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A B S T R A C T

Capsaicin (8-Methyl-N-vanillyl-(trans)-6-nonenamide) is the major pungent ingredient found in chili peppers
consumed worldwide. Most reports on capsaicin potential carcinogenicity have yielded inconsistent findings.
Some studies have shown that capsaicin exerts anti-proliferative and pro-apoptotic effects on different cancer
cell lines, while others have reported an association between capsaicin at high doses with mutagenicity and
carcinogenicity. Thus, this study aimed at assessing the effects of capsaicin administration on 1,2-dimethyl-
hydrazine (DMH)-induced colon carcinogenesis in male Wistar rats. Our results show that capsaicin adminis-
tration, before and during carcinogen exposure, modified DMH-induced cytotoxicity and genotoxicity, pro-
moting anti-proliferative and pro-apoptotic responses through the expression of the genes involved in apoptosis,
cell cycle suppression and cell/tissue differentiation. Furthermore, capsaicin reduced aberrant crypt foci (ACF)
number and multiplicity, although there were no differences in tumor incidence and multiplicity among the
groups. Taken together, the results suggest that capsaicin may have a preventive effect against DMH-induced
colorectal carcinogenesis.

1. Introduction

Colorectal cancer (CRC) is the third most common type of cancer,
and a leading cause of death worldwide (Torre et al. 2015). World
Health Organization (WHO) GLOBOCAN estimates for 2015 showed
that CRC burden represents up to 9.7% of all incident malignancies,
accounting for 746,000 new cases in men and 614,000 in women
(Ferlay et al. 2015). The incidence and mortality rates of CRC vary
greatly across the world (Kamangar et al. 2006). However, CRC more
frequently occurs in developed countries, indicating a correlation with
western dietary habits and lifestyle patterns, such as smoking, alcohol
consumption, obesity and physical inactivity (Gingras and Béliveau
2011). These are known risk factors that are potentially modifiable and
avoidable through specific public strategies for cancer prevention. Re-
ducing consumption of refined starches, saturated fat, and processed or
red meat, as well as increasing the intake of fruits and vegetables has
been associated with lower CRC risk (Carr et al. 2016; Dahham and
Majid 2016).

Natural anticancer bioactive compounds have been lately ac-
knowledged with great public enthusiasm. Indeed, several bioactive

compounds found in vegetables and medicinal plants can reduce the
risk of developing chronic diseases such as cancer (Sales et al. 2014).
Fruits and vegetables play an essential role in human nutrition and
health, providing natural fibers, antioxidants, and a broad range of
bioactive phytochemicals (Liu 2013). Evidence from many pre-clinical
and clinical studies support that dietary interventions stand as a pro-
mising strategy for CRC prevention (Baena and Salinas 2015; Hou et al.
2013).

Capsaicin (8-methyl-N-vanillyl-trans-6-nonenamide) is the major
pungent alkaloid ingredient found in chili peppers (Bosland et al.
2012). The chili pepper is the fruit of herbaceous plants of the genus
Capsicum, members of the family Solanacea, native to the Americas.
Chilies have long been domesticated by Mesoamerican civilizations and
are appreciated worldwide for both culinary and medicinal purposes
(Heiser and Smith 1953). In fact, chili peppers represent a fair amount
of total vegetables daily consumed around the world (Kantar et al.
2016). Capsaicin has emerged as a potential therapeutic drug to treat a
number of human diseases, including chronic pain, obesity, diabetes,
cardiovascular conditions, airway diseases and cancer (Fattori et al.
2016).
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Scientific reports on capsaicin potential carcinogenicity have
yielded inconsistent findings (Bode and Dong 2011). Some studies have
shown that capsaicin exerts anti-proliferative and pro-apoptotic effects
on different cancer cell lines (Brown et al. 2010; Díaz-Laviada 2010;
Garufi et al. 2016; Lau et al. 2014) and might inhibit the metabolism of
chemical carcinogens by interacting with a number of cytochrome P450
enzymes (CYPs) (Zhang et al. 2012). On the other hand, Lee and Park
have reported an association between capsaicin at high doses with
mutagenicity and carcinogenicity (Lee and Park 2003). Furthermore,
several preclinical studies have suggested that the chili extract or cap-
saicin alone can have co-carcinogenic effects on the stomach, liver,
colon and skin in different chemically-induced carcinogenesis models
(Agrawal et al. 1986; Díaz Barriga Arceo et al. 1995; Johnson 2007; Liu
et al. 2015). Considering that the molecular mechanisms underlying the
putative effects of capsaicin on colon carcinogenesis are largely un-
known, this study aimed at assessing the effects of capsaicin oral ad-
ministration on DNA damage, cell proliferation, and apoptosis, as well
as on the expression of the genes involved in oxidative metabolism,
antioxidant activity, cell cycle, DNA repair and cell death pathways
during the early stages of colon carcinogenesis induced by 1,2-di-
methylhydrazine (DMH) in rats.

