
Am J Transl Res 2020;12(11):7404-7419
www.ajtr.org /ISSN:1943-8141/AJTR0100942

Original Article
Enhancing the potency of chemotherapeutic agents by 
combination with bromelain and N-acetylcysteine - an  
in vitro study with pancreatic and hepatic cancer cells

Krishna Pillai1, Ahmed H Mekkawy1, Javed Akhter1, Samina Badar1,2, Lillian Dong2, Andrew Ilin Liu2, David 
Lawson Morris1,2 

1Department of Surgery, St. George Hospital, Kogarah, NSW, Australia; 2University of New South Wales, St. George 
Hospital, Kogarah, NSW, Australia

Received August 14, 2019; Accepted March 3, 2020; Epub November 15, 2020; Published November 30, 2020

Abstract: Current systemic dosages of chemotherapeutic drugs such as gemcitabine, 5-FU, cisplatin, doxorubicin 
are administered every 7 days over 4 cycles due to systemic toxicity. An increase in potency of the drugs will result 
in dosage reduction with more frequent administration and efficacy increase. Hence, we investigated how the drugs 
potency can be increased by combining with bromelain and N-acetylcysteine. Tumour cells (5,000/well) were seed-
ed into a 96 well plate and treated 24 hrs later with either single agents or in combinations at various concentra-
tions. Cell survival was assessed by the sulforhodamine B assay after 72 hours of exposure. LD 50 was determined 
for each treatment and the Combination Index (CI) was assessed to determine synergy using Tallarida’s method. 
CI indicated that synergy was dependent on the concentration of the agents used and was cell line specific. For 
bromelain and N-acetylcysteine, certain ratio of the two agents gave very good synergy that was prevalent in almost 
all cell lines. Gemcitabine and 5-FU and doxorubicin reacted favourably with most concentrations of bromelain and 
NAC investigated. Cisplatin and oxaliplatin were not very compatible with NAC. A value of CI <0.5 indicated that the 
current clinical chemotherapeutic dosage can be dramatically reduced. Bromelain with NAC showed synergy in all 
tumour cell lines and acting synergistically with chemotherapeutic drugs. Synergistic combinations resulting in con-
siderable dosage reduction of chemotherapeutic agents may enable more frequent treatment with higher efficacy.
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Introduction

Bromelain is a complex mixture of enzymes 
(proteases, phosphatases, glucosidases, per-
oxidases, cellulases etc.) that is extracted from 
the fruit and stem of pineapple plant (Ananas 
Cosmosus) [1]. Bromelain has antiedematous, 
antithrombotic, anti-inflammatory, immuno-sti- 
mulatory, antimicrobial and anticancer proper-
ties [2, 3]. Although its anticancer properties 
have been recognised decades ago through 
anecdotal studies in cancer patients [4], it has 
not been fully evaluated. We have shown that 
bromelain by itself or in combination with 
N-acetyl cysteine (NAC) is capable of inducing 
tumour regression [5, 6]. Further we have also 
demonstrated that bromelain and NAC in com-
bination acts as an efficient mucolytic agent for 
the solubilisation of mucin secreted in a rare 

cancer known as pseudomyxoma peritonei [7]. 
The mucin solubilising properties of bromelain 
has been mainly attributed to the hydrolysis of 
glycosidic bonds interlinking the mucin polymer 
[8].

Further, many of the cellular survival proteins 
are glycoproteins with glycosidic linkages [9], it 
is conceivable that bromelain with its glycosidic 
activity may disrupt the vital properties of these 
proteins. Further, the anti-tumour effect of bro-
melain has been shown to be mediated mainly 
by down regulation of growth promoting cellular 
proteins with cell death mainly by apoptosis 
[10]. Bromelain also inhibits metastasis through 
inhibition of cell surface proteins, NF-kB that 
are vital for cell adhesions, migration and 
inflammation [11]. Also, matrix metalloprotein-
ase (MMP-9) expression is inhibited [12] thr- 
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ough suppression of activator protein-1 (AP-1) 
and NF-kB signalling pathways.

NAC is an antioxidant that is clinically used for 
the treatment of acetaminophen overdose [13]. 
However, it also possesses anti-tumour proper-
ties [14, 15]. It has also been used as a muco-
lytic in patient with chronic obstructive pulmo-
nary disease and cystic fibrosis [16]. As a mu- 
colytic it disrupts the disulfide bridges in the 
mucin polymers and hence depolymerise and 
solubilises the mucinous mass for ciliary clear-
ance in cystic fibrosis [17]. The reductive action 
on disulfide bonds may also affect tumour cell 
membrane thus affecting the permeability and 
human nuclear transport proteins that facili-
tate the entry of certain therapeutic drugs [18].

Since NAC and bromelain have both anti-
tumour and permeability enhancing properties, 
the two compounds when administered togeth-
er at certain concentrations has shown syner-
gistic anti-tumour action [19]. However, their 
action in combination with common chemo-
therapeutic agents such as cisplatin, oxaliplat-
in, gemcitabine, doxorubicin, and 5-FU has 
been less well investigated, particularly in pan-
creatic and liver tumour cells. Therefore, the 
current study would investigate the potential 
chemotherapeutic effect of these common 
cytotoxic drugs in combination with bromelain 
and NAC. By determining the IC50 values and 
subsequent combinations of suitable concen-
trations of two or more agents, the combination 
index (CI) was determined by Tallarida’s method 
[20]. Since most of these chemotherapeutic 
agents at the current clinical dosage carry 
inherent side effects such as cardiomyopathy, 
myelopathy, nephrotoxicity and other deleteri-
ous effects, the reduction of dosage of these 
agents by synergistic combination with brome-
lain and NAC would essentially ameliorate 
some of the debilitating side effects with 
enhancement of patient well being. Further the 
use of two or three agents in synergy would fur-
ther enhance the anticancer effect with possi-
ble improvement in treatment efficacy.

