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Abstract – Objective: Colorectal cancer (CRC) is among the leading causes of cancer-related 
death, indicating the need for the identification of novel therapeutic approaches to increase the 
activity of current therapy or have better efficacy. Angiotensin-converting enzyme (ACE) is being re-
ported to be associated with aggressive behaviors of CRC cells and poor prognosis. Here we explored 
the therapeutic potency of targeting ACE by Enalapril in CRC in vivo model.

Materials and Methods: A xenograft model of CRC was used to investigate the effects of 
Enalapril alone, or in combination with 5-FU, on tumor growth following histological staining (He-
matoxylin and Eosin and Masson trichrome staining) and biochemical studies of Malondialdehyde 
(MDA), total thiols, superoxide dismutase (SOD) and catalase (CAT) activities.  

Results: Enalapril reduced tumor growth and increased tumor necrosis; this effect was more pro-
nounced in Enalapril plus 5-FU combination. Enalapril/5-FU was able to decrease tumor fibrosis and 
collagen content. ACE inhibitors also increased MDA level, as an oxidative stress marker, while reduc-
ing total thiol group levels, SOD and CAT enzyme activity. 

Conclusions: Our findings provide a novel insight on the therapeutic potential targeting of the 
renin–angiotensin system as a new therapeutic option in combination with current therapeutic agents 
5-FU in the treatment of CRC.
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INTRODUCTION

Colorectal cancer (CRC) is one of the first caus-
es of mortality worldwide and has been report-

ed as the second factor of malignancy in devel-
oped countries with 500,000 deaths each year1. 
The high rate of metastasis in CRC causes death, 
which accounts for 70% of these patients’ death2. 
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Cell Culture

The CT-26 was cultured in RPMI-1640 medium 
supplemented. This medium contains 1% penicillin/
streptomycin and 10% FBS and was incubated at 
37°C in a humidified 5% CO2 incubator situation9.

Animal Experiment

Twenty-four female inbred BALB/c mice (average 
age: 7-8 weeks) were purchased from Pasteur Institute 
(Tehran, Iran). For induction of CRC model, CT-26 
cells (2 × 106 cells in 100 μl) were injected into the left 
flank of Balb/c mice, subcutaneously. After 1 week, 
when tumors reached 80-100 mm3 size, the animals 
were randomly divided into the following four groups: 
(1) Control (Untreated), (2) 5-FU (received 5 mg/kg 
every other day, ip), (3) Enalapril (0.6 mg/kg/day, ip), 
(4) combination group (received 5-FU: 5 mg/kg ev-
ery other day ip and Enalapril: 0.6 mg/kg/day, orally). 
During the experiment, tumor size was measured with 
a digital caliper, and the tumor volume was calculated 
using the following formula: Tumor volume = (tumor 
length) × (tumor width)2/ 2. Tumor tissue was collect-
ed at the end of the procedure for histological and bio-
chemical measurements (Figure 1A)10.

Histological Evaluation

The tumors were kept in 10% formalin. Light micros-
copy was used to examine the sections, which were 
stained with Hematoxylin-Eosin (H&E) and Mas-
son’s trichrome stains for evaluation of tumor necro-
sis and fibrosis. The fibrotic and necrotic areas were 
quantified using NIH Image software (Image J)9.

Oxidant and Antioxidant Assessments

PBS (phosphate buffer solution with pH 7.4) was 
used to homogenize the tumors. The homoge-
nates were centrifuged for ten minutes, and the 
supernatants were evaluated for malondialdehyde 
(MDA; an oxidative marker) and total thiol group, 
superoxide dismutase (SOD), and catalase (CAT) 
enzyme activity (antioxidative markers)9.

Statistical Analysis

All results are represented as mean ± SEM. The 
statistical significance was evaluated by SPSS 
software (SPSS Inc., Armonk, NY, USA) and 
One-way ANOVA using LSD post hoc test. p≤ 
0.05 was considered significant.

