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ABSTRACT Vanillin is the substance responsible for the flavor and smell of vanilla, a widely used flavoring agent. Previous
studies reported that vanillin is a good antimutagen and anticarcinogen. However, there are also some contradicting findings
showing that vanillin was a comutagen and cocarcinogen. This study investigated whether vanillin is an anticarcinogen or a
cocarcinogen in rats induced with azoxymethane (AOM). Rats induced with AOM will develop aberrant crypt foci (ACF).
AOM-challenged rats were treated with vanillin orally and intraperitoneally at low and high concentrations and ACF density,
multiplicity, and distribution were observed. The gene expression of 14 colorectal cancer-related genes was also studied.
Results showed that vanillin consumed orally had no effect on ACF. However, high concentrations (300 mg/kg body weight)
of vanillin administered through intraperitoneal injection could increase ACF density and ACF multiplicity. ACF were mainly
found in the distal colon rather than in the mid-section and proximal colon. The expression of colorectal cancer biomarkers,
protooncogenes, recombinational repair, mismatch repair, and cell cycle arrest, and tumor suppressor gene expression were
also affected by vanillin. Vanillin was not cocarcinogenic when consumed orally. However, it was cocarcinogenic when being
administered intraperitoneally at high concentration. Hence, the use of vanillin in food should be safe but might have

cocarcinogenic potential when it is used in high concentration for therapeutic purposes.
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INTRODUCTION

V ANILLIN IS A SUBSTANCE widely used as flavoring agent
in confectionaries and drinks. Numerous therapeutic
properties of vanillin have been discovered, including (1) red
blood sickle cell anemia inhibition, (2) sedative effects, and
(3) antimutagenic property.'

Ohta et al? first studied the antimutagenic property of
vanillin and found that vanillin could enhance recombinational
repair in Escherichia coli. Sasaki et al.>* also reported that
vanillin was an effective antimutagen toward X-ray—, ethyl
methane sulfonate—, and N-ethyl-N'-nitro-N-nitrosoguanidine—
induced mutations. By 1999, Santos et al.® further reported that
vanillin’s antimutagenic effect was applicable to mitomycin-C-
and methyl methane sulfonate—induced mutations as well.

As cancer is closely related to mutation accumulation, the
antimutagenic property of vanillin makes it a potential an-
ticarcinogen. An in vitro study demonstrated vanillin’s cy-
tostatic and cytolytic properties on human colorectal cancer
cell line HT-29.° However, the anticarcinogenic effect of
vanillin in colorectal cancer has not been carried out in vivo.
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Although there is abundant evidence that vanillin has
anticarcinogenic properties, there are also some opposing
opinions and evidence. Studies done by Kuroda and Inoue,’
Ferguson,® and Fahrig® showed that vanillin could sometimes
become cocarcinogenic depending on the type of mutagen
challenged and the type of model organism used in the study.

Hence, the purpose of this study was to investigate
whether vanillin is an anticarcinogen or a cocarcinogen in
azoxymethane (AOM)—induced aberrant crypt foci (ACF)—
bearing rats. Besides that, the effects of vanillin on DNA
repair mechanism, apoptosis, cell cycle, and tumor sup-
pressor were also studied.

MATERIALS AND METHODS

Materials

Vanillin purchased from MP biomedical was dissolved in
5% ethanol to increase its solubility. RNA extraction kit
Ribopure and Turbo DNA-free kit were purchased from
Ambion. Primers were purchased from First base and the
GeXP kit was purchased from Beckman Coulter.

Methylene blue preparation

Methylene blue was prepared at a concentration of
0.2% (w/v). The solution must be sonicated and filtered
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before it is used to avoid precipitation of methylene blue
powder while being viewed under a microscope.

AOM preparation

AOM was purchased from Sigma Aldrich. Two subcu-
taneous injections of 15 mg/kg body weight in subsequent
weeks were needed to induce ACF in a rat.

