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ABSTRACT

Background: Sulforaphane (SFN) is a phytochemical compound which belongs to
isothiocyanates family found in abundance in broccoli sprouts. SFN induces a variety of
antioxidant enzymes via NF-E2-related factor 2-Kelch-like ECH-associated protein 1-
mediated pathway, thereby protecting cells from injury induced by various kinds of oxidative
stresses. We have previously shown that SFN protects gastric mucosa from oxidative injury
induced by H. pylori infection. SFN also down-regulates histone deacetylase (HDAC) activity,
thereby inducing apoptosis and inhibiting proliferation of tumor cells in variety of tissues. On
the other hand, the incidence of colon cancer has increased in Japan.

Aim: Since numerous epidemiological studies have shown that colon cancer is inversely
associated with intake of anti-oxidant vegetables, this study examines whether daily intake of
SFN prevents colon tumorigenesis in mice and human subjects.
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Methods

1. Effects of SFN on Colonic tumorigenesis in Mice Treated with Chemical Carcinogen:
Effects of SFN on colonic tumorigenesis were examined in the ICR male mice, pretreated with
a chemical carcinogen, azoxymethane (AOM) (15 mg/kg). The mice treated with AOM for 3
or 6 times were fed for 8 or 24 weeks with or without sulforaphane glucosinolates (SGS: 2,200
ppm/kg/day), which is a precursor of SFN. Effects of SGS treatment on formation of the
microscopic aberrant crypt foci (ACF) and the macroscopic tumors in colonic mucosa were
evaluated.

2. Effects of SFN on formation of Colonic ACF in patients with colonic adenoma: Effects
of intake of raw broccoli sprouts (BS), 50 g/day containing 220 mg SGS every other day, for 6
months on changes in the number of ACF in rectal mucosa was examined by colonoscopy in
patients with colonic adenoma.

3. Effects of SFN on intestinal microbiota in human subjects: Effects of dietary intake of
raw BS, 20 g/day, which contains 88 mg SGS every other day, for 2 weeks on intestinal
microbiota in healthy volunteers was assessed by measuring composition of stool bacteria,
using a method of terminal restriction fragment length polymorphism flora analysis. In human
studies, alfalfa sprouts, which contains no SFN, was used as a placebo control.

Results: 1. Daily administration of SGS suppressed formation of microscopic ACF and
macroscopic colonic tumors in the AOM-pretreated mice in vivo. 2. Intake of BS for 6 months
tended to decrease the number of colonic ACF in patients with colonic adenoma. 3. Intake of
BS for 2 weeks increased percentages of Bifidobacterium and Clostridium XVIa, which has
been shown to enhance protection of colonic mucosa by increasing butyrate production in
colonic lumen.

Conclusions: 1. Daily intake of SFN affords chemoprotection against colonic tumors in the
mice treated with a chemical carcinogen. 2. The present study further suggests that, in addition
to previously reported mechanisms, changes in the intestinal microbiota by SFN intake may
also play a role in chemoprevention against colon cancer. Further studies are required to prove
this possibility.

Keywords: sulforaphane, colon cancer, chemoprevention, aberrant crypt foci, intestinal
microbiota