Materials and methods

Materials

Pharmaceutical grade NAC was purchased 
from Sigma Aldrich, Sydney, NSW, Australia. 
Bromelain was supplied by Challenge Biopro- 

ducts Co. Ltd, Taiwan, China. All other laborato- 
ry reagents used were of pharmaceutical grade 
from Sigma Aldrich, Australia. Human pancre-
atic cancer cell lines CFPAC, ASPC1, HEP3B 
and HEPG2 were obtained from (American Type 
Culture Collection, Rockville, MD, USA).

Plating of 96 well plates with cell lines

All different tumour cell lines were first grown in 
a medium flask in RPMI 1640 or DMEM accord-
ing to the manufacturers protocol supplement-
ed with 10% heat inactivated (v/v) foetal bovine 
serum, 2 mM1-1 glutamine and 1% antibiotic- 
antimycotic solution (Gibco/Invitrogen) at 37°C, 
in a humidifier with 0.2% CO2 for three passag-
es. They were then trypsinized and each well 
was coated with 5,000 cells in suitable cell cul-
ture media following standard procedure and 
kept overnight in a humidified environment at 
37°C for subsequent treatment.

Treatment of cells with bromelain and NAC

All required dilutions of NAC and bromelain was 
carried out in RPMI or DMEM and then filtered 
using 20-micron filters. The micro-wells con-
taining the cell culture were then treated with 
200 ul of the reagents and then placed in 
humidified incubators at 37°C for 72 hours, 
after which they were fixed using 10% ice cold 
Trichloroacetic acid. They were then subjected 
to sulforhodamine B (SRB) assay following stan-
dard protocol [21].

For subsequent work involving the combination 
of bromelain and NAC, suitable combinations of 
the agents were carried out based on their pre-
vious IC50 values. Dilutions of the agents that 
were slightly above the IC50 were used.

Treatment of cells with drugs and their combi-
nation with bromelain and N-acetylcysteine

Cells were grown in a 96 well plate as described 
previously. They were then treated to various 
concentrations of drugs to determine their indi-
vidual IC50 values. Subsequently, concentra-
tions of drugs slightly above their individual 
IC50 values were used for combination with 
bromelain or NAC; in the triple combination 
studies a similar principal was employed. As 
before after 72 hours of incubation, they were 
fixed, stained and the cell density was read as 
before using SRB assay.
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Plotting of graphs and determination of combi-
nation index

All graphs were plotted using Prism 7.0 soft-
ware. The IC50 value was calculated from the 
graphs and is equal to drug concentration at 
which 50% inhibition of cell proliferation occurs. 
To determine the type of interaction between 
the drugs, the median-drug effect analysis was 
carried out using CalcuSyn software (http://
www.biosoft.com/w/calcusyn.htm, version 2.0, 
Biosoft, Ferguson, MO, USA). CalcuSyn soft-
ware allows automated data evaluation using 
sophisticated algorithms for median-effect an- 
alysis. CalcuSyn calculates the CI values which 
are quantitative representations of the phar-
macological interactivity between drugs (syner-
gy, additive and sub-additive/antagonism rela-
tionships) as determined by Tallarida [20]. CI 
values determine synergism (CI<1); additivity 
(CI = 1) or sub-additivity/antagonism (CI>1).

The combination index for synergy gives an 
indication on the percentage enhancement of 
efficacy by the combination of two drugs at spe-
cific doses. Hence, this information can be 
used to determine the required doses for both 
animal work and clinical application. When 
compared to the current dosage of the chemo-
therapeutic agents in clinical use, the percent-
age reduction of dosage can be calculated. The 
conversion of in vitro dose to in vivo (human 
equivalent dose) was calculated as in reference 
[22].

Results

Cytotoxic response (cell death) of two types of 
pancreatic cancer cells (CFPAC & ASPC-1) and 
two types of hepatic cancer cells (HEP3B & 
HEPG2) as analysed using Tallarida’s method to 
determine CI. These results are displayed both 
in tabular and graphical forms for each cell 
type. The raw data that were used for the analy-
sis is attached in the appendix section.

CFPAC (pancreatic cancer cells) treatment with 
various agents in combination (Table 1; Figure 
1)

N-acetyl cysteine (NAC) + bromelain (BR): 
Treatment with a combination of NAC and BR 
showed different responses, as indicated by CI 
values. Table 1 shows all those combinations 
that were synergistic (CI≤1.0). Notably, those 
below a value of 0.5 are highlighted to indicate 

that synergy was good as exemplified by NAC 
1.632 mg/ml + 20 µg/ml bromelain (CI = 0.43) 
and bromelain 12 µg/ml + NAC 8.159 mg/ml 
(CI = 0.36).

Gemcitabine (GEM) + NAC; GEM + BR; GEM + 
NAC + BR: GEM ranging from (0.013-2.631 µg/
ml) + 2.45 mg/ml NAC showed synergy and 
those highlighted show synergy with vales 
below 0.5. Although the combination of GEM 
with Br showed synergy the CI values did not 
fall below 5.0. In triple combination, GEM 
(0.131-2.631 µg/ml) + 2.45 mg/ml NAC + 12 
µg/ml BR showed very good synergy (CI value 
0.20-0.44).

5-fluorouracil (5-FU) + NAC; 5-FU + BR; 5-FU + 
NAC + BR: 5-FU concentrations ranging from 
(0.065-6.5 µg/ml) + 2.45 mg/ml NAC showed 
varying synergy, whilst good synergy (CI<0.5) 
was shown when 5-FU (0.325-3.2 µg/ml) is 
combined with 2.45 mg/ml NAC. Triple co- 
mbinations of 5-FU (0.65-3.2 µg/ml) + 2.45 
mg/ml NAC + 12 µg/ml BR also showed good 
synergy.

