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1 | INTRODUCTION

Rheumatoid arthritis (RA) is a chronic autoimmune disease charac-
terized by synovial inflammation and destruction of joints and bones.
Despite the highly application of antirheumatic drugs including non-
steroidal anti-inflammatory drugs (NSAIDs), disease-modifying anti-
rheumatic drugs (DMARDs), corticosteroids, and biologic agents, this
heterogeneous disease is still not well controlled in up to 30% of
patients.! Therefore, finding new drugs and strategy for RA patients
is urgently needed.

The current view is generally accepted that RA has the complex
molecular network of pathophysiology, single drug is usually not full
satisfactory because it is almost impossible to target the whole molec-
ular network of the disease.23 The discovery of drug combinations
that act synergistically with each another is hence of great impor-
tance. Recently, several drug combinations have entered clinical trials
for the treatment of RA, including adalimumab plus methotrexate and
tofacitinib plus methotrexate.*> However, most of the drugs in RA
combination therapeutics currently are chemosynthetic molecules or
bioengineering products.

Traditional Chinese medicine (TCM), especially herbal medicine, has
been used in RA therapy in China for thousands of years. Various TCM-
based herbal formulae and extracts have been proved to effectively
alleviate the disease progress in RA patients, such as Wu-Tou decoc-
tion, Gui-Zhi-Shao-Yao-Zhi-Mu decoction, and so on.®7 As well known,
Chinese herbal formulae and extracts contain large numbers of com-
pounds and produced multidimensional biological effects through mul-
titarget, multi-pathway, and network regulation. The combination of
these compounds follows specific principles and can make the overall
effect to be optimal, which is similar to the discovery of drug combi-
nations that act synergistically to some extent. Therefore, it may be a
novel strategy to find new synergized compounds from Chinese herbal
medicine (CHM).

Based on massive data processing and analysis, some new tech-
nigues such as biological computation and network pharmacology
facilitate the exploration and reveal of the action mechanism of
Chinese herbal formulae and extracts, at the same time, they also
provide an effective approach to drug design and drug discovery.28
Therefore, in this study, we want to establish a new strategy based
on multi-information integrative approaches to search effective syner-

gized compounds from CHM used in RA therapy.

2 | MATERIALS AND METHODS

2.1 | Text mining

For the treatments of RA, Chinese medicines have been used in paired
pattern for synergizing effects. Thus, it is reasonable to explore the
2-dimensional combination patterns with respect to paired Chinese
medicines in clinical practices. Clinical reports of RA with Chinese
medicines were collected from two major literature databases (CNKI,

https://nvsm.cnki.net/KNS/; SinoMed, http://www.sinomed.ac.cn/)

with searching term “rheumatoid arthritis” together with “Chinese
medicine.” In order to construct the network of paired Chinese
medicines, text mining algorithm based on co-occurrence principle
was deployed. Specifically, the Chinese medicines in each literature
were used to construct the nodes of the network. If two Chinese
medicines appeared in the same document, the related edges between
the two Chinese medicines were added in the network, otherwise
there were no edges added. These nodes and edges formed the

co-occurrence network.

2.2 | Chemical components extraction, targets
identification, and absorption, distribution,
metabolism as well as excretion screening

All compounds of selected herbs and their pharmacokinetic prop-
erties were collected from published databases and absorption, dis-
tribution, metabolism as well as excretion (ADME) screening strat-
egy were employed for selecting the candidate compounds for fur-
ther analysis. The detailed information is explained in Supplementary
Method 1.

2.3 | Disease-specific signaling network
reconstruction

We have developed a data-driven adaptive integrative module for
reconstructing signaling networks of diseases based on transcriptome
and interactome data. The detailed information for the model imple-
mentation is explained in Supplementary Method 2.

