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Chemopreventive efficacy of salvianolic acid B phospholipid
complex loaded nanoparticles against experimental oral
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Background: Although we have previously demonstrated that phospholipid complex loaded nanoparticles
(PLC-NPs) encapsulating salvianolic acid B (SAB) can enhance anticancer activity in head and neck
cancer and precancerous cells i vitro, the chemopreventive efficacy of SAB-PLC-NPs (nano-SAB) in vivo
remains unclear. Here, we aimed to investigate the in vivo efficacy of nano-SAB against experimental oral
carcinogenesis.

Methods: Oral tongue carcinogenesis was induced in C57BL/6 mice through the administration of
4-nitroquinoline-N-oxide (4NQO, 100 pg/mL) in drinking water for 22 weeks. To preliminarily evaluate
the effect of sustained drug release against oral carcinogenesis, free- or nano-SAB (16.6 mg/kg/d) was
administered orally for 18 weeks, and the treatment was discontinued for the remaining 4 weeks.

Results: Histological evaluation revealed a significant (P<0.05) decrease in the incidence of carcinoma in
free-SAB-treated (16.7%) and nano-SAB-treated (10.0%) mice compared to mice exposed to 4NQO alone
(34.3%). A decrease in carcinoma growth rate was also observed in free-SAB-treated (12.2%) and nano-
SAB-treated (5.5%) mice compared to the 4NQO-exposed group (18.3%), even after drug withdrawal for
4 weeks. Immunohistochemical analysis revealed that nano-SAB treatment effectively suppressed Ki-67,
proliferative cell nuclear antigen (PCNA), and cyclin D1 expression in high-risk dysplastic lesions compared
to free-SAB-treated and 4NQO-exposed groups (all P<0.05). Importantly, nano-SAB maintained low levels
of Ki-67, PCNA, and cyclin D1 expression even after drug withdrawal for 4 weeks.

Conclusions: Together with our previous in vitro data, this in vive study confirms that nano-SAB has
superior chemopreventive efficacy by promoting more potent anti-proliferation and cell cycle arrest
responses. These findings demonstrate the potential of SAB-PLC-NPs as promising chemopreventive agents

for treating oral carcinogenesis.
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Introduction

Cancers of the lip and oral cavity represent the 16th most
common neoplasm worldwide, with almost 355,000 new
diagnoses and over 177,000 deaths estimated in 2018 (1).
Oral squamous cell carcinoma (OSCC) accounts for over
90% of oral cancer and often develop from precancerous
lesions. Early prevention and intervention of OSCC
development are of utmost importance to reduce the
incidence and mortality of this disease (1,2). Oral
carcinogenesis is a multi-step cumulative process that is
associated with the accumulation of genetic alterations
over time as a result of chronic exposure to carcinogens
such as tobacco and cigarette smoke (3,4). The multiple
stages associated with OSCC progression indicate that
a prevention strategy that can delay, inhibit, or reverse
carcinogenesis before it becomes an invasive disease would
be the most beneficial approach (5). Using phytochemicals
as a chemoprevention agent would be a potentially useful
strategy to delay or block the carcinogenic process and oral
cancer development (6,7). The promising phytochemicals,
such as green tea extract, curcumin, genistein, resveratrol,
lycopene, black raspberries, and canthaxanthin, for oral
cancer chemoprevention have been summarized in recent
review articles (6,7).

Our previous study found that salvianolic acid B (SAB)
phospholipid complex (PLC) loaded-nanoparticles (NPs)
may be a promising chemopreventive agent for head and neck
cancer cells, as well as precancerous oral leukoplakia cells
in vitro (8). To overcome the limitations of low bioavailability
and poor systemic delivery of SAB, we previously described
the use of PLC-NPs encapsulating SAB as a potential
carrier for intervention of OSCC and precancerous cells (8).
SAB-PLC-NPs (nano-SAB) were found to be significantly
more potent than free-SAB in increasing anti-proliferative
bioactivity and inducing cell apoptosis and cell cycle arrest (8).
In particular, we found that enhanced cellular uptake of SAB
by nano-formulation led to increased anticancer potential,
presumably by increasing drug bioavailability (8). Based on
the findings of our previous i vitro study, the current study
was carried out to determine the chemopreventive efficacy of
nano-SAB in vivo.

