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Abstract: The combinations of Bromelain and Acetylcysteine (BromAc®) with cytotoxics such as Gemcitabine, 
5-Fluorouracil or Oxaliplatin have shown a dramatic reduction in IC50 values in a variety of cancers, including colon 
cancer, suggesting the possibility of effective treatment without undesired side effects. In the current study, we 
investigated whether a similar effect is present in vivo using the colorectal cell line LS174T. Animals after acclima-
tization were randomized and allocated equally in the groups for the different studies (safety, dose-escalation, and 
efficacy). Drugs were delivered by the intraperitoneal route and animals were monitored for wellbeing. Separately, 
an efficacy study was conducted with intraperitoneal drug delivery after intraperitoneal tumor induction. At the 
termination of the experiment, tumors and other tissues were collected for evaluation. BromAc® was safe when 
delivered intraperitoneally in a rat model at the concentrations used. Subsequent investigations of these adjuvants 
in combination with Gemcitabine, Oxaliplatin, and 5-Fluorouracil in mice were also proven to be safe. Preliminary 
efficacy studies with Oxaliplatin and 5-Fluorouracil on tumor growth (LS174T) were negative. Gemcitabine was as-
sessed with BromAc® showing an almost 71% tumor inhibition compared to controls. This in vivo study indicates 
that Gemcitabine at 2 mg/kg in combination with BromAc® 3 mg/300 mg/Kg was effective and safe, supporting its 
potential for future clinical application.
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Introduction

Colon cancer was the fourth most commonly 
diagnosed cancer worldwide in 2018 with over 
1 million cases, accounting for 6% of all can- 
cer diagnoses [1]. Moreover, it caused over 
500,000 deaths in 2018, accounting for 
approximately 6% of all cancer deaths [1]. 
Staging through TNM or Duke’s classification is 
used in conjunction with various other factors 
including grading, presence of lymphatic, 
venous, or peritoneal spread, tumor genetic 
characteristics as well as tumor markers to 
guide prognosis and arrive at a management 
plan [2]. Prognosis varies considerably with 
TNM staging, with localized tumor correspond-
ing to a 5-year-survival of 93%, while the pres-
ence of distant metastases results in a 5-year-
survival of 8% [3]. Peritoneal dissemination is 
present in approximately 5-10% of all colon 

cancer patients and 20-50% in patients with 
recurrent disease in the peritoneum following 
primary surgery [4]. The peritoneal spread of 
colon cancer results in high morbidity with 
patients suffering from internal obstruction, 
ascites, cachexia, colon perforation, and even 
death.

Surgical resection represents the main treat-
ment for colorectal cancer (CRC), however, not 
all patients are candidates for curative-intent 
surgery, due to factors such as high volume 
peritoneal spread, or the presence and severity 
of comorbidities preventing surgery. Patients 
who are initially deemed unresectable may con-
vert to resectability following tumor regression 
through chemotherapy [5, 6], although evi-
dence of peritoneal response to systemic treat-
ments is limited. Hyperthermic intraperitoneal 
chemotherapy (HIPEC) together with complete 
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surgical removal of disease, known as perito-
nectomy, offers the only choice of care for long 
term survival of CRC with peritoneal dissemina-
tion This, however, is only effective in selected 
patients with a Peritoneal Cancer Index (PCI) ≤ 
15 and is a major procedure [7]. Patients with 
significant disease burden have limited treat-
ment options and similarly, those that recur 
after curative-intent surgery may not be suit-
able for repeat surgical procedures. Standard 
chemotherapeutic agents include fluoropyrimi-
dines (5-Fluorouracil “5-FU”, capecitabine), 
topoisomerase inhibitors (Irinotecan), platinum 
compounds (Oxaliplatin “OXAL”), nucleoside 
antimetabolites (Gemcitabine “GEM”), and bio-
logics (Bevacizumab, Cetuximab, Panitumu- 
mab) [8-10]. These agents are often used in 
combination in various treatment regimes, 
guided by considerations of efficacy and toxici-
ties. While this wide range of therapies has 
been proven to provide benefit, when consider-
ing the low survival rates of certain subgroups 
of patients, there is still a clear need for more 
effective therapies. Second-line systemic treat-
ment options are of limited utility in peritoneal 
diseases.

We developed BromAc®, Bromelain in combina-
tion with Acetylcysteine, to treat a rare muci-
nous tumor, pseudomyxoma peritonei. Bro- 
melain (Brom) is an enzyme extract from the 
fruit or the stem of the pineapple plant (Ananas 
comosus) that contains a mixture of proteas- 
es, carbohydrates, phosphatases, glycopro-
tein, etc. Acetylcysteine (Ac) is an antioxidant. 
BromAc® has been shown to have a remarkable 
effect of solubilizing mucinous tumor in pseu-
domyxoma peritonei [11] and this has been 
replicated in animal experiments [12, 13] and  
a clinical trial [14]. BromAc® has shown antican-
cer properties that are equivalent to GEM and 
other cytotoxics on several human cancer cell 
lines [15-19] where the effective dose of the 
cytotoxics can be dramatically reduced. In the 
case of GEM, an almost 95% reduction can be 
achieved [20], potentially reducing the side 
effects experienced by patients due to chemo-
therapy toxicity. Bromelain can lyse glycosidic 
bonds [21]. Acetylcysteine is a potent reducing 
agent. Hence, it can reduce disulfide bonds in 
proteins, disrupting their ligand bonding, and 
altering their structures [22]. The combination 
of Bromelain and Acetylcysteine has been 
shown to affect the tumor’s biological functions 
as well as oncogenes which results in cytotoxic-

ity [23]. In light of the potential advantages pro-
vided by the addition of BromAc®, we investi-
gated the anticancer effect of OXAL, GEM, and 
5-FU in colorectal tumor cells LS174T using in 
vivo models to assess the findings for future 
clinical utility.

Materials and methods

Cell lines

The human colon cancer cell line LS174T used 
in this study was originally obtained from the 
American Type Culture Collection and main-
tained according to the supplier instructions.

