate the impact of MyD88 on intestinal inflammation and 

the underlying mechanism. 

Methods: MyD88 knockout ( MyD88 −/ −) mice and the MyD88 inhibitor ( TJ-M2010-5 ) were used to investigate the impact of MyD88 
on acute dextran sodium sulfate ( DSS ) -induced colitis. Disease activity index, colon length, histological score, and inflammatory 
cytokines were examined to evaluate the severity of colitis. RN A tr anscriptome analysis and 16S rDNA sequencing were used to 
detect the potential mechanism. 

Results: In an acute DSS-colitis model, the severity of colitis was not alleviated in MyD88 −/ − mice and TJ-M2010-5-treated mice, despite 
significantly lower levels of NF- κB activation being exhibited compared to control mice . Meanwhile , 16S rDN A sequencing and RNA 

transcriptome analysis revealed a higher abundance of intestinal Proteobacteria and an up-regulation of the nucleotide oligomerization 

domain-like r ece ptors ( NLRs ) signaling pathw ay in colitis mice following MyD88 suppr ession. Further b lockade of the NLRs signaling 
pathway or elimination of gut microbiota with broad-spectrum antibiotics in DSS-induced colitis mice treated with TJ-M2010-5 ame- 
liorated the disease severity, which was not improved solely by MyD88 inhibition. After treatment with broad-spectrum antibiotics, 
downregulation of the NLR signaling pathway was observed. 

Conclusion: Our study suggests that the suppression of MyD88 might be associated with unfav ora b le changes in the composition of 
gut microbiota, leading to NLR-mediated immune activation and intestinal inflammation. 

Keywords: micr obiota; innate imm unity; myeloid differ entiation factor 88, MyD88 inhibitor; NOD-like r ece ptor; inflammator y bowel 
disease 
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Introduction 

Inflammatory bo w el disease ( IBD ) is a c hr onic and r ela psing in- 
flammatory disorder pr edominantl y affecting the gastr ointestinal 
tr act, including ulcer ativ e colitis and Cr ohn’s disease [ 1 ]. In r ecent 
years, the incidence of IBD has increased globally, which brings a 
rising burden on health care [ 2 ]. Although it is gener all y accepted 

that IBD is a result of microbial dysbiosis, exaggerated immune re- 
sponse, disrupted intestinal barrier, and genetic susceptibility, the 
precise etiology of IBD remains elusive [ 1 , 3 ]. This is the main rea- 
son that curr ent ther a peutic str ategies for IBD show limited effi- 
cacy but substantial adverse effects in ac hie ving long-term r emis- 
sion [ 4 ]. Dysr egulated inter action between intestinal micr obiota 
and the immune system plays a pivotal role in the initiation and 

pr ogr ession of intestinal inflammation [ 5 ]. 
Inv ading micr obiota can stim ulate imm une r esponses thr ough 

v arious a ppr oac hes. Dendritic cells located in the lamina pr o- 
pria can dir ectl y inter act with pathogens and serv e as antigen- 
presenting cells to stimulate adaptive T cells [ 6 ]. Diverse metabo- 
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ites fr om micr obiota can r egulate imm une r eaction thr ough
etabolite-specific receptors such as Takeda G protein-coupled 

eceptor 5 ( TGR5 ) and Aryl-hydrocarbon receptor ( AhR ) [ 7 ]. Im-
alance between gut commensal and pathogenic bacteria may 
ead to immune activation responsible for intestinal inflamma- 
ion. P attern-r ecognition r eceptors ( PRRs ) ar e the major r eceptors
or a host to recognize the invading microbiota through conserved

olecular structures termed pathogen-associated molecular pat- 
erns ( PAMPs ) . Toll-lik e rece ptors ( TLRs ) and n ucleotide oligomer-
zation domain ( NOD ) -like receptors ( NLRs ) are the two main fam-
lies of PRRs [ 8 ]. TLRs ar e mainl y localized in the cell membrane
nd are capable of recognizing a broad range of exogenous PAMPs,
hile NLRs specialize in defense a gainst intr acellular micr obes

 9 ]. The recognition of TLRs can initiate a cascade of innate and
da ptiv e imm une r esponses and play a centr al part in the patho-
enesis of IBD [ 9 , 10 ]. 

The molecule myeloid differentiation factor 88 ( MyD88 ) 
s the cor e ada ptor of TLRs and one of major mediators to
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ctivate the nuclear factor kappa-B ( NF- κB ) pathway [ 11 ].
atients with IBD sho w ed enhanced activation of MyD88
ignaling in intestinal epithelial cells [ 12 ]. The upregu-
ation of MyD88/NF- κB signal induces the production of
 ultiple pr oinflammatory cytokines in IBD [ 13 ]. The differ-

ntiation and effector function of T cells also r equir e MyD88. It
as reported that deletion of MyD88 in CD4 + T cells resulted

n defective differentiation of Th17 and decreased secretion of
nterleukin ( IL ) -17 in mice with colitis [ 14 ]. These innate and
da ptiv e imm une r esponses mediated by MyD88 pr omote the
e v elopment of intestinal inflammation and a ggr av ate epithelial

njury in IBD patients [ 13 ]. T hus , MyD88 was regarded as a possi-
le ther a peutic tar get for IBD [ 11 ]. Ho w e v er, the r ole of MyD88 in
he de v elopment of IBD is complex and contr ov ersial. In addition
o r egulating imm une r esponses, MyD88 is also important in

odulating intestinal bacterial clearance, epithelial restoration,
ucosal permeability, and even microbial composition [ 15–18 ].

