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Abstract: Intraperitoneal chemotherapy together with cytoreductive surgery is the standard of care for a number 
of peritoneal surface malignancies. However, this approach fails to maintain the complete response and disease 
recurs due to microscopic residual disease. Although safer than systemic chemotherapy regimens, locoregional 
treatment with chemotherapeutics can induce toxicity which is a major concern affecting the patient’s treatment 
protocol and outcome. For an enhanced treatment efficacy, efforts should be made to maximize cytotoxic effects 
of chemotherapeutic agents on tumor cells while minimizing their toxic effects on host cells. Bromelain and N-
acetylcysteine are two natural agents with good safety profiles shown to have anti-cancer effects. However, their 
interaction with chemotherapeutics is unknown. In this study, we investigated if these agents have the potential 
to sensitize in vitro gastrointestinal cancer models to cisplatin, paclitaxel, 5-fluorouracil, and vincristine. The drug-
drug interaction was also analyzed. Our findings suggest that combination of bromelain and N-acetylcysteine with 
chemotherapeutic agents could give rise to an improved chemotherapeutic index in therapeutic approaches to 
peritoneal surface malignancies of gastrointestinal origin so that maximum benefits could result from less toxic and 
more patient-friendly doses. This represents a potentially efficacious strategy for the enhancement of microscopic 
cytoreduction and is a promising area for future research.
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Introduction

Chemotherapeutic agents are widely adminis-
tered intravenously in cancer therapy. Never- 
theless, it has been shown in the context of the 
peritoneal surface malignancies (PSMs) that 
disease control may be significantly improved 
when chemotherapy is used through the intra-
peritoneal route [1]. In agreement, a combina-
tion of cytoreductive surgery (CRS) and hyper-
thermic intraperitoneal chemotherapy (HIPEC), 
with or without early postoperative intraperito-
neal chemotherapy (EPIC), has offered long-
term benefits in selected patients with PSM [2]. 
This multimodal strategy is now considered as 
the standard of care for patients with PMP [3] 
and advocated as a promising approach to 
other primary or secondary peritoneal malig-
nancies, including peritoneal carcinomatosis 
(PC) of gastrointestinal origin [4] and malignant 

peritoneal mesothelioma (MPM) [5]. However, 
evidence shows that HIPEC fails to maintain the 
surgical complete response achieved by CRS 
[1]. In addition, chemotherapy-induced toxicity 
even at low plasma levels is always an issue of 
concern. Thus, HIPEC needs to be supplement-
ed by novel treatments capable of targeting the 
residual disease. In this regard, locoregional 
use of safe agents with cytotoxic effects on 
cancer cells represents a potentially efficacious 
strategy for the enhancement of microscopic 
cytoreduction.

Bromelain (BR) and N-acetylcysteine (NAC) are 
two natural agents with good safety profiles 
shown to have anti-cancer effects. We previ-
ously described the efficacy of BR/NAC in inhi-
bition of gastrointestinal cancer cells’ prolifera-
tion and survival [6]. Here, we intended to find 
out if BR/NAC treatment has the capability to 
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sensitize gastrointestinal cancer cells into che-
motherapy. To this end, a number of chemo-
therapeutic agents of different classes and 
variable utility in both peritoneal and systemic 
chemotherapy, including cisplatin, 5-fluoroura-
cil, paclitaxel and vincristine, were used and 
the influence of the BR/NAC pretreatment on 
cancer cell response to chemotherapy in se- 
quential therapy was evaluated. Moreover, the 
interaction between BR/NAC and chemothera-
peutic agents in combination therapy was fur-
ther analyzed. Here, we report that bromelain 
and NAC in combination with chemotherapeu-
tics potentiate the inhibition of growth and pro-
liferation of gastrointestinal cancer cells in vi- 
tro.

Methods

Cell culture

Human gastric carcinoma cell lines MKN45 
and KATO-III were obtained from the Cancer 
Research Campaign Laboratories (University of 
Nottingham, UK) and the American Type Culture 
Collection (ATCC, USA), respectively. LS174T 
colon adenocarcinoma cell line was purchased 
from Sigma-Aldrich (Sigma-Aldrich, USA). All cell 
lines were maintained in a humidified atmo-
sphere of 95% air and 5% CO2 at 37°C in their 
respective media as follows: MKN45 in RPMI-
1640 medium, KATO-III in IMDM and LS174T in 
EMEM (all from Invitrogen, USA). The culture 
media used were all supplemented with 10% 
(v/v) fetal bovine serum and 1% (v/v) penicillin-
streptomycin (Invitrogen, USA), with the excep-
tion of IMDM being supplemented with 20% 
fetal bovine serum. As per the distributor’s 
instructions, the culture medium for LS174T 
was further supplemented with 2 mM Glutamine 
and 1% Non-Essential Amino Acids.

Drug preparation

Bromelain and NAC were purchased from 
Sigma-Aldrich (Sigma-Aldrich, USA) and the 
stock solutions were made with BR and NAC 
being dissolved in relevant culture media. 
Cisplatin (Cis) and paclitaxel (PTX) were solubi-
lized in dimethylformamide (DMF) and absolute 
ethanol, respectively. 5-fluorouracil (5-FU) and 
vincristine (VCR) were solubilized in methanol. 
Stock solutions were filtered, pH adjusted 
(applicable for NAC) and diluted with appropri-
ate medium according to the final treating con-
centrations required for single agent and com-
bination treatment groups.

Cytotoxicity assay

Single agent treatment: MKN45, KATO-III and 
LS174T cells were seeded into 96-well plates in 
triplicate and maintained in their respective 
medium in a humidified 5% CO2 incubator at 
37°C for 72 hours. Cells were then incubated 
for another 72 hours with the treatment medi-
um containing different concentrations of sin-
gle agent BR, NAC, Cis, 5-FU, PTX or VCR. 
Control cells were also included in all plates 
and maintained in their respective drug-free 
medium containing the same concentration of 
the drug solvent as did the treatment medium. 
Upon completion of the treatment, cells were 
subjected to Sulforhodamine B (SRB) assay.

