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Abstract

Background: The traditional Chinese medicine NiuBeiXiaoHe (NBXH) extract and Chinese medicine preparation
JieHeWan (JHW) exhibit anti-tuberculosis effects. The anti- tuberculosis effect of NBXH was compared with that of
JHW to elucidate the mechanism of action of NBXH.

Methods: BALB/c mice aged 6-8 weeks were randomly divided into a normal control group, Tuberculosis (TB) model
group, JHW treatment group, and NBXH treatment group. After 3 and 13 weeks of treatment, the therapeutic effect in
each group was evaluated by comparing lung histopathology, lung and liver colony counts, the number of spots
representing effector T cells secreting IFN-y in an ELISPOT, and the levels of Th1, Th2, and Th17 cytokines, which were
measured by a cytometric bead array (CBA). Mouse RNA samples were subjected to transcriptome sequencing.

Results: After 13 weeks of treatment, the mean histopathological lesion area of the NBXH group was significantly
smaller than that of the TB model group (P < 0.05). Compared with those in the TB model group, the lung colony
counts in the JHW and NBXH groups were significantly decreased (P < 0.05), and the IL-2 and IL-4 levels in the NBXH
group were significantly increased (P < 0.05). NBXH partly restored significant changes in gene expression caused by
Mycobacterium tuberculosis (M. tuberculosis) infection. According to GO and KEGG analyses, the changes in biological
process (BP), cell composition (CC) and molecular function (MF) terms and in signaling pathways caused by NBXH and
JHW treatment were not completely consistent, but they were mainly related to the immune response and inflammatory
response in the mouse TB model.

Conclusions: NBXH had therapeutic effects similar to those of JHW in improving lung histopathology, reducing lung
colony counts, and regulating the levels of cytokines. NBXH restored significant changes in gene expression and repaired
cell damage caused by M. tuberculosis infection by regulating immune-related pathways, which clarified the mechanism
of action of NBXH.
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Background
Tuberculosis (TB) is a major social and public health
problem worldwide. In 2019, there were 10 million new
TB cases, and 1.2 million people died from TB world-
wide [1]. In recent years, the rates of multidrug-resistant
and extensively drug-resistant TB have been increasing.
Anti-TB chemotherapeutic drugs have relatively high
toxicity and side effects. The significant advantage of
traditional Chinese medicine treatments is that they have
a comprehensive therapeutic effect with “multicompo-
nent, multitarget, and multisystem” features. Adjuvant
treatment of multidrug-resistant tuberculosis (MDR-TB)
with traditional Chinese medicine can effectively alleviate
the symptoms of TB, promote the repair of TB damage,
and treat or prevent adverse reactions to chemotherapeutic
drugs. In China, there are rich resources for Chinese herbal
medicine, and the treatment of TB with traditional Chinese
medicine has a long history, which has accumulated rich
experience and developed many mature prescriptions
and traditional Chinese medicine preparations, such
as JieHeWan (JHW), BaiHeGuJinTang, and KangLaoWan.

The traditional Chinese medicine prescription
NiuBeiXiaoHe (NBXH) has been used in the clinic
for 16 years. It is composed of 6 traditional Chinese
medicines: Bulbus Fritillariae Cirrhosae, Rhizoma
Bletillae, Herba Houttuyniae, Radix Platycodonis,
Fructus Arctii, and glutinous rice. Among these compo-
nents, Bulbus Fritillariae Cirrhosae and Rhizoma Bletillae
are used as the monarch herbs. Herba Houttuyniae, Radix
Platycodonis, and Fructus Arctii are used as the minister
herbs, and glutinous rice is used as the adjuvant and guide
herb. Clinical research has shown that NBXH containing
these 6 traditional Chinese medicines with reasonable
compatibility had the effects of nourishing Yin, moistening
the lungs, relieving cough, resolving phlegm, clearing heat,
detoxification, and softening hard modes, which could
eliminate TB symptoms, such as low fever, emaciation,
cough, chest pain, and hemoptysis [2—4]. A previous study
by Wang XM found that NBXH had a certain therapeutic
effect on a mouse TB model [5]. Li GM [6] found that
NBXH might play an anti-TB role by inhibiting the energy
metabolism, protein synthesis, and antioxidative stress of
M. tuberculosis, weakening the viability of M. tuberculosis
in macrophages and affecting latent infection. Ling YB
et al. [7] found that NBXH has an immunomodulatory ef-
fect through proteomics, this effect may down-regulate
the JNK signaling pathway and inhibit the inflammatory
response. Chen D [8] found that NBXH has no significant
effects on the nervous system, immune function, or liver
and kidney functions of normal mice and do not cause an
acute toxicity reaction.

The Chinese medicine preparation JHW is made of 16
traditional Chinese medicines including tortoise shell
processing with vinegar, oyster, turtle shell processing
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with vinegar, Rehmannia, prepared Rehmannia, amethyst
(calcined), asparagus cochinchinensis, honey-fried Radix
Stemonae, keel, Glehnia littoralis, donkey hide gelatin,
Radix Ophiopogonis, cooked rhubarb, Rhizoma Bletillae,
Bulbus Fritillariae Cirrhosae, and beeswax. JHW has the
effects of nourishing Yin, moistening the lungs, nourish-
ing the kidneys, strengthening body resistance, protect-
ing against TB and killing M. tuberculosis. The results
reported by Zhang JG et al. [9] showed that JHW com-
bined with anti-TB chemotherapeutic drugs could im-
prove the immune function of the body, enhance the
sensitivity to chemotherapeutic drugs, and alleviate the
side effects of chemotherapeutic drugs.

