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Exploring the Anti-Inflammatory Effect of Tryptanthrin by
Regulating TLR4/MyD88/ROS/NF-xB, JAK/STAT3, and Keap1/Nrf2
Signaling Pathways
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ABSTRACT: Tryptanthrin (TRYP) is the main active ingredient in Indigo Naturalis. Studies have shown that TRYP had excellent
anti-inflammatory activity, but its specific mechanism has been unclear. In this work, the differentially expressed proteins resulting
from TRYP intervention in LPS-stimulated RAW264.7 cells were obtained based on tandem mass tag proteomics technology. The
anti-inflammatory mechanism of TRYP was further validated by a combination of experiments using the LPS-induced RAW264.7
cell model in vitro and the DSS-induced UC mouse model (free drinking 2.5% DSS) in vivo. The results demonstrated that TRYP
could inhibit levels of NO, IL-6, and TNF-a in LPS-induced RAW264.7 cells. Twelve differential proteins were screened out. And
the results indicated that TRYP could inhibit upregulated levels of gp91phox, p22phox, FceRly, IKKa/f, and p-IkBa and reduce
ROS levels in vitro. Besides, after TRYP treatment, the health conditions of colitis mice were all improved. Furthermore, TRYP
inhibited the activation of JAK/STATS3, nuclear translocation of NF-xB p6S5, and promoted the nuclear expression of Nrf2 in vitro
and in vivo. This work preliminarily indicated that TRYP might suppress the TLR4/MyD88/ROS/NF-kB and JAK/STAT3
signaling pathways to exert anti-inflammatory effects. Additionally, TRYP could achieve antioxidant effects by regulating the Keapl/
Nif2 signaling pathway.

1. INTRODUCTION promote inflammatory responses by regulating a variety of
signals.” Upon binding to its receptor, IL-6 activates down-
stream JAKs, leading to STAT3 phosphorylation. Subse-
quently, p-STAT3 enters the nucleus and binds to specific
target gene sites and regulates gene expression.“’(’_9
Ulcerative colitis (UC) is a chronic inflammatory disease
that commonly presents with symptoms such as abdominal
pain and bloody stools."” Defective gut epithelial barrier,

alteration of intestinal flora, and dysregulated immune

Inflammation plays a crucial role in the body’s defense against
pathogens.' Macrophages are important in the initiation and
regulation of host defenses and can be activated by diverse
inflammatory stimuli, such as lipopolysaccharides (LPS), to
trigger a cascade of inflammatory processes.” In RAW264.7,
the toll-like receptor (TLR4) activates the corresponding
signaling pathway by binding to the ligand LPS, which induces
several active factors and leads to immune responses, such as
inflammation. TLR4 activation promotes the production of

reactive oxygen species (ROS) and inflammatory factors.” Received:  April 20, 2024
Generally, the NF-xB dimers are sequestered by NF-xB (IxBs) Revised:  June 21, 2024
inhibitors, however, under-stimulated with LPS, activated Accepted:  June 24, 2024
inhibitor of kappa B kinase (IKK) can phosphorylate IxBs, Published: July 3, 2024

leading to NF-kB nuclear translocation.* Janus kinase/signal
transducer and activator of transcription (JAK/STAT) can
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responses are all associated with the incidence of UC. The
inflammatory pathology of UC is significant, such as the diffuse
inflammatory infiltration in colonic mucosa, the increase of
lymphocytes and plasma cells in the lamina propria. Although
the role of macrophages in colitis is unknown, disorders of
monocytes and macrophages occur in intestinal inflamma-
tion.""'? In addition, the release and imbalance of inflamma-
tory cytokines promoted the occurrence and development of
colitis. These factors interact with each other and mediate
intestinal homeostasis, ultimately influencing the course of
UC." The dextran sulfate sodium (DSS)-induced UC model
synthesizes and releases large amounts of pro-inflammatory
cytokines (such as TNF-a and IL-6) and activates multiple
inflammatory signaling pathways, which has been a classic
model for studying the effects of colitis drugs.

Indigo Naturalis (IN) (also called Qingdai; Figure 1A) is a
traditional Chinese medicine. It is a dry powder processed
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Figure 1. (A) Indigo Naturalis. (B) TRYP structure. (C) Effect of
TRYP on RAW264.7 macrophage viability (%). **P < 0.01 vs control

group.

from the leaves or stems of blue-producing plants, including
Baphicacanthus cusia (Nees) Bremek, Polygonum tinctorium
W.T.Aiton, and Isatis indigotica Fortune. Pharmacological
studies have shown that IN had antipyretic,14 antibacterial,"®
anti-inflammatory, and other pharmacological effects.'® Due to
its excellent anti-inflammatory effects, IN is clinically used to
treat UC,"” acute promyelocytic leukemia, and psoriasis.'®"’
The active ingredients of IN are mainly indigo, indirubin, and
tryptanthrin (indolo[2,1-b]quinoline-6,12-dione, TRYP) (Fig-
ure 1B). Multiple studies have shown that indigo, indirubin,
and TRYP exhibited excellent anti-inflammatory activities.”*~>*
Our previous study also found that TRYP exerted an anti-
inflammatory effect on UC mice by modulating the secretion
of inflammatory factors and decreasing the expression of NF-
kB p65 in mouse colon tissues.””** In addition, it has been
reported that TRYP could reduce the production of
inflammatory factors in BV2 cells by regulating the Nrf2/
HO-1 and NF-xB signaling pathways.”