Oxaliplatin (OX) + NAC; OX + BR; OX + NAC + 
BR: OX in combination with NAC or BR showed 
very little synergy, however the triple com- 
binations showed synergy but none of the triple 
combinations had CI values below 0.5 (Table 
1), the CI values ranged from 0.72-0.8.

Doxorubicin (DOX) + NAC; DOX + BR, DOX + 
NAC + BR: DOX (0.54-1359 ng/ml) in com- 
bination with 2.45 mg/ml NAC showed synergy 
with CI values ranging from 0.63-0.88. There 
was no synergy with bromelain (15 µg/ml) or 
with the triple combinations.

ASPC-1 (pancreatic cancer cells) treatment 
with various agents in combination (Table 2; 
Figure 2)

N-acetyl cysteine (NAC) + bromelain (BR): 
Treatment of cells with NAC (0.082 mg/ml) in 
combination with BR (15-100 µg/ml) showed 
synergy with CI values ranging from 0.54-0.75. 
On the other hand, treatment with a high- 
er concentration of NAC (0.409 mg/ml) in 
combination with bromelain ranging from 5.0-
100 µg/ml also displayed a varied range of  
CI (0.37-0.84). Notably, with 15 µg/ml brome- 
lain addition to 0.409 mg/ml NAC had a low 
(0.37) CI value, indicating a rather high level of 
synergy. 
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When BR (7.0 µg/ml) was combined with 
(0.816-2.447 mg/ml) NAC, synergy was high 
with CI value below 0.5. Similarly, a combina- 
tion of BR 17.0 µg/ml with NAC (0.403- 
2.447 mg/ml) also showed very good syner- 
gy (CI<0.5). Notably, 17.0 µg/ml BR combined 

with 2.447 mg/ml NAC showed a CI value of 
0.14.

GEM + NAC; GEM + BR; GEM + NAC + BR:  
GEM (0.026-0.2632 µg/ml) in combination 
with NAC (0.407 mg/ml) showed synergy wh- 

Table 1. Combination Index (CI) for CFPAC (Pancreatic cancer cells) treated with combination of differ-
ent agents
Agent 1 Conc. mg/ml Agent 2 Conc. µg/ml CI
NAC 0.816 Bromelain 15 -

20 0.64
25 0.70

1.632 15 0.55
20 0.43
25 0.53

Agent 1 Conc. µg/ml Agent 2 Conc. mg/ml CI
BR 6 NAC 8.159 0.774

12 4.079 0.845
8.159 0.359

Agent 1 Conc. µg/ml Agent 2 Conc. mg/ml CI Agent 3 Conc. µg/ml CI Combo (3 agents) CI
GEM 0.003 NAC 2.45 0.81 BR 12 - GEM + NAC + BR -

0.013 0.80 - -
0.026 0.634 - 0.821
0.131 0.383 - 0.444
0.263 0.238 0.741 0.374
1.315 0.238 0.667 0.251
2.631 0.286 0.843 0.205

5-FU 0.065 NAC 2.448 0.774 BR 12.0 - 5-FU + NAC + BR 0.86
0.130 0.574 - 0.57
0.325 0.287 0.86 0.41
0.650 0.276 0.91 0.38
1.30 0.361 - 0.46
3.2 0.573 - 0.65
6.5 0.841 - 0.71

OXALI 0.397 NAC 2.45 0.998 BR 15 - OXALI + NAC + BR 0.73
0.993 - - 0.72
1.98 - - 0.75
3.97 - - 0.73
5.96 - - 0.78
9.93 - - 0.8

19.86 - 0.89 0.78
Agent 1 Conc. ng/ml Agent 2 Conc. mg/ml CI Agent 3 Conc. µg/ml CI Combo (3 agents) CI
DOX 0.54 NAC 2.45 0.793 BR 15 - DOX + NAC + BR -

5.4 0.722 - -
27.2 0.686 - -
54.4 0.8 - -
271.8 0.633 - -
543.5 0.96 - -
1359 0.88 - -

CI values with 1.0 or >1 is not shown in the table. CI values <0.5 are highlighted to denote good synergy.
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Figure 1. Graphical display of combination index (CI) when pancreatic cancer cells (CFPAC) are treated with con-
centration of bromelain (Br), N-acetylcysteine (NAC) and in combination with various chemotherapeutic agents. 
Br and NAC at higher concentration shows synergy (A and B) whilst gemcitabine also synergises with Br, NAC and 
their combinations (C). 5FU at mid range concentrations also synergises with NAC or NAC + Br (D). Oxaliplatin only 
synergises with Br (E) whilst Doxorubicin synergises only with NAC (F). The dotted lines show a CI = 1.0 (additivity), 
CI<1.0 = synergy, CI>1.0 = sub-additivity.
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ilst the combination of BR (10 µg/ml) wi- 
th 0.1315 or 0.2632 µg/ml showed very  
good synergy with CI values in the region of 
0.25.

5-FU + NAC; 5-FU + BR; 5-FU + NAC + BR: 5-FU 
(0.130-13.0 µg/ml) in combination with NAC 

showed no synergy but there was synergy (CI 
range from 0.56-0.95) when combined with 
bromelain (10.0 µg/ml). Triple combination also 
showed no synergy.

