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Shakuyakukanzoto Relieves Ulcerative Colitis in
Mice by Regulating The Expression of NDUFS1 and
Inhibiting The Polarization of Macrophages to M1
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Abstract Objective This study aims to explore and elucidate the possible mechanism of action of Shakuyakukanzoto (SKT) in
improving ulcerative colitis (UC) in mice through regulating energy metabolism and polarization of macrophages. Methods The
mouse UC model was constructed by administering 3% dextran sulfate sodium salt (DSS), and the mice were treated with SKT

intragastrically. In addition, single-cell sequencing and enrichment of metabolic pathways against two datasets, GSE21157 and
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GSE210415, were conducted first. Second, the extraction and metabolomics of peritoneal macrophages from UC mice were verified.
Then, the pathway of differentially abundant metabolite enrichment and the correlation of UC risk were analyzed depending on
univariate Mendelian randomization of two samples weighted by standard inverse variance. Finally, the results were verified by qRT-
PCR, Western blot, and flow cytometry. Results According to the HE staining results, SKT can significantly alleviate colon
damage caused by DSS. Macrophages, NK cells, T cells, and more than 10 different types of cells, based on single-cell sequencing
analysis, are detected in the intestinal wall. In the disease group, we can conclude that the activity of 49 macrophage metabolic
pathways, mainly involved in energy metabolism, is significantly upregulated through a comparison of the two datasets. In energy
metabolomics, 10 and 18 types of metabolites accompanied by significantly upregulated and downregulated differential expression
were identified in the treatment group and the model group, as well as the model group and the blank group, respectively.
Meanwhile, these differentially expressed metabolites present an obvious correlation with glycolysis and oxidative phosphorylation.
Moreover, it can be inferred that glycolysis and the oxidative phosphorylation-related gene NDUFSI (OR: 0.56, 95% CI: 0.48-0.98,
P=0.000 068) are associated with a reduced risk of UC based on the univariate Mendelian randomization of two samples weighted
based on standard inverse variance. By analyzing the difference in transcription levels between the two datasets, the transcription
level of NDUFSI1 in UC was decreased compared with that in the normal group. The results of qRT-PCR, Western blot, and flow
cytometry indicate that SKT can promote the expression of the oxidative phosphorylation protein NDUFSI1 in macrophages and
inhibit the M1-type polarization of macrophages. Furthermore, knockdown/overexpression of NDUFS1 can affect the effect of SKT
on Ml-type polarization of macrophages. Conclusion Based on the results of this study, SKT inhibits macrophage polarization
toward the M1 phenotype by regulating the level of the oxidatively phosphorylated protein NDUFS1 in macrophages; hence, UC is
also relieved in mice. These conclusions not only reveal the therapeutic mechanism of SKT for UC but also provide a new theoretical

basis for clinical application.
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As a type of chronic and recurrent disease,
ulcerative colitis (UC) mainly affects the internal
colonic layer and causes diarrhea, abdominal pain,
and other digestive complications. Despite the
considerable progress achieved in modern medicine,
the pathogenesis of UC remains unclear and is
generally considered to be correlated with heredity,
environmental factors, abnormal immune responses,
and intestinal flora imbalance!'. Many inflammatory
cells infiltrate pathological mucosal tissues, which is
one of the characteristics of UC. Macrophages, which
serve as the first line of defense for the innate immune
system, play a key role in the progression of UC!.
Macrophages can be polarized into two states: M1
macrophages and M2 macrophages”’!. After being
activated, M1 macrophages can secrete a variety of
aggravating  the
inflammatory response. However, M2 macrophages

inflammatory mediators, thus

exert their effect in the later stage of the inflammatory
response and promote tissue repair. Therefore, an
important strategy for UC treatment lies in regulating
the balance between these two types of macrophages.

(SKT),
from Treatise on Febrile Diseases, was also the first

Shakuyakukanzoto which originated

batch of ancient classical prescriptions published by
the National Administration of Traditional Chinese
Medicine, and it has been used to treat many diseases
in East Asia, in Japan.
components of SKT include Glycyrrhiza uralensis
Fisch. and Paeonia lactiflora, both of which have rich
pharmacological
considered to have

especially The main

activities. Paeonia lactiflora is

anti-inflammatory,
immunomodulatory, and anticoagulant effects¥, while
it is deemed that Glycyrrhiza uralensis Fisch. has
spasmolytic and liver-protecting effects”™. In addition,
some studies have shown that SKT can relieve UC
sodium (DSS) by
downregulating ferroptosis'®. From the clinical point

induced by dextran sulfate
of view, SKT and its modified formulas have good
therapeutic effects on UC with various patterns of
syndromes!”. With increasing attention to Chinese
herbal medicine and traditional medicine in recent
years, researchers have begun to study the application
of these traditional preparations in modern medicine.
SKT has aroused much attention by virtue of its
unique combination of pharmaceutical effects and
high safety. An in-depth pharmacodynamics and
pharmacokinetics study on SKT has shown that no
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obvious change is observed in the behavior of normal
animals after administration at a dose of 1 g/kg,
without significant drug intervention effects on the
main physiological indices of the central nervous
system, the respiratory system, the cardiovascular
system, the gastrointestinal system, and the renal
system!®). In addition, many clinical trials have shown
that SKT is widely used to relieve symptoms such as
acute muscle spasm, muscle-joint pain, stomachache,
and abdominal pain®. In the field of molecular
pharmacology, the anti-inflammatory, antioxidant, and
neuroprotective effects manifested in SKT may be
related to some key biomarkers and the regulation of
cell signaling pathways, which play a core role in

inflammation and the oxidative stress response!'*'?.

However, little is known about how SKT affects
UC, especially the specific mechanism of action in
UC. Considering the complex pathophysiological
mechanism of UC and its close relationship with
immune cells, studying the mechanism of SKT in UC
can not only provide new therapeutic strategies for
UC patients but also help to deeply understand the
pathophysiological basis of UC. This study aims to
systematically explore the therapeutic effect of SKT
on UC and its potential mechanism in relieving UC by
regulating the polarization state of macrophages. The
flowchart is shown in Figure 1. This study is expected
to provide a new idea for UC treatment and lay a solid
foundation for future clinical applications.