e v er al animal experiments sho w ed that deletion of MyD88
ould not mitigate intestinal inflammation and e v en incr eased
issue susceptibility to colitis [ 19 –21 ]. Ther efor e, further r esearc h
s r equir ed to inv estigate the effects of MyD88 on intestinal
nflammation and the underlying mechanism. 

This study set out to analyze the in vivo impacts of MyD88 de-
ciency or inhibition by a MyD88 inhibitor on acute intestinal in-
ammation in terms of the crosstalk between gut microbiota and
he innate immune system. Our results revealed a potential role
f MyD88 in shaping the structure of gut microbiota and a co-
per ation mec hanism of TLR- and NLR-mediated imm unological
athwa ys . 

ethods 

ice 

yD88 −/ − mice with C57BL/6J bac kgr ound and their wild-type
 WT ) littermates were obtained from Nanjing Medical University,
anjing, China. C57BL/6J female mice ( 6–8 weeks old ) were pur-
 hased fr om Beijing HFK Bioscience Co., Ltd. All mice wer e br ed
nd maintained under conventional laboratory conditions at the
nimal center of Tongji Medical College. Experimental protocols
er e a ppr ov ed by the Institute Animal Car e and Use Committee
t the Tongji Hospital, Wuhan, China. WT C57BL/6J female mice
 6–8 w eeks old ) w ere pur c hased fr om HFK Bioscience and wer e
 andoml y divided into control and treatment groups. All mice
er e br ed under conv entional labor atory conditions at the animal

enter of Tongji Medical College. Experimental pr otocols wer e a p-
r ov ed by the Institute Animal Care and Use Committee at the
ongji Hospital, Wuhan, China. 

egents 

he MyD88 inhibitor TJ-M2010-5 ( TJ5 ) was generated in the School
f Pharmacy, Tongji Medical College, Huazhong University of Sci-
nce and Technology, Wuhan, China ( WIPO Patent Application
umber: PCT/CN2012/070 811 ) and kindl y pr ovided by Pr of. Ping
hou. NLRs inhibitor NOD-IN-1 ( NI1 ) was purc hased fr om Med-
hemExpress ( MJ, USA ) . Imipenem ( Merck Sharp & Dohme Corp.
.S.A ) and vancomycin ( VANCOCIN ITALIA S.R.L ) were obtained

rom Tongji Hospital. Antibodies used for western blotting were
urc hased fr om Cell Signaling Tec hnology ( MA, USA ) , ABclonal
echnology ( Wuhan, China ) and Proteintech ( Chicago, IL < USA ) . 

nduction of colitis and treatment 
cute colitis was induced in mice with C57BL/6J bac kgr ound by

reating them with 3% ( wt/vol ) dextran sulphate sodium ( DSS, 36–
0 kDa; MP Biomedicals, USA ) in their drinking water for 7 da ys .
he MyD88 knoc k out mice and their littermates were organized

nto the following gr oups: WT gr oup, WT-DSS gr oup, MyD88 −/ −

r oup, and MyD88 −/ −-DSS gr oup. For the MyD88 inhibition study,
57BL/6J mice were intraperitoneally injected with 50 mg/kg of
J5 daily from one day before the first DSS administration to the
e v enth day of DSS challenge. H 2 O or PBS was used as a solvent for
SS and the MyD88 inhibitor TJ5, serving as the control for DSS or
J5, r espectiv el y. To eliminate the gut micr oflor a, mice wer e giv en

mipenem ( 1 g/l ) and vancomycin ( 1 g/l ) in drinking water 3 days
efore and during DSS administration. The NI1 was administrated
t a dose of 20 mg/kg per day via intr a peritoneal injection. 

isease activity index and histological score 

ice wer e monitor ed dail y for w eight, stool consistenc y, and
ectal bleeding. The disease activity index ( DAI ) was calculated
nder the guidance of a pr e viousl y established scoring system
 supplementary Table S1, see online supplementary material )
 22 ]. 

The colonic tissues were fixed in 4% formaldehyde, paraffin-
mbedded, then sectioned at 3–6 μm and stained with hema-
oxylin and eosin ( H&E ) . Each section was evaluated by three
linded r esearc hers thr ough the histological scor e ( HS ) system
 supplementary Table S2, see online supplementary material )
 23 ]. 