INTRODUCTION

Recent studies have demonstrated that colon cancer has been gradually increasing in Japan [1].
According to the data from National Cancer Center in Japan, colon cancer is the second largest
cause of cancer death in males and the third in females in Japan [1]. A number of
epidemiological studies have suggested that colon cancer is strongly associated with dietary
habits [1, 2, 3, 4, 5, 6, 7]. For example, red meats and alcohols increase risk of colon cancer [3,
4, 5], while fish, fruits, vegetables, and coffees reduce cancer risk [6, 7, 8]. Among various
fruits and vegetables, cruciferous vegetables have been shown to possess strong preventive
effects against various types of cancers [9], since cruciferous vegetables contain high amount
of isothiocyanates, which show strong anti-oxidant activity, via NF-E2-related factor 2 (Nrf2)-
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Kelch-like ECH-associated protein 1 (Keapl) systems [10, 11, 12]. Recent studies have shown
that sulforaphane, one of the compounds in isothiocyanate family, is especially rich in broccoli
sprouts [13]. Sulforaphane (SFN) has been shown to induce various kinds of antioxidant
enzymes via the nrf2-keapl systems, thereby strengthening cytoprotective activity during
exposure to oxidative stress [14]. Since many types of carcinogens continue to load chronic
oxidative stress to cells, the intake of SFN on the regular basis may contribute to
chemoprevention against cancers. In fact, several animal studies have shown that SFN prevents
experimentally induced various types of cancers [15, 16]. Our previous data obtained from
mice experiments have shown that SFN mitigates oxidative injuries in gastrointestinal tract
induced either by H.pylori infection or non-steroidal anti-inflammatory drugs (NSAIDs)
treatment [17, 18]. We have also demonstrated that these protective effects of SFN are induced
at least in part by nrf2-dependent induction of anti-oxidant enzymes [17, 18]. Recent studies
have shown that, in addition to the nrf2-mediated enhancement of anti-oxidant activity, SFN
has other mechanisms which also contributes to chemoprotection against cancers. For example,
SFEN inhibits histone deacetylase (HDAC) activity of many types of tumor cells, which inhibits
cell cycles and induces apoptosis in tumor cells [19, 20, 21]. These mechanisms are almost
identical with that of NSAIDs, which also contributes to cancer chemoprevention [22].
Furthermore, SFN has strong anti-bactericidal activity against gastric H.pylori [23]. Our
previous studies have shown that SFN suppresses proliferation of gastric H.pylori, a well-
known gastric carcinogen [17, 24]. SFN also inhibits growth of anaerobic bacterial in small
intestinal mucosa, which causes injuries in small intestinal mucosa [18]. Recent studies by
others have shown that SFN normalizes intestinal flora in the mice which has been suffering
from chemically induced bladder cancer [25]. Based on these backgrounds, SFN may
contribute to chemoprevention of colon cancer by normalizing intestinal microflora. The
present study was conducted to determine whether SFN prevents colon cancers in mice and
humans and to address the mechanisms by which SFN affords colon cancer chemoprotection.

METHODS
Animal Study: Effect of Dietary SGS on AOM-Induced Colon Tumorigenesis in Mice

In the animal study, we examined whether oral intake of SFN affect colon tumorigenesis in
chemically-induced colon tumor model in mice. In this study, azoxymethane (AOM), a well-
known chemical carcinogen was administrated to ICR male mice at 6 weeks old age. This
treatment was known to induce various types of colon tumors, such as microscopic aberrant
crypt foci (ACF), and macroscopic tumors [26, 27] (Fig 1).

After feeding for 8 or 24 weeks, the mice were sacrificed under anesthesia by urethane.
Colonic tissues were extracted and were fixed with 10% paraformaldehyde for 24 hours. The
whole part of colonic mucosa in each mouse was examined by a stereoscopic microscopy. The
number of tumors in the colonic mucosa in each mouse was counted. Subsequently, the colonic
mucosae were stained with 0.2% methylene blue, and the number of aberrant crypt foci (ACF)
in the whole colonic mucosa in each mouse was counted under a light microscopy. All animal
experiments were performed according to the guidelines of the National Research Council
Guide for the Care and Use of Laboratory Animals and approved by the Review Board of

Tsukuba University.
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Figure 1. Experimental Protocol for Animal Study on the Effect of azoxymethane (AOM)-

treatment on Colonic Tumorigenesis in Mice. ICR male mice injected intracutaneously 3 or 6 times with

15mg/kg azoxymethane, were fed with ordinary diet for 8 or 16 weeks, respectively.