Cisplatin CIS + NAC; CIS + BR; CIS + NAC + BR: 
CIS (0.15-12.0 µg/ml) with NAC (0.407 mg/ml) 

Table 2. Combination Index (CI) for ASPC-1 (Pancreatic cancer cells) treated with combination of dif-
ferent agents
Agent 1 Conc. mg/ml Agent 2 Conc. µg/ml CI Agent 1 Conc. µg/ml Agent 2 Conc. mg/ml CI
NAC 0.082 BR 15 0.75 BR 7 NAC 0.163 0.65

25 0.73 0.408 0.53
50 0.54 0.816 0.26

100 0.68 1.632 0.34
0.409 5.0 0.81 2.447 0.45

10 0.64 17 0.163 0.79
15 0.37 0.408 0.33
25 0.63 0.816 0.21
50 0.55 1.632 0.15

100 0.84 2.447 0.14
Agent 1 Conc. µg/ml Agent 2 Conc. mg/ml CI Agent 3 Conc. µg/ml CI Combo (3 agents) CI
GEM 0.026 NAC 0.407 0.84 BR 10 - GEM + NAC + BR -

0.0132 0.51 - -
0.0263 0.43 - 0.75
0.1315 - 0.23 0.71
0.2632 0.65 0.25 0.60

5-FU 0.130 NAC 0.408 - BR 10 0.56 5-FU + NAC + BR -
0.650 - 0.92 -
1.30 - 0.77 -
2.08 - 0.76 -
3.25 - - -
6.50 - 0.95 -
13.0 - 0.72 -

CIS 0.15 NAC 0.407 - BR 10 -
0.3 - -
1.5 - -
3.0 - 0.37
6.0 - 0.74

12.0 - -
OXA 0.397 NAC 0.407 - BR 20 - OXA + NAC + BR -

0.993 - - -
1.986 - - -
3.972 - - -
5.959 - - -
9.932 - - -
19.86 - 0.93 -

Agent 1 Conc. ng/ml Agent 2 Conc. mg/ml CI Agent 3 Conc. µg/ml CI Combo (3 agents) CI
DOX 27.18 NAC 0.407 - BR 10 - DOX + BR + NAC 0.93

54.35 - - 0.59
271 - - 0.64
543 - - 0.51

1359 0.42 0.02 0.46
CI values with 1.0 or >1 is not shown in the table. CI values <0.5 are highlighted to denote good synergy.
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Figure 2. Graphical display of combination index (CI) when 
pancreatic cancer cells (ASPC1) are treated with varying 
concentrations of bromelain (Br), N-acetylcysteine (NAC) 
and in combinations with various chemotherapeutic agents. 
Synergy is shown when Br and NAC are combined at 
certain concentrations (A, B). Figure 1 (C) shows synergistic 
combinations of gemcitabine with NAC, Br and NAC + Br. (D-F) 
indicates almost an absence of synergy when gemcitabine, 
5-FU, Oxaliplatin and doxorubicin are combined with Br, NAC 
or Br + NAC (G). Cisplatin at 3.0 & 6.0 ug/ml also synergises 
with only Br (G). The dotted lines show a CI = 1.0 (additivity), 
CI<1.0 = synergy, CI>1.0 = sub-additivity.



Synergy of chemotherapeutic drugs with bromelain and N-acetylcysteine

7411	 Am J Transl Res 2020;12(11):7404-7419

showed no synergy, however cisplatin at 3.0 & 
6.0 µg/ml with bromelain (10.0 µg/ml) showed 
synergy (CI range 0.37-0.74).

OXA + NAC; OXA + BR; OXA + NAC + BR: OXA 
(0.397-19.86) µg/ml with NAC (0.407 mg/ml) 
showed no synergy whilst with bromelain (20.0 
µg/ml) showed synergy (CI = 0.93) only with 
OXA (19.86 µg/ml). Triple addition showed no 
synergy.

DOX + NAC; DOX + BR; DOX + NAC + BR: DOX at 
1359 ng/ml in combination with NAC at 0.408 
mg/ml or in combination with BR (10 µg/ml 
showed good synergy with the latter having a CI 

value of 0.02. Triple combinations showed 
varying synergy.

HEP3B (liver cancer cells) treatment with vari-
ous agents in combination (Table 3; Figure 3)

BR + NAC: BR (15 or 25 µg/ml) in combination 
with NAC (2.45 mg/ml) showed good synergy 
(CI value of 0.36-0.39).

GEM + NAC; GEM + BR; GEM + NAC + BR: GEM 
(1.32-6.58 µg/ml) in combination with NAC 
(2.45 mg/ml) showed synergy, the best synergy 
being with 2.63 µg/ml GEM (CI = 0.32). GEM 
(0.026-6.58 µg/ml) in combination with BR (7.0 

Table 3. Combination Index (CI) for HEP3B (liver cancer cells) treated with combination of different 
agents
Agent 1 Conc. µg/ml Agent 2 Conc. mg/ml CI
BR 15 NAC 2.45 0.36

25 0.39
Agent 1 Conc. µg/ml Agent 2 Conc. mg/ml CI Agent 3 Conc. µg/ml CI Combo (3 agents) CI
GEM 0.026 NAC 2.45 - BR 7.0 0.86 GEM + NAC + BR 0.23

0.131 - - 0.21
0.263 - 0.88 0.18
0.065 - - 0.16
1.315 0.59 0.45 0.19
2.63 0.32 0.52 0.23
6.58 0.6 0.85 0.32