In this study, the traditional Chinese medicine prepar-
ation JHW, which is used in the clinic, was used as a
positive control to compare the anti-TB effects of NBXH
and JHW for the first time in vivo, to study the effect of
NBXH on multiple cytokines and gene expression pro-
files in a mouse infection model, to clarify the anti-TB
mechanism of NBXH, to find a therapeutic effect evalu-
ation index applicable to traditional Chinese medicine,
and to provide a reliable experimental basis for the de-
velopment of a new anti-TB traditional Chinese medi-
cine preparation.

Methods

Traditional Chinese medicines

NBXH was prepared by Xi'an XinTong Pharmaceutical
Research Company, Ltd. (Xi'an, China). JHW was pro-
duced by Anhui ZhiFeiLongKeMa Biopharmaceutical
Company, Ltd. (Anhui, China).

Mice

Specific pathogen-free female BALB/c mice, aged 6-8
weeks, 17-21 g, were obtained from the Vital River La-
boratory Animal Technology Company, Ltd. (Beijing,
China). They were maintained under barrier conditions
in an animal room in the 8th Medical Center of the
Chinese PLA General Hospital, Beijing, China. The ex-
periments involving animals were approved and con-
ducted by the Animal Ethical Committee of the 8th
Medical Center of the Chinese PLA General Hospital,
and mouse care met the standards of the Experimental
Animal Regulation Ordinances defined by the China
National Science and Technology Commission.

M. tuberculosis strain

The standard M. tuberculosis strain H37Rv was pur-
chased from the Chinese Academy for Food and Drug
Control (Beijing, China). Colony forming units (CFUs)
were used to determine amounts of viable bacteria by
plating serial dilutions on Lowenstein-Jensen medium.
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Establishment of a mouse TB model and experimental
grouping

BALB/c mice aged 6-8weeks were injected intraven-
ously via the tail vein with 3.1 x 10> CFUs of M. tubercu-
losis. At 3days after infection, 3 mice were randomly
selected and euthanized, and their lungs and livers were
taken for bacterial colony counting and pathological
examination of lung tissue to observe whether the
mouse TB model was successfully established. In
addition, the other mice were randomly grouped. In the
TB model group, 20 mice were gavaged daily with 0.5
mL of distilled water. In the JHW group, 20 mice were
treated with 300 mg of JHW per kilogram of body
weight (6 mg/0.5 ml/day). In the NBXH group, 20 mice
were treated with 200 mg of NBXH per kilogram of body
weight (4 mg/0.5 ml/day). In the normal control group,
20 mice were not infected with M. tuberculosis and were
kept in an animal laboratory.

Lung histopathological examination

The right lung of mice was fixed with 10% formalin buf-
fer and embedded in paraffin. Sections were prepared by
the paraffin-embedded tissues, stained with hematoxylin
and eosin, and then analyzed by a registered pathologist.

Bacterial counts

The left lung and upper liver of mice were homogenized
in saline. Tissue suspensions were serially diluted 10-
fold. In addition, 0.1 ml of each dilution was plated in
duplicate on Lowenstein-Jensen plates and incubated at
37 °C for 4 weeks. M. tuberculosis colonies were enumer-
ated on each plate, and the results are expressed as
CFUs per organ.

Enzyme-linked immunospot assay (ELISPOT)

A splenocyte suspension (3 x 10°/ml) and an ELISPOT
plate were prepared in advance. The suspension was
plated at 100 pul/well. One well contained 50pl of
complete cell culture medium, one well contained 50 pl
of 60 pg/ml PHA, and three wells contained 50 pl of
60 pg/ml recombinant CE protein. The ELISPOT plate
was incubated in a 37°C cell incubator containing 5%
CO, for 24 h.

Cytometric bead array (CBA)

A splenocyte suspension (3 x 10°/ml) was seeded in 48-
well cell culture plates at 200 pl per well. Then, 200 pul of
complete cell culture medium, 100 pl 60 pg/mL PHA, or
100 ul 60 pg/ml recombinant CE protein was added to
each well. After incubation in a CO, incubator at 37 °C
for 48h, the culture supernatant was collected. The
levels of cytokines in the splenocyte culture supernatant
were detected according to Th1/Th2/Thl7 cytokine
CBA kit (BD Company, America) instructions.
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PBMC isolation and total RNA extraction

Blood samples were collected from mice in an ethyl-
enediaminetetraacetic acid dipotassium (EDTA) anti-
coagulant tube, and peripheral blood mononuclear
cells (PBMCs) were isolated with the Mouse PBMC
Isolation Kit (Haoyang Biological Products Technol-
ogy, Tianjin, China). Total RNA was extracted from
PBMCs using TRIzol Reagent (Life Biotechnology,
Shanghai, China) according to the manufacturer’s in-
structions. The total RNA concentration and purity
were determined using a NanoDrop 2000 (Thermo
Fisher Scientific, DE, USA). RNA integrity was
assessed using the RNA Nano 6000 Assay Kit for an
Agilent Bioanalyzer 2100 system (Agilent Technolo-
gies, CA, USA).