The mice were divided into the following two groups. First group: The mice were injected percutaneously with

AOM, 15 mg/kg, once a week for 3 times. Then, the mice were fed with either the ordinary diet or the diet

containing sulforaphane glucosinolates (SGS), 2,200 ppm/kg/day, for 8 weeks. SGS is a precursor of

sulforaphane, which is not biologically active. However, once SGS was administrated into gastrointestinal

lumen, SGS was gradually transformed to biological active SFN, through digestion by intestinal bacterial

myrosinase activity. The second group: the mice were injected percutaneously with AOM, 15 mg/kg, once a

week for 6 times. Then the mice were fed with either the ordinary diet or the diet containing with SGS, 2,200

ppm/kg/day, for 24 weeks (Fig 2).
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Figure 2. Experimental Protocol for Animal Study on the Effect of Dietary SGS on AOM-
induced Colonic Tumorigenesis in Mice. ICR male mice at 6 weeks of age were pretreated with 15mg/kg
AOM for 6 times. Subsequently, the mice were fed with mice ordinary diet in the absence or the presence of 2,200
ppm sulforaphane glucosinolates (SGS) for 8 (A) or 24 weeks (B). All the mice were sacrificed, and the number

of ACF and macroscopic tumors in colonic mucosa were counted.

Human Study 1: Effect of BS Intervention on ACF in Rectal Mucosa

This study was conducted to determine whether daily intake of SGS-rich broccoli sprouts (BS)
would decrease the number of ACF, which is a surrogate marker for colon tumorigenesis. In
order to evaluate whether daily intake of BS inhibits colon tumorigenesis in humans, an
exploratory study by a single arm of BS intervention trial was designed. This study was
approved by the ethical committee of each hospital participated in this study, and was registered
with the University Hospital Medical Information Network in Japan (U-Min: Registration
Number: UMINO000012022). The trial was registered as “Effect of Broccoli Sprouts
Intervention on Chemoprevention against Colon Cancer”. This study was conducted by 6

members of Tsukuba Cancer Clinical Trial Group (TCTG).

Twenty-three subjects, 15 males and 8 females, were recruited from patients with colonic
adenoma, which was diagnosed by colonoscopy. The mean age of the subjects was 62.7,
ranging from 49 to 76 years. All subjects agreed to participate in this study and signed a written
informed consent form. The following exclusion criteria were applied: subjects suffering from
inflammatory bowel diseases, subjects using NSAIDs, aspirin, or warfarin on a regular basis,
and subjects with a broccoli allergy. A past or present history of GI disorders or disorders
affecting other organs, such as liver, kidney, and endocrine organs, was also included as an
exclusion criterion. No subjects were excluded from this study, based on these criteria. All the
subjects were confirmed to have colon polyps, which had been pathologically diagnosed
adenoma. The initial colonoscopy was performed before the BS intervention. After finishing a
routine observation of total colon, all the polyps larger than 5 mm in diameter was
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endoscopically removed. Subsequently, rectal mucosa was stained with 0.2 % methylene blue.
The number of ACF in rectal mucosa was counted using a magnifying colonoscopy. The whole
processes of ACF counting were recorded by a blue-ray recorder and saved as video and image
files. The detail of these procedures were originally described by Takayama et al [28, 29].

BS intervention: BS intervention was started within 1 week after the initial colonoscopy