Drug preparation

Bromelain was purchased from Challenge 
Bioproducts Co, Taiwan, China. Acetylcysteine 
was purchased from Link Pharma, Australia. 
For treatment, the stock solutions were freshly 
made and filtered. Drugs were diluted with 
0.9% NaCl according to the final treating con-
centrations required.

In vivo dose-escalation study

All the animal studies were conducted with ethi-
cal approval from the UNSW Animal Care and 
Ethics Committee. The animal dose-escalation 
toxicology study was designed to establish a 
safe dose for our prospective pre-clinical and 
clinical studies. Twenty-eight female Wistar 
rats (Animal Resources Center, WA, Australia) 
were randomly assigned into seven groups of 
four rats. Post-acclimatization, six groups of 
rats were treated intraperitoneally (IP) with 
Bromelain 3, 5, or 10 mg/kg and Ac 300, or 
500 mg/kg. Control group received the vehicle 
(0.9% NaCl). Treatments were performed on 
alternate days for one week (3x in total). 
Animals were monitored for their health status, 
manifestations of toxicity, an allergic reaction, 
and capillary bleeding daily during the treat-
ment week (week 1) and a fortnight post-treat-
ment (weeks 2 and 3). After the completion of 
week 3, the experiment was terminated with 
euthanasia of all animals. Post-mortem, com-
parative observations of the peritoneal organs 
were performed and samples were collected 
for pathology.

In vivo safety study of combination therapy

The risks of complications of the combination 
therapy of BromAc® with either GEM, 5-FU, or 
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OXAL were not known. Besides, the signs and 
time course of the potential effects of these 
combination therapies were not defined. A pilot 
safety study was carried out before the com-
mencement of a larger combination therapy 
efficacy study. Twenty-four, eight-week-old 
female BALB/c nude mice (Animal Resources 
Center, WA, Australia) were used in this safety 
study. Post-acclimatization, mice were random-
ly assigned to one of the four study groups  
(n = 6/group). Intraperitoneal treatment was 
continued for 4 weeks based on the treatment 
regimens (Supplementary Table 1). Brome- 
lain 3 mg/kg and Acetylcysteine 300 mg/kg 
combinations were administered every other 
day for 28 days (3 times per week). Low doses 
of GEM (2 mg/kg), OXAL (2 mg/kg) and 5-FU 
(15 mg/kg) were administered once/week for 4 
weeks. 0.9% NaCl was used as control and 
administered every other day. Regular monitor-
ing of animals continued during the treatment 
period using standardized protocols. Upon 
completion of the treatment, animals were 
euthanized and internal viscera were collect- 
ed.

In vivo efficacy study of combination therapy

This animal study was designed to evaluate  
the tumor growth inhibition of BromAc® in com-
bination with GEM (2 or 5 mg/kg), OXAL (2 or  
5 mg/kg), and 5-FU (15 or 30 mg/kg) using an 
in vivo model of colon cancer. Post-accli- 
matization (Day 8), Sixty-six mice (Animal 
Resources Center, WA, Australia) were inocu-
lated IP with 2×106 log-phase growing LS174T 
cells in serum-free RPMI 1640. Before the  
commencement of the treatment, mice were 
randomly assigned to one of the study groups 
(Supplementary Table 2). IP treatments start- 
ed ten days post-inoculation (Day 18). BromAc® 
was administered every other day (3x/week). 
GEM, OXAL, and 5-FU were administered once/
week. 0.9% NaCl was used as control and 
administered every other day. Regular monitor-
ing of animals continued during the treatment 
period using standardized protocols. Upon 
completion of the treatment (Day 32), animals 
were euthanized, internal viscera and tumors 
were excised, and tumors were weighed.

Histology and immunohistochemistry

Formalin-fixed, paraffin-embedded sections 
were stained using H&E standard techniques. 

For immunohistochemistry, BOND-III Auto- 
mated IHC Stainer, Leica has been used. 
Sections were blocked for non-specific binding, 
followed by incubation with anti-human Ki67 
(Cell Marque; Rabbit Monoclonal Anti-Human; 
Clone SP6; Cat# 275R-16; Dilution 1/200), 
incubated with biotinylated anti-rabbit im- 
munoglobulins, treated with streptavidin per-
oxidase, and counter-stained with hematoxylin. 
The images were captured using a binocular 
light microscope with a digital camera.

Statistical analysis

Data were analyzed using GraphPad Prism ver-
sion 8.0 (GraphPad Software, Inc.). All data 
were reported as the mean ± SEM. Qualitative 
variables were compared using the Student’s 
t-test. Differences were considered statistically 
significant when P < 0.05. Differences in sur-
vival were tested using Kaplan-Meyer survival 
analysis and Dunnett’s test.

Results

In vivo dose-escalation study showed no toxic-
ity

The result from the dose-escalation study 
showed that IP administration of Bromelain 3, 
5, or 10 mg/kg in addition to Acetylcysteine 
300 or 500 mg/kg did not effect on apparent 
health of rats as indicated by the parameters of 
general wellbeing including indicators of pain 
and distress. Besides, there were similar trends 
in the increase of animal weight between con-
trol and treated groups. The results showed 
also that there were no apparent histological 
alterations by morphological assessment of tis-
sues of the liver, kidney, spleen, intestine, and 
pancreas of rats between the BromAc® IP treat-
ed groups and controls using hematoxylin and 
eosin staining (Figure 1). The in vivo dose-esca-
lation study showed no toxicity with 3x IP 
administration of Bromelain 3, 5, or 10 mg/kg 
in addition to Acetylcysteine 300 or 500 mg/kg 
in rats. 

In vivo safety study of combination therapy

All animals survived until the end of the study 
(Day 32) except one animal from the  
BromAc® + 5-FU group (n = 1/6) (Figure 2A). 
This animal was culled on day 28 as it scored 
>3 points according to the animal safety moni-
toring sheet. Apart from this one animal, there 
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was no significant change in body weight 
through the treatment course between animals 
in the treatment and control groups (Figure 
2B). There were also no drug-related toxicities 
in treated groups. Combination therapies did 
not affect the health scores of treated animals 
when compared to controls. After euthanasia 
on day 32, necropsies for abdominal organs 
were performed. No treatment-related gross 
findings including hemorrhage were observed 
in any of the treated animals.