Overall, TRYP has significant anti-inflammatory activity
even in UC mice, but its exact mechanism of action is still
unclear. Exploring the anti-inflammatory mechanism of TRYP
is helpful for its redevelopment and utilization. In this study,
the inflammation model in RAW264.7 cells was induced with
LPS, and the tandem mass spectrometry (TMT )-proteomics
was used to identify the differential proteins regulated by
TRYP. Based on the TMT results, the related pathways were
analyzed, evaluated, and verified by in vitro experiments. The
DSS-induced UC mouse model was adopted to validate the
key targets of the relevant pathway, further elucidating the anti-
inflammatory mechanism of TRYP.

2. RESULTS

2.1. Cell Viability. The effect of TRYP on the survival rate
of RAW264.7 cells was detected by the MTT assay. The results
indicated that TRYP had no significant inhibitory effect on
RAW264.7 cells below 10 ug/mL (Figure 1C); therefore, 1,
2.5, and S5 pug/mL were selected as the final TRYP
concentrations.
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Figure 2. Effect of TRYP on the expression levels of inflammatory factors. The relative secretion and mRNA expression of NO (A), TNF-a (B,C),
and IL-6 (D,E). ™P < 0.01 vs control group; *P < 0.05, **P < 0.01 vs LPS group.
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Figure 3. Quantitative analysis results for TMT proteomics. (A) Protein identification and quantitative results. (B) Number of upregulated and
downregulated proteins between groups. (C) Venn diagram. Red represents upregulated, and green represents downregulated. (D) Cluster analysis
of 12 differentially expressed proteins. (E) Significantly different volcano plots for proteins in each group. (F) Subcellular localization of
differentially expressed proteins.

Table 1. Information of 12 Differentially Expressed Proteins between Two Groups

Lps/Con Tryp/Lps
variation variation
accession  gene name protein name P value trend P value trend
P20491 Fcerlg high affinity immunoglobulin epsilon receptor subunit gamma 8.57 x 107° ) 0.007643 l
QICQX8 Mrps36 28S ribosomal protein S36, mitochondrial 492 x 1075 1 0.010910 l
Q61462 CYBA cytochrome b-24S light chain 1.3 X 107 T 0.000343 |
P97857 Adamts1 a disintegrin and metalloproteinase with thrombospondin motifs 1 ~ 4.43 X 1077 ) 0.000319 l
Q99IMO7 Coa$ cytochrome c oxidase assembly factor 5 0.001071 ) 0.002524 l
Q62084 Ppplrl4b  protein phosphatase 1 regulatory subunit 14B 0.005506 ) 0.016533 l
Q61093 CYBB cytochrome b-245 heavy chain 0.001072 ) 0.000503 l
QIWUE3  Cyb561d2  cytochrome bS61 domain-containing protein 2 0.000202 ) 222 X 107° l
Q970 V8 Timml7a  mitochondrial import inner membrane translocase subunit Tim17-A  1.14 X 10°° 1 0.001977 T
Q9ZOMS Lipa lysosomal acid lipase/cholesteryl ester hydrolase 0.000168 | 8.68 X 107° T
BI1AR13 Cisd3 CDGSH iron—sulfur domain-containing protein 3, mitochondrial 0.000384 | 5.34 X 1075 1
Q62351 Tfrc transferrin receptor protein 1 1.85 X 107° 1 7.56 X 1073 1

2.2. Effect of TRYP on the Expression Levels of elevated the expression levels of IL-6 and TNF-a which were
Inflammatory Factors. NO secretion was significantly significantly reduced in the TRYP (2.5, S pg/mL) and
elevated in the LPS group compared with the control group BAY11-7082 groups.

(Figure 2A). NO secretion decreased significantly post TRYP 2.3. Proteomics Results and Verification. 2.3.1. Identi-
treatment. As depicted in Figure 2B—E, LPS significantly fication of Proteins and Statistical Results of Differential
30906 https://doi.org/10.1021/acsomega.4c03795

ACS Omega 2024, 9, 30904-30918


https://pubs.acs.org/doi/10.1021/acsomega.4c03795?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03795?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03795?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03795?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c03795?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf

Ceellx]  [Cm

A nflammataey response B response 16 hypoia | » [ ]
INAANE It feSponae PESPONEE 10 BHCrOAsAd Oxygen lvals{ o
response 10 hypoxia ESPONSE 10 Oxygen levels {4
response (o decreased oxygen levels nmammatory response | @)
response to oxygen levels penecation of precursor mataboltes and enargy 4 & .
generation of precursor metabolites and energy 2 response 1o xenotiotic stimulus 1 » a . 10
response fo xencbiotic stimulus responsa 1o nuiient levals { &
FRSPONSE 1O NUTIBNT laVels pas ive reguission of cytokine production { = L e
positive ragulation of cytoking product =logsz(pvalue) feaponse 10 exracelubc sinulus | = [ EE
response 1o extracellular stimulus 55 innate immunc response ®:n
positive reguidtion of immune response a0 pasitive regulstian of immune response {8 . 100
cellular response (o cytokine slimulus 45 welkilar response 10 Gyikion simulus | |
tertiary granule membrane 40 1By DrAuie MEMBrAne = )
cridoreductase complax a5 oRdoreductase complex . L1}
tertiary granule 30 tertisry granuse 2 s
endocytic vesicle membrane Q erdoeytic veside membiane . g :;
plasma membrane protain complax SBCTEINY QranUle MEMmDVanE { #
S8CrOI0fY GranuIe MEmMbrane endocyticvesicle{ © s
&ndocylic vesicl PHaSMS Membrane proten complex e
pennuciear region of cytoplasm porinuclear region of cytoglasm
heme binding heme binding ® [ ]
tetrapyrole binding ] fotrapyvols bindg . g
oxdoreducinsa activity = omdoreductase sctity
o 1 2z 3 4 35 % € 75 100
Counts Ennchment
% Comventinnl phageeyios FR-mediated phagicytoss
Phagoxybe cup
) Hindimy 1o reorplor s stk ”l“.ﬁ\'\'.‘ml"l!‘m'\‘ﬂﬂi recepiars
Endocytosis /B&ﬁ]‘mh—b P T l @ reccpiors opsEmE

