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ABSTRACT

Starving tumor cells by restricting nutrient sources is a promising strategy for
combating cancer. Because both berberine and cinnamaldehyde can activate AMP-
activated protein kinase (AMPK, a sensor of cellular energy status), we investigated
whether the combination of berberine and cinnamaldehyde could synergistically
prevent lung carcinogenesis through tumor cell starvation. Urethane treatment
induced lung carcinogenesis in mice, downregulated AMPK and mammalian target of
rapamycin (mTOR) while upregulating aquaporin-1 (AQP-1) and nuclear factor kappa
B (NF-kB). Together, berberine and cinnamaldehyde reduced mouse susceptibility
to urethane-induced lung carcinogenesis, and reversed the urethane-induced AMPK,
mTOR, AQP-1, and NF-kB expression patterns. In vitro, berberine and cinnamaldehyde
together induced A549 cell apoptosis, prevented cell proliferation, autophagy, and
wound healing, upregulated AMPK, and downregulated AQP-1. The effects of the
combined treatment were reduced by rapamycin (a mTOR inhibitor) or HgCL, (an AQP
inhibitor), but not Z-VAD-FMK (a caspase inhibitor). The berberine/cinnamaldehyde
combination also prevented A549 cell substance permeability and decreased
intracellular ATP concentrations. These results suggest the combination of berberine
and cinnamaldehyde limited both primary and adaptive nutrient acquisition by lung
tumors via AMPK-reduced AQP-1 expression, which ultimately starved the tumor cells.

INTRODUCTION

Despite improvements in screening and patient care,
cancer remains a leading cause of death worldwide [1].
Systemic therapies, such as chemotherapy and hormone
therapy, are standards of care in the management of many
cancer types. However, systemic therapeutic-associated
toxicity is common, and novel, low-toxicity anti-cancer
therapeutic drugs are needed [2]. Natural products,
including herbs and spices, have been used for millennia to
prevent or treat various human diseases, including cancer
[3]. Plants are an abundant source of phytochemicals that
show potential as anti-cancer therapeutics [4]. However,
the cancer preventive effects of single agents are
frequently limited. Jiao Tai Wan (JTW), which contains

Rhizoma coptidis (the whole plant) and Cortex cinnamomi
(bark of the plant), is a common remedy for insomnia that
was developed during the Ming Dynasty [5] and was
recently used to treat clinical diabetes [S]. R. coptidis
and its major constituent, berberine, and C. cinnamomi
and its major constituent, cinnamaldehyde, exhibit anti-
cancer activities [6—7]. Therefore, JTW or a combination
of berberine and cinnamaldehyde may be efficacious in
preventing cancer.

Tumor cell starvation via nutrient restriction is a
promising strategy to combat cancer [8]. An alternative
strategy to achieve both therapeutic selectivity and
efficiency is to take advantage of fundamental biochemical
and metabolic differences between cancer cells and
normal cells [9]. Increased metabolic rates and suppressed
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osmotic functions may lead to nutrient deficiency in tumor
cells. We previously showed that tumor interstitial fluid
provides better nutrition for the tumor than angiogenesis
[8]. The AMP-activated protein kinase (AMPK), an
important downstream effector of the tumor suppressor
liver kinase 1 (LKBI1), senses cellular energy status and
inhibits tumorigenesis [10, 11]. However, its role in cancer
progression has not been well characterized. Because both
berberine and cinnamaldehyde can activate AMPK [11,
12], we hypothesized that these compounds together may
reduce cancer cell nutrient intake and ultimately starve
the cells. Thus, the present study investigated the cancer
preventive effects of the combination of berberine and
cinnamaldehyde and explored the molecular mechanisms
underlying these effects.

RESULTS

Berberine and cinnamaldehyde together prevent
urethane-induced lung carcinogenesis

Combinations of various phytochemicals derived
from dietary sources or medicinal plants not only may
reduce the risks of specific cancers, but also have been
shown to suppress cancer cell proliferation [13]. Urethane-
induced epithelial carcinogenesis results in histological
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and molecular changes that resemble human lung cancer
and allows for mechanistic evaluations of therapeutic
interventions during tumor development [14]. In mice with
urethane-induced lung carcinoma, oral administration of
berberine and cinnamaldehyde in combination induced
lean body phenotypes in the combination group (32.7 +
2.8 g, P < 0.05) compared to the UC group (36.8 + 2.6
g), which was not significantly different from the normal
(37.3+£2.5g; P>0.05), berberine (35.9 £ 2.7 g; P> 0.05),
cinnamaldehyde (33.5 £ 2.6 g; P> 0.05), and JTW (34.2
+2.8 g; P>0.05) groups (Figure 1A).