Sequential treatment

Sequential treatment was used to evaluate 
chemosensitizing effects of BR/NAC pretreat-
ment. KATO-III and LS174T cells, seeded into 
96-well plates and incubated for 72 hours, 
were first pretreated with different concentra-
tions of BR/NAC for 2, 4 or 8 hours and then 
incubated with cytotoxic agents for 72 hours as 
follows:

KATO-III cells: a. 2 h pretreatment with BR (100, 
200, 300 μg/mL) followed by 72 h treatment 
with Cis (0.5, 1 and 5 μM), 5-FU (10 and 50 
μM), PTX (1 and 5 nM) and VCR (1 and 2.5 nM); 
b. 4 h pretreatment with BR (100, 200, 300 μg/
mL) followed by 72 h treatment with Cis (0.5, 1 
and 5 μM), 5-FU (10 and 50 μM), PTX (1 and 5 
nM) and VCR (1 and 2.5 nM); c. 8 h pretreat-
ment with BR (100, 200, 300 μg/mL) followed 
by 72 h treatment with Cis (0.5, 1 and 5 μM), 
5-FU (10 and 50 μM), PTX (1 and 5 nM) and 
VCR (1 and 2.5 nM); d. 4 h pretreatment with 
BR+NAC (50+5 and 100+10) followed by 72 h 
treatment with Cis (1, 5 and 10 μM), 5-FU (50 
and 100 μM), PTX (1 and 5 nM) and VCR (1 and 
2.5 nM); e. 8 h pretreatment with BR+NAC 
(50+5 and 100+10) followed by 72 h treatment 
with Cis (1, 5 and 10 μM), 5-FU (50 and 100 
μM), PTX (1 and 5 nM) and VCR (1 and 2.5 nM).

LSA74T cells: a. 4 h pretreatment with BR (10, 
20 and 30 μg/mL) followed by 72 h treatment 
with Cis (10 and 20 μM), 5-FU (10 and 50 μM), 
PTX (10 and 50 nM) and VCR (10 and 50 nM); b. 
4 h pretreatment with BR+NAC (10+20 and 
20+10) followed by 72 h treatment with Cis (10 
and 20 μM), 5-FU (10 and 50 μM), PTX (10 and 
50 nM) and VCR (10 and 50 nM).
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Figure 1. BR pretreatment of KATO-III cells for 2, 4 or 8 hours followed by chemotherapy. BR pretreatment sensitizes KATO-III cells to chemotherapy with cisplatin, 
5-fluorouracil, paclitaxel or vincristine. All data presented are representative of three independent experiments and depicted as mean ± SE.
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Control cells were also included in all plates 
and upon completion of the treatment, cells 
were subjected to SRB assay.

Combination treatment

To examine the capability of BR/NAC in potenti-
ating chemotherapy, MKN45 and LS174T cells 
were treated with each of the cytotoxic agents 

Results

Using escalating concentrations of Cis, 5FU, 
PTX and VCR, a cytotoxicity assay of these che-
motherapeutic agents on KATO-III, MKN45 and 
LS174T cells was first performed using SRB 
assay. The possible chemosensitizing effects 
of BR/NAC were next explored in sequential 
treatment.

Table 1. Chemosensitizing effects of BR pretreatment on 
KATO-III cells

SENS2 h SE4 h 8 h
BR 100 SENS p values SENS p values SENS p values
CTL NA n NA n NA n
    Cis 0.5 + n + 0.0128 + 0.0111
    Cis 1 + n + n + 0.0230
    Cis 5 + n + 0.0188 + 0.0016
    5FU 10 + n + n + 0.0022
    5FU 50 + n + n + 0.0065
    PTX 1 + n + n + 0.0096
    PTX 5 + n + n + n
    VCR 1 - n + n + 0.0046
    VCR 2.5 - n - n + 0.0325
BR 200
CTL NA n NA n NA n
    Cis 0.5 + 0.0252 + 0.0090 + < 0.0001
    Cis 1 + n + 0.0007 + 0.0003
    Cis 5 + n + 0.0093 + < 0.0001
    5FU 10 + n + 0.0012 + < 0.0001
    5FU 50 + n + 0.0026 + 0.0003
    PTX 1 + n + 0.0171 + 0.0006
    PTX 5 + n + 0.0004 + 0.0031
    VCR 1 + n + 0.0333 + 0.0106
    VCR 2.5 + n + 0.0105 + 0.0018
BR 300
CTL NA n NA n NA 0.0022
    Cis 0.5 + 0.0053 + n + 0.0001
    Cis 1 + 0.0041 + 0.0003 + < 0.0001
    Cis 5 + 0.0042 + < 0.0001 + < 0.0001
    5FU 10 + 0.0496 + 0.0005 + < 0.0001
    5FU 50 + 0.0270 + 0.0009 + < 0.0001
    PTX 1 + n + 0.0019 + < 0.0001
    PTX 5 + n + 0.0129 + 0.0002
    VCR 1 + 0.0276 + 0.0005 + < 0.0001
    VCR 2.5 + n + 0.0211 + 0.0040
SENS: Sensitization, NA: not applicable; +: chemosensitized (better 
response compared to “no pretreatment” control); -: not chemosensitized 
(response similar to or worse than that in “no pretreatment” control); 
CTL: pretreatment-only control; Cis: cisplatin; 5FU: 5-fluorouracil; PTX: 
paclitaxel; VCR: vincristine; n: not significant. Significant results (p < 0.05) 
are shown in bold.

in conjunction with nine different com-
binations of BR and NAC. Untreated 
control groups were included in all 
experiments. Upon completion of the 
treatment, cells were subjected to 
SRB assay and treating agents were 
assayed on their own and in combina-
tion at a non-constant ratio.