Specimen of ulcerative colitis in vivo

Single-cell sequencing
Metabolic pathway

Energy metabonomics
Critical metabolic pathway

& =

Transcriptome data
24 cases/26 cases as control

Mendehan randomization analysis
Wald ratio or inverse variance welghted

Verify at the cellular level that SKT affects the polarization of
macrophages to M1 type through NDUFS1

sh-NC group, sh-NC+LPS group, sh-NC+LPS+SKT group,
sh-NDUSF1 group, sh-NDUSF1+LPS group,
sh-NDUSF1+LPS+SKT group,
0e-NC group, oe-NC+LPS group, oe-NC+LPS+SKT group,
0e-NDUSF1 group,
0e-NDUSF1+LPS group, oe-NDUSF1+LPS+SKT group

Fig. 1 Experimental design flowchart of Shakuyakukanzoto for alleviating ulcerative colitis in mice
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1 Materials and methods

1.1 Experimental materials

C57BL/6 mice were purchased from Nanjing
GemPharmatech Co., Ltd.; the mouse macrophage
line RAW264.7 from ATCC cell Dbank;
lipopolysaccharide (LPS) from Sigma; DMEM and
fetal bovine serum (FBS) from HyClone company;
cell culture plates from Corning company; dextran
sodium sulfate (DSS) from Yeasen company; Paeonia
lactiflora and Glycyrrhiza uralensis Fisch. from
Chinese prescriptions in Tsumura, Japan; high-
performance liquid chromatography acetonitrile and
methanol from Merck; Milli-Q water used in all
experiments from Millipore company; all standard
samples from Sigma-Aldrich; and formic acid from
Sigma-Aldrich. Standard stock solutions with a
concentration of 1 g/L. were prepared in methanol and
other solutions. All stock solutions were stored at
-20°C . Before analysis, the stock solutions were
diluted with methanol into working solutions.
1.2 Animal modeling and drug administration

C57BL/6 mice were divided into 4 groups:
control group, SKT group, DSS group, and SKT+DSS
group, with 6 mice in each group. In the control group
and SKT group, mice were given normal drinking
water; in the DSS group and SKT+DSS group, mice
were given drinking water containing 3% DSS for 7 d
to induce acute colitis; in the SKT group and SKT+

DSS group, mice were treated with 1 g/kg SKT by
intragastric administration once a day, and the
administration was started one week before the start
of modeling for 14 consecutive days. The weight
changes and disease activity index (DAI) scores of the
mice in each group were recorded every day after the
start of modeling. All procedures were carried out in
accordance with the guidelines and approval of the
Ethics
Approved by the Ethical Review Committee of

Committee of Beijing Sport University.

Animal Experiments of Beijing Sport University
(approval No.: 2023028A), all experiments met the
ARRIVE criteria. The experimental animal quality
certificate number was 202211254, the experimental
animal production license number was NO. SCXK
(Su) 2018-0008, and the occupancy permit number of
feeding facilities was NO. SYXK (Su) 2018-0012.
1.3  Detection of colonic pathological injury
through HE staining

Colon tissue samples with a length, width, and
height of 0.5cm were taken, fixed in room-
temperature buffer containing 4% paraformaldehyde,
and then embedded in paraffin. Slices 5pum in
thickness were prepared, dyed with hematoxylin
aqueous solution for 3 min, dehydrated in 70% and
90% alcohol for 10 min, dyed with eosin for 3 min,
dehydrated again, and finally hyalinized using xylene.
Histopathological features were observed under an
optical microscope. The scoring standards for colonic
pathology are listed in Table 1.

Table 1 Scoring criteria of colon pathology

Score Inflammation condition ~ Depth of the lesion

Destruction of the crypt

Extent of the lesion/%

0 None None None None
1 Mild Submucosa 1/3 of the crypt of the basement membrane was destroyed 1-25
2 Severe Muscular layer 2/3 of the crypt of the basement membrane was destroyed 26-50
3 — Serosa layer Only the superficial epithelium was intact 51-175
4 — - All crypts and epithelium were destroyed 76-100
Five different fields of vision of HE-stained sections were randomly observed, and pathological scores were given.
1.4 Extraction of peritoneal macrophages precipitates ~ were  resuspended  using  PBS,

Five milliliters of precooled PBS solution were
intraperitoneally injected into mice immediately after
sacrifice, and the injection site was then massaged for
5 min to facilitate intensive mixing. Subsequently, the
exodermis of mice was cut open, and as much as
possible of the peritoneal PBS solution was removed
using a syringe needle for centrifugation at 30g for
Smin. The supernatant was discarded, the cell

centrifugation at 300g was performed for 5 min again,
and then the supernatant was discarded. Next, the
precipitates were added to DMEM culture medium
containing 10% FBS and inoculated into a 12-well
plate (2x10°cells were added to each well). After
culturing in a cell culture box for 2 h, the culture plate
was gently rinsed twice using PBS, and the peritoneal
macrophages attached to the culture plate were
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collected using a cell scraper. Afterward, the collected
cell precipitates were resuspended in PBS for
treatment before metabonomic sequencing.
1.5 Single—cell sequencing analysis

Two single-cell sequencing datasets (GSE211578
and GSE210415) were downloaded from the GEO
database. The than  15%
mitochondrial genes were adopted forsubsequent

cells with fewer
analysis. First, the sequencing data were subjected to
(PCA) dimension
reduction analysis via the Seurat software package,
and each cell was clustered through the UMAP
method. To further clarify the cell type, each cell
subpopulation was annotated using the SingleR
software package. To acquire the activity of each
metabolic pathway in macrophages, a gene set
containing 113 metabolic pathways was downloaded
from the GSEA website, and each metabolic pathway
was scored using the GSVA software package. The
Limma data package was used to calculate the
intergroup difference in metabolic pathways.

