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Introduction: Cancer-associated fibroblasts (CAFs) promote tumor progression; thus, drugs
that can modify CAFs need to be identified.

Methods: To test the effect of cinnamaldehyde on prostate CAFs, the 3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyl-2H-tetrazolium bromide assay was used to determine
their survival. When spleen cells were treated with CAF supernatant, the proliferation of
T cells was inhibited as determined by flow cytometry. After cinnamaldehyde treatment,
this immunosuppressive function of CAFs was partially reversed. To explore the mole-
cular mechanism, Western blotting and the quantitative real-time polymerase chain
reaction were applied, and TLR4-dependent signaling pathway-related protein and
mRNA levels were quantified.

Results: Cinnamaldehyde acted on the TLR4-dependent signaling pathway, altering the
function of CAFs such that its supernatant no longer inhibited the proliferation of T cells.
Conclusion: These data indicate that cinnamaldehyde can modify the functions of CAFs,
which may be helpful for treating tumors. Cinnamaldehyde can suppress CAF T-cell
inhibition.
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Introduction

Cancer-associated fibroblasts (CAFs) are a dominant component in the tumor
stroma and function as architects of cancer pathogenesis.'*> CAFs not only promote
tumor progression via communication with cancer cells, but also affect cell motility
by secreting growth factors.” For example, the secretion of transforming growth
factor (TGF-P) can reduce the activation, functions, and survival of T cells.* In
addition, our previous study indicated that fibroblasts in the tumor stroma promote
growth in different tumor types.’ Together, these studies uncovered crucial func-
tions of CAFs in the tumor stroma.

Prostate cancer is a severe disease that impacts many people. In the USA,
among men under the age of 55 years, the risk of developing prostate cancer
increased in the previous two decades.® In 2018, nearly 1.3 million new prostate
cancer cases were diagnosed. For men, it is estimated that prostate cancer is the
second most commonly diagnosed cancer, just lower than lung cancer, and causes
350,000 deaths annually worldwide.”
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Clinical studies indicate the primary mechanism of castra-
tion-resistant prostate cancer is sustained androgen receptor
signaling.® In addition, there are an increasing number of
reports that reveal an association between the tumor microen-
vironment and castration-resistant prostate cancer.”'’ Some
studies demonstrated that heterogeneity in the expression of
androgen receptors in CAFs among prostate carcinomas may
be relevant in tumorigenesis and castration resistance, such as
high expression of the interleukin-17 receptor during tumor
development, and highly expressed matrix metalloproteinase-
11 in castration resistance.'' These findings inspired us to study
cells in the tumor microenvironment.

Cinnamaldehyde is a natural compound that was first
isolated in the 1800s. Cinnamaldehyde is a widely known
flavor in food. Importantly, its biological effects were
discovered in recent decades.'?”'* Cinnamon is prescribed
for the treatment of diseases with symptoms that are simi-
lar to tumors in Ge Hong’s A Handbook of Prescriptions
for Emergencies. This may indicate the beneficial effects
of cinnamaldehyde against cancer or tumors. In addition,
increasing evidence of the effects of cinnamaldehyde
against tumors and fibrosis have been unraveled in recent
decades,'>'® suggesting that cinnamaldehyde might affect
CAFs in the tumor microenvironment.

In this study, an in vitro prostate cancer model was
used to investigate the effect of cinnamaldehyde on the
immunosuppressive function of prostate CAFs and the
potential molecular mechanism.

Materials and Methods

Prostate CAFs

Prostate CAFs (PF179T-CAF, isolated from a prostatectomy
specimen marginal to prostate cancer by Prof. V Rotter;
hTERT immortalized; designated PF179; 179 was the
patient number) were purchased from the American Type
Culture Collection (Manassas, VA, USA). These CAFs
have a higher proliferation ability than normal-associated
fibroblasts. In addition, expression of some proteins, such as
interleukin 17, is upregulated. Unlike the general notion that
high levels of a-smooth muscle actin serve as a marker for
CAFs, these prostate CAFs express it at a lower level
compared with prostate normal-associated fibroblasts.'”
Furthermore, CAFs exhibit genomic stability.”