2. Material and methods

2.1. – Chemicals

Capsaicin (8-methyl-N-vanillyl-trans-6-nonenamide, purity ≥95%,
PubChem CID:1,548,943) and DMH (1,2-dimethylhydrazine hydro-
chloride, PubChem CID: 1322) were purchased from Sigma-Aldrich
(Darmstadt, Germany). All other reagents were of the highest grade
available commercially.

2.2. – Study design

Four-week-old male Wistar rats weighing 125 g (ANILAB, Paulínia-
SP, Brazil) were housed in polypropylene cages under standard condi-
tions (21 ± 2 °C temperature, 55 ± 10% humidity, and 12 h/12 h
light-dark cycle) with food (NUVILAB-CR-1, Curitiba, Brazil) and tap
water ad libitum. The animals used in this study were handled in ac-
cordance with the principles of laboratory animal care adopted by the
Brazilian College of Animal Experimentation (COBEA). This study was
approved by the institution's Ethics Review Board (1153/2015-CEUA).

After a 3-week acclimation period, the animals (7-week old) were
randomly assigned into six experimental groups with 16 animals each.
Intragastric doses of corn oil (capsaicin vehicle, G1 and G6), capsaicin
at 5 mg/kg body weight (bw) (G2 and G4) and 50 mg/kg bw (G3 and
G5) were administered three times a week for four weeks. The capsaicin
dosages used were determined based on previous reports (Saito and
Yamamoto 1996). Either a subcutaneous injection of DMH (G1, G2 and
G3, 40 mg/kg bw) or disodium ethylenediamine tetraacetic acid
(Na2EDTA, DMH vehicle, G4, G5 and G6) was given twice a week over
weeks 3 and 4. DMH was dissolved in 1 mM Na2EDTA in order to en-
sure stability (Rubio 2017). Body weight and food consumption were
recorded weekly throughout the experiment. By the end of week 4, 6
animals from each group were sacrificed (short-term assays, n = 6).
The remaining animals were sacrificed at 22 weeks (mid-term assays,
n = 10) (Fig. 1).

2.3. Short-term assays

Leukocyte genotoxicity.
Capsaicin anti-genotoxic potential was assessed in peripheral blood

leukocytes 24 h after the last DMH injection using the single cell gel
electrophoresis (comet) assay under alkaline conditions as previously
described (Nandhakumar et al. 2011). Peripheral blood samples, col-
lected by retroorbital venipuncture, were mixed with 100 μL of low

melting point agarose (0.75% in PBS, Invitrogen, USA.), spread on
slides pre-coated with normal point agarose (1.5% in PBS, Invitrogen,
USA), and coverslipped. Following agarose solidification (4 °C for
10 min), coverslips were carefully removed and the slides were in-
cubated with cold lysis solution (2.5 M NaCl, 100 mM Na2EDTA,
10 mM Tris–HCl, 1% sarkosyl, pH 10) overnight, at 4 °C. Subsequently,
the slides were washed three times in PBS and immersed in fresh cold
alkaline electrophoresis buffer (300 mM NaOH, 1 mM Na2EDTA,
pH > 13) for 20 min. Electrophoresis was conducted at a room tem-
perature of 21 °C for 20 min at 1 V/cm (300 mA) for 20 min. The slides
were then neutralized with 0.4 M Tris (pH 7.5), dehydrated in 100%
ethanol, and stained with Sybr Gold (Invitrogen, USA). An epi-fluor-
escence microscope (Olympus BX-50, Japan) coupled to a CCD camera
was used to score fifty random nucleoid/sample using the Comet Assay
IV Image Analysis System (Perceptive Instruments, UK). All experi-
ments were performed in duplicate.

Fecal water genotoxicity.
Cecal feces were collected at sacrifice and kept frozen at −20 °C

prior to use. Fecal water was prepared as described elsewhere (Klinder
et al. 2007) with minor modifications. Briefly, fecal slurry was prepared
by mixing feces with ice-cold PBS at a 1:1 rate (1 g of fecal content
+1 mL of PBS). This mixture was homogenized for 3 min. Fecal debris
were removed by centrifuging homogenates at 35,000g for 30 min. The
supernatant was filtered with an Ø 0.22 μM sterile filter unit (Millipore,
Germany), aliquoted and frozen until analysis.

Caco-2 (human colon adenocarcinoma) cells were obtained from the
Rio de Janeiro Cell Bank (BCRJ, Brazil) and grown in 75-cm2 culture
flasks with DMEM high-glucose medium supplemented with 10% fetal
bovine serum, 0.1 nM non-essential amino acids, 50 μg/mL strepto-
mycin, in a humid 5% CO2 atmosphere at 37 °C. CaCO-2 cells between
passages 38 and 39 were used in the analysis of fecal water genotoxi-
city. Upon reaching confluence, cells were harvested with Accutase cell
detachment solution (Sigma Aldrich, USA), split into 1-mL centrifuged
tubes and spun at 1200g for 1 min. The supernatant was removed and
cells were directly incubated with 100% fecal water at 37 °C for 30 min.
Cell viability was determined by the trypan blue exclusion assay. The
remaining cell pellet was then mixed with 100 μL of low melting point
agarose (0.75% in PBS), spread on slides pre-coated with normal point
agarose (1.5% in PBS), and coverslipped. Fecal water genotoxicity in
CaCO-2 cells was determined by the comet assay as described above.