1.6 Energy metabolomics

principal component analysis

The sample was thawed on ice, mixed with
500 pl of 80% methanol/water (precooled to 20° C),
and vortexed at 2 500 r/min for 2 min. Next, the
sample was frozen in liquid nitrogen for 5 min,
thawed on ice for 5 min, and vortexed for 2 min,
followed by centrifugation at 12 000 r/min below 4°C
for 10 min. Then, 300 pl of supernatant was taken, put
into a new centrifuge tube, and placed in a -20° C
refrigerator for 30 min. After centrifugation, 200 pl of
supernatant was taken and put on a protein
precipitation plate for further LC-MS analysis.

The flowing-phase ultrapure water (10 mmol/L
ammonium acetate, 0.3% ammonia water) was phase
A, and 90% acetonitrile/water (v/v) was phase B,
which were subjected to gradient elution (0—1.2 min,
5%A; 1.2-8 min, 5%A-30%A; 8-9 min, 30%A-
50%A; 9-11 min, 50%A; 11.1-15 min, 50%A-5%A).
The flow 0.40 ml/min,
temperature was 40°C, and the injection volume was

rate was the column
2 ul. The electrospray ionization (ESI) temperature
was 550°C, the mass spectral voltage was 5 500 V in
positive ion mode and =4 500 V in negative ion mode,
and the curtain gas (CUR) was 35 psi. In QTRAP
6500+ , each ion pair was scanned and detected
according to the optimized declustering potential (DP)
and collision energy (CE).

All these metabolites were detected by MetWare
(http://www.metware.cn/) based on the AB Sciex
QTRAP 6500 LC-MS/MS platform. Mass spectral
data were processed using MultiQuant 3.0.3 software.
By reference to the retention time and peak pattern
information of standard samples, the chromatographic
peaks of the detection object detected from different
samples were subjected to integral correction to
ensure accurate qualification and quantification. Then,
PCA and orthogonal partial least squares-discriminant
(OPLS-DA) were performed, and the
chemical compounds whose projection value of
variable importance satisfied (VIP) =1 with P<0.05
were screened out as potential biomarkers, followed

analysis

by metabolic pathway enrichment analysis of such
biomarkers on this website.
1.7 Mendelian randomization analysis

The causal relationships of all cis-regions and
some trans-regions expressed by whole blood genes
with UC were explored through single-variable MR
(SVMR) and reverse Mendelian randomization (MR)
methods. In SVMR, the estimated value was acquired
using different methods, including inverse-variance
weighted (IVW), MR-Egger, weighted median (WM),
and weighted mode. Single tools were subjected to the
Wald ratio test: the estimated Wald value was solved
by dividing the single nucleotide polymorphism
(SNP) result by the SNP exposure factor. Only if
SNPs target
pleiotropy was not observed was the result obtained
by the IVW method considered most reliable. The
above analysis was implemented via R 3.6.3 software

were mutually independent and

and the R software package TwoSampleMR.

According to the summary statistics, several
genetic variations were used as independent variables
in MR research. The SNPs of gene expression
genetics came from the eQTL research subset of
eQTLGen Alliance, which involved 31 684 European
participants. The genome-wide association studies
(GWAS) statistical summary was derived from the 5"
round of analysis of the Finnish Gene Biobank,
including 212 507 participants (2 207 cases and
210 300 controls). All GWAS summary datasets were
publicly available fromhttps://gwas. mrcieu. ac. uk/
datasets/.

In univariate MR analysis, the causal relationship
between gene expression and UC was evaluated first.
When choosing the independent variables, all the gene



BEER#E, £, SHHEZEITATNDUFSIR AN E L0

2024; 51 (5) B MIAR AL B AR /IN BRI M 25 R 1179+
variations  significantly  correlated with  gene NDUFS1+LPS+SKT group. In the sh-NC+LPS+SKT

expression (P<5x107*) were taken into account.
Considering the linkage disequilibrium between
SNPs, the datasets were coordinated by eliminating
SNP(c) with potential linkage disequilibrium. Then,
the SNPs significantly related to the results (P<
5x107*) were excluded. Finally, the SNPs meeting the
standard were included in the two-way MR analysis.
1.8 Transcriptomic data analysis

With “Ulcerative Colitis” as the keyword, the
gene expression profile was searched based on
the GEO database (http://www.ncbi.nlm.nih.gov/geo),
and the human samples of “Homo sapiens” were
selected to obtain datasets numbered GSE128682 and
GSE102746. The platform number of the GSE128682
dataset was GPL21697, which included 16 normal
colon samples and 14 UC samples. The platform
number of the GSE102746 dataset was GPL16791,
which contained 10 normal colon samples and 10 UC
samples.

The datasets of NADH:ubiquinone oxidoreductase
(NDUFS1), hexokinase (HK),
recombinant cytochrome C oxidase subunit IV
isoform 1 (COX4I1), and triosephosphate Isomerase
(TPI) in GSE128682 and GSE102746 were extracted,
their quantitative expression values in the normal

core subunit SI1

colon group and UC group were standardized based
on the conversion of log,, and subsequently, their
expression differences in normal colon tissues and UC
tissues were analyzed through double-sample ¢ tests.
1.9 Transfection, administration, and grouping
of macrophages

RAW264.7 cells were cultured using DMEM
culture medium containing 10% FBS, and the
experiment was carried out when the cell density
reached 70%-80%. Then, 3x10° RAW264.7 cells
were inoculated into a 6-well plate, and lentivirus was
used to knock down NDUFS1 (sh-NDUFS1), knock
down NC (sh-NC), overexpress NDUFS1 (oe-
NDUFS1), and overexpress NC (oe-NC). Forty-eight
hours later, the cells were screened using puromycin
to acquire RAW264.7 cells with NDUFS1 knockdown
and NDUFSI1 overexpression, which were grouped as
follows: the sh-NC group, sh-NC+LPS group, sh-NC+
LPS+SKT group, sh-NDUFS1 group, sh-NDUFS1+
LPS group, sh-NDUFS1+LPS+SKT group, oe-NC
group, 0e-NC+LPS group, 0e-NC+LPS+SKT group,
0e-NDUFS1 group, oe-NDUFS1+LPS group, and oe-

group, sh-NDUFS1+LPS+SKT group, oe-NC+LPS+
SKT group and o0e-NDUFSI+LPS+SKT group,
100 pg/L SKT was added for coincubation for 12 h; in
the sh-NC+LPS group, sh-NC+LPS+SKT group,
sh-NDUFS1+LPS  group, sh-NDUFS1+LPS+SKT
group, oe-NCHLPS group, oe-NC+LPS+SKT group,
0e-NDUFS1+LPS group, and o0e-NDUFSI+LPS+
100 pg/L LPS was added for
coincubation for 12 h. The sh-NDUFS sequence was
AAGAATGGATCTCTGATAAAACCAG, and the sh-
NC sequence was GCAACAAGATGAAGAGCAC-
CAA.
1.10 Detection of inducible nitric oxide synthases
(iNOS) and NDUFS1 mRNA expression based on
qRT-PCR