In this study, all the BS were cultured and harvested at Murakami Farm Inc., which contains
4.4 mg/g of SGS. The fresh raw BS was delivered to the participants’ home or office twice a
week during the treatment period. Subjects were requested to refrain from consuming broccoli
sprouts personally purchased from supermarkets during the 6 month intervention period.
During the intervention period, subjects were requested to eat 50 g of raw BS, which contains
220 mg SGS, every other day for 6 months. In our previous study, we confirmed that oral intake
of SGS, 30 mg/day, up-regulates anti-oxidant enzyme activities, such as glutathione S-
transferase (GST) and NAD(P)H: quinone oxidoreductase 1 (NQOI1) in human healthy
volunteers (30). Only one patient dropped out from the study because of abdominal pain, which
began just a few days before the intervention. The second colonoscopy was conducted within
1 week after finishing the 6 month intervention with BS. The ACF counting was conducted by
the same procedure as the first colonoscopy. The data obtained from one subjects were
excluded from the following analysis, since most of the endoscopic images of rectal mucosa
were not durable for precise counting of ACF, due to large amounts of mucus, which covered
over the rectal mucosa (Fig 3). All the recorded image files from the remaining 21 subjects
were blinded. The number of ACF was counted by two specialists for gastrointestinal
endoscopy, who had not been aware of the condition of each data. All the images of ACF was
classified into the 4 different groups; Hyperplastic ACF; Dysplastic ACF; Non Hyperplastic,
Non-dysplastic ACF; Unclassified ACF, which has been described in detail elsewhere [28, 29].

Recruited (n=23)

{

Enrolled (n=23)

|

1st Examination (n=23)

Abdominal Pain (n=1)

A4

Broccoli sprouts Intake
(6 months) —>
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Figure 3. Protocol for Clinical Trial on the Effect of Broccoli Sprouts Intervention on Colonic



Functional Foods in Health and Disease 2019; 9(6): 392-411 Page 398 of 411

ACF in patients with Colonic Adenoma. After the initial total colonoscopy by ordinary procedures, rectal
mucosa in each participant were stained with 0.15% methylene blue. and, the number of ACF was counted using
magnifying colonoscopy. Subsequently, all the subjects were fed with 50 g BS, which contains 128 mg SGS, every
other day for 6 months. Then the colonoscopy was performed and the number of ACF was counted in the same

procedures as the first examination.

Human Study 2: Effects of BS or Alfalfa Sprouts (AS) Intervention on Intestinal Microbiota
In order to evaluate whether daily intake of BS alters intestinal microbiota in healthy human
volunteers, a placebo-controlled semi-open label intervention trial was designed. This study
was approved by the ethical committee of the Hitachi General Hospital (Approval Number,
2017-85) and was registered with the University Hospital Medical Information Network in
Japan (U-Min: Registration Number: UMIN-000032565). The trial is registered as “Effects of
Dietary Intake of Broccoli Sprouts on Intestinal Microbiota and Defecation in Human Subjects
-2nd Trial”.

Participants Recruitment: Twenty-four female healthy subjects with mild constipation were
recruited from employees of the Hitachi General Hospital. All subjects agreed to participate in
this study and signed a written informed consent form.

Protocol for Sprouts Intervention: In this study, alfalfa sprouts (AS) were used as placebo
because AS contains virtually no SGS. BS contains 4.4 mg/g of SGS. According to the data
from the manufacture, and the Standard Tables of Food Composition in Japan
(http://www.mext.go.jp/a_menu/syokuhinseibun/1365297.htm), there was no significant
difference between BS and AS in the composition of almost all other nutrients, minerals,
vitamins, and dietary fibers. BS and the AS were commercially available. However, in this
study, all the sprouts were cultured and harvested at Murakami Farm Co. Ltd, and the fresh raw
sprouts were delivered to the participants’ home or office twice a week during the treatment
period. The gross appearance of AS resembles that of BS, although the taste of BS is rather
spicy than that of BS. Subjects were not informed whether they were assigned to either the BS
or the AS group. To exclude the potential effects of some foods and drugs on the intestinal
microbiota, subjects were requested to refrain from consuming cruciferous vegetables,
fermented foods, laxatives, probiotics, and antibiotics, throughout the entire trial period. This
study was conducted using a cross-over method. All the subjects were allocated into 2 groups.
Allocation was conducted to minimize differences in age, body weight, and body mass index
between the two groups (Table 1). Half of the 24 recruited participants were initially treated
with BS 20 g/day for 2 weeks. After the ensuing wash-out period for 2 weeks, the subjects were
treated with AS 20 g/day for 2 weeks. The other halves were treated with the same amount of
AS initially, followed by 2 weeks wash-out period, and the ensuing 2 week period of the BS
intake (Fig 4). During the intervention period, subjects were requested to eat either 20 g of raw
BS or AS every day for 4 weeks. After the 2-week pre-trial period, stool samples were collected
on 4 occasions (i.e. immediately before and after the first and second intervention).

