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Polycyclic aromatic hydrocarbons (PAHs) are common persistent organic pollutants that are carcinogenic,
teratogenic and mutagenic, causing a variety of harm to human health. In this study, we investigated the
mechanism of how valproic acid (VPA) interferes with the carcinogenesis of PAHs protect normal tissues via the
regulation of macrophages’ function. Using the established model of transformed malignant breast cancer by
7,12-dimethylbenz[a]anthracene (DMBA), a representative PAH carcinogen, we discovered VPA induces the
polarization of macrophages toward the M1 phenotype in the tumor tissues, facilitates the expression of proinflammatory cytokines such as IFN-γ, IL-12 and TNF-α, activates CD8+ T cells to secret Granzyme B thus to
promote the apoptosis of tumor cells and suppresses the viability of vascular endothelial cells in tissue stroma of
tumor. Surprisingly, VPA selectively induces macrophages to polarize towards the M2 phenotype in normal
tissues and promotes the expression of anti-inflammatory cytokines such as IL-10 to enhance cell proliferation.
Additionally, at the cellular level, VPA can directly regulate the polarization of macrophages to affect the growth
of vascular endothelial cells by simulating the living conditions of tumor and normal cells. Collectively, VPA
exerts an interventional effect on tumor growth and a protective effect on normal tissues by regulation of se
lective macrophages’ polarization in their microenvironment.
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1. Introduction
Polycyclic aromatic hydrocarbons (PAHs) are a type of persistent
organic pollutants and mainly derive from anthropogenic activities,
such as the incomplete combustion or high-temperature pyrolysis of
various fuels and biomass, vehicle emissions and oil spills (Bezza and
Chirwa, 2016; Sun et al., 2021). PAHs are widely distributed throughout
the environment in the air, water, sediment and soil (Shi et al., 2015).
PAHs are carcinogenic, teratogenic and mutagenic, and cause a variety
of harm to human health (Bezza and Chirwa, 2016; Kim et al., 2013;

Yang et al., 2008). 7, 12-Dimethylbenzanthracene (DMBA) is a repre
sentative compound of PAHs and the most common carcinogen used for
inducing breast cancer in animals (Manjanatha et al., 1996). Previously,
we have successfully induced primary breast tumors in female Sprague
Dawley (SD) rats with DMBA (Wang et al., 2014b).
Valproic acid (VPA), a histone deacetylase inhibitor (HDACi), has
previously been shown to have epigenetic properties by interfering with
histone deacetylation, histone remodeling, and the methylation status of
DNA and histones (Gu et al., 2012; Mello, 2021; Milutinovic et al., 2007;
Vidal and Mello, 2020), thus altering the expression of transcription
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factors leading to modulation of gene expression, resulting in reduced
tumor proliferation, increased cell differentiation and apoptosis
(Sharma et al., 2013; Wagner et al., 2010). Furthermore, we and others
have demonstrated that VPA as a neoadjunctive and adjunctive thera
peutic agent in breast cancer, VPA disrupts the RPA2-p-mediated DNA
repair pathway to enhance the cytotoxic effects of radiotherapy and
chemotherapy (Su et al., 2021). Whilst VPA is not yet approved by the
US Food and Drug Administration and European Medicines Agency for
oncological treatment, VPA has been approved and safely used in the
treatment of epilepsy and manic episodes in bipolar disorders (Wata
nabe et al., 2017). In DMBA-induced rat models, VPA was previously
shown to delay tumor formation, reduce tumor occurrence rate, atten
uate tumor growth, and exert a protective effect on normal tissues when
VPA was administrated for the intervention at the concentrations of 50
mg/kg and 100 mg/kg, the discovery in addition to VPA epigenetic
properties is its potential immunoregulatory functions in the tumor
microenvironment (Peng et al., 2020). Although VPA has been shown to
recruit macrophages to tumor sites, the underlying mechanism remains
elusive (Su et al., 2021).
Macrophages exist within many tissues and mediate important bio
logical functions including host defense against pathogens, removal of
cellular debris and wound repair (Gordon and Martinez, 2010). Within
tissues, macrophages have strong plasticity (Obeid et al., 2013) and their
polarization status is directed by signals received from their surrounding
microenvironment (Epelman et al., 2014). Macrophages can be polar
ized into two distinct phenotypes: the classical activated or the alter
native activated macrophages (Long et al., 2019; Reddy et al., 2018).
Macrophages can be polarized either into M1-like macrophages with
IFN-γ and lipopolysaccharide (LPS) (their surface marker is CD86 (Wang
et al., 2019)), or into M2-like macrophages with IL-4, IL-10 and IL-13
(their surface marker is CD163) (Martinez and Gordon, 2014; Tang,
2013). M1 macrophage markers, such as CD86, TNF-α, inducible nitric
oxide synthase (iNOS), and IL-12, possess strong antigen-presenting
ability and phagocytosis (Kim et al., 2018). For instance, TNF-α can
mediate the presentation of tumor antigens by macrophages, activate
cellular immune responses, and kill tumor cells (Zhang et al., 2012).
iNOS can produce nitric oxide (NO) to kill tumor cells and achieve
anti-tumor activity (Arlauckas et al., 2017; Ring et al., 2018). In addi
tion, M1 macrophages are critical for the effective control of bacterial
infections (Qian and Pollard, 2010). M2 macrophage markers include
CD163, Arginase-1 (Arg-1), IL-10 and TGF-β (Tao et al., 2020). Arg-1, a
functional marker of M2 macrophage, promotes the proliferation and
growth of tumor cells (Xu and Wang, 2011). IL-10 can inhibit the pro
duction of pro-inflammatory factors and induce macrophages to polarize
to the M2 phenotype, which promotes angiogenesis and tumor cell
growth (Qiu et al., 2018).
Tumor-associated macrophages (TAMs) exist ubiquitously in the
tumor tissues. The TAMs are similar to the M2-polarized phenotype and
usually associated with tumor growth, metastasis and angiogenesis
(Long et al., 2019; Morrison, 2016; Roma-Rodrigues et al., 2019). Since
TAMs are the most influential for tumor progression and their increased
presence within tumors is usually tightly associated with poorer prog
nosis (Obeid et al., 2013; Qiu et al., 2018), and lower overall survival
rates (DeNardo et al., 2011), TAMs have emerged as a major obstacle for
cancer immunotherapy (Ino et al., 2013; Medrek et al., 2012; Obeid
et al., 2013; Qian and Pollard, 2010). The repolarization of macrophages
may be crucial in the development of novel cancer therapy.
Studies have shown that VPA can influence the phenotype and
function of macrophages, and plays an important role in immune
regulation and inflammation (Ji et al., 2013; Song et al., 2015). In breast
cancer tissues, a different HDACi, TMP195 was shown to induce the
recruitment and differentiation of high phagocytosis and irritant mac
rophages (Guerriero et al., 2017). Similarly, low doses of another
HDACi, trichostatin-A (TSA) was shown to reshape the tumor micro
environment by regulating the activity of infiltrating macrophages; and
in combination with anti-PD-L1, significantly inhibited tumor growth