The total RNA of cells in each group was

SKT group,

extracted using TRIzol reagent and reverse
transcribed into c¢DNA in accordance with the
instructions of the reverse transcription kit. The
corresponding systems were prepared according to the
instructions of the qPCR kit, and each group was
detected in triplicate. Next, qPCR was conducted
using a TB GreenTM Premix Ex Taq II kit under the
following conditions: 95°C for 30 s (1 cycle), 95°C
for 5s, and 60° C for 30s (40 cycles), and data
analysis was performed through the 27**“" method.
The experiment was repeated separately 3 times as
follows: NDUFS1-gF: 5'-GCTGTTTCTTCTGGGAG-
CAG-3', NDUFS1-qR: 5'-TAACATCAGCCATGGG-
AGCA-3'; iNOS-qgF: 5-TTTGTGCGAAGTGTCAG-
TGG-3', iNOS-qR: 5'-CCTCCTTTGAGCCCTTTG-
TG-3'; GAPDH-qF: 5'-CAGAACATCATCCCTGCA-
TC-3', and GAPDH-qR: 5'-TACTTGGCAGGTTTCT-
CCAG-3'.

1.11 Western blot analysis of iNOS and NDUFS1
protein expression

Macrophages in each group were collected, and
RIPA lysate containing protease inhibitor was added
and lysed on ice for 30 min. After that, centrifugation
was carried out at 13 000 r/min and 4°C for 15 min,
and the supernatant was transferred to a new
centrifuge tube and then measured by the BCA
method. Ten micrograms of total protein was loaded
through SDS-PAGE and transferred to a PVDF
membrane. Subsequently, the PVDF membrane was
placed in 5% skim milk powder and sealed at room
temperature for 1 h. Then, diluted iNOS, NDUFSI,
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and HKI1
incubated overnight on a shaker at 4°C. The

primary antibodies were added and

membrane was washed with PBST three times (for
the HRP-labeled
antibody corresponding to the species of the primary

10 min each time), secondary
antibody was added and incubated on a shaking table
at room temperature for 1 h, and the membrane was
washed with PBST three times (for 10 min each time).
Color development and luminescence were performed
using ECL chemiluminescence liquid, followed by
photographing with a gel-imaging system and protein
band analysis with the Image-Pro Plus image analysis
system.

1.12 Detection of the proportion of CD86— and
CD206—positive cells via flow cytometry (FCM)

The peritoneal macrophages and RAW264.7
cells in each group were collected, washed twice with
PBS solution containing 5% FBS, incubated with
primary antibodies against CD86 and CD206, and
incubated at 4° C for 1 h. Then, PBS solution was
added for rinsing twice, and centrifugation was
performed at 1 000 r/min and 4°C for 5 min. Then,
200 ul of PBS was added for resuspension, and
detection was performed through a flow cytometer.
MI1- or M2-positive cell ratio= (CD86+ cells or

w—a : SKT
vz : DSS+SKT

(a) o—e : Control

120 | == : DSS

Relative weight/%

t/d

CD206+ cells)/total cellsx100%.
1.13 Statistical analysis

In this study, statistical analysis was conducted
via GraphPad Prism 6.0 software, and all data are
expressed as the meantstandard deviation. Moreover,
all data were independently analyzed at least 3 times.
P<0.05 indicated statistical significance.

2 Results

2.1 SKT relieves DSS—induced UC symptoms

The daily weight monitoring results showed that
there was no obvious change in the weight of mice in
the control group and SKT group, indicating no
biotoxicity of SKT at this concentration. The body
weight of mice in the DSS group decreased gradually
with the modeling. Compared with the DSS group, the
weight loss declining trend of mice in the SKT+DSS
group slowed down, as shown in Figure 2a. The daily
DAI monitoring results revealed that there was no
DAI score for mice in the control group and SKT
group, and the DAI scores of DSS group mice
increased gradually with the modeling. Compared
with the DSS group, the increasing trend in the DAI
of mice in the SKT+DSS group slowed, as shown in

Figure 2b.
(b) e—e : Control w—a : SKT
=i : DSS vz : DSS+SKT

15 F

DAI score

Fig.2 Comparison of weight changes and disease activity index (DAI) scores of mice in each group

Male C57BL/6 mice were randomly divided into a control group, model group, and treatment group. Mice in the control group were given normal

drinking water, those in the model group were given drinking water containing 3% DSS for 7 d to induce acute colitis, and those in the treatment

group were given drinking water containing 3% DSS for 7 d to induce acute colitis and treated through intragastric administration at a dose of 1 g/kg

once per day, which was started one week before modeling and implemented for 14 consecutive days. Since modeling, the weight change (a) and

disease activity index (DAI) scores (b) of mice in each group were recorded every day. The data are expressed as the meantstandard deviation (#=3).

*P<0.05, **P<0.01, ***P<0.001.