Transcriptome sequencing

Mouse RNA samples were subjected to RNA-Seq li-
brary preparation and transcriptome sequencing at
Beijing Biomarker Biotechnology Co., Ltd. (Beijing,
China). The sequencing libraries were generated using
the Illumina NovaSeq platform (NEB, USA). Briefly,
mRNA was enriched from total RNA using oligo (dT)
magnetic beads. The mRNA was fragmented using di-
valent cations under an elevated temperature in frag-
mentation buffer. Using the mRNA as a template, the
first cDNA strand was synthesized using random hex-
amer primers, and then the second cDNA strand was
synthesized with buffer, dNTPs, RNase H, and DNA
polymerase 1. The generated double-stranded cDNA
was purified with AMPure XP beads. Then, the puri-
fied double-stranded ¢cDNA was subjected to end re-
pair and poly(A) tail addition, and sequencing
adaptors were ligated to the fragments. Fragments
(240 bp) were purified with AMPure XP beads. The
c¢DNA library was enriched by PCR. Finally, library
quality assessment and quantification were performed
on an Agilent Bioanalyzer 2100 system by Q-PCR,
followed by sequencing on an Illumina NovaSeq
platform.

Data analyses

The significantly differentially expressed (DE) genes
between the TB model group and normal control
group and between the JHW or NBXH group and
the TB model group were identified by volcano plots
and hierarchical clustering. DE gene analysis between
two groups was performed using the DESeq R pack-
age (1.10.1). Gene ontology (GO) enrichment ana-
lysis and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analysis of the DE genes were im-
plemented with the clusterProfiler R package.
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Statistical analyses

Statistical analysis of data was carried out using SAS
(version 9.1, SAS Institute Inc., Cary, NC, USA). All the
data are expressed as the mean + standard deviation
(SD). The significance of differences among groups was
evaluated by one-way analysis of variance (ANOVA). A
P-value less than 0.05 indicated statistical significance.
Gene expression profiling of mice was analyzed by
assessing fold changes. The threshold used to screen
up- or down-regulated genes was |Fold Change| >1
and P-value <0.05.
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Results

Histopathological changes

On the third day after infection, pathological examin-
ation of lung tissues from mice showed that the alveolar
septum was congested, thickened, and infiltrated with
inflammatory cells. After 3 weeks of treatment, lung tis-
sue sections from mice in each group showed extensive
pathological changes, destruction of the alveolar struc-
ture, congestion and thickening of the alveolar septum
with lymphocyte infiltration, and multiple tuberculous
nodules formed by lymphocyte aggregation (Fig. 1a).

Fig. 1 Representative photomicrographs and pathological lesion area of lung tissue in each group (HE stain, 40x) . a Lung tissues were obtained
from tuberculosis (TB) model mice at 3 weeks and 13 weeks of treatment with distilled water, JieHeWan (JHW), or NiuBeiXiaoHe (NBXH),
respectively. b Pathological lesion area of lung tissue after treatment for 3 weeks. ¢ Pathological lesion area of lung tissue after treatment for 13

weeks. P< 005, "P<001
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The pathological damage in the TB model group was
more serious, with an average pathological damage area
of more than 48.58%. Compared with that in the TB
model group, the pathological damage in the JHW group
and NBXH group was significantly reduced (P <0.05),
additionally, the pathological area of lung tissue in both
groups was decreased (31.95 and 33.65%, respectively)
(Fig. 1b). After 13 weeks of treatment, mouse lung tissue
from each group showed severe pathological changes, in-
cluding severe destruction of the alveolar structure and
thickening and congestion of the alveolar septum, ac-
companied by a large amount of lymphocyte infiltration,
and foam-like cells and lymphocytes aggregated to form
tubercle nodules (Fig. 1a). The pathological damage in
the TB model group was severe and extensive, and the
average pathological lesion area was 68.68%. The average
pathological lesion area in the JHW group (61.41%) was
not significantly different from that in the TB model
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group (P> 0.05), that in the NBXH group (54.11%) was
significantly smaller than that in the TB model group
(P <0.05, Fig. 1c).

Bacterial counts in the lungs and liver

The lung colony counts of the TB model group at 3 days
after infection were log; (3.16 £ 0.22), and the liver col-
ony counts were log;o (4.30 £0.29). After 3 weeks of
treatment, compared with the TB model group, the
JHW group and the NBXH group showed no significant
differences in lung or liver colony counts (P> 0.05)
(Fig. 2 left). After 13 weeks of treatment, the lung colony
counts in the JHW group and the NBXH group were
significantly lower than those in the TB model group
(P<0.05), and the lung colony counts in the NBXH
group were lower than those in the JHW group (Fig. 2a
right). Compared with the TB model group, the JHW
group and the NBXH group showed no significant
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differences in liver colony counts (P > 0.05), but the liver
colony counts in the NBXH group were relatively low
(Fig. 2b right).

