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Diterpenoid Tanshinones Can Inhibit Lung Cancer Progression by
Improving the Tumor Microenvironment and Downregulation of
NF-xB Expression
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ABSTRACT: Diterpenoid tanshinones (DTs) are a bioactive fraction bt el Pofferation

extracted from Salvia miltiorrhiza. High-performance liquid chromatog-

raphy analysis revealed the presence of four compounds, namely, £\ g o=
tanshinone IIA, tanshinone I, cryptotanshinone, and dihydrotanshinone. o2 | Qo
In this study, we aimed to propose a possible mechanism for the anti-lung o Povcals | (RIS
cancer effect of DT. To do so, we utilized a lung cancer nude mice model
and a lung cancer cell line (PC9) to investigate the effect of DT on lung \ : i Sabia mitirhia
cancer. We employed immunohistochemistry, enzyme-linked immuno-

sorbent assay, hematoxylin and eosin staining, and immunofluorescence to \ A 3\ 200 20005
analyze the pharmacological role of DT in the inhibition of lung cancer Release| "/‘ ’ 500% \
growth. The results showed that DT inhibited tumor growth, induced .48% e )
apoptosis in the nude mice model, and reduced inflammatory cell
infiltration. Additionally, DT inhibited PC9 lung cancer cells, growth,
proliferation, and migration. The mechanism of action of DT involves not only directly inhibiting cell proliferation and migration but
also improving the tumor microenvironment. DT significantly increased the expression of important intestinal gap junction proteins,
such as zonula occludens 1 (ZO-1) and occludin I. This upregulation contributes to the reinforcement of the intestinal mucosal
barrier, thereby reducing the paracellular transport of lipopolysaccharides (LPS) through the intestine. Consequently, the decreased
LPS levels lead to the inhibition of NF-xB expression and downregulation of macrophage polarization, as indicated by the decreased
expression of CD68. In conclusion, this study has confirmed that DT has anti-lung cancer properties by improving the inflammatory
tumor microenvironment via regulating macrophage polarization and inhibiting LPS-associated immune response. These results
provide new insights into the mechanism of DT action against lung cancer.
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1. INTRODUCTION Salvia miltiorrhiza is a traditional Chinese medicine that has
been used for treating cerebrovascular and cardiovascular

Lung cancer is the leading cause of cancer-related death with a ) ) )
ailments for many years. It has recently gained attention due to

high incidence of mortality. The latest data showed the total
number of diagnosed lung and bronchioles cancer cases was o i LY
221,097 in the United States in 2019, with a death count of of natural compounds containing an anthraquinone  ring.

13,960." It is predicted that 238,340 adults (117,550 men and Research is ongoing to investigate the anticancer potential of
120,790 women) will be diagnosed with lung cancer in 2023 in this bioactive fraction. This bioactive fraction mostly contains
the United States.” Lung cancer is characterized by high
malignancy, rapid progression, early metastasis, poor prog-

its bioactive component, which is rich in tanshinones, a group

tanshinone IIA, tanshinone I, cryptotanshinone, and dihy-
drotanshinone.*”” Tanshinone IIA has been shown to inhibit

nosis, and frequent recurrence. Lung cancer treatments have colon cancer(cell growth.® Tanshinone I blocks ovarian cancer
been diversified and innovated over time. Recently, several proliferation,” and cryptotanshinone inhibits the proliferation
treatment options have become available to lung cancer

patients. These include chemotherapy, immunotherapy, Received: December 4, 2023

targeted therapies using monoclonal antibodies, and various Revised:  January 10, 2024

combinatorial and adjuvant therapies.” However, due to the Accepted:  January 23, 2024

quick progression and poor prognosis of lung cancer, Published: February 2, 2024

researchers are continuously working to identify novel
modalities for curing this disease.
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of cancer cells.'” Anthraquinones in traditional Chinese

medicine often have sound anticancer effects, including Aloe
rhodopsin'' and norethindrone.'”