Animals and treatments

Male Sprague—Dawley rats with body weights between 40
and 50g were obtained from the Animal Unit, Faculty of
Veterinary Medicine, Putra University, Malaysia (UPM). The
rats were housed individually in plastic cages in a facility with
a constant day—night cycle. Food equivalent to 10% of their
body weight was provided and water was available ad libitum.
The use of animals and the experimental protocol were ap-
proved by the Animal Ethics Committee of the UPM.

After 1 week of adaptation, all the rats were divided into
eight groups of eight rats. The first group did not receive any
treatment. The second group received subcutaneous AOM
injections (15mg/kg body weight) for two consecutive
weeks in order to induce ACF. The third and fourth groups
received subcutaneous AOM injections and 5% ethanol
orally and through intraperitoneal (IP) injection, respec-
tively. The fifth and sixth groups received subcutaneous
AOM injections and 150 mg/kg body weight vanillin dis-
solved in 5% ethanol orally and through IP injection,
respectively. The seventh and eighth groups received sub-
cutaneous AOM injections and 300 mg/kg body weight
vanillin dissolved in 5% ethanol orally and through IP in-
jection, respectively. Vanillin administration was carried out
three times per week alternately and the doses of vanillin
were chosen based on a previous study of vanillin toxicity.'®
The treatments were continued for 14 weeks to allow the
development of more advanced stage ACF.!' By week 15,
rats were anesthetized with chloroform and the their final
body weights were recorded. The weights of liver, kidney,
lung, spleen, and heart were also measured and recorded.
Colons were excised and rinsed with normal saline. After
washing, the colons were sliced open, pinned on polystyrene
board, and fixed with RCL-2 solution. The RCL-2 solution
is a new fixing agent that could preserve the RNA in fixed
sample with higher efficiency compared with the conven-
tionally used formalin.'?

It should be noted that IP injection of vanillin is not the
common way for human to consume vanillin. IP injection of
vanillin was used in this study because vanillin could be ox-
idized in the upper gastrointestinal tract into vanillin acid and
subsequently loses its potential anticarcinogenic/cocarcino-
genic effect. Therefore, in order to study its effects, vanillin
had to be administered intraperitoneally to avoid oxidation.'°

ACF density, multiplicity, and distribution

A total of six colons from each group were scored for
their ACF density and distribution. In brief, colons excised
from rats were rinsed with normal saline to wash away RCL-
2. The length and width of the colons were measured and

recorded. The colon was then placed in a Petri dish with
mucosa facing upward. Normally, the side of the colon with
mucosa is less shiny compared with the side without mu-
cosa. Methylene blue was poured into the Petri dish until the
colon was submerged. After 2 min, the stained colon was
washed with normal saline again to wash away excessive
methylene blue. The colon was then examined under light
microscope with 150 X magnification. The number of ACF
was counted; the multiplicity and distribution were re-
corded."® The ACF density of the colon was calculated with
the following formula:

ACF density= Number of ACF in whole colon

Length of colon (cm) X width of colon (cm)

Tissue samples and RNA extraction

RNA from the colons previously used to evaluate ACF
was extracted using Mirvana Paris kit from Ambion ac-
cording to the instructions. First, the mucosa layer of the
colon (including both proximal and distal colon) was
scrapped with a blade. The mucosa layer appearance was
different from the serosa layer as it was less shiny and
usually easier to be scrapped off compared with the serosa
layer. Cell disruption buffer was then added to the mucosa
layer and the sample was homogenized. After cell disrup-
tion, RNA was released from the cells and thus 2 X dena-
turing solution was added as soon as possible to avoid
degradation of RNA by RNase. Next, acid-phenol-chloroform
solution was added to the RNA lysate. After being vortexed,
the solution was centrifuged at 10,000 g for 5 min to sepa-
rate the solution into two phases. The upper aqueous phase
containing the RNA was carefully removed and transferred
into a new tube. Then, 100% ethanol was added to the
aqueous phase and the solution was transferred to a filter
cartridge. After centrifugation for 30 sec at 10,000 rpm, the
flowthrough was discarded and the RNA was trapped at the
filter cartridge. The RNA was then washed three times with
washing buffer before being eluded with elution buffer.