N A extr action and RT-PCR 

otal RN A w as extracted b y lysing colonic tissue with Trizol
 ea gent. Complementary DN A ( cDN A ) w as synthesized from 0.5
g of total RNA using a r e v erse tr anscriptase kit ( Vazyme, Nanjing,
hina ) , and R T-PCR w as performed using SYBR Green qPCR Master
ix ( Vazyme ) on an ABI StepOne Real-Time PCR system ( Thermo

isher Scientific, MA, USA ) . All primers were synthesized by Ts-
ngke Biological Technology ( Beijing, China ) ( supplementary Table
3, see online supplementary material ) . The r elativ e mRNA ex-
r ession le v els of tar get genes wer e anal yzed by using the 2 −��CT

ethod with β-actin as the r efer ence gene. 

estern blotting 

olonic protein was extracted using a protein extraction kit
 Solarbio, Beijing, China ) . The protein lysates were run on SDS-
AGE and tr ansferr ed to a pol yvin ylidene fluoride ( PVDF ) mem-
r ane ( Millipor e, Darmstadt, German y ) . The PVDF membr anes
er e bloc ked with 5% non-fat milk and were incubated at 4 ◦C
vernight. Afterw ar ds, the membranes were incubated with anti-
abbit/mouse IgG conjugated to horseradish peroxidase for 2 h
t r oom temper atur e, then visualized by an enhanced chemilu-
inescence ( ECL ) assay kit ( Boster Biological Technology, Wuhan,

hina ) . 

ut microbiota analysis 

he microbial composition among studied groups was compared
sing linear discriminant analysis effect size ( LEfSe ) analysis.
eces were collected and washed with sterile PBS, then im-
ediatel y fr ozen at −80 ◦C. Fecal bacterial DN A w as extracted

sing an E.Z.N.A. ® Soil DNA Kit ( Omega Bio-Tek, GA, USA ) .
CR amplification of 16S rRN A genes w as carried out using
he paired primers for the V3–V4 region of the 16S rRNA gene
 supplementary Table S4 , see online supplementary material ) .
he total numbers of bacteria per gram of feces were deter-
ined by the DNA copies le v el of the V3–V4 region of the bac-

eria 16S rRNA gene . T he dem ultiplexed r eads wer e cluster ed
nto operational taxonomic units of > 97% similarity using UP-

https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae013#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae013#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae013#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae013#supplementary-data
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ARSE. The Shannon, Simpson, and Chao indexes were used for the 
alpha-div ersity anal ysis by using mothur ( v ersion 1.33.3, http:// 
www.mothur.org/) . Principal coordinate analysis ( PCoA ) , heatmap 

analysis, and species abundance analysis were performed using 
R softwar e ( v ersion 3.2.3, R De v elopment Cor e Team, 2016 ) . The 
sequencing service was provided by Bioyi Biotechnology Co., Ltd.
Wuhan, China. 

RN A tr anscriptome anal ysis 

Total RN A w as extr acted fr om colonic tissue by Trizol. Pr epar ation 

of the cDNA transcriptome library follo w ed the instructions of the 
TruSeqTM RNA sample pr epar ation kit fr om Illumina ( CA, USA ) .
After qualification and quantification of cDN A, RN A sequencing 
was performed on a NovaSeq 6000 system from illumine. Data 
analysis was performed on the free online Majorbio Cloud Plat- 
form ( www.majorbio.com ) . T he ra w data were subject to quality 
contr ol, pr e-pr ocessing, r ead ma pping, and quantification of gene 
expr ession le v el. Gene Ontology ( GO ) enric hment and Kyoto En- 
cyclopedia of Genes and Genomes ( KEGG ) pathway analysis were 
performed to identify the functional processes and metabolic 
pathways enriched by the differ entiall y expr essed genes. 

Sta tistical anal ysis 

All data are expressed as the mean ± SEM. Data between two 
gr oups was compar ed using the unpair ed t-test, and comparisons 
between multiple groups was carried out using ANOVA via Graph- 
Pad Prism software ( version 7.01, GraphPad Prism Inc., USA ) . A 

two-sided P value < 0.05 was considered statistically significant. 

Results 

MyD88 

−/ − mice exhibited comparable severity of 
colitis to WT littermates in acute DSS-colitis 

To investigate the involvement of MyD88 in the pathogenesis of 
acute colitis, we utilized MyD88-deficient mice in a DSS-induced 

colitis model. The administration of DSS resulted in an increase in 

the expression of MyD88 and activation of NF- κB in WT-DSS mice 
( Fig. 1 A–C ) . Additionally, DSS exacerbated the indicators that re- 
flect the se v erity of colitis, suc h as DAI, colonic shortening, and 

histological pathology ( Fig. 1 D–G ) . Compared to the WT litter- 
mates, MyD88 −/ − mice sho w ed less activation of NF- κB during 
DSS-induced colitis ( Fig. 1 A–C ) . Ho w e v er, ther e was no significant 
difference in DAI, colon length, and histological score between 