2.2 SKT relieves colonic pathological injury

The colonic pathological results showed that the
colon structure of mice in the control group and SKT
group was intact, accompanied by clear villus and

crypt structures and serious colon injuries, indicating
that DSS-induced acute colitis modeling succeeded.
In the SKT+DSS group, the colon structure of mice
partially recovered, and crypt and villus structures
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could be observed, revealing that SKT had the Figure 3.
function of preventing DSS-induced UC, as shown in
Control SKT DSS DSS+SKT
20+ ks kK

Histological score
=S
T

Fig.3 Comparison of pathological colonic damage in mice in each group

Male C57BL/6 mice were randomly divided into control group, model group, and treatment group. Mice in the control group were given normal

drinking water, those in the model group were given drinking water containing 3% DSS for 7 d to induce acute colitis in mice, and those in the

treatment group were given drinking water containing 3% DSS for 7 d to induce acute colitis and treated through intragastric administration at a dose

of 1 g/kg once per day, which was started one week before modeling and implemented for 14 consecutive days. Colon tissue samples from mice were

collected and subjected to HE staining to evaluate pathological colonic damage in mice in each group. The red arrow shows that the mucosal layer of

the colon of mice in the model group was completely damaged, and the villi and crypt structures disappeared completely; the black arrow shows that

the mucosal layer of the colon of the mice in the treatment group was restored, and obvious villi and crypt structures could be seen. ***P<0.001.

2.3 Distribution of macrophagic metabolic
pathways by single—cell sequencing in UC

Figure 4a shows the distribution of each cell type
in the two datasets. Through single-cell sequencing,
more than 10 kinds of cells were found in the
intestinal wall, such as adipocytes, B cells, dendritic
cells, endothelial cells, epidermal cells, granulocytes,
macrophages, monocytes, neurons, NK cells, and T
in the

composition of cell types was also found between the

cells. Meanwhile, evident heterogeneity
disease group and the normal group. Figure 4b
displays the distribution of macrophages in the two
datasets. In this study, it was discovered that
macrophages could be further divided into 10 clusters,
and there was apparent heterogeneity between the
disease group and the normal group in the
composition of macrophage clusters. Figure 4c shows
the distribution of different macrophagic metabolic
pathways in the two datasets. The activity of a total of
49 metabolic pathways in the disease group was
significantly upregulated in the two datasets, and the
activity of only one metabolic pathway was
apparently downregulated. Figure 4d gives the

changes in cross difference pathways between the two

datasets.
2.4 Macrophagic metabolic pathway enrichment
results based on energy metabolomics

The PCA results of the data are described in
Figure 5a, b. The data points in the blank group and
model group were obviously separated, indicating
evident metabolic differences between the 2 groups.
After drug administration, the data points in the
treatment group were relatively similar to the
positions in the blank group, indicating that after SKT
intervention, the macrophage metabolism of the
model mice gradually tended to be normal, and the
UC symptoms of mice were relieved by SKT to some
extent.

In the energy metabolomics analysis, 10 and 18
differentially expressed metabolites were identified
between the treatment group and model group and
between the group and blank group,
respectively, and the results are shown in Figure Sc.
According to the results of differentially abundant
metabolites, KEGG pathway
performed, and the main metabolic pathways involved
were glycolysis and oxidative phosphorylation, as
shown in Figure 5d.

model

enrichment was
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Fig. 4 Single—cell sequencing analysis
(a) Distribution of cell types in the GSE21157 and GSE210415 datasets. (b) Distribution of macrophages in the two groups of data. (c) Distribution of

different metabolic pathways of macrophages in the two groups of data. (d) Enrichment of cross difference pathways between two datasets.
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Fig.5 Energy metabonomic analysis

(a) PCA diagram of macrophage metabolism in mice in each group. (b) OPLS-DA diagram of macrophage metabolism in the blank group and model

group. (c) Expression levels of differentially abundant metabolites in mouse macrophages. (d) KEGG enrichment of differentially abundant

metabolites. The x-coordinate represents the Rich factor corresponding to each pathway, the y-coordinate denotes the pathway name, the point color

represents the P value, and the redder the color, the more significant the enrichment. The point size represents the number of differentially abundant

metabolites that were enriched. The screening criteria were V/P>1 and P<0.05.

2.5 Test of the causal effect of gene expression on

the

outcome

randomized models
According to the standard IVW SVMR analysis,
the predicted genes HK (OR: 1.87, 95% CI: 1.30-
2.15, P=0.001 683), COX4I11 (OR: 1.72, 95% CIL

through  multiple

Mendelian

1.57-2.40, P=0.003 957), and TPI (OR: 1.75, 95% CI:
1.58-1.97, P=0.030 296) were correlated with the rise
of the UC risk, while NDUFSI (OR: 0.56, 95% CI:
0.48-0.98, P=0.000 068) was associated with the
reduction of the UC risk. Consistent trends were
observed among MR-Egger, weighted median, simple
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mode, and weighted mode estimation methods, and
the causal effect of gene expression on the outcome

was tested through multiple Mendelian randomized

models, as shown in Table 2.

Table 2 The causal effect of gene expression on the outcome with multiple Mendelian randomization models

Gene Method OR Down 95%CI Up 95%CI P
HK MR-Egger 1.907 323 1.332 015 2.205 497 0.978 312
Weighted median 1.900 642 1.220 095 2.089 101 0.028 577
Inverse variance weighted 1.870 545 1.298 402 2.149 208 0.001 683
Simple mode 1.893 711 1.173 859 2.032 125 0.223 599
Weighted mode 1.901 095 1.314 932 2.296 367 0.135217
COX411 MR-Egger 1.600 236 1.393 289 2.216 076 0.141 611
Weighted median 1.696 039 1.540 449 2.496 422 0.004 999
Inverse variance weighted 1.715 627 1.569 965 2.398 516 0.003 957
Simple mode 1.594 683 1.411 757 2.258 874 0.069 501
Weighted mode 1.718 886 1.547 383 2.444 123 0.098 194
TPI Wald ratio 1.753 458 1.583 204 1.973 413 0.030 296
NDUFS1 Inverse variance weighted 0.560 618 0.478 074 0.979 581 0.000 068

2.6 Differentiated mRNA expression of NDUFS1,
HK, COX411, and TPI in UC datasets

The differences in the transcription levels of
NDUFSI, HK, COX4I1, and TPI in the normal colon
group and UC group were analyzed by the
GSE128682 and GSE102746 datasets, as shown in
Figure 6a. Compared with the normal group, the
transcription levels of HK1 and HK2 in UC increased,
while the transcription level of NDUFS1 in UC
declined, and the statistically
significant (P<0.05).
2.7 SKT inhibits the polarization of macrophages
to the M1 type

