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Cisplatin (DDP) is one of the first-line chemotherapeutic agents for non-small cell lung

cancer (NSCLC). However, repeated use of cisplatin in clinical practice often induces

chemoresistance. The aims of this study were to investigate whether rosmarinic acid

(RA) could reverse multidrug resistance (MDR) in NSCLC and to explore the underlying

mechanisms. Our data demonstrated that RA significantly inhibited NSCLC cell prolifera-

tion and cell colony formation in a dose-dependent manner, induced G1 phase cell cycle

arrest and apoptosis, and increased the sensitivity of cell lines resistant to DDP. Mecha-

nistically, RA inhibited NSCLC cell growth, arrested cell cycle, and induced apoptosis by

activating MAPK and inhibiting the expression of P-gp and MDR1, which correspond-

ingly enhanced p21 and p53 expression. We observed that the growth of xenograft

tumors derived from NSCLC cell lines in nude mice was significantly inhibited by combi-

nation therapy. We demonstrate that RA is a potentially effective MDR reversal agent

for NSCLC, based on downregulation of MDR1 mRNA expression and P-gp. Together,

these results emphasize the putative role of RA as a resistance reversal agent in NSCLC.
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1 | INTRODUCTION

Lung cancer is the most frequent cause of cancer-related death world-

wide (Ferlay et al., 2015), and more than 80% of all lung cancer cases

are diagnosed as non-small cell lung cancer (NSCLC; Reck et al.,

2014). DDP is one of the first-line chemotherapeutic agents for

NSCLC (Fennell et al., 2016). However, repeated use of DDP in clini-

cal practice often induces chemoresistance in tumor cells, allowing

them to avoid the apoptosis induced by DDP treatment (Rosell, Lord,

Taron, & Reguart, 2002). Moreover, once a tumor cell becomes resis-

tant to an antitumor drug, the cell might also be given the ability to

resist other antitumor drugs with different structures, which is

referred to as multidrug resistance (MDR; Rosell et al., 2002;

Schneider, Paul, Ivy, & Cowan, 1999). Therefore, it is urgent to explore

the molecular mechanism of DDP resistance and adopt effective drug

combinations to weaken chemotherapy resistance in NSCLC.

One known obvious cause of MDR is high expression of ATP-

binding cassette (ABC) transporters on the plasma membrane of

cancer cells (Chen et al., 2016). ABC transporters mediate energy-

dependent drug efflux and can significantly reduce the success rate of

cancer treatment (Gottesman & Pastan, 2015). P-glycoprotein (P-gp),

which is affiliated with the ABC superfamily, is strongly linked to
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MDR due to its role in drug efflux, which reduces the therapeutic

effect of drugs (Alakhova & Kabanov, 2014; Pluchino, Hall,

Goldsborough, Callaghan, & Gottesman, 2012). An effective method

to reverse P-gp-mediated MDR is using its inhibitors to reduce efflux

of chemotherapeutic agents and increase the sensitivity of tumor cells

to chemotherapeutic drugs (Choi & Yu, 2014; Zhou et al., 2008).

Therefore, finding and developing chemosensitizers is vital for revers-

ing MDR. Although some compounds have been identified as candi-

date agents for MDR reversal, most of them exhibit pronounced toxic

side effects, limiting their clinical application (Abdallah, Al-Abd, El-

Dine, & El-Halawany, 2015). Compounds derived from natural sources

have become the new trend in P-gp inhibitor discovery because they

have less toxicity and greater effects (Xia et al., 2012).

Rosmarinic acid (RA) is a polyphenolic hydroxyl compound iso-

lated from the rosemary plant in the Lamiaceae family (Gutierrez-

Grijalva et al., 2017). RA has a variety of promising biological effects,

including antimicrobial (Kim, Park, Jin, & Park, 2015), anti-anaphylaxis,

anti-inflammatory (Rocha et al., 2015), antioxidant (Zhu et al., 2014),

and anticancer (Han et al., 2015) effects. Furthermore, RA could

reverse the MDR in SGC7901/Adr cell (F. R. Li et al., 2013). However,

the effect of RA on chemoresistance has not been previously investi-

gated and thus remains largely unknown.