Sulforhodamine B assay

The effect of drugs on growth and pro-
liferation of the cells was investigat- 
ed by sulforhodamine B assay. Upon 
completion of the treatment, cells 
were fixed and proceeded with the 
SRB assay as described elsewhere [6] 
and the absorbance was read at 570 
nm.

Drug-drug interaction and combina-
tion index analyses

The interaction between the drugs in 
combination treatment was deter-
mined by the median effect analysis 
using CalcuSyn software (Biosoft, UK) 
and the combination index (CI) was 
calculated based on the drug concen-
tration and cell viability. CIs less than 
0.9 and greater than 1.1 were consid-
ered as synergism and antagonism, 
respectively, and those between 0.9 
and 1.1 as additivity.

Statistical analysis

Statistical analyses were performed 
using GraphPad Prism 6 (GraphPad 
Software Inc., USA). The Student’s 
t-test was applied for unpaired sam-
ples. p values <0.05 were considered 
significant. All data presented are rep-
resentative of three independent 
experiments and depicted as mean ± 
SE.
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BR/NAC pretreatment sensitizes KATO-III cells 
to chemotherapy with cisplatin, 5-fluorouracil, 
paclitaxel or vincristine

To investigate any potential chemosensitizing 
effect of BR pretreatment, KATO-III cells in four 
chemotherapy groups were pretreated with 
three selected concentrations of BR for 2, 4 or 
8 hours (Figure 1), and subsequently treated 
with three selected concentrations of Cis, or 
two selected concentrations of 5FU, PTX or VCR 
for 72 hours. Table 1 summarizes the results of 
pretreatment with BR. As shown, positive che-
mosensitization was observed in all treatment 
groups, except for the two sequentially treated 
with 100 μg/mL BR and either VCR concentra-

tion. However, when BR was used at concentra-
tions of 100 and 200 μg/mL, chemosensitizing 
effects, with the exception of one instance (BR 
200 μg/mL and Cis 0.5 μM), were not statisti-
cally significant.

In contrast, the highest concentration of BR 
(300 μg/mL) induced significant enhancement 
of response to Cis, 5FU and VCR (1 nM). When 
pretreatment was applied for a longer period, 
significant results appeared at lower concen-
trations of BR, too. As shown in Table 1, signifi-
cant enhancement of response to all chemo-
therapeutic agents used was evident after 4 h 
pretreatment with 200 or 300 μg/mL BR. In 
this regard, significant sensitization to both co- 
ncentrations of Cis was also found with 4 hour 
BR pretreatment at the concentration of 100 
μg/mL. Finally, when KATO-III cells were pre-
treated for 8 hours, BR at all the three concen-
trations used significantly enhanced response 
to the four chemotherapeutic agents (Table 1).

To explore the effect of combined use of BR 
and NAC, we then pretreated KATO-III cells with 
two selected combinations of BR and NAC for 4 
(Figure 2A) or 8 (Figure 2B) hours and subse-
quently treated them with single agent Cis, 
5FU, PTX or VCR for 72 hours. As shown in 
Figure 2A and 2B, both 4- and 8-hour pretreat-
ment with BR/NAC positively sensitized KATO-
III cells to all the four cytotoxic agents. Statistical 
analysis of the results indicated that, with the 
exception of two instances (4 hour pretreat-
ment with 50 μg/mL BR+5 mM NAC followed by 
72 hour treatment with 10 μM Cis or 1 nM VCR)  
the chemosensitizing effects observed were all 
significant (Table 2).

BR/NAC pretreatment sensitizes LS174T cells 
to chemotherapy with cisplatin, 5-fluorouracil, 
paclitaxel or vincristine

Next, we evaluated the capability of short-term 
pretreatment with BR or BR+NAC in enhancing 
response to chemotherapy of LS174T cells. For 
this purpose, LS174T cells were sequentially 
exposed to 4 hour pretreatment with BR (Figure 
2C) or BR+NAC (Figure 2D) and 72 hour single 
agent chemotherapy. As tabulated in Table 3, 

Table 2. Chemosensitizing effects of BR+NAC 
pretreatment on KATOIII cells

SE4 h 8 h
BR 50/NAC 5 SENS p values SENS p values
CTL NA n NA n
    Cis 1 + 0.0481 + < 0.0001
    Cis 5 + 0.0014 + 0.0009
    Cis 10 + n + 0.0032
    5FU 50 + 0.0007 + 0.0135
    5FU 100 + 0.0175 + 0.0016
    PTX 1 + 0.0016 + 0.0001
    PTX 5 + 0.0102 + 0.0133
    VCR 1 + n + 0.0238
    VCR 2.5 + 0.0034 + 0.0090
BR 100/NAC 10
CTL NA n NA 0.1130
    Cis 1 + 0.0002 + < 0.0001
    Cis 5 + 0.0004 + 0.0025
    Cis 10 + 0.0068 + 0.0027
    5FU 50 + 0.0001 + < 0.0001
    5FU 100 + 0.0008 + 0.0003
    PTX 1 + 0.0003 + < 0.0001
    PTX 5 + 0.0007 + < 0.0001
    VCR 1 + < 0.0001 + < 0.0001
    VCR 2.5 + < 0.0001 + 0.0002
SENS: Sensitization, NA: not applicable; +: chemosensitized 
(better response compared to “no pretreatment” control); 
CTL: pretreatment-only control; Cis: cisplatin; 5FU: 5-fluo-
rouracil; PTX: paclitaxel; VCR: vincristine; n: not significant. 
Significant results (p < 0.05) are shown in bold.