Sample Analysis: Stool samples were collected to evaluate intestinal microflora. Composition
of the intestinal microflora in each stool samples was evaluated using a terminal restriction
fragment length polymorphism (T-RFLP) flora analysis, Nagashima’s method [31], which
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revealed the percentage of Bifidobacterium, Lactobacillus’s, Bacteroides, Prevotella,
Clostridium [cluster 1V, IX, XI, XIVa, XVIII], and others. Stool sample analyses were
performed at Techno Suruga Lab, Shizuoka, Japan.

Table 1. Subjects Profile in the Studies on the effects of BS/AS on Intestinal Microbiota.

BS — AS AS — BS

# of Subjects 12 12
Gender (Male:Female) 0:12 0:12
Age (years) 36.8+£8.54  37.8+8.29
Height (cm) 162+225  157+8.15°
Weight (kg) 56.9£8.35  565+8.99

Body Mass Index 21.5+£3.02 229+284

Values are expressed as Mean * SD. a, P<0.05: Significant Difference from the corresponding value in the

AS group.
BS AS
Participants
SR R
L | | | ]
0 4 8 12 16w
Participants
(n=24) t Stool Sample Collection
AS BS
Participants
S T T
1 1 | ] |
0 4 8 12 16w

Figure 4. Protocol for Clinical trial on the Effects of Dietary intervention with Broccoli/Alfalfa
Sprouts on Human Intestinal Microbiota. This intervention trial was conducted by a crossover method.
All the subjects were assigned to take BS or AS 20g/day for 2 weeks. Intestinal microbiota was assessed by T-

RFLP analysis, using stool samples collected before and after taking BS or AS.
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Data Analysis

The student’s t-test was used for analysis of continuous data with a normal distribution. Non-
parametric tests were used for continuous data that did not show a normal distribution and with
discrete data. For non-parametrical analysis, the Wilcoxon signed-rank test and the Mann—
Whitney U test were applied for comparison of unpaired and paired data, respectively. P
values less than 0.05 were considered to be statistically significant. Pearson's chi-square test
was applied to analysis of the changes in the intestinal microbiota after sprouts intake.

RESULTS

1. Animal Study: Effect of Dietary SGS on AOM-Induced Colon Tumorigenesis in Mice

In the AOM-untreated mice, feeding with or without SGS for 8 or 24 weeks caused neither
ACF nor tumors in colonic mucosa. In the mice pretreated 3 times with AOM, feeding with
ordinary diet for 8 weeks caused colonic ACF. In the mice pretreated 6 times with AOM,
feeding with ordinary diet for 24 weeks caused various types of macroscopic colonic tumors,
such as hyperplastic polyp, tubular adenoma, and tubular adenocarcinoma (Fig 5). Feeding the
AOM-pretreated mice with SGS for 8 or 24 weeks significantly reduced the number of colonic
ACF, and decreased the number of macroscopic tumors in colonic mucosa (Fig 6).

Figure S. Effects of AOM-treatment on Colon tumorigenesis in ICR Mice. AOM-pretreated
mice for 3 times developed aberrant crypt foci (ACF) in colonic mucosa 8 weeks later, while
the mice pretreated with AOM 6 times developed various types of macroscopic colon tumors

24 weeks later. A; ACF, B; hyperplastic polyp, C; tubular adenoma, D; tubular adenocarcinoma.
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Figure 6. Effects of Dietary SGS on Colon Tumorigenesis in Mice. The number of colonic
ACEF at 8 weeks after the AOM pretreatment was significantly smaller in the SGS-treated than
the SGS-untreated mice. The number of colonic macroscopic tumors at 24 weeks after the

AOM pretreatment was significantly smaller in the SGS-treated than the SGS-untreated mice.