A combination of Bromelain 3 mg/kg and 
Acetylcysteine 300 mg/kg together with low 
doses of GEM (2 mg/kg), OXAL (2 mg/kg), or 
5-FU (15 mg/kg) were safe when administered 
IP in the tumor-bearing nude mice.

Combination therapy suppressed LS174T tu-
mor growth

Initially, we used 3 animals per group to test our 
hypothesis (n = 3/group). Combination therapy 

Figure 1. Histological images of liver, spleen, kidney, pancreas and intestine from control and, treated rats from the 
dose-escalation study. Tissues were Hematoxylin and eosin-stained (magnification, ×100; scale bar = 300 µm). The 
results showed no tissue toxicity after 3X IP administration with either Bromelain 3, 5, or 10 mg/kg in combination 
with Acetylcysteine 300 or 500 mg/kg in rats.
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of BromAc® in addition to either OXAL or 5-FU in 
this model of high tumor burden (10 days of 
tumor growth before the start of treatment) 
was not effective. There was no reduction in 
tumor weight in the treated group when com-
pared to the control, hence, we discontinued 
our investigation using either OXAL or 5-FU. The 
subsequent study only involved BromAc® and 
GEM (n = 3/group).

All animals in the control and BromAc® in com-
bination with either GEM 2 or 5 mg/Kg  
groups (Total: n = 6/group) survived until the 
end of the study (Day 32) (Figure 3). Animals 
that scored >3 points in the animal safety mon-
itoring sheet were humanely culled. That is, two 
out of seven animals from (BromAc®) group 
were culled on Day 29. One animal out of  
seven from (GEM 2 mg/Kg) group was culled 
on Day 27 and another one was culled on Day 
29. One out of seven animals from (GEM 5 mg/
Kg) group was culled on Day 29. In contrast to 
the safety study where there was an increase of 
body weight over time, there was no significant 
loss in body weight in any animals in the treat-
ment and control groups that exceeded 20% 

the increase in tumor necrosis in the same 
groups (Figure 5B). Besides, a decrease was 
demonstrated in cell proliferation (Ki67; Figure 
5C) in BromAc® in combination with either GEM 
2 or 5 mg/Kg treated groups when compared 
to control, P < 0.0001.

A combination of Bromelain 3 mg/kg and 
Acetylcysteine 300 mg/kg together with GEM 
(2 mg/kg) was safe and effectively inhibited 
tumor growth when administered IP in nude 
mice bearing IP colon tumor. This combination 
showed a reduction of 71% of tumor volumes 
with P ≤ 0.05 (Table 1). The combination index 
(CI) has been calculated using the reduction of 
tumor volumes [24]. For low dose GEM (2 mg/
kg) in combination with BromAc (low dose), the 
CI is 0.08, whilst for high dose Gem (5 mg/kg) 
with BromAc, the combination index is 0.66, 
indicating that low dose GEM with BromAc has 
higher synergy.

Discussion

In vitro studies using three colon cancer cell 
lines (HT295M21, HT29 & LS174T) with 

Figure 2. (A) Mean body weight fluctuation and (B) survival curve showing 
the safety of IP administration of Bromelain 3 mg/kg and Acetylcysteine 300 
mg/kg with addition of low doses of Gemcitabine (2 mg/kg), Oxaliplatin (2 
mg/kg) or 5-FU (15 mg/kg) in LS174T tumor-bearing mice.

loss of body weight that need 
to be culled according to the 
animal ethics guidelines. This 
difference in body weight 
trend may be attributed to 
tumor growth which is sup-
ported by animals’ body me- 
tabolism. After euthanasia on 
day 32, necropsies for abdom-
inal organs were performed. 
No treatment-related abnor-
mal gross findings were 
observed in any of the treated 
animals. Histological exami-
nation of the treated animals 
showed normal tissue mor-
phology except in one animal 
in (GEM 5 mg/Kg) group 
where the liver sections in this 
animal showed focal necrosis 
(Figure 4B).

Tumor analysis data showed 
suppression of tumor weight 
in BromAc® in combination 
with either GEM 2 or 5 mg/Kg 
treated groups (Figure 5A). 
This finding is supported by 
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Bromelain, Acetylcysteine, GEM, OXAL, 5-FU 
and their combinations (Supplementary Table 
3) indicated that combination BromAc® consid-
erably reduced the IC50 values of the chemo-
therapeutic agents. The potential reduction of 
the effective dosage of chemotherapeutic 
agents indicated that the side effects resulting 
from the present clinical dosage in use may be 
considerably reduced when combining these 
therapies in addition to enabling more frequent 
administration of the agents.

Dose escalation in vivo studies using intraperi-
toneal administration of Bromelain 3, 5 or 10 
mg/kg with Acetylcysteine 300 or 500 mg/kg 
combination showed no negative effect on the 
animals either on physical examination or histo-
logical assessment tissue staining using hema-
toxylin & eosin, indicating the safety of the con-
centrations used. With these encouraging 
results, we proceeded with further safety stud-
ies using BromAc® in combination with GEM, 
OXAL, and 5-FU. Our results were encouraging 
and there were no adverse events or drug-relat-
ed toxicities, indicating the safety of the con-
centrations used in combination (BromAc® + 
cytotoxics). Subsequently, we examined the 
efficacy of BromAc® with cytotoxics in LS174T 
in vivo. Our initial study indicated that BromAc® 
combinations with either OXAL or 5-FU were not 
effective. On the contrary, BromAc® with GEM 
showed considerable efficacy. 

The negative results seen with OXAL or 5-FU 
may be related to their mode of action in the 

presence of BromAc®. OXAL is normally hydro-
lyzed to generate reactive radicals that bind to 
RNA strands with cross-linking resulting in 
interference with cellular replication [25]. As 
Acetylcysteine is an antioxidant, it deactivat- 
es these reactive radicals and hence nullifies 
their RNA intercalating effect. Further, the pres-
ence of Bromelain with its proteolytic action 
may also interfere with cellular transporters 
that are basically protein molecules [26]. 
Copper transporter 1 and organic cation trans-
porters 1-3 have been implicated in the uptake 
of OXAL [26]. This area requires further 
investigation.