In this study, we investigated the effects of RA combined with DDP

on cell viability and apoptosis and explored the mechanisms underlying

the potential ability of RA to reverse MDR in vitro and in vivo.

2 | METHODS AND MATERIALS

2.1 | Cell lines, culture conditions, and reagents

A549 cells were purchased from Shanghai Institutes for Biological Sci-

ences, Chinese Academy of Sciences (Shanghai, China). A549DDP cells

were derived from A549 cells. The two cell lines were cultured in RPMI-

1640 culture medium with 10% fetal bovine serum and 100 U/ml penicil-

lin/streptomycin at 37�C in a humidified atmosphere of 5% CO2. To main-

tain resistance, 1 μg/ml DDP was added to A549DDP cell cultures. When

the cells reached confluency, they were harvested and plated for either

subsequent passages or drug treatments. RA was dissolved in dimethyl

sulfoxide to produce a 1 mM stock solution and stored at −20�C for

future use. DDP and SP600125 were dissolved in physiological saline to

produce a 10 mM stock solution and stored at −20�C for future use.

2.2 | Cell viability assay

Cell viability was assessed with a cell counting kit-8 (CCK8) assay.

Exponentially growing cells were plated in 96-well culture plates

(~6,000/well in 100 μl medium), cultured overnight, and incubated

with a series of RA (0–200 μg/ml) or DDP (0–80 μg/ml) concentra-

tions for 48 hr. After addition of 10 μl CCK8 solution per well, the

plates were incubated at 37�C for 2 hr, and then, the absorbance

(A) was measured at a wavelength of 450 nm on a microculture plate

reader (Thermo Scientific, Rockford, IL). The inhibition ratio was calcu-

lated as follows: (Acontrol − Atreated)/Acontrol × 100%, where Atreated and

Acontrol are the absorbance of the treated and control cells after 48 hr

of incubation, respectively.

2.3 | Calculation of the combination effect index

We determined the inhibitory effects of RA and DDP using CCK8

assays. We used the combination index (CI) described by Chou and

Talalay for analysis and performed the analysis by applying the

CalcuSyn software. CI < 1 indicates synergism; CI = 1 indicates sum-

mation; CI > 1 indicates antagonism.

2.4 | Colony formation assay

Cells were trypsinized to form single cell suspensions and seeded in

six-well plates at a density of 800/well. After 10 days of culture, colo-

nies were fixed with methyl alcohol and stained with crystal violet,

and then, the clone formation ratio was calculated.

2.5 | Cell cycle analysis

A Cell Cycle Detection Kit purchased from 4A Biotech Co., Ltd. was used

to determine the cell cycle distribution. Cells were exposed to RA or DDP

alone or in combination for 48 hr, harvested in cold phosphate-buffered

saline, fixed in 70% ethanol, and stored overnight at 4�C. The cells were

then washed again with cold PBS and incubated with 100 μl RNase in a

37�C water bath for 30 min, followed by labeling with 400 μl propidium

iodide (PI) and incubation for 30 min at room temperature in the dark.

For each detection, at least 50,000 cells were evaluated. An ACEC Nov-

oCyte flow cytometer equipped with Novoexpress (Becton Dickinson,

San Jose, CA) was used to detect the cell cycle distribution.

2.6 | Apoptosis assay

An Annexin-V-FITC apoptosis detection kit purchased from 4A Biotech

Co., Ltd. was applied to detect cell apoptosis. Cells were exposed to RA

or DDP alone or in combination for 48 hr, harvested in cold phosphate-

buffered saline, resuspended in 500 μl incubation buffer containing

Annexin-V-FITC and PI, incubated in the dark for 30 min, and analyzed

with the ACEC NovoCyte flow cytometer equipped with Novoexpress.

2.7 | Potential target recognition based on
PharmMapper

PharmMapper (http://lilab.ecust.edu.cn/pharmmapper/index.php) is

supported by a large, in-house repertoire of a pharmacophore data-

base extracted from all the targets in TargetBank, DrugBank,
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BindingDB, and PDTD. More than 7,000 receptor-based

pharmacophore models (covering information related to 1,627

drug targets, 459 of which are human protein targets) are stored

and accessed by PharmMapper. First, the SDF of RA was down-

loaded from PubChem Compound (https://www.ncbi.nlm.nih.gov/

pccompound/) and then uploaded to PharmMapper. Following

proper parameter setting, target identification was then carried

out, and information regarding the top 300 potential protein tar-

gets was obtained.