(Li et al., 2021). Accumulating studies support the proposition to further
investigate the potential application of VPA in low-cost immunotherapy
in cancer treatment.
Whilst we have previously reported that intervention with VPA in a
DMBA-induced primary rat model of breast cancer exerts bidirectional
regulatory effects, it remains unclear whether VPA-mediated the inhi
bition of tumor tissues and the protection of normal tissues are through
the regulation of macrophage-mediated immune response (Peng et al.,
2020). We hypothesized that VPA could activate immune pathways to
inhibit tumors and protect normal tissues exerting bidirectional effects.
In this study, we found that VPA could induce the polarization of mac
rophages toward the M1 phenotype in the DMBA-induced model of
breast cancer tissues, and polarization toward the M2 phenotype in
normal tissues to achieve anti-inflammatory effects which were also
validated vascular endothelial cells, illuminating the underlying mech
anism of VPA-mediated bidirectional effects, at least in part, depends on
immune response.
2. Methods and materials
2.1. The establishment of the animal model
Female SD rats were purchased from Peng Yue Laboratory Animal
Co. Ltd., Jinan, China. The experiments were performed in concordance
with the requirements of the Shandong University Human and Animal
Ethics Research Committee (project identification code 81472800,
ethics approved 3 March 2014). The rats were randomly divided into six
groups: untreated control group, VPA (P4543, Sigma) 50 mg/kg group,
VPA 100 mg/kg group, DMBA (D3254, Sigma) group, DMBA+VPA 50
mg/kg group and DMBA+VPA 100 mg/kg group.
Regarding the selection of the VPA dose, our group selected 200 mg/
kg equivalent to clinical treatment of epilepsy in the animal experiments
for tumor treatment research (Liu et al., 2021). In this study, the dose of
VPA (50 mg/kg and 100 mg/kg) lower than the therapeutic dose was
selected to prevent the occurrence and development of tumors. The
establishment of the animal model is reported in our previous article
(Peng et al., 2020). At the same time, according to the animal experi
mental doses of 50 and 100 mg/kg, the VPA doses used at the cellular
level were calculated to be 0.2 and 0.4 mM (Liu et al., 2021).
2.2. Cell culture
Human umbilical vein endothelial cells (HUVEC) and RAW264.7
cells were purchased from American Type Culture Collection (ATCC)
and cultured in DMEM (CM10017, Macgene) medium with 10% Fetal
Bovine Serum (10270106, Gibco) and 1% Penicillin-Streptomycin
(V900929, Sigma). MCF10A and DMBA-transformed MCF10A
(MCF10A-DMBA, established by our group (Liu et al., 2021)) cells were
maintained in DMEM/F12 (CM10092, Macgene) supplemented with 5%
Horse Serum (26050070， Gibco), 0.1% Insulin (10320000, Sigma),
0.1% Cholera toxin (CC104, Macgene), 0.05% Hydrocortisone (CC103,
Macgene), 0.02% EGF (E5036, Sigma) and 1% Penicillin-Streptomycin
(V900929, Sigma). All cells were validated to be mycoplasma-free,
and maintained at 37 ◦ C in 5% CO2.
2.3. Western blot analysis
The protein samples from all groups were homogenized in RIPA
buffer with protease inhibitors (Cocktail, HJ200916, Servicebio) and
clarified by centrifugation, proteins were quantified by BCA method.
The protocol is as follow: SDS-PAGE gel making, sample loading, elec
trophoresis, transferring to PVDF membranes, milk blocking, the incu
bation with primary and secondary antibodies, and chemiluminescence.
The primary antibodies used: Cleaved caspase-3 (1:1000, Asp175, CST),
Granzyme B (1:500, sc-8022, Santa Cruz), β-actin (1:2000, TA-09, ZsgbBio). The secondary antibodies were goat anti-mouse lgG (H + L)
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(1:5000, 31430, Thermo Fisher) and goat anti-rabbit lgG (H + L)
(1:5000, 31460, Thermo Fisher). The relative protein intensities were
quantified by ImageJ software.

cDNA and Maxima SYBR Green (Thermo) on Light Cycler® 480II (Roche
Applied Science, Indianapolis, IN, USA).
The Ct values (threshold cycle number) were acquired by the Light
Cycler® 480 Software release 1.5.0 SP4 software and analyzed using 2ΔΔCT
method. △△Ct = experimental group △Ct - control group △Ct,
△Ct = (average Ct of the target gene of the control sample - average Ct
of the control sample GAPDH). Primer sequences used in the study are
listed in Table 1.

2.4. BrdU incorporation and HE staining
5-Bromo-2′ -deoxyuridine (BrdU) (B5002, Sigma) was injected
intraperitoneally at a dose of 100 mg/kg 24 h prior to tissue harvest.
Non-tumor tissues were fixed in 4% paraformaldehyde solution over
night, embedded in paraffin and serially sectioned 5 µm thick for he
matoxylin and eosin (HE) staining following the manufacture’s
procedure guidelines.

2.7. MTT assay
MCF10A and MCF10A-DMBA cells were seeded in P60 dishes, the
culture medium was changed after cell attaching. After 24 h, the culture
was centrifuged to collect the medium supernatant, which was subse
quently added to the P35 dishes at a 1:1 (conditioned medium: macro
phage fresh medium) medium volume ratio seeded with RAW264.7
cells. The RAW264.7 cells were treated with 0.2 mM VPA or 0.4 mM
VPA for 24 h, after which the cells were lysed by repeated freezethawing in PBS, and lysates were collected. HUVEC cells were seeded
in the 96-well plates and cultured with MCF10A and MCF10A-DMBA
cells conditioned medium for 24 h. Lysates were then extracted and
added to HUVEC cells at a 2:3 (macrophage lysates and HUVEC cell
culture medium) medium volume ratio. Following treatments, MTT
solution (5 mg/ml, Sigma, M2128) was added to the treated cells and
incubated for 4 h at 37 ◦ C. After which, 120 ml dimethyl sulfoxide was
added to each well. The absorbance of the solution was measured using
an enzyme-labeled instrument (Tecan, Infinite M200 Pro) at 490 nm and