WT-DSS and MyD88 −/ −-DSS groups ( Fig. 1 D–G ) . Analysis of the 
mRNA expr ession le v el of TNF- α, IFN- γ , and IL-1 β suggested that 
MyD88 deficiency could not reduce the le v els of pr o-inflammatory 
cytokines in colon caused by DSS administration ( Fig. 1 H–J ) . No 
consider able differ ence of colitis par ameters was observ ed be- 
tween MyD88 −/ − mice and WTcontrols ( Fig. 1 A–J ) . The expression 

le v el of epithelial tight junction proteins ( TJs ) zona occludens- 
1 ( ZO-1 ) , occludin, and claudin-5 decreased in DSS-treated mice 
compared to the normal controls. Loss of MyD88 could partially 
r e v erse the expr ession of TJs after DSS administr ation ( Fig. 1 K–
L ) . Since MyD88 was associated with tissue repair after epithe- 
lial damage, we detected the factors transforming growth factor 
beta ( TGF- β) , epidermal growth factor ( EGF ) , and cyclooxygenase- 
2 ( CO X-2 ) that w ere inv olv ed in tissue r epair within the intestinal 
m ucosa. The r esults r e v ealed that after DSS challenge, MyD88 −/ −

mice exhibited no significant differences in the expression lev- 
els of TGF- β, EGF, and COX-2 compared to the normal controls 
( Fig. 1 M ) . These data indicated that MyD88 deficiency does not 
significantl y amelior ate acute DSS-induced colitis in mice. Fur- 
thermore, MyD88-associated tissue repair does not appear to con- 
tribute to this effect. 
yD88 inhibition failed to amelior a te the disease 

everity of acute DSS-induced colitis in spite of 
he restricted activ a tion of NF- κB 

e then tested the effects of the MyD88 inhibitor ( TJ5 ) on acute in-
estinal inflammation. Western blot analysis sho w ed that TJ5 ad-

inistr ation could significantl y r estrict the expr ession of MyD88
n colon tissue. In the colons of mice with DSS-induced colitis,
J5 treatment resulted in a significantly decreased level of phos-
horylated NF- κB compared to mice treated with PBS ( Fig. 2 A
nd B ) . 

Mice challenged with DSS for 7 days had increased DAI, worse
istological score, and shortened colon compared with mice with- 
ut DSS challenge no matter whether TJ5 was administrated or
ot ( Fig. 2 C–F ) . Mor eov er, the expr ession of pr oinflammatory cy-
okines including TNF- α, IFN- γ , and IL-1 β was not significantly
uppr essed in TJ5-tr eated mice ( Fig. 2 G ) . Suppr ession of MyD88
y TJ5 could partially reverse the expression of TJs ZO-1, occludin,
nd claudin-5 after DSS administration ( Fig. 2 H ) , but no consider-
ble differ ences wer e observ ed in the expr ession le v els of TGF- β,
GF, and COX-2 compared to the normal controls after DSS chal-
enge ( supplementary Fig. S1, see online supplementary material ) .

Taken together, these data suggested that TJ5 could inhibit
y88 expression and partially suppress the activation of NF- κB.
o w e v er, inhibition of MyD88 did not significantly ameliorate the
isease se v erity of acute DSS-induced colitis, whic h was in con-
ordance with data from MyD88-deficient mice. 

yD88 inhibition disturbed the composition of 
ntestinal microflora in mice 

e next analyzed the possible reasons for the comparable col-
tis se v erity between MyD88-suppr essed mice and their contr ol
nimals after DSS challenge. In light of the important role of
yD88 in the interaction between gut microbiota and host im-
unity, we examined the effect of MyD88 suppression on the

ut microbial ecosystem. The analysis of 16S rDNA sequencing 
n fecal samples unveiled significant variations in bacterial diver- 
ity and abundance indexes ( Sobs, Chao1, Shannon, and Simpson )
cross the H 2 O + PBS, DSS + PBS, H 2 O + TJ5, and DSS + TJ5
xperimental gr oups. ( Fig. 3 A ) . PCoA anal ysis r e v ealed that the
omposition of gut microbiota separated significantly in the four 
roups ( Fig. 3 B ) . At the phylum level, MyD88-suppressed mice
ith TJ5 treatment sho w ed an increase in Bacteroidetes and Pro-

eobacteria , and a decrease in Firmicutes in the colon compared to
he PBS-tr eated contr ol. A similar tr end of incr eased Proteobacte-
ia and decreased Firmicutes was also observed in MyD88-deficient 

ice ( supplementary Fig. S2, see online supplementary material ) .
hese data r e v ealed that MyD88 suppr ession led to an unfa-
or able alter ation in the composition of gut micr obiota. In DSS-
nduced colitis, the abundance of Proteobacteria was increased in 

J5-treated mice as compared to PBS-treated mice ( Fig. 3 C and F,
nd supplementary Fig. S3 , see online supplementary material ) .
t the class le v el, the dominant bacterial community of PBS-

reated mice was Clostridia . Compared with the PBS-treated mice,
J5-treated mice sho w ed reduced Clostridia and increased Bac-

eroidia ( Fig. 3 D ) . Compared to the DSS + PBS group, the abundance
f Gammaproteobacteria significantly increased in the DSS + TJ5 
roup ( Fig. 3 D and F ) . Within the Proteobacteria phylum, Enterobac-
eriales were predominantly increased at order level in TJ5-treated 

ice ( Fig. 3 E and F ) , whereas Clostridiales , which belong to Firmi-
utes , exhibited a significant decrease in TJ5-treated mice ( Fig. 3 E ) .
hese data r e v ealed that MyD88 suppr ession leads to an unfavor-
ble alteration in the composition of gut microbiota. 