Cell Culture Medium

CAFs were cultured in Dulbecco’s modified Eagle’s med-
ium (DMEM) (HyClone, Logan, UT, USA) with 10% fetal

bovine serum (PAN Biotech, Aidenbach, Germany) and
100 U/mL penicillin/streptomycin (Invitrogen, Carlsbad,
CA, USA). Spleen cells were cultured in RPMI-1640
(HyClone) with 10% fetal bovine serum and 100 U/mL
penicillin/streptomycin. All cells were incubated in a 37°
C/5% CO, incubator with a humidified atmosphere.

Cinnamaldehyde

Cinnamaldehyde (3-phenylacrylaldehyde, 98%) was pur-
chased from Maclin (Shanghai, China). Cinnamaldehyde
was diluted in 75% ethanol to a concentration of 10 mg/
mL as a stock solution. Then, it was diluted in DMEM to a
suitable concentration for treating the cells.

Cell Viability Assay

To test the viability of CAF and spleen cells after exposure to
cinnamaldehyde, MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyl-2H-tetrazolium bromide, Amresco, Cleveland,
OH, USA) was used. CAFs were plated onto 96-well plates
at 5 x 10° cells per well. After exposure to cinnamaldehyde
for 24 h, 10 pL MTT (diluted in phosphate-buffered saline
[PBS], 5 mg/mL) were added to each well. The cells were
incubated for 4 h, then 100 pL of a formazan dissolving
solution (10% sodium dodecyl sulfate, 5% isobutanol,
0.012 mol/L hydrochloric acid, in double distilled water)
were added to fully dissolve the formazan crystals. The
absorbance at 570 nm was detected by a microplate reader
(Bio-Rad, Hercules, CA, USA). For spleen cells, the protocol
was similar except the plated cell density was 3 x 10° per
well.

Western Blot Analyses

CAFs were exposed to 2.4 pM cinnamaldehyde for 0, 0.5, 1,
1.5, and 2 h. Then, the CAFs were lysed with radioimmuno-
precipitation assay buffer (Beyotime, Haimen, China; 50
mM Tris (pH 7.4), 150 mM NaCl, 1% NP-40, 0.5% sodium
deoxycholate) supplemented with 50 nM NaF, 1 mM sodium
orthovanadate, 25 pug/mL aprotinin, and 100 mM phenyl-
methylsulfonyl fluoride to isolate total protein. Protein sam-
ples (30 pg) were separated by electrophoresis on a 10%
sodium dodecyl sulfate polyacrylamide gel, then transferred
to a nitrocellulose membrane (GE Healthcare, Milwaukee,
WI, USA). The membrane was blocked with 3% bovine
serum albumin diluted with PBS-T (PBS with 0.1%
Tween-20). Next, the membrane was incubated with the
following primary antibodies: phospho-c-Jun N-terminal
kinase (p-JNK) (Thr183/Tyr185), JNK, p-TAKI1 (Ser412),
TAK1, and p-c-Jun (Ser73) (1:1000, all from Cell Signaling
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Technology, Danvers, MA, USA) for 1 h. After washing with
PBS-T three times, the membrane was incubated with the
secondary antibody (horseradish peroxidase-conjugated goat
anti-rabbit IgG, 1:3000, Tianjin Sungene Biotech, Tianjin,
China) for 1 h. Finally, the membrane was washed with PBS-
T, incubated with the chemiluminescent substrate (Thermo
Scientific, Rockford, IL, USA), and the protein detected with
imaging system (Clinnx Science
Instruments, Shanghai, China). Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) (Tianjin Sungene Biotech) was

a luminescence

used as an internal standard. The toll-like receptor 4
(TLR4) signal was inhibited withl pg/mL CLI-095
(Invitrogen).