Our previous studies'*~"° revealed that tanshinone ITA alone
and in combination with cisplatin decreased the mitochondrial
membrane potential of human lung adenocarcinoma PC9 cells
in a concentration-dependent manner, upregulated the amount
of intracellular reactive oxygen species, and promoted
apoptosis in lung cancer cells. Tanshinone IIA also significantly
inhibited the proliferation, migration, and invasion of PC9 lung
cancer cells by regulating the coagulation-related factors of the
transmembrane glycoprotein mucin 1 (MUC1), p-selectin
glycoprotein ligand-1 (PSGL-1), and tissue factor and
impacting the phosphoinositide 3-kinase/protein kinase B
(PI3K/Akt) signaling pathway. Moreover, researchers have
found that tanshinone IIA inhibited tumor cell growth and
proliferation, tumor cell invasion and migration, tumor
angiogenesis, and induced tumor cell autophagy.” Cryptotan-
shinone has been found to have an anticancer effect by
regulating NF-xB, MAPK, JAK, and STAT4 signals in immune-
related cells, such as macrophages, NK cells, CD4 cytotoxic
(CT) cells, and dendritic cells.'”” On the other hand,
tanshinone I has been reported to induce apoptosis in cancer
cells by regulating the cell cycle and to inhibit the invasion and
migration of cancer cells by suppressing the MMP-2 and
MMP-9 signaling pathways.'®

The tumor microenvironment (TME) plays a crucial role in
tumorigenesis. The TME contains tumor cells that interact
with the surrounding medium through the circulatory and
lymphatic systems, leading to the progression of cancer cells.
The TME comprises various cellular components, such as
vascular endothelial cells, immune cells (macrophages), and
extracellular matrix. Therefore, improving the TME is a vital
determinant of tumor growth, progression, and prognosis.
TME improvement can be assessed by downregulating various
protein markers such as CD31, CD38, and others."” Tumor-
associated macrophages (TAMs) are polarized into M1 and
M2 phenotypes. The inflammatory response mediated by M1
phenotype macrophages has been shown to promote the
ability of tumor cells to invade and metastasize®”*" thus
provoking a malignant cycle of “inflammation-cancer” trans-
formation. M2 phenotype macrophages may play a more
benign role in regulating the inflammatory microenvironment
of tumors due to their immunosuppressive characteristics.””
Among the various stimulators, Iigopolysaccharide (LPS)
induces macrophage M1 polarization.”> However, the relation-
ship between LPS and lung cancer still needs more
understanding. Intestinal damage induces LPS through multi-
ple pathways.”**> A few recent studies investigated possible
links between the intestinal microenvironment and the
pathogenesis of various cancers.”””>® Inflammation of the
lung and intestine can trigger changes in the gut micro-
environment, thereby initiating the development of cancer.”
In this study, our objective was to investigate the mechanism
behind the anti-lung cancer activity of diterpenoid tanshinone
(DT) and to explore the potential downregulation of LPS-
TLR4-NFxB expression in improving the TME.

2. MATERIALS AND METHODS

2.1. DT Extraction. We used CO, supercritical fluid
extraction on S. miltiorrhiza, where supercritical carbon dioxide
and ethanol are used as cosolvents to extract the necessary
components after crushing. The enriched extract comprised of
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the target component is collected and evaporated until
completely dry for preparative separation. Further decom-
pression recovery of the extract was carried out using
countercurrent chromatography.'” The resulting extract is
initially dissolved in dimethyl sulfoxide to form a semifluid
state and then diluted with 0.5% carboxymethyl cellulose
sodium solution to create a semifluid DT-DMSO solution with
a concentration of 100 mg/mL. The solution is stored in a
sealed refrigerator at 4 °C in a dark environment. To use it, the
stock solution was diluted with 0.5% carboxymethyl cellulose
sodium, and three concentrations of drugs were prepared and
placed in a 50 mL centrifuge tube. They should be stored in a
refrigerator at 4 °C in the dark for future use and mixed well
before use.

2.2. Preparation of the Tumor-Bearing Nude Mice
Model. BALB/c-nu nude mice (3—5 weeks old males, n = 70)
were purchased from the Animal Experiment Center, Zhejiang
Chinese Medical University (ZCMU), and supplied by
Shanghai Shrike animal production license number: SYXK
(Zhejiang) 2018-0012. The institutional ethics approval
number: JACUC-20200727-04 was obtained from the Animal
Ethical and Welfare Committee of Zhejiang Chinese Medical
University. Animals were divided into 5 groups; in each group,
10 animals were maintained. The animals were fed in SPF-level
barrier animal rooms at the Animal Experiment Center of
ZCMU. The temperature was maintained at 22 + 1 °C and the
humidity at 50—70%. All mice were fed for 1 week before the
experiments, giving them free access to food and water.