Based on different types of tumors and tissues in-
volved, chemotherapy treatments using a variety 
of medications such as 5-fluorouracil (5-FU) and 
surgery on patients are performed, but despite all 
the treatments, CRC is the third leading cause of 
death worldwide3. The first-line therapy for CRC 
is 5-FU4. While 5-FU debunks the tumor mass 
initially, recurrence after chemotherapy is a stum-
bling block to CRC patients achieving success-
ful clinical outcomes4. A variety of medications 
have been verified in clinical trials to resolve che-
mo-resistance and minimize side effects, but no 
development has been made so far, necessitating 
further research to find new drugs that overcome 
5-FU resistance while also reducing toxicity to 
enhance CRC patient outcomes4.

The active peptide angiotensin II (Ang II) sig-
naling in the Renin-Angiotensin System (RAS) 
promotes cell proliferation and neovascularization. 
Ang II signaling can promote Vascular Endotheli-
al Growth Factor (VEGF)-mediated angiogenesis 
in cancer by affecting tumor and stromal cells and 
modulating vascular cell growth during angiogen-
esis5. ACE inhibitors (ACEIs) and Angiotensin 
Receptor Blockers (ARBs) are blockers of RAS, 
and affect angiogenesis, reducing tumor growth. 
However, these drugs may influence other poten-
tial pathways mediated by ACE internalization and 
endo-nuclear localization in different cell types5. It 
is indicated that long-term usage of ACEI has been 
related to a lower risk of cancer in people with high 
blood pressure. Enalapril, as a known ACEI, pre-
vents Ang I to Ang II conversion and is effective in 
treating cancer in addition to treating hypertension 
and heart failure. Several studies have shown the 
value of ACEIs, including Enalapril, as anti-tumor 
and anti-inflammatory effects such as its effects on 
inflammatory markers (interleukin-1, NLRP3 and 
NF-kB), similarly to new anti-diabetic drugs like 
Empagliflozin6,7. It has been reported that Enalapril 
regulates the downstream expression of cytokines8. 
Thus, in this study, we aimed to investigate the an-
ti-tumor effects of Enalapril alone and in combi-
nation with 5-FU in the treatment of CRC in an 
animal model.

MATERIALS AND METHODS

Drugs and Chemicals

Enalapril and 5-FU were obtained from Mashhad 
University of Medical Sciences (Mashhad, Iran). 
Fetal bovine serum (FBS), RPMI-1640 medium, 
streptomycin (50 μg/ml) and penicillin (50 iu/ml) 
were purchased from Gibco BRL, Life Technolo-
gies Inc. (Gaithersburg, MD, USA).



3

ANGIOTENSIN-CONVERTING ENZYME INHIBITOR, ENALAPRIL, INHIBITS TUMOR GROWTH

3A.). Collagen deposition in tumor tissue was quan-
tified with ImageJ software and results showed a 
significant decrease in tumor fibrosis in combina-
tion group compared to 5-FU or Enalapril groups 
(p<0.001 and p<0.01; respectively, Figure 3B).

Enalapril Increase Oxidative 
Stress Markers

Treatment of CRC animal by Enalapril or 5-FU 
increased MDA level, an oxidative stress marker 
compared to untreated animal (p<0.001) (Figure 
4A). Combination therapy increased the level of 
tumor MDA level compared to Enalapril and 5-FU 
alone group (p<0.01and p<0.001). Measurement 
of antioxidative stress factors including total thi-
ol groups, SOD and CAT activity in tumor tissue 
indicated that treatment with 5-FU and Enalapril 
decreased the levels of these factors which is more 
significant in combination group (Figure 4B-D). 