The RNA solution obtained was then purified with Turbo
DNA-free kit from Ambion to make sure it was free of
DNA. The procedures were according to the manual. In
brief, 10 uLL of 10X turbo buffers and 1 uL. of turbo DNase
were added into the RNA solution and mixed well. After
that, the solution was incubated at 37°C for 25 min to allow
degradation of DNA. Next, 10 uLL of inactivation reagent
was added to halt the DNase activity. After 12,000 g cen-
trifugation for 1.5 min, the supernatant (RNA) was trans-
ferred into a new tube.

The RNA concentration and quality were checked by
using a nano-photometer (Implen).

GeXP analysis of rat’s colon gene expression

The Genome Lab GeXP genetic analysis system was used
to analyze the gene expression of the rats’ colons. The GeXP
system could analyze up to 30 genes per reaction. It uses
combined gene-specific, universal priming strategy that
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TABLE 1. FINAL Bopy WEIGHT AND ORGAN WEIGHT OF RATS

Final body Liver weight Kidney Lung Spleen weight  Heart weight

Groups weight (gram) (gram) weight (gram) weight (gram) (gram) (gram)

No treatment 370.78 £58.12 12.83+£2.40 2.36+0.51 1.89+0.22 0.64+0.09 1.15+0.11
AOM 311.00£58.12 9.13+£1.57 1.85+£0.24 1.83+£0.46 0.55+0.09 1.07£0.17
AOM + oral 5% ethanol 359.11+£42.89 11.93+1.53 2.52+0.41 2.03£0.26 0.62+0.19 1.11£0.14
AOM +1IP 5% ethanol 274.89+60.28 9.88+£2.32 2.13+£0.31 1.76 £0.40 0.64+0.17 1.04£0.16
AOM +oral 5% ethanol + 150 mg/kg vanillin  337.50+£23.90 11.06+0.68 2.58+0.30 2.05+0.36 0.56+0.28 1.16£0.19
AOM +1IP 5% ethanol + 150 mg/kg vanillin 326.50+64.37 11.07+£2.35 2.19+£0.48 2.18+0.44 0.66+0.18 1.07£0.21
AOM +oral 5% ethanol +300 mg/kg vanillin  339.44+106.04 11.93+2.80 2.13+£0.71 1.96+0.77 0.55+0.16 1.12+£0.38
AOM +1P 5% ethanol +300 mg/kg vanillin 315.89+£50.28 9.88+£2.31 2.26+0.38 2.07£0.41 0.65+0.28 0.95+0.33

The data (expressed as mean = standard deviation) had no statistical significance compared with controls (AOM +oral 5% ethanol and AOM +1IP 5% ethanol).

AOM, azoxymethane; IP, intraperitoneal.

converts multiplexed polymerase chain reaction (PCR) to a
two-primer process using universal primers. The gene ratio
in RNA samples was maintained during the PCR process.

First, the GeXP primers were designed with eXpress
Multiplex Designer software from Beckman Coulter. Pri-
mers were purchased from First base. The sample prepara-
tions were according to the manual provided by Beckman
Coulter. Briefly, reverse primers of different genes were
mixed together to become the reverse primer mix. RNA
(300 ng) was then mixed with 1 uLL of reverse transcriptase,
4000ng of each primer, 4 uL. of 5X reverse transcription
buffer, and 9 uL. of water resulting in a total volume of
20 uL. Reverse transcription PCR was run using the condi-
tions as specified in the manual. After reverse transcription,
the second PCR process was carried out to amplify the
cDNA. About 4 uL. of magnesium chloride was mixed with
4 uL. of 5x PCR buffer, 0.7 uLL of Taq polymerase, 2 uL. of
forward primer mixture (containing 200 ng/uL of each for-
ward primer), and 9.3 uL. of cDNA. The PCR process was
run with conditions as specified in the manual. Lastly, 2 uL.
of the PCR product was mixed with 38.5 uL. of sample
loading solution and 0.5 uL of size standard and was ready
to be run by the GeXP machine. The expression of each gene
was compared with housekeeping gene cyclophilin A and
relative difference was calculated in fold.