To determine whether the compounds and herbs
resulted in toxicity, we examined cumulative food
intake, autonomic activity, liver and renal function, and
hematological parameters during the final week. Consistent
with reduced body weights, the cinnamaldehyde and the
combination-treated mice consumed less food than the
UC group (29.3 £5.0, 26.7 £ 4.4, 242 £ 4.9, and 33.1
+ 4.2 g/mouse weekly in the berberine, cinnamaldehyde,
combination, and UC groups, respectively). However, no
differences were observed in autonomic activity and levels
of liver transaminases, creatinine, and hematological
factors between the UC and treatment groups (data not
shown), indicating no berberine or cinnamaldehyde
toxicity in mice.

In contrast to the UC group, berberine or
cinnamaldehyde treatment alone only prevented lung

301

5

A
= A A
E | A
e du
200 O5 A ~
< A N “A A
Pl o R
= A
) N AA
g A 4 A A A
= 101
5 = =+
=} A
] A A
=

0
0 T T
ucC Berberine Cinnamaldehyde _ Berberine+  ypyy

Cinnamaldehyde

Cinnamaldehyde Berberine+Cinnamaldehyde JTW

Figure 1: Berberine and cinnamaldehyde together prevented urethane-induced lung carcinogenesis. Body weight at the
beginning (d 1) and end (26 weeks) of the experiment (A). Lung carcinoma incidence and number (B) and multiplicity (average neoplastic
nodules per lung) (C). The normal group included non-carcinogenic mice fed in parallel, and the UC group included untreated carcinogenic

mice. *P <0.05, **P <0.01 vs UC.
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carcinoma incidence (75%, 90%, and 100% in the
berberine, cinnamaldehyde, and UC groups, respectively)
and multiplicity (15.3 £2.4 (P < 0.01) and 18.2 £ 2.5
(P < 0.01) in the berberine and cinnamaldehyde groups,
respectively, vs. 21.4 £ 3.5 in the UC group) to some extent,
whereas the combination of berberine and cinnamaldehyde
or JTW reduced lung carcinogenesis susceptibility
(carcinoma incidences of 35%, 30%, and 100% in the
JTW, combination, and UC groups, respectively, and
multiplicities of 8.3 +2.6 (P<0.001) and 7.5 +£2.2 (P <
0.001) in the JTW and combination groups, respectively,
vs. 21.4 + 3.5 in the UC group) (Figure 1B-1C)
regardless of tumor histological heterogeneity.

Berberine and cinnamaldehyde together regulate
inflammation and oxidative stress during
carcinogenesis

We analyzed correlations between the serum
inflammation markers, IL-1, IL-6, high-sensitivity
C-reactive protein (hs-CRP), and tumor necrosis factor
o (TNF-a), and oncogenesis and between the serum
oxidative stress marker, 8-hydroxy-2’-deoxyguanosine
(8-OHdG), and oncogenesis at 26 weeks. Serum IL-1,
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IL-6, hs-CRP, and TNF-a levels were decreased in the
berberine (P < 0.01) and cinnamaldehyde (P < 0.01)
groups compared to the UC group, which had higher
serum inflammation marker levels than the normal group,
indicating a positive correlation between inflammation
and lung cell oncogenesis (Figure 2A-2D). Compared
to the UC group, serum interferon gamma (IFN-y) and
interleukin-2 (IL-2) (the type 1 immunostimulatory
cytokines) levels were decreased in the berberine
group (P > 0.05), but increased in the cinnamaldehyde
group (P < 0.01), whereas serum IL-4 and IL-10 (type
2 immunoinhibitory cytokines) levels were increased
in the berberine group (P < 0.01), but decreased in the
cinnamaldehyde group (P < 0.01) (Figure 3A-3D),
indicating an immune regulatory difference between
berberine and cinnamaldehyde. However, JTW or the
combination of berberine and cinnamaldehyde had serum
IL-4, IL-10, IFN-y, and IL-2 levels similar to those of
the normal group (Figure 3), indicating a therapeutic
advantage of the herbs and combined compounds.
Consistently, serum 8-OHdG and reactive oxygen species
(ROS) levels were only decreased to a small extent in
the berberine and cinnamaldehyde groups compared to
the UC group, which had higher levels than the normal
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Figure 2: Berberine and cinnamaldehyde together decreased inflammation during carcinogenesis. Berberine and
cinnamaldehyde together or JTW decreased inflammation as indicated by increased serum IL-1 (A), IL-6 (B), hs-CRP (C), and TNF-a (D)