Serum biochemistry and tissue collection.
Six animals from each group were sacrificed 24 h after the last DMH

injection. Blood samples were collected by cardiac puncture under xy-
lazine and ketamine anesthesia (10 mg/kg and 80 mg/kg bw, respec-
tively). Serum alanine aminotransferase (ALT) and aspartate amino-
transferase (AST) activity was determined using the COBAS 6000
(Roche Diagnostics, USA) with commercial kits. After laparotomy,
colon and liver tissue fragments were collected and either stored at
−80 °C for RNA extraction, or fixed in 4% buffered formalin and stored
in 70% ethanol for histopathology and immunohistochemistry analyses.

Immunohistochemistry analysis.
Paraffin-embedded 5-μm-thick colon sections were deparaffinized

and rehydrated in a graded xylene-alcohol series. Antigen retrieval was
performed using a 10 nM sodium citrate buffer solution by pressure-
cooker heating (Pascal, Dako). Endogenous peroxidase was quenched
with 10% hydrogen peroxide solution for 10 min. Tissues sections were
incubated with blocking solution (7% skimmed milk in PBS) for 1 h and
then immunostained overnight with primary antibodies for Ki-67
(Abcam no. 15580) and active Caspase-3 (Abcam no. ab2302). Sections
were washed three times in PBS and incubated with one-step universal
HRP polymer (Easy Path, USA) for 25 min. Tissue sections were stained
for 5 min using DAB as chromogen and counter-stained with Harry's
hematoxylin for 1 min. Six rats from each group were analyzed and 25
crypts were scored per animal. Ki-67 and active Caspase-3 labeling
indexes (LI) were scored by the number of positive-stained cells/
number of cells per crypt ratio.
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RNA isolation and reverse transcription.
Total RNA was extracted from frozen colon and liver samples using

the Rneasy Mini kit (Qiagen, Hilden, Germany). Following on-column
DNA digestion, RNA samples were solubilized in nuclease-free water
(Qiagen, Hilden, Germany). RNA concentration and integrity were
evaluated by spectrophotometry (NanoVue™ Plus, GE Healthcare Bio-
Sciences Corp, Piscataway, NJ, EUA) and capillary electrophoresis
(Agilent 2100 bioanalyzer, Agilent Technologies, Boeblingen,
Germany), respectively. Total RNA (60 ng/μl) was reverse-transcribed
to first-strand cDNA using SuperScript IV First Strand SuperMix
(Invitrogen™, Life Tech, USA) according to the manufacturer's instruc-
tion.

Quantitative real-time PCR.
RNA expression assessment was performed using a 96-well

TaqMan® Array Cards (TAC)-based real-time polymerase chain reaction
(PCR). A total of 96 genes involved in the oxidative metabolism, pro-
and antioxidant activity, cell proliferation, DNA damage, DNA repair
and apoptosis were assessed (Supplementary Material, SM1 and SM2).
β-Actin, Gapdh, Gusb and Hprt1 were used as housekeeping genes to
normalize mRNA expression. Target genes were amplified with
TaqMan® Universal Mastermix II (Life Technologies, USA) using the
following cycling protocol: heat activation at 50 °C for 1 min and de-
naturation at 95 °C for 10 min followed by 40 cycles (95 °C for 15 s and
60 °C for 1 min). Fluorescence was detected using the QuantStudio™
12 K Flex Real-Time PCR System (Life Technologies, USA). The relative
expression of target genes was analyzed by the comparative Ct method
(ExpressionSuite™ software, Life Technologies, USA). Functional en-
richment analysis was conducted using the Gene Ontology annotation
tool (Ashburner et al. 2000). This study was conducted according to the
MIQE (Minimum Information for Publication of Quantitative Real-Time
PCR experiments) guidelines (Bustin et al. 2009).

2.4. – Mid-term assays

Tumor volume and histopathology.
Ten animals from each group were sacrificed 22 weeks after the last

DMH administration. Colon specimens were removed, opened

longitudinally, and pinned flat. The specimens were fixed in 10%
phosphate-buffered formalin for 24 h and kept in ethanol 70% prior to
analysis. Macroscopic tumors were counted, removed, and measured ex
vivo using a digital caliper. Tumor volumes were calculated using the
following prolate spheroid formula: 4/3 × 3.14 x (length/2) x (width/
2) x (depth/2) (Schiavon et al. 2012). Colon specimens were paraffin
embedded and sectioned for histopathological analysis. Adenocarci-
nomas were classified into invasive (tubular or mucinous) or non-in-
vasive (carcinoma in situ) according to the International Harmonization
of Nomenclature and Diagnostic Criteria for Lesions in Rats and Mice
(Nolte et al. 2016).