Effector T cells secreting IFN-y

After 3 weeks of treatment, the numbers of spots repre-
senting effector T cells secreting IFN-y in the TB model
group, JHW group, and NBXH group were all higher
than that in the normal control group, but only the in-
crease in the TB model group was statistically significant
(P <0.05). After 13 weeks of treatment, the numbers of
spots for effector T cells secreting IEN-y in the TB
model group, JHW group, and NBXH group were still
higher than that in the normal control group, but only
the increase in the JHW group was statistically signifi-
cant, and that in the JHW group was significantly higher
than that in the normal control group and NBXH group
(P<0.05). Compared with the TB model group, the
JHW group and NBXH group did not show significant
differences in the number of spots for effector T cells se-
creting IFN-y (P> 0.05, Fig. 3).

Expression of 7 inflammatory cytokines

After 3 weeks of treatment, compared with that in the
normal control group, the IFN-y levels in the TB model
group, JHW group, and NBXH group were significantly
increased (P < 0.01), but there were no significant differ-
ences among the TB model group, JHW group, and
NBXH group (P >0.05). The IL-4 levels in the normal
control group, JHW group, and NBXH group were sig-
nificantly lower than that in the TB model group (P <
0.001). The IL-17A level in the TB model group was sig-
nificantly higher than that in the normal control group
(P<0.05), but there were no significant differences
among the other groups (P> 0.05). There were no sig-
nificant differences in IL-2, TNF, IL-6, or IL-10 levels
(P>0.05, Fig. 4). After 13 weeks of treatment, the IFN-y
levels of the TB model group and the JHW group were
still significantly higher than that of the normal control
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group, the IL-2 levels of the normal control group and
NBXH group were significantly increased (P <0.05).
There was no significant difference in TNF levels among
the groups (P> 0.05), but the TNF level in the NBXH
group was highest. The IL-4 levels of the normal
control group and NBXH group were significantly
higher than those of the TB model group and JHW
group (P <0.05). There were no significant differences
in IL-6, IL-10, or IL-17A levels among the groups
(P>0.05), but the IL-17A level was increased in the
NBXH group (Fig. 5).

Identification of DE genes before and after M. tuberculosis
infection or JHW or NBXH treatment

Heat map and volcano map are used to show the changes
of gene expression profiles before and after M. tubercu-
losis infection, JHW or NBXH treatment (Figs. S1, S2).
The results showed that 2774 up-regulated and 2266
down-regulated DE genes were identified in the TB model
group compared with the normal control group. A total of
148 up-regulated and 210 down-regulated DE genes were
identified in the JHW group compared with the TB model
group. A total of 220 up-regulated and 278 down-
regulated DE genes were identified in the NBXH group
compared with the TB model group. Of the top 30 up-
regulated DE genes after NBXH treatment, 19 were
down-regulated in the TB model group, and 11 were also
up-regulated in the JHW group (shown in Table 1). Of
the top 30 down-regulated DE genes after NBXH treat-
ment, 23 were up-regulated in the TB model group, 11
were down-regulated in the JHW group, and 2 were up-
regulated in the JHW group (shown in Table 2).

GO analyses of DE genes before and after M. tuberculosis
infection or JHW or NBXH treatment

The top 10 biological processes (BP) (Fig. 6), cellular
components (CC) (Fig. 7), and molecular function (MF)
(Fig. 8) GO terms with statistical significance for DE

group (P<0.05). Compared with that of the TB model genes identified after M. tuberculosis infection or
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Fig. 6 (See legend on next page.)
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Fig. 6 Gene ontology (GO) analyses of significant differentially expressed (DE) genes identified by comparing before and after M. tuberculosis
infection or NiuBeiXiaoHe (NBXH) treatment in biological process. The abscissa is the gene ratio, which is the ratio of the gene of interest
annotated in the term to the number of all DE genes, and the ordinate is every GO term. Dot size represents the number of DE genes annotated
in the pathway, and dot color represents the corrected P-value of the hypergeometric test. a Tuberculosis (TB) model group vs. normal control

group. b JieHeWan (JHW) vs. TB model group. ¢ NBXH vs. TB model group.

traditional Chinese medicines treatment are shown in
Figs. 6, 7 and 8.

Pathway analyses of DE genes before and after M.
tuberculosis infection or JHW or NBXH treatment

The molecular pathways of the identified DE genes were
annotated by KEGG analysis. The results for the top 20
pathways closely related to the disease pathogenesis are
shown in Fig. 9.

Discussion

The treatment of TB with a combination of traditional
Chinese medicine and chemotherapeutic drugs can achieve
a comprehensive therapeutic effect, reduce the symptoms
of TB, reduce the liver and kidney damage induced by che-
motherapeutic drugs, reduce complications, and improve
the treatment effect in TB patients [10]. According to the
report by Yang QS et al. [11], JHW has anti-M. tuberculosis
activity, can enhance host immune function and has a cer-
tain therapeutic effect on many kinds of TB, such as
treatment-naive and previously treated pulmonary TB,
drug-resistant TB, and senile TB. Comparing the anti-TB
effects of NBXH and JHW in vivo will provide a reliable
theoretical basis for the clinical application of the anti-TB
Chinese medicine compound NBXH.