2.4 | Functional drug target prediction using
network-based recommendation

Drugs often have multiple targets and affect distinct signaling mod-
ules, but only parts of them are known for given drugs. The drug com-
munities embed targeting signaling modules of drugs. To uncover the
targeting signaling modules of drugs, we proposed a network-based
recommendation approach, which could accurately infer the drug-
target communities based on the widely used bipartite network
projection technique. The detailed information was explained in Sup-

plementary Method 3.

2.5 | Optimization to 2 synergistic compounds

We combined chemical structure, functional prediction, and target-
ing pathway to develop a biologically plausible model. Our proposed
model possessed the ability to identify the dominant combinations in
an accurate way, the detailed information for the model implementa-

tion is explained in Supplementary Method 4.

2.6 | Animals

Male Sprague-Dawley (SD) rats (8-10 weeks old) with a mean weight
of 180-200 g were purchased from Beijing Vital River Laboratory
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Animal Technology Co., Ltd. All rats were fed with food and water ad
libitum in an appropriate environment with an air-filtering system, and
were allowed to acclimatize themselves for 1 week before the initia-
tion of experiment. The study was approved by the Research Ethics
Committee of Institute of Basic Theory of Chinese Medicine, China

Academy of Chinese Medical Sciences.

2.7 | Induction of collagen-induced arthritis

The collagen-induced arthritis (CIA) model was established in the SD
rats as our previous method.® Bovine type Il collagen (Chondrex, Red-
mond, WA, USA) solubilized at 2 mg/ml in 0.05 M acetic acid and
equivalent parts of incomplete Freund’s adjuvant (Chondrex, Red-
mond, WA, USA) were mixed into emulsion and then 200 and 100 pl
emulsions were intradermally injected into the base of tail on days
0 and 7, respectively. Body weight of rat was measured and arthri-
tis index (Al) was scored twice every week. Al score for each ankle
joint was evaluated according to the scoring standard as follows?:
0, no swelling or erythema; 1, slight swelling and/or erythema; 2, low-
to-moderate edema; 3, pronounced edema with limited joint usage;
and 4, excess edema with joint rigidity. The maximum score of each
rat was 16.

2.8 | Grouping and administration

After successful induction of CIA model, the rats were randomly
divided into 6 groups with 10 rats in each group, which were nor-
mal group, model group, imperatorin group (IMP, 1 mg/kg/day), g-
sitosterol group (STO, 1 mg/kg/day), imperatorin + f-sitosterol group
(IMP, 1 mg/kg/day; STO, 1 mg/kg/day), and methotrexate group (MTX,
0.15 mg/kg/day). All agents were intragastrically administered at a vol-
ume of 1 ml/100 g for 4 weeks. The dosage of IMP (purity>98%, Sigma,
St. Louis, MO, USA), STO (purity>96%, Sigma, St. Louis, MO, USA), and
MTX (Sigma, St. Louis, MO, USA) was set as our preliminary experiment
and the previous studies.10-12

2.9 | Enzyme-linked immunosorbent assay

Levels of IL-1p, IL-6, and TNF-«a in sera of rats were detected by com-
mercially available ELISA kits (eBioscience, San Diego, CA, USA) fol-

lowing manufacturer’s instructions.

2.10 | Histological examination

Ankle joints were fixed in 4% paraformaldehyde, decalcified with
10% EDTA bone decalcifier, and embedded in paraffin. Tissue sec-
tions (4 um) were prepared and stained with H&E for histological
examination. Histopathological characteristics were evaluated blindly
according to the following criteria: O, normal; 1, hyperplasia of the
synovial membrane and presence of polymorphonuclear infil-
trates; 2, pannus and fibrous tissue formation as well as focal
subchondral bone erosion; 3, articular cartilage destruction and
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bone erosion; 4, extensive articular cartilage destruction and

bone erosion.13

2.11 | CD4* T lymphocytes separation and total
RNA extraction

PBMCs were separated with a rat PBMC separation kit (Solarbio,
Beijing, China) according to manufacturer’s instructions. Next, CD4*
T lymphocytes were isolated by magnetic beads separation (Mil-
tenyi Biotec, Germany). The purity of collected CD4" T lympho-
cytes was detected by flow cytometry analysis. Finally, the cells
were centrifuged and stored at —80°C. Total RNA was isolated
by the Trizol extraction method. RNA purity was checked using
NanoPhotometer® spectrophotometer (IMPLEN, CA, USA) and RNA
integrity was assessed using the RNA Nano 6000 Assay Kit of the Bio-
analyzer 2100 system (Agilent Technologies, CA, USA) according to the
manufacturer’s instructions.