Collection of the CAF Supernatant

CAFs were treated for 24 h with 0, 0.8, 1.6, and 2.4 uM
cinnamaldehyde in 48-well plates at a density of 2.5 x 10*
cells/well. The medium then was replaced with DMEM
without cinnamaldehyde and cultured for 24 h. Finally, the
supernatant was passed through a 0.22 pm filter and stored
at —80 °C. For the supernatant used in the TLR4 inhibition
assay, CAFs were treated with 1 pg/mL CIL-095
(InvivoGen, California, USA) for 6 h. Cinnamaldehyde
was then added to the system.

C57 Mice

C57 mice were purchased from Weitonglihua (Beijing,
China) and maintained in a pathogen-free environment at
the Institute of Biophysics, Chinese Academy of Sciences.
All animal experiments were conducted in accordance with
the Guidelines for the Care and Use of Laboratory Animals
of the National Institutes of Health (Bethesda, MD, USA)
and were approved by the Biological Research Ethics
Committee, Institute of Biophysics, Chinese Academy of
Sciences.

Collection of Spleen Cells

Spleen of C57 mouse was sterilized in medical alcohol and
PBS, then grinded in the cell culture medium. Next, blood
cells were lysed with red blood cell lysate buffer. Finally the
rest of the cells were collected and served as spleen cells.

Spleen Cell Proliferation Assay

Cells were acquired from C57 mouse spleens and labeled
with carboxyfluorescein succinimidyl ester. The labeled cells
were stimulated with 0.6 pg/mL concanavalin A. In addition,
different types of CAF supernatant, which was treated by
different concentrations of cinnamaldehyde or treated by

CLI-095, were added into the system. In brief, the system
contained carboxyfluorescein-labeled spleen cells, 0.6 pg/
mL concanavalin A, 30% CAF supernatant, and RPMI-
1640 medium. The cells were incubated for 3 days.

Flow Cytometry

A FACS Calibur was used to evaluate T cell proliferation.
Phycoerythrin-CD4 and allophycocyanin-CD8 (diluted,
1:200 in PBS) were used to label the cells (BD
Biosciences, Franklin Lakes, NJ, USA).

Quantitative Real-Time Polymerase Chain

Reaction

In control and cinnamaldehyde group, CAFs were treated for
24 h with 0, 2.4 uM cinnamaldehyde in 6-well plates at a
density of 3.0 x 10> cells/well. For the TLR4 inhibition
group, CAFs were treated with 1 png/mL CIL-095 for 6 h in
advance, then discarded the medium and treated with 2.4 uM
cinnamaldehyde for 24 h as well. Total RNA was extracted
from CAFs by TRIzol reagent and quantified on a spectro-
photometer (NanoDrop Technologies, Wilmington, DE,
USA). PrimeScript RT Master Mix (abm, Jiangsu, China)
was used to reverse transcribe total RNA to cDNA. The
amounts of GAPDH and o-smooth muscle actin mRNA
were determined using the SYBR Green II Mix (Genstar,
Beijing, China) on a Corbett 6200. All reactions were carried
out for 40 cycles in a total volume of 10 uL (3 uL H20, 5 pL
SYBR Green II Mix, 1 pL of each primer, 1 uL. cDNA).
GAPDH was used as the internal control. Primer sequences
were: GAPDH (forward: 5-GTTGCCATCAATGACC
CCTT-3'; reverse: 5-CTCCACGACGTACTCAGCG-3");
Jun (forward: 5'- TCCAAGTGCCGAAAAAGGAAG-3';
reverse: 5'- CGAGTTCTGAGCTTTCAAGGT-3).

Statistical Analysis

Data are presented as means + standard deviation and were
evaluated by a one-way analysis of variance. And Student’s ¢
test was used to check the differences between two groups.
P < 0.05 was considered statistically significant. All experi-
ments were repeated independently at least three times.