2.5. Immunohistochemistry (IHC)
The tissue sections were deparaffinized with xylene, hydrated with
100–75% ethanol and washed with distilled water for 5 min, then boiled
in sodium citrate solution at > 92 ◦ C for 20 min for antigen retrieval. The
sections were then cooled down to room temperature for 30 min and
washed with distilled water three times. For BrdU staining, the sections
were immersed in 1 M hydrochloric acid for 1 h and then neutralized
with 0.1 M sodium borate buffer for 10 min, washed with TBS three
times. Subsequently, the sections were incubated in 3% hydrogen
peroxide for 15 min to remove endogenous peroxidase and washed
again with TBS, before incubation with 10% goat serum in 1% BSA for 1
h at room temperature to block nonspecific bindings. The sections were
then incubated at 4 ◦ C in hydration chambers overnight with primary
and secondary antibodies. The primary antibodies used: BrdU (1:50,
Cat.347580, BD), Cleaved Caspase-3 (1:200, Asp175, CST), F4/80
(1:300, 123102, Biolegend), CD68 (1:800, GB11067, Servicebio),
CD11b (1:5000, ab133357, Abcam), CD8 (1:500, GB11068, Servicebio),
and Granzyme B (1:200, sc-8022, Santa Cruz). Secondary antibodies
used in this study: biotinylated goat anti-rabbit IgG (1:300, BA-1000,
Vector), biotinylated goat anti-mouse IgG (1:300, BA-9200, Vector),
biotinylated goat anti-rat IgG (1:300, BA-9400, Vector). Images were
captured by digital biological microscope (NLCD-500). The relative
number of positive cells was further quantified by Image Pro Plus soft
ware (Media Cybrenetics).

Table 1
The primer sequences used in this study.
Oligo Name (Rat)

Primer Sequence (5′ − 3′ )

GAPDH

Forward: AGT GCC AGC CTC GTC TCA TA
Reverse: GAT GGT GAT GGG TTT CCC GT
Forward: AAG CCC GTG TCC TTG ATC TG
Reverse: AGA CAT GTG TAA CCT GCA CCA T
Forward: ATG GGC TCC CTC TCA TCA GTT CC
Reverse: GCT CCT CCG CTT GGT GGT TTG
Forward: ACA ACC CAC AGA TCC AGC ACA AAG
Reverse: CAC CGA CTC CTT TTC CGC TTC C
Forward: CCT CAA GTT CTT CGT CCG CAT CC
Reverse: CAT TGG ACT TCG GCA GAG GTC TTC
Forward: GAG ACG CAC AGG CAG AGG TTG
Reverse: AGC AGG CAC ACG CAA TGA TGG
Forward: TGT GGT TGT GCT GAT GGT GCT G
Reverse: GCT GCG TCC CGT TGG TGT AG
Forward: AGC ATG GCA CAG GTC ATT CA
Reverse: GGT CAC AAA ACT TCA ACC GGA
Forward: GAC CGC AAC AAC GCA ATC TAT GAC
Reverse: CTG GCA CTG CTT CCC GAA TGT C
Forward: CAA GGA ACA CCA CGG AGA ACG AG
Reverse: CTT CAA GCA CGG AGG TAC ATC ACG
Forward: CTG CTC TTA CTG GCT GGA GTG AAG
Reverse: TGG GTC TGG CTG ACT GGG AAG
Forward: TGG ACC CTG GGG AAC ACT AT
Reverse: GTA GCC GGG GTG AAT ACT GG
Primer Sequence (5′ − 3′ )
Forward: GGT TGT CTC CTG CGA CTT CA
Reverse: GGT GGT CCA GGG TTT CTT ACT C
Forward: ACG GAG TCA ATG AAG ATT TCC T
Reverse: GAT TCG GCT TCT TGT GAC ATA C
Forward: ATG TCT CAG CCT CTT CTC ATT C
Reverse: GCT CCT CCG CTT GGT GGT TTG
Forward: CTT GAA AGA CAA TCA GGC CAT C
Reverse: CTT GGC AAT ACT CAT GAA TGC A
Forward: TGA GAA GTA TTC AGT GTC CTG C
Reverse: CTG TGA GTT CTT CAA AGG CTT C
Forward: GTT TGT GGA GCC ATT CTA TTG G
Reverse: GGA AAC TGT AAG TCG CTG AAT C
Forward: CCA GAT CCT GTC CAA ACT AAG G
Reverse: CTC TTT AGC ATA GTA GTC CGC T
Forward: TTC TTT CAA ACA AAG GAC CAG C
Reverse: GCA ACC CAA GTA ACC CTT AAA G

CD86
TNF-α
IFN-γ
IL-12

2.6. Immunofluorescence

iNOS

The procedure for immunofluorescence is the same as the procedure
for immunohistochemistry prior to incubation of the primary antibody,
except that the immunofluorescence procedure after the incubation of
the secondary antibody is in the dark. The primary antibodies included
CD31 (1:200, GB12063, Servicebio), F4/80 (1:200, 123101, Bio
Legend), CD11b (1:2000, ab133357, Abcam), EpCAM (1:200, sc-66020,
Santa Cruz), CD8 (1:500, GB11068, Servicebio), and Granzyme B
(1:200, sc-8022, Santa Cruz). Secondary antibodies were Alexa Fluor®
488 chicken anti-rabbit IgG(H+L) (1:300; A21441, Molecular probes),
Alexa Fluor® 488 goat anti-mouse IgG (H+L) (1:300; A11029, Molec
ular probes), Alexa Fluor® 594 goat anti-mouse IgG (H+L) (1:300;
A11032, Molecular probes), Alexa Fluor® 594 chicken anti-rat IgG
(H+L) (1:300; A21417, Molecular probes). Images were captured using
Fluorescence Microscope (OLYMPUS BX53).

MHC-II
CD163
TGF-β
IL-4
IL-10
Arg-1
Oligo Name (Mouse)
GAPDH
CD86
TNF-α

2.6.1. RNA isolation and Real-time quantitative reverse transcriptase PCR
(RT-qPCR)
After harvesting the rat tissues, the samples were snap-freeze in
liquid nitrogen and stored at − 80 ◦ C for RT-qPCR analysis. The RNA in
animal tissues and cells was isolated by FastPure Cell/Tissue Total RNA
Isolation Kit (Vazyme) and the concentration of RNA was quantified by
NanoDrop ND-2000 spectrophotometer (Nadro Drop Technologies,
Wilmington, DE, USA). Complementary DNA (cDNA) synthesis was
performed using the RevertAid First Strand cDNA Synthesis Kit
(Thermo). The real-time PCR was performed with the indicated primers,

IFN-γ
IL-12
CD163
TGF-β
IL-10
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532 nm.

3. Results

2.8. ELISA

3.1. VPA intervenes tumor growth and activates the macrophages within
breast tumors

MCF10A and MCF10A-DMBA cells were seeded in P60 dishes, the
culture medium was changed after cell attaching. After 24 h, the culture
was centrifuged to collect the medium supernatant, which was subse
quently added to the P35 dishes at a 1:1 (conditioned medium: macro
phage fresh medium) medium volume ratio seeded with RAW264.7
cells. The RAW264.7 cells were treated with 0.2 mM or 0.4 mM VPA for
24 h, after which the cells were lysed by repeated freeze-thawing in PBS,
lysates were collected. Cytokines detection (IL-12, IL-10) were per
formed using ELISA kits (1211232, 1211002, DAKEWE, China).