The 4-nitroquinoline-N-oxide (4NQO)-induced

mouse model of oral tongue carcinogenesis is an excellent

© Annals of Translational Medicine. All rights reserved.

in vivo model for studying the early multi-step events in
oral carcinogenesis development that also allows for the
chemopreventive potential of natural and synthetic agents
to be examined (9). As a synthetic water-soluble chemical
carcinogen, 4NQO mimics chronic tobacco exposure
resulting in histological and molecular alterations similar to
human oral carcinogenesis (10). Histologically, the 4NQO-
induced mouse model has sequential stages of oral epithelial
lesions resembling the multistage carcinogenesis of human
oral carcinogenesis, including epithelial hyperplasia, various
degrees of dysplasia, and OSCC (10). Emerging studies have
suggested that this animal model may provide a predictable
preclinical strategy to mimic human oral carcinogenesis,
which can be used to investigate the efficacy of novel
chemical compounds for OSCC chemoprevention (9-11).

In the current study, we conducted a preclinical
prevention trial in the 4NQO-induced oral carcinogenesis
mouse model to determine the chemopreventive efficacy
of nano-SAB against multistage development of OSCC.
C57BL/6 mice were administered nano-SAB concurrently
with 4NQO exposure to evaluate the effect of nano-SAB
on disease initiation and progression of OSCC through
histological and immunohistochemical evaluation of
Ki-67, proliferative cell nuclear antigen (PCNA), cyclin D1,
and p16 expression. Since we previously demonstrated that
nano-formulation can enhance the cellular uptake of SAB
and improved its bioavailability iz vitro (8), we also sought
to determine whether nano-SAB could enhance sustained
drug release after accumulation iz vive for 18 weeks by
discontinuing treatment with free- and nano-SAB for the
final 4 weeks (weeks 19-22) of the study.

We present the following article in accordance with
the ARRIVE reporting checklist (available at https://atm.
amegroups.com/article/view/10.21037/atm-21-4457/rc).

Methods
Reagents, animals, and study design

SAB and nano-formulated SAB-PLC-NPs were provided
by Peng and colleagues (12,13), as mentioned in our
previous in vitro study (8). 4NQO (Sigma-Aldrich, St.
Louis, MO, USA) was added to the drinking water to a
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final concentration of 100 pg/mL. Six-week-old female
C57BL/6] mice (SPF, SCXK2012-0002) were obtained
from Shanghai Slac Laboratory Animal Co. Ltd., China.
The mice were housed under standard conditions of
temperature and humidity with an alternating 12-h
light-dark cycle and were fed a normal pellet diet and
water. A protocol was prepared before the study without
registration. Experiments were performed under a project
license (No. SHO9H-2020-A85-1) granted by the Animal
Ethical Committee of Shanghai Ninth People’s Hospital, in
compliance with internationally recognized and institutional
guidelines for the care and use of animals.

After 1 week of acclimatization, the mice were randomly
divided by computer-generated randomization numbers into
6 groups (Figure 14): 4NQO alone (Group A, n=35), 4NQO
+ SAB (Group B, n=30), 4NQO + SAB-PLC-NPs (Group
C, n=30), normal water control (Group D, n=5), normal
water + SAB control (Group E, n=5), and normal water +
SAB-PLC-NPs control (Group F, n=5). The mice in groups
A-C were given 4NQO (100 pg/mL) in drinking water,
while mice in groups D-F received normal drinking water
for 22 consecutive weeks. Meanwhile, groups B and C mice
were administered free- and nano-SAB (both 16.6 mg/kg/d)
orally by gavage concurrent with 4NQO exposure. To
determine whether nano-formulation could enhance
sustained drug release after accumulation for 18 weeks,
treatment with free- and nano-SAB was discontinued in
groups B and C for the final 4 weeks (weeks 19-22) of
the study. Groups D, E, and F mice were administered
normal drinking water, and free- and nano-SAB as controls,
respectively.