2.12 | RNA sequence

A total amount of 3 ug RNA per sample was used as input material
for the RNA sample preparations. Sequencing libraries were generated
using NEBNext® Ultra™ RNA Library Prep Kit for lllumina® (NEB,
USA) following manufacturer’s recommendations and index codes
were added to attribute sequences to each sample. The clustering of
the index-coded samples was performed on a cBot Cluster Gener-
ation System using HiSeq PE Cluster Kit cBot-HS (Illumina) accord-
ing to the manufacturer’s instructions. After cluster generation, the
library preparations were sequenced on an lllumina Hiseq platform and
125 bp/150 bp paired-end reads were generated. We classified the
gene as differentially expressed only when the expression difference
was >2-fold with adjusted P-value < 0.05.

2.13 | IPA analysis

The dataset from RNA sequence was uploaded into the Ingenuity Path-
ways Analysis system (IPA, http://www.ingenuity.com) to analyze the
canonical pathways of the candidate compounds. We used the IPA
analysis system with the ‘Core analysis’ platform to analyze the identi-
fied differentially expressed genes (DEGs) of model group versus nor-
mal group (hereafter Model), IMP group versus model group (hereafter
IMP), STO group versus model group (hereafter STO), and IMP+STO
group versus model group (hereafter IMP+STO). Comparisons of the
canonical pathways between these groups were also carried out using
the “Comparison” platform in IPA. In this study, the score was —10 log-
arithms of Fisher’s exact test P-values in canonical pathway analysis
by IPA.

2.14 | Statistical analysis

All data were expressed as mean + SD. Statistical analysis was accom-
plished by using Graphpad Prism Software 6 (Graph Pad Software Inc.,


http://www.ingenuity.com

GUOETAL.

JOURNAL OF
512 JLB LEUKOCYTE

BIOLOGY

Dang-gui

Bai-sha

Huang-qi
Dang-gui

FIGURE 1 Chinese herbal medicine network associated with RA. The network in the right was constructed via mining 2668 pieces of literature
associated with RA according to the co-occurrence principle. Font size and node size were calculated by logarithm on values of the frequencies of
Chinese herbal medicine extracted from the literature. As to the edges, widths were also calculated by the logarithm of their co-occurrence values

in literature

San Diego, CA). Comparisons of numerical data between 2 groups were
calculated by Student’s t-tests. Differences in mean values of various
groups were analyzed by ANOVA. Difference with P-value < 0.05 was

considered as statistically significant.

3 | RESULTS

3.1 | Frequently pair-used herbs for RA therapy

There were 3179 papers associated with RA and Chinese medicine.
From 2668 pieces of literature, text mining returned a network of CHM
of 241 distinct CHM and 4037 connections among them. In order to
check the consistency of guidelines and clinical reports, the intersec-
tion of text mining restricted to 150 CHM in guidelines was filtered
out. Consequently, the intersecting network of CHM included 107 dis-
tinct CHM and 2388 connections among them. Then, the comparison
between them was carried out. Accordingly, the top 100 connections
were consistent exactly. To be simplified, top 10 pairs of co-occurred
CHM are listed in Supplementary Table 1 and visualized in Fig. 1. From
these data, we could find that Bai-shao, Gui-zhi, Zhi-mu, Huang-qi, Du-
huo, Dang-gui, and Fu-zi were the most common pairs of CHM used in
RA therapy.