http://www.mothur.org/
http://www.majorbio.com
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae013#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae013#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae013#supplementary-data
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(A) (B) (C) (D)

(F)

(H) (I)(G) (J)

(M)(L)(K)

(E)

F igure 1. MyD88 deficienc y r estricted NF- κB activ ation but failed to alle viate colitis se v erity in mice. ( A –C ) Western blotting anal ysis of MyD88 pr otein 
expression and phosphorylation levels of NF- κB in colon tissue. ( D ) colon length, ( E ) DAI c hange, ( F ) r epr esentativ e H&E staining of colon sections, and 
( G ) histological score of MyD88 −/ − mice and control administrated with water or 3% DSS for 7 da ys . ( H –J ) Relative mRNA expression levels of IL-1 β, 
IFN- γ , and TNF- α in colon tissue by RT-PCR. ( K , L ) Western blot analysis of ZO-1, claudin-5, and occludin expression in colon tissue obtained in the 
four gr oups. ( M ) Relativ e mRNA expr ession le v els of TGF- β, EGF, and COX-2 in the four groups. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001, ns: not significant. 
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(A) (B) (C)

(E)(D)

(F)

(H)

(G)

Figure 2. MyD88 inhibition restricted NF- κB activation but failed to alleviate acute colitis severity in mice. ( A , B ) Western blotting analysis of MyD88 
pr otein expr ession and phosphorylation le v els of NF- κB in colon tissue. ( C ) DAI c hange, ( D ) colon length, ( E ) r epr esentativ e H&E staining of colon 
sections, and ( F ) histological score of control and TJ5-treated mice administrated with water or 3% DSS for 7 da ys . ( G ) Relative mRNA expression levels 
of IL-1 β, IFN- γ , and TNF- α in colon tissue b y R T-PCR. ( H ) Western blot analysis of ZO-1, claudin-5, and occludin expression in colon tissue obtained 
fr om contr ol and TJ5-tr eated mice administr ated with water or 3% DSS for 7 da ys . Data ar e pr esented as mean ± SEM; ∗P < 0.05, ∗∗P < 0.01, 
∗∗∗P < 0.001, ns: not significant. 
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NLR signaling pathway was the major 
immune-rela ted pa thway upregula ted in 

DSS-induced colitis mice treated with TJ5 

To explore the signaling pathways possibly mediating the un- 
mitigated colitis in DSS-fed mice after MyD88 suppression, we 
performed RNA transcriptome analysis of colon tissue from the 
DSS + TJ5 mice versus the DSS + PBS mice . T he comparative 
nal ysis r e v ealed that 56 genes wer e differ entiall y expr essed be-
w een the tw o gr oups ( Fig. 4 A ) . The differ entiall y expr essed genes
ere subjected to additional GO analysis and KEGG enrichment 
nal ysis. GO anal ysis sho w ed that MyD88 suppression in acute
SS-induced colitis was related to the defense response, im- 
 une r esponse and r esponse to or ganism/external biotic stim u-

us ( supplementary Fig. S4 , see online supplementary material ) .

https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae013#supplementary-data
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(A)

(B) (C) (D)

(F)(E)

Figure 3. Effects of MyD88 inhibition on the gut microbiota of mice. ( A ) Rarefaction plots based on the Sobs, Chao1, Shannon, and Simpson indexes. ( B ) 
PCoA plot of the intestinal mucosa-associated microbiota with Bray–Curtis distance. Av er a ge r elativ e abundances of taxa at the ( C ) phylum le v el, ( D ) 
class le v el, and ( E ) order le v el. ( F ) Relativ e abundances of indicated bacterial taxa in feces. Data ar e pr esented as mean ± SEM, ∗P < 0.05, ∗∗P < 0.01, 
∗∗∗P < 0.001. 
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EGG pathway analysis showed that imm une-r elated pathwa ys ,
ncluding the IL-17, TNF, and NLR signaling pathways were the

ajor pathways associated with MyD88 inhibition in DSS-induced
olitis ( Fig. 4 B ) . Real-time PCR confirmed that only genes related to
he NLR signaling pathway exhibited enhanced mRNA expression
n DSS + TJ5 mice compared to the DSS + PBS mice ( Fig. 4 C and
upplementary Figs. S5 –S7, see online supplementary material ) . 