The drug concentration of free- and nano-SAB
(16.6 mg/kg) received by C57BL/6] mice in the current study
was based on the equivalent dosage of SAB administered
to male Syrian hamsters (10 mg/kg) in previous studies
(14,15). The mice in each group were evaluated weekly for
bodyweight, and all mice underwent a biweekly full oral
cavity macroscopic examination. To determine the impact of
multistage intervention on the activity of free- and nano-SAB
against oral carcinogenesis, 7-10 mice in groups A-C were
euthanized for tongue tissue retrieval at weeks 8, 14, 18, and
22. Tissue samples were collected at the indicated time points
for histopathological and immunochemical examinations.

Histopathology and immunobistochemistry (IHC)

Whole tongue specimens were fixed in formalin, embedded
in paraffin, and processed for routine histopathological
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examination from hematoxylin and eosin (H&E) staining
sections. The diagnoses of oral lesions with epithelial
hyperplasia, various degrees of dysplasia, and carcinoma
were made based on the World Health Organization
criteria (16) and recommended in previous reports on the
C57BL/6] mouse oral cancer model (17,18). The worst
histological grade was identified and diagnosed by an oral
pathologist blinded to treatment groups. The primary
outcome of preventive efficacy was measured by cumulative
incidence of oral dysplasia/carcinoma in the 18-week trial of
experimental groups A-C. Incidence of dysplasia/carcinoma
was reported as the percentage of animals based on the
worst histology, and cumulative incidence of dysplasia/
carcinoma was calculated by summing up individual mice
at the indicated time points and reporting as the total
incidence of dysplasia/carcinoma per group.
Five-micrometer-thick tissue sections were further
processed for IHC analysis. Sections were stained with
monoclonal antibodies against Ki67 (Ab16667, 1:100) and
PCNA (Ab92729, 1:50) as cell proliferation markers and
against cyclin D1 (Ab134175, 1:10) and p16 (Ab54210,
1:500) as cell cycle markers. PCNA plays an important role
in cell proliferation and cell cycle regulation, while Ki-67
is detected throughout all phases of the cell cycle with the
exception of early GI phase. Cyclin D1 is a nuclear protein
involved in the G1/S transition of the cell cycle, while p16
is a regulator of the G1 phase of the cell cycle (19). These
antibodies were obtained from Abcam, Cambridge, UK.
IHC was performed using the Leica Bond Max automated
stainer (Leica Biosystems, Weztlar, Germany) according
to the manufacturer’s protocol in the Department of Oral
Pathology, Shanghai Ninth People's Hospital, Shanghai,
China. All slides were stained using previously optimized
conditions with appropriate positive and negative controls.
The quantitative evaluation of immunoreactivity was
performed according to the criteria of staining intensities
described previously (20). Briefly, 5 digital images of high-
power fields at 400x magnification selected randomly on
immunostained sections were captured by the DP 70 CCD
camera (Olympus, Tokyo, Japan). Then, positive cells were
counted using Image Pro-Plus software (version 6.0, Media
Cybernetics, Rockville, MD, USA) in this study.

Statistical analysis

The objective of this study was to evaluate the efficacy
of nano-SAB compared with free-SAB against oral
carcinogenesis. Hence, the statistical analysis of each group
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Figure 1 Chemoprevention in mice oral carcinogenesis. (A) Experimental protocol of the 6 groups. (B) Bodyweight changes in the

experimental groups. Cumulative incidence of oral dysplasia/carcinoma (C) at week 18 and (D) at week 22. (E) Growth rate of carcinoma

occurrence in experimental groups after the drug withdrawal for 4 weeks. The asterisk (*) indicates that the mice were sacrificed at the

indicated time points (weeks 8, 14, 18, or 22). NQO, 4-nitroquinoline-N-oxide; SalB, salvianolic acid B; PLC-NP, phospholipid complex

loaded nanoparticles.

was mainly performed with reference to the result of the
nano-SAB group. Quantitative variables are presented as
mean = standard deviation (SD). Differences in quantitative
variables among 2 and 3 groups were calculated by the
Student’s #-test and one-way analysis of variance (ANOVA),
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respectively. If the quantitative variables did not follow
a normal Gaussian distribution, the differences between
2 groups were calculated using a Mann-Whitney U test.
Differences in qualitative variables were calculated by the
¥’ or Fisher’s exact test. A 2-sided P<0.05 was considered
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statistically significant. Statistical analysis was performed
using the SPSS 21.0 software (IBM SPSS Inc.).