The human lung cancer cell line PC9 was purchased from
the cell bank of the Chinese Academy of Sciences (Shanghai,
China). The cell lines were maintained in DMEM high-glucose
medium (Biosharp, BL301A) containing 10% fetal bovine
serum (FBS, Everspring Chemical, item no. 1101-8611) and
1% penicillin—streptomycin (Biosharp, BLS0SA) at 37 °C in a
humidified atmosphere of 95% air and 5% CO,. This was
equivalent to the DMEM complete medium. PC9 cells were
collected at the logarithmic growth stage, counted under the
microscope, and then adjusted to a single-cell suspension with
a density of 2 X 107/mL in PBS buffer. Cells were injected into
the left axilla of drug-administered nude mice in a volume of
0.1 mL."*"* After inoculation, a cotton swab was used to gently
press the site of the needle hole for 30 s to prevent leakage of
the PC9 single-cell solution, with a distinct wound visible
under the skin.

Water and food were administered normally during the
tumor growth period. Various concentrations of DT (15, 30,
and 60 mg/kg/day p.o.) were administered to three DT
treatment groups by gavage, while physiological saline was
given by injection. Paclitaxel group (PTX, 60 mg/kg/day,
Aladdin L1910090) was administered by intraperitoneal
injection (i.p), and physiological saline was given by gavage.

2.3. Hematoxylin and Eosin Staining. Tumor samples
were fixed with 4% paraformaldehyde (PFA) solution for >48
h and then dehydrated, waxed, embedded, sliced, and dried in
a 40 °C oven for 1 h. The sections were stained directly with a
fully automated hematoxylin and eosin (H&E) staining
machine (Gemini AS, Thermo Scientific) and sealed with
neutral gum. Images were photographed with a Nikon Eclipse
80i Ti—S microscope.

2.4. Immunohistochemistry and Immunofluores-
cence Staining of Intestine and Tumor Tissue. Intestine
and tumor samples were taken after routine dewaxing and
hydration to transparency with deionized H,O and Tris EDTA

https://doi.org/10.1021/acsomega.3c09667
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(Biosharp, item BL617A) at a 49:1 volume ratio. After being
soaked in 3% H,0, for S min, the samples were blocked with
QuickBlock blocking buffer for immunological staining
(Beyotime, item no. P0260) at a volume ratio of 1:100—200.
After incubation overnight in a 4 °C refrigerator, the samples
were washed thoroughly with PBS, and the QuickBlock
blocking buffer was added for immunological staining
(Beyotime, item no. P0260) according to the source of the
primary antibody species. The secondary antibody was added
to the samples at a volume ratio of 7:1000 before incubation in
the dark at 37 °C for 25—30 min. The samples were then
washed thoroughly with PBS. For immunofluorescence,
sections were sealed with a DAPI-containing blocking solution
(Thermo Fisher, item no. P36966) and photographed with a
Nikon Eclipse 80i Ti—S laser microscope. For immunohis-
tochemistry (IHC), the samples were developed for 10—15 s
with DAB chromogenic solution prepared with the DAB
chromogenic kit (ZSGB-Bio, item no. ZLI9018), washed
rapidly, and then re-stained in the Thermo Fisher automatic
staining machine and sealed with neutral gum.16

The following antibodies were used: anti-CD31(Beyotime,
item no. AF6408), anti-CD68 (Beyotime, item no. AF6432),
anti-occludin 1 (Beyotime, item no. AF6504), anti-zonula
occludens 1 (ZO-1) (Beyotime, item no. AF8394), anti-NF-xB
(Beyotime, item no. AF1234), actin tracker red rhodamine
(Beyotime, item no. C2207S), and Alexa Fluor 488 IgG
(Beyotime, item no. A0423). Invitrogen ProLong Diamond
Antifade Mountant solution was used with DAPI (Thermo
Fisher, item no. P36966).