i arctubule

l Rucychiog ctubomuine J

—

[ser ]

Phagon e matirution
by interaction with
e emdecyclic pathway

1 J
pimosytois-promoting -
neceoplons Internaliswiion und
formation of the phagesames

Early endosome Farly phagrasme it seephen
Cruss presentalivs
| ot - Semvenger socepdons
rostssin,
| (et
_— w Do J[cose ]
I L]
(@
Late endoscme | -

|

TUBH Matue phagosome |

l | 4 The sctivation mechamsm of NADPH oxiduse
|
l | inactive Form
|
@ hSSE
T : oo
p— ) [p22pbong 191 |
pH 48 > HOC1
[ | outes [

Iysosomal acsd hydorolasess,

Phagolysosome

ol ement recepton

Lem i em |
() ==

ConlCen o]

Tedl ke receptoes

[ R |
[ e e

D

o=

9
O

Fcerlg

o ©

Cyb561d2
@)
Ppplridb
Cybb O

Adamisl

O

Lipa

Figure 4. Results of GO, KEGG, and PPI analyses of differentially expressed proteins. (A) GO enrichment analysis histogram. (B) GO enrichment
analysis bubble diagram. (C) KEGG signaling pathway of the phagosome. The red box is a differentially expressed protein involved in phagosome.

(D) PPI network diagram of differentially expressed proteins.

Proteins. A total of 129,695 secondary mass spectra and
53,118 peptides were obtained using tandem mass spectrom-
etry and quantitative TMT detection. 6166 proteins were
identified from 49906 unique peptides (Figure 3A). Figure 3B

shows that there were 25 proteins with increased expression
and 45 proteins with decreased expression post TRYP
treatment. Twelve differentially expressed proteins (Table 1)
were present, including four upregulated and eight down-

30907 https://doi.org/10.1021/acsomega.4c03795
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Figure S. TRYP inhibited the TLR4/MyD88/ROS/NF-kB signaling pathway. (A) Expression levels of FceRly, gp91phox, p22phox, Syk, and p-
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group. Scale bar = 25 ym. (G) ROS levels in each group. Scale bar = 100 ym. #p < 0.01, *P < 0.05 vs control group; *P < 0.05, **P < 0.01 vs LPS

group.

regulated proteins (Figure 3C). Differentially expresse

d

proteins were grouped and categorized using a hierarchical

30908

cluster algorithm and presented as a heatmap (Figure 3D).
The variability in proteins between groups was demonstrated
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by volcano plots, which were plotted in terms of FC and P
values (t-test) (Figure 3E). The differentially expressed
proteins were predominantly localized in the plasma
membrane (30.8%), extracellular (30.8%), nucleus (23.1%),
cytoplasm (7.65%), and lysosomes (7.65%) (Figure 3F).

2.3.2. Functional Enrichment of Differential Proteins. GO
annotation was conducted on 12 differentially expressed
proteins to understand their localization, function, and
biological pathways involved in the organism. GO enrichment
analysis revealed eight enrichment items for cellular
components, three enrichment items for molecular functions,
and 12 enrichment items for biological processes (Figure
4A,B). Differentially expressed proteins were predominantly
involved in cellular components, such as plasma membranes;
molecular functions, such as oxidoreductase activity; and
biological processes, such as inflammatory responses. KEGG
pathway enrichment analysis obtained a pathway, the
phagosome pathway (Figure 4C).

2.3.3. PPl Network Analysis. The disconnected nodes of the
PPI network were hidden, and finally, three nodes and three
edges were obtained. Among the differentially expressed
proteins, gp91phox (encoded by CYBB), p22phox (encoded
by CYBA), and FceRly (encoded by Fcerlg) were related to
each other (Figure 4D). gp91phox and p22phox are the key
NADPH oxidase subunits.”® FceRly is the gamma chain of the
immunoglobulin € receptor, and FceRIy has immunoreceptor
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tyrozs7ine—based activation motifs (ITAMs) essential for signal-
ing.

gThrough our analysis, we speculated that the mechanism of
action of TRYP on LPS-induced RAW264.7 cells might
involve the TLR4/MyD88/ROS/NF-kB, JAK/STAT3, and
Keapl/Nrf2 signaling pathways. Next, our speculation was
preliminarily verified by relevant experiments.