levels (n = 5). *P < 0.05, **P < 0.01 vs UC.
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group, indicating a positive correlation between oxidative
stress and lung cell oncogenesis. However, serum 8-OHdG
and ROS levels were suppressed in the combination and
JTW groups (Figure 4A—4B). Additionally, JTW or the
combination of berberine and cinnamaldehyde enhanced
lung epithelium integrity as indicated by evans blue
permeability and lung water content, which was only
slightly reduced by berberine or cinnamaldehyde alone
(Figure 4C-4D).

Berberine and cinnamaldehyde together
regulate lung signaling protein levels during
carcinogenesis

To explore why berberine and cinnamaldehyde
together reduced lung carcinogenesis susceptibility, we
examined urethane-associated changes in cellular signaling
via western blot analyses at 26 weeks. AMPK and mTOR
in the lung were only slightly upregulated in the berberine
and cinnamaldehyde groups (P < 0.05) compared to the
UC group, which exhibited lower AMPK and mTOR
levels than the normal group (P < 0.01), indicating
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autophagy as the primary nutrient acquisition method
in these two treatment groups (Figure 5A). JTW or the
combination of berberine and cinnamaldehyde upregulated
AMPK and mTOR (P < 0.001). On the contrary, NF-xB
and aquaporin-1 (AQP-1) in the lung were only slightly
downregulated in the berberine and cinnamaldehyde
groups (P < 0.05) compared to the UC group, which
exhibited higher NF-kB and AQP-1 levels than the normal
group (P < 0.01), indicating influx of exogenous nutrients
as the primary nutrient acquisition method in these two
treatment groups. JTW or the combination of berberine
and cinnamaldehyde downregulated NF-«xB and AQP-1
(P<0.001).

Berberine and cinnamaldehyde together prevent
lung epithelial cell proliferation and EMT during
carcinogenesis

Carcinogenesis is the final result of epithelial
proliferation and the epithelial to mesenchymal
transition (EMT) [15, 16]. To verify the effects
of the herbs and combined compounds on cancer
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Figure 3: Berberine and cinnamaldehyde together regulated immunity during carcinogenesis. Berberine and
cinnamaldehyde together or JTW regulated immunity as indicated by serum levels of the type 1 immunostimulatory cytokines, IFN-y (A)
and IL-2 (B), and type 2 immunoinhibitory cytokines, IL-4 (C) and IL-10 (D) (n =5). *P < 0.05, **P < 0.01 vs UC.
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prevention, we also examined urethane-associated
changes in lung epithelial cell proliferation and
EMT via immunohistochemistry (IHC) at 26 weeks.
Proliferating cell nuclear antigen (PCNA), a lung
epidermal cell proliferation marker, was only slightly
downregulated in the berberine and cinnamaldehyde
groups, but was suppressed in the JTW and combination
groups compared to the UC group, which exhibited
higher levels than the normal group (Figure 5B—5C).
Similarly, lung EMT, as indicated by E-cadherin and
N-cadherin levels, was also only slightly decreased in the
berberine and cinnamaldehyde groups, but was suppressed
in the combination and JTW groups compared to the UC
group, which exhibited higher levels than the normal
group (Figure SB-5C).

Berberine and cinnamaldehyde together lead to
A549 cell starvation

We treated A549 cells in vitro with berberine and
cinnamaldehyde alone or in combination to observe
cell proliferation, autophagy, and wound healing. MTT
assay results showed that berberine or cinnamaldehyde
alone only slightly reduced cell proliferation, while their
combination suppressed cell proliferation in a time-
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dependent manner (Figure 6A). Similarly, berberine
and cinnamaldehyde together increased cell apoptosis
more than either compound alone (Figure 6B-6C).
However, berberine or cinnamaldehyde alone stimulated
cell autophagy as indicated by autophagosome and
LC3-B production under 10% serum culture conditions,
indicating a cell starvation state. Autophagy under these
conditions could be aborted by treatment with berberine
and cinnamaldehyde together (Figure 7A). Compared to
untreated cells, 2% serum-induced cell autophagy (Figure
7B) and wound healing (Figure 8) were decreased in the
berberine group (P > 0.05), but were not affected in the
cinnamaldehyde group (P < 0.01), whereas berberine and
cinnamaldehyde together suppressed both.