The results of previous studies by our team showed that
NBXH has a distinct degree of therapeutic effect on the
mouse TB model, improving the general condition, redu-
cing organ colony counts, and decreasing the severity of
TB lesions [12]. To better understand the difference in the
anti-TB effect between NBXH and traditional Chinese
medicine in clinical application, this study compared the
anti-TB effect of an NBXH powder newly produced by
Xi’an XinTong Pharmaceutical Research Co., Ltd. and that
of JHW in vivo. In this study, the TB model was con-
firmed to be successfully established by observing the lung
tissue pathology and organ colony counts of mice infected
with M. tuberculosis for 3 days.

The pathogenic mechanism of M. tuberculosis infec-
tion mainly involves the growth and metabolism of M.
tuberculosis inducing the host immune system to pro-
duce an inflammatory response and cause immune dam-
age. After M. tuberculosis infects the body, different
types of pathological changes, such as exudation, hyper-
plasia, and necrosis, may occur depending on the num-
ber of infectious bacteria, bacterial virulence, host
immune response, and tissue characteristics [13, 14].

The results published by Xiang ZG et al. [15] showed
that 1 week after acute M. tuberculosis infection in mice,
inflammatory cell exudation and interstitial edema ap-
peared in the lungs, and inflammatory cell aggregation
occurred in the spleen, 3 weeks later, granulomas ap-
peared in the lungs and spleen, and the area and quan-
tity of the inflammatory reaction increased with the
extension of infection time. The application of Huang-
KuiSu could significantly reduce the pathological dam-
age in lung tissue in mice infected with M. tuberculosis
and reduce lung colony counts [16]. The application of
FeiLaoKang could also significantly inhibit the inflam-
matory response in the lungs in a mouse TB model and
significantly improved inflammatory symptoms [17]. The
results of this study are consistent with these literature
reports. The pathological examination of lung tissue in
this study showed that the pathological changes in the
NBXH group and JHW group were significantly less se-
vere than those in the TB model group after 3 weeks of
treatment, and the pathological area in the NBXH group
was smaller than those in the TB model group and JHW
group after 13 weeks of treatment. This shows that
NBXH induces a better anti-TB inflammatory response
and reduces pathological damage.

Organ bacterial loads are used to evaluate the antibac-
terial or bactericidal effect of anti-TB drugs in vivo.
Organ bacterial loads correspond to the infection dose
and last for at least 14 weeks [18]. The lower the organ
bacterial loads are, the stronger the bactericidal effect of
drugs, and the better the therapeutic effect [19]. Jiang JQ
et al. showed that traditional Chinese medicine also had
a certain bacteriostatic or bactericidal effect on M. tuber-
culosis, such as high-dose JHW significantly reducing
lung and liver colony counts in guinea pigs (compared
with the blank control group, the treated group showed
a reduction of 272 CFUs/10 mg in the lungs and a re-
duction of 181 CFUs/10 mg in the liver), and reduces
lung tissue lesions [20]. Our study showed that there
were no significant differences in the bacterial loads of
the lungs or liver in each group after 3 weeks of treat-
ment, indicating that the treatment time of traditional
Chinese medicines were too short to have a significant
bacteriostatic or bactericidal effect. In contrast, after 13
weeks of treatment, the bacterial loads of the lungs in
the NBXH group and JHW group were significantly
lower than those in the TB model group, indicating that
long-term traditional Chinese medicine treatment may
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Fig. 7 Gene ontology (GO) analyses of significant differentially expressed (DE) genes identified by comparing before and after M. tuberculosis
infection or NiuBeiXiaoHe (NBXH) treatment in cellular component. The abscissa is the gene ratio, which is the ratio of the gene of interest
annotated in the term to the number of all DE genes, and the ordinate is every GO term. Dot size represents the number of DE genes annotated
in the pathway, and dot color represents the corrected P-value of the hypergeometric test. a Tuberculosis (TB) model group vs. normal control

group. b JieHeWan (JHW) vs. TB model group. ¢ NBXH vs. TB model group.

have better bacteriostatic and bactericidal effects on the
lungs.