Figure 2. BR+NAC pretreatment of KATO-III cells for 4 or 8 hours (A, B), BR pretreatment (C) and BR+NAC pretreat-
ment (D) of LS174T cells for 4 hours followed by chemotherapy. BR/NAC pretreatment sensitizes cells to chemother-
apy with cisplatin, 5-fluorouracil, paclitaxel or vincristine. All data presented are representative of three independent 
experiments and depicted as mean ± SE.
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our data indicated that pretreatment differen-
tially affected the cancer cell response to che-
motherapy. All the pretreatment protocols sig-
nificantly enhanced cancer cell sensitivity to 10 
μM Cis. Response to the both 5FU concentra-
tions was enhanced by pretreatment which was 
statistically significant for the higher 5FU con-
centration (50 μM) after BR pretreatment (20 
and 30 μg/mL) as well as for the both concen-
trations of 5FU (10 and 50 μM) after BR+NAC 
pretreatment. With the exception of one ins- 
tance (10 μg/mL BR pretreatment for 50 nM 
PTX), pretreatment enhanced cancer cell sensi-

motherapy in 10 out of 18 subgroups, statisti-
cally significant in 7 subgroups, including BR 
50+NAC 5+Cis 0.5, BR 50+NAC 10+Cis 0.5, BR 
75+NAC 10+Cis 0.5, BR 100+NAC 5+Cis 0.5, 
BR 100+NAC 10+Cis 0.5, BR 100+ NAC 5+Cis 
1 and BR 100+NAC 10+Cis 1. BR/NAC also 
enhanced 5FU-induced cytotoxicity in 13 sub-
groups, which was significant in 10, including 
BR 50+NAC 10+5FU 5, BR 75+NAC 5+5FU 5, 
BR 75+NAC 10+5FU 5, BR 100+NAC 5+5FU 5, 
BR 100+NAC 10+5FU 5, BR 75+NAC 5+5FU 
10, BR 75+NAC 10+5FU 10, BR 100+NAC 1+ 
5FU 10, BR 100+NAC 5+5FU 10 and BR 

Table 3. Chemosensitizing effects of BR/NAC pretreatment 
on LS174T cells

SE4 h
BR 10 SENS p values BR 20 SENS p values
CTL NA n CTL NA n
    Cis 10 + 0.0017     Cis 10 + 0.0012
    Cis 20 - n     Cis 20 - n
    5FU 10 + n     5FU 10 + n
    5FU 50 + n     5FU 50 + 0.0037
    PTX 10 + 0.0211     PTX 10 + 0.0376
    PTX 50 - n     PTX 50 + n
    VCR 10 - n     VCR 10 + n
    VCR 50 - 0.0001     VCR 50 - 0.0006
BR 30 BR 10/NAC 20
CTL NA n CTL NA n
    Cis 10 + 0.0038     Cis 10 + 0.0098
    Cis 20 + n     Cis 20 - < 0.0001
    5FU 10 + n     5FU 10 + 0.0027
    5FU 50 + 0.0019     5FU 50 + < 0.0001
    PTX 10 + < 0.0001     PTX 10 + 0.0002
    PTX 50 + n     PTX 50 + n
    VCR 10 - n     VCR 10 + n
    VCR 50 - 0.0085     VCR 50 - 0.0010
BR 20/NAC 10
CTL NA n
    Cis 10 + 0.0004
    Cis 20 - n
    5FU 10 + 0.0008
    5FU 50 + < 0.0001
    PTX 10 + < 0.0001
    PTX 50 - n
    VCR 10 + n
    VCR 50 - 0.0037
SENS: Sensitization, NA: not applicable; +: chemosensitized (better 
response compared to “no pretreatment” control); CTL: pretreatment-only 
control; Cis: cisplatin; 5FU: 5-fluorouracil; PTX: paclitaxel; VCR: vincristine; 
n: not significant. Significant results (p < 0.05) are shown in bold.

tivity to the both concentrations of PTX 
used, of which response to 10 nM PTX 
was significantly improved by all pro- 
tocols. Of the four cytotoxic agents, 
response to VCR was least affected by 
BR/NAC pretreatment. In this regard, 
although pretreatment of cancer cells 
with 20 μg/mL BR and both combina-
tions of BR+NAC apparently enhanced 
sensitivity to 10 nM VCR, the results 
were not statistically significant.

Concomitant treatment of MKN45 
cells with BR+NAC differentially af-
fects response to cisplatin, 5-fluoro-
uracil, paclitaxel or vincristine

Next, we intended to evaluate the ef- 
fect of concomitant treatment with 
combined BR and NAC on response to 
chemotherapy of MKN45 cell lines in 
combination therapy.

At the first stage, MKN45 cells were 
treated using 9 possible combinations 
of three selected concentrations of BR 
and NAC in conjunction with two differ-
ent concentrations of Cis (Figure 3A), 
PTX (Figure 3B), 5FU (Figure 4A) or 
VCR (Figure 4B) for 72 hours. This cre-
ated 4 different chemotherapy groups 
and 72 (4×18) individual treatment 
subgroups. Our data indicated that 
BR/NAC treatment differentially affect 
cancer cell response to concomitant 
chemotherapy with individual agents. 
Table 4 summarizes results of the sta-
tistical analysis. In this table, colored 
areas highlight concentrations at wh- 
ich BR/NAC enhanced the effect of 
chemotherapy. As regards Cis group, 
BR/NAC enhanced the effect of che-
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Figure 3. Concomitant treatment of MKN45 cells with BR+NAC plus cisplatin (A) or paclitaxel (B) for 72 hours. BR+NAC treatment differentially affect cancer cell 
response to concomitant chemotherapy with individual agents. (A) BR/NAC enhanced the effect of cisplatin in 10 out of 18 subgroups. (B) Cytotoxic effects of pa-
clitaxel were found to be enhanced by BR+NAC in all treatment subgroups. All data presented are representative of three independent experiments and depicted 
as mean ± SE.
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Figure 4. Concomitant treatment of MKN45 cells with BR+NAC plus 5-fluorouracil (A) or vincristine (B) for 72 hours. (A) BR+NAC increased 5FU-induced cytotoxicity 
in 13 out of 18 subgroups. (B) BR+NAC potentiate cytotoxic effects of vincristine in all treatment subgroups. All data presented are representative of three indepen-
dent experiments and depicted as mean ± SE.
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100+NAC 10+5FU 10. Finally, cytotoxic effects 
of PTX and VCR were found to be enhanced by 
BR/NAC in all treatment subgroups. Statistically, 
results in these two groups were all significant, 
except for three PTX (BR 50+NAC 1+PTX 1, BR 
50+ NAC 5+PTX 1 and BR 50+NAC 1+PTX 5) 
and one VCR (BR 100+NAC 5+VCR 2.5) sub- 
groups.