We have previously reported that VPA intervenes the environmental
carcinogen DMBA-induced primary breast cancer in rats and the inter
vention schedule of VPA was shown (Fig. 1A). By HE staining, we found
few mammary ducts and a large amount of loose connective tissue was
observed in normal breast tissues, there was no noticeable difference in
the VPA-only treated groups compared with the control (Fig. 1B). By
comparison, malignant cells, pathological dysplasia and interstitial
fibrosis were observed in the DMBA-treated groups (Fig. 1B). In the
DMBA-induced tumors treated with VPA (50 mg/kg or 100 mg/kg),
there were more vacuoles structures and necrotic cells, thus suggesting
that VPA intervenes tumor growth induced by DMBA.
The IHC and Western blotting experiments were further performed
using the apoptosis-related protein, cleaved caspase-3. In the normal
breast tissue, no remarkable differences between the VPA-only and
control groups were observed (P > 0.05). While in the DMBA groups,
cleaved caspase-3 was significantly increased after VPA (50 mg/kg or
100 mg/kg) intervention as assessed by IHC (Fig. 1C left, P < 0.01) and
Western blotting (Fig. 1C right, P < 0.01), thus suggesting that VPA
promoted the apoptosis of DMBA-induced breast tumor cells. We also
performed immunofluorescence staining with the vascular endothelial

2.9. Statistical analysis
All statistical analyses were performed using Student’s t-test on SPSS,
Version 25.0 (Armonk, NY: IBM Corp; licensed to Shandong University).
The data are expressed as mean ± standard deviation (SD). The P values
were designated as: *, P < 0.05; **, P < 0.01, indicating a statistically
significant difference.

Fig. 1. VPA intervenes tumor growth in DMBA-induced breast cancer in rat. (A) The schematic diagram of DMBA-induced breast cancer in our rat model and VPA
administration. 50 mg/kg/day and 100 mg/kg/day VPA (i.p.) injection were performed for 105 consecutive days after DMBA exposure; (B) HE staining for the
morphology of tissues in the indicated groups; (C) Cleaved caspase-3 was analyzed in the indicated groups by IHC and Western blotting. Quantification of quantity of
cleaved caspase-3 positive cells was shown. Data were derived from three independent experiments (mean ± SD). P-values were calculated by Student’s t-test;
(**P < 0.01; ns, not significant); (D) Representative images from immunofluorescence staining of vessels (CD31+: green) were shown. Nuclei were counterstained
with DAPI. Quantification of average fluorescent intensity was shown. Data were derived from three independent experiments (mean ± SD). P-values were calculated
by Student’s t-test (**P < 0.01; ns, not significant).
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marker CD31, and found that the intervention of VPA (50 mg/kg or
100 mg/kg) reduced the vascular density, inhibited the growth of blood
vessels, thus reducing the ability of tumor metastasis and invasion in
DMBA-induced tumor (Fig. 1D, P < 0.01).
To investigate whether the observed VPA-regulated inhibition of
tumor growth is associated with the immune response, we conducted the
following experiments. Firstly, IHC staining of macrophage surface
markers F4/80 and CD68 was conducted. We found that VPA promoted
the infiltration of macrophages into the tumors (Fig. 2A and B). There
was no difference observed between either F4/80 staining (Fig. 2A) or
CD68 staining (Fig. 2B) after VPA (50 mg/kg or 100 mg/kg) treatments
(P > 0.05). However, the number of positive macrophages was signifi
cantly increased in the DMBA groups after VPA intervention (P < 0.05),
suggesting that the immune system is activated and that VPA promoted
the infiltration of macrophages within the DMBA-induced breast tu
mors. Next, we explored the origin of these macrophages. Since CD11b is
expressed in bone marrow line cells and is usually used as a marker of
myeloid-derived differentiated cells (Rosetti and Mayadas, 2016; Solo
vjov et al., 2005), we performed IHC staining with CD11b. We found
that CD11b+ cells were significantly increased after VPA intervention in
DMBA-induced tumors (P < 0.05) but not in normal breast tissues
(P > 0.05, Fig. 2C), indicating that VPA might induce the increase of
CD11b+ cells in the tumors. Subsequently, we performed immunofluo
rescence co-localization staining with CD11b and F4/80, we found that
the co-localization ratio of F480: CD11b increased after VPA

intervention in DMBA-induced tumors (P < 0.01, Fig. 2D), supporting
the proposition that VPA may promote the infiltration of
myeloid-derived macrophages into the tumors.
3.2. VPA promotes the polarization of macrophages towards M1
phenotype in breast tumors and towards M2 phenotype in normal breast
tissues
We next investigated whether VPA could affect the polarization of
macrophages in DMBA-induced breast tumors and normal beast tissues.
By RT-qPCR, we found that the surface marker CD86 of M1 macrophages
was significantly increased while the surface marker CD163 of M2
macrophages was significantly decreased after VPA intervention in
DMBA-induced breast tumors, respectively (P < 0.01). The increased
ratio of CD86: CD163 after VPA intervention in DMBA-induced breast
tumors (P < 0.01, Fig. 3A) suggests that VPA may promote the polari
zation of macrophages towards the M1 phenotype in DMBA-induced
breast tumors. The ratio of iNOS (M1 macrophages functional marker)
to Arg-1 (M2 macrophages functional marker) was also significantly
increased after VPA (100 mg/kg) intervention of the DMBA-induced
tumors (P < 0.05, Fig. 3B).
We also observed that the pro-inflammatory factors associated with
the M1 phenotype, including IL-12, TNF-α and IFN-γ were all increased
after the intervention of VPA (P < 0.01, Fig. 3C). However, the antiinflammatory factors IL-10 and TGF-β related to M2 phenotype were