In the case of 5-FU (5-Fluorouracil), it is a  
prodrug that has to be activated by conver- 
sion into 5-fluorodeoxyuridine monophosphate 
(5-FdUMP), 5-fluorodeoxyuridine triphosphate 
(5-FdUTP) and 5-fluorouridine triphosphate 
(5-FUTP) of which 5-FdUMP inhibits thymidylate 
synthetase (TYMS) resulting in deoxynucleotide 
pool imbalance affecting DNA synthesis [27]. 
Although in the past, we were able to show  
that BromAc® may enable the reduction of 5-FU 
dosage in peritoneal mesothelioma [16] and 
other cell lines, the current dosage of agents 
used may have a critical role in either enhanc-
ing or regressing the efficacy of this molecule 
since the molecular ratio of 5-FU to adjuvant 
agents such as BromAc® is crucial for the 
enhancement of the cytotoxics shown in earlier 
work in this current study. Further, BromAc® at 
the concentration used may also have a nega-
tive effect on the phosphorylating enzymes 

Figure 3. Kaplan-Meier survival curve of the LS174T tumor-bearing nude mice treated with either [0.9% NaCl alone], 
[Bromelain (3 mg/kg) + Acetylcysteine (300 mg/kg)], [Gemcitabine (2 mg/kg) alone], [Bromelain (3 mg/kg) + Acet-
ylcysteine (300 mg/kg) + Gemcitabine (2 mg/kg)], [Gemcitabine (5 mg/kg) alone], or [Bromelain (3 mg/kg) + Acet-
ylcysteine (300 mg/kg) + Gemcitabine (5 mg/kg)]. The survival of mice was recorded as the percentage of surviving 
animals on a given day. 
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Figure 4. (A) Mean body weight fluctuations in the LS174T tumor-bearing nude mice treated with combination thera-
pies. (B) Histological images of liver, spleen, kidney, pancreas and intestine from the LS174T tumor-bearing nude 
mice treated with either (a) 0.9% NaCl, (b) Bromelain (3 mg/kg) + Acetylcysteine (300 mg/kg), (c) Gemcitabine (2 
mg/kg), (d) Bromelain (3 mg/kg) + Acetylcysteine (300 mg/kg) + Gemcitabine (2 mg/kg), (e) Gemcitabine (5 mg/
kg). Arrows shows necrotic focal areas in one liver sample (1 out of 3) in this group, or (f) Bromelain (3 mg/kg) + 
Acetylcysteine (300 mg/kg) + Gemcitabine (5 mg/kg). Tissues were Hematoxylin and eosin stained (magnification, 
×100; scale bar = 300 µm).
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Figure 5. (A) Figures and graph show tumor size and weight, respectively, in the treated groups. The lowest weight 
is seen in the BR 3 mg/kg + NAC 300 mg/kg + GEM 2 mg/kg group. (B) Histological images of tumors shown in 
hematoxylin and eosin staining (H&E), showing drug combinations-induced necrosis (magnification, ×50; scale bar 
= 1 mm). Necrosis is highest in two groups - BR 3 mg/kg + NAC 300 mg/kg + GEM 2 mg/kg and GEM 5 mg/kg; (C) 
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that convert 5-FU to active agents [28, 29] and 
this requires further studies. Cellular features 
that are characteristics of tumor cells may also 
affect the efficacy of this combination regime 
as we have shown in the past [16]. The combi-
nation of BromAc® at the concentration used 
may also affect transporters such as the ABC 
cassette transporters and the penetration of 
5-FU may have been compromised. Only spe-
cific concentrations of BromAc® with cytotoxics 
show enhancement of cytotoxicity in a synergis-
tic manner that is indicative of the specific 
molar ratios of drugs that are required for the 
optimal combination [20].

The combination of GEM (2 mg or 5 mg/kg) 
with Bromelain 3 mg/kg + Ac 300 mg/kg) 
showed no toxicity. When efficacy was exam-
ined, there was no difference between the  
GEM 2 mg and 5 mg/kg groups, indicating  
that there is a maximum effect which did not 
exceed 2 mg/kg in the presence of BromAc®. 
Further, the combination regimen had a maxi-
mum reduction of tumor weight that is indica-
tive of synergy. By combining with BromAc®, the 
tumor weight was reduced from 1.3 g (GEM 2 
mg/kg alone) to 0.4 g, a reduction of 71% 
(Figure 5A; Table 1). The combination index  
calculated for low dose GEM (2 mg/kg) and 
high dose GEM (5 mg/kg) in combination with 
BromAc (low dose) demonstrating that low  
dose GEM with BromAc has higher efficacy. 
Combinations such as this in cancer therapy 
could dramatically reduce the clinical dosage 

required, with a potential reduction of severe 
side effects. Furthermore, more frequent dos-
ing as compared to the current regime of 4 
treatments with seven days rest in between 
may be achieved. Frequent treatment will not 
only result in better tumor exposure but may 
also increase patient survival, as resistant  
cells will not have the time to recuperate and 
repopulate [30, 31]. BromAc® plus GEM combi-
nation showed higher tumor necrosis com-
pared to the other treatment groups that may 
be indicative of treatment efficacy. Necrosis 
may enable tumor shrinkage [32]. Examining all 
the treatment groups in the initial study of effi-
cacy (Supplementary Figure 1A, 1B), there is 
clear evidence that a combination of GEM 2  
or 5 mg/kg with Bromelain 3 mg/kg + 
Acetylcysteine 300 mg/kg produces the great-
est tumor regression as indicated by the tumor 
weight or percentage reduction of tumor weight.