Results
Effect of nano-SAB on 4NQO-induced oral carcinogenesis

To investigate the effect of nano-SAB on the general body
response to the carcinogen, 4NQO, we determined the
bodyweight changes (maximum minus minimum) in the
22-week trial of the experimental and control groups.
The bodyweight of mice was found to be very similar at
the beginning of the experiment in the various groups
A-F. After the completion of treatment at week 22, the
mean bodyweight of groups A-C (Figure 1B) showed a
significant (P<0.05, one-way ANOVA) gradual decrease
from the 4NQO-exposed group (9.05+0.74 g) to the free-
SAB-treated (8.17£0.98 g) and nano-SAB-treated groups
(6.71£0.37 g). Conversely, the mean bodyweight of groups
D-F showed a similar normal increase between the normal
drinking water (7.08+0.17 g), free-SAB control (7.17£1.08 g),
and nano-SAB control (6.98+1.36 g) groups. Bodyweight and
histological changes of the experimental groups are presented
in Table S1.

To assess the chemopreventive effect of nano-SAB on
the multistage development of OSCC, we examined the
cumulative incidence of oral dysplasia/carcinoma in the
18-week trial of experimental groups A-C. After the
completion of treatment at week 18, the incidence of
carcinoma (16.0%) in the 4NQO-exposed group was
higher than that observed in the free-SAB treated and
nano-SAB treated groups (both 4.5%) (Figure 1C). The
incidence of moderate dysplasia or worse in groups A-C
showed a decreasing trend (P=0.059, one-way ANOVA)
from the 4NQO-exposed group (64.0%) to the free-SAB-
treated (45.5%) and nano-SAB-treated (36.3%) groups. No
histological abnormalities were found in the normal control,
or the free-SAB and nano-SAB control mice (groups D-F).
Furthermore, no clinical signs of toxicity were observed in
the drug control mice (groups E, F) throughout the whole
trial.

To evaluate the effect of sustained drug release after
18-week accumulation of nano-SAB on oral carcinogenesis,
we focused on the cumulative incidence of oral dysplasia/
carcinoma in the 22-week trial of experimental groups A-C
(Figure 1D). After the completion of 4NQO treatment at
week 22, the incidence of carcinoma was significantly lower
(P<0.05, %’ test) in the free-SAB (16.7%) and nano-SAB
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(10.0%) groups than in the 4NQO-exposed group (34.3%).
Consistent with these findings, the incidence of moderate
dysplasia or worse in groups A-C was significantly lower
(P<0.05, ¥’ test) in the free-SAB (60.0%) and nano-SAB
(46.7%) groups than in the 4NQO-exposed group (74.3%).
Interestingly, the carcinoma growth rate in groups A-C
(Figure 1E) was higher in the 4NQO-exposed group (18.3%)
than in the free-SAB (12.2%) and nano-SAB (5.5%) groups,
even after withdrawal of the drug for the final 4 weeks of the
study. Representative macroscopic lesions and microscopic
histological images are shown in Figure 2.

Effect of nano-SAB on cell proliferation and cell cycle

markers

To explore the effect of nano-SAB on 4NQO-induced
cell proliferation and cell cycle progression in oral tongue
carcinogenesis, we analyzed the expression of well-defined
cell proliferation (Ki67 and PCNA) and cell cycle (cyclin
D1 and pl16) markers. Representative immunohistochemical
images of normal mucosa, dysplasia, and squamous cell
carcinoma are shown in Figure 3. Since moderate/severe
dysplasia represents the high-risk potentially malignant phase,
we focused on the effect of SAB on the expression of cell
proliferation and cell cycle markers in this phase to determine
the chemopreventive potential of nano-formulation.