2.3.4. TRYP Inhibited the TLR4/MyD88/ROS/NF-xB Signal-
ing Pathway. Three proteins, gp91phox, p22phox, FceRIy and
p-Syk, were lowly expressed in the control group and were
significantly upregulated post LPS stimulation, while TRYP
could significantly downregulate their expression. BAY11-7082
(10 M) had negligible inhibitory effect on gp91phox.
p22phox protein expression, however, could inhibit FceRly
protein expression (Figure SA). As gp91phox, p22phox, and
FceRly are located on the cell membrane, we speculated that
TRYP may bind to them. Based on this hypothesis, we
conducted molecular docking experiments. The results
demonstrated the binding energies of FceRly, gp91phox, and
p22phox with TRYP of —6.0, —9.9, and —6.4 kcal/mol,
respectively (Figure SB). TRYP exhibits strong binding activity
with gp91phox, p22phox, and FceRly.

Our results demonstrated that TLR4 and MyD88 expression
increased after LPS stimulation and decreased in the TRYP
group (Figure SC). BAY11-7082 (10 #M) had negligible effect
on TLR4 and MyD88 protein expression. The expression of p-
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Figure 7. Regulatory effect of TRYP on the Keapl/Nrf2 signaling pathway. Western blotting analysis of Keapl and Nrf2 (A) and Nrf2 in the
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group; *P < 0.05, **P < 0.01 vs the LPS group.

IkBa, IKKa, IKKf, and NF-kB p65 (in nucleus) increased post
LPS stimulation. However, TRYP and BAY11-7082 pretreat-
ment reduced their expression (Figure SD,E). Immunofluor-
escence (IF) experiments also displayed stronger green
fluorescence in the LPS group and weaker fluorescence in
the TRYP and BAY11-7082 groups, suggesting that TRYP
could inhibit the transfer of NF-kB p65 to the nucleus (Figure
SF).

ROS can induce IkB protein modification, thereby activating
NF-kB.”® The results demonstrated that green fluorescence
was significantly enhanced post LPS stimulation, indicating a
dramatic increase in ROS levels. Conversely, the TYRP
treatment significantly suppressed ROS levels. The ROS levels
also decreased post BAY11-7082 treatment (Figure SG).
These results indicated that TRYP had a protective effect on

30910

LPS-induced RAW264.7 cells and could reduce the ROS
levels.

2.3.5. TRYP Inhibited the JAK/STAT3 Signaling Pathway.
The phosphorylation level of STAT3 significantly increased
after LPS stimulation. Conversely, TRYP pretreatment could
reduce the STAT3 phosphorylation level. The expression of
phosphorylated JAK1 and JAK2 was upregulated post LPS
stimulation and significantly downregulated in the TRYP
pretreatment group in a dose-dependent manner (Figure
6A,B). BAY11-7082 treatment significantly reduced the levels
of p-STAT3, p-JAK1, and p-JAK2 expression. As depicted in
Figure 6C, p-STAT3 was highly expressed post LPS
stimulation, and most of them were localized in the nucleus.
Conversely, TRYP and BAY11-7082 significantly inhibited the
entry of p-STAT3 into the nucleus. These studies demon-
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strated that TRYP pretreatment inhibited the activation of the

JAK/STATS3 signaling pathway.

2.3.6. Regulatory Effect of TRYP on the Keapl/Nrf2
Signaling Pathway. The Keapl/Nrf2 pathway is a crucial
cellular defense mechanism against oxidative stress injury.””

The results depicted in Figure 7A indicate that LPS stimulation

caused a decrease in Keap1 protein expression, which was even
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more reduced in the TRYP-pretreated group. Compared with
the LPS group, BAY11-7082 treatment had negligible effect on
Keapl protein expression. LPS stimulation could activate Nrf2

https://doi.org/10.1021/acsomega.4c03795
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and promote its entry into the nucleus. TRYP pretreatment
could increase Nrf2 expression and further activated Nrf2
signaling (Figure 7B). IF results (Figure 7C) demonstrated
that the fluorescence intensity of Nrf2 increased post LPS
stimulation. Compared with the LPS group, Nrf2 was highly

expressed in the nucleus and cytoplasm in the TRYP treatment
and the TRYP pretreatment groups.

2.4. Effect of TRYP on UC Mice. 2.4.1. Disease Activity
Index Score and Colon Pathology. The results in Figure 8A
showed that 2.5% DSS could induce colitis successfully. After

https://doi.org/10.1021/acsomega.4c03795
ACS Omega 2024, 9, 30904—-30918


https://pubs.acs.org/doi/10.1021/acsomega.4c03795?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03795?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03795?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03795?fig=fig9&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c03795?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

administration of salazosulfapyridine (SASP) and TRYP, the
disease activity index (DAI) score was decreased, intestinal
inflammatory damage was improved, and inflammatory
infiltration was reduced (Figure 8A—C). Moreover, DSS-
induced MPO activity in the colon of mice was significantly
increased, which was significantly decreased after TRYP
treatment (Figure 8D). The above results showed that the
TRYP treatment effectively reduced colon inflammation in UC
mice.

2.4.2. Effect of TRYP on Oxidative Stress in UC Mice.
Oxidative stress is an important mechanism for the develop-
ment of UC. After DSS induction, the content of MDA in mice
was significantly increased, while the activity of SOD was
significantly decreased, indicating that DSS modeling increased
the level of oxidative stress in mice. Compared with the DSS
group, the content of MDA in the SASP group and TRYP
group was downregulated, while the activity of SOD was
upregulated significantly, suggesting that TRYP treatment
could inhibit the oxidative stress level of DSS-induced UC
mice (Figure 8E,F).