Concomitant treatment of LS174T cells with 
BR+NAC enhances response to cisplatin, 
5-fluorouracil, paclitaxel or vincristine

Using similar experimental design, we then ex- 
amined how BR+NAC influence cytotoxic effects 
of the four chemotherapeutic agents in combi-
nation treatment of LS174T cells. We used 9 
possible combinations of three selected con-
centrations of BR (10, 20 and 30 μg/mL) and 
NAC (5, 10 and 20 mM) in conjunction with 
three different concentrations of Cis (Figure 
5A), PTX (Figure 5B), 5FU (Figure 6A), or VCR 
(Figure 6B). Hence, LS174T cells were treated 

with BR 10+NAC 5, 10 and 20 in combination 
with Cis 5, BR 10+NAC 5 and 20 in combination 
with Cis 10, and BR 10+NAC 5 in combination 
with Cis 20. The strongest synergism was ob- 
served when any of the three Cis concentra-
tions was combined with the lowest concentra-
tions of BR and NAC. When BR 20+NAC 5 and 
BR 20+NAC 10 were used in combination with 
Cis 5 and 10, respectively, additive interaction 
resulted. In addition, Cis 10 in combination with 
BR 10+NAC 10 and BR 20+NAC 5 showed a 
borderline interaction.

Our data analysis for 5FU group is depicted in 
Figure 7Bb. As shown, drug-drug interaction in 
the majority of the combination formulations 
used for the treatment of MKN45 cells was syn-
ergistic or additive. Formulations with synergis-
tic interaction included BR 75+NAC 10 with 
5FU 5 and 10, BR 100+NAC 1 with 5FU 5 and 
10, BR 50+NAC 10 with 5FU 5, and BR 75+NAC 
5 with 5FU 10. Additive interactions were pres-
ent between BR 50+NAC 10 and 5FU 10, BR 

Table 4. Concomitant treatment of MKN45 cells with 
BR+NAC

MKN45 Combo
Cis PTX

0.5 1 1 5
BR 50 + NAC 1 n n n n
BR 50 + NAC 5 0.0101 n n < 0.0001
BR 50 + NAC 10 0.0012 n < 0.0001 < 0.0001
BR 75 + NAC 1 n n < 0.0001 0.0001
BR 75 + NAC 5 n n < 0.0001 < 0.0001
BR 75 + NAC 10 0.0080 n < 0.0001 < 0.0001
BR 100 + NAC 1 n n < 0.0001 < 0.0001
BR 100 + NAC 5 0.0006 0.0011 < 0.0001 < 0.0001
BR 100 + NAC 10 < 0.0001 0.0002 < 0.0001 < 0.0001

5FU VCR
5 10 0.5 2.5

BR 50 + NAC 1 n n < 0.0001 0.0034
BR 50 + NAC 5 n 0.6957 < 0.0001 0.0005
BR 50 + NAC 10 0.0122 0.0865 < 0.0001 0.0005
BR 75 + NAC 1 n n < 0.0001 0.0010
BR 75 + NAC 5 0.0085 0.0417 < 0.0001 0.0082
BR 75 + NAC 10 < 0.0001 0.0007 < 0.0001 0.0006
BR 100 + NAC 1 n 0.0035 < 0.0001 0.0006
BR 100 + NAC 5 < 0.0001 < 0.0001 < 0.0001 n
BR 100 + NAC 10 < 0.0001 < 0.0001 < 0.0001 0.0006
Cis: cisplatin; 5FU: 5-fluorouracil; PTX: paclitaxel; VCR: vincristine; n: 
not significant. Italic text or digits highlight concentrations at which 
BR/NAC enhanced the effect of chemotherapy. Significant results (p 
< 0.05) are shown in bold.

in 4 different chemotherapy groups and 
108 (4×27) individual treatment subgro- 
ups. As summarized in Table 5, the data 
indicated that BR/NAC treatment enhanced 
cancer cell response to concomitant che-
motherapy in 104 out of 108 treatment 
subgroups. Except for four subgroups of 
Cis group (BR 20+NAC 5+Cis 5, BR 30+NAC 
10+Cis 5, BR 20+NAC 5+Cis 20 and BR 
30+NAC 20+Cis 20) and two subgroups of 
PTX (BR 10+NAC 5+PTX 50 and BR 10+NAC 
5+PTX 100), BR+NAC-induced enhance-
ment of chemotherapy was statistically 
significant.

Drug-drug interaction analysis of the com-
bination treatments

We analyzed how BR+NAC interact with 
each cytotoxic agent at concentrations us- 
ed for combination treatment and com-
pared the results in individual chemothera-
py groups. Figure 7Aa illustrate the results 
of drug-drug interaction in Cis group. As 
seen, the outcome of this interaction in 
combination treatment of MKN45 cells 
was antagonistic, with the lowest concen-
trations of BR+NAC (BR 50+NAC 1 and 5) 
indicating the weakest antagonism with 
Cis. As regards LS174T cells, synergy and 
additivity appeared at given concentrati- 
ons. Synergistic interactions were found 
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Figure 5. Concomitant treatment of LS174T cells with BR+NAC plus cisplatin (A) or paclitaxel (B) for 72 hours. (A) BR+NAC treatment enhanced cancer cell response 
to concomitant chemotherapy with cisplatin in 23 out of 27 subgroups. (B) All 27 treatment subgroups showed enhanced response to paclitaxel. All data presented 
are representative of three independent experiments and depicted as mean ± SE.
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Figure 6. Concomitant treatment of LS174T cells with BR+NAC plus 5-fluorouracil (A) or vincristine (B) for 72 hours. BR+NAC potentiate cytotoxic effects of 5-fluoro-
uracil (A) and vincristine (B) in all treatment subgroups. All data presented are representative of three independent experiments and depicted as mean ± SE.
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75+NAC 5 and 5FU 5, as well as between BR 
100+NAC 5 and 5FU 5 and 10. When BR and 
NAC were used at the lowest concentrations 
(BR 50+NAC 1), the strongest antagonism with 
5FU appeared. With respect to LS174T cells, 
drug-drug interaction in all formulations used 
was synergistic. In this regard, an increase in 
the concentration of NAC in combination with a 
given concentration of BR weakened the resul-
tant interaction with 5FU, following a similar 
pattern in combination with different concen-
trations of 5FU.