Results
Cinnamaldehyde Did Not Influence the

Viability of CAF and Spleen Cells in vitro
After exposure to 0, 0.8, 1.5, 4, 8, or 16 uM cinnamalde-

hyde for 24 h, the viability of CAFs was evaluated.
Figure 1A shows that cinnamaldehyde did not inhibit
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Figure | Effects of cinnamaldehyde on cancer-associated fibroblast (CAF) and spleen cell growth in vitro. (A) CAFs were treated with different concentrations of
cinnamaldehyde, and cell viability was tested after 24 h. (B) Spleen cells were treated with different concentrations of cinnamaldehyde, and cell viability was tested after 72 h.

CAF growth at any of the tested concentrations. This result
indicated that CAFs could survive in an environment with
cinnamaldehyde.

To determine whether longer incubations with cinnamal-
dehyde affected the proliferation of spleen cells, CAFs were
treated with 0, 1.5, 3, 4.5, 6, or 7.5 uM for 72 h. There were
no statistically significant differences in spleen cell prolifera-
tion at any of these concentrations (Figure 1B).

Cinnamaldehyde Reversed CAF-mediated
T Cell Inhibition

Although cinnamaldehyde did not kill spleen cells at a low
concentration (< 2.4 uM), to preclude any direct effects on
T cells, the culture containing cinnamaldehyde was dis-
carded and replaced with fresh culture medium. Then,
CAFs were cultured for an additional 24 h and the super-
natant was used to treat spleen cells. When spleen cells
were treated with CAF supernatant, the proliferation of T
cells was inhibited (Figure 2A). CD4" T cell proliferation
recovered, to some degree, compared to cells treated with
the supernatant collected from CAFs without cinnamalde-
hyde treatment, and this effect was concentration-depen-
dent (Figure 2B and D). Analogously, there was a similar
effect on T cells CD8" T cell (Figure 2C and E). These
results indicated that cinnamaldehyde could relieve CAF-
mediated T cell inhibition through some factors other than
cinnamaldehyde in the supernatant.

Cinnamaldehyde Activated the TLR4-
Dependent Pathway of CAFs

To determine how cinnamaldehyde reversed the immune-
suppressive functions of CAFs, we examined the expres-
sion levels of TLR4-dependent pathway proteins (p-JNK,

JNK, p-TAKI1, TAKI1, and p-c-Jun) using Western

blotting. After exposure to cinnamaldehyde, changes in
these proteins indicated that the TLR4-dependent pathway
was stimulated in a time-dependent manner (Figure 3A
and C). When TLR4 signaling inhibitor was applied to
CAF, TLR4-dependent pathway could not be activated by
cinnamaldehyde any more. (Figure 3B and D). In addition,
gPCR was applied to test the changes in the mRNA level
of Jun which also indicated that TLR4-dependent pathway
was involved (Figure 3E). Therefore, a TLR4-dependent
pathway was assumed in this process (Figure 3F).

TLR4-Signalling Was Necessary for the
Effect of Cinnamaldehyde on CAFs

To evaluate the function of the TLR4-dependent pathway,
we added 1 pg/mL CLI-095, a TLR4 signaling inhibitor, to
the CAF culture and incubated the cells for 6 h at 37°C.
Then, we added cinnamaldehyde and performed the spleen
cell proliferation assay under the same conditions as the
experiment described in section 3.2. After treatment with
the TLR4 signaling inhibitor, CAFs retained their immu-
nosuppressive function towards T cells. Even if CAFs
were treated with a concentration gradient of cinnamalde-
hyde, the inhibitory effect of CAF on T cells cannot be
attenuated since the TLR4 receptor of CAF is blocked
(Figure 4). Both CD4" T cells (Figure 4A and C) and
CD8" T cells (Figure 4B and D) were inhibited by CAF.
In other words, cinnamaldehyde changed the properties of
CAFs through a TLR4-dependent pathway.