We also found that the effects of berberine and
cinnamaldehyde together were suppressed by pre-
treatment with the mTOR inhibitor, rapamycin, or the
aquaporin inhibitor, HgCl,, but were unaffected by
the caspase inhibitor, Z-VAD-FMK (Figures 6 and 8).
The combination of berberine and cinnamaldehyde
synergistically increased AMPK and decreased AQP-
1 levels (Figure 9A). Additionally, the two compounds
together reduced cell substance permeability (Figure
9B) and intracellular ATP concentrations (Figure 9C),
indicating cancer cell starvation.

B 1501 . .
O Normal O UC [ Berberine [ Cinnamaldehyde
[@ Berberine+Cinnamaldehyde | Jtw

=

E

= 1004

=

wn

2 *k

*k

- |1‘

S 50 . *ok

w
D

O Normal [ uC [ Berberine @ Cinnamaldehyde

250 @ Berberine+Cinnamaldehyde |JTw
—~
2 2001 [
=
=
H
£ 150 [
=
)
2
g
S 1004
-
P
2
<
Z 504

PN
Ay

Figure 4: Berberine and cinnamaldehyde together decreased oxidative stress and lung epithelium integrity. Berberine
and cinnamaldehyde together decreased oxidative stress as indicated by increased serum 8-OHAG (A) and ROS (B) levels, and lung
epithelium integrity as indicated by evans blue permeability (C) and lung water content (D) (n =5). *P < 0.05, **P < 0.01 vs UC.
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DISCUSSION

Approaches to reducing the global cancer burden
include two major strategies: active prevention and early
therapeutic intervention [17]. Herb combinations have
been used to treat human illnesses as part of Chinese
phytotherapy for millennia [18]. Recent studies indicate
that traditional Chinese medicine (TCM)-based treatments
might prevent tumorigenesis, shrink or stabilize tumors,
and reduce tumor recurrence and metastasis [19]. In
this study, we assessed the cancer preventive effects of
berberine and cinnamaldehyde together or JTW. Our
results suggest that the combination of berberine and
cinnamaldehyde prevents lung carcinogenesis via AMPK-
reduced AQP-1 expression, which ultimately starves tumor
cells. Ours is the first report describing the efficacy and
molecular mechanisms of berberine and cinnamaldehyde
together in preventing lung cancer.

Development of cancer preventive agents is often
similar to development of therapies to treat advanced
cancers [20], and both strategies may focus on mediating
cancer-predisposing conditions [21]. Cancer cells use
higher nutrient amounts than non-cancer cells to support
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the bioenergetic and biosynthetic demands of increased
proliferation. While cancer cell constitutive anabolism
supports proliferation, tumor cells also become reliant on
a steady influx of exogenous nutrients [23]. Thus, reducing
access to nutrients may effectively and selectively limit
tumor cell growth. Previously, starvation strategies
and agents aimed to limit specific substrates based on
metabolic differences between normal and transformed
cells [22]. However, tumor heterogeneity can limit
starvation agent efficacies, because primary nutrient
limitation may stimulate adaptive nutrient acquisition
[23]. Therefore, ideal tumor starvation strategies limit both
primary and adaptive nutrient acquisition [24].

AMPK is involved in various energy-intensive
pathological processes, such as inflammation and
apoptosis [25]. AMPK is an evolutionarily conserved
energy sensor with central roles in maintaining energy
homeostasis [25-27], and is a downstream activator of
the tumor suppressor, liver kinase B1 (LKB1). AMPK
activation reportedly suppresses cell proliferation in
many tumor types by regulating cell cycle progression
or inhibiting protein synthesis [28]. Aquaporins are
permeable to water and low-molecular weight solutes,

B 8- 0O Normal O UC [ Berberine [ Cinnamaldehyde
B Berberine+Cinnamaldehyde m W

L.

Immunohistochemical score

PCNA E-Cadherin N-Cadherin

e

Figure 5: Berberine and cinnamaldehyde together regulated lung signaling protein expression during carcinogenesis.
Berberine and cinnamaldehyde together regulated AMPK, mTOR, NF-xB, and AQP-1 expression as indicated by western blotting (A), and
promoted lung epithelial cell proliferation as indicated PCNA, EMT, and N-cadherin upregulation and E-cadherin downregulation as shown
by IHC (B and C). Assays were performed in triplicate. *P < 0.05, **P < 0.01 vs UC.
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such as glycerol and urea [29], and AQP-1 is important
for liquid exchange between alveoli and capillaries [30].
AQP-1 is a prognostic factor for many cancer types
[31], and AMPK activation suppresses AQP-9 [32].
However, whether AMPK and AQP-1 have roles in lung
carcinogenesis and whether AMPK also suppresses AQP-1
remained unclear.