5-FU 0.0650 NAC 2.45 - BR 7 0.8 5-FU + NAC + BR 0.43
0.130 - 0.68 0.18
0.325 - 0.68 0.22
0.650 0.59 0.72 0.17

1.3 0.32 0.88 0.26
2.0 0.6 - 0.17
2.6 - - 0.24

OXALI 3.97 NAC 2.45 - BR 7.0 0.99 OXALI + NAC + BR -
5.96 - 0.54 -
9.93 - 0.69 -

CIS 1.5 1.0 - -
3.0 0.61 0.52 0.66
6.0 - 0.77 -

Agent 1 Conc. ng/ml Agent 2 Conc. mg/ml CI Agent 3 Conc. µg/ml CI Combo (3 agents) CI
DOX 0.54 NAC 2.45 - BR 10 0.68 DOX + NAC + BR 0.85

5.43 - 0.79 0.81
27.18 0.83 0.63 0.83
54.35 0.66 0.6 -
272 0.55 0.65 0.97
544 0.34 0.48 0.69

1359 0.74 0.88 -
CI values with 1.0 or >1.0 is not shown in the table. CI values <0.5 are highlighted to denote good synergy.
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µg/ml) showed varying synergy, the best being 
at GEM, 1.315 µg/ml + 7.0 µg/ml BR (CI = 
0.45). Triple combinations with varying conc. of 
GEM (0.026-6.58 µg/ml) in combinations with 
NAC (2.45 mg/ml) and BR (7.0 µg/ml) show- 
ed very good synergy (CI values ranging from 
0.16-0.32).

5-FU + NAC; 5-FU + BR; 5-FU + NAC + BR: 5-FU 
(0.650-2.0 µg/ml) in combination with NAC 
(2.45 mg/ml) showed synergy (CI value = 0.8). 
5-FU (0.065-1.3 µg/ml) in combination with BR 
(7.0 µg/ml) also showed synergy (CI values 
ranging from 0.7-0.9). Triple combinations with 
5-FU (0.065-2.6 µg/ml) + NAC (2.45 µg/ml) + 
BR (7.0 µg/ml) showed very good synergy, CI 
values ranging from 0.17-0.43.

DOX + NAC; DOX + BR; DOX + NAC + BR: DOX 
(27.2-1359 ng/ml) in combination with 2.45 
mg/ml NAC showed varying synergy with the 
best CI value of 0.34 at a combination of 544 
ng/ml DOX + 2.45 mg/ml NAC. DOX (0.54- 
1359 ng/ml) in combination with BR (10 µg/ 
ml) showed synergy with varying CI values 
ranging from 0.48-0.8. Triple combinations of 
DOX (0.54-27.18 ng/ml) in combination with 
2.45 mg/ml NAC and 10.0 µg/ml BR showed 
synergy (CI = 0.85). Likewise DOX (272-544 ng/
ml) in combination with NAC and BR showed 
synergy. 

OXA + NAC; OXA + BR; OXA + NAC + BR: OXA 
(3.97-9.93 µg/ml) in combination with BR (7.0 
µg/ml) showed synergy (CI range from 0.54-
0.99). With NAC 2.45 mg/ml there was no 
synergy.

CIS + NAC; CIS + BR; CIS + NAC + BR: CIS (3.0 
µg/ml) in combination with 2.45 mg/ml NAC 
showed synergy (CI = 0.6). CIS (3.0-6.0 µg/ml) 
in combination with BR (7.0 µg/ml) also showed 
synergy (CI = 0.5-0.7). Triple combinations of 
NAC + BR showed synergy when combined with 
3.0 µg/ml CIS (CI = 0.66).

HEPG2 (liver cancer cells) treatment with vari-
ous agents in combination (Table 4; Figure 4)

NAC + BR: NAC (0.163-8.16 mg/ml) in combi-
nations with 10 µg/ml BR, 20 µg/ml BR or 40 
µg/ml BR showed very good synergy. Similarly, 
BR 2.5-100 µg/ml in combination with NAC 
0.162, 0.408 or 1.63 mg/ml showed very good 
synergy. The triple combinations had very good 
synergy based on the CI value which ranged 
from 0.11-0.44. The cells seem to be very 
responsive to the triple combinations which 
suggest that NAC and BR at suitable combina-
tions may be used for treating these types of 
tumour cells.

GEM + NAC; GEM + BR; GEM + BR + NAC: GEM 
(0.132-0.263 µg/ml) in combination with NAC 
(0.408 mg/ml) showed very good synergy (CI 
value ranged from 0.32-0.45). When GEM 
(0.0026-2.632 µg/ml) is combined with BR (15 
µg/ml), synergy was very good (CI values 
ranged from 0.1-0.41). Triple combinations of 
GEM with NAC and BR also showed very good 
synergy, on the whole.

5-FU + NAC; 5-FU + BR; 5-FU + NAC + BR: 5-FU 
(0.065-6.50 µg/ml) in combinations with NAC 
(0.41 mg/ml) showed very good synergy (CI val-
ues range from 0.05-0.39). Similarly, in combi-
nations of 5-FU (0.130 µg/ml) with 15.0 µg/ml 
BR showed very good synergy (CI values rang-
ing from 0.07-0.39). Finally, the triple combina-
tions were also very effective with good synergy 
(CI values ranging from 0.07-0.38). On the 
whole these liver cancer cells seem to respond 
very well with treatment using either NAC + BR, 
GEM in combination with BR or NAC or the tri-
ple combinations.