At week 18, after the completion of 4NQO treatment,
5, 5, and 4 high-risk dysplastic lesions were observed
in the experimental groups A, B, and C, respectively.
Overexpression of Ki-67, PCNA, and cyclin D1 was
found in the 4NQO-exposed mice (group A), but their
expression patterns were significantly decreased (all P<0.05)
in nano-SAB-treated mice (group C) compared to free-
SAB treated mice (group B). In contrast, p16 was weakly
expressed in group A, with increased expression in group
C compared to group B (data not shown). At week 22 of
4NQO treatment following drug withdrawal for weeks 19-
22, 2, 4, and 4 high-risk dysplastic lesions were observed
in the experimental groups A, B, and C, respectively. The
expression trends of Ki-67, PCNA, and cyclin D1 observed
at week 22 were similar to those observed at week 18 in
groups A, B, to C, respectively (Figure 4).

To evaluate the implication of sustained drug release after
withdrawal (weeks 19-22) of nano-SAB on cell proliferation
and cell cycle markers, we focused on the differences in
the expression patterns of these markers at week 18 versus
week 22 (Figure 4). The expression levels of Ki-67, PCNA,
and cyclin D1 in groups A and B were significantly higher
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Figure 2 Representative macroscopic lesions and microscopic histologic images (hematoxylin-eosin staining; magnification, x100) of mice

oral carcinogenesis. (A) Low-risk (mild) dysplasia, (B) high-risk (moderate/severe) dysplasia, and (C) squamous cell carcinoma.

at week 22 than week 18 (all P<0.05, ¢-test). Interestingly,
no significant differences in Ki-67, PCNA, or cyclin D1
expression levels between the 2 time points were observed
in group C (P>0.05, #-test), which displayed significantly
weaker expression levels than did groups A and B (all
P<0.05, #-test) at the same time points. In addition, free-
SAB or nano-SAB alone-administrated mice (groups E and
F) displayed no significant differences in cell proliferation
or cell cycle marker expression compared to the normal
control (group D).

Discussion

Chemoprevention is defined as the use of natural, synthetic,
or biological compounds to inhibit, prevent, or reverse
the initial phases of carcinogenesis or the progression
of neoplastic cells to cancer (6). We and others have

© Annals of Translational Medicine. All rights reserved.

demonstrated that SAB has significant potential to be used
for oral cancer chemoprevention due to its effectiveness
both in vitro and in the xenograft mice model (21,22), as
well as in the 7,12-dimethlybenz(a)anthracene (DMBA)-
induced hamster cheek pouch model (14,15). The DMBA-
induced hamster cheek pouch and 4NQO-induced mouse
tongue cancer models are two classical animal models of
oral carcinogenesis (9-11). However, the DMBA-induced
model is a questionable surrogate for the human oral cavity,
due to the cheek pouch, which is specifically designed for
the storage and transport of food in hamsters. Moreover,
DMBA is not found in tobacco smoke or the environment
but is an oxidatively activated carcinogen. In contrast,
4NQO causes damage similar to the carcinogens in tobacco
and induces molecular and pathological changes similar to
human OSCC (9-11). Hence, we used the 4NQO-induced

mouse oral carcinogenesis in this study.
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Figure 3 Representative immunohistochemical images (streptavidin-peroxidase method; magnification, x100) of normal mucosa, dysplasia,

and squamous cell carcinoma in mice oral carcinogenesis. (A) Ki67, (B) proliferative cell nuclear antigen (PCNA), and (C) Cyclin D1.
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P<0.05; ns. not significant.