This study compared the efficacies of
berberine and cinnamaldehyde alone and in combination as
cancer preventives. We treated mice with 100 mg/kg body
weight berberine or 5 mg kg body weight cinnamaldehyde,
or a combined dose of 105 mg/kg body weight at
a ratio of 20:1 berberine:cinnamaldehyde. We found that
the combination treatment or JTW prevented urethane-
induced lung carcinogenesis and regulated inflammation
and oxidative stress during carcinogenesis. We noted lung
congestion in the berberine and combination treatment
groups, but not other groups, and this may have been
associated with berberine-stimulated heat dissipation
during urethane-induced lung carcinogenesis. We also
found that JTW or the combination treatment upregulated
AMPK and mTOR, but downregulated NF-«B and
AQP-1 in the lung during carcinogenesis, suggesting
that treatment restored urethane-disrupted signal
transduction pathways. Finally, we showed that JTW
or the combination treatment prevented lung epithelial
cell proliferation and EMT during carcinogenesis. The
accumulated publication had shown that the function of
AMPKalphal, AMPKalpha2 and LKB1 in carcinogenesis
was controversial [33, 34, 35]. Our results suggest that
AMPK, regardless of subtype, and AQP-1 play opposite
roles in lung carcinogenesis and that lung cancer
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prevention via berberine and cinnamaldehyde is associated
with these two proteins. Inconsistent with previous reports,
urethane downregulation of AMPK did not activate
mTOR, but instead suppressed it. JTW or the combination
of berberine and cinnamaldehyde upregulated AMPK and
mTOR, indicating that autophagy and exogenous nutrient
influx acted synergistically during carconogenesis.

In traditional JTW, the amount of R. coptidis is
greater than that of C. cinnamomi, and recent findings
suggest that this ratio has important implications for
clinical practice [36]. The ratio of R. coptidis (whole
plant) to C. cinnamomi (bark only) traditionally used to
treat insomnia was 10:1 (w/w) [37], but a 2:1 (w/w) ratio
has been commonly applied to treat diabetes in recent
practice [38]. The optimal R. coptidis to C. cinnamomi
ratio for cancer prevention is unknown. Before beginning
the present study, we established three JTW formulations
with R. coptidis: C. cinnamomi ratios of 2:1, 1:1, and 1:2
(w/w), and compared the cancer preventive efficacies of
these formulations in a urethane-induced lung carcinoma
model. Mice lost weight and showed no satiety in the 1:1
( < 15% normal body weight) and 2:1 ( > 15% normal
body weight) groups, and satiety and weight loss ( > 20%
normal body weight) in the 1:2 group (data not shown).
Therefore, we selected 1:1, R. coptidis: C. cinnamomi and
20:1, berberine: cinnamaldehyde formulations for use in
the present study. The combination therapies prevented
A549 cell proliferation, autophagy, and wound healing
via AMPK upregulation and AQP-1 downregulation.
However, these effects were suppressed by the mTOR
inhibitor, rapamycin, or the aquaporin inhibitor, HgCl,, but
not the caspase inhibitor, Z-VAD-FMK. The combination
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Figure 6: Berberine and cinnamaldehyde together suppressed A549 cell proliferation and promoted apoptosis (n = 3)
(B) and (C) in a time-dependent manner (n = 6) (A) *P <0.05, **P <0.01 vs control.
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therapies also decreased substance permeability and
intracellular ATP levels, and promoted cell apoptosis.
These results together indicate starvation-related cell death.

Our in vitro conclusions are limited by the fact that
we tested the therapies in only one cell line. However,
we compared AMPK and AQP-1 expression in A549 and
L929 cells (an embryonic lung fibroblast cell line), and
observed lower AMPK and higher AQP-1 levels in A549
cells compared to 1929 cells (data not shown). These
findings support our hypothesized negative feedback
relationship between the two proteins.