Traditional Chinese medicine can exert an anti-TB ef-
fect by regulating the host immune system. Helper T
lymphocyte subsets and cytokines secreted by these cells
play an important role in the process of anti-TB immun-
ity. The Thl-type immune response is key in the anti-M.
tuberculosis infection response. IFN-y, IL-2, and TNF
are the key immune indexes in the Thl-type immune re-
sponse. The expression of IEN-y plays an important role
in the anti-TB immune response, and the expression
level in the body is closely related to TB [21-23]. [FN-y
can promote the proliferation and differentiation of T
cells, activate macrophages, and enhance the phagocytic
activity and killing effect of T cells and macrophages on
M. tuberculosis. IL-2 is an important factor in regulating
the immune response, promoting the production of
IFN-y, and inducing the differentiation of killer cells,
such as natural killer cells. TNF can cooperate with IFN-
y to enhance the expression of inducible nitric oxide
synthetase and the antibacterial effect of macrophages
and promote the formation of tuberculous granuloma
[24, 25]. After infection with M. tuberculosis, the expres-
sion level of IFN-y generally increases, and after
2 months of intensive anti-TB treatment, the level of
IFN-y decreases in responsive patients [26]. When the
secretion of IL-2 and TNF is insufficient, the immune
response cannot completely eliminate M. tuberculosis
but is increased with the improvement in TB after anti-
TB treatment [27]. The cytokines secreted by Th2 cells
are mainly IL-4, IL-6, and IL-10, and their main func-
tions are to promote the development of B cells and in-
duce a humoral immune response. IL-4 mainly
promotes the differentiation of ThO cells into Th2 cells
and inhibits the expression of cytokines related to Thl
cells [28]. IL-6 is a B cell stimulator that can induce B
cells to undergo differentiation and maturation to pro-
duce antibodies and participate in the anti-inflammatory
effect of the body, at the same time, IL-6 can cooperate
with colony-stimulating factor (CSF) to promote the
growth and differentiation of primitive bone marrow-
derived cells and enhance the lytic function of natural
killer (NK) cells. Liu WS et al. showed that the higher
the level of IL-6 is in vivo, the more severe the lung in-
flammation [29]. IL-10 is an anti-inflammatory cytokine
that can reduce the overactivation of coactivators in the
phagocyte system to weaken antigen presentation [30]. It

has been reported that the long-term control of TB in-
fection requires not only the enhancement of the Thl-
type immune response but also the inhibition of the
Th2-type immune response [31]. Lv Y et al. [32] showed
that the mice infected with attenuated M. tuberculosis
strain H37Ra mainly produced a Thl-type immune re-
sponse. IL-17A is an inflammatory factor mainly pro-
duced by activated T cells that is induced in the early
stage of M. tuberculosis infection and can promote the
activation of T cells, participate in the recruitment of
neutrophils and induce various cytokines, such as IL-6,
IL-8, and granulocyte-macrophage colony-stimulating
factor (GM-CSF) [33-35]. In addition, IL-17A partici-
pates in the formation of mature granuloma in the lungs
during M. tuberculosis infection, which plays a key role
in the prevention of M. tuberculosis spread [36]. In TB
patients, Thl-type cytokines provide protective immun-
ity, and Th2-type cytokines may promote the inflamma-
tory response and immune damage, while Thl7
cytokines play roles in both protection and pathological
damage, regulating the T cell response is essential for
promoting anti-M. tuberculosis immunity and preventing
widespread immune pathology [37, 38]. In this study, re-
sults for the number of spots representing effector T
cells secreting IFN-y and the levels of cytokines in the
culture supernatant of splenic lymphocytes showed that
after 3 weeks of treatment, the IFN-y levels in the TB
model and two Chinese medicine treatment groups were
significantly increased and the IL-4 level in the TB
model group was also significantly increased, while the
level of Th2-type cytokines did not increase in the two
traditional Chinese medicine treatment groups, which
suggested that Thl and Th2 immune response were
both enhanced in the TB model group, while the Thl
immune response was dominant in the two traditional
Chinese medicine treatment groups. After 13 weeks of
treatment, the IFN-y level in the TB model group and
especially in the JHW group was still significantly in-
creased, but the Th2 cytokine levels were not signifi-
cantly increased, which indicated that the Thl immune
response was the main response and the Th2 immune
response was inhibited in these two groups. The cyto-
kine profile of the NBXH group changed, the IFN-y level
decreased, the IL-2 level significantly increased, and the
IL-4 and IL-17A levels increased significantly, which
suggested that the Thl immune response and Th2 im-
mune response tended to be balanced. To date, studies
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Fig. 8 Gene ontology (GO) analyses of significant differentially expressed (DE) genes identified by comparing before and after M. tuberculosis
infection or NiuBeiXiaoHe (NBXH) treatment in molecular function. The abscissa is the gene ratio, which is the ratio of the gene of interest
annotated in the term to the number of all DE genes, and the ordinate is every GO term. Dot size represents the number of DE genes annotated
in the pathway, and dot color represents the corrected P-value of the hypergeometric test. a Tuberculosis (TB) model group vs. normal control

group. b JieHeWan (JHW) vs. TB model group. ¢ NBXH vs. TB model group

have shown that in TB patients given effective anti-TB
treatment, IFN-y levels decrease while IL-2 levels in-
crease [26, 27], and these changes in the cytokine profile
suggest effective NBXH treatment. In addition, some re-
ports [39, 40] have shown that the recovery of Thl and
Th2 immune response balance in the treatment of TB is
beneficial for the prognosis of patients. NBXH may play
a role by regulating the Th1/Th2 immune balance rather
than simply enhancing the Thl response or weakening
the Th2 response. After 13 weeks of treatment, the in-
crease in the IL-17A level in some mice was conducive
to the formation of granulomas and limited the spread
of M. tuberculosis, which may also be one of the reasons
for the reduced pathological damage in the NBXH
group.