2.8 | KEGG pathway analysis

Based on KEGG Mapper (https://www.kegg.jp/kegg/tool/map_pathway2.

html), the Search&Color Pathway is an advanced version of the KEGG

pathway mapping tool, where given objects (genes, proteins, compounds,

glycans, reactions, drugs, etc.) are searched against KEGG pathway maps

and discovered objects. First, Homo sapiens were selected, and then, the

top 300 potential protein targets were uploaded; the information associ-

ated with the top 100 potential pathways was obtained. A parameter

enrichment gene count ≥2 and hypergeometric test significance threshold

p value of <.05 were used.

2.9 | Western blotting

Cell were treated with RA and DDP for 48 hr, harvested, washed twice

in ice-cold PBS, and lysed in sodium dodecyl sulfate (SDS) lysis buffer

(SDS: phenylmethylsulfonyl fluoride = 50:1) at 100�C for 20 min.

Lysates were centrifuged (12,000 rpm) at 4�C for 15 min, and the

supernatant was collected. Equal amounts of lysate (20–30 μg)

were denatured in 5× SDS sample buffer, resolved via 12%

SDS-polyacrylamide gel electrophoresis, transferred to polyvinylidene

difluoride membranes (Millipore), blocked with 5% skimmed milk in

Tris-buffered saline containing 0.1% Tween-20 (TBST) at room temper-

ature for 1 hr, and probed with primary antibody (1:1,000) overnight at

4�C. The membranes were incubated with secondary antibody (1:5,000)

for 1 hr at room temperature. Protein bands were visualized using an

enhanced chemiluminescence kit (Beyotime, Shanghai, China) and

imaged via autoradiography. Immunoblotting was performed for Cyclin

D1, p21, p53, Caspase-3, cleaved Caspase-3, MDR1/ABCB1 (P-gp), c-

Jun N-terminal kinase (JNK), phospho-JNK (p-JNK), Bcl-2, and Bax, and

GAPDH served as the loading control.

2.10 | Quantitative real-time RT-PCR (qRT-PCR)

Total RNA was extracted using Trizol reagent (Tiangen, Beijing, China).

All RNA samples were measured via spectrophotometry and were

reverse-transcribed into cDNA using PrimerScript Master mix (Takara

Biotechnology, China) according to the manufacturer's protocol. The

mRNA level was evaluated via qRT-PCR with SsoAdvanced Universal

SYBR Green Supermix (Bio-Rad, Hercules, CA) and was analyzed with a

C1000 Thermal Cycler (CFX96 Real-Time System, Bio-Rad). Each sam-

ple was analyzed in triplicate. Relative mRNA levels were calculated

using the comparative threshold cycle (CT), with the analyzed gene

expression levels normalized to those of GAPDH. Forty cycles (95�C for

3 min, 95�C for 5 s, 59�C for 5 s) were performed on the Light Cycler in

a 10-μl reaction volume, followed by generation of a melting curve. The

relative changes in gene expression were calculated using the 2−ΔΔCt

method, where ΔΔCt = ΔCt (drug treated) − ΔCt (control) for

RNA samples. The gene-specific primer pairs used in this study were as

follows: MDR1, (forward) 50-CTGCTTGATGG CAAAGAAATAAAG-30

and (reverse) 50-GGCTGTTGTCTCCATAGGCAAT-30; GAPDH,

(forward) 50-GAGTC AACGGATTTGGTCGT-30 and (reverse) 50-GAC

AAGCTTCCCGTTCTCAG-30.