Certain types of cancer may be defined as chronic
diseases, similar to hypertension and diabetes [39, 40].
Recent findings indicate that TCM application could
provide benefit over the entire cancer treatment course
[18]. However, the complexity of TCM components
limits their application. Although limiting nutrient access
is a feasible alternative approach to blocking anabolism
in cancer cells, tumor heterogeneity is an obstacle to
good outcomes, including for those therapies targeting
specific metabolic pathways [23]. However, the novel
combination of berberine and cinnamaldehyde limits both
primary and adaptive nutrient acquisition in tumors, thus
potentially preventing tumor adaptation. Thus, JTW and
the combination of berberine and cinnamaldehyde are
potentially efficacious strategies for tumor cell starvation.
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MATERIALS AND METHODS

Materials

JTW was purchased from the First Affiliated
Hospital of the Henan University of Chinese Medicine.
Each JTW packet contained 1 g of concentrated R. coptidis
granules (equal to 3 g R. coptidis) and 1 g of C. cinnamomi
concentrated granules (equal to 3 g C. cinnamomi). R.
coptidis concentrated granules contain high amounts
of berberine (100.0 mg/g via high-performance liquid
chromatography (HPLC)). C. cinnamomi concentrated
granules were mainly composed of cinnamaldehyde
(5.0 mg/g via HPLC). Cinnamaldehyde (purity > 98%
via HPLC) and berberine (purity > 98% via HPLC)
were purchased from Yiji Industrial Co., Ltd. (Shanghai,
China). Urethane, Z-VAD-FMK, rapamycin, HgCL,, AO
and evans blue were purchased from Sigma Chemical
Co (St.Louis. MO. USA). Antibodies used included
anti-PCNA, anti-AMPK, anti-mTOR, anti-NF-«xB, anti-
AQPI, anti-E-cadherin, anti-N-cadherin, anti-LC3-B,
anti-glyceraldehyde-phosphate dehydrogenase (GAPDH),
and anti-B-actin were obtained from BD Pharmingen.
Horseradish peroxidase (HRP)-conjugated goat anti-
mouse IgG polyclonal antibody, peroxidase substrate
DAB (3, 3’-diaminobenzidine) were obtained from
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Figure 7: Berberine and cinnamaldehyde together suppressed A549 cell autophagy. Berberine and cinnamaldehyde together
aborted berberine- or cinnamaldehyde-induced cell autophagy under 10% serum culture conditions (n = 3) (A). Combination therapy
suppressed autophagy under 2% serum culture condition (z = 3) (B). Cells in the AO staining group were in the early stage of culture
medium replacement. Cells in the LC3-B staining group were harvested at a late cell culture stage. *P < 0.05, **P < 0.01 vs control.
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Nichirei Bioscience (Tokyo, Japan). Annexin V-FITC /
PI Apoptosis Detection Kit was obtained from Solarbio
(Beijing, China). 5-HIAA ELISA assay kit, Mouse
quantitative ELISA kits (IFN-y, IL-2, IL-1, IL-4, IL-6, IL-
10, TNF-a, hs-CRP, ROS, and 8-OHdG) were obtained
from R&D Systems. Standard rodent chow was purchased
from Henan Provincial Medical Laboratory Animal Center
(Zhengzhou, China), License No. SCXK (YU) 2015-0005,
Certificate No. 41000100002406.

Animals

Cohorts of 5- to 6-week-old female ICR mice were
obtained from Henan Provincial Medical Laboratory
Animal Center. All mice were housed in individual
ventilated cages under a 12-h light-dark cycle (lights on
7:00 AM to 7:00 PM). Animals were fed standard rodent
chow and water. All animal procedures were approved by
the Animal Experimentation Ethics Committee of Henan
University (permission number HUSAM2014-216), and
all procedures were performed in strict accordance with
the Guide for the Care and Use of Laboratory Animals
and the Regulation of Animal Protection Committee to
minimize suffering and injury. Animals were monitored

Control Berberine

daily and were euthanized via carbon dioxide overdose at
the end of the experiment or at the first sign of shortness
of breath, reduced locomotion, or reduced body weight
(> 30% total body weight). All surgeries were performed
under general anesthesia induced via intraperitoneal
injection of 45 mg/kg pentobarbital sodium, and all efforts
were made to minimize suffering.