By comparing the changes in the gene expression pro-
file before and after treatment with traditional Chinese
medicine, we can understand the target of traditional
Chinese medicine, clarify the mechanism of traditional
Chinese medicine, and establish a new way to study the
modernization of traditional Chinese medicine. At
present, some research reports [41] have performed
beneficial explorations, but we are the first to use tran-
scriptome sequencing technology to analyze the abun-
dance of mouse cell gene transcripts to evaluate the
effect of anti-TB Chinese medicine treatment and ex-
plore the molecular mechanism of the effect. This study
indirectly reflected the difference in gene expression by
comparing the difference in gene transcript abundance
between the TB model group and the normal control
group and found 2774 up-regulated and 2266 down-
regulated DE genes, which is consistent with previous
research reports [42, 43], which found that mycobacter-
ial infection can cause significant changes in the gene
expression profile of macrophages. Through GO and
KEGG analyses, it was found that the cell damage that
occurred after M. tuberculosis infection was relatively
extensive, showing significant changes in terms for cell
components, molecular functions and biological pro-
cesses, the enriched GO terms related to BP were mainly
inflammatory response, response to lipopolysaccharide,
neutrophil chemotaxis, cellular response to interferon-
beta, positive regulation of interferon-gamma produc-
tion, intrinsic apoptotic signaling pathway in response,
and positive regulation of T cell-mediated cytotoxicity,
indicating that M. tuberculosis infection has a significant
effect on the host immune response and inflammatory

response. KEGG pathway analysis also shown that the
pathways involved in antigen recognition, phagocytosis,
apoptosis, antigen processing, and presentation by innate
immune cells to adaptive immune cells all showed
changes in up- or down-regulated pathways, such as the
NOD-like receptor signaling pathway, phagosome, apop-
tosis, antigen processing and presentation, and cytokine-
cytokine receptor interaction. On the one hand, these
findings support the current understanding of the patho-
genesis of TB, that is, TB may be caused by inflamma-
tion and immune damage caused by M. tuberculosis
proliferation in tissue cells [44]. On the other hand, they
are helpful to further clarify the pathogenic mechanism
of M. tuberculosis.

In this study, 148 up-regulated and 210 down-
regulated DE genes were identified by comparing the
JHW group and the TB model group, and 220 up-
regulated and 278 down-regulated DE genes were identi-
fied by comparing the NBXH group with the TB model
group. These results showed that the number of DE
genes after NBXH treatment was slightly higher than
that after JHW treatment, which reflects that NBXH has
more targets than JHW, and traditional Chinese medi-
cine compound preparations with complex chemical
components have multicomponent, multipathway and
multitarget therapeutic characteristics. The changes in
BP, CC, and MF terms and in signaling pathways caused
by treatment with NBXH or JHW were not completely
consistent. NBXH treatment had a greater effect on BP
terms and signaling pathways related to the immune re-
sponse and inflammatory response, such as GO terms
related to the biological processes response to oxidative
stress, intrinsic apoptotic signaling pathway in response,
lipopolysaccharide-mediated signaling pathway, regula-
tion of l-kappaB kinase/NF-kappaB signaling, and regu-
lation of protein ubiquitination. KEGG pathway analysis
related to signaling pathways included down-regulated
oxidative phosphorylation, up- or down-regulated Rapl
signaling pathway, and cytokine-cytokine receptor inter-
action. Among the pathways closely related to disease,
the TB pathway ranked fifth. After JHW treatment, the
pathways related to the regulation of the immune and
inflammatory response were down-regulated Fc epsilon
RI signaling pathway, protein processing in the endo-
plasmic reticulum and ribosome, up- or down-regulated
TNF signaling pathway and notch signaling pathway,
and down-regulated oxidative phosphorylation. These
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Fig. 9 (See legend on next page.)
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Fig. 9 Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses of significant differentially expressed (DE) genes identified by comparing
before and after M. tuberculosis infection or NiuBeiXiaoHe (NBXH) treatment. The abscissa is the enrichment factor, indicating the ratio of the
gene proportion annotated to the pathway in the DE genes to that annotated to the pathway in all genes. The larger the enrichment factor, the
more significant the enrichment level of DE genes in this pathway. a Tuberculosis (TB) model group vs. normal control group. b JieHeWan (JHW)

vs. TB model group. ¢ NBXH vs. TB model group

results indicate that NBXH treatment mainly plays an
anti-TB role by regulating the host immune response
and inflammatory response, and its mechanism of action
is different from that of JHW, NBXH is more targeted
for TB and may be more effective in restoring immune
damage caused by TB. The results in Table 1 and Table
2 also support this view. Most of the top 30 significantly
up- or down-regulated DE genes were recovered by
NBXH treatment after M. tuberculosis infection, which
is consistent with only approximately one-third of the
significantly up- or down-regulated DE genes being re-
stored after JHW treatment, indicating that NBXH treat-
ment has a more significant reparative effect on cell
damage caused by M. tuberculosis infection, which may
be due to the different components, targets and mecha-
nisms of action of these two kinds of traditional Chinese
medicine prescriptions. In addition, at present, it is diffi-
cult to evaluate the effectiveness of traditional Chinese
medicine in animal experiments. The theoretical systems
of traditional Chinese medicine and Western medicine are
totally different. It is usually difficult to obtain significant
differences in the evaluation of traditional Chinese medi-
cine by the efficacy evaluation indexes used in Western
medicine. The cell damage repair function of NBXH iden-
tified by the gene expression profile may also be used as
one of the indicators for efficacy evaluation of traditional
Chinese medicine. This is because the recovery of signifi-
cant changes in gene expression caused by pathogenic
bacteria will inevitably result in a good change in the
phenotype of host cells, such as the pathological damage
to lung tissue in the NBXH group being relatively light. In
the future, we will further study the efficacy evaluation
and modernization of traditional Chinese medicine to pro-
vide ideas and experience.