Statistical analysis

Data were expressed as mean=standard deviation (in
table) and mean tstandard error (in figure). Duncan’s test
was used to determine the significance of differences between
groups. A P-value < .05 was considered to be significant.

RESULTS

Final body weights and organ weights of rats

There were no significant differences in rats’ food con-
sumption, general well-being, final body weights, and organ
weights (liver, kidney, lung, spleen, and heart) among the
groups (Table 1).

ACF density, multiplicity, and distribution

ACEF are colon cells that are mutated and could be con-
sidered as preneoplastic lesions of colorectal cancer. The
higher density and multiplicity of ACF always indicate a
higher chance of developing colorectal cancer.'* As antici-
pated, Table 2 shows that colon of rats without AOM did not
contain ACF while all rats with AOM injection developed
ACF. Besides, vanillin did not increase the ACF density or
ACF multiplicity of AOM-injected rats when administered
through oral gavages. However, when administered through

TABLE 2. ABERRANT CRYPT Focl DENSITY, MULTIPLICITY, AND DISTRIBUTION

Lower Higher ACF count  ACF count  ACF count
multiplicity multiplicity in proximal  in middle in distal
Groups ACF density (ACF<3 crypt) (ACF>3 crypt) colon colon colon
No treatment 0.006+0.013 0.20£0.45 0.00£0.00 0.00£0.00 0.00£0.00 0.20x0.45
AOM 1.752+0.911 33.83+17.93 12.67+7.31 8.17+4.62  4.67+3.44 33.67+17.59
AOM +oral 5% ethanol 2.866£0.957 55.80+£21.59 77.00£25.43 18.00x11.60 6.00=1.87 52.00+20.02
AOM+IP 5% ethanol 1.431£0.895 33.25+£20.19 7.00£5.90 10.25+£6.40 3.70£3.50 26.25%+16.56
AOM +oral 5% ethanol + 150 mg/kg 2.3621£0.542 48.86+14.17 19.29+6.47 17.00+11.24 5.57+£2.88 45.57+16.27
vanillin

AOM +1IP 5% ethanol + 150 mg/kg vanillin 2.55610.560 53.141£12.16 20.14+£6.82 13.29+6.24  5.00x£2.45 55.00+15.34
AOM +oral 5% ethanol +300 mg/kg vanillin 2.019+0.772 47.00+18.57 11.00£5.50 1343+£6.92 543+1.81 39.14+£17.80
AOM +1IP 5% ethanol +300 mg/kg vanillin 2.626£0.682%  39.00+11.20 25.00+5.10% 11.25+3.86  4.50+3.32 48.25+10.21*

The data (expressed as mean + standard deviation) showed statistical significance as indicated: *P <.05 compared with control (AOM+1IP 5% ethanol). The data
had no statistical significance compared with control (AOM +oral 5% ethanol).

ACF, aberrant crypt foci.
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IP injection at higher concentration (300 mg/kg body
weight), vanillin could increase ACF density compared with
the control group (AOM+IP 5% ethanol). AOM-induced
rats that were treated with IP 5% ethanol and 300 mg/kg
body weight of vanillin also exhibited significantly higher
ACF multiplicity compared with the control group (AOM-
induced + IP 5% ethanol). In addition, it was found that most
ACEF developed in the distal part of colon rather than mid-
and proximal colon. Rats injected with 300 mg/kg body
weight of vanillin were found to have significantly higher
count of ACF in the distal compared with the control group
(AOM-induced +IP 5% ethanol).