urther suppression of NLR signaling pathway 

melior a ted the unmitigated colitis severity in 

J5 treated DSS-colitis mice 

 he abo v e r esults demonstr ated that MyD88 inhibition could not
lle viate colitis se v erity and was associated with the alteration of
ut microbiota composition and upregulation of the NLR signaling
athway in mice with DSS challenge. To better understand the role
f the NLR signaling pathway in colitis under MyD88 inhibition
onditions, TJ5-tr eated mice wer e intr a peritoneall y injected with
LRs inhibitor NI1. Western blot analysis indicated that the pro-

ein expression levels of NLRs and NLR-induced mitogen activated
rotein kinase ( MAPK ) signal were significantly upregulated in the
SS + TJ5 group compared with the DSS + PBS gr oup. Administr a-

ion of NI1 could suppress the upregulation of the NLR signal in
ice with DSS-induced colitis ( Fig. 5 A ) . Meanwhile, mice from the
SS + TJ5 + NI1 group displayed significantly decreased D AI, HS ,
nd colon shortening than those from the DSS + PBS group or the
SS + TJ5 group ( Fig. 5 B–E ) . The mRNA expression of proinflam-
atory cytokines in colonic tissues, including IL-1 β, IFN- γ , and

NF- α, wer e decr eased in DSS-induced colitis mice tr eated with
I1 and TJ5 as compared to mice solely treated with TJ5 ( Fig. 5 F ) .
he data suggested that further inhibition of the NLR signaling

https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae013#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbae013#supplementary-data
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(A) (B)

(C)

Figure 4. MyD88 inhibition induced the upregulation of the NOD-like receptor signaling pathway in mice with DSS-induced colitis. ( A ) 
RN A-sequencing w as performed with isolated colon tissue fr om mice with DSS-induced colitis tr eated with PBS or TJ5. The heat ma p indicated the 
differ entiall y expr essed genes by clustering anal ysis. ( B ) Differ entiall y expr essed genes ( DSS + PBS gr oup v ersus DSS + TJ5 gr oup ) wer e anal yzed by 
KEGG enrichment analysis. ( C ) Differentially expressed genes ( DSS + PBS group versus DSS + TJ5 group ) associated with the NLR signaling pathway 
were identified by RT-PCR. Data are presented as mean ± SEM, ∗∗P < 0.01, ∗∗∗P < 0.001. 
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pathway in TJ5-treated DSS-colitis mice could ameliorate colitis 
se v erity, whic h was not impr ov ed by MyD88 inhibition with TJ5 
alone. 

Antibiotics treatment altered colonic bacterial 
flora in mice 

Considering the important role of MyD88 in the interaction be- 
tween gut microbiota and host immunity, we next examined the 
combination effect of MyD88 suppression and antibiotics on the 
gut microbial ecosystem. Animals were given imipenem ( I; 1 g/l ) 
and vancomycin ( V; 1 g/l ) in drinking water for 3 days before and 

during DSS administration to eliminate the gut microflora. The 
total number of bacteria per gram of feces was much less after 
antibiotics treatment ( Fig. 6 A ) . Analysis of colonic mucosal sam- 
ples via 16S rDNA sequencing r e v ealed significant differ ences in 

the diversity and abundance indexes of microbiota, such as Sobs,
Chao1, Shannon, and Simpson, among the H 2 O + PBS , DSS + PBS ,
DSS + TJ5, DSS + I&V, and DSS + TJ5 + I&V groups ( Fig. 6 B ) .
PCoA anal ysis r e v ealed that the composition of colonic micr o- 
biota differ ed significantl y in the fiv e gr oups ( Fig. 6 C ) . In DSS- 
induced colitis mice at the phylum le v el, TJ5-tr eated and/or I&V- 
treated mice sho w ed an increase in Proteobacteria and a decrease in 

Bacteroidetes in the composition of the colonic microbiota com- 
pared to the PBS-treated mice ( Fig. 6 D ) . Among the five groups,
the largest total number of Proteobacteria per gram of feces was ob- 
served in the TJ5-treated mice ( Fig. 6 E ) . Ho w ever, the total number 
f Proteobacteria per gram of feces exhibited a significant decrease
fter antibiotic treatment. ( Fig. 6 E ) . These data revealed that the
ffect of MyD88 suppression on gut microbiota could be altered
fter antibiotics treatment. 

ntibiotics treatment impeded colitis progression 

n MyD88-suppressed DSS-colitis mice 

e hypothesized that the MyD88 inhibition-associated increase in 

roteobacteria in the gut might upregulate the NLR signaling path-
ay, potentially leading to unmitigated colitis severity following 
yD88 inhibition. In our study, TJ5-treated mice were orally given

road-spectrum antibiotics with a combination of imipenem and 

ancomycin to eliminate gut bacteria. Compared to PBS- or TJ5-
reated DSS-colitis mice, the antibiotics plus TJ5-treated mice ex- 
ibited significantly lo w er DAI, histological scores, and less colon
hortening after DSS administration ( Fig. 7 A–C ) . Pathological find-
ngs and proinflammatory cytokine levels revealed ameliorated 

olonic inflammation in TJ5-treated DSS-induced colitis mice af- 
er antibiotic treatment ( Fig. 7 D–E ) . Using broad-spectrum antibi-
tics to limit gut bacteria resulted in a significant decrease in
he expression level of NLRs and activated MAPK proteins in TJ5-
reated mice with DSS-colitis ( Fig. 7 F ) . The data suggest that the
ncrease in gut Proteobacteria in MyD88-suppressed mice may ex- 
cerbate intestinal inflammation by stimulating NLR-mediated 

nflammatory responses. 