3.2 | Two synergistic compounds from the herbs
by multi-information integrative approaches

These most common pairs of CHM (Bai-shao, Gui-zhi, Zhi-mu, Huang-
qgi, Du-huo, Dang-gui, and Fu-zi) contain multiple compounds, and only

a few compounds possess satisfactory pharmacodynamic and pharma-
cokinetic properties. After ADME screening, 169 active compounds
were filtered out of the 892 compounds of these CHM. Then we used
HitPick, SEA, STITCH, and Swiss Target Prediction to predict the poten-
tial targets of the 169 active compounds and totally got 473 tar-
gets. These predicted targets were used to construct the C-T network.
Several of these active compounds were related multiple targets,
resulting in 1439 compound-target associations between 169 active
compounds and 473 targets. The average number of targets per com-
pound was 12.1, and the mean degree of compounds per target was
5.7.The 2D and 3D molecular descriptors of the 169 active compounds
were calculated by ChemoPy, and the GO analysis of the 473 targets
were calculated by DAVID.1415 To determine the relationship between
the target and RA (P < 0.05), we constructed the RA-target network by
application of our published models.16:17

Next, we designed an integrative model that integrated pharma-
cokinetics similarity, target network, and function analysis to discover
the high potential synergistic compound pairs for RA treatment (Fig. 2).
The C-T network and RA-target network were used to calculate the
target network synergistic score and the 2D and 3D molecular descrip-
tors were used to predict the 2D and 3D similarity synergistic scores,
respectively. The GO analysis result of 473 targets were used to
calculate the function synergistic score. Thirty-eight pairs of effec-
tive synergistic compounds were detected by our scoring model
(Fig. 3A). Then we used 3D plot to display the score distribution and
found that most of the effective synergistic compounds with high
synergistic scores in the 2D and 3D similarities, target network, and
function analysis (Fig. 3B). In the 38 pairs of effective synergistic
compounds, 7 pairs had high scores (>0.9) in structure similarity,
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target network, and function analysis. The pair g-sitosterol (STO) and
imperatorin (IMP) was predicted as the most effective one for RA treat-
ment with highest score (Fig. 3C), Thus, we chose this pair for further

experiment validation.

3.3 | IMP and STO synergism alleviated the arthritis
severity of ClA rats

As shown in Fig. 4A and C, no visible morphological features of arthri-
tis could be seen in the normal rats over the entire period. By con-
trast, erythema and swelling could be markedly observed in the ankle
joints of CIA rats, which was reflected by the significantly increased Al
score. The elevation of Al scores was significantly inhibited by the com-
bination treatment of IMP and STO. However, there were no appar-
ent therapeutic effects when IMP and STO were administered to CIA
rats separately. To further investigate the effect of IMP, STO, and their
combination in CIA rats, the pathological changes in the ankle joints of
rats were observed through H&E staining. As shown in Fig. 4B, mas-
sive influx of inflammatory cells, synovial hyperplasia, pannus forma-
tion, and severe erosion of cartilage and bone in ankle joints of CIA
rats were observed and these pathological changes were mitigated by

the combination treatment of IMP and STO. The histological score of
IMP+STO group was remarkably lower than that in model group after
treatment, whereas there was no significant difference between IMP
group and model group, as well as STO group and model group (Fig. 4D).
In addition, the levels of several important pro-inflammatory cytokines
in sera of CIA rats were detected. As shown in Fig. 4E-G, compared
to normal group, the levels of IL-14, IL-6, and TNF-a were significantly
higher in model group, whereas the levels of these pro-inflammatory
cytokines were significantly lower in IMP+STO group when compared
to the model group. However, IMP or STO administration separately
did not observe this effect. All these results showed that IMP and STO
combination showed good synergistic effect and effectively alleviated

the arthritis severity of CIA rats.

3.4 | RNA sequencing revealed the synergistic
mechanism involved in IMP and STO combination

To further illustrate the synergistic mechanism of IMP+STO treat-
ment in CIA rats, we detected differentially expressed genes (DEGs) of
CD4™* T cells from peripheral blood using RNA sequencing. The results
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model group

showed that compared with normal group, there were 347 DEGs in
model group. Compared with model group, there were 183 DEGs in
IMP group, 243 DEGs in STO group, and 202 DEGs in IMP+STO group
(Supplementary Tables 2-5).