2.4.3. Effect of TRYP on Intestinal Tight Junction Proteins
in UC Mice. The characteristics of UC also include decreased
expression of intestinal tight junction proteins (such as ZO-1
and occludin), leading to increased permeability of the
intestinal mucosa. The expression levels of occludin and ZO-
1 proteins in the DSS group were significantly downregulated,
indicating a significant increase in intestinal permeability. With
treatment of SASP and TRYP, the expression of ZO-1 and
occludin was all increased, respectively (Figure 8G,H). The
above showed that TRYP could protect against DSS-induced
colitis by regulating tight junction proteins to reduce intestinal
permeability.

2.4.4. Effect of TRYP on NF-kB/STAT3 and Keap1/Nrf2
Signaling Pathways in UC Mice. The effects of TRYP on NF-
kB/STAT3 and Keapl/Nrf2 signaling pathways were verified
in vivo by the IF assay. The phosphorylation levels of STAT3
and nuclear translocation of NF-«kB p6S were all significantly
increased in colitis. After treatment with SASP and TRYP, the
levels of NF-kB p65 in the nucleus and p-STAT3 were all
sharply decreased (Figure 9A,B). These results indicated that
TRYP could suppress the activation and translocation of NF-
kB p6S and p-STATS3.

The expression of Nrf2 was notably upregulated and that of
Keapl was dramatically downregulated in colitis (Figure
9C,D). Compared with the DSS group, the expression of
Ni1f2 in the TRYP group was significantly increased, but the
decrease of Keapl in the TRYP and SASP group was not
significant. The above results indicated that TRYP could
further activate Nrf2 and produce antioxidant effects.

3. DISCUSSION

IN is a traditional Chinese medicine that has been used in
clinical trials for thousand years. The main active ingredients in
IN are indole alkaloids, including indirubin, indigo, and TRYP.
It has been reported that indole compounds had notable anti-
inflammatory effects and were a class of promising
compounds.” Previous studies have shown that TRYP could
inhibit the progression of inflammation, but its mechanism is
still ambiguity. The purpose of this work was to explore the
anti-inflammatory mechanism of TRYP through a combination
of in vivo and in vitro experiments.

The balance of pro-inflammatory cytokines and anti-
inflammatory cytokines plays important roles in the pro-

gression of UC. Our work demonstrated that TRYP could
reduce the secretion and expression of pro-inflammatory
factors, including IL-6, TNF-q, and NO in LPS-stimulated
RAW264.7 cells. TMT proteomics technology is a method to
predict the potential mechanism of pathophysiological
processes by finding differentially expressed proteins.”' > A
total of 12 proteins were obtained after TRYP treatment by the
TMT proteomics technology. These proteins are predom-
inantly distributed in the cell membrane and are involved in
oxidoreductase activity, inflammatory responses, and cell
phagocytosis. Further analysis showed that FceRIy, gp91phox,
and p22phox interacted with each other.

FceRl is a receptor for IgE, which exists in the human body
as a trimer (ay2) and a tetramer (afy2).”* The aggregation of
FceRI could lead to the release of inflammatory mediators.*
When cells are stimulated, Syk is recruited to ITAM and
transmits downstream signals.”® In LPS-stimulated RAW264.7
cells, MyD88 also activates Syk and the Syk-mediated NF-xB
pathway and induces the Syk-mediated ROS production.’”
Moreover, MyD88 can activate IKK kinase, and IKK activation
causes NF-kB to the nucleus and initiates a transcriptional
program leading to expression of inflammatory targets.”® We
conducted western blot experiments, and the results
demonstrated that FceRly and p-SyK proteins were highly
expressed post LPS stimulation in RAW264.7 cells compared
to unstimulated macrophages. TRYP pretreatment significantly
downregulated the expression of these two proteins. Molecular
docking results demonstrated that TRYP could bind to FceRlIy.

In the normal state of cells, NADPH oxidase is inactive as its
components are distributed among the cytosol (p47phox,
p67phox, p40phox, and Racl/2), plasma membrane, and
membranes of specific granules (p22phox and gp91phox).*
When macrophages are externally stimulated, pathogens and
pathogenic components are engulfed,** forming phagosomes
in the cell, which fuse with lysosomes to form phagolysosomes.
During this process, the cytoplasmic components of NADPH
oxidase bind to the components of the cell membrane and
assemble into oxidases with catalytic activity.""** It is then
transported to the phagosomal membrane during phagocytosis
and releases superoxide radicals into the phagosome,
generating bactericidal ROS. Our proteomic results demon-
strated that gp9lphox and p22phox, the major component
subunits of NADPH oxidase, were differentially expressed
proteins, and the results of the later validation experiments also
suggested that TRYP could significantly downregulate the high
expression of gp91phox and p22phox proteins induced by LPS
stimulation. Using molecular docking, we found that TRYP
spontaneously binds to gp91 and p22phox.