2.11 | Xenograft tumor assay in nude mice

Nude female BALB/c-nu/nu mice (4–6 weeks) were purchased from

the Institute of Laboratory Animal Sciences, Chinese Academy of Medi-

cal Sciences in Beijing, China, and housed in a specific pathogen-free

environment. A549 (3 × 106) and A549DDP (3 × 106) cells were

injected subcutaneously (s.c.) into the flanks of the mice. When tumors

grew to ~6 mm in diameter, the mice were sorted into eight groups (six

mice per group). The in vivo treatment protocol with various concentra-

tions of RA or DDP is shown in Figure 6a. The eight groups were

treated with vehicle control or RA through intraperitoneal (i.p.) injection

every day, and DDP was administered once every 5 days. The volume

of administration was 10 μl/g. Tumor volumes were measured at the

start of the treatment and every 4 days during the course of the ther-

apy. The tumor length (L) and width (W) were measured, and the tumor

volume (V) was calculated as follows: V = ½ × L × W2. Tumors were

resected on the second day following the last injection and weighed. All

experiments were performed in accordance with national ethical guide-

lines and with approval from the Institutional Animal Care and Use

Committee of Sun Yat-sen University.

3 | STATISTICAL ANALYSIS

The data are presented as the means ± SD of triplicate samples in at

least three independent experiments. Differences between the mean

values were analyzed using two-sample Student's t-test and one-way

analysis of variance; p-values below .05 were considered to indicate

statistical significance.

4 | RESULTS

4.1 | RA increased the sensitivity of NSCLC cells to
cisplatin

First, we constructed a cisplatin-resistant cell line from the NSCLC cell

line A549, and named it A549DDP. Then, the cellular morphology of
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A549 and A549DDP cells was studied, and we found that the mor-

phology of A549DDP cells was irregular and misaligned, whereas that

of A549 cells was fusiform and in alignment. In addition, the cell vol-

ume of A549DDP cells was increased compared with that of A549

cells (Figure 1a,b). To verify the resistance of the A549DDP cell line,

we performed a CCK8 assay after treatment with DDP for 48 hr. Our

data showed that the resistance index value of A549DDP cells was

11.19 ± 0.50 (Figure S1A,B). To evaluate the effect of RA on the via-

bility of A549 and A549DDP cells, a CCK8 assay was performed

48 hr after treatment. As shown in Figure 1c,d, RA significantly

F IGURE 1 Inhibition of proliferation
in NSCLC cell lines by RA. (a and b)
Morphological changes of A549 cells
undergoing cisplatin induced drug
resistance. (c and d) Effects of RA on the
growth of NSCLC cell lines, A549 and
A549DDP. Cells were treated with
various concentrations of RA for 48 hr
and cell viability was measured by CCK8
assay. (e and f) The effects of 48 hr
treatment with DDP and DDP combined
with various concentrations of RA on the
growth of A549 and A549DDP cells. The
half maximal inhibitory concentration
(IC50) was quantified. (g and h) The
combination index (CI) of RA and DDP in
A549 and A549DDP was below 1. All
data are presented as the mean ± SD of
three independent experiments.
**p < .01; ***p < .001 compared to the
control. DDP, cisplatin; NSCLC, non-
small cell lung cancer; RA,
rosmarinic acid [Colour figure can be
viewed at wileyonlinelibrary.com]
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inhibited cell proliferation in a dose-dependent manner in NSCLC cell

lines, with IC50 values of 14.05 μg/ml in A549 cells and 46.47 μg/ml

in A549DDP cells. We also found that under combined RA and DDP

treatment, the sensitivity of NSCLC cells to DDP significantly

increased (Figure 1e,f; Figure S1c,d). Our results also showed that the

CI of RA and DDP in A549 and A549/DDP was below 1 (Figure 1g,h),

indicating that the combination of RA and DDP showed synergistic

effects.

Next, the CCK8 method was used to analyze the toxicity of RA

and DDP in human normal somatic cells, namely, human bronchial epi-

thelial cells (BEAS-2B). As shown in Figure S1g,h, the IC50 of RA

against BEAS-2B cells was significantly higher than that against

NSCLC cell lines. The reduced toxicity of RA to normal cells suggests

that it could be used as a potential agent for reversing NSCLC cis-

platin resistance.

4.2 | RA inhibits cell proliferation and induces cell
cycle arrest in both A549 and A549DDP cell lines

Moreover, compared with untreated controls and the DDP-treated

cells, RA and DDP combined treatment inhibited cell proliferation in a

dose-dependent manner in A549 and A549DDP cells (Figure 2a,b).