The FCM results showed that compared with the
control group, the proportion of peritoneal Ml
macrophages rose in mice in the DSS group. In
comparison with the DSS group, the proportion of M1
macrophages in the DSS+SKT group
declined, as shown in Figure 6b. As revealed by the
gRT-PCR and Western blot results, the iNOS mRNA
and protein peritoneal
macrophages of mice in the DSS group increased
compared with those in the control group. Relative to
the DSS group, the iNOS mRNA and protein
expression levels of peritoneal macrophages in mice
in the DSS+SKT group declined, as shown in

difference was

in mice

expression levels in

Figure 6c.
2.8 SKT promotes the expression level of the
oxidative phosphorylation gene NDUFS1

The qRT-PCR and Western blot results reflected

that compared with the control group, the NDUFS1
mRNA and protein expression levels in peritoneal
macrophages of mice in the DSS group decreased.
Compared with those in the DSS group, the NDUFSI1
mRNA and protein expression levels in peritoneal
macrophages of mice in the DSS+SKT group were
increased, as shown in Figure 6d.

29 SKT influences the polarization of
macrophages toward the M1 type through
NDUFS1

Considering the extremely low transfection
efficiency of peritoneal macrophages in mice, the
RAW264.7 mouse macrophage line was chosen for
substitution. A macrophage line with NDUFSI
knocked down was constructed by transfecting
sh-NDUFSI1 into RAW264.7 cells. According to the
gRT-PCR, Western blot, and FCM results, the
expression level of iNOS and the proportion of M1
macrophages in the sh-NDUFSI1 group increased, and
the proportion of M2 macrophages decreased in
comparison with the sh-NC group. Compared with the
sh-NC+LPS group, the expression level of iNOS and
the proportion of M1 macrophages in the sh-NC+
LPS+SKT group declined, while the proportion of M2
macrophages increased. No statistically significant
differences in the expression level of iNOS and the
proportions of M1 and M2 macrophages were
observed between the sh-NDUFS1+LPS group and
the sh-NDUFSI1+LPS+SKT group. In addition,
compared with the sh-NC+LPS group/sh-NC+LPS+
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Fig. 6 Detection of iNOS and NDUFS1 protein expression by qRT-PCR and Western blot
(a) Expression difference analysis of NDUFS1, HK, COX4I1, and TPI in the GSE128682 and GSE102746 datasets. (b) Mice were orally

administered 3% DSS for 7 consecutive days and treated with 1 g/kg SKT for 14 consecutive days. The peritoneal macrophages of mice in each

group were extracted, and the proportion of M1 macrophages was detected via FCM. (c, d) Total RNA and protein were extracted from peritoneal

macrophages of mice in each group by using TRIzol reagent and RIPA buffer, and the expression levels of iNOS (c¢) and NDUFSI1 (d) in peritoneal

macrophages of mice were measured by qRT-PCR and Western blot. GAPDH was used as an internal reference. The data are expressed as the mean+

SD (n=3). ns no significance, *P<0.05, **P<0.01, ***P<0.001.

SKT group, the expression level of iNOS and the
proportions of M1 and M2 macrophages in the sh-
NDUFSI1+LPS group/sh-NDUFS1+LPS+SKT group
decreased. This revealed that knockdown of NDUFS1
promoted the polarization of macrophages to M1 and
antagonized the inhibitory effect of SKT on the
polarization of macrophages to the M1 type (Figure
7a, c).

To further verify this hypothesis, oe-NDUFS1
into RAW264.7 cells, and a
NDUFSI1

was transfected

macrophage line overexpressing was

constructed. qRT-PCR, Western blot, and FCM results
showed that compared with the oe-NC group, the
expression level of iNOS and the proportion of M1
macrophages in the o0e-NDUFS1 group declined,
while the proportion of M2 macrophages increased. In
comparison with the oe-NC+LPS group/oe-NC+LPS+
SKT group, the expression level of iNOS and the
proportion of M1 macrophages in the oe-NDUFS1+
LPS group/oe-NDUFS1+LPS+SKT group decreased,
while the proportion of M2 macrophages was
increased. The results revealed that overexpressed
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NDUFSI1 repressed the polarization of macrophages
to the M1 type and strengthened the inhibitory effect
of SKT on the polarization of macrophages to the M1
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type. In summary, SKT inhibits the polarization of
macrophages to the M1 phenotype by promoting the
expression of NDUFS1 (Figure 7b, c).
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Fig.7 Effects of sh—-NDUFS1 and 0e—NDUFSI1 transfection on iNOS mRNA and protein expression
(a, b) RAW264.7 cells were transfected with sh-NC and sh-NDUFSI (a) or oe-NC and oe-NDUFS] (b) and then incubated with 100 pg/L LPS and
100 ug/L SKT. The total RNA and protein of each group of cells were extracted with TRIzol reagent and RIPA buffer, the expression level of

NDUFSI1 was then detected via qRT-PCR and Western blot, and GAPDH was used as an internal reference. (c) After being transfected with sh-NC
and sh-NDUFS1 and oe-NC and oe-NDUFS1, RAW264.7 cells were incubated with 100 pg/L LPS and 100 pg/L SKT, and the proportion of M1 and
M2 macrophages was detected through FCM. The data are expressed as the mean+SD (n=3). ns no significance, *P<0.05, **P<0.01, ***P<0.001.