Urethane-induced lung adenocarcinoma model

ICR mice were administered freshly prepared
urethane to induce lung adenocarcinomas as previously
described [41]. Mice received an intraperitoneal
injection of urethane (600 mg/kg body weight)
dissolved in sterile 0.9% NaCl once weekly for 10
weeks. Following urethane injection, mice were
randomly divided into six groups (normal; urethane/
control; urethane/berberine (100 mg/kg body weight);
urethane/cinnamaldehyde (5 mg/kg body weight);
urethane/combination (berberine: cinnamaldehyde
20:1, 105 mg/kg body weight); urethane/JTW (2 g/
kg body weight)). Dose selection was based on doses
reported in a pilot experiment [42, 43, 44, 45]. Mice
in the control and treated groups were intraperitoneally
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Figure 8: Berberine and cinnamaldehyde together suppressed wound healing in A549 cells. *P < 0.05, **P < 0.01 vs

control.
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injected with urethane, and animals in the normal
group were treated only with vehicle (normal saline).
Following the first urethane injection, treated mice
received therapeutic drugs alone or in combination via
intragastric administration (all therapeutic drugs were
suspended in 0.1% (v/v) aqueous Tween-80 for animal
administration) once daily for 25 weeks. Food and water
were provided ad libitum during the study. The health
of the mice was monitored daily, and body weights were
measured weekly. At 26 weeks after the first urethane
injection, orbital venous blood was collected for plasma
5-HIAA assay using an ELISA kit. Mice were sacrificed
under anesthesia with pentobarbital sodium (45mg/kg),
lung carcinoma incidence and multiplicity (average
carcinomas per mouse) were determined, and lungs
were biochemically processed.

Each study group included 25 mice. Mice not
challenged with urethrane were “normal,” and challenged
mice were “UC.” At the end of the experiment, there
were 20 mice per group. Mice with clear evidence of
myocardial infarction were excluded from the study
and euthanzed. The endpoint of the experiment was the

A

first sign of shortness of breath, reduced locomotion, or
reduced body weight ( > 30% total body weight) because
of lung tumors.

Clinical chemistry

Blood samples were collected for chemical analyses
from the orbital venous plexus at the time of sacrifice after
6 h of fasting. IFN-y, IL-2, IL-1, IL-4, IL-10, IL-6, hs-CRP,
and TNF-a serum concentrations were determined using a
plate reader (Mulitiskan Go 1510, German) according to
the manufacturer’s protocol. Results were calculated from
linear curves obtained using the Quantikine kit standards.

Oxidative stress analysis

Serum 8-hydroxy-2’-deoxyguanosine (8-OHdG)
levels were measured using an ELISA assay kit. Serum
ROS levels, a marker of oxidative stress, were also
determined using an ELISA assay kit according to the
manufacturer’s protocol. The complete assay procedure
was similar to clinical chemistry methods.
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Figure 9: Berberine and cinnamaldehyde together synergistically regulated AMPK/AQP-1 protein levels and prevented
substance permeability in A549 cells. Berberine and cinnamaldehyde together upregulated AMPK and downregulated AQP-1
(n=3) (A), prevented substance permeability as indicated by increased intracellular rhodamine B (n = 3) (B), and decreased intracellular

ATP concentrations (n = 3) (C) *P < 0.05, **P < 0.01 vs control.
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Immunohistochemistry

For IHC analyses, serial sections (5 pm) of lung
were cut and attached to superfrost plus microscope
slides. Slides were warmed at 60°C for 1 h, deparaffinized
in xylene, and dehydrated in decreasing concentrations of
ethanol. After blocking with 3% hydrogen peroxide for
10 min, sections were incubated with 0.1% TritonX-100
in PBS for 20 min at room temperature, and then
immersed in a 5% bovine serum albumin (BSA) blocking
solution for 20 min at room temperature. Sections were
then incubated with primary antibodies (diluted to 1%
with antibody diluent) against PCNA, E-cadherin, or
N-cadherin overnight at 4°C. Antigen—antibody binding
was detected using a rabbit IgG IHC kit. Signal was
developed using the peroxidase substrate, DAB, which
appears as a brown reaction product. All sections were
counterstained with hematoxylin and were imaged under
a microscope. Two pathologists interpreted the IHC results
using a semi-quantitative histological score (HSCORE), as
described previously [46].

Lung epithelium integrity and lung water
content

The integrity of the lung epithelium was assayed
using the EB dye extra-barrier technique as previously
described [46]. Lung water content was measured as
previously described [46].

Western blot analysis

Lung or A549 cells extracts were prepared in radio
immunoprecipitation assay (RIPA) cell lysis buffer. Equal
amounts of protein were separated via 12% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis,
electroblotted on nitrocellulose membranes, and probed
with antibodies against AMPK, mTOR, NF-«B, AQP-1,
B-actin or GAPDH. Antibody binding was detected
via enhanced chemiluminescence according to the
manufacturer’s instructions (Pierce, Rockford, IL). Band
density was quantified using Image] software (NIH,
Bethesda, MD, USA) and normalized to the corresponding
control group.