Human Study 1: Effect of BS Intervention on Aberrant Crypt Foci in Rectal Mucosa

All the participants completed 6 month trial with BS, without showing any adverse reactions.
There was no statistically significant change in the number of rectal ACF after the 6 month
treatment with BS. (Fig 7, Table 2).

Table 2. Changes in Various Types of Aberrant Crypt Foci after Dietary Intervention with
Broccoli Sprouts in Human Subjects. The mean number of each type of ACF decreased after

intake of BS, although the decreases in the ACF number were not statistically significant.

# of ACF (Mean = SD, n=21)

Type of ACF
Before BS Intake After BS Intake
Total ACF 14.1 £ 101 12.6 + 8.95
Non-Hyperplastic
+ +
Non-Dysplastic ACF 7.90+8.12 7191724
Hyperplastic ACF 1.86 £ 2.08 1.62+2.73
Dysplastic ACF 1.29 + 1.68 1.09+2.43

Unclassified ACF 3.05+3.17 267 +213
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Figure 7. Changes in Aberrant Crypt Foci in Rectal Mucosa after 6 Months Dietary

Intervention with Broccoli Sprouts in Human Subjects.

Changes in the total number of ACF after the BS intervention. [B] Changes in the number of
various types of ACF after the intervention. The mean number of each type of ACF decreased

after intake of BS, although the changes were not statistically significant.

Human Study 2: Effects of BS or AS Intervention on Intestinal Microbiota

T-RFLP analysis of the stool samples from the participants, showed Bifidobacterium,
Lactobacillus, Bacteroides, Prevotella, Clostridium (IV, IX, XI, XIVa, XVIII), and others as
intestinal microbiota. There were no significant changes in the mean values of the prevalence
of each type of intestinal microbiota after the BS or the AS treatment. However, BS treatment
significantly increased prevalence of Clostridium XIVa in 16 out of 23 subjects (69.5%), while
the AS treatment increased Bifidobacterium only in 7 out of the 23 subjects (39.1 %) (P=0.038:
BS vs AS). Furthermore, BS treatment tended to increase prevalence of Bifidobacterium in 15
out of 23 subjects (68.2 %), while the AS treatment increased Bifidobacterium only in 9 out of
the 23 subjects 42.9 %) (P=0.095: BS vs AS) (Table 3).

Table 3. Changes in Pattern of Intestinal Microbiota after Dietary Intervention with Broccoli

or Alfalfa Sprouts in Human Subjects.

A Broccoli Sprouts Intervention (n=23)
Intestinal Microbiota 1st 2nd 3rd
Bifidobacterium 121+ 8.7 11.7+9.6 12.3+9.7
Lactobacillales 43+54 3.3+3.6 42+50

Bacteroides 46.1 +12.5 453+134 46.5+15.0



Prevotella
Clostridium IV
Clostridium XlVa
Clostridium IX
Clostridium Xl
Clostridium XVIIl
Others
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49+11.6
6.3+4.4
127+54
5.0+£6.5
0.8+17
1.5+14
6.1+£4.5

59+137
6.1+4.38
13.1+£56.3
59+8.0
02+04
1.5+1.3
7.0+£52
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46117
45+34