Fig. 2. VPA regulates infiltration of myeloid macrophages to enhance the intervention of breast tumors. (A&B) IHC was performed to stain the macrophages markers
F4/80 (A), CD68 (B), and the myeloid marker CD11b (C) in the indicated groups; Data were derived from three independent experiments. Bars represent mean ± SD;
*P < 0.05；**P < 0.01；ns, not significant. (D) Immunofluorescence co-staining of myeloid cells (CD11b+: green) and macrophages (F4/80+: red). Data were
derived from three independent experiments. Bars represent mean ± SD; **P < 0.01; ns, not significant.
5
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Fig. 3. VPA reprograms macrophages polarization in normal tissues and tumors. (A) The mRNA expression levels of CD86 (M1 macrophages surface marker) and
CD163 (M2 macrophages surface marker) in DMBA-induced breast tumors were determined by RT-qPCR; Data were derived from three independent experiments.
Bars represent mean ± SD; **P < 0.01; ns, not significant. (B) The mRNA expression levels of iNOS (M1 macrophages functional marker) and Arg-1 (M2 macrophages
functional marker) in DMBA-induced breast tumors were determined by RT-qPCR; Data were derived from three independent experiments. Bars represent mean
± SD; *P < 0.05; **P < 0.01; ns, not significant. (C&D) The mRNA expression levels of pro-inflammatory factor IL-12, TNF-α, IFN-γ (C) and anti-inflammatory factor
IL-10, TGF-β (D) in DMBA-induced breast tumors were determined by RT-qPCR; Data were derived from three independent experiments. Bars represent mean ± SD;
*P < 0.05; **P < 0.01. (E&F) The mRNA expression levels of CD86, CD163 (E) iNOs and Arg-1 (F) in breast tissues; Data were derived from three independent
experiments. Bars represent mean ± SD; *P < 0.05; **P < 0.01. (G&H) M1 macrophages-related factors IL-12, TNF-α, IFN-γ (G) and M2 macrophages-related factors
IL-10, TGF-β (H) in breast tissues were measured by RT-qPCR. Data were derived from three independent experiments. Bars indicate mean ± SD. P-values were
calculated by Student’s t-test; *P < 0.05; **P < 0.01; ns, not significant.

decreased after VPA intervention in DMBA-induced breast tumors
(P < 0.05, Fig. 3D). These data indicated that VPA promoted the po
larization of macrophages to the M1 phenotype and the secretion of proinflammatory factors in DMBA-induced breast tumors.
Conversely, the mRNA levels of the M1 macrophage surface marker
CD86 was decreased and the M2 macrophage surface marker CD163 was
significantly increased, respectively. The ratio of CD86: CD163 was
decreased after VPA intervention in the normal breast tissues (P < 0.01,
Fig. 3E) and the ratio of iNOS: Arg-1 was also significantly decreased
after VPA intervention (P < 0.05, Fig. 3F). Meanwhile, M1 macrophages
related inflammatory factors (IL-12, TNF-α and IFN-γ) were decreased
(P < 0.05, Fig. 3G) and M2 macrophages related inflammatory factors
(IL-10 and TGF-β) were elevated after VPA intervention in the normal
breast tissues (P < 0.05, Fig. 3H), indicating that the macrophages
polarized to the M2 phenotype and anti-inflammatory factors were
secreted after VPA intervention in the normal breast tissues. Taken
together, these data support the proposition that VPA promotes distinct
polarization of macrophages in DMBA-induced breast tumors as
compared to the normal breast tissues.

3.3. VPA activates macrophages with high phagocytosis and CD8+ T
lymphocytes in breast tumors
EpCAM is an early tumor-associated antigen, which is often used as a
marker of tumor cells (Armstrong and Eck, 2003; Baeuerle and Gires,
2007). To test whether VPA regulates the phagocytosis of macrophages,
we examined the co-localization of F4/80 and EpCAM. We found that
the proportion of F4/80 and EPCAM co-location increased significantly
after VPA intervention (P < 0.01, Fig. 4A), suggesting that the presence
of tumor-derived apoptotic bodies in macrophages and VPA-induced
macrophages exerts a higher phagocytosis ability.
We next performed IHC staining on CD8+ T lymphocytes which
mediate the anti-tumor immune response. We found that the number of
CD8+ T lymphocytes increased significantly after the intervention of
VPA in DMBA-induced breast tumors (P < 0.01, Fig. 4B). Granzyme-B, a
function marker of CD8+ T lymphocytes, is the protease expressed by
cytotoxic T lymphocytes (Trapani, 2001). Granzyme-B has the strongest
apoptotic activity among all the enzymes, directly reducing downstream
caspase substrates (Lord et al., 2003; Trapani and Sutton, 2003). We
found that the number of positive Granzyme-B cells increased signifi
cantly after VPA intervention in DMBA-induced breast tumors
6
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Fig. 4. VPA activates macrophages with high phagocytosis and CD8+ T lymphocytes in breast tumors. (A) Immunofluorescence co-staining of macrophages (F4/80+:
red) and tumor-associated antigen (EpCAM+: green); Data were derived from three independent experiments. Bars represent mean ± SD; **P < 0.01. (B) CD8
analysis in the indicated groups by IHC staining; Data were derived from three independent experiments. Bars represent mean ± SD; **P < 0.01; ns, not significant.
(C) The expression of Granzyme-B was measured by IHC and Western blotting analysis. Data were derived from three independent experiments. Bars represent mean
± SD. P-values were calculated by Student’s t-test. *P < 0.05; **P < 0.01; ns, not significant. (D) Immunofluorescence co-staining of CD8+ T cells (green) and
Granzyme+ (red); Data were derived from three independent experiments. Bars represent mean ± SD; *P < 0.05; **P < 0.01.

(P < 0.05) but not in the normal breast tissues by IHC staining
(P > 0.05, Fig. 4C) and Western blotting (P > 0.05, Fig. 4C). We further
performed immunofluorescence co-localization staining with CD8+ and
Granzyme-B and found that the co-localization ratio of CD8+ and
Granzyme-B increased after VPA intervention in DMBA-induced tumors
(P < 0.05, Fig. 4D) but not in the normal breast tissues (P > 0.05,
Fig. 4D). The data indicate that VPA activates CD8+ T lymphocytes and
promotes the secretion of Granzyme-B in DMBA-induced tumors. In
summary, the effects of VPA intervention in breast tumors are in part
associated with mediating the macrophage immune response.

difference in the spleen and small intestine of normal tissues after VPA
intervention (P > 0.05), but in the DMBA-induced tumors, the positive
number of CD68 decreased significantly after the intervention of VPA
(P < 0.01, Fig. 5B). The data suggest that the protective effect of VPA on
normal tissues may be mediated by macrophages. However, we did not
observe the same phenomenon in the liver, brain and lung (P > 0.05, Fig
S1B). We further performed IHC staining on cleaved caspase-3 on the
normal tissues and found no significant difference in the staining results
of liver, brain, lung, spleen and small intestine after the intervention of
VPA (P > 0.05, Fig. S2A).
We next investigated whether VPA could affect the polarization of
macrophages on non-tumor tissues. We selected spleen and small in
testine for the next series of experiment as previously noted, the mac
rophages were significantly decreased after the intervention of VPA. By
RT-qPCR of the spleen, we found that the factors related to M1 pheno
type, including CD86 and IFN-γ, were decreased the intervention of VPA
(P < 0.01, Fig. 5C). The pro-inflammatory factors of TNF-α and IL-12
also showed a decreasing trend (P > 0.05, Fig. 5C).
The CD163, IL-10 and TGF-β related to the M2 phenotype tended to
increase after VPA intervention, but there were no statistically signifi
cant differences (P > 0.05, Fig. 5C). By RT-qPCR analysis of the small
intestine, we observed that the M1 phenotype pro-inflammatory factors,
TNF-α and IFN-γ, decreased after the intervention of VPA (P < 0.05,
Fig. 5D), but there was no statistically significant decreased on M1
macrophages surface marker CD86 and the pro-inflammatory factor IL12 after the intervention of VPA (P > 0.05, Fig. 5D). Factors related to
M2 phenotype, including CD163, IL-10 and TGF-β, were increased in the