Inhibition of cell proliferation is associated with cell cycle, and thus,

we examined the effect of RA combined with DDP on cell cycle pro-

gression in NSCLC cells. The results showed that cell cycle was

arrested at the G1 phase when NSCLC cells were treated with RA for

48 hr, compared with untreated control and the DDP positive control

cells (Figure 2c,d). In addition, the cycle arrest induced by RA showed

dose dependence. To explore the mechanism of cell cycle arrest, we

investigated the expression of cell cycle-related proteins, including

p53 and p21. As shown in Figure 2e,f, RA combined with DDP treat-

ment at different concentrations caused an increase in p53 and p21

expression in NSCLC cell lines. These results illustrate that RA com-

bined with DDP can inhibit NSCLC cell proliferation and induce cell

cycle arrest.

4.3 | RA combined with DDP increased apoptosis
in A549 and A549DDP cells

Next, we examined the effect of RA and the combination therapy on

NSCLC cells, which were treated with DDP alone or in combination

with RA for 48 hr. As shown in Figure 3a,b, treatment with RA

increased DDP-induced NSCLC cell apoptosis in a dose-dependent

manner. Then, we investigated the effects of RA on apoptosis-related

proteins, and the results showed that RA significantly increased

cleaved Caspase-3 and Bax levels, but suppressed antiapoptotic Bcl-2

and Caspase-3 expression, which was consistent with the obvious

upregulation of p53 (Figure 2e,f).

Moreover, RA combined with DDP enhanced the protein levels

of cleaved caspase-3 in both the A549 and A549DDP cell lines in a

dose-dependent manner (Figure 3c,d). Taken together, our results

indicate that RA combined with DDP can induce mitochondria-

mediated apoptosis and caspase activation in A549 and A549DDP

cells.

4.4 | RA induced a dose-dependent reduction in P-
gp-mediated drug resistance in NSCLC and in resistant
NSCLC cell lines

To verify the drug resistance mechanism of A549DDP cells, RT-PCR

and western blotting were used to quantify MDR1 mRNA and P-gp

protein levels, respectively (Figure 4a–f). Compared with the parental

A549 cell line, MDR1 gene expression and P-gp protein expression

were significantly higher in the resistant A549DDP cell line. When

both cell lines were treated with DDP, MDR1 mRNA, and P-gp pro-

tein expression levels were significantly upregulated. These results

suggest that the mechanism that confers DDP resistance to A549

cells involves upregulation of MDR1 mRNA and P-gp protein expres-

sion, leading to increased drug efflux and a reduction in intracellular

drug accumulation.

With an increase in RA concentration, the MDR1 expression

levels were significantly reduced, and downregulation of P-gp contrib-

uted to RA-induced apoptosis, indicating that RA could be used as an

MDR-mediated NSCLC DDP resistance reversal agent.

4.5 | Potential RA target proteins and KEGG
pathway analysis

Using Pharma Mapper, we obtained information about the top

300 potential protein targets for RA (Table S1), and then, KEGG path-

way analysis reminded us that RA might primarily influence the MAPK

signaling pathway, as shown in Figure 5a,b.

Furthermore, much experimental evidence has shown that JNK, a

member of the MAPK family, is closely related to the occurrence of

MDR (Zhang et al., 2016). To explore the mechanisms underlying the

antitumor and resistance reversal activity of RA, we determined the

effects of RA on JNK activity. As shown in Figure 5c–f, RA increased

the expression and activation of JNK, and we blocked the MAPK sig-

naling pathway through JNK chemical inhibitor (SP600125), and the

active effect of combination therapy on MAPK signaling pathway was

partially recovered.

Mechanistically, RA inhibited NSCLC cell growth, induced apo-

ptosis by activating phosphorylation of JNK and consequently

reduced P-gp expression, which led to reversal of P-gp-mediated DDP

resistance and promotion of mitochondria-mediated apoptosis.