2.5. Cell Counting Kit-8 Detection of Cell Activity.
PC9 cells were dispersed and subcultured with 0.25% trypsin-
EDTA (Gibco 2120734) until the cells were in the logarithmic
growth stage. Cells were counted microscopically and spread in
96-well plates (Corning, 3599) at 8000 cells/mL and 100 uL
per well. 12 hours after the PC9 cells had reached a monolayer,
the medium was discarded, and 100 uL per well of each DT
concentration (1, 1.5, 2, 2.5, S, 10, 20, and 40 yg/mL) diluted
in DMEM complete medium was added. After 12 h, the
medium was discarded, and 100 uL of the working solution
prepared from the Cell Counting Kit-8 (CCK8) (MCE HY-
K0301-3000T) and DMEM complete medium at 1:9 was
added to each well and incubated for 30 min in a cell incubator
(Thermo, 3111). The absorbance (OD) was detected by an
enzyme marker (BioTek, ELX800) at 450 nm, and GraphPad
calculated the ICq,."°

DT (0, 10, and 20 pg/mL) and PTX (10 pug/mL) were
added as stimulus factors to PC9 96-well culture plates under
the same plating conditions. These concentrations were chosen
according to the ICy, and previously used conditions. Cell
activity after 12 h of treatment was measured by the CCK8
method, and the efficacy of DT for cell inhibition was
compared between samples.

2.6. Wound-Healing Assay and 8 um Trans Well
Assay of PC9 Cells. For wound-healing experiments, PC9
cells were counted microscopically and diluted to a
concentration of 500,000 cells/mL, then seeded into 6-well
plates (Corning 3516) at 1000 uL per well. Cells were grown
for 12 h in a cell incubator until 90% confluence was reached
and were then scratched with a sterile plastic tip. DT (0, 2.5,
and S pg/mL) or PTX (1 ug/mL) was then added as stimulus
factors, and the cells were cultured for 6 and 12 h with 10%
FBS, DMEM. Furthermore, they were observed under a
microscope (Nikon Ti—S) and photographed. For the trans
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well assay, 100 uL of PC9 cells at the logarithmic growth stage
was cultured in a serum-free medium for 6 h and then added to
the upper chamber of 8 ym 24 trans well plates (Corning,
3422) at a concentration of 5 X 10* cells/mL. Control, DT
(2.5 pg/mL), DT (S pg/mL), and PTX (1 pg/mL) groups
were studied. The DMEM culture medium containing 10%
serum was added to the lower chamber. Cells were then
incubated for 12 h, the culture medium was discarded, and
cells were fixed with 4% paraformaldehyde solution (Beyotime
P0099) and stained with 0.1% crystal violet solution (Biosharp
BL802A). The nontransplanted cells in the upper chamber
were wiped with cotton swabs. Cells were observed under a
microscope (Nikon Ti—S) and photographed.

2.7. Statistical Methods. Data were statistically analyzed
by using GraphPad Prism 8.0.2. One-way analysis of variance
(ANOVA) was used for multigroup measurement data, and
SNK analysis was used for intergroup comparisons. The
measurement data were statistically described using the mean
+ standard deviation (+SD). *p < 0.0S indicated a statistically
significant difference.

3. RESULTS

3.1. Characterization of DT Fraction of S. miltiorrhiza.
High-performance liquid chromatography (HPLC) analysis
revealed the presence of four compounds: tanshinone IIA,
tanshinone I, cryptotanshinone, and dihydrotanshinone. The
retention times of these compounds were 32.8, 18.1, 16.7, and
10.2 min, while the concentrations were 318.847, 203.761,
329.169, and 137.408 ug/mL, respectively. The HPLC
chromatogram is given in Figure 1. The chemical structures
of these phytochemicals are shown in Figure 2.
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Figure 1. HPLC chromatogram of DT fraction extracted from S.
miltiorrhiza; the red line indicates standard compound measurements,
while the blue line indicates DT compound measurement.

3.2. DT Inhibited the Proliferation of the Lung Cancer
Cell Line PC9. The efficacy of DT in treating tumors was first
tested in vitro by incubating PC9 lung cancer cells with varying
doses of DT (1, 1.5, 2, 2.5, S, 10, 20, and 40 pug/mL) for 12 h.
The results showed a reduction in cell proliferation in the PC9
lung cancer cell line, and the ICy, values of both the DT and
PTX were comparable (as shown in Figure 3A). Additionally,
the antitumor effects of DT (10 ug/mL) and DT (20 pg/mL)
were compared with the standard drug paclitaxel (PTX; 10 ug/
mL). DT (20 ug/mL) induced significant apoptosis in the lung
cancer cell line compared to the control group. Similar findings
were observed with PTX (10 pg/mL) treatment (as shown in

https://doi.org/10.1021/acsomega.3c09667
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Figure 2. Phytochemical structures detected in the DT fraction.
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Figure 3B). DT and PTX showed almost identical results. The
wound-healing and trans well assays showed that both DT (at
concentrations of 0, 2.5, and S pg/mL) and PTX (at a
concentration of 1 ug/mL) promoted apoptosis and
significantly inhibited the migration of PC9 cancer cells
compared to cells without treatment (as shown in Figure
3C,D).