Discussion

Cinnamon is an extremely common seasoning and is used
as a traditional Chinese medicine. It is mentioned repeat-
edly in A Handbook of Prescriptions for Emergencies that
cinnamon can be used to treat tumors. Cinnamaldehyde,
the main active component of cinnamon oil, has many
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Figure 2 Effect of cinnamaldehyde on the immunosuppressive function of cancer-associated fibroblasts (CAFs). (A) CAFs were treated with 0, 0.8, 1.6, or 2.4 UM
cinnamaldehyde for 24 h. The supernatant containing cinnamaldehyde was discarded and replaced with fresh medium. After culturing for an additional 24 h, the supernatant
was used immediately or stored at —80°C. (B and C) Carboxyfluorescein succinimidyl ester (CFSE)-labeled spleen cells were stimulated with or without concanavalin A
(ConA) and CAF supernatant. The ratio of T cell proliferation was analyzed by flow cytometry. Cinnamaldehyde suppressed CAF T-cell inhibition both in CD4" T cells (B)
and CD8" T cells (C). (D and E) Quantitative results. Cinnamaldehyde inhibits the immunosuppressive function of CAFs in a concentration-dependent manner. **p < 0.01.
*+kp < 0.001.
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Figure 3 Cinnamaldehyde activates the toll-like receptor 4 (TLR4)-dependent pathway of cancer-associated fibroblasts (CAFs). (A) Protein levels of phospho-c-Jun N-terminal
kinase (p-JNK), JNK, p-TAKI, TAKI, and p-c-Jun in whole cell lysates were assessed by Western blotting. The expression of GAPDH served as the control. After stimulation with
cinnamaldehyde, time-dependent increases in the expression of p-c-Jun, p-JNK, and p-TAKI, and time-dependent decreases in the expression of JNK and TAK| are evident. This
indicates the TLR4-dependent pathway of CAFs is activated. (B) After pre-treatment with | ug/mL of a TLR4 signaling inhibitor (CLI-095), a slight time-dependent decrease in the
expression of p-c-Jun is evident. Time-dependent changes in the levels of p-TAKI, p-JNK, JNK and TAKI are no longer present. This indicates the TLR4-dependent pathway of
signaling inhibitor-treated CAFs is not activated. (C—E) The Western blotting and quantitative real-time polymerase chain reaction results were analyzed quantitatively. (C) Factors
downstream of TLR4, such as p-JNK, p-TAK | and p-c-Jun, are significantly activated after treatment with cinnamaldehyde. (D) After pre-treatment with the TLR4 signaling inhibitor,
the TLR4-dependent pathway of CAFs is no longer activated, even following treated with cinnamaldehyde. (E) The mRNA level of Jun is increased after stimulation with
cinnamaldehyde. However, it is unchanged after pre-treatment with the TLR4 signaling inhibitor after cinnamaldehyde treatment. *p< 0.05. **p < 0.01. **p < 0.001. ns represents a
nonsignificant difference (p > 0.05). (F) The possible signaling pathway of the effect of cinnamaldehyde on CAFs.
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biological effects that are being gradually proven in dif-
ferent fields. For example, cinnamaldehyde can inhibit the
progression of human oral squamous cell carcinoma by
inducing apoptosis of cancer cells.'"® In addition, cinna-
maldehyde can reduce the progression of melanoma by
decreasing the levels of vascular endothelial growth factor
and hypoxia inducible factor-o in cancerous tissues,
thereby inhibiting the formation of new blood vessels.'”
In addition, cinnamaldehyde is a broad inhibitor of peri-
ostin expression and can be used to treat systemic fibrotic
diseases.”’ Because cinnamaldehyde has effects on both
cancer and fibrosis, it is possible that it can affect CAFs in
the tumor microenvironment and suppress cancer.