4.6 | RA combined with DDP inhibited NSCLC
xenograft tumor growth

We also inspected the effect of RA on the growth of xenograft

NSCLC tumors. The experimental setup, including NSCLC cell
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F IGURE 2 Inhibition of cell proliferation and induction of cell cycle arrest by DDP alone and combined with RA in NSCLC cell lines. (a and b)
Cells were treated with 0, 10, 15, 20, and 40 μg/ml RA combined with 1.5 or 15 μg/ml DDP for 48 hr; representative images of A549 (a) and
A549DDP (b) clone formation are shown. ***p < .001 compared with the control. (c and d) Cell cycle analysis. Percentages of A549 and
A549DDP cells in the G1, S, and G2/M phases are presented, respectively. Effects of DDP and combined with various concentrations of RA

medication on cell cycle distribution. A549 (c) and A549DDP (d) cells were treated with 0, 10, 15, 20, and 40 μg/ml RA combined with DDP for
48 hr, and cell cycle distribution was measured by flow cytometry after PI staining. (e and f) p21 and p53 protein levels were determined by
western blot analyses. GAPDH was used as the loading control. DDP, cisplatin; NSCLC, non-small cell lung cancer; PI, propidium iodide; RA,
rosmarinic acid [Colour figure can be viewed at wileyonlinelibrary.com]
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inoculation and drug treatment, is shown in Figure 6a. In the control

group, xenograft tumors grew faster and the tumor volume was signif-

icantly higher than in the RA-treated group (Figure 6c,e,g,h). However,

RA treatment did not affect the body weight of the nude mice com-

pared with that of mice in the control group. These results demon-

strate that RA did not affect the health of the mice (Figure 6b). Our

data suggest that DDP combined with RA can significantly inhibit

tumor growth compared with DDP alone.

This work clearly revealed that combination therapy with DDP

and RA had a synergistic cytotoxic effect on NSCLC and stimulated

apoptosis through downregulation of antiapoptotic Bcl-2 expression,

upregulation of p21 and p53 expression, activation of the JNK

signaling pathway, inhibition of P-gp expression, and reduction of

DDP efflux from NSCLC cells to increase DDP accumulation in tumor

cells and increase tumor cell sensitivity to DDP. Finally, RA led to

reversal of MDR in NSCLC via activation of the JNK signaling path-

way, suggesting that RA may be a novel drug for clinical cancer che-

motherapy treatment in the future.

5 | DISCUSSION

Lung cancer is a leading cause of global cancer-related death for both

men and women. NSCLC accounts for approximately 85% of lung

F IGURE 3 Induction of cell apoptosis by RA in NSCLC cell lines. (a1–a4) Induction of apoptosis by 1.5 or 15 μg/ml DDP and DDP combined

with various concentrations of RA in A549 (a1, a2) and A549DDP (a3, a4) cells evaluated by Annexin-V-FITC/PI staining. (b) Western blot
analysis of Bcl-2, Bax, Caspase-3 and cleaved Caspase-3. A549 cells were treated with DDP and combined with various concentrations of RA
medication for 48 hr. GAPDH was used as the loading control. (c) Western blot analysis of Bcl-2, Bax, Caspase-3 and cleaved Caspase-3. A549
cells were treated with DDP and combined with various concentrations of RA medication for 48 hr. GAPDH was used as the loading control.
**p < 0.01; ***p < 0.001; versus control. DDP, cisplatin; NSCLC, non-small cell lung cancer; PI, propidium iodide; RA, rosmarinic acid [Colour
figure can be viewed at wileyonlinelibrary.com]
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cancer cases (Siegel, Miller, & Jemal, 2017). Currently, in clinical ther-

apy, most anticancer agents kill cells by interfering with DNA replica-

tion or by inducing DNA damage, which in turn leads to cell apoptosis

(Gottesman, 2002; Liu, 2009). Among these anticancer drugs, cisplatin

represents a successful landmark in the history of cancer clinical ther-

apy. Once taken into cells, cisplatin intercalates, and forms intrastrand

crosslinks in DNA, interferes with DNA replication and induces DNA

damage, eventually triggering apoptosis or necrosis. Cisplatin-based

doublets are widely used for NSCLC treatment and improve survival

rates compared with placebo treatment (Rajeswaran, Trojan, Bur-

nand, & Giannelli, 2008). However, the most important problem

related to NSCLC therapy is intrinsic resistance to chemotherapeutics

(Cruz-Bermudez et al., 2019). The mechanisms of cisplatin resistance

require further elucidation. Hence, profound discovery and under-

standing of its mode of action may lead to new therapeutic regimens

to overcome cisplatin resistance and improve the overall survival of

patients with NSCLC. While research has made advances in the field

of MDR, it remains a huge problem in clinical treatment.