3 Discussion

UC is a chronic inflammatory intestinal disease
with complex pathogenesis involving many cell types
and signaling pathways. Among them, immune cells,
especially macrophages on the intestinal wall, play a
key role in the development of UC!"¥), Under healthy
conditions, the energy of immune cells is mainly
generated through the tricarboxylic acid cycle, which,
however, is obviously disrupted in UC. The metabolic
function of immune cells is regulated by many
metabolic pathways, which are significantly changed
in UC patients, especially in the case of infection and
stress. Single-cell sequencing analysis provides us

with a detailed cell composition framework and
reveals significant changes in energy metabolic
pathways in macrophages in the disease environment
of UC. By studying the energy metabolomics of
macrophages in UC mouse models,

differences were observed

significant
These
differentially abundant metabolites not only involve
glycolytic pathways, such as D(+)-glucose and lactate
but also involve key metabolites in the tricarboxylic

in metabolites.

acid cycle, such as fumaric acid. In addition, the study
also revealed some metabolic changes related to
amino acid metabolism, such as the changes in the
levels of L-leucine and L-alanine, which coincide
with the reported the

significant changes in
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concentration of some amino acids in inflammatory
bowel diseases!'”. These results suggest that the
energy metabolism of intestinal macrophages changes
significantly in the disease environment of UC, which
may be associated with functional changes in
inflammation and tissue repair.

SKT is
uralensis Fisch. and Paeonia lactiflor. In addition,

mainly composed of Glycyrrhiza

dozens of active components, such as paeoniflorin,
gallic acid, catechin, and albiflorin std, were detected
by liquid chromatography analysis of SKT extract
powder. Paeoniflorin protects mice from DSS-induced
colitis by inhibiting inflammation and eosinophil
infiltration!"”!. Gallic acid also relieves UC symptoms
inhibiting NLRP3
corpuscles!'®. Albiflorin std has a positive effect on
AMPK-mediated CDX2 expression, which is helpful
to alleviate inflammation and cell apoptosis in mouse

in mice by inflammatory

models"”’. Albiflorin std can reduce inflammation and
cell apoptosis in UC mouse models by upregulating
AMPK-mediated CDX2 expression™. From these
preliminary research results, the therapeutic effect of
SKT on UC may be related to the comprehensive
effect of its various components. These components
may work together through various mechanisms, thus
alleviating pathological injury to the colon and
delaying the progression of UC. The results of this
study further support the therapeutic potential of SKT
for UC. Specifically, SKT significantly alleviated
pathological injury to the colon and delayed the
disease progression of UC. In addition, the number of
peritoneal M1 macrophages
significantly under SKT treatment, meaning that SKT
may play a role in regulating the immune response.

in mice decreased

This is consistent with our observation in the
macrophage line in vitro, in which SKT obviously
inhibits the polarization of macrophages to the Ml
type.

Mitochondria, as the most important intracellular
energy source, play a core role in cell metabolism,
calcium homeostasis, and cell apoptosis. Among
them, the oxidative respiratory chain is the key part of
mitochondria that performs these functions. As the
largest subunit of mitochondrial complex I, NDUFS1
occupies a core position in this chain, regulating
electron transfer from NADH to the respiratory chain.
As proven by modern medical research, the imbalance
of energy homeostasis of colonic mucosa is closely
associated with UC. Specifically, the decline in the

activity of mitochondrial oxidative phosphorylation is
often reflected in the intestinal mucosa of US patients,
which may lead to an imbalance in energy metabolism
and further aggravate the
disease!"”’.  Interestingly,

progression of the
the expression of the
mitochondrial oxidative phosphorylation complex in
intestinal tissues is correlated with age. Respiratory
chain complex I increases continuously at the
beginning of childhood but decreases gradually in
elderly individuals over 60 years old, which may
affect  cell

apoptosis 22!,

metabolism,  proliferation, and

According to the Mendelian
randomization study, NDUFSI, a gene related to
oxidative phosphorylation, is associated with the risk
reduction of UC. In addition, literature reports reveal
that UC is one of the high-risk pathogenic factors of
colorectal cancer!?. It is worth noting that prohibitin 2
(PHB2) promotes the proliferation of colorectal
cancer cells and the formation of tumors through
NDUFS1-mediated oxidative phosphorylation®!. Tt
studies that

electroacupuncture and drug moxibustion can regulate

has been pointed out in some

the expression of genes related to oxidative
phosphorylation, which, in turn, affects immunity-
related pathways such as IgA production and FcyR-
mediated phagocytosis in the intestinal immune
network, thus alleviating colonic inflammation in rats
with DSS-induced UC*. In this study, SKT treatment
significantly increased the expression of NDUFS1 in
peritoneal macrophages, suggesting that SKT may
affect the progression of UC by affecting NDUFSI
expression.

Regarding the relationship between UC and
mitochondrial function, M1 macrophages play a
central role in the disease progression of UC. The
activity of aerobic glycolysis and pentose phosphate
pathways in MI-type macrophages is enhanced,
which leads to the production of inflammatory factors
and the activation of the inflammatory response, while
M2  macrophages rely
phosphorylation to maintain their immunomodulatory

more on oxidative
function'”. Studies have shown that triliroside can
relieve UC by restoring the balance of M1/M2
macrophages through glycolytic pathways*. In this
study, it was found through the analysis of GEO
datasets that the expression of NDUFSI in the
to Ml
significantly. /n vitro experiments showed that when
NDUFS1 was knocked down, the M1 polarization of

polarization of macrophages decreased
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the MI
polarization of macrophages could be repressed by the
overexpression of NDUFSI1. This indicates that
NDUFS1 may improve UC by inhibiting the Ml
polarization of macrophages, and SKT may exert its

macrophages was enhanced. Moreover,

therapeutic effect by regulating the expression of
NDUEFS1. Metabolism can regulate the MI1/M2
polarization of macrophages and their effects. The
polarization and effector function of M1 macrophages
depend on the glycolysis of glucose to provide energy.
However, the survival and activation of M2
macrophages mainly rely on the oxidation of fatty
acids and metabolism in mitochondria, that is,
oxidative phosphorylation. The overexpression of
NDUFSI1 promotes the oxidative phosphorylation of
inhibit the
transformation of the M1 phenotype and promote the

mitochondria, which may further
transformation of macrophages to the M2 phenotype.
Taking the hallmark gene set in the MsigDB database
of GSEA
index.jsp) website was used as the reference gene set,
and the potential effect pathway of NDUFS! in the
development of UC was analyzed through the default