3.4. The protective effect of VPA on normal tissues may depend on
macrophage-mediated immune response
VPA intervention exerts protective effects on non-tumor tissues in
our model. We next investigated whether macrophage-mediated im
mune response may be involved in the protective effect of VPA on
normal tissues. Using BrdU staining, we observed no significant differ
ence in BrdU staining of the normal spleen and small intestine tissues
after VPA intervention (P > 0.05), but there was a decreased BrdU
staining in the DMBA-induced spleen and small intestine (P < 0.01,
Fig. 5A). Interestingly, VPA restored the proliferation ability of spleen
and small intestine in the DMBA-induced tumors. However, we did not
observe the same phenomenon in samples derived from liver and brain
(P > 0.05, Fig. S1A).
We next performed IHC staining of CD68 in spleen and small intes
tine. We found that the positive number of CD68 is no significantly
7
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Fig. 5. VPA protects normal tissues by reducing infiltration of macrophages and reprograming macrophages polarization. (A&B) IHC staining of proliferation BrdU
(A) and CD68 (B) in spleen and small intestine; Bars represent mean ± SD. P-values were calculated by Student’s t-test. **P < 0.01; ns, not significant. (C&D) RTqPCR analysis of cytokines (CD86, IL-12, TNF-α, IFN-γ, CD163, IL-10, TGF-β) in spleen (C) and small intestine (D). Data in the graphs were derived from three
independent experiments. Bars represent mean ± SD. P-values were calculated by Student’s t-test. *P < 0.05; **P < 0.01; ns, not significant.

VPA-treated group (P < 0.05, Fig. 5D). These data suggest that
macrophage-mediated immune response is involved in the observed
VPA-mediated protective effects in normal tissues, that VPA promotes
the polarization of macrophages to M2 phenotype and secrete some antiinflammatory factors.

Fig. 6B). The M2 phenotype-associated factor, IL-10 (P < 0.01) dis
played an increasing trend after the intervention of VPA (Fig. 6B). The
data derived from RAW264.7 cells treated with MCF10A conditional
medium and VPA for 48 h were also consistent with the observations at
24 h (Fig S3A). The RT-qPCR results indicate that VPA can induce
macrophages to polarize to M2 phenotype in the conditional medium
from normal cells.
When RAW264.7 cells were co-incubated with conditional medium
of MCF10A-DMBA transformed cells and VPA for 24 h or 48 h, we found
the mRNA levels of M1 macrophage surface marker, CD86 (P < 0.01),
the ratio of CD86: CD163 (P < 0.01), as well as functional factors such as
IFN-γ (P < 0.01), TNF-α (P < 0.05) and IL-12 (P < 0.01), were signifi
cantly increased (Fig. 6C, Fig. S3B). The surface marker of M2 macro
phages, CD163 was significantly decreased (P < 0.01, Fig. 6C). The
mRNA levels of anti-inflammatory factor IL-10 increased after 24 h VPA
intervention (P < 0.05, Fig. 6C) but decreased significantly at 48 h
(P < 0.01, Fig S3B), suggesting that VPA may promote the polarization
of macrophages to M1 phenotype in the conditional medium from the
incubation with tumor cells.
Additionally, we verified IL-12 and IL-10 by ELISA and the data were
consistent with RT-qPCR analysis (Fig. 6D). When RAW264.7 cells were
incubated with MCF10A cells conditional medium and VPA for 24 h, M1
phenotype-associated pro-inflammatory factors IL-12 was decreased and
M2 phenotype-associated anti-inflammatory factors IL-10 was increased
after the intervention of VPA, respectively (P < 0.05, Fig. 6D). By
contrast, M1 phenotype-associated pro-inflammatory factors IL-12 was
increased and M2 phenotype-associated anti-inflammatory factors IL-10
was decreased after the intervention of 0.4 mM VPA when RAW264.7
cells were incubated with MCF10A-DMBA cells conditional medium and
VPA for 24 h (P < 0.05, Fig. 6D).
Next, the cell lysate from VPA-treated macrophages was incubated
with vascular endothelial cells, HUVEC, to examine the cell viability at

3.5. The effect of VPA on the viability of vascular endothelial cells
depends on the macrophages’ polarization
Through the in vivo experiments, we found that VPA reprograms
macrophages to polarize towards the M1 phenotype and thus induces
macrophages to secrete pro-inflammatory factors in the tumor micro
environment. By contrast VPA induces the polarization of macrophages
towards the M2 phenotype and promote macrophages to secrete antiinflammatory factors in the normal tissues microenvironment. We hy
pothesized that the effects of VPA-mediated anti-tumor and protection
of normal tissues are dependent on the macrophages’ polarization. Since
we found the intervention of VPA reduced the vascular density and
inhibited the growth of blood vessels in our animal experiments
(Fig. 1D), we selected vascular endothelial cells (HUVEC) as an example
to next investigate whether VPA-induced macrophages’ polarization can
affect the growth of vascular endothelial cells. For this experiment, we
obtained the medium from MCF-10A normal cells or MCF10A-DMBA
transformed cells as conditional medium to simulate the tissue micro
environment in vivo. First, the conditional medium of MCF-10A cells or
MCF10A-DMBA cells were co-incubated with macrophages, RAW264.7
(Fig. 6A). After the RAW264.7 cells were incubated with MCF10A cells
conditional medium and VPA for 24 h, we found that both surface
markers, CD86 of M1 phenotype and CD163 of M2 phenotype increased
(P < 0.05, Fig. 6B); however, the ratio of CD86: CD163 decreased and
some M1 phenotype-associated pro-inflammatory factors such as IFN-γ,
TNF-α and IL-12 were decreased after the intervention of VPA (P < 0.05,
8
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Fig. 6. The effect of VPA on the viability of vascular endothelial cells depends on the macrophages’ polarization. (A) Workflow illustrates the analysis of MCF10A
and MCF10A-DMBA conditional medium, macrophages polarization and the cell viability of HUVEC; (B&C) RT-qPCR analysis of cytokines (CD86, IL-12, TNF-α, IFNγ, CD163, IL-10, TGF-β) of reprogrammed RAW264.7 macrophages under the treatment of MCF10A conditional medium (B) and MCF10A- DMBA conditional
medium (C) after 24 h. Bars represent mean ± SD. P-values were calculated by Student’s t-test. *P < 0.05; **P < 0.01; ns, not significant. (D) ELISA analysis of IL-12,
IL-10 of reprogrammed RAW264.7 macrophages under the treatment of MCF10A conditional medium and MCF10A- DMBA conditional medium after 24 h. Bars
represent mean ± SD. P-values were calculated by Student’s t-test. *P < 0.05; **P < 0.01; ns, not significant. (E&F) HUVEC cells viability was detected by MTT at
72 h and 96 h, respectively: macrophages were incubated in conditional medium of MCF10A cells (E) and MCF10A- DMBA (F), and their lysate was incubated with
HUVEC. Data in the graphs were derived from three independent experiments. Bars represent mean ± SD. P-values were calculated by Student’s t-test. **P < 0.01;
ns, not significant.