12.7 £ 5.1

72+87
0.4+0.6
1.4+£1.0
6.3+4.6

B Alfalfa Sprouts Intervention (n=23)
Intestinal Microbiota 1st 2nd 3rd
Bifidobacterium 12.7+9.2 12.0+8.2 12.0+8.3
Lactobacillales 3.5+3.2 3.4+30 39+47
Bacteroides 458 £ 13.7 475+ 11.8 48.3 £ 11.1
Prevotella 56127 3.3+938 32+84
Clostridium IV 5028 53+34 54+45
Clostridium XlVa 12171 17170 129+54
Clostridium IX 5175 5.8+6.6 6.1+6.6
Clostridium XI 06+0.8 1.1+33 05+0.6
Clostridium XVIII 1.4+1.3 1.1+1.0 1.3+1.2
Others 5641 74+7A1 6.5+4.2
Cc Increase Decrease P value

Bifidobacterium
Broccoli Sprouts (n=22) 15 7
0.095
Alfalfa Sprouts (n=21) 9 12
Clostridium XIVa
Broccoli Sprouts (n=23) 16 7
Alfalfa Sprouts  (n=23) 9 14 0038

[A, B] There were no changes in the mean values of percentages of each bacteria, after taking BS or AS. [C] There

was a significant difference in the individual change pattern in Bifidobacterium, and Clostridium XVIa, between

the BS and the AS treatment. Compared with AS treatment, BS intake significantly increased Clostridium XVia,

and tended to increase Bifidobacterium.
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DISCUSSION

The data on mice experiments in the present study demonstrates that oral intake of SGS
significantly inhibits both ACF formation and tumorigenesis in colonic mucosa in AOM-
pretreated mice. We have previously shown that oral administration of similar amounts of SGS
up-regulates antioxidant enzymes, such as glutathione S-transferase (GST) and NAD(P)H:
quinone oxidoreductase 1 (NQO1) and hem oxygenase 1 (HO-1), and inhibits oxidative injury
in gastrointestinal mucosa in mice [17, 18]. We have also demonstrated in our previous study
that oral intake of 30 to 60 mg SGS enhances serum levels of GST and NQO-1 activities in
human healthy subjects [30]. Therefore, it seems reasonable to assume that SGS mitigates
oxidative stress induced by the AOM treatment, thereby suppressing ACF formation and
tumorigenesis in colon.

Another mechanism of the inhibition of colon tumorigenesis by SFN appears to be related
closely with its inhibitory effect on HDAC activity. The cell cycle has been suggested to be
regulated by a balance between histone acetylation and deacetylation, which are induced by
histone acetyl transferase (HAT) and histone deacetylase (HDAC), respectively [32]. Since
HDAC plays an important role in the cell proliferation [32], it seems likely that up-regulation
of HDAC activity frequently observed in many types of cancer cells is closely associated with
the enhancement of tumor cell growth [33]. A number of recent studies have demonstrated that
SEN inhibits HDAC activity [19, 20, 21], thereby inhibiting cell proliferation and inducing
apoptosis of tumor cells [21]. In the present study, we have also observed that SGS treatment
in a few cases of mice inhibited HDAC activity and induced apoptosis in the mice treated with
AOM + dextran sodium sulfate (unpublished observation). Thus, chemoprevention by SGS
may also be induced as a result of HDAC inhibition. We need to evaluate further the effect of
SGS on HDAC activity in mice colon in the present experimental systems. Based on the results
from the mice experiments, we hypothesized that SFN also protects human colonic mucosa
from tumorigenesis, since our results in the clinical trial with BS have shown that the mean
values of the ACF number in all types of ACF slightly decreased after the BS intake, even
though the observed changes were not statistically significant. There are several possible
explanations for the reasons that we failed to observe a significant effect of SFN in human
colonic ACF in the present study. First, in some cases large amounts of mucus, which covered
the colonic mucosa, may have disturbed the precise counting of the ACF number. Second, the
present study was conducted in 4 different hospitals using difference types of colonoscope by

different physicians. Although multicenter study is able to collect large numbers of data in a



Functional Foods in Health and Disease 2019; 9(6): 392-411 Page 405 of 411
short period of time without bias, there is a drawback in a larger variation in the data than those
obtained from a single hospital. Third, it is also conceivable that counting error of ACF by an
each