GeXP analysis of rat’s colon gene expression

In the GeXP analysis of rat colon genes, we investigated a
total of 14 genes responsible for different functions. De-
pending on the role of the genes, they were assigned into
seven groups: (1) DNA repair, (2) colorectal cancer bio-
markers, (3) protooncogene, (4) apoptosis, (5) cell cycle,
and (6) tumor suppressor gene.

For some of the genes, the gene expression was high and
the expression levels between groups could be easily com-
pared. However, for the other genes, the expression level
could not be detected because the expression was too low or
not expressed at all. Figure 1 shows that vanillin could sig-
nificantly increase the expression of PMS2 (mismatch repair
gene) and XRCC?2 (recombinational repair gene) but had no
effect on the expression of XPA (nucleotide excision repair
[NER] gene), protein kinase C (nonhomologous end joining
[NHEJ] gene), MGMT (direct reversal gene), and Apex]
(Base excision repair [BER] gene). This shows that vanillin
could only enhance MMR and recombinational repair genes.

For colorectal cancer biomarker and protooncogene,
Figure 2 shows that beta-catenin (CTNNBI) and FOS were
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both regulated significantly by vanillin administration
compared with the control group (AOM+IP 5% ethanol).
However, the expression level of apoptotic gene NFxB was
low and no significant difference was observed between
groups.

The tumor suppressor gene p53 (TP53) expression level
was also upregulated by vanillin (Fig. 2). The expression
level of the group with 300 mg/kg body weight of IP vanillin
injection was three times higher than the expression level of
control group (AOM-induced +IP injection 5% ethanol +no
vanillin). Besides that, the expression level was also dose
dependent.

For cell-cycle-related genes, Figure 3 shows that cyclin
A (CCNAI) and cyclin D (CCNDI) expression was too
low to be detected. However, p21 (CDKNIA) and cyclin
B (CCNBI) expression was influenced by vanillin ad-
ministration. p21 expression was significantly increased
by vanillin while cyclin B expression was significantly
downregulated.

DISCUSSION

Due to its reported antimutagenic effects, vanillin is ex-
pected to be a good anticarcinogen. However, some studies
also showed that vanillin could be comutagenic and a co-
carcinogen. Hence, in this study the effect of vanillin against
AOM-induced mutations was investigated. Apart from that,
the effects of vanillin on colon gene expression (DNA re-
pair, apoptosis, cell cycle, and tumor suppressor genes) were
also studied.

In this study, AOM was used to induce ACF and colo-
rectal cancer. ACF count and ACF multiplicity could reveal
a tendency for increasing colorectal cancer occurrence'#1°
and also function as measurements of the efficiency of
vanillin as anticarcinogen/cocarcinogen. The doses of
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vanillin used were based on previous study about the tox-
icity'® and therapeutic dose range of vanillin.'” According to
Abraham et al.,'” vanillin could be used as sedative
agent only when its concentration was in the range of at least
200-300 mg/kg body weight. Table 2 shows that oral con-
sumption of vanillin did not change the ACF density and
multiplicity. However, when AOM-injected rats were in-
jected with 300mg/kg body weight of vanillin, the ACF
density and multiplicity were significantly higher than the
control group (AOM-injected+IP 5% ethanol). This indi-
cates that IP injection of vanillin at the higher dose might be
cocarcinogenic to AOM-induced colon. Besides, it should

be noted that for all groups, the ACF were primarily found in
the distal rather than mid- and proximal sections of colon.
This coincides with the findings of a previous study that
stated that rats induced with 2 injections of AOM would
develop ACF in the distal regions for the 1st week through
the 14th week, before the ACF become more advanced and
appear more frequently on the proximal section.!!

The results of ACF count and ACF multiplicity were
further confirmed by the elevated expression of colorectal
cancer molecular biomarker (beta-catenin)'® and proto-
oncogene c-Fos (Fig. 2). c-Fos is a subunit of AP-1 that is
important for the survival of cancerous cells. The AP-1
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could restart arrested cell cycle in cancerous cells even with
mutations present and thus could lead to unrepaired DNA
mutations.!® These findings were consistent with a previous
report from Akagi et al.* reporting that vanillin might in-
crease the occurrence of colorectal cancer.