With regard to PTX group, as demonstrated in 
Figure 7Cc, our results indicated that synergy 
and, less frequently, additivity are the predomi-
nant models of drug-drug interaction in both 
cell lines. BR 50+NAC 5 and BR 100+NAC 10 in 
combination with PTX 1 and 5, respectively, 
were the only formulations with antagonistic 
interaction in MKN45 cells. Formulations with 
additivity included BR 50+NAC 1, BR 75+NAC 1 
and BR 100+NAC 10 in combination with PTX 
1, as well as BR 50+NAC 10 in combination 
with PTX 5. The remaining formulations all sh- 
owed synergistic interaction, among which BR 

75+NAC 5 had the strongest synergy with PTX. 
In LS174T cells, when the lowest concentra-
tions of BR+NAC (BR 10+NAC 5) were used, the 
weakest interaction with PTX resulted. This was 
present as two additive patterns (in combina-
tion with PTX 10 and 50) and the only antago-
nistic interaction (in combination with PTX 
100). The interaction between BR+NAC and 
PTX in all the remaining formulations was syn-
ergistic which followed a similar pattern for dif-
ferent concentrations of PTX.

As shown in Figure 7Dd, VCR group indicated 
the most favorable drug-drug interaction, with 
synergistic interaction found in 7 and 9 out of 9 
combination formulations used for the treat-
ment of MKN45 and LS174T cells, respectively. 
The only antagonistic interactions with VCR 
(0.5 and 2.5 μM) were present in combination 
with the highest concentrations of BR+NAC  
(BR 100+NAC 5 and 10). In MKN45 cells, the 
remaining patterns were all synergistic and 
similar for both concentrations of VCR. As with 
5FU, the interaction between BR+NAC and VCR 
in all formulations used for LS174T cells was 
synergistic. BR 20+NAC 20 represented the 

Table 5. Concomitant treatment of LS174T cells with BR+NAC

LS174T Combo
Cis PTX

5 10 20 10 50 100
BR 10 + NAC 5 < 0.0001 < 0.0001 < 0.0001 0.0113 n n
BR 10 + NAC 10 < 0.0001 0.0028 n < 0.0001 < 0.0001 < 0.0001
BR 10 + NAC 20 < 0.0001 < 0.0001 n < 0.0001 < 0.0001 < 0.0001
BR 20 + NAC 5 n 0.0495 0.6338 < 0.0001 < 0.0001 < 0.0001
BR 20 + NAC 10 0.0002 < 0.0001 n < 0.0001 < 0.0001 < 0.0001
BR 20 + NAC 20 < 0.0001 0.0003 < 0.0001 < 0.0001 < 0.0001 < 0.0001
BR 30 + NAC 5 0.0143 0.0032 0.0003 < 0.0001 < 0.0001 < 0.0001
BR 30 + NAC 10 n < 0.0001 n < 0.0001 < 0.0001 < 0.0001
BR 30 + NAC 20 < 0.0001 < 0.0001 0.3427 < 0.0001 < 0.0001 < 0.0001

5FU VCR
10 50 100 10 50 100

BR 10 + NAC 5 < 0.0001 < 0.0001 < 0.0001 < 0.0001 0.0004 0.0008
BR 10 + NAC 10 < 0.0001 < 0.0001 < 0.0001 < 0.0001 0.0002 < 0.0001
BR 10 + NAC 20 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001
BR 20 + NAC 5 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001
BR 20 + NAC 10 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001
BR 20 + NAC 20 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001
BR 30 + NAC 5 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001
BR 30 + NAC 10 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001
BR 30 + NAC 20 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001
Cis: cisplatin; 5FU: 5-fluorouracil; PTX: paclitaxel; VCR: vincristine; n: not significant. Italic text or digits highlight concentrations 
at which BR/NAC enhanced theeffect of chemotherapy. Significant results (p < 0.05) are shown in bold.
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Figure 7. Drug-drug interaction analysis between cisplatin (A, a), 5-fluorouracil (B, b), paclitaxel (C, c) or vincristine (D, d) and BR+NAC drugs in LS174T (A-D) and 
MKN45 (a-d) cells. Drug-drug interaction analysis revealed synergism and additivity as the predominant patterns of interaction between bromelain and NAC in com-
bination therapy with chemotherapeutics. As regards cisplatin, the outcome of this interaction in combination treatment of MKN45 cells was antagonistic. The com-
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weakest interaction with both VCR concen- 
trations.