8 | Li et al. 

(A)

(B)

(E)

(F)

(C) (D)

Figure 5. Further blockade of the NLR signaling pathway attenuated unmitigated DSS-colitis se v erity in mice treated with TJ5 alone. ( A ) Colon samples 
were collected after 7 days of DSS administration. Protein extracted from colon tissue was analyzed by western blotting for MyD88, NOD1/2, 
extr acellular r egulated pr otein kinases ( ERK ) , phospho-ERK, p38 MAPK, and phospho-p38 MAPK. ( B ) DAI change, ( C ) colon length, and ( D ) histological 
score of mice in different groups. ( E ) Re presentati ve H&E staining of colon sections. ( F ) Relative mRNA expression levels of IL-1 β, IFN- γ , and TNF- α in 
colon tissue by RT-PCR. Data are presented as mean ± SEM, ∗P < 0.05. ∗∗P < 0.01, ∗∗∗Pp < 0.001, ns: not significant. 
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iscussion 

uppression of the overactive immune response has been re-
arded as an important ther a peutic str ategy for IBD. Our study
uggests that inhibiting MyD88 with TJ5 may not impr ov e the
e v erity of colitis in an acute DSS-induced colitis model, e v en
hough the activation of the proinflammatory NF- κB pathway
as partially restricted. The results imply that the unfavorable

hanges in the gut microbiota and the upregulation of the NLR



MyD88 blockade fails to mitigate severity of acute colitis | 9 

(A) (B)

(D)(C) (E)

Figure 6. Alteration of colonic bacterial flora by broad-spectrum antibiotics in mice. Animals were given imipenem ( I; 1g/l ) and vancomycin ( V; 1g/l ) in 
drinking water for 3 days before and during DSS administration. ( A ) Total number of bacteria per gram of feces was quantified using RT-PCR. ( B ) 
Rarefaction plots based on the Sobs, Chao1, Shannon, and Simpson indexes. ( C ) PCoA plot of the intestinal mucosa-associated microbiota with 
Bra y–Curtis distance . ( D ) Average relative abundances of taxa at the phylum level. ( E ) Total number of Proteobacteria per gram of feces in different 
gr oups. Data ar e pr esented as mean ± SEM, ∗p < 0.05. ∗∗p < 0.01, ∗∗∗p < 0.001. 
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signaling pathway after MyD88 suppression could account for 
the sustained DSS-associated colonic inflammation and intesti- 
nal mucosal injury following MyD88 inhibition ( Fig. 8 ) . 

The MyD88-mediated innate imm une r esponse was suggested 

to be an important promoter of intestinal inflammation and 

could potentially serve as a therapeutic target for IBD. In a 
mouse model of azoxymethane/DSS-induced colitis-associated 

cancer, administration of a MyD88 inhibitor significantly alle- 
viated azoxymethane/DSS-inaduced colitis, resulting in reduced 

body weight loss and lo w er mortality r ates [ 24 ]. Furthermor e,
in the IL10 −/ − mouse model of c hr onic intestinal inflamma- 
tion, the deletion of MyD88 protected IL10 −/ − mice from sponta- 
neous commensal-dependent colitis [ 25 ]. Inter estingl y, our study 
demonstr ated that bloc king the MyD88-mediated imm unological 
pathway alone could not ameliorate DSS-induced colitis se v er- 
ity in terms of body weight loss, DAI, histological change, and 

se v er al pr oinflammatory cytokine le v els including TNF- α, IFN- 
γ , and IL-1 β, although the activ ation of NF- κB was significantl y 
inhibited. This result was similar to the observations in several 
other recent studies. Araki [19] and Rakoff-Nahoum [20] found 

that MyD88-deficient mice exhibited increased susceptibility to 
DSS, r esulting in se v er e m ucosal injury, r ectal bleeding, and e v en 

higher mortality. Mice with intestinal epithelial-specific blockade 
of MyD88 e v en de v eloped spontaneous inflammation in the small 
intestine at 36 weeks [ 26 ]. These contradictory results of MyD88 
blockade in the above murine models of intestinal inflammation 

may be attributed to the complex role of MyD88 in intestinal 
inflammation. 
The adaptor MyD88 could mediate the activation of the NF-
B signaling pathway and was classically defined as a booster of
 ucosal inflammatory r esponses [ 11 ]. Besides, MyD88 was impor-

ant in regulating epithelial repair and mucosal permeability [ 18 ,
0 ]. Our results indicated that MyD88 suppression could restrict
he activation of NF- κB but could not reduce the le v els of se v-
r al pr oinflammatory cytokines, including IL-1 β, IFN- γ , and TNF-
. mRNA expr ession le v els of tissue repair factors, including TGF-
, EGF, and COX-2 within the intestinal m ucosa, wer e not signif-