(https://www.The gsea-msigdb.org/gsea/

weighted enrichment statistical method. According to
the median expression of NDUFSI1, the samples in the
sequencing data of colitis patients were subdivided
into two groups: the high-expression group and low-
expression group, followed by single-gene GSEA.
Cibersort, a method commonly used to calculate the
infiltration of immune cells, is used to estimate the
abundance of immune cells using the deconvolution
method for the expression matrix of immune cell
subtypes based on the principle of linear support
vector regression. To further explore the infiltration
degree of M1-type macrophages in UC patients, the
infiltration of M1 macrophages in UC patients was
analyzed via “Cibersort” in R software. The samples
in the sequencing data of UC patients were divided
into two groups—the high-expression group and low-
according to
abundance of infiltrating M1 macrophages, and then

expression  group, the media of
GSEA was performed. Next, the signaling pathway
entries in the mechanism analysis of NDUFSI1 and
M1 macrophages were screened out based on the
criteria of P<0.05 and NES absolute value>l.
Moreover, the common effect pathways of NDUFS1
and M1 macrophages were drawn via the R package
“Venn”. A total of 13 common pathways were

discovered by taking the intersections of signaling
pathways that satisfied the criteria (P<0.05 and NES
absolute value>1), including chemokines, cytokine
receptor binding, ECM receptor binding, adhesion
plaque, cell adhesion, NOD-like receptor, JAT-STAT,
and Toll-like receptor signaling pathways.

Through the analysis of GEO datasets
(GSE205990, GSE157182 and GSE76736), it was
with
macrophages, there was no significant difference in
the transcription level of HK1 and HK2 in the
to Ml and M2.
Therefore, relevant research on HK1 and HK2 has not

discovered that compared unpolarized

polarization of macrophages

been considered to date. Of course, this is only the
preliminary bioinformatics analysis result, which will
be further probed in a follow-up study. In a literature
report?’), the blood-absorbed SKT components that
passed the identification of standard substances
included albiflorin std, benzoic acid, glycyrrhizic
and paeonol.
blood-absorbed

components with NDUFS1 was investigated. The

acid, isoliquiritigenin, liquiritin,

Molecular  docking of such
binding capacity between liquiritin and protein was
relatively strong, indicating that liquiritin might be an
important material component in SKT that could
enhance the expression of NDUFS1 and repress M1
macrophages. SKT contains many compounds that
exhibit multitarget effects in the treatment of UC. In
this study, the signaling pathway targets correlated
with the activity of SKT were verified through
bioinformatics pharmacological
experiments. The emphasis was placed on exploring
the protective effect of the clinical dose of SKT on
UC mouse models and further expounded on its
mechanism of action, so no positive controls were set,
and no multidose study was implemented.

and molecular

4 Conclusion

NDUFSI1 is potentially related to the polarization
of macrophages and the effect of SKT in the treatment
of UC. SKT may inhibit the polarization of
macrophages to M1 by enhancing the expression of
NDUFSI1 and ultimately alleviate the progression of
This study further deepens the
understanding of the pathogenesis and treatment
strategy of UC and highlights the value of combining
traditional medicine with modern biological research.

UC in mice.
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A HE 7@ TS NDUFS1R 1% H 4 B % 40 R
EMI1R W EfR/ R iEH LI 58

E{%;ﬁ#&l) ‘r_}]’ 212) ﬁ*.\ﬂ];_éél)* é% £_3)*
(V Jb ik R Eis s S B BE, Abat 100084;
DAL RUAE KB S AR RSB, dEaT 1000845 Y Jbat B a2 A BRA T R 25 5E ke, dbat 101301)

BWE B& AU STEIRZ I MAATZ %% (Shakuyakukanzoto, SKT) i iah 5 F W20 it B A CIT RN TL 3 2icste /N
MBS % (ulcerative colitis, UC) TTREAEMINLHI . ik L4 T 3% H R AR %L (dextran sulfate sodium
salt, DSS) HJH/NR UCHIRITE T H SKT I TIRYT . B 5%, X4 4E GSE21157 Fil GSE210415 #E47 B 240 il J 4
rAfRighm ik e 5. Hak, Xt UC /N BUE IS B A0 i i 48 BURMR I 22 5030 . SR)S, ARAEFR I 7 22 AP RE AR 1) BRAS 1l
TR BEDLAG S T 22 A QY & AR (38 I UC KU A Gk . 238, 43 BT 7E GSE128682 Fil GSE102746 R 5 5 5k /K V- 25 57
e, S E R PCR (qQRT-PCR), & FRENEE (Western blot) A ARKATLE R, HER  HAK-FL (HE)
Yeta ZE L R, SKT A LI E L5 f# DSS SR AL it fi. Ui+ Mrre i Reh R B0 T H A . NK A, T4 10
ZRORFEZETI AN, FEBmalh, it eBOX AL BE AP, A 49 4 200 K e i CIlt Y B e an i AR s AR A T vk
M. RERAREAL AT, JRYTAL SRR, BRI s (Lo E T 10 R 18 Bl 2 L IEAN T IR A 25 AR, X
e S SRR AR 2 S R IR A A AL B RR LA O o ARE PRI T 22 VRS RE AR 1) LA St T AR BEAILAG A3 BT, LI 1%
ik R0 48 b 5 TR Ak AH OC 36 TR 72 I NADH i &0 Fe-S 25 4 1 (recombinant NADH dehydrogenase ubiquinone Fe-S protein 1,
NDUFSI) (OR: 0.56, 95% CI: 0.48~0.98, P=0.000 068) 5 UC UG FFRAI K, it SR Rk EE R, 5
ERAAML, UCH NDUFSI 955 5K PR, qRT-PCR. Western blot FIV 240 M AR SIF 45 5 i, SKT 7] LMiE i NDUFS1
HARERL, M EvEN e M1 AL Ak, @ifiR/Ad 2635 NDUFST o] U0 SKT X L REAN I M1 B AL 52 m . 4548
SKT il 12 715 NDUFS1 &5 (7K, 30 w4 ) M1 B AR Ak, NI ZE /B UC, 13Xt BANUE 7~ T SKT Xt UC IRYT
B, il R FH PR T 37 1 BRI Al

KR ARG, EREgEMITRAG, S iR, BtEtEgm R
FESES R574, RI32 DOI: 10.16476/j.pibb.2023.0347
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