3.3. DT Inhibited the Tumor Growth in the BALB/C-
NU Nude Mice. Observations were made regarding changes
in tumor size over time, as measured by tumor volume and
weight (Figure 4A,B). The tumor volume gradually increased
from days 1 to 16. On the 16th day, different doses of DT
fraction were administered, with PTX (60 mg/kg) being used
as a standard chemotherapeutic drug. After 5 days of drug
treatment, DT produced a significant dose-dependent effect.
Increasing DT concentration resulted in a significant decrease
in nude mice’s tumor volume and weight (Figure 4B,C).

H&E staining of tumor tissue sections from the disease
control group and all the treatment groups revealed that the
cells from each treatment group had fewer nuclear and cell
shape defects compared to the disease control group. As the
DT concentration increased, the area of light pink and flaky
necrotic regions within the PC9 transplant tumor increased
(Figure 4D). The morphology of the necrotic areas within the
tumor tissue of nude mice in the PTX administration groups
was indifferent to the DT groups, with the necrotic areas
surrounding their tumor cells forming a nested pattern.

3.4. DT Improved the Inflammatory TME in BALB/C-
NU Nude Mice. Various types of inflammatory cells are
infiltrated into tumor tissues and the degree of their infiltration
determines the progress and efficacy of anticancer therapy.*”*’
We utilized IHC to detect CD31 and CD68 infiltration in
PC9-induced solid lung tumors. CD31 is a platelet endothelial
cell adhesion molecule-1 that is expressed on the surface of
macrophages.”””” Vascular endothelial cells and platelets and
showed a brownish-yellow granular or lamellar dark staining
pattern (Figure SA,B). CD68 is a TAM marker, and hence
CD68 expression showed TAM infiltration in tumor tissues.
CD68 expression was mainly located on the cell membrane,
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while a small amount was expressed in the intercellular stroma.
CD68 THC staining showed a brownish-yellow granular or
sheet-like deep pattern. The results revealed that both CD31
and CD68 were expressed in tumor tissue, and this expression
is an indication of inflammatory cell infiltration in the tumor
tissue of BALB/c-nu mice. Treatment with increasing
concentrations of DT significantly reduced the expression of
CD31 and CD68, indicating a decrease in inflammatory cell
infiltration.

3.5. DT Inhibited NF-xB p65 Expression in Lung
Cancer Cells. Previous research has highlighted the crucial
role played by NF-kB in both innate and adaptive immune
responses.”* It acts as a central coordinator and is responsible
for controlling communication between cancer cells and
inflammatory cells. Our study findings showed that there was
a significant reduction in the expression of NF-kB p6S in the
tumor tissue of the group administered with DT as compared
to the control group (as shown in Figure 6A). PTX also had a
similar effect. The tumor inflammatory microenvironment
comprises a high density of inflammatory cell subsets. DT drug
intervention has been found to significantly reduce the level of
infiltration of inflammatory cells. This might happen due to
reduced LPS paracellular transport that is depicted by the
administration of DT resulting in a significant reduction in the
level of LPS in the serum (as shown in Figure 6B). This led to
the exploration of whether circulating LPS resulting from
intestinal barrier dysfunction plays a role in DT treatment
effects.

3.6. DT Improved Intestinal Integrity. Intestinal
mucosal damage led to the elevated level of LPS in the
blood.** However, the control, DT 60 mg/kg, and PTX groups
were found to significantly improve intestinal integrity, as
shown by H&E staining (Figure 7A). Laser scanning
fluorescent microscopy demonstrated that DT treatment
increased the expression level of key structural proteins,
occludin 1 and ZO-1 (Figure 7B,C). Transmission electron
microscopy (TEM) revealed that intestinal epithelial cells of
the BALB/c-nu nude mouse control had swollen mitochon-
dria, deformed spines, or even disappeared entirely (red
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Figure 3. DT inhibited proliferation and induced apoptosis of the lung cancer cell line PC9. (A) Cell viability was assessed using the CCK-8 assay.
(B) Cell viability after 12 h of DT (0, 10, and 20 pg/mL) and paclitaxel (PTX) (10 pg/mL) treatment. The number of surviving cells is expressed
as the percentage of the control. (C) Representative results for PC9 cell scratch experiments after treatment: control, DT- (2.5 and S yg/mL), and
PTX (1 pg/mL) for 12 h. (D) Representative results for the PC9 cell trans well assay after treatment: control, DT (2.5 and S pg/mL), and PTX (1
pug/mL). Data was analyzed statistically by using one-way ANOVA and multiple comparisons were performed by Tukey’s post-hoc test. Results are
considered significant if *p < 0.0S, **p < 0.01, ***p < 0.01, and nonsignificant (ns) if p > 0.05; scale bar was 50 yM.