The mechanism by which BromAc® enhances 
the cytotoxicity of GEM in LS174T cells may be 
speculated to be direct proteolytic action on 
the mucin that is present in the cells [33] as 
well as the disintegration of other oncoproteins 
present within the cells that provide replicative 
power and resistance to these cell lines [34, 
35]. The relationship of mucin to certain impor-
tant functions is well described. Mucin 1 
(MUC1) induces drug resistance in pancreatic 
cancer cells by upregulating multi-drug resis-
tance genes [36]. MUC4 expression is associ-
ated with a reduction hCNT1 and hCNT3 trans-

Immuno-histological images of tumors samples with anti-Ki67 antibody. Sections were counterstained using hema-
toxylin (magnification, ×400; scale bar = 100 µm). The corner image represents a higher magnification view. The 
lowest expression of Ki67 is observed in the group treated with BR 3 mg/kg + 300 mg/kg + GEM 2 mg/kg which is 
indicative of reduced cellular replication. Quantifications of these images (A-C) are presented at the end of the rows. 
Data presented as mean ± SEM.

Table 1. Mean percentage reduction in tumor weight compared to control with 95% confidence 
intervals in the various treatment groups indicating significance (P ≤ 0.05) in Brom 3 mg/kg + Ac 300 
mg/kg + GEM 2 mg/kg with a reduction of 71% of tumor volumes that is indicative of the combina-
tion efficacy. Brom 3 mg/kg + Ac 300 mg/kg + GEM 5 mg/kg showed a reduction of 62.98% of tumor 
volumes with a p value = 0.0855. Data were analyzed using Dunnett’s multiple comparisons test

Treatment Group n Mean Reduction in Tumor 
Weight vs Control (%)

95% Confidence 
Interval (%) p-value

Brom 3 mg/Kg + AC 300 mg/Kg 6 8.186 -61.23 to 77.60 0.9975
GEM 2 mg/Kg 6 -1.806 -71.22 to 67.61 >0.9999
Brom 3 mg/Kg + AC 300 mg/Kg + GEM 2 mg/Kg 6 71.39 1.979 to 140.8 0.0421
GEM 5 mg/Kg 6 33.53 -35.88 to 102.9 0.5757
Brom 3 mg/Kg + AC 300 mg/Kg + GEM 5 mg/Kg 6 62.98 -6.434 to 132.4 0.0855
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porters which are responsible for GEM drug 
entry [37]. MUC4 is a transmembrane glyco- 
protein and its expression in pancreatic cancer 
cell lines is associated with GEM resistance  
by activating anti-apoptotic pathways [38]. 
Another mechanism of BromAc®’s anti-tumor 
activity could be its effect on apoptosis. We 
showed previously that BromAc® is able to acti-
vate the caspase system as well as to inhibit 
anti-apoptotic and pro-survival processes in 
gastrointestinal cancer cell lines including 
LS174T cells [17]. These potential mechanisms 
need further investigation, however, we can 
speculate that the current therapy may offer a 
new treatment for colorectal cancers. Colore- 
ctal cancer cells are heterogeneous and treat-
ment efficacy may vary [39] and therefore eval-
uating the response in vitro of tumor cells from 
patients may enable the tailoring of drug dos-
age with the combination of adjuvant agents 
such as BromAc®. Although individualizing 
treatment medicament is a slow process, the 
end results may be more promising for both the 
patient and the medical profession.

The current in vivo results is very promising 
since a combination of GEM 2 mg/kg with 
Bromelain 3 mg/kg and Ac 300 mg/kg show 
tumor volume inhibition by 71% in human 
colorectal cancer cell line LS174T. The molecu-
lar ratio of these agents appears to be 
18:1:1840 (GEM: Bromelain: Acetylcysteine). 
This essentially indicates that 18 molecules  
of GEM are required to be combined with one 
molecule of Bromelain for effective tumor cyto-
toxicity. GEM is a nucleoside that is utilized  
and exhausted whilst Bromelain regenerates 
as it is an enzyme and hence the variation in 
ratio. The high molecular ratio (1840) require-
ment of Ac is indicative of its role as an antioxi-
dant that affects not only the disulfide bonds 
that are found in oncogenes but also in the 
regeneration of glutathione (GSH) that are 
reduced to GSSG during chemotherapy [29, 
40].

In conclusion, whilst the mechanism of  
BromAc® sensitization of colorectal and other 
cancer cell types to GEM has several possibili-
ties, our data suggest that this may be achiev- 
ed with safety after peritoneal administration 
and be capable of providing clinically meaning-
ful growth inhibition. Further work with other 
cancer types and a phase I trial is planned.

Acknowledgements

We would like to thank Mr John Paul Levi and 
members of the Pathology Department, St. 
George Hospital, Kogarah, NSW 2217, AU- 
STRALIA for their excellent help in tissue stain-
ing. This work was supported by Mucpharm Pty 
Ltd; The David Morris Cancer Research Fund 
(UNSW Foundation/Division of Philanthropy); 
and the Appendix Cancer and Pseudomyxoma 
Peritonei (ACPMP) Research Foundation.

Disclosure of conflict of interest

Professor D.L. Morris is the co-inventor and 
assignee of the intellectual property and co-
owner and director of the sponsor company, 
Mucpharm Pty Ltd. Dr J. Akhter and Dr K. Pillai 
are co-inventors of the intellectual property. Dr 
A.H. Mekkawy, Dr K. Pillai, Dr J. Akhter, Mr K. Ke 
and Ms S.J. Valle are employed by Mucpharm 
Pty Ltd. The University of New South Wales 
(NSi) has assigned the IP through license 2017-
0045 to Professor D.L. Morris (inventor).

Abbreviations

5-FU, 5-Fluorouracil; Ac, Acetylcysteine; Brom, 
Bromelain; BromAc®, Bromelain and Acetyl- 
cysteine; CRC, Colorectal Cancer; GEM, Gemci- 
tabine; GSH, glutathione; HIPEC, Hyperthermic 
intraperitoneal chemotherapy; IP, intraperito-
neally; OXAL, Oxaliplatin; PCI, Peritoneal Cancer 
Index.

Address correspondence to: David L Morris, De- 
partment of Surgery, St. George Hospital and 
University of New South Wales, Sydney, Australia. 
E-mail:  david.morris@unsw.edu.au

References

[1] Bray F, Ferlay J, Soerjomataram I, Siegel RL, 
Torre LA and Jemal A. Global cancer statistics 
2018: GLOBOCAN estimates of incidence and 
mortality worldwide for 36 cancers in 185 
countries. CA Cancer J Clin 2018; 68: 394-
424.