Elevated levels of oxidative stress and sustained release of
pro-inflammatory factors can threaten cell activity and growth.
When excess ROS are generated, the cell starts to activate its
antioxidant system to neutralize ROS and avoid damage.” The
NADPH oxidase family is assumed to be the only group of
ROS-producing enzymes, and the vast majority of ROS in the
body is catalyzed by NADPH oxidases.*”** ROS can activate
the NE-kB pathway by stimulating IKKa and IKKA.*® TRYP
pretreatment is demonstrated to significantly reduce the
elevation of ROS levels induced by arachidonic acid +
iron."” Our results indicate that TRYP effectively inhibits
LPS-induced intracellular ROS production. Thus, ROS is an
important target for TRYP to inhibit the inflammatory
response.
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Table 2. Nucleotide Sequences of qRT-PCR Primers

gene name forward primer sequence (5'—3')
P-actin GCTGTGCTATGTTGCTCTAG
IL-6 AGGATACCACTCCCAACAGACC
TNF-a CACGTCGTAGCAAACCACC

reverse primer sequence (5'—3")
CGCTCGTTGCCAATAGTG
AAGTGCATCATCGTTGTTCATACA
TGAGATCCATGCCGTTGGC

Oxidative stress is also directly related to intestinal
inflammation during UC. The results showed that TRYP
treatment could significantly reduce the content of MDA in the
serum of UC mice and could restore the activity of antioxidant
enzyme SOD. The Keapl/Nrf2 signaling pathway could
reduce inflammation-induced damage by controlling oxidative
stress. Activated Nrf2 is translocated to the nucleus and binds
to ARE, thereby exerting an antioxidant damaging effect.**~>°
TRYP was previously reported to protect some cells from
oxidative stress or inflammation through Nrf2 signaling, such
as HaCaT cells,”! BV2 microglia,25 and HepG2 cells.>* Tt was
reported that TRYP may improve oxidative stress in psoriatic
skin by increasing Nrf2 activation.”’ Our in vivo and in vitro
results verified that TRYP pretreatment further activated Nrf2,
promoted its entry into the nucleus, and initiated an
antioxidant mechanism. Moreover, the activation of Nrf2
could also regulate the expression of intestinal tight junction
proteins, thereby enhancing the integrity of the intestinal
mucosal barrier and inhibiting the development of UC. Our
work showed that TRYP treatment upregulated the expression
of intestinal tight junction proteins ZO-1 and occludin in UC
mice.

In the inflammatory response, the activation of the NF-xB
signaling pathway is affected by a variety of cell signaling
molecules, such as MyD88, ROS, Syk, IKKa/f, and IxkB.>’
When TLR4 binds to its corresponding ligand, MyD88 attracts
IRAK-4 to the TLRs, activating the IKK complex, which then
activates NF-kB.> TRYP regulated inflammation by modulating
the TLR4-MyD88 pathway.’® Our results indicated that TRYP
pretreatment could reduce the expression of TLR4 and
MyD88 and inhibit the phosphorylation of IkBa, thereby
suppressing the activation of NF-kB p65 into the nucleus. The
results of the IF experiments confirmed this. These results
indicated that TRYP produced a comparable effect to that of
BAY 11-7082 (a NF-kB inhibitor). The results of our animal
experiments also showed that TRYP treatment could inhibit
the expression and nuclear translocation of NF-«kB p6S in the
colons of UC mice.

The activation of the TLR4-MyD88 can induce JAK
phosphorylation, triggering STAT family activation.”* The
ROS signal also controls JAK, STAT3, and STATS.> Upon
ROS stimulation, STAT?3 is activated through phosphorylation
of the tyrosine 70S site (Tyr70S) and translocates into the
nucleus.’® Studies have demonstrated that TRYP could inhibit
IL-6 production in LPS-treated BV2 microglia and IL-6
secretion in colitis tissues.””*> IL-6 activates the JAK/STAT3
signaling pathway. Our in vitro studies demonstrated that
TRYP inhibited p-STAT3 expression and translocation into
the nucleus by inhibiting ROS and IL-6 production, which in
turn regulated the JAK/STATS3 signaling pathway. Our in vivo
studies also showed that TRYP treatment suppressed p-STAT3
expression and translocation into the nucleus in colonic tissues
of UC mice.
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4. MATERIALS AND METHODS

4.1. Materials. TRYP (LCMS Purity >99.89%, 46030) was
from MedChemExpress (Monmouth Junction, NJ, USA). LPS
(454420847) was from Sigma-Aldrich (St. Louis, MO, USA).
BAY11-7082 (IkB/IKK inhibitor, 120920210531) was
obtained from Beyotime Institute of Biotechnology (Shanghai,
China). MTT was purchased from MP Biomedicals (Irvine,
CA, USA). SPARKeasy Cell RNA Kit (DTNYE), SPARK
script I RT Plus Kit (DMQQG), and 2X SYBR Green gPCR
Mix (DTNLN) were purchased from Shandong Sikejie
Biotechnology (Shandong, China). DSS (S0221) was
purchased from MP Biomedicals (CA, USA). SASP tablets
(22200301) were purchased from Shanghai Fuda Pharmaceut-
ical Co., Ltd. (Shanghai, China). RIPA lysis buffer
(17C16B17), DAPI (18C31C76), an antibody against f-
actin (BST17353873), and histone H3 (BOS9110BPS5687)
were purchased from Boster Biological Technology (Wuhan,
China). Rabbit monoclonal antibodies IxBa (4812S),
phospho-IkBa (Ser32/36, 9246S), STAT3 (12640S), phos-
pho-STAT3 (Tyr705, 9145T), JAKI (3344S), JAK2 (3230S),
phospho-JAK1 (Tyr1034/103S, 74129S), phospho-JAK2
(Tyr1007/1008, 3776S), NE-xB p65 (82428), IKKp
(2678T), MyD88 (4283S), splenic tyrosine kinase (Syk)
(13198T), phospho-Zap-70 (Try319)/Syk (Try3S2, 2717T),
IKKa (2682S), Nrf2 (12721T), and Keapl (8047S) were
purchased from Cell Signaling Technology (Beverly, MA,
USA). Antibodies against NOX2 (BBO1071023) were
purchased from Bioss (Woburn, MA, USA). Anticytochrome
b24S Light Chain/p22-phox (GR3400986-1) antibody was
obtained from Abcam (Cambridge, MA, USA). Antibody
against high affinity immunoglobulin epsilon receptor subunit
v (FceRly) (0060020101) was purchased from Bio-Techne
Corporation (Minneapolis, MN, USA).