Identification and quantification of ACF.
Aberrant crypt foci (ACF) pre-neoplastic lesions were identified in

formalin-fixed colon specimens (proximal, medial and distal) stained
with 0.2% methylene blue. The total number of ACF and the number of
aberrant crypts (AC) were counted under light microscopy. The ACF
were identified topographically according to Bird's morphological cri-
teria (Bird 1987): (i) increased size; (ii) thickened epithelial cell lining;
(iii) increased pericryptal space and (iv) irregular lumens. Since ACF
size is closely related to the risk of developing colon tumors, ACF were
divided into 3 categories: 1–3 crypts/focus, 4–8 crypts/focus and ≥ 9
crypts/focus (Corpet and Taché 2002).

2.5. – Statistical analysis

Data were statistically evaluated using the Prism v6 software
(GraphPad). One-way ANOVA analysis followed by post hoc Tukey's test
was used to compare groups. Fisher's exact test was used to compare
tumor incidence and histopathological categories. To identify sig-
nificant differences in gene expression, normalized expression means
were compared using Student's t-test. Significance was set at p < 0.05.

3. Results

3.1. - Short-term assays

Leukocyte and fecal water genotoxicity.

Fig. 1. Schematic diagram of the experimental protocol. G1: DMH + corn oil (capsaicin vehicle); G2: DMH + capsaicin at 5 mg/kg bw; G3: DMH+ capsaicin at 50 mg/kg bw; G4:
Na2EDTA (DMH vehicle) + capsaicin at 5 mg/kg bw; G5: Na2EDTA + capsaicin at 50 mg/kg bw; G6: Na2EDTA + corn oil. S1: sacrifice, 24 h after DMH initation; S2: sacrifice, 22 weeks
after DMH initiation; DMH: 1,2-dimethylhidrazine; Na2EDTA: disodium ethylenediamine tetraacetic acid; IHC: immunohistochemistry; ACF: aberrant crypt foci.
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Fig. 2 (A and B) shows the levels of DNA damage in peripheral blood
leukocytes from all groups. DNA damage levels were significantly
higher in the DMH-treated groups (G1-G3) than in their respective
control groups (G4-G6) (p = 0.0001). DMH-induced genotoxicity was
significantly reduced in the group receiving capsaicin at 50 mg/kg (G3)
when compared to other DMH-treated groups (G1 and G2)
(p = 0.0001). Capsaicin treatment per se (G5 and G6) did not induce
DNA damage in comparison to the control group (G6).

Fig. 2 (C and D) shows the effects of capsaicin oral administration
on fecal water genotoxicity in all groups. CaCO-2 cell viability re-
mained unchanged after exposure to fecal water from the DMH-treated
and control groups (data not shown). Fecal water genotoxicity was
significantly higher in the DMH-treated groups (G1-G3) than in their
respective controls (G4-G6) (p = 0.004). DMH-induced fecal water
genotoxicity was significantly reduced by capsaicin at 50 mg/kg (G3)
(p = 0.004). Fecal water genotoxicity levels in capsaicin at 5 and
50 mg/kg groups (G4 and G5) remained similar to the control group
(G6).

Body weight, liver weight, food intake, biochemical and histopathological
analyses.

Table 1 shows body weight, liver weight and serum biochemical
parameters in all groups at weeks 4 and 22. No differences in body
weight and relative liver weight were found among the groups by the
end of weeks 4 and 22 (Table 1). Over the first four weeks, there was a
significant elevation in ALT and AST serum levels in the DMH-treated
groups (G1-G3) (p < 0.0005). No differences in food intake and liver
relative weight were observed among groups. In the DMH-treated
groups (G1-G3), the colonic mucosa showed toxic lesions characterized
by crypt distortions, depletion of goblet cells and increased apoptosis
(Fig. 3A). Capsaicin oral administration alone (G4 and G5) did not in-
duce colonic toxicity when compared to the control group (G6)
(Fig. 3B).

Ki-67 and active caspase-3 labeling indexes.
As shown in Fig. 3C, Ki-67 proliferation index was significantly

reduced (20%) with capsaicin at 50 mg/kg (G3) (p = 0.0001) when
compared to DMH-treated groups (G1 and G2). Caspase-3 labeling in-
dexes were similar among groups (Fig. 3D).

Differential gene expression evaluation.
Table 2 compares differential gene expression in colonic mucosa

from the capsaicin-treated (G2 to G5) and control groups (G1 and G6).
Three genes were differentially expressed in both groups receiving
capsaicin 5 mg/kg (G2 and G4, Table 4) when compared to control
groups (G1 and G6). Capsaicin at 50 mg/kg (G3) also induced the dif-
ferential expression of 15 genes on colonic mucosa from the DMH-
treated group (Table 2). Functional enrichment analysis demonstrated
that these upregulated genes belong to functional categories involved in
the adaptive response to chemicals, as well as apoptosis and tissue
development (Table 3). No genes were found to be differentially ex-
pressed in the liver in all groups (Supplementary Material, SM3 and
SM4).