[2] Labianca R, Nordlinger B, Beretta GD, Brou-
quet A and Cervantes A. Primary colon cancer: 
ESMO clinical practice guidelines for diagno-
sis, adjuvant treatment and follow-up. Ann On-
col 2010; 21 Suppl 5: v70-7.

[3] O’Connell JB, Maggard MA and Ko CY. Colon 
cancer survival rates with the new American 
joint committee on cancer sixth edition stag-
ing. J Natl Cancer Inst 2004; 96: 1420-1425.



BromAc® and GEM inhibit colon cancer in vivo

2262 Am J Cancer Res 2021;11(5):2252-2263

[4] Nadler A, McCart JA and Govindarajan A. Peri-
toneal carcinomatosis from colon cancer: a 
systematic review of the data for cytoreduction 
and intraperitoneal chemotherapy. Clin Colon 
Rectal Surg 2015; 28: 234-46.

[5] Vogel JD, Eskicioglu C, Weiser MR, Feingold DL 
and Steele SR. The American society of colon 
and rectal surgeons clinical practice guide-
lines for the treatment of colon cancer. Dis Co-
lon Rectum 2017; 60: 999-1017.

[6] McKeown E, Nelson DW, Johnson EK, Maykel 
JA, Stojadinovic A, Nissan A, Avital I, Brücher 
BL and Steele SR. Current approaches and 
challenges for monitoring treatment response 
in colon and rectal cancer. J Cancer 2014; 5: 
31-43. 

[7] Huang Y, Alzahrani NA, Chua TC, Liauw W and 
Morris DL. Impacts of peritoneal cancer index 
on the survival outcomes of patients with 
colorectal peritoneal carcinomatosis. Int J Surg 
2016; 32: 65-70.

[8] Segal NH and Saltz LB. Evolving treatment of 
advanced colon cancer. Annu Rev Med 2009; 
60: 207-219.

[9] Ziras N, Potamianou A, Varthalitis I, Syrigos K, 
Tsousis S, Boukovinas I, Tselepatiotis E, 
Christofillakis C and Georgoulias V. Multicenter 
phase II study of gemcitabine and oxaliplatin 
(GEMOX) as second-line chemotherapy in 
colorectal cancer patients pretreated with 
5-fluorouracil plus irinotecan. Oncology 2006; 
70: 106-114.

[10] Spindler KL, Pallisgaard N, Andersen RF,  
Ploen J and Jakobsen A. Gemcitabine and 
capecitabine for heavily pre-treated metastatic 
colorectal cancer patients--a phase II and 
translational research study. Anticancer Res 
2014; 34: 845-850.

[11] Pillai K, Akhter J, Chua TC and Morris DL. A for-
mulation for in situ lysis of mucin secreted in 
pseudomyxoma peritonei. Int J Cancer 2014; 
134: 478-486.

[12] Amini A, Ehteda A, Masoumi Moghaddam S, 
Akhter J, Pillai K and Morris DL. Cytotoxic ef-
fects of bromelain in human gastrointestinal 
carcinoma cell lines (MKN45, KATO-III, HT29-
5F12, and HT29-5M21). Onco Targets Ther 
2013; 6: 403-409.

[13] Pillai K, Ehteda A, Akhter J, Chua TC and Morris 
DL. Anticancer effect of bromelain with and 
without cisplatin or 5-FU on malignant perito-
neal mesothelioma cells. Anticancer Drugs 
2014; 25: 150-160.

[14] Valle S, Akhter J, Mekkawy A, Lodh S, Pillai K, 
Badar S, Glenn D, Power M, Liauw W and Mor-
ris D. A novel treatment of bromelain and ace-
tylcysteine (BromAc) in patients with peritoneal 
mucinous tumours: a phase I first in man 
study. Eur J Surg Oncol 2021; 47: 115-122. 

[15] Dong L, Badar S, Pillai K, Akhter J, Mekkawy AH 
and Morris DL. Bromelain and N-acetylcysteine 
as therapeutic agents for soft tissue sarcoma. 
Int J Clin Exp Med 2019; 12: 13311-13324.

[16] Pillai K, Akhter J, Ehteda A, Badar S, Chua T 
and Morris D. Anti-tumour and chemosensitis-
ing effect of a combination of bromelain+ N-
acetyl cysteine with cisplatin or 5-Fu on malig-
nant peritoneal mesothelioma cells. J Glycobiol 
2013; 1: 2.

[17] Amini A, Masoumi-Moghaddam S, Ehteda A 
and Morris DL. Bromelain and N-acetylcysteine 
inhibit proliferation and survival of gastrointes-
tinal cancer cells in vitro: significance of combi-
nation therapy. J Exp Clin Cancer Res 2014; 
33: 92.

[18] Amini A, Masoumi-Moghaddam S, Ehteda A, 
Liauw W and Morris DL. Potentiation of chemo-
therapeutics by bromelain and N-acetylcyste-
ine: sequential and combination therapy of 
gastrointestinal cancer cells. Am J Cancer Res 
2016; 6: 350-369.

[19] Amini A, Masoumi-Moghaddam S and Morris 
D. P6. 03 in vivo assessment of growth-inhibi-
tory and mucin-depleting effects of bromelain 
and N-acetylcysteine in peritoneal carcinoma-
tosis models. Ann Oncol 2015; 26: ii28.

[20] Pillai K, Mekkawy AH, Akhter J, Badar S, Dong 
L, Liu AI and Morris DL. Enhancing the potency 
of chemotherapeutic agents by combination 
with bromelain and N-acetylcysteine - an in vi-
tro study with pancreatic and hepatic cancer 
cells. Am J Transl Res 2020; 12: 7404-7419.

[21] Wang SL, Lin HT, Liang TW, Chen YJ, Yen YH 
and Guo SP. Reclamation of chitinous materi-
als by bromelain for the preparation of antitu-
mor and antifungal materials. Bioresour Tech-
nol 2008; 99: 4386-4393.

[22] Samuni Y, Goldstein S, Dean OM and Berk M. 
The chemistry and biological activities of N-
acetylcysteine. Biochim Biophys Acta 2013; 
1830: 4117-4129.