4.2. Cells and Experimental Methods. 4.2.1. Cell
Culture. Mouse macrophages RAW264.7 cells (Shanghai
Institute of Biological Sciences, Chinese Academy of Sciences
(Shanghai, China)) were cultured in RPMI 1640 medium
(with 1% streptomycin/penicillin and 10% FBS) at 37 °C with
5% CO,,”” in a constant temperature incubator.

4.2.2. Cell Viability Assay. RAW264.7 cells were inoculated
in 96-well plates at 1.5 X 10* cells per well density. Post cell
attachment, cells were treated with TRYP (0.025, 0.05, 0.25,
0.5, 1, 2.5, 5, 10, 15, 30, and SO pg/mL) for 20 h. MTT
solution (5 mg/mL) was incorporated and placed in an
incubator for another 4 h; furthermore, DMSO was
incorporated. Absorbance was measured at 450 nm.

4.2.3. NO, IL-6, and TNF-a Detection. RAW264.7 cells were
seeded into 96-well plates at 2.5 X 10° cells per well density.
Post cell attachment, cells were incorporated with TRYP (1,
2.5, S pug/mL) or BAY11-7082 (10 uM) for 1 h, and then the
per well was treated with 1 ug/mL LPS for 24 h. The NO
secretion was measured using the Griess method. IL-6
(M230112-004b) and TNF-a (M230403-102a) ELISA Kkits
(Neobioscience Technology Company, Shenzhen, China)
were used to determine their secretion levels.
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4.2.4. RNA Extraction and qRT-PCR Analysis. RAW264.7
cells were cultured in 6-well plates at 2 X 10° cells/well density.
Post cell apposition, the drug groups were treated as described
in Section 2.4. Total RNA was obtained using a SPARKeasy
Cell RNA Kit, and cDNA was obtained using a SPARK script
IT RT Plus Kit. A 2 X SYBR Green qPCR Mix was used, cDNA
was added, and the target gene primer (Table 2) was
incorporated for amplification. The specific parameters of the
fluorescence quantification assay reaction procedure were as
follows: 94 °C—94 °C—60 °C (3 min—10 s—30 s),
fluorescence detection, repeated 2—3 steps for 40 cycles;
solubility curves, measured Ct values for each group, and
computed the relative expression of each gene.

4.2.5. Proteomics. 4.2.5.1. Protein Extraction and Peptide
Enzymatic Digestion. The cell treatment method followed the
protocol in Section 2.5. The samples were divided into control
group and LPS and TRYP (2.5 pg/mL) groups. The methods
of protein extraction and peptide enzymatic digestion were
described in the previous literature.”® Briefly, the lysate was
added to extract the protein and quantified. After that, the
proteins were trypsinized, desalted, and lyophilized. Finally, the
peptides were quantified.

4.2.5.2. TMT Labeling and High pH Reverse Fractionation.
The methods were described in the previous literature.’”
Briefly, each group of samples was labeled with a TMT labeling
kit and fractionated with a high-pH reversed-phase peptide
fractionation kit. Finally, desalination, gradient elution, drying,
and finally using OD280 were used to determine the peptide
concentration.

4.2.5.3. LC=MS/MS Instrument Detection Conditions.
Chromatographic conditions: the specifications and methods
of chromatographic columns and analytical columns were
described in the previous literature.”” The mass spectrometry
conditions: scanning range of 300—1800 m/z. After each full
scan, 20 fragment maps were collected.®’

4.2.5.4. Bioinformatics Analysis. Proteomics data have been
deposited with the ProteomeXchange Consortium
(PXD050170). Some analysis software for hierarchical
clustering analysis and protein subcellular localization were
described in the previous literature.”> Pfam database was used
to evaluate protein structural domains. Domain annotation
information for the target protein sequences was obtained by
using the InterProScan software package. The software for GO
and KEGG enrichment analysis of differential proteins was
described in the previous literature.”> The STRING database
was used to look for correlations among differentially expressed
proteins.

4.2.6. Immunofluorescence Assay. The cell treatment
method followed the protocol in Section 2.5. The concen-
tration of TRYP was 2.5 ug/mL. After cells were washed with
PBS, 4% paraformaldehyde was incorporated for fixation. Next,
1% Triton (304L02S; Solarbio Technology, Beijing, China)
was incorporated and left to stand for 10 min. Five percent
BSA (17L01A04; Boster Biological Technology, Wuhan,
China) was incorporated and left to stand for 30 min. Diluted
NF-xB p65 (1:1000), p-STAT3 (1:200), and Nrf2 antibody
(1:2000) were incorporated into the wells. After that, the
FITC-conjugated secondary antibody was added to the
mixture for incubation. DAPI was incorporated for 5 min
and observed using fluorescence microscopy.