The mechanism underlying resistance to chemotherapy is very

complex; one of the main mechanisms is the P-gp-mediated increase

in efflux of drugs (Galluzzi et al., 2012). P-gp belongs to the ABC

transporter superfamily, which includes the main drug efflux trans-

porters associated with chemotherapy failure in cancer (Chen et al.,

2016). Much attention has been paid to the molecular mechanisms

that regulate the expression of these transporters as a viable approach

to identify novel drug targets to circumvent MDR clinically (Juliano &

Ling, 1976; Levatic et al., 2013; S. Li et al., 2015). In our study, we

constructed an in vitro MDR model, the A549DDP cell line, which

was 10-fold more resistant to DDP than the parental A549 cell line. In

this cell line, MDR1 gene expression was significantly higher, and

therefore, we used it to study the role of RA in MDR.

Natural bioactive products are a rich source of novel therapeutics

derived from plentiful natural substances, such as plants, fruits, and

mushrooms. Numerous researchers have focused on natural extracts

owing to the success of artemisinin (qinghaosu; Kumari et al., 2019)

and arsenic (III) oxide (As2O3) (Kaiming et al., 2018) in the clinic. Given

their safety, long-term use, and ability to target multiple pathways,

there is renewed interest in understanding the molecular mechanisms

underlying their activity. Small molecules extracted from Chinese

herbal medicine were reported in the literature to be able to reverse

MDR in malignant tumors (Ahmed, Hassan, & Kondo, 2015; Deferme,

Van Gelder, & Augustijns, 2002). RA, one of the most important and

well known natural antioxidant compounds, is produced by the rose-

mary plant in the Lamiaceae family. Some reports have provided evi-

dence that RA has therapeutic potential for many diseases, and side

effects of RA have rarely been reported (Nabavi et al., 2015). Among

the many biological activities of RA, more attention has been paid to

its ability to increase the sensitivity of tumor cells to chemotherapeu-

tic drugs (Huang, Cai, Huang, & Zheng, 2018; Sengelen & Onay-Ucar,

2018; Yu et al., 2019). These findings suggest that RA has potential as

a novel adjunct to chemotherapy.

Although RA has been used as an antitumor agent and MDR

reversal agent in different types of cancers and one of the identi-

fied anti-MDR mechanisms is inhibition of P-gp expression and

function, the antitumor effect of RA and whether it can reverse

MDR in NSCLC remain largely unknown. Therefore, in this study,

we examined the potential antitumor and drug resistance reversal

activity of RA. We found that RA did not affect the proliferation of

F IGURE 4 RA dose-dependent reduction of p-gp mediated drug resistance in NSCLC cell lines. (a) Relative expression of MDR1 mRNA was
examined by qRT-PCR in A549 cells and A549DDP cells. Expression of the housekeeping gene GAPDH was used as reference. (b and c) Relative
expression of MDR1 mRNA was examined by qRT-PCR in A549 cells and A549DDP cells in the presence or absence of RA under DDP
conditions. Expression of the housekeeping gene GAPDH was used as reference. (d–f) Western blotting detection of P-gp protein expression in
A549 and A549DDP cells treated with DDP and DDP combined with various concentrations of RA for 48 hr. GAPDH was used as the internal
loading control. Data are presented as mean ± SD of three independent experiments. ***p < .01 versus control. DDP, cisplatin; NSCLC, non-small
cell lung cancer; RA, rosmarinic acid
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F IGURE 5 KEGG pathway analysis of Tan IIA and the MAPK signaling pathway. (a) The top 15 signaling pathways of Tan IIA in KEGG
pathway analysis. (b) The MAPK signaling pathway and the potential target protein (red) of RA. (c and d) A549 and A549DDP cells were treated
for 48 hr with RA, DDP, or SP600125, western blotting detection of JNK, p-JNK, Jun, p-c-Jun, P-gp， Cyclin D1, P21, and P53 proteins. GAPDH
was used as an internal control. Data are presented as mean ± SD of three independent experiments. ***p < .01 versus control. DDP, cisplatin;
RA, rosmarinic acid [Colour figure can be viewed at wileyonlinelibrary.com]
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normal cells up to a concentration of 14.05 μg/ml; the IC50 value

was 29.52 μg/ml. Furthermore, we analyzed the synergy (CI < 1) of

RA combined with DDP using the CalcuSyn software (Ashton,

2015) and found that the combination of RA and DDP met the

sensitized and attenuated principle. Huang et al. reported that RA

had a direct cytotoxic effect on HepG2 and Bel-7,402 human liver

carcinoma cells (Huang et al., 2018). Similarly, we found that RA

could inhibit the growth of A549 and A549DDP NSCLC cell lines,

and the antineoplastic activity showed concentration dependence.