[23] Utility of bromelain and N-acetylcysteine in 
treatment of peritoneal dissemination of gas-
trointestinal mucin-producing malignancies. 
Anticancer Res 2016; 36: 3224-5.

[24] Chou TC. Drug combination studies and their 
synergy quantification using the chou-talalay 
method. Cancer Res 2010; 70: 440-446.

[25] Dasari S and Tchounwou PB. Cisplatin in can-
cer therapy: molecular mechanisms of action. 
Eur J Pharmacol 2014; 740: 364-378.

[26] Buß I, Hamacher A, Sarin N, Kassack MU and 
Kalayda GV. Relevance of copper transporter 1 
and organic cation transporters 1-3 for oxali-
platin uptake and drug resistance in colorectal 
cancer cells. Metallomics 2018; 10: 414-425.

[27] Sommer J, Mahli A, Freese K, Schiergens TS, 
Kuecuekoktay FS, Teufel A, Thasler WE, Müller 



BromAc® and GEM inhibit colon cancer in vivo

2263 Am J Cancer Res 2021;11(5):2252-2263

M, Bosserhoff AK and Hellerbrand C. Analysis 
of molecular mechanisms of 5-fluorouracil-in-
duced steatosis and inflammation in vitro and 
in mice. Oncotarget 2017; 8: 13059.

[28] Murachi T and Neurath H. Fractionation and 
specificity studies on stem bromelain. J Biol 
Chem 1960; 235: 99-107.

[29] Aldini G, Altomare A, Baron G, Vistoli G, Carini 
M, Borsani L and Sergio F. N-Acetylcysteine as 
an antioxidant and disulphide breaking agent: 
the reasons why. Free Radic Res 2018; 52: 
751-762.

[30] Xie X, Wu Y, Luo S, Yang H, Li L, Zhou S, Shen R 
and Lin H. Efficacy and toxicity of low-dose ver-
sus conventional-dose chemotherapy for ma-
lignant tumors: a meta-analysis of 6 random-
ized controlled trials. Asian Pac J Cancer Prev 
2017; 18: 479-484.

[31] Satti J. The emerging low-dose therapy for ad-
vanced cancers. Dose Response 2009; 7: 
208-220.

[32] Gong Y, Fan Z, Luo G, Yang C, Huang Q, Fan K, 
Cheng H, Jin K, Ni Q, Yu X and Liu C. The role of 
necroptosis in cancer biology and therapy. Mol 
Cancer 2019; 18: 100.

[33] Amini A, Masoumi-Moghaddam S, Ehteda A, 
Liauw W and Morris DL. Depletion of mucin in 
mucin-producing human gastrointestinal carci-
noma: results from in vitro and in vivo studies 
with bromelain and N-acetylcysteine. Oncotar-
get 2015; 6: 33329-33344.

[34] Klinkspoor JH, Mok KS, Van Klinken BJ, Tytgat 
GN, Lee SP and Groen AK. Mucin secretion by 
the human colon cell line LS174T is regulated 
by bile salts. Glycobiology 1999; 9: 13-19.

[35] Dilly AK, Honick BD, Lee YJ, Guo ZS, Zeh HJ, 
Bartlett DL and Choudry HA. Targeting G-pro-
tein coupled receptor-related signaling path-
way in a murine xenograft model of appendi-
ceal pseudomyxoma peritonei. Oncotarget 
2017; 8: 106888-106900.

[36] Nath S, Daneshvar K, Roy L, Grover P, Kidiyoor 
A, Mosley L, Sahraei M and Mukherjee P. 
MUC1 induces drug resistance in pancreatic 
cancer cells via upregulation of multidrug re-
sistance genes. Oncogenesis 2013; 2: e51.

[37] Skrypek N, Duchêne B, Hebbar M, Leteurtre E, 
van Seuningen I and Jonckheere N. The MUC4 
mucin mediates gemcitabine resistance of hu-
man pancreatic cancer cells via the concentra-
tive nucleoside transporter family. Oncogene 
2013; 32: 1714-1723.

[38] Bafna S, Kaur S, Momi N and Batra SK. Pan-
creatic cancer cells resistance to gemcitabine: 
the role of MUC4 mucin. Br J Cancer 2009; 
101: 1155-1161.

[39] Berg KCG, Eide PW, Eilertsen IA, Johannessen 
B, Bruun J, Danielsen SA, Bjørnslett M, Meza-
Zepeda LA, Eknæs M, Lind GE, Myklebost O, 
Skotheim RI, Sveen A and Lothe RA. Multi-
omics of 34 colorectal cancer cell lines - a re-
source for biomedical studies. Mol Cancer 
2017; 16: 116.

[40] Pizzorno J. Glutathione! Integr Med (Encinitas) 
2014; 13: 8-12.



BromAc® and GEM inhibit colon cancer in vivo

1 

Supplementary Table 1. The dosage regimen for the vari-
ous treatment groups (n = 6/group) in the in vivo safety 
study of combination therapy
Groups Drug 1 (Every other day) Drug 2 (Once/week)
Group 1 0.9% NaCl (Control) -
Group 2 Brom 3 mg/kg + Ac 300 mg/kg GEM 2 mg/kg
Group 3 Brom 3 mg/kg + Ac 300 mg/kg OXAL 2 mg/kg
Group 4 Brom 3 mg/kg + Ac 300 mg/kg 5-FU 15 mg/kg