cantl y decr eased after MyD88 suppr ession. Additionall y, the in-
egrity of TJs could be partially preserved by MyD88 inhibition
ollowing DSS administration. These results suggest that the sup- 
ression of MyD88 in experimental colitis could restrict the acti-
ation of NF- κB without compromising tissue reconstruction abil- 
ty and the production of epithelial TJs . Further in vestigation was
onducted to explore the possible explanation as to why inhibiting
yD88 did not alleviate the se v erity of acute DSS-induced colitis.
MyD88 plays a k e y role in the innate immune defense against

athogens, and it has been reported that autosomal recessive 
yD88 deficiency in c hildr en is associated with increased sus-

eptibility to p y ogenic bacterial infection [ 27 ]. Production of anti-
acterial agents such as antimicrobial peptides and secretory im- 
unoglobulin A ( slgA ) also required MyD88 [ 26 ]. As the k e y adap-

or of TLRs, MyD88 may participate in TLR-mediated shaping and
egulating of gut microbiota [ 28 , 29 ]. Given that MyD88 is involved
n multiple antibacterial defense pathwa ys , the hypo-expression 

f MyD88 may lead to the accumulation of pathogens in the gut
nd disrupt the structure of the gut microbiota. Our findings re-
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(A) (B) (C)

(D)

(E)

(F)

Figure 7. Antibiotics treatment dampened colitis progression in TJ5-treated mice. ( A ) DAI change, ( B ) colon length, and ( C ) histological score of mice. 
( D ) Re presentati ve H&E staining of colon sections from mice in each group. ( E ) Relative mRNA expression levels of IL-1 β, IFN- γ , and TNF- α in colon 
tissue by RT-PCR. ( F ) Protein extracted from colon tissue was analyzed by western blot for MyD88, NOD1/2, RIPK2, ERK, phospho-ERK, p38 MAPK, and 
phospho-p38 MAPK. Data are presented as mean ± SEM, ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, I&V: imipenem and vancomycin. 
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 ealed that MyD88-suppr essed mice had unfavor able alter ations
n gut micr obial composition, c har acterized by an increased abun-
ance of Proteobacteria . Proteobacteria is a minor phylum in the hu-
an gut, consisting of se v er al known human pathogens, such as

sc heric hia , Shigella , Salmonella , and Yersinia . These pathogens can
ctivate the host immune defense and trigger a proinflammatory
tate [ 30 , 31 ]. Patients with IBD were often found to have increased
roteobacteria in the gut [ 32 –34 ]. T hus , MyD88 suppression may
ead to dysbiosis and stimulate intestinal inflammation by acti-
ating other immunological pathwa ys . 

In our study, RNA transcriptome analysis sho w ed that the
LR signaling pathway was the primary upregulated immuno-

ogical pathway associated with MyD88 suppression in DSS-
nduced colitis. Further blockade of the NLR signaling pathway in
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Figure 8. Sc hematic dia gr am de picting gut d ysbiosis and stim ulation of the NLR signaling pathway after MyD88 suppr ession in intestinal 
inflammation. In normal conditions, the extracellular and intracellular PPRs ( TLRs and NLRs ) sense intestinal microbiota through PAMPs and exert 
anti-bacterial effects. In the state of intestinal inflammation, although MyD88 suppression can restrict the MyD88-mediated activation of NF- κB, it 
also leads to unfavorable changes in the composition of gut microbiota and induces the upregulation of the NLR signaling pathway. Eliminating gut 
microbiota with antibiotics or blocking NLR signal transduction with NLR inhibitor in combination with MyD88 suppression can ameliorate the 
inflammatory response. 
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MyD88-suppressed mice could ameliorate the severity of colitis 
that was not impr ov ed by MyD88 inhibition. Besides, the elimi- 
nation of intestinal Proteobacteria in MyD88-suppressed mice by 
broad-spectrum antibiotics could also alleviate colitis severity. 
This effect is coupled with the reduced expression of NLRs and 

the inhibition of the NLR-mediated MAPK signaling pathway. It 
w as ackno wledged that both NLRs and TLRs were important fam- 
ilies of PRRs, which collaborated to recognize PAMPs and induce 
imm une defense a gainst inv ading pathogens in intestinal epithe- 
lia [ 35 ]. The NLRs are localized in the cytoplasm and have been 

shown to play a k e y role in defense a gainst intr acellular micr o- 
biota. PAMPs deriv ed fr om pathogens can activ ate NLRs, leading to 
downstr eam pr oinflammatory signal tr ansduction and cytokine 
production [ 9 , 36 ]. This implies that the inhibition of MyD88 and 

the dysbiosis related to hypo-expression of MyD88 can induce the 
activation of the NLR signaling pathway in acute DSS-induced 

colitis . T his could be the reason why the inhibition of MyD88 
failed to mitigate the se v erity of colitis, as e v aluated by D AI, HS ,
and se v er al pr oinflammatory cytokines, including IL-1 β, IFN- γ ,
and TNF- α. 

Conclusion 

In conclusion, this study indicates that the blockade of the 
MyD88-mediated immunological pathway is associated with un- 
favor able c hanges in gut micr obiota, leading to the induction of 
LR-mediated immune responses . T he cooperation of PRRs is cru-
ial for modulating intestinal inflammation. 
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