Nanochemoprevention is a concept in which
nanotechnology-based regimens are developed for cancer
chemoprevention (23). Nanoparticle-mediated delivery is a
promising approach to enhance bioavailability and increase
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the efficacy of several chemopreventive agents for OSCC

(24-28). Our previous study clearly demonstrated that nano-

SAB can enhance cellular uptake and anticancer efficacy

in head and neck cancer cells, as well as in precancerous
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cells in vitro (8). The current iz vivo study aimed to further
investigate the chemopreventive efficacy and sustained
drug release of nano-SAB in 4NQO-induced C57BL/6
mouse oral tongue carcinogenesis by evaluating its anti-
proliferative and cell cycle arrest effects through histological
studies. Overall, the chemopreventive efficacy of SAB in the
4NQO-induced mouse oral tongue model was in agreement
with findings in the DMBA-induced hamster cheek pouch
model (14,15). Bodyweight loss is a common phenomenon
in tumor-bearing animals, usually because the continuous
demand of energy for cancer cells depletes energy reserves.
Here, a drastic weight loss was observed in mice exposed
to 4NQO alone. However, the weight loss observed in
the nano-SAB-treated group was less than that in free-
SAB- and 4NQO-treated mice (Figure 1B). These findings
suggest that nano-SAB treatment prevented the depletion
of energy reserves by cancer cells, thereby reducing the
enhanced metabolic rate, which causes weight loss in the
other 4NQO-exposed groups.

Importantly, the incidence of high-risk dysplasia and
carcinoma was reduced after nano-SAB treatment compared
to free-SAB treatment, suggesting that a superior efficacy
of SAB chemoprevention was realized through nano-
formulated PLC-NPs, leading to either the inhibition or
prevention of malignant transformation of oral dysplasia.
Moreover, high-risk dysplastic lesions in 4NQO-exposed
mice showed a substantial increase in Ki-67, PCNA, and
cyclin D1 expression, whereas SAB treatment, particular
nano-formulation, effectively suppressed the expression
of these proteins in 4NQO-induced mice (Figure 3D).
Ki-67, PCNA, and cyclin D1 are major cell proliferative
markers used to examine cell cycle progression and tumor
development. Thus, decreased expression of these markers
indicates the suppression of cancer development. These
results are consistent with our previous # vitro study, which
showed that nano-SAB was significantly more potent than
free-SAB in inhibiting proliferation and inducing cell cycle
arrest (8). Our findings suggested that nano-SAB may exert
its superior efficacy of chemoprevention by exhibiting more
potent anti-proliferation effects and inducing cell cycle
arrest through the blockade of Ki-67, PCNA, and cyclin D1
expression.

We also explored the implication of sustained drug
release on oral carcinogenesis after 18-week accumulation
of nano-SAB by discontinuing treatment with free- and
nano-SAB for the final 4 weeks (weeks 19-22) of the
study. After drug withdrawal for 4 weeks, the incidence of
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carcinoma and high-risk dysplasia was significantly lower in
nano-SAB-treated mice (group C) than in mice exposed to
4NQO alone (Group A) (P<0.05) (Figure 1D). Furthermore,
significant differences in Ki-67, PCNA, and cyclin D1
expression levels were found at week 18 versus week 22 in
the free-SAB and 4NQO-treated groups but not the nano-
SAB-treated mice (Figure 3D). These results indicate that
nano-SAB may exert its chemopreventive effect of sustained
drug release on oral carcinogenesis by maintaining low
levels of Ki-67, PCNA, and cyclin D1 expression even after
withdrawal of the drug for 4 weeks. Our previous in vitro
study (8) demonstrated that the enhanced cellular uptake
of nano-SAB could improve bioavailability by allowing
sustained drug release iz vivo. Accordingly, it can be
inferred that nano-formulated SAB have superior efficacy
for inhibiting proliferation and inducing cell cycle arrest,
thereby improving the drug releasing profile of SAB. The
efficacy of nano-SAB should be made with cautions because
this was an in vivo experiment without human patients.
Further studies are required to examine the mechanisms
underlying the chemopreventive effects of nano-SAB on its
anti-proliferative and sustained release responses in 4NQO-
induced oral carcinogenesis.

In conclusion, the current iz vive study, together with
our previous iz vitro study, confirms that nano-SAB has
superior efficacy of chemoprevention in promoting more
potent anti-proliferation and cell cycle arrest responses via
the blockade of Ki-67, PCNA, and cyclin D1 expression.
Our study suggests the effect of nano-formulation on
sustained drug release of SAB in 4NQO-induced oral
carcinogenesis, further consolidating the potential of SAB
nano-formulations as promising chemopreventive agents
for treating oral carcinogenesis.
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