The effects of vanillin on DNA repair mechanisms were
also studied. O%-methylguanine induced by AOM can lead
to GC — AT transition.?' This mutation is commonly repaired
by direct reversal using the enzyme O°-methylguanine-
DNA methyltransferase (MGMT).*> However, it was shown
in this study that (Fig. 1) AOM-injected rats’ MGMT ex-
pression level was too low to be detected. The failure of
vanillin to enhance the production of MGMT might cause
vanillin to be unable to prevent AOM-induced ACF. This
result was consistent with the increased ACF count and ACF
multiplicity discussed previously.

Mismatch repair (MMR) genes would trigger apopto-
sis?*?* and cell cycle arrest (S and Go/M checkpoint)?>2
when encountering O°-methylguanine. Defects in MMR
genes are known to associate with hereditary nonpolyposis
colon cancer.?”-*® Figure 1 shows that the MMR gene PMS?2
was effectively increased by vanillin injection and thus we
should expect a higher degree of apoptosis and cell cycle
arrest. However, it should be remembered that even though
PMS?2 genes were enhanced, it might not be the rate-
limiting protein in the control of MMR genes. Hence, even
though PMS2 was enhanced the MMR genes could still be
unaffected.

BER, NER, recombinational repair, and NHEJ genes have
never been reported to be able to repair O°-methylguanine.”
As shown in Figure 1, neither NER genes nor NHEJ genes
were enhanced by vanillin. However, vanillin could signifi-
cantly increase the expression of recombinational repair genes.
This result was in agreement with the findings of other re-
searchers.” As O°-methylguanine could not be repaired by
recombinational repair, the enhanced recombinational repair
provides no benefits in reducing mutations. Further, the ex-
cessive recombination might contribute to the loss of hetero-
zygosity that leads to the cocarcinogenic property of vanillin.*

Apoptosis gene NFxB was not affected by vanillin in-
troduction (Fig. 2), whereas p21, cyclin B, and p53 were
affected by vanillin administration. As shown in Figure 3,
p21 (a cyclin-dependent kinase inhibitor) expression was
upregulated by vanillin. When p21 expression increases,
cells would be arrested at the Go/M phase of the cell cycle.!
On the other hand, cyclin B was downregulated by vanillin.
Cyclin B expression is crucial for a cell to progress through
G2/M checkpoint.*> When cyclin B expression was low,
cells would be arrested at G»/M phase. p53 is also respon-
sible for governing the G; and G»/M phase of the cell cycle
when DNA damage is detected.>® Hence, gene expression
results of p2l, cyclin B, and p53 showed that vanillin
could arrest cells at Go/M phase. Normally, this should in-
dicate a reduction in cancer cases. However, on the contrary,
the ACF density and multiplication of vanillin-treated rats
increased rather than decreased. This might be due to the
mutations on p53. p53 mutations were frequently found
in ACF that would lead to p53 overexpression.** p53

overexpression will not inhibit colon carcinogenesis but
instead play a significant role in the development of ACF.>

In conclusion, it was summarized that (1) vanillin might
enhance recombinational repair and MMR as it enhanced
certain recombinational repair and MMR genes, (2) vanillin
was cocarcinogenic for AOM-induced mutation, (3) vanillin
did not induce apoptosis in ACF-bearing colon, and (4)
vanillin might induce G»/M cell cycle arrest in ACF-bearing
colon. However, the cocarcinogenic effect would only occur
at high concentration through IP injection; therefore, normal
oral consumption of vanillin should be safe. In this study,
the cocarcinogenic effects of vanillin were only tested on
AOM-induced ACF. Vanillin might be anticarcinogenic/
cocarcinogenic on cancer induced by other carcinogen.
Further study should be carried out to determine vanillin
anticarcinogenic/cocarcinogenic properties using other
carcinogens.
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