Recent studies have demonstrated that RA treatment results in

an increased apoptosis rate in gastric cancer (W. Li et al., 2019) and

could reverse the MDR in gastric cancer (F. R. Li et al., 2013). We

examined the Bcl-2-Bax signaling pathway and confirmed that RA

combined with DDP could significantly downregulate the expression

of Bcl-2 in A549 and A549DDP cells. This result demonstrates that

RA can reverse MDR in NSCLC by modulating complex signal

transduction.

Recent evidence has indicated that JNK regulates MDR1 expres-

sion (Bark & Choi, 2010). JNK regulates a series of cellular biological

processes, including expression of the MDR1 gene, through c-Jun-

transmitted signals (Bark & Choi, 2010; Cerezo et al., 2017). In addi-

tion, using PharmaMapper (Wang et al., 2017) and KEGG pathway

analysis, we found that RA might primarily influence the MAPK signal-

ing pathway. However, little is known about how RA reverses MDR

by regulating P-gp expression through the JNK/c-Jun signaling path-

way. Therefore, we focused on JNK/c-Jun as a target to investigate

the mechanism by which RA reverses MDR in NSCLC cells.

Inactivation of the p53 tumor suppressor gene occurs in over half

of all human tumors, implying that loss of this gene represents a fun-

damentally important step in the pathogenesis of cancer. p53 might

F IGURE 6 RA combined with DDP inhibits NSCLC xenograft tumor growth. (a) Timeline of NSCLC cell inoculation and drug treatment.
(b) Time courses of animal weight. (c) Time courses of A54 cells xenograft tumor growth. (d) Dots graphs represent the weight of the A549 cells
xenograft tumor after various treatments. (e) Time courses of A549DDP cells xenograft tumor growth were measured in each group at the
indicated time point of various treatments. (f) Dots graphs represent the weight of the A549DDP xenograft tumor after various treatments.
(g and h) Visual comparison of the dissected tumor tissues. Representative pictures of tumor growth in mice treated with vehicle control and the
various treatments are shown. Data are presented as mean ± SD. **p < .01; ***p < .001. N = 5 in each group. DDP, cisplatin; NSCLC, non-small
cell lung cancer; RA, rosmarinic acid [Colour figure can be viewed at wileyonlinelibrary.com]
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cause cell cycle arrest through the transactivation of p21, and this

pathway might inhibit cell growth and activate the apoptotic pathway

by cytochrome c release and caspase activation. Our data demon-

strated that RA induced a dose-dependent upregulation of p53 and

the downstream p21, explaining the mechanism by which RA can cau-

sed cell cycle arrest, inhibited proliferation, and induced apoptosis.

In NSCLC xenograft models, we discovered that RA increased the

sensitivity of NSCLC to DDP. RA or DDP alone could play a role in

inhibiting NSCLC growth in vivo. However, combined treatment with

RA and DDP significantly enhanced the inhibition of growth com-

pared with the DDP monotherapy group. The antitumor effect was

dependent on the concentration of RA, and 10 mg/kg RA combined

with DDP had the strongest inhibitory effect on NSCLC. Similar to the

in vitro results, RA reversed DDP resistance in NSCLC in vivo.

In summary, our study demonstrates that RA can effectively

reverse MDR-mediated cisplatin resistance in NSCLC cells in vitro and

in vivo, induce significant apoptosis in the human A549 NSCLC cell

line and its resistant strain A549DDP, inhibit NSCLC cell proliferation,

and induce G1 phase cell cycle arrest. This study demonstrates the

central importance of RA in DDP resistance reversal in NSCLC, and

the collective findings show a mechanistic link between RA and JNK

signaling, indicating that RA is a potential therapeutic agent for

NSCLC resistance. Thus, this study provides evidence for further

research and development of this drug for cancer chemotherapy.
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