Supplementary Table 2. Shows the dosage regimen for 
the various treatment groups
Groups Drug 1 (Every other day) Drug 2 (Once/week)
Group 1 0.9% NaCl (Control) -
Group 2 Brom 3 mg/kg -
Group 3 Ac 300 mg/kg -
Group 4 Brom 3 mg/kg + Ac 300 mg/kg -
Group 5 Brom 3 mg/kg + Ac 300 mg/kg GEM 2 mg/kg
Group 6 - GEM 2 mg/kg
Group 7 Brom 3 mg/kg + Ac 300 mg/kg OXAL 2 mg/kg
Group 8 - OXAL 2 mg/kg
Group 9 Brom 3 mg/kg + Ac 300 mg/kg 5-FU 15 mg/kg
Group 10 - 5-FU 15 mg/kg
Group 11 Brom 3 mg/kg + Ac 300 mg/kg GEM 5 mg/kg
Group 12 - GEM 5 mg/kg
Group 13 Brom 3 mg/kg + Ac 300 mg/kg OXAL 5 mg/kg
Group 14 - OXAL 5 mg/kg
Group 15 Brom 3 mg/kg + Ac 300 mg/kg 5-FU 30 mg/kg
Group 16 - 5-FU 30 mg/kg
Studies with Oxaliplatin and 5-FU were discontinued after initial failure to 
show any positive tumor regressive response.
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Supplementary Table 3. Suitable combination of Bromelain (Brom) and Acetylcysteine (Ac) reduces the IC50 values considerably in all the colon 
tumor cell lines
A. Bromelain and Acetylcysteine IC50 values alone and in combination following 72 hour drug treatment, measured through SRB assay.
Cell Line HT295M21 Cell Line HT29 Cell Line LS174T
AC IC50 (mg/mL) 0.05 AC IC50 (mg/mL) 1.7 AC IC50 (mg/mL) 4.4

Brom IC50 (µg/mL) (AC 0 mg/mL) 18 Brom IC50 (µg/mL) (AC 0 mg/mL) 6.5 Brom IC50 (µg/mL) (AC 0 mg/mL) 6.2

Brom IC50 (µg/mL) (AC 0.16 mg/mL) 13 Brom IC50 (µg/mL) (AC 0.41 mg/mL) 3.9 Brom IC50 (µg/mL) (AC 0.41 mg/mL) 5.2

Brom IC50 (µg/mL) (AC 1.1 mg/mL) 0 Brom IC50 (µg/mL) (AC 0.82 mg/mL) 2.5 Brom IC50 (µg/mL) (AC 0.82 mg/mL) 4.1

Brom IC50 (µg/mL) (AC 2.4 mg/mL) 0 Brom IC50 (µg/mL) (AC 1.2 mg/mL) 0.6 Brom IC50 (µg/mL) (AC 1.2 mg/mL) 0

B. Gemcitabine IC50 values following 72 hour drug treatment combined with Bromelain, Acetylcysteine or both, measured through SRB assay.
Cell Line HT295M21 Cell Line HT29 Cell Line LS174T

Treatment
Control: 

GEM IC50 
(ng/mL)

Treated: 
GEM IC50 
(ng/mL)

Treatment
Control: 

GEM IC50 
(ng/mL)

Treated: 
GEM IC50 
(ng/mL)

Treatment
Control: 

GEM IC50 
(ng/mL)

Treated: 
GEM IC50 
(ng/mL)

Brom 10 µg/mL 12 11 Brom 2.5 µg/mL 42 43 Brom 5 µg/mL 260 130

AC 0.16 mg/mL 13 4 AC 0.41 mg/mL 52 37 AC 0.82 mg/mL 70 88

Brom 10 µg/mL + AC 0.16 mg/mL 8 0 Brom 2.5 µg/mL + AC 0.41 mg/mL 34 14 Brom 5 µg/mL + AC 0.82 mg/mL 150 82

C. Oxaliplatin IC50 values following 72 hour drug treatment combined with Bromelain, Acetylcysteine or both, measured through SRB assay.
Cell Line HT295M21 HT29 LS174T

Treatment
Control: 

OXAL IC50 
(µg/mL)

Treated: 
OXAL IC50 

(µg/mL)
Treatment

Control: 
OXAL IC50 

(µg/mL)

Treated: 
OXAL IC50 

(µg/mL)
Treatment

Control: 
OXAL IC50 

(µg/mL)

Treated: 
OXAL IC50 

(µg/mL)
Brom 12 µg/mL 4 0 Brom 5 µg/mL 0.8 0.8 Brom 5 µg/mL 0 0

AC 0.16 mg/mL 3.6 4.2 AC 0.82 mg/mL 0.9 >20 AC 0.82 mg/mL 0 -

Brom 12 µg/mL + AC 0.16 mg/mL 2.4 0 Brom 5 µg/mL + AC 0.82 mg/mL 1.0 0 Brom 5 µg/mL + AC 0.82 mg/mL 2 0

D. 5-Fluorouracil IC50 values following 72 hour drug treatment combined with Bromelain, Acetylcysteine or both, measured through SRB assay.
Cell Line HT295M21 Cell Line HT29 Cell Line LS174T

Treatment
Control: 

5-FU IC50 
(µg/mL)

Treated: 
5-FU IC50 
(µg/mL)

Treatment
Control: 

5-FU IC50 
(µg/mL)

Treated: 
5-FU IC50 
(µg/mL)

Treatment
Control: 

5-FU IC50 
(µg/mL)

Treated: 
5-FU IC50 
(µg/mL)

Brom 10 µg/mL >6.5 0 Brom 2.5 µg/mL 1.8 1.5 Brom 5 µg/mL 2.3 2.3

AC 0.16 mg/mL >6.5 0 AC 0.41 mg/mL 1.8 1.8 AC 0.82 mg/mL 1.7 1.7

Brom 10 µg/mL + AC 0.16 mg/mL 5.3 0 Brom 2.5 µg/mL + AC 0.41 mg/mL 1.9 1.1 Brom 5 µg/mL + AC 0.82 mg/mL 2.5 0.9
A similar scenario is depicted when Bromelain and Acetylcysteine are combined with Gemcitabine (GEM), 5-Fluorouracil (5-FU) and Oxaliplatin (OXAL) that is indicative of the advantage of combinatorial effect of these agents.
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Supplementary Figure 1. A shows tumor weight in the various treatment groups. Those above the dotted lines at the 
control group is indicative of tumor growth whilst those below shows tumor regression. Treatment with Gemcitabine 
2 mg/kg in combination with Bromelain 3 mg/kg and Acetylcysteine 300 mg/kg shows the best regression whilst 
that with Gemcitabine 5 mg/kg with similar combinations of Bromelain and Acetylcysteine is almost at par with 
Gemcitabine 2 mg/kg. B shows a similar scenario in terms of % reduction of tumor weight. 