Canonical pathway analysis indicated that the synergistic mech-
anism of IMP+STO treatment in CIA rats was related to its regu-
latory effect on altered T cell and B cell signaling in RA, TREM1
signaling, role of M¢s, fibroblasts, and endothelial cells in RA, role of
osteoblasts, osteoclasts, and chondrocytes in RA, and unfolded pro-
tein response, whereas IMP or STO administration separately did not
lead to these effects (Fig. 5A). Among these 5 signaling pathways, the 3
most important target genes of IMP+STO treatment were LTA, CD83,
and SREBF1. The expression levels of these genes were remarkably
down-regulated in model group but up-regulated in IMP+STO treat-
ment group, whereas there was no significantly change in expression
levels of these genes in IMP group and STO group (Fig. 5B).

Further, we analyzed the target genes of each treatment in these
5 signaling pathways, which were shown in Supplementary Fig. 1. In
“altered T cell and B cell signaling in rheumatoid arthritis,” the expres-
sion levels of NF-xB, RELB, NF-«B2, and LTA were down-regulated in
model group. IMP+STO treatment could up-regulate the expression
level of LTA and TGF-g, at the same time, down-regulate IL-1. IMP
or STO administration separately could down-regulate the levels of
NF-xB2 and NF-«B. In “TREM1 signaling,” the levels of NF-«B, CD53,
and CD83 were down-regulated in model group. IMP+STO treatment
up-regulated CD83 and down-regulated DAP12. IMP and STO admin-
istration separately down-regulated NF-«xB. In role of Mgs, fibrob-
lasts, and endothelial cells in rheumatoid arthritis, the expression
levels of LTA, TRAF, PI3K, RELA, 1xB, TRAF6, MAPK/APK2, ICAM1,
and c-MYC were down-regulated in model group. IMP+STO treat-
ment up-regulated the expression level of LTA, whereas IMP or STO
administration separately down-regulated the levels of PI3K and TRAF.

In role of osteoblasts, osteoclasts, and chondrocytes in rheumatoid

arthritis, the expression levels of TRAF6, PI3K, RELA, 1xB, CIAP, and
SMAD6 were down-regulated in model group. IMP+STO treatment
down-regulated the levels of IL-1, LRP1/5/6, M-CSFR, and ASK1. IMP
or STO administration separately down-regulated the level of PI3K.
In unfolded protein response, the expression levels of SREBF1, IRE1,
and CALR were down-regulated in model group. IMP+STO treatment
could up-regulate SREBF1, at the same time, down-regulate ASK1 and
c/EBP. These results suggested that compound used alone and in com-
bination acted to different targets.

4 | DISCUSSION

The complexity of RA limits the efficacy of commonly used single drug
therapeutics. Emerging evidence showed that combination therapeu-
tics would become an effective strategy to address this issue.'® Com-
putational tools in this area has recently been made in computing
synergistic effects for combinatorial therapy. While the current in sil-
ico models are mainly based on the limited synergy information, such
as chemical structure, targeting pathway, gene expression profile on
drug dealing. This is not enough for decoding the effective drug com-
bination. To address this challenge, we combined chemical structure,
functional prediction, and targeting pathway to develop a biologically
plausible model. Our proposed model possessed the ability to iden-
tify the dominant combinations in an accurate way. In our model,
the effective combination was defined as a function of structure and
pathway occupancies and kinetic parameters. Unlike existing integra-
tive analyses that treated structure and targeting pathway as 2 sep-
arate processes, our approach put these 2 types of data into 1 sin-
gle model, which was more biologically meaningful. One obstacle was
that the combination kinetic function was essentially nonlinear, which
made it difficult to develop computational methodologies. Here, we
adopted Taylor expansion to convert the nonlinear kinetic function to a
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polynomial function. The usage of the polynomial function provided
a general mathematic form to simultaneously involve different com-
binations. By assuming each combination had a probability of being
involved in a potential function, we were able to construct the model
equation. Solving the model equations could lead to a determination of
the key combinations. In this study, we found 2 new synergized com-
pounds, IMP and STO, from CHM in RA therapy by using our multi-
information integrative approaches. Al scoring, histological analysis,
and inflammatory cytokines examination showed the efficacy and syn-
ergy of IMP and STO combination treatment in CIA rats, which further
proved the accuracy of our screening strategy.