3.2. - Mid-term assays

Tumor volume and histopathological analysis.
In group receiving capsaicin at 50 mg/kg, (G3) the rate of small

tumors (35%) was higher than those in the DMH-treated groups (G1,
G2), but the statistical difference among groups was not significant
(Fig. 4A and B). The average tumor volume was 105 mm3 in DMH-
treated group (G1) whereas in the groups receiving capsaicin at 5 and
50 mg/kg (G2 and G3) it was 34 and 59 mm3, respectively. By the end
of week 22, nearly all rats in the DMH-treated groups (G1-G3) devel-
oped colorectal tumors. The tumor incidence and multiplicity were si-
milar among groups as shown in Table 4. A trend towards the reduction
of invasive tumors was observed in the group given capsaicin at 50 mg/

Figure 2. Detection of DNA damage by the comet assay1.
(A) Suppressing effects of capsaicin administration on
DMH-induced genotoxicity in peripheral blood leukocytes.
(B) Representative comet images showing different levels of
DNA damage in peripheral blood leukocytes. (C)
Suppressing effects of capsaicin administration on DMH-
induced fecal water genotoxicity in CaCO-2 tumor cells. (D)
Representative comet images showing different levels of
DNA damage in CaCO-2 cells. 1Data are presented as box
plot with median and interquartile ranges, compared by
One-way ANOVA followed by post hoc Tukey's test. G1:
DMH + corn oil (capsaicin vehicle); G2: DMH+ capsaicin
at 5 mg/kg bw; G3: DMH+ capsaicin at 50 mg/kg bw; G4:
Na2EDTA (DMH vehicle) + capsaicin at 5 mg/kg bw; G5:
Na2EDTA + capsaicin at 50 mg/kg bw; G6:
Na2EDTA + corn oil. S: sacrifice; DMH: 1,2-dimethylhi-
drazine; Na2EDTA: disodium ethylenediamine tetraacetic
acid.
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kg (G3) (Table 4). Histopathological analysis showed that most tumors
were either well-differentiated tubular adenocarcinomas (Fig. 4C and
D) or poorly-differentiated mucinous adenocarcinomas (Fig. 4E and F).

ACF formation.
Table 5 summarizes the effects of capsaicin on DMH-induced ACF

formation. All DMH-treated animals (G1-G3) developed colon ACF
22 weeks after the last DMH administration. No ACF was observed in
the control groups (G4-G6). Capsaicin at 50 mg/kg (G3) significantly
reduced (0.0008 < p < 0.0209) the number of ACF consisting of 1–3,
and ≥10 crypts per focus, as well as the total number of AC and ACF
(0.0209 < p < 0.0244), when compared to DMH-treated group (G1).
Fig. 4 shows light-micrographs of normal crypts (4G) and an ACF
stained with methylene blue (4H).

4. Discussion

In this study, capsaicin anti-genotoxicity, anti-proliferative and pro-
apoptotic effects were investigated in rats, before and during DMH
administration (short-term), as well as pre-neoplastic lesions and

tumors 22 weeks after the last DMH injection (mid-term). The results
obtained in the short-term assays show that capsaicin at 50 mg/kg
suppressed DMH-induced cytotoxicity and genotoxicity, promoting
anti-proliferative and pro-apoptotic responses through the expression of
the genes involved in apoptosis, cell cycle suppression and cell/tissue
differentiation on the colonic mucosa. In the mid-term assays, capsaicin
at 50 mg/kg reduced ACF number and multiplicity.

Our findings indicate that capsaicin at 50 mg/kg decreased both
DMH-induced genotoxicity in the leukocytes and fecal water geno-
toxicity in CaCO-2 cells. Both leukocyte and fecal water comet assay
analyses demonstrate that capsaicin alone did not increase genotoxi-
city. Previous studies have shown that capsaicin has substantial anti-
mutagenic and anti-genotoxic effects on different chemical mutagens
(Fernández-Bedmar and Alonso-Moraga 2016; Hassan et al. 2012;
Huynh and Teel 2005). Most studies on capsaicin genotoxicity and
mutagenicity have used capsaicin of different levels of purity or chili
extracts (Bley et al. 2012). However, some studies have reported cap-
saicin contamination with organic phosphates, pesticides, fusarium and
aflatoxin, which can seriously affect genotoxicity assessment (Johnson

Table 1
Body weight, liver weight, food intake and serum biochemical parameters in controls and capsaicin-treated rats1.