DISCUSSION

Despite extensive preclinical and clinical re-
search to identify new therapeutic approach-
es in the treatment of CRC, it is still among the 
leading cause of death, indicating the need for 

RESULTS

Enalapril Inhibits Tumor Growth

Our results showed that Enalapril reduced the 
size/volume of the tumor compared to control and 
5-FU groups (Figure 1B.). However, this reduc-
tion was more pounce in combination group, com-
pared to Enalapril or 5-FU groups (Figure 1B-D). 
Figure 2A illustrates histopathological changes in 
the tumor stained with H&E. All treated groups 
showed more necrosis than the untreated group. 
Use of Enalapril and 5-FU enhanced necrotic 
area in tumor tissue, but, in combination group, 
necrotic area was significantly more than in an-
imals who treated with 5-FU or Enalapril, alone. 
(p<0.05, Figure 2B). Measurement of percent of 
necrosis also showed more necrosis in tumor tis-
sue of combination group compared to the 5-FU 
and Enalapril alone group (p<0.001 and p<0.01; 
respectively).

Enalapril Inhibits Tumor Fibrosis

Trichrome staining was used for the evaluation 
of tumor fibrosis and collagen content. Results 
showed that treatment with Enalapril or 5-FU de-
creased tumor fibrosis compared to control (Figure 

Fig. 1. The schematic of the experimental protocol (A), effect of Enalapril on tumor size (B), tumor weight (C) macroscopic 
change of tumor (D). *p<0.05, **p<0.01 and ***p<0.001 compare with control group and #p<0.05, ##p<0.01 and ###p<0.001 
compare with 5-FU group.
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was decreased by ACEIs, captopril. Other studies 
have shown the inhibitory effect of ACE in the 
treatment of skin cancer18. Another study19 in lung 
cancer showed the effect of ACEIs, captopril, on 
reducing tumor volume. Yang et al10 indicated that 
Enalapril has no effect on CRC cell proliferation 
in vitro, but it could suppress tumor growth in 
vivo by inhibiting angiogenesis.

In present study, the level of tumor necrosis 
increased substantially between the treatment 
and control groups. This indicates that Enalapril 
inhibits tumors. Fibrosis is a common side effect 
of wound healing, and mature fibrosis with thick 
collagen fibers is thought to serve as a shield, pre-
venting cancer cells from spreading20. Desmo-
plastic reactions across the tumor may have a his-
tological structure like wound healing and have a 
link with better prognosis in patients with CRC20. 
Immature desmoplastic reactions, resemble ke-
loid scars histologically and may facilitate tumor 
invasion. Cancer-associated fibroblast activity has 
recently been discovered to support metabolism 
of cancer cells, proliferation, and metastasis. Ac-
tivated fibroblasts generate a large number of col-

detection of novel agents to increase the effica-
cy of current therapy11. Studies have shown the 
other potential bioactive, also nutraceuticals, that 
can improve the anticancer efficacy of antican-
cer drugs (5-FU and also more recent drugs like 
TKi) and reduce their cardio toxic effects12,13. In 
this study, we showed that Enalapril, as an ACE 
inhibitor, could significantly improve the activity 
of 5-FU in suppressing tumor growth in a CRC 
animal model. ACE  inhibitors have been used 
for the treatment of blood pressure and chronic 
heart failure. Increasing evidence suggests that 
these drugs can suppress tumor growth through 
mechanisms that are still unclear14. Our study 
indicated that Enalapril alone or in combination 
with 5-FU can reduce tumor growth in CRC. Sev-
eral animal cancer models have demonstrated the 
effects of ACE and Angiotensin Receptor Type 1 
(AT1-R) inhibitors to decrease Ang II levels15,16. 
In line with this information, Perindopril, an ACE 
inhibitor, suppressed the growth of tumors in 
hepatocellular and head and neck squamous cell 
carcinoma. Studies17 showed that AT1-R expres-
sion was increased in CRC, and this expression 

Fig. 2. Histological staining of tumor tissues by H&E for visualizing tissue necrosis (A), and percent of necrosis area measure-
ment by Image J (B). **p<0.01 and ***p<0.001 compare with control group, #p<0.05and ###p<0.001 compare with 5-FU group 
and ++p<0.01 compare with Enalapril group. N: necrosis area; T: tumor area.
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could be inhibited by scavenging activities to en-
sure cell survival. Several genes could enhance 
the expression of nuclear factor erythroid 2-relat-
ed factor 2 (NRF2) and, thereby, lower ROS lev-
els23. Similarly, NRF2 protects cancer cells from 
chemical carcinogens while also promoting can-
cer progression by protecting them from ROS and 
DNA damage. Nrf2 overexpression in cancer cells 
defends them from anticancer therapies’ cytotox-
ic effects, resulting in chemo- and/or radio resis-
tance. Studies have shown that Ang II increases 
Nrf2. Therefore, it is possible that Enalapril can 
reduce tumor growth by reducing Nrf223. 

CONCLUSIONS

Enalapril may enhance the anticancer effects 
of 5-FU against CRC and could provide a novel 
therapeutic strategy in combination with con-
ventional therapies. More research is needed to 
understand the molecular mechanisms behind 
this therapy.

lagen fibers that form high-density fibrosis, and 
fiber contraction combined with increased tumor 
solidity may encourage the invasion of cancer 
cells. Therefore, reducing fibrosis in tumor tissue 
can prevent its progression and metastasis 20. In 
this study, Enalapril was able to reduce tumor fi-
brosis alone and in combination with 5-FU. Ko-
zouli et al21 showed that treatment with ACEIs 
was associated with a decrease in fibrosis in mus-
cular dystrophy. 

Oxidative stress is caused by excessive devel-
opment of reactive oxygen/nitrogen species (ROS/
RNS), which has been linked to CRC growth and 
progression22. Furthermore, tumor cells may ex-
hibit an adaptive reaction to continued oxidative 
stress, which could contribute to chemoresis-
tance22. High levels of oxidative stress may be 
used to eliminate tumor cells. In this study, we 
showed that Enalapril can reduce tumor growth 
by increasing factor oxidants and decreasing an-
tioxidants. A high level of ATP is required by 
cancer cells because it serves as “fuel” for abnor-
mal cell proliferation22. The accumulation of ROS 

Fig. 3. Histological staining of tumor tissues by Masson trichrome for visualizing tissue fibrosis (A), and percent of fibrosis 
area measurement by Image J (B). ***p<0.001 compare with control group, ###p<0.001 compare with 5-FU group and ++p<0.01 
compare with Enalapril group. The arrows indicate the fibrotic area.



6

was supervised by MK. “The authors declare that all data 
were generated in-house and that no paper mill was used”.

ORCID ID:
A. Mostafapour: 0000-0001-8337-2827
F. Asgharzadeh: 0000-0002-8349-3722
A. Yaghoubi: 0000-0003-2577-796X
M. Eskandari: 0000-0002-1290-0300
S. Elnaz Nazari: 0000-0003-4471-0162
N. Naghibzadeh: 0000-0002-9504-0747
J. Baharara: 0000-0002-9097-7880
A. Avan: 0000-0002-4968-0962
S. Mahdi Hassanian: 0000-0002-5247-4043
M. Hajzadeh: 0000-0003-0086-6472
M. Khazaei: 0000-0002-7979-5699

REFERENCES

    1.	 Stoeltzing O, Liu W, Reinmuth N, Parikh A, Ahmad SA, 
Jung YD, Fan Fan BS, Lee M. Ellis. New approaches to 
the treatment of hepatic malignancies angiogenesis 
and antiangiogenic therapy of colon cancer liver me-
tastasis. Ann Surg Oncol 2003; 10: 722-733.

    2.	 Neo JH, Malcontenti-Wilson C, Muralidharan V, Christophi 
C. Effect of ACE inhibitors and angiotensin II receptor 
antagonists in a mouse model of colorectal cancer liver 
metastases. J Gastroenterol Hepatol 2007; 22: 577-584.

Ethics approval:
All experiments were conducted in accordance with Mash-
had University of Medical Science guidelines for animal ex-
periments, and ethical approval of the Local Committee for 
Experiments with Laboratory Animals in Mashhad, Iran.

Conflict of interest:
The Authors have no conflict of interest to declare.

Funding:
This research was supported by Elite Researcher Grant 
Committee under award number [977467] from the National 
Institutes for Medical Research Development (NIMAD), 
Tehran, Iran.

Availability of data and material:
The datasets during and/or analyzed during the current 
study are available from the corresponding author on rea-
sonable request.

Authors Contributions:
AM was executed the project and finally drafted the manu-
script. FA was initiated, designed and executed the project 
and finally drafted the manuscript. The Oxidation stress 
tests were done by AY, ME and NN. SEN was partially con-
tributed in executed the project.  JB, AA and SMH edited 
and reviewed manuscript. MH provided all the chemicals 
and reviewed manuscript. The whole project including the 
study and performed experiments and reviewed manuscript 

Fig. 4. The effect of Enalapril on oxidative stress markers MDA (A), total thiol (B), SOD (C) and CAT (D) activity. ***p<0.001 
compare with control group, ##p<0.01and ###p<0.001 compare with 5-FU group and ++p<0.01 and +++p<0.001 compare with Ena-
lapril group.

ANGIOTENSIN-CONVERTING ENZYME INHIBITOR, ENALAPRIL, INHIBITS TUMOR GROWTH



7

  13.	 Refaie MM, Shehata S, Bayoumi A, El-Tahawy NFG, 
Abdelzaher WY. The IL-6/STAT Signaling Pathway and 
PPARα Are Involved in Mediating the Dose-Dependent 
Cardioprotective Effects of Fenofibrate in 5-Fluoro-
uracil-Induced Cardiotoxicity. Cardiovasc Drugs Ther 
2021; 18: 1-11.

  14.	 Arendse LB, Danser AJ, Poglitsch M, Touyz RM, Bur-
nett JC, Llorens-Cortes C, Ehlers M, Sturrock E. Novel 
therapeutic approaches targeting the renin-angioten-
sin system and associated peptides in hypertension 
and heart failure. Pharmacol Rev 2019; 71: 539-570.

  15.	 Kune GA, Kune S, Watson LF. Colorectal cancer risk, 
chronic illnesses, operations, and medications: case 
control results from the Melbourne Colorectal Cancer 
Study. Cancer Res 1988; 48: 4399-4404.

  16.	 Vinson GP, Barker S, Puddefoot JR. The renin–angio-
tensin system in the breast and breast cancer. Endocr 
Relat Cancer 2012; 19: 21-32.

  17.	 Neo JH, Ager EI, Angus PW, Zhu J, Herath CB, Chris-
tophi C. Changes in the renin angiotensin system 
during the development of colorectal cancer liver 
metastases. BMC cancer 2010; 10: 1-11.

  18.	 Gandini S, Palli D, Spadola G, Bendinelli B, Cocorocchio 
E, Stanganelli I, Miligi L, Masala G, Caini S. Anti-hy-
pertensive drugs and skin cancer risk: a review of the 
literature and meta-analysis. Crit Rev Oncol Hematol 
2018 ;122: 1-9.

  19.	 Small W, Molteni A, Kim YT, Taylor JM, Chen Z, Ward 
WF. Captopril modulates hormone receptor concen-
tration and inhibits proliferation of human mammary 
ductal carcinoma cells in culture. Breast Cancer Res 
Treat 1997; 44: 217-224.

  20.	 Shin N, Son GM, Shin D-H, Kwon M-S, Park B-S, Kim H-S, 
Ryu D, Kang C-D. Cancer-associated fibroblasts and desmo-
plastic reactions related to cancer invasiveness in patients 
with colorectal cancer. Ann Coloproctol 2019; 35-36.

  21.	 Cozzoli A, Nico B, Sblendorio VT, Capogrosso RF, 
Dinardo MM, Longo V, Gagliardi S, Montagnani M, 
De Luca A. Enalapril treatment discloses an early 
role of angiotensin II in inflammation-and oxidative 
stress-related muscle damage in dystrophic mdx mice. 
Pharmacol Res 2011; 64: 482-492.

  22.	 Hameister R, Kaur C, Dheen ST, Lohmann CH, Singh 
G. Reactive oxygen/nitrogen species (ROS/RNS) and 
oxidative stress in arthroplasty. Biomater J Biomed 
Mater Res B 2020; 108: 2073-2087.

  23.	 Jiang Z-Y, Lu M-C, You Q-D. Nuclear factor erythroid 
2-related factor 2 (Nrf2) inhibition: an emerging strategy 
in cancer therapy. J Med Chem 2018; 62: 3840-3856.

    3.	 Kimberly DM, Rebecca LS, Chun CL, Angela BM, Joan 
LK, Julia HR, Kevin DS, Rick A, Ahmedin J. Cancer 
treatment and survivorship statistics. Cancer J Clin 
2016; 66: 271-289.

    4.	 Vodenkova S, Buchler T, Cervena K, Veskrnova V, 
Vodicka P, Vymetalkova V. 5-fluorouracil and other 
fluoropyrimidines in colorectal cancer: past, present 
and future. Pharmacol Ther 2020; 206: 137-147.

    5.	 Rosenthal T, Gavras I. Renin–angiotensin inhibition in 
combating malignancy: a review. Anticancer Res 2019; 
39: 4597-4602.

    6.	 Lindberg H, Nielsen D, Jensen BV, Eriksen J, Skovsgaard 
T. Angiotensin converting enzyme inhibitors for cancer 
treatment? Acta Oncol 2004; 43: 142-152.

    7.	 Quagliariello V, De Laurentiis M, Rea D, Barbieri A, 
Monti MG, Carbone A, Paccone A, Altucci L, Conte 
M, Canale M. The SGLT-2 inhibitor empagliflozin 
improves myocardial strain, reduces cardiac fibro-
sis and pro-inflammatory cytokines in non-diabetic 
mice treated with doxorubicin. Cardiovasc Diabetol 
2021; 20: 1-20.

    8.	 Khalil A, Tullus K, Bakhiet M, Burman Lg, Jaremko 
G, Brauner A. Angiotensin II type 1 receptor antag-
onist (losartan) down-regulates transforming growth 
factor-β in experimental acute pyelonephritis. J Urol 
2000; 164: 186-191.

    9.	 Hashemzehi M, Yavari N, Rahmani F, Asgharzadeh F, 
Soleimani A, Shakour N, Avan A, Hadizadeh F, Fakhraie 
M, Moradi Marjaneh R. Inhibition of transforming 
growth factor-beta by Tranilast reduces tumor growth 
and ameliorates fibrosis in colorectal cancer. EXCLI J 
2021; 20: 601-610.

  10.	 Yang Y, Ma L, Xu Y, Liu Y, Li W, Cai J, Zhang J. Enalapril 
overcomes chemoresistance and potentiates antitumor 
efficacy of 5-FU in colorectal cancer by suppressing 
proliferation, angiogenesis, and NF-κB/STAT3-regulat-
ed proteins. Cell Death Discov 2020; 11: 1-13.

  11.	 Chen EY, Blanke CD, Haller DG, Benson AB, Dragovich 
T, Lenz H-J, Robles C, Li H, Mori M, Mattek N. A phase 
II study of celecoxib with irinotecan, 5-fluorouracil, 
and leucovorin in patients with previously untreated 
advanced or metastatic colorectal cancer. Am J Clin 
Oncol 2018; 41: 1193-1201.

  12.	 Quagliariello V, Berretta M, Buccolo S, Iovine M, Paccone 
A, Cavalcanti E, Taibi R, Montopoli M, Botti G, Maurea 
N. Polydatin Reduces Cardiotoxicity and Enhances the 
Anticancer Effects of Sunitinib by Decreasing Pro-Oxi-
dative Stress, Pro-Inflammatory Cytokines, and NLRP3 
Inflammasome Expression. Front Oncol 2021; 15: 1-11.

ANGIOTENSIN-CONVERTING ENZYME INHIBITOR, ENALAPRIL, INHIBITS TUMOR GROWTH