Discussion

The present study indicates that BR in combi-
nation with NAC exerts synergistic cytotoxicity 
on four different tumour cell lines. How- 
ever, their synergistic effect seems to depend 

Figure 3. Graphical display of combination index (CI) when liver cancer cells (HEP3B) are treated with varying 
concentrations of bromelain (Br), N-acetylcysteine (NAC), and in combination with different chemotherapeutic 
agents. (A) Shows no synergy at all whilst (B) shows good synergy when 15 or 25 ug/ml bromelain is combined 
with 2.45 mg/ml NAC. (C) Shows synergy when gemcitabine at higher concentrations are combined with bromelain, 
NAC or bromelain + NAC. A similar scenario exists for 5-FU (D) whilst doxorubicin at various concentrations can be 
successfully combined with bromelain, NAC or bromelain + NAC to exert good synergy (E). Absence of synergy is 
shown when oxaliplatin is combined with Br, NAC or their combinations (F). Cisplatin at certain concentrations shows 
some synergy when combined with bromelain, NAC or Br + NAC (G). The dotted lines show a CI = 1.0 (additivity), 
CI<1.0 = synergy, CI>1.0 = sub-additivity.
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Table 4. Combination Index (CI) for HEPG2 (liver cancer cells) treated with combination of different 
agents
Agent 1 Conc. mg/ml Agent 2 Conc. µg/ml CI Agent 2 Conc. µg/ml CI Agent 2 Conc. µg/ml CI
NAC 0.163 BR 10 0.4 BR 20 0.44 BR 40 0.45

0.407 0.3 0.25 0.20
0.815 0.34 0.23 0.3
1.63 0.4 0.35 0.53
2.45 0.79 0.34 0.44
4.1 0.31 0.25 0.17

8.16 0.2 0.20 0.15
Agent 1 Conc. µg/ml Agent 2 Conc. mg/ml CI Agent 2 Conc. mg/ml CI Agent 2 Conc. mg/ml CI
BR    2.5 NAC 0.162 0.07 NAC 0.408 0.09 NAC 1.63 0.06

5.0 0.16 0.19 0.14
10.0 0.32 0.33 0.23
15.0 0.36 0.22 0.11
25.0 0.37 0.41 0.2
50 0.52 0.64 0.25

100 0.86 - 0.3
Agent 1 Conc. µg/ml Agent 2 Conc. mg/ml CI Agent 3 Conc. µg/ml CI Combo (3 agents) CI
GEM 0.0026 NAC 0.408 - BR 15 0.13 GEM + NAC + BR 0.08

0.0132 - 0.09 0.09
0.0263 - 0.1 0.1
0.132 0.32 0.11 0.11
0.263 0.45 0.14 0.11
1.316 - 0.25 0.21
2.632 - 0.41       0.45

5-FU 0.065 NAC 0.408 0.24 BR 15 0.78 5-FU + NAC + BR 0.38
0.130 0.05 0.39 0.08
0.325 0.26 0.07 0.07
0.650 0.12 0.09 0.06
1.30 0.22 0.11 0.08
3.25 0.28 0.09 0.09
6.50 0.39 0.2 0.14

CI values of 1.0 or >1.0 is not shown in the table. CI values <0.5 are highlighted to denote good synergy.

on the relative concentrations of the two agents 
used and is also cell line specific. BR and NAC 
are agents with different chemical reactivity. 
NAC is a reducing agent whilst BR is a proteo-
lytic agent. NAC is a very much smaller mole-
cule compared to BR (164 vs. 28000 Daltons) 
with a weight ratio of 1:117. Furthermore, BR 
exists as a single polypeptide chain containing 
211 or 212 residues [23] and a single molecule 
is capable of cleaving hundreds of glycosidic 
bonds since it can regenerate itself, a property 
intrinsic with most enzymes [24]. On the other 
hand, a molecule of NAC reduces a disulphide 
linkage only once [17]. Hence, most of the syn-
ergistic ratio of NAC: BR, in terms of weight or 
molecular ratio, indicates that NAC is present in 
much larger quantity compared to BR. Since 

NAC is a disulfide reducing agent, the quantity 
of NAC required may also have a direct relation-
ship to the number of disulfide groups present 
within the cellular glycoproteins. This is exem-
plified in CFPAC tumour cells where a combina-
tion of BR (12 µg/ml) + (4.079 mg/ml) NAC reg-
istered a CI value of 0.85 as compared to BR 
(12 µg/ml) + (8.159 mg/ml) NAC with a CI value 
that was 0.36, indicating that increasing the 
NAC concentration twofold reduced the CI 
value by half. Similarly, in ASPC-1 tumour cells, 
treatment with a combination of BR (17 µg/ml) 
+ (2.447 mg/ml) NAC gave a CI value of 0.14 in 
comparison to treatment with BR (17 µg/ml) + 
(0.163 mg/ml) NAC that gave a CI value of 0.8. 
In addition, there is indication that once the 
ratio of NAC: BR is exceeded, then, the CI val-
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ues rises indicating a lesser synergy. This is 
exemplified in the ASPC-1 cells, adding variable 
amount of BR (5-100 µg/ml) to a fixed quantity 
of NAC (0.409 mg/ml) indicated that at 5.0 µg/
ml bromelain, the CI was 0.8 that gradually 
declined to 0.37 with the addition of 15 µg/ml 
bromelain (3 fold) after which further addition 
of 25 µg/ml bromelain increased the CI value 
to 0.63. Hence, there is a ration of the two 
agents that is crucial in maintaining the maxi-
mum synergy. A similar scenario is exemplified 
in all the cell lines as shown in Table 5.

Pancreatic cancer cells (CFPAC and ASPC-1) 
are mucin expressing cells that provide both a 
barrier and oncogenic (survival and reproduc-
tive) function to these cells [25]. MUC5B and 
MUC 16 have been shown to provide survival 
and migration advantage in ASPC-1 cells [26] 

whilst MUC 1 has been found in abundance in 
CFPAC cells that are responsible for regulating 
the COX2 gene [27]. Hepatocellular tumour 
cells HEP3B are also mucin expressing [28] 
whilst HEPG2 cells does not express MUC1 but 
has other glycoproteins [29]. Hence, the remov-
al of mucin and subsequent treatment with a 
second agent that targets other survival pro-
teins would enable a better tumour cell kill  
and thereby increase the efficacy of cancer 
treatment.