In this study, we found that CAFs were tolerant to
cinnamaldehyde within a certain concentration range, and
the immunosuppressive effect of CAFs was reversed after
treatment with this compound. CAFs can shape the tumor
microenvironment by secreting chemokines, cytokines, or
other factors, and CAFs are considered an important
source of TGF-B in the tumor microenvironment. Thus,
CAFs have an immunosuppressive function in the tumor
microenvironment.*

After cinnamaldehyde treatment, the inhibitory effect
of the CAF supernatant on T cells was attenuated in a
concentration-dependent manner (Figure 2B). This result
suggested that cinnamaldehyde might reshape CAFs, inhi-
biting their function in the tumor microenvironment.

The TLR family is associated with the activation of
several of transcription factors, such as members of the
nuclear factor-kappa B and interferon families.*' In liver
injury, hepatic stellate cells, the major precursor of liver
myofibroblasts, regulate the secretion of TGF-§ through a
TLR4-related pathway, which is associated with the devel-
opment of fibrosis.?* In addition, cinnamaldehyde can bind to
TLR4 by the oxygen atom of the aldehyde group forming a
hydrogen bond with the side chain of GIn589 in TLR4.*
Furthermore, some research has shown that cinnamaldehyde
can target the oligomerization process of TLR4 and inhibit
lipopolysaccharide-induced TLR4 activation.”* This also
suggests that TLR4 might be the receptor that cinnamalde-
hyde acts upon in CAFs. However, that study suggested
inhibition of TLR4 by cinnamaldehyde, while our results
indicate activation. The difference may be due to the cell
type and cinnamaldehyde concentration used in the two
experiments, which was 50 uM on macrophages in the
prior work,”® and 2.3 pM on CAFs in the current study.

TLR4 is a common receptor that is inextricably linked
to inflammatory processes and tumors. TLR4 can regulate

downstream proteins such as JNK, TAKI, and c-Jun,
which have significant impacts on tumor development.?
Many studies have implicated a positive role of JNK in
cancer as it can induce cancer cell apoptosis and inhibit
tumor progression.”*?” In our study, the Western blotting
results showed that levels of the TLR4 pathway-associated
proteins were changed after cinnamaldehyde treatment
(Figure 3A); specifically, the TLR4 pathway was acti-
vated. In addition, after blocking the pathway with a
TLR4 signaling inhibitor, even with cinnamaldehyde treat-
ment, CAFs showed an inhibitory effect on T cells
(Figure 4). The TLR4 signaling inhibitor selectively sup-
presses TLR4-signaling by blocking the intracellular
domain of TLR4. It potently suppresses both ligand-
dependent and -independent signaling of TLR4.”® Both
of these results indicated that TLR4 might be a receptor
for cinnamaldehyde to act on CAFs. Importantly, these
results revealed a portion of the mechanism by which
cinnamaldehyde regulated CAFs and suggested that acti-
vation of the TLR4 pathway in CAFs might inhibit their
immunosuppressive function. Besides, CIL-095 was quite
TLR4-specific and showed little effect on other TLRs,
TLR1/2, TLR2/6, TLR3, TLR5, TLR7 and TLR9.*® So
we inferred that cinnamaldehyde might have little impact
on other receptors.

The CAF signaling pathway appears to be activated for
only 2 h (Figure 3A), and only when treated with cinna-
maldehyde for a sufficient period of time (24 h) was the
immunosuppressive effect of CAFs on T cells reduced
(Figure 2). This suggests that the signal path was
upstream, controlling the downstream effects on cells.
Overall, cinnamaldehyde has potential effects on the trans-
formation of CAFs. In future studies, the molecular
mechanism by which cinnamaldehyde modifies the func-
tion of CAFs should be explored.

Conclusion

The results of the current study demonstrate that cinna-
maldehyde relieves CAF-mediated T cell inhibition in a
TLR4-dependent manner. This suggests that cinnamalde-
hyde can modify the functions of CAFs which is poten-
tially helpful for the treatment for tumors.

Data Sharing Statement
The data is available from the corresponding authors on
reasonable request.
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