arrows) compared with the standard group (Figure 7D). As
the concentration of DT increased, the mitochondrial structure
in the intestinal epithelial cells of tumor-bearing nude mice
gradually improved. Moreover, the extent of microvilli damage
on the surface of these cells decreased, and there was a
reduction in the size of cell gaps (white arrows). These results
suggest that DT can rescue intestinal structural damage and
maintain intestinal homeostasis.

4. DISCUSSION

Previous studies have shown that S. miltiorrhiza has potential
anti-inflammatory and antitumor properties.”® A DT-rich
fraction was isolated from S. miltiorrhiza®” and analyzed
through HPLC to reveal the presence of tanshinone IIA,
tanshinone I, cryptotanshinone, and dihydrotanshinone
(Figures 1 and 2). All of these are anthraquinone derivatives.
The results of this study demonstrated that the DT fraction
inhibited PC9 lung cancer cell proliferation and growth in a
dose-dependent manner. Moreover, Like paclitaxel, a standard
chemotherapeutic agent, DT induced the apoptosis of lung
cancer cells. IC;, values of both DT and PTX were calculated,
and the results were comparable. To determine the inhibitory
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action of DT on the migration of PC9 cells, cell scratch
wound-healing experiments and trans well assays were
assessed. Our findings revealed that DT demonstrated a
dose-dependent inhibition of both wound closure and the
number of migrated cells, like the pattern observed with PTX.
This suggests that DT may exert a similar inhibitory action on
cell migration as PTX (Figure 3).

Lung tumors were induced in BALB/c-nu nude mice by
subcutaneously injecting PC9 cells. Tumor growth was
confirmed between days 1 and 16. The effects of DT treatment
on tumor volume and weight were observed and found to be
significantly detrimental, comparable to PTX. In addition,
tissue histology and morphology were examined after H&E
staining. DT treatment resulted in decreased cell shape defects
and increased necrotic regions within PC9 cells, which
appeared light pink and flaky. PTX also increased the necrotic
area in tumor cells but with a nested appearance (Figure 4).
Both results discussed above consistently showed that DT
treatment not only induces apoptosis but also decreases tumor
volume and weight as well as inhibits cell migration. PTX
demonstrated similar effects. These antitumor effects of DT are
consistent with previous findings (Figure 4).
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Figure 4. Effect of DT (15, 30, and 60 mg/kg) and PTX 60 mg/kg inhibited tumor growth in BALB/C-NU nude mice. (A) Changes in tumor
diameter after drug administration. (B) Changes in tumor weight in each group after drug administration. (C) Changes in tumor size in each group
after drug treatment. (D) H&E staining of the tumor tissue. DT (15, 30, and 60 mg/kg) and paclitaxel (PTX 60 mg/kg), depicting morphological
changes in tumor tissues. DT showed a light pink and flaky necrotic region while PTX exhibited a necrotic region with a nested appearance. The

scale bar was 100 uM.
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Figure 5. DT improved the inflammatory microenvironment in BALB/C-NU tumor nude mice. (A) IHC detection of CD31. Its expression
showed a brownish-yellow granular or lamellar dark staining pattern in the control group, while CD31 expression was reduced with the treatment of
DT in a dose-dependent manner as well as with PTX. (B) IHC detection of CD68 showed a brownish-yellow granular or sheet-like deep pattern.
DT in a dose dose-dependent manner reduced the expression of CD68 and a similar pattern was observed with PTX. DT (15, 30, 60 mg/kg) and

paclitaxel (PTX 60 mg/kg). The scale bar was 100 M.