In the present work a number of different cyto-
toxic agents such as gemcitabine (GEM), 5-FU, 
doxorubicin (DOX), cisplatin (CIS) and oxaliplat-
in (OXA) have been tested with the addition of 
BR and NAC on four different tumour cell lines 
to determine if synergy exists. The mechanistic 
action of cytotoxic agents varies although most 

Figure 4. Graphical display of combination index (CI) in liver cancer cells (HEPG2) when treated with varying 
concentrations of bromelain, NAC, gemcitabine, 5-FU and their combinations. Bromelain + NAC at varying 
concentrations shows very good synergy. Very low concentrations of bromelain with NAC shows tremendous synergy 
(A, B). Gemcitabine at very low concentrations acts synergistically with NAC, bromelain and bromelain + NAC (C) 
whilst a similar scenario exists with 5-FU (D). The dotted lines show a CI = 1.0 (additivity), CI<1.0 = synergy, CI>1.0 
= sub-additivity. 
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of them are nucleosides. GEM is (2’-2’ difluoro-
2’-deoxyxytidine; dFdC) is a pro-drug that is 
converted into a pharmacologically active tri-
phosphate-dFdC within the cell by deoxycyti-
dine kinases and blocks de nova synthesis of 
DNA [30]. Both the pancreatic tumour cells 
showed synergy with GEM and NAC, although 
CFPAC showed a higher synergy. With brome-
lain and GEM, again both the cell line showed 
synergy, with ASPC-1 exhibiting a much better 
synergy (CI, 0.67 vs. 0.23) however, with the 
triple combination (combo), CFPAC showed 
much better response. This differential res- 
ponse may be due to heterogeneity in mucin 
and other molecular parameters. In the case of 
Hepatic Cancer Carcinoma (HCC) cells, HEPG2 
showed much greater synergy compared to 
HEP3B with either the addition of NAC or bro-
melain. However, the triple combination was 
almost equally effective with good synergy in 
both the cell lines. Overall, the HCC seem to 
react better (greater synergy) and this means 
that they are more sensitive to particularly the 
combo or triple regime. Hence, further studies 
to decipher the molecular features that are par-
ticularly sensitive to triple combination are nec-
essary so that it can be applied to clinical 
practise.

5-FU is a pro-drug that must be converted in- 
to its active metabolites, 5-fluorodeoxyuridine 
monophosphate (5-FdUMP), 5-fluorodeoxyuri-
dine triphosphate (5-FdUTP) or 5-fluorouridine 

Cisplatin (cisplatinum, cis-diamminedichloro-
platinum (II) or CDDP) and oxaliplatin (oxalate 
(trans-t-1,2-diaminocyclohexane)) platinum dif-
fers from each other in their molecular weight, 
the former with 301 vs. 397.3 for the latter. The 
leaving groups within the two compounds also 
differ, the former having chloride whilst the lat-
ter with oxalate, hence their reactivity varies 
slightly [32]. The reactive radicals generated by 
these platinum compounds enter the nucleus 
of the cell with a specific tropism for the gua-
nine-cytosine (GC) rich sites and bind to nitro-
gen atom (N7) of guanine forming mono-
adducts and then bi-adducts [33]. Intra-strand 
cross linking seems to be the main mechanism 
of action of DNA lesions and subsequent lethal-
ity of the cells. Since, the generation of reactive 
species seems to be the main mechanistic 
pathway; the presence of antioxidants may 
interfere or quench the reactive pathway. Both 
pancreatic cell lines reacted negatively when 
NAC was added to OXA indicating the antioxi-
dant effect. Synergy was almost absent with 
the addition of BR, as well. With triple combina-
tion, CFPAC showed some synergistic response. 
The addition of NAC to CIS in ASPC1 also 
showed negative effect (antioxidant effect) 
whilst BR showed good synergy (CI = 0.37). In 
the HCC, the addition of NAC to OXA showed a 
negative effect in HEP3B whilst the addition of 
BR showed some synergy. When CIS was added 
to NAC synergy was shown at a concentration 
of 3.0 µg/ml CIS (CI = 0.61), similarly the triple 

Table 5. Shows the relative ratio of the two agents 
used to derive a low CI that is indicative of very good 
synergy (CI<0.5) in pancreatic cancer cells (CPFAC & 
ASPC1) and hepatic cancer cells (HEP3B & HEPG2)

Cell line NAC
(µg/ml)

BR
(µg/ml) CI Wt. ratio

NAC:BR
Molecular ratio

NAC:BR
CPFAC 1632 20.0 0.43 82:1 0.5:3.5 × 10-5

8159 12.0 0.36 680:1 4.2:3.5 × 10-5

ASPC-1 2447 17.0 0.14 144:1 0.88:3.5 × 10-5

408 17.0 0.33 24:1 0.15:3.5 × 10-5

HEP3B 2450 15.0 0.36 163:1 1.0:3.5 × 10-5 
2450 25.0 0.39 98:1 0.6:3.5 × 10-5

HEPG2 815 10.0 0.34 81.5:1 0.5:3.5 × 10-5

8160 10.0 0.2 816:1 5.0:3.5 × 10-5

1630 2.5 0.06 652:1 4.0:3.5 × 10-5

1630 10.0 0.23 163:1 1.0:3.5 × 10-5

NAC = N-acetylcysteine; BR = bromelain; CI = Combination index. 
The highlighted figures indicate the best synergism of the combina-
tions used.

triphosphate (5-FUTP). 5-FdUMP is an 
inhibitor of thymidylate synthase (TYMS) 
and depletion of dTMP results in deoxynu-
cleotide pool imbalance affecting DNA 
synthesis and repair. Further when 5-FUTP 
is incorporated into RNA, its function is 
impaired [31] whilst incorporation of 
5-FUTP into DNA inhibits DNA synthesis 
leading to single and double strand breaks. 
The combination of 5-FU with NAC only 
showed good synergy at certain concen-
trations of the two agents in CFPAC and 
noticeably absent in ASPC1 cells. With the 
addition of BR to 5-FU, both the cell lines 
showed some synergy, however the triple 
addition showed much better synergy in 
CFPAC and totally absent in ASPC1. This 
differential property needs further investi-
gation, but their peculiarity may be partly 
be assigned to their heterogenous muci-
nous and other cellular parameters.
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combination also showed synergy. The mo- 
lecular ratio of CIS to NAC may be a decisive 
parameter for synergy and it needs further 
investigation.