Cell culture

The human alveolar basal epithelial cancer
cell line, A549, was grown in RPMI 1640 medium
supplemented with 10% (v/v) FBS. Cells were grown in
a humidified atmosphere containing 5% CO, and 95%
air at 37°C. For in vitro experiments, 50 mM berberine
and cinnamaldehyde stock solutions (in DMSO, stored at
—20°C) were diluted in cell culture medium to working
concentrations. The maximum final DMSO concentration
was < 0.1% for each treatment. DMSO was used as a
control.

Cell proliferation

AS549 cells (1 x 10* cells/well) were incubated
in a 96-well plate overnight at 37°C. Cells were
treated with specified concentrations of berberine and
cinnamaldehyde alone or in combination in the presence
or absence of 50 uM Z-VAD-FMK, 20 pM rapamycin,
or 100 uM HgCL,, which were tolerated by cells without
morphological alterations or signs of death. Each condition
was tested in six replicates. During the final 4 h of the
72-h incubation, supernatants were discarded and 100 pL
MTT (0.5 mg/ml) was added to each well. After 4 h, MTT
was discarded and 100 pL. DMSO was added to each well.
Absorbance at 570 nm was determined using a plate reader
(Elx-800; Bio-Tek, USA). Cell proliferation assay results
are presented as a percentage of the control cells.

Cell apoptosis and autophagy detection

Cell apoptosis was evaluated using propidium
iodide (PI)/Annexin V-FITC fluorescence staining. Briefly,
A549 cells were treated with specified concentrations of
berberine and cinnamaldehyde alone or in combination
for 48 h in the presence or absence of Z-VAD-FMK,
rapamycin, or HgCL,. 5 ul Pl and 5 pl Annexin V-FITC
were added to cells for 10 min, and then washed once with
PBS. After staining, cells were visualized and analyzed
using a Cellometer K2 (Nexcelom Bioscience).

To assess cell autophagy, AS549 cells were
treated with specified concentrations of berberine and
cinnamaldehyde alone or in combination for 48 h under
10% serum or 2% low serum culture conditions. Cells
were stained with AO (1 pg/ml) at 37°C for 30 min before
observation. Red acidic vesicular organelles (AVOs)
stained by AO in autophagic cells were visualized under
a fluorescence microscope. Cell autophagy was further
estimated via LC3-B immunofluorescent staining using
PE-conjugated anti-LC3-B. Intracellular fluorescence was
estimated using flow cytometry assay.

Wound-healing assay

A549 cells (3 x 10* cells/well) were seeded into a
24-well plate and cultured to confluence. The monolayer
was then scratched with a 200-uL pipette tip to create an
approximately 1 mm-wide wound area, and was washed
twice with PBS to remove floating cells. Cells were
then treated with specified concentrations of berberine
and cinnamaldehyde alone or in combination for 48 h
in the presence or absence of Z-VAD-FMK, rapamycin,
or HgCL, under 2% serum culture conditions. Wounded
monolayer images were obtained using a microscope.
Wound repair rates were expressed as the gap percentage
relative to the total area of the cell-free region immediately
after the scratch was generated, according to image
analysis software (Olympus, Tokyo, Japan).
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Substance permeability assay

Substance permeability was estimated by calculating
the amount of rhodamine B dye that passed through
the samples over different time intervals. Intracellular
rhodamine B fluorescence was measured using flow

cytometry.
Intracellular ATP assay

Intracellular ATP was measured using the luciferin/
luciferase system. Briefly, A549 cells were treated with
specified concentrations of berberine and cinnamaldehyde
alone or in combination for 48 h. Cell membranes were
permeabilized using 100 pl somatic cell ATP releasing
reagent (Sigma-Aldrich Co., St Louis, MO) and were then
reacted with 100 pl ATP assay mix reagent containing
0.28 mg/ml luciferin and 1 mg/ml luciferase. After 10
min incubation at room temperature, luminescence was
measured over a 0.5 s integration time using a luminometer.
Intracellular ATP level was expressed as the percentage of
the luminescence intensity of the control cells.

Statistical analyses

A Shapiro-Wilk test was carried out to test for
normal distributions. Normally distributed data are
presented as means = SD and were statistically analyzed
using GraphPad Prism, Version 5.0 (San Diego, CA,
USA). Differences among groups were evaluated using
a one-way analysis of variance (ANOVA). P < 0.05 was
considered statistically significant.
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