72 h and 96 h by MTT assay (Fig. 6A). We found that cell viability was
increased in the VPA-treated macrophage lysate from the normal cell
microenvironment (P < 0.01, Fig. 6F). In contrast, the cell viability of
HUVEC tended to decrease after the incubation with VPA-treated mac
rophage’s lysate in conditional medium of MCF10A-DMBA cells, the
difference was statistically significant after the intervention of 0.4 mM
VPA (P < 0.05, Fig. 6F). The absorbance of cells was measured at
532 nm, the results were consistent with that at 490 nm by MTT assay
(Fig. S3C, S3D). Together, the above results indicate that the cell
viability depends on the polarization of macrophages, the conclusion is
consistent with the results from the previous in vivo experiment. In
summary, in the tumor microenvironment, VPA polarizes macrophages
to the M1 phenotype, promotes macrophages to secrete proinflammatory factors and thus exerts an inhibitory effect on the
growth of tumor cell and vascular endothelial cells. Under the normal
microenvironment, VPA induces the polarization of macrophages to
wards the M2 phenotype, facilitates macrophages secreting antiinflammatory factors, and has a protective effect on the growth of
normal cell and vascular endothelial cells.

and inhibited the growth of blood vessels. While in the normal tissues,
VPA induces the polarization of macrophages towards the M2 pheno
type, reduces the inflammatory response and protects the normal organs
from damage caused by DMBA both in vivo and in vitro. Collectively, our
data advances the proposition that VPA intervenes the tumorigenic
mechanism of PAHs through the regulation of macrophage-mediated
immune responses.
4.1. The immune response in DMBA-induced cancer of rat intervention
model
PAHs exist widely in the environment and have been identified as the
main organic pollutants that affect human health. Due to the unique
physical and chemical properties, PAHs are difficult to degrade and
influence ecological environment (Sazykin et al., 2021). In daily life,
direct or indirect exposure to such pollutants can cause damage to a
variety of human organs, and long-term exposure can lead to irreversible
fatal damage (Harmsen and Rietra, 2018) and birth defects, such as
preterm birth (Singh et al., 2008), oral clefts (Langlois et al., 2013),
neural tube defects (Ren et al., 2011), neurodevelopmental risk (Wang
et al., 2014a) and asthma with related symptoms (Al-Daghri et al.,
2013). According to the U.S. Environmental Protection Agency, seven
PAH compounds have been classified as probable human carcinogens:
Benz(a)anthracene, benzo(a)pyrene, benzo(b)fluoranthene, benzo(k)
fluoranthene, chrysene, dibenz(ah)anthracene, and indeno(1,2,3-cd)
pyrene. Carcinogenicity of PAHs has been found in some occupational
exposure of workers, such as the workers breathing exhaust fumes

4. Discussion
In this study, we found that VPA intervened DMBA-induced primary
breast cancer of rat model through macrophages-mediated immune
response and exerted protective effects on normal tissues (such as spleen
and small intestine). In the tumor microenvironment, VPA reprogramed
macrophages to the M1 phenotype polarization, recruited CD8+T cells
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(Armstrong et al., 2004; Wei See et al., 2006) and those involved in
mining, metal working, or oil refining (Ravindra et al., 2008). Workers
whom were exposed to high levels of PAHs had a significantly increased
risk of skin, lung and prostate cancer (Barul and Parent, 2021; Boffetta
et al., 1997; Zhou et al., 2021).
DMBA is a representative compound of PAHs, and is commonly used
to study tumorigenesis of PAHs. We were successful in establishing a
working therapeutic model of DMBA-induced primary tumors in female
Sprague Dawley (SD) rats (Cai et al., 2021; Wang et al., 2014b). In this
study, we investigated the immune mechanism of VPA intervention in
the PAH-induced tumor using this model. Since the concentration of
200 mg/kg is suggested as the higher therapeutic dose (Jin et al., 2021),
we opted for the lower therapeutic doses of 50 mg/kg and 100 mg/kg in
order to investigate the efficacy of VPA and test whether if this low-cost,
efficacious therapeutic agent may indeed have the potential to advance
to human clinical trial. We acknowledge that further pharmacokinetic
studies may be warranted to investigate the optimal therapeutic dose for
human trial.

inflammatory factors (IL-12, IFN-γ, TNF-α) were increased in the inter
vention of VPA groups (Fig. 3C), angiogenesis was inhibited, the im
mune response was mediated by CD8+ T cells (Fig. 4B, C). Meanwhile,
M2-related factors (TGF-β, IL-10) that reduced CD8+ T cell cytotoxicity
were significantly reduced in the intervention of VPA groups (Fig. 3D).
Therefore, the macrophage-involved immune response plays a pivotal
role in the observed effects of VPA in attenuating tumorigenesis.
4.3. VPA exerted protective effects on normal tissues through
macrophages-mediated immune response
Previous in vivo studies have shown that VPA can reduce the infil
tration of macrophages in models of inflammation, indirectly indicating
the bidirectional regulation of VPA. In the rat spinal cord injury model,
VPA diminishes the infiltration of macrophages and provided neuro
protection (Lee et al., 2012). In the rat lung injury model, VPA reduces
the expression of M1-related factors and polarizes macrophages toward
M2-phenotype, which may be associated with the observed reduced
inflammation and increased tissue repair (Venosa et al., 2017). In our
research, we observed that VPA reduced macrophages-mediated in
flammatory response in normal tissues (spleen and small intestine)
(Fig. 5B), and promoted the polarization of macrophages to the
anti-inflammatory M2 phenotype in our DMBA-induced models (Fig. 5C,
D). The spleen is the largest lymphatic organ in the human body and the
main place of specific immunity (Chadburn, 2000). As for the small
intestine, there are lymphocytes, macrophages, eosinophils and other
infiltrates in the lamina propria. We suspected that the above phe
nomenon may be very complicated and further studies are needed.
VPA reduced inflammation by decreasing the expression of M1related factors, and also decreased the expression of iNOS and IL-12
under lipopolysaccharide and IFN-γ stimulation in vitro (Guo et al.,
2007; Serrat et al., 2014). In addition, VPA can transform macrophages
from pro-inflammatory M1 phenotype to anti-inflammatory M2
phenotype (Wu et al., 2012). In the cell model of our experiment, we
co-cultured MCF10A cells with macrophages in vitro (Fig. 6A). We found
that after the intervention of VPA, macrophages polarized to
M2-phenotype and their related factors (CD163 and IL-10) increased
(Fig. 6B).
In summary, our results revealed that VPA intervened DMBAinduced primary breast cancer in SD rats is protective of normal tis
sues (spleen and small intestine) and such mechanism of actions involve
the macrophages-mediated immune response. Our study advances the
support for further clinical exploration of HDACi in PAHs-induced
tumors.