The mechanism of action of NBXH is relatively com-
plicated, involving changes in the expression of many
different functional genes. The genes listed in Tables 1
and 2 may be the targets of NBXH and may also be im-
portant links in its signal transduction pathway. We ana-
lyzed the changes and functions of several representative
DE genes to partially clarify the mechanism of action of
NBXH. (1) The genes acting on signaling pathways and
regulation include the Rho gene, which is a member of
the group of guanosine triphosphate (GTP)-binding pro-
teins called Rho GTPases because of their GTPase activ-
ity. Rho is a subfamily member of a small G protein
superfamily and a member of the Ras superfamily,

functions as a key molecule in multiple signal transduc-
tion pathways in cells and plays a key regulatory role in
a series of cell processes. NBXH-mediated upregulation
may play an important role in anti-TB activity in the im-
mune response by affecting the biological processes of
activation, proliferation, adhesion, and migration of im-
mune cells such as T lymphocytes, B lymphocytes,
monocytes, and macrophages [45, 46]. Rap guanine nu-
cleotide exchange factor 5 (Rapgef5) plays an important
role in the process of multicellular differentiation by
regulating the Wnt signaling pathway [47]. Gm38394
has transcription factor activity and can control the tran-
scription and expression of DNA by binding with spe-
cific DNA sequences, and NBXH can recover and
increase its expression to improve the activity of cells.
(2) The genes regulating the immune response and in-
flammatory response include the Mapkl4 gene, which is
a member of the mitogen-activated protein kinase
(MAPK) family. Its functions include extracellular do-
main activity and protein binding, regulating cell growth,
differentiation, oxidative stress, the inflammatory re-
sponse, and other important cellular physiological/
pathological processes [48, 49]. NBXH upregulates
Mapk14 expression, regulates the immune response dur-
ing M. tuberculosis infection, induces BAX translocation
and apoptosis, enhances TNF expression, limits M. tu-
berculosis, and exerts an anti-TB effect [50]. The protein
Crispld2 can bind to LPS, and LPS binds to TLR4 recep-
tors, thereby exerting a feedback regulation mechanism,
and its up-regulated expression can reduce the release of
inflammatory mediators (such as TNF-a and IL-6), sys-
temic inflammation, and the degree of lung injury [51].
ZC3H11A is a stress-induced protein. Currently, some
viruses (such as adenovirus, influenza virus, HIV, and
herpes simplex virus) are known to rely on the expres-
sion of this gene. NBXH treatment can significantly re-
duce the expression of this gene [52]. On the one hand,
ZC3H11A plays an anti-inflammatory role and may pro-
tect cells from damage. On the other hand, it may also
contribute to antiviral infection in the body. C5aRl is
the receptor of the complement factor C5a. C5a regu-
lates various biological processes, such as immune in-
flammation, opsonization, and cell lysis, through the
C5aR1 pathway [53]. NBXH significantly downregulates
the expression of this gene and may also protect cells
from inflammatory damage. (3) The genes regulating cell
differentiation and proliferation include the Srp54a gene,
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which is a 54-kDa signal recognition particle [54] with
GTP binding and catalytic activity that mediates protein
recognition and transport and participates in the direc-
tional transfer of intracellular proteins. NBXH-mediated
restoration of the genes down-regulated by M. tubercu-
losis infection plays an important role in cell differenti-
ation and metabolism. (4) The genes regulating energy
metabolism include the Slc5al gene, which is a glucose
transporter [55]. NBXH increases Slc5al expression to
promote maximal glucose influx into cells to generate
energy and promote cell metabolism. Additionally, the
anti-TB effect of many newly identified up- and down-
regulated genes, as well as the correlations between
genes and between genes and proteins, have not been
elucidated. Further research is needed to reveal more
mechanisms of action and pathways.

Conclusions

In summary, NBXH had similar therapeutic effects as the
patented Chinese drug preparation JHW, which is used in
the clinic, in improving lung histopathology, reducing lung
colony counts, and regulating the levels of cytokines.
NBXH restored significant changes in gene expression
caused by M. tuberculosis infection by regulating the ex-
pression of immune-related genes and activity of signaling
pathways and repairing cell damage caused by M. tubercu-
losis infection. In this study, using a gene expression pro-
file to observe the repair of injury caused by AM.
tuberculosis infection after drug treatment is proposed for
the first time as an indicator for judging the efficacy of
new drugs, which provides the experimental basis for the
further development and clinical application of the com-
pound NBXH. We will also study the combined effect of
traditional Chinese medicine and chemical medicine to
lay the experimental foundation for the establishment of a
combined treatment regimen in the future.
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