Two mechanisms by which DOX acts on cancer 
cells have been proposed i.e. intercalation with 
DNA with disruption of topoisomerase II medi-
ated DNA repair and generation of free radicals 
that results in damage to cellular membranes, 
DNA and other cellular proteins. Although, th- 
ese pathways seem plausible, none of these 
mechanisms are achievable at the clinical drug 
concentrations [34]. Recently, it has been sug-
gested that it acts through proteolytic activa-
tion of a transcription factor cAMP response 
element binding protein 3-like 1 (CREB3L 1) 
[35] and cells expressing this factor are more 
responsive to DOX. DOX with NAC showed syn-
ergy in CFPAC cells but it was absent with BR or 
in the triple combination. However, in ASPC1 
cells, the addition of 0.407 mg/ml NAC to 1359 
ng/ml DOX showed good synergy (CI = 0.42) 
whilst with 20 µg/ml bromelain, it showed 
extremely high synergy (CI = 0.02). The triple 
combination also showed good synergy. In the 
HCC cell HEP3B, synergy existed with the addi-
tion of NAC or BR and also in the triple combina-
tion. Although we did not investigate DOX with 
HEPG2, based on its reactivity with NAC and 
BR, synergy is most likely present with NAC, BR 
or the triple combinations.

In CFPAC cells treatment with NAC and BR indi-
cates that synergy was fairly good at different 
concentrations of both the agents, however 
translational to clinical practise may only be 
possible with loco regional or intra-tumoral 
delivery. Owing to the high dosage required for 
NAC, systemic delivery may lead to toxicity [36]. 
Similarly, although very good synergy was 
observed with GEM and NAC or combo, only 
loco regional delivery is safe. On the other 
hand, with the addition of BR to GEM, BR is only 

present at 12 µg/ml that translates to 840 mg 
for a 70 kg patient. The safety of bromelain has 
only been investigated in humans using oral 
delivery, animal studies by iv or ip routes have 
shown a median lethal dosage of 20-35 mg/kg 
and 36.7-85.2 mg/kg, respectively [37] and 
hence locoregional delivery is probably the saf-
est route of administration. A similar scenario 
was seen with 5-FU. DOX also synergises with 
NAC, however only loco regional delivery is safe. 
A similar trend seems to exist with ASPC-1 cells. 
In the case of HCC, although, they responded 
very well with most of the agents in combina-
tion, owing to the high concentrations of NAC 
used, loco regional delivery of the therapeutic 
agents is probably the safest route. However, 
chemotherapeutic drugs in combination with 
BR may be used systemically. In the case of 
HEPG2 cells treatment of chemo agents (GEM, 
5-FU) with bromelain showed tremendous syn-
ergistic efficacy indicating that the dosage of 
chemo agents can be reduced drastically when 
compared to the current dosages as shown in 
Table 6.

Hence, the current study gives an indication 
that the combination of some of the common 
chemotherapeutic drugs such as GEM, 5-FU, 
DOX, CIS & OXAL with NAC and BR may enable 
a considerable reduction of the current clinical 
dose used with further enabling more frequent 
treatment. This may result in a more efficient 
treatment since cancer cells exposed to short 
cycles are prone to a higher response com-
pared to 28-day cycles whereby resistant cells 
are able to recover and repopulate during the 
7-day time interval between treatment regi-
mens [38, 39]. Frequent treatment is possible 
since very low therapeutic drug levels can be 
used, i.e. cutting the dosage to an absolute 
minimum and hence averting adverse side 
effects dramatically. In addition, this investiga-
tion also indicates that the combination of NAC 
and BR by itself can also be used effectively for 

Table 6. Shows synergy in HEPG2 cells with a comparison of dose (synergistic) to current in vivo clini-
cal dose
Chemo agent 
(in vitro) In vivo dose (Synergy Current clinical dose % reduction 

in dose Bromelain dose (Synergy) CAP

GEM 0.132 µg/ml 132 µg/kg; 4.88 mg/M2 25 mg/kg; 1000 mg/M2 99.5 15.0 µg/ml (in vitro)  
15 mg/kg; 555 mg/M2 (in vivo)

SYS

5-FU 0.325 µg/ml 325 µg/kg; 12.0 mg/M2 71 mg/kg; 2627 mg/M2 99.54 SYS
CAP = Clinical application; SYS = systemic. It indicates that using the principal of synergy, when combined with suitable dose of bromelain, the 
requirement for chemotherapeutic agents such as gemcitabine and 5-FU can be dramatically reduced.



Synergy of chemotherapeutic drugs with bromelain and N-acetylcysteine

7418	 Am J Transl Res 2020;12(11):7404-7419

cancer treatment with suitable combinations of 
the two agents. Although, the current findings 
are very promising for the development of a 
more effective cancer therapy, further studies 
that examine the efficacy of these combina-
tions needs to be investigated in vivo models.
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