Previous research has made it clear that CD31 is a platelet
endothelial cell adhesion molecule (PECAM-1). CD31 is a
well-known marker of endothelial cells and plays a crucial role
in the adhesion and accumulation of platelets. Its presence is
also essential in cell proliferation, apoptosis, migration, and
cellular immunity. On the other hand, CD68 is a TAM marker.
Its higher expression is an indication of high vascularity and
tumor metastasis.”” In our study, we performed IHC staining
and observed that CD31 expression showed a brownish-yellow
granular or lamellar dark staining pattern, while CD68
expression showed a brownish-yellow granular or sheet-like
deep appearance. The study findings indicate that all doses of

DT significantly reduced the expression of both CD31 and
CD68, in a dose-dependent manner, as shown in Figure 5 THC
staining pictures (Figure S).

Anthraquinones found in natural drugs, such as in DT, have
been reported to impact the inflammatory microenvironment
through the NF-xB inflammatory signaling pathway.’® This
pathway also suppresses cancer.””*” NF-«B is a functional state
of a protein that plays a key role in regulating the body’s
inflammatory response by entering the nucleus. Once inside
the nucleus, it interacts with specific response elements on
DNA and triggers the expression of various inflammatory
genes. Elevated levels of LPS derived from gut bacteria in the
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Figure 7. DT improves intestinal integrity by restoring mitochondrial function. (A) H&E stains for the intestinal tissue. (B) Laser scanning
fluorescent microscopy of the intestinal tight junction proteins occludin 1 in various groups of BALB/C nude mice after drug intervention.
Occludin 1 was labeled by Alexa Fluor 488 green fluorescence. Red fluorescence represented intestinal cell microfilament and was labeled
Rhodamine’s Phalloidin. Blue fluorescence (DAPI) represents the intestinal cell nucleus. (C) Laser scanning fluorescent microscopy of the
intestinal tight junction proteins ZO-1 in various groups of BALB/C nude mice after drug intervention. ZO-1 was labeled by Alexa Fluor 488 green
fluorescence. Red fluorescence represented intestinal cell microfilament and was labeled Rhodamine’s Phalloidin. Blue fluorescence (DAPI)
represents the intestinal cell nucleus. (D) TEM of the intestine of BALB/C nude mice in each group after drug intervention. The red arrow points
to the mitochondria, and the white arrow points to the intercellular space. The scale bar was 100 yM for Figure A—C and 1 uM for Figure D.

blood are often caused by a breakdown in the intestinal

. 41,42
barrier.”

LPS acts as an exogenous endotoxin that is
transported in the blood by lipoproteins or LPS-binding
proteins, and it interacts with toll-like receptor 4 (TLR4) on
the surface of immune cells, initiating the inflammatory
response.*”** This triggers a signaling cascade that ultimately
leads to increased expression of NF-kB and its associated

45

proinflammatory cytokines.”™ This subset of inflammatory

mediators aggravates tumor progression in the TME. Our
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study findings not only reduced the NF-kB expression but also
reduced the LPS level in the blood, thus improving the TME
(Figure 6).

The tight junction proteins ZO-1 and occludin I play a
crucial role in maintaining the integrity of the intestines by
preventing the paracellular transport of LPS into the
bloodstream.*® After DT treatment, the expression of ZO-1
and occludin 1 significantly increased, as shown by the H&E
staining of tumor tissues extracted from BALB/C nude mice.
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TEM images also showed the improvement in the expression
of ZO-1 and occludin 1 which is evident with better
mitochondria morphology and more presence of tight junction
proteins, reduced swelling, and decreased deformed spines
caused by subcutaneous tumors (Figure 7).

5. CONCLUSIONS

The study showed that DT-induced apoptosis in PC9 lung
cancer cells reduced cell viability and inhibited cell migration.
Furthermore, it reduced the lung tumor volume, weight, and
size. The study also proved that DT improves the TME by
reducing the levels of expression of CD31 and CD68. The
molecular mechanism behind the tumor-suppressing ability of
DT is related not only to direct apoptosis induction of tumor
cells but also to upregulation of the expression of endothelial
barrier tight junction proteins ZO-1 and occludin 1. These
proteins might maintain intestinal integrity and reduce blood
LPS levels, which interfere with TLR4-induced NF-«xB
expression. Therefore, it can be inferred that lung cancer
progression could be stopped through the intestinal kidney
inflammation axis. Further studies might provoke more precise
mechanisms that could better unveil the role of intestinal
integrity in improving the TME.

6. ETHICS APPROVAL AND INFORMED CONSENT

The animal study was reviewed and approved by the Animal
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of Laboratory Animals.
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