4.2.7. ROS Level Detection. The cell treatment method was
the same as in Section 2.5. The ROS content in each group
was detected by using an ROS assay kit (101121220519;

Beyotime, Shanghai, China). The cell culture medium in the 6-
well plates was removed. The diluted dichlorodihydrofluor-
escein diacetate was added to the well. The results were
observed by using a fluorescence microscope.

4.2.8. Western Blot Analysis. The cell treatment method
followed the protocol in Section 2.5. Proteins were obtained
using RIPA lysis buffer and a nuclear protein extraction kit
(20230415; Solarbio Technology, Beijing, China). The
proteins were first passed through gel electrophoresis, followed
by membrane transfer. After the proteins were transferred to
the PVDF membrane, the membrane was closed with a
skimmed milk. The primary antibody was diluted with the
primary antibody diluent (AR1017; Boster Biological Tech-
nology, Wuhan, China) at an appropriate ratio, and the PVDF
membranes were incubated at 4 °C overnight. The PVDF
membranes were placed in a TBST-diluted secondary antibody
solution for 1 h. Superstar ECL Plus reagent (17K14B74;
Boster Biological Technology, Wuhan, China) was incorpo-
rated into the PVDF membranes, which were then exposed
using a gel imager.

4.2.9. Docking Analyses. Docking studies were conducted
to understand the binding configuration of FceRIy
(AF_P20491) or gp9lphox (AF_Q61093) or p22phox
(AF_Q61462) to TRYP using the AutoDock Vina program.
The structure of TRYP was retrieved from PubChem database
(https://pubchem.ncbinlm.nih.gov), while protein structures
were obtained from AlphaFold protein structure database
(https://alphafold.ebi.ac.uk/). A graphical interface (Auto-
Dock Tools 1.5.6) was used to incorporate the polar hydrogen
atoms into the protein. Molecular docking was conducted
according to the standard procedures.

4.3. Animals and Experimental Methods. 4.3.1. Ani-
mals. The purchase channels, feeding methods, feeding
environment, modeling methods, and related ethics of the
experimental animals were the same as those of our previous
studies.”’ In our previous study, we have done the effects of
three concentrations (39.2, 78.4, and 156.8 mg/kg) of TRYP
on UC mice in a dose-dependent manner.”” The effect of
medium dose of 78.4 mg/kg was significant, so we used the
medium dose of TRYP in this work. Briefly, forty C57BL/6
mice were randomly divided into a blank group (CON), model
group (DSS), TRYP (78 mg/kg) group, and positive drug
group (SASP, 125 mg/kg). UC mouse model was induced by
freely drinking 2.5% DSS. All relevant animal procedures
follow the relevant provisions of the Experimental Animal
Ethics Committee of Shaanxi University of Traditional
Chinese Medicine (ethical committee no.
SUCMDL20230829001).

4.3.2. Observation of Pathological Changes of the Colon
Tissue in Mice. The specific experimental methods of this part
have been described in detail in our previous studies.”* Briefly,
after H&E staining of the colon, the pathological conditions of
the colon tissues of the four groups were observed under a
microscope.

4.3.3. Detection of MPO Activity in the Colon, and Levels
of MDA and SOD in the Serum of Mice. Briefly, the MPO
activity in the colon of the four groups of mice was detected by
an MPO kit (20230913, NanJing JianCheng Bioengineering
Institute, NanJing, China). The contents of MDA and SOD in
the serum of four groups of mice were detected by MDA and
SOD kits (20230913, 20231016, NanJing JianCheng Bio-
engineering Institute, NanJing, China).
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4.3.4. Immunohistochemistry Assay. The specific exper-
imental methods of this part have been described in detail in
our previous studies.”® Briefly, the mouse colon tissue samples
were fixed, antigen repaired, blocking nonspecific binding,
antibody binding, and finally closed for color observation.

4.3.5. Immunofiuorescence Assay. The methods were
described in the previous literature.* Briefly, the mouse
colon tissue samples were fixed, antigen repaired, serum
blocked, antibody binding, and DAPI staining of the nucleus,
and finally sealed and observed.

4.4. Statistical Analysis. The experimental data were
expressed as the mean + SEM (n > 3). The statistical analysis
and plotting were performed by using GraphPad Prism
software (version 8.0). One-way ANOVA was used for
comparisons among multiple groups. *P < 0.05 and *P <
0.05 were considered statistically significant.

5. CONCLUSIONS

In this study, TRYP inhibited the TLR4/MyD88/ROS/NF-xB
and JAK/STAT3 signaling pathways to exert anti-inflammatory
effects. We preliminarily assumed that this effect may be
attributed to the potential binding of TRYP to gp9lphox,
p22phox, and FceRly proteins on the cell membrane.
Additionally, TRYP exerts antioxidant effects by regulating
the Keapl/Nrf2 signaling pathway. Therefore, TRYP should
play a vital role in the clinical use of IN for the treatment of
inflammation and may be a potential drug for the development
of colitis treatment.
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