Based on the RNA sequencing technique, we found that the expres-
sion levels of some genes could be regulated by the administration
of IMP or STO alone or by the combination of IMP and STO. Inter-
estingly, IMP and STO combination caused several new effects when
compared with IMP or STO administration separately, including regu-
latory effect on altered T cell and B cell signaling in rheumatoid arthri-
tis, TREM1 signaling, role of M¢s, fibroblasts, and endothelial cells
in rheumatoid arthritis, role of osteoblasts, osteoclasts, and chondro-
cytes in RA, and unfolded protein response. As well known, T cells, B
cells, Mgs, fibroblasts, endothelial cells, osteoblasts, osteoclasts, and
chondrocytes are all important cell types in RA progression.3 They par-
ticipated in mediating the joint inflammation and destruction through
multifarious ways, including producing inflammatory factors, cell-cell
interaction, and so on.31%20 Our results again showed good synergis-
tic effect of IMP and STO combination. Moreover, we found that most
of the genes regulated by IMP and STO combination treatment were
located in the upstream of these 5 signaling pathways, which might also
explain the reason why combination treatment was superior to single
compound treatment.

We found that lymphotoxin alpha (LTA), CD83, and sterol regula-
tory element-binding protein 1 (SREBP1) were 3 most important tar-
get genes in IMP and STO combination treatment. LTA, also known
as TNF-p, mediates a large variety of inflammatory and immunostim-
ulatory responses.2! In vitro studies showed that LTA induced prolif-
eration and inflammatory cascade signaling in RA synovial-fibroblasts
(RASFs) and chondrocytes.2223 CD83, dendritic cell marker, belongs to
the immunoglobulin superfamily and has previously been associated
with autoimmune diseases. Previous studies have reported that the
levels of soluble CD83 (sCD83) were elevated in RA plasma and syn-
ovial fluid, whereas anti-TNF-« treatment had no effect on the sCD83
plasma level.2425 SREBP1 is a transcription factors that functions as
master regulators of genes that control cellular lipid homoeostasis.2¢
It plays a crucial role in numerous pathogenic processes such as inflam-
mation and apoptosis, and contributes to many chronic diseases.?” In
this study, we found that the levels of LTA, CD83, and SREBP1 was
obviously down-regulated in CD4* T cells from peripheral blood of
model group, whereas IMP and STO combination could significantly
up-regulated the expression levels of these 3 genes. Interestingly, IMP
or STO administration separately had no effect on these 3 genes,
which also showed the synergized effect of 2 compounds combination
treatment. As these 3 genes were not the targets of conventional
chemical drugs and biological agents in RA, IMP and STO combination

might become a candidate treatment used in those RA patients who
were not response well with conventional treatment.

In this study, we only used 1 dose in combination treatment group.
We did not examine the optimum proportion of IMP and STO to
achieve the best synergistic effect. In addition, we only selected the
compound combination ranked first for further experimental study.
Whether other candidate compound combinations also have synergis-
tic therapeutic effects is still not clear. We will continue to do these
studies in the future.

In conclusion, we found 2 synergistic compounds, IMP and STO,
from the CHM in RA therapy. In vivo experiment indicated that IMP
and STO combination could effectively alleviate the arthritis severity
of ClArats in a synergistic manner, and the synergistic mechanism was
closely related to targeting LTA, CD83, and SREBF1. We think IMP
and STO combination will become a new candidate treatment in RA in

the future.
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