Discussion

The peritoneal component of malignancies is 
often a major source of morbidity and mortality. 
In the context of PSM, surgery per se has shown 
limited curative effectiveness and thus needs 
to be combined with chemotherapy. On the 
other hand, the existence of the peritoneal-
blood barrier, a diffusion barrier consisting of 
the mesothelium, interstitium and submeso-
thelial capillary wall [7], and the paucity of sub-
peritoneal blood vessels prevent systemic che-
motherapy from delivering therapeutic concen- 
trations to the superficial tumor deposits on the 
peritoneal lining. Hence, systemic chemothera-
py has proven to be minimally effective in this 
context. In contrast, one can take advantage of 
the blood-peritoneal barrier to achieve a much 
higher drug concentration in the peritoneal cav-
ity by intraperitoneal administration of chemo-
therapeutic agents [reviewed in [8]]. By this 
approach, not only tumor deposits and perito-
neal free cancer cells are targeted, but also 
tumor cells growing in the submesothelial lym-
phatic sinus are exposed to high concentra-
tions of drugs absorbed from the lymphatic ori-
fices [8, 9]. Therefore, use of intraperitoneal 
chemotherapy in conjunction with surgery is 
rational in PSM. For an enhanced treatment 
efficacy, efforts should be made to maximize 
cytotoxic effects of chemotherapeutic agents 
on tumor cells while minimizing their toxic 
effects on host cells. Since the penetration of 
intraperitoneally administered agents into peri-
toneal nodules, even with hyperthermia, is lim-
ited to 2-5 mm, CRS is essential to reduce the 
tumor volume to minimum [2]. In addition, lo- 
coregional chemotherapy after complete dis-
section of an adhesive process and before the 
onset of wound healing and organization of 
fibrinous deposits minimizes nonuniform distri-
bution of chemotherapeutic agents and facili-
tates their access to residual disease and pe- 
ritoneal free cancer cells [10]. It has been dem-
onstrated that the capillary wall and the sur-
rounding interstitial matrix, but not the meso-
thelial lining, are the principal barriers for cle- 
arance of molecules from the abdominopelvic 

space [7, 11]. Thus, the extent of the peritoneal 
resection aimed in CRS only minimally affects 
the pharmacokinetics of the intraperitoneally 
administered agents [12]. Finally, hyperthermia 
is believed to enhance cytotoxic effects of 
selected agents [13] and to improve drug pen-
etration [14]. On this basis, HIPEC is advocated 
as the standard, or preferable, chemotherapy 
in selected patients with peritoneal dissemina-
tion of malignancies. For clinically stable pa- 
tients without any evidence of early postopera-
tive complications, HIPEC might be followed by 
EPIC. As follows, evidence also suggests that 
intravenous chemotherapy administered simul-
taneously with intraperitoneal perfusion gains 
pharmacokinetic advantages. In this regard, it 
was shown that perfused peritoneal solution 
rapidly became saturated by intravenously ad- 
ministered cytotoxic agent through large perito-
neal and subperitoneal surface blood circula-
tion. This “sink” phenomenon in the absence of 
enzymatic metabolism provides persistently 
high levels of intraperitoneal drug [15]. Hence, 
adjuvant and neoadjuvant bidirectional chemo-
therapy, too, has been proposed as a treatment 
option following a major cytoreductive proce-
dure [1, 16].

Although CRS combined with HIPEC has brought 
about long-term benefits in selected patients 
with PSM, this multimodal curative approach 
remains associated with treatment failures 
attributed to the inadequacy of HIPEC to main-
tain the surgical complete response. This indi-
cates the need for the development of supp- 
lementary strategies [1]. In this regard, our pre-
liminary findings on cytotoxic effects of BR/NAC 
on gastrointestinal cancer cells provided evi-
dence in support of potential utility of this com-
pound in microscopic cytoreduction for PSM of 
gastrointestinal origin [6]. Here, we investigat-
ed whether BR/NAC also has the capability to 
enhance chemotherapy-induced cytotoxicity if 
used on their own as pretreatment or in combi-
nation with individual chemotherapeutic agents 
of different families, including cisplatin, 5FU, 
PTX and VCR. Cisplatin, 5FU and PTX are com-
monly used agents in intraperitoneal chemo-
therapy of PSM [2]. HIPEC with cisplatin is par-
ticularly employed for PCs from gastric [17] and 
ovarian cancer [18]. When administered via 

bination index (CI) was calculated based on the drug concentration and cell viability. CIs less than 0.9 and greater 
than 1.1 were considered as synergism and antagonism, respectively, and those between 0.9 and 1.1 as additivity.
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hyperthermic peritoneal perfusion, cisplatin 
gains pharmacological advantages that result 
from not only higher peritoneal concentration 
and lower systemic absorption and toxicity [19], 
but enhanced penetration to peritoneal tumors 
[20, 21], rapid absorption [22], and heat syner-
gy [13, 23]. 5FU and PTX display relatively high 
area under the curve of intraperitoneal to intra-
venous exposure (AUC IP/IV) ratios [24]. 5FU is 
considered as the cornerstone of the perioper-
ative chemotherapy for peritoneal carcinoma-
tosis of gastrointestinal origin [15]. Due to its 
large particle size and prolonged retention in 
the peritoneal cavity, PTX is considered to be 
suitable for intraperitoneal chemotherapy [25]. 
Moreover, the bidirectional administration was 
shown to maintain effective concentrations of 
PTX in the peritoneal cavity for over 72 hours 
[26]. Intraperitoneal and bidirectional adminis-
tration of PTX has been reported to be clinically 
safe and effective in patients with PC from gas-
tric cancer [27]. 5FU and PTX are also frequent-
ly used in EPIC for PSM [2]. VCR is also a widely 
used intravenous chemotherapeutic agent in 
human oncology, including combination thera-
py of CRC [28] and primary colonic lymphoma 
[29]. As with the aforementioned agents, intra-
peritoneal administration of VCR has been 
shown in vivo to provide good clinical results 
and high bioavailability of the drug with no spe-
cific side effects and suggested as a safe and 
effective alternative for VCR chemotherapy 
[30-32].