4.2. VPA intervened DMBA-induced primary breast cancer through
macrophages-mediated immune response
In the tumor microenvironment, TAMs are one of the most abun
dantly infiltrating leukocyte populations. TAMs drive immune escape,
mediate immunosuppression and stimulate tumor metastasis (Coussens
and Pollard, 2011; Pollard, 2009). The recurrence of tumor in patients is
tightly related to immune escape (Li et al., 2018, 2019), thus high
lighting that the importance of TAMs in oncological immunotherapy. In
general, TAMs have strong plasticity and are generally considered to be
M2-like (Obeid et al., 2013). TAMs-related factors such as Arg-1, TGF-β
and IL-10 can directly reduce the toxicity of T cells to tumor cells
(Rodriguez et al., 2003), and TAMs also correlate with abnormalities of
tumor vascular system (Qian and Pollard, 2010). The M1 type-related
factor IL-12 can activate CD8+ T cells, release the production of per
forin and granzyme, thereby stimulating the anti-tumor response (Har
beck et al., 2019; Kanemaru et al., 2017; Tugues et al., 2015).
M1-related factors (TNF-α, IFN-γ) are associated with anti-angiogenesis.
Studies have shown that IFN-γ can interfere with vascular integrity and
affect tumor progression (Guerriero et al., 2017; He et al., 2017; Jaya
singam et al., 2019; Kapellos and Iqbal, 2016). Therefore, reprogram
ming TAMs may play an important role in tumor immunotherapy.
Accumulating evidence alerts to the anti-tumor effect of HDACi. For
example, HDACi have been shown to increase the anti-tumor efficacy of
hormone therapy in ERα-positive breast cancer models (Alao et al.,
2004; Hodges-Gallagher et al., 2007; Morel et al., 2020; Thomas et al.,
2011). The HDACi have synergistic effects when used in combination
with vascular endothelial growth factor inhibitors in exerting
anti-angiogenic and anti-tumor effects in mouse models of various
cancers (Ellis et al., 2009; Qian et al., 2004). The combination of VPA
derivative and radiotherapy attenuated, and in some instances,
ameliorated tumors growth through the activation of immune response
in the tumor microenvironment (Cai et al., 2021). Recent studies on the
immunity functions of HDACi and the histone acetylation (such as H3K9
or H3K27 acetylation) reported the observed anti-tumor effects may be
closely related to the function of CD8+ T cells (Henning et al., 2018).
TMP195, an HDACi, is known to activate immune pathways to inhibit
tumor development (Guerriero et al., 2017).
Our research revealed the immune effects of the VPA (an HDACi) in
the process of tumor formation, indicating that VPA can inhibit tumor
formation through anti-tumor immunity. During tumor formation, the
apoptosis-related marker (cleaved caspase-3, Fig. 1C) was increased and
the vascular endothelial marker (CD31, Fig. 1D) was significantly
reduced in the tumor tissues after the intervention of VPA, and macro
phages infiltration of the tumor tissue was noted (Fig. 2A, B). We hy
pothesized that the mechanism might involve the reprograming of
TAMs. The macrophages typing test showed that M1-related pro-

4.4. The anti-tumor immune mechanism activated by VPA needs further
exploration and research
Although this study revealed that VPA plays a role in tumor che
moprevention by regulating the polarization state of macrophages, the
following issues about the anti-tumor immune mechanism activated by
VPA are worthy of further investigation. (1) The source of macrophages.
Typically, mononuclear phagocytes originate from proliferating bone
marrow precursor cells that differentiate into monocytes in the periph
eral blood. Monocytes do not have the ability to proliferate in a stable
state. During the infection stage, monocytes can migrate from peripheral
blood into tissues and subsequently differentiate into dendritic cells and
macrophages according to the surrounding inflammatory microenvi
ronment (Auffray et al., 2009). Therefore, macrophages are generally
considered to be differentiated from bone marrow hematopoietic stem
cells. Under the action of chemokines in the tumor microenvironment,
bone marrow-derived monocytes are recruited to tumor tissues and
further differentiate into TAMs. Our study concluded that macrophages
may originate from myeloid, but we could not rule out the possibility of
other sources. The sources of macrophages are summarized into three
types: myeloid development, the yolk sac, and local self-proliferation
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(Ginhoux et al., 2010; Serbina et al., 2008). Therefore, the origin of
VPA-promoted macrophages in tumor tissues requires further explora
tion. (2) Regulation of macrophage polarization. How does VPA affect
macrophage polarization and promote the release of cytokines? And
how does VPA exert a bidirectional regulatory effect on tumor tissue and
normal tissue by regulating the polarization state of macrophages?
Further clarification is also required. (3) The mechanism of the indirect
tumor-killing effect of macrophages. In this study, it was found that VPA
can promote the infiltration of macrophages and CD8+ T cells in tumor
tissues, whether macrophages exert antitumor effects by regulating
CD8+ T cells remains elusive. Studies have shown that IL-12 can activate
CD8+ T cells, release Granzyme-B and kill tumor cells (Harbeck et al.,
2019; Kanemaru et al., 2017; Tugues et al., 2015). While M1 macro
phages can secrete IL-12, suggesting that macrophages may also kill
tumors through CD8+ T cells indirectly to attain VPA-mediate preven
tion of tumorigenesis. (4) The role of histone deacetylation and the
methylation status of DNA and histones: Since VPA as a potent HDACi
may interfere with histone deacetylation and the methylation status of
DNA and histone, it would be reasonable to explore whether histone
modification is involved in the observed VPA’s anti-tumor effect, such as
whether VPA-mediated histone deacetylation (may including DNA and
histone methylation) can affect the polarization of macrophages, also
whether VPA-mediated histone deacetylation is involved in
VPA-mediated protective effect in normal tissues (Gu et al., 2012; Mello,
2021; Milutinovic et al., 2007; Vidal and Mello, 2020).
In this study, we uncovered VPA regulates the polarization of mac
rophages to exert chemoprevention counteracting PAHs-induced the
carcinogenic effects and further research is needed to illustrate the
molecular mechanism.
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