4 weeks (n= 6)

G1 G2 G3 G4 G5 G6
Parameters DMH DMH + CAP 5 DMH + CAP 50 CAP 5 CAP 50 Control
Initial body weight (g) 232.25 ± 19.34 225.25 ± 21.08 243.75 ± 20.65 220.75 ± 20.75 222.88 ± 24.17 236.63 ± 34.90
Final body weight (g) 299.94 ± 21.75 281.75 ± 35.05 311.88 ± 39.95 304.54 ± 20.65 307.31 ± 27.85 325.75 ± 41.16
Weight gain (g) 67.69 ± 10.06 61.29 ± 21.41 68.13 ± 28.22 83.92 ± 20.15 89.00 ± 17.02 89.13 ± 21.38
Food intake (g/rat/day) 19.91 ± 4.66 19.04 ± 4.82 21.50 ± 5.29 21.51 ± 2.70 21.79 ± 6.65 22.75 ± 2.66
Liver relative weight (g) 2.91 ± 0.25 2.99 ± 0.20 2.96 ± 0.44 2.91 ± 0.31 3.06 ± 0.28 2.75 ± 0.07
ALT (IU/L) 99.80 ± 28.69† 72.80 ± 18.77 79.20 ± 12.73 47.40 ± 9.48 55.60 ± 8.31 51.20 ± 16.34
AST (IU/L) 269.40 ± 85.95† 207.60 ± 28.88 262.80 ± 99.61† 131.80 ± 6.05 119.60 ± 24.18 126.20 ± 28.10
22 weeks (n= 10)
Parameters DMH DMH + CAP 5 DMH + CAP 50 CAP 5 CAP 50 Control
Initial body weight (g) 226.40 ± 18.22 223.20 ± 21.98 244.70 ± 25.51 221.57 ± 24.08 212.71 ± 15.93 241.33 ± 28.04
Final body weight (g) 445.60 ± 30.62 449.50 ± 51.08 468.70 ± 51.97 446.00 ± 35.02 438.00 ± 26.58 467.40 ± 34.66
Weight gain (g) 218.22 ± 19.88 220.38 ± 38.39 221.75 ± 37.21 198.40 ± 26.54 230.00 ± 34.91 228.00 ± 22.83
Liver relative weight (g) 1.97 ± 0.15 2.27 ± 0.37 2.04 ± 0.15 2.21 ± 0.28 2.11 ± 0.13 2.12 ± 0.25

1 Values represent the mean ± SD for 6–10 rats/group. Differences between groups were determined using one-way ANOVA followed by Tukey's test. †Different from G4, G5 and G6,
p < 0.0005. ALT: alanine aminotransferase; AST: aspartate aminotransferase; DMH: 1,2-dimethylhydrazine; CAP 5: capsaicin 5 mg/kg bw; CAP 50: capsaicin 50 mg/kg bw.

Fig. 3. Histopathology and immunohistochemistry of co-
lonic mucosa in the short-term (4 weeks) assay (A) DMH-
induced toxic lesions in the colonic mucosa, exhibiting
crypt distortions (*), depletion of goblet cells, and increased
apoptosis. (C) Ki-67 proliferation labeling indexes. (B)
Normal histology features of the colon in control group. (D)
Active caspase-3 apoptosis labeling indexes. 1Data are
presented as mean ± SD for 6 rats/group. Differences be-
tween groups were determined using by One-way ANOVA
followed by post hoc Tukey's test. G1: DMH+ corn oil
(capsaicin vehicle); G2: DMH+ capsaicin at 5 mg/kg bw;
G3: DMH + capsaicin at 50 mg/kg bw; G4: Na2EDTA
(DMH vehicle) + capsaicin at 5 mg/kg bw; G5:
Na2EDTA + capsaicin at 50 mg/kg bw; G6:
Na2EDTA + corn oil. S: sacrifice; DMH: 1,2-dimethylhi-
drazine; Na2EDTA: disodium ethylenediamine tetraacetic
acid.
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2007; Kuzma et al. 2014; Proudlock et al. 2004). Together, our results
suggest that capsaicin has an anti-genotoxic effect and may inhibit the
DNA damage induced by DMH, as previously demonstrated by other
(De et al. 1995; Melgar-Lalanne et al. 2017; Proudlock et al. 2004).

This study showed that oral administration of capsaicin increased
the expression of the genes NF-κB and Ikbkg, which is a regulatory
subunit of the kappaB kinase (NEMO/IKKγ) complex that phosphor-
ylates and activates NF-κB (Salminen et al. 2012). Methyldiazonium ion
is the ultimate DMH carcinogenic metabolite responsible for the me-
thylation of DNA bases that induces genotoxic stress and trigger NF-κB
activation in colonic epithelial cells (Perše and Cerar 2011; Tanwar
et al. 2009). Nuclear factor kappa B (NF-κB), an important mediator of
cell response to DNA damage, has been shown to facilitate cell escape
from the letal effects of DNA damage, stimulate cell growth, and induce
cell proliferation (Hoesel and Schmid 2013). Conversely, capsaicin also
induced the expression of NF-κB inhbitors, such as the genes Mapk3
Mapk14, and Smad4. Mapk14, also known as p38α, is a serine/threo-
nine stress-activated protein kinase that is activated in response to a
variety of extracellular stimuli, including genotoxic stress induced by
chemicals (Igea and Nebreda 2015), promoting apoptosis and NF-κB

regulation (Gil-Araujo et al. 2014; Igea and Nebreda 2015; Olson et al.
2007). In the colon, Smad4 downregulation leads to uncontrolled cell
proliferation (Dienstmann et al. 2017; Handra-Luca et al. 2011). Ac-
cording to our results, capsaicin 50 mg/kg suppressed Ki-67 prolifera-
tion indexes under carcinogen insult. This finding is consistent with the
concomitant expression of the Mapk3, Mapk14 and Smad4 genes that
are involved in the suppression of NF-κB activation, cell growth and
proliferation (Aggarwal and Shishodia 2004; Brown et al. 2010; Qian
et al. 2016).

The oral administration of capsaicin in this study markedly induced
the expression of apoptosis-related genes in the colonic mucosa, in-
cluding Casp4, Sp1, Aifm1 and Dffb. Capsaicin-induced apoptosis has
been reported to cause ER calcium release and to increase the tran-
scriptional activation of pro-apoptotic genes (O'Neill et al. 2012;
Srivastava 2013; Thomas et al. 2011) such as Aifm, an important ef-
fector for caspase-independent cell death (Tica Sedlar et al. 2016). Aifm
encodes an apoptosis-inducing factor (AIF) that functions as an oxi-
doreductase in the inner mitochondrial membrane (Sun et al. 2016).
Upon cell death stimuli, increased cytoplasmic calcium concentration
causes the disruption of the mitochondrial membrane, leading to AIF
translocation to the nucleus (Daugas et al. 2000). AIF is binds to the
DNA, causing chromatin condensation and DNA fragmentation re-
gardless of caspase activation (Cregan et al. 2004). Both doses of cap-
saicin also increased the expression of the Dffb gene. Dffb encodes the
active subunit of the apoptotic nuclease DNA fragmentation factor
(DFF), a heterodimeric protein that triggers both DNA fragmentation
and chromatin condensation during apoptosis (Samejima and Earnshaw
2005). DNA fragmentation factors such as DFF, greatly contribute to
genomic stability by ensuring the removal of DNA-damaged cells
(Ohyashiki et al. 2017; Yan et al. 2006).

The functional enrichment analysis revealed that capsaicin oral
administration up-regulated the expression of the genes associated with
tissue development and cell differentiation. This finding may be the
molecular clue to the chemopreventive effect of capsaicin on DMH-in-
duced colonic mucosa toxicity. Histopathological analysis showed that
DMH exposure induced apoptosis, loss of goblet cell differentiation and
crypt distortions on the colonic mucosa. Indeed, tissue loss is replaced
via compensatory cell proliferation following chemical insult and sig-
nificant cell death, (Meier and Banreti 2016). Moreover, capsaicin oral
administration has been shown to modulate DMH-induced cell pro-
liferation by increasing the expression of anti-proliferative and cell
differentiation genes.

Our findings indicate an increased expression of the Foxa1 and Cdh1
genes in the group receiving capsaicin at 50 mg/kg. This is consistent
with a cellular response towards cell differentiation because Foxa1 is
known to play a pivotal role in postnatal development and cell differ-
entiation (Bernardo and Keri 2012). In the colon, Foxa1 modulates the
secretory activity and controls the differentiation of goblet cells (Ye and
Kaestner 2009). Another important gene associated with cell differ-
entiation is Cdh1. Cdh1 encodes E-cadherin, a cell-cell adhesion gly-
coprotein that plays a leading role in the suppression of cell growth and

Table 2
Differential gene expression in the colon samples of capsaicin-treated rats1.

Comparisons Gene Ensembl ID Fold Change P value

G2 vs G1 Dffb ENSRNOG00000025030 1.532 0.022
Gsk3b ENSRNOG00000002833 1.627 0.041
Raf1 ENSRNOG00000010153 1.781 0.021

G3 vs G1 Dffb ENSRNOG00000025030 1.548 0.016
Casp4 ENSRNOG00000033697 2.094 0.010
Aifm1 ENSRNOG00000006067 1.689 0.030
Wee1 ENSRNOG00000010017 1.553 0.006
Sp1 ENSRNOG00000014084 1.769 0.004
Foxa-1 ENSRNOG00000009284 1.761 0.002
Cdh1 ENSRNOG00000020151 1.951 0,032
Smad4 ENSRNOG00000051965 1.549 0.034
Grb2 ENSRNOG00000037360 1.940 0.006
Raf1 ENSRNOG00000010153 2.046 0.036
Mapk3 ENSRNOG00000053583 2.229 0.028
Mapk14 ENSRNOG00000000513 1.867 0.032
Nfkb1 ENSRNOG00000023258 1.851 0.032
Stat5b ENSRNOG00000019075 1.583 0.020
Ikbkg ENSRNOG00000060936 1.786 0.016

G4 vs G6 Igfr1 ENSRNOG00000014187 0.569 0.032
Akt1 ENSRNOG00000028629 0.652 0.019
CdkN1a ENSRNOG00000000521 1.933 0.018

1 Relative expression levels were determined by normalization to beta-actin (Actb),
glyceraldeyde-3-phosphate dehydrogenase (Gapdh), beta-glucuronidase (Gusb) and hy-
poxanthine-guanine phosphoribosyltransferase (Hprt1). Experimental groups were com-
pared using the Student's t-test. Fold change boundary of 1.5 (1.5-fold change) and a P
value of< 0.05 were used. G1: DMH+ corn oil (capsaicin vehicle); G2: DMH + cap-
saicin 5 mg/kg bw; G3: DMH + capsaicin at 50 mg/kg bw; G4: Na2EDTA (DMH vehicle)
+ capsaicin at 5 mg/kg bw; G5: Na2EDTA + capsaicin at 50 mg/kg bw; G6:
Na2EDTA + corn oil. S: sacrifice; DMH: 1,2-dimethylhidrazine; Na2EDTA: disodium
ethylenediamine tetraacetic acid.

Table 3
Significantly enriched gene ontology (GO) annotated terms in up-regulated genes of rats treated with capsaicin at 50 mg/kg (G3).

S. No. GO term Fold Enrichment No. of Genes P value

1 GO:0070887 - cellular response to chemical stimulus 7.68 13 0.00002
2 GO:0033554 - cellular response to stress 9.10 10 0.00016
3 GO:0006915 - apoptotic process 17.43 9 0.00004
4 GO:0050790 - regulation of catalytic activity 7.00 11 0.00310
5 GO:0070848 - response to growth factor 23.13 9 0.00001
6 GO:0080134 - regulation of response to stress 9.02 8 0.00812
7 GO:0006974 - cellular response to DNA damage 13.32 6 0.02930
8 GO:0010941 - regulation of cell death 9.30 11 0.00018
9 GO:0009888 - tissue development 7.30 9 0.00760
10 GO:0030154 - cell differentiation 5.57 14 0.00015
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invasion. E-cadherin loss is an integral step in the epithelial-mesench-
ymal transition (EMT), that is associated with tumor progression, in-
vasion and metastasis in CRC (Heerboth et al. 2015; Yun et al. 2014).
Conversely, increased E-cadherin expression has been shown to de-
crease ERK1/2 phosphorylation, suggesting a suppressor role in the
Kras oncogenic pathway (Satow et al. 2014).

Our results show that capsaicin failed to modulate the expression of

the genes involved in liver oxidative metabolism, pro- and anti-oxida-
tive activity, cell proliferation, DNA damage, DNA repair and apoptosis
(Supplementary Data, SM2). Although capsaicin has been hypothesized
to interact with a number of cytochrome P450 enzymes (CYPs) in the
liver (Zhang et al. 2012), studies have demonstrated that the in vitro
inhibition of cytochrome P450 enzymes by capsaicin can be observed
only at very high doses, suggesting that capsaicin inhibitory effect on

Figure 4. Tumor volume, histopathology and aberrant
crypt foci (ACF) induced by DMH in control and capsaicin-
treated rats. (A) Percentage of small, medium and large
tumor volumes in the DMH-treated groups. (B) Macroscopic
image of colon carcinomas in the medial region of the co-
lonic mucosa. (C) Sessile, exophytic tumor mass arising
from the colonic mucosa. (D) Tubular adenocarcinoma. (E)
Endophytic tumor with extensive submucosal spread. (F)
Mucinous adenocarcinoma with signet ring cells. (G)
Normal-appearing colonic mucosa stained with methylene
blue. (H) Methylene blue-stained aberrant crypt foci (ACF)
consisting of seven large, elliptical crypts with thickened
epithelial cell lining and increased pericryptal space. G1:
DMH + corn oil (capsaicin vehicle); G2: DMH+ capsaicin
at 5 mg/kg bw; G3: DMH+ capsaicin at 50 mg/kg bw;
DMH: 1,2-dimethylhidrazine. (For interpretation of the re-
ferences to colour in this figure legend, the reader is re-
ferred to the web version of this article.)
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drug metabolism is minimal (Chanda et al. 2008; Babbar et al. 2010).
Thus, the protective effects of the capsaicin regimen adopted did not
affect DMH metabolism via either CYP induction or inhibition.

In this study, capsaicin reduced total AC and ACF development, as
well as ACF multiplicity, in agreement with other report (Yoshitani
et al. 2001). ACF have been adopted as biomarkers for the screening of
preventive agents and has been correlated with tumor growth in dif-
ferent models of colon carcinogenesis (Rodrigues et al. 2002;
Wargovich et al. 2010). ACF with a high number of aberrant crypts are
more likely to progress to adenomas and adenocarcinomas during col-
orectal carcinogenesis (Takahashi et al. 2012). In this regard, we ob-
served that capsaicin at 50 mg/kg trend to reduce the tumor size as well
as the number of invasive tumors in the colon. Despite these differ-
ences, however, tumor incidence and multiplicity rates were similar in
the capsaicin-treated groups. These results demonstrate that capsaicin
has a weak protective effect for colon tumors induced by DMH.
Therefore, chemopreventive potential of capsaicin was evidenced only
shortly after DMH administration and latter on ACF development.

5. Conclusion

Capsaicin administration reduced cell proliferation as well as
modulated the genes involved in cell proliferation, apoptosis, tissue
development and differentiation, suppressing ACF development. Thus,
our results indicate that capsaicin may have a chemopreventive effect
against DMH-induced colorectal carcinogenesis.
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