Our data indicated that BR/NAC pretreatme- 
nt has the potential to sensitize KATO-III and 
LS174T cells to chemotherapy. At the concen-
trations used, BR/NAC and individual chemo-
therapeutic agents were found to differentially 
interact with one another in combination treat-
ment of either cell line, with resultant interac-
tion ranging from synergy to additivity to antag-
onism. The most favorable interactions were 
observed in 5FU group of LS174, as well as in 
PTX and VCR groups of both cell lines. Sy- 
nergistic and additive interactions were also 
evident in other groups, except for Cis group of 
MKN45. Even in this group, treatment sub-
groups with minimal antagonism were present. 
The capability of BR in potentiating the cyto-
toxic effects of anticancer agents has been 
shown in a limited number of studies. According 
to the anecdotal clinical studies in early 1970s, 
oral administration of BR in doses of over 1000 
mg daily in combination with chemotherapeutic 
agents, such as 5FU and VCR, resulted in tumor 

regression [33, 34]. Oishi et al., however, were 
the first to observe in vitro that cytotoxicity on 
KATO-III cells of 5FU, mitomycin-C, doxorubicin 
and cisplatin was enhanced by the addition of 
BR [[35] in [36] and [37]]. Similarly, BR has 
been found to enhance cisplatin cytotoxicity on 
MPM cells [38].

Evidence also shows that NAC improves the 
utility of chemotherapy through enhancing the 
cytotoxic effects of chemotherapeutic agents 
and/or protecting the host tissues against their 
toxic effects. Initially, Kline et al. reported th- 
at NAC enhanced therapeutic effects of ifos-
famide in prolonging the survival of mice with 
early L1210 leukemia while protecting again- 
st chemotherapy-induced toxicity [39]. Using 
murine models of lung metastasis by malignant 
melanoma cells, De Flora et al. reported that 
NAC not only on its own, but also in synergy wi- 
th doxorubicin prevented tumorigenicity and 
metastases [40]. Consistently, they later sho- 
wed that NAC interacted with doxorubicin to 
inhibit B16-BL6 melanoma cell tumorigenicity 
and metastasis in mice and prevented doxoru-
bicin-induced toxicity [41]. In agreement, Ad- 
eyemo et al. reported that NAC and vitamin E 
enhanced the susceptibility of Colo201 and 
Colo205 colon carcinoma cells to 5FU, in vitro 
[42]. These results were supported by a sepa-
rate study in vivo wherein NAC increased activ-
ity of 5FU against HCT-15 colorectal cancer 
xenografts in nude mice [43]. Exploring the role 
of DNA damage response (DDR) defects and 
ataxia telangiectasia mutated (ATM)/p53 inac-
tivation in lymphomagenesis and chemoresis-
tance in Eµ-myc transgenic mice model of 
B-cell lymphomas, Reimann et al. found that 
tumors developed under NAC therapy not only 
retained a functional ATM-governed DDR, but 
also maintained sensitivity to chemotherapy 
(cyclophosphamide and doxorubicin) and indi-
cated a profoundly improved long-term out-
come [44]. In line with this, Brum et al. recently 
reported that NAC pretreatment of CaOV3  
ovarian cancer cells potentiates doxorubicin-
induced activation of p53 and ATM, leading to 
reorganization of cytoskeletal networks, inhibi-
tion of mTOR activity, and inhibition of cell pro-
liferation and migration [45]. In a study of the 
underlying role of CXCL12/CXCR4 signaling in 
chemoresistance to gemcitabine in first-line 
therapy of pancreatic cancer, Arora et al. found 
that gemcitabine promotes chemoresistance, 
migration and invasion of MiaPaCa and Co- 
lo357 pancreatic cancer cells through NFκB- 
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and HIF1α-mediated upregulation of CXCR4, a 
mechanism which was abrogated by NAC pre-
treatment [46]. In this connection, a recent 
study by Qanungo et al. consistently revealed 
that gemcitabine failed to inhibit the growth of 
MIA PaCa-2 xenografts in nude mice, individu-
ally. However, combination treatment with NAC 
resulted in a reduction of approximately 50% in 
tumor growth, where NAC markedly enhanced 
tumor apoptosis [47]. As a chemoprotectant, 
NAC has been shown to provide protection 
against toxic effects of a variety of chemothera-
peutic agents, including cisplatin [48, 49], 5FU 
[50, 51], cyclophosphamide [52, 53], ifosfa- 
mide [39, 54], oxaliplatin [55], methotrexate 
[56], doxorubicin [41, 57], and combined car- 
boplatin, melphalan and etoposide phosphate 
[58].

In vitro models used in this study represent 
mucin-expressing carcinoma cell lines with 
gastric (MKN45 and KATO-III) or intestinal (LS- 
174T) mucin phenotype. While MKN45 and 
KATO-III cells express the prototypical mem-
brane-associated mucin MUC1 along with the 
secreted mucin MUC5AC, LS174T expresses 
the secreted mucins specific to the intestinal 
goblet cells, primarily MUC2. Evidence shows 
that both membrane-associated and secreted 
mucins are involved in diverse biological mech-
anisms that underpin resistance to chemother-
apy. To this end, mucins are thought to form a 
physical barrier to cellular drug uptake, to alt- 
er drug metabolism, to promote resistance to 
apoptosis, and to contribute to cell stemness 
and epithelial–mesenchymal transition (EMT) 
[59]. The mucin-depleting effects of BR/NAC 
has been observed in our lab [60]. Collectively, 
chemosensitizing effects of BR/NAC treatment 
on mucin-expressing gastrointestinal carcino-
ma cells may be justified in part by their role in 
depriving tumor cells of their mucins. We thus 
postulate that utility of this treatment in a 
locoregional approach after cytoreductive sur-
gery can enhance microscopic cytoreduction 
through direct cytotoxic effects, chemosensiti-
zation and mucin depletion.

In conclusion, our findings supported by results 
from the aforementioned studies suggest that 
BR/NAC may have a role as monotherapy in its 
own right, therapy to facilitate complete cytore-
duction through its physico-chemical effects, 
or as an additive agent to intraperitoneal che-

motherapy. It might also be used as pre-condi-
tioning prior to peritonectomy/HIPEC. This rep-
resents a promising area for future research. 
Taking into consideration the aberrant expres-
sion of mucins in carcinomas with contributory 
roles in the development of resistance to che-
motherapy, chemosensitizing effects of this 
novel treatment might be resulted, at least in 
part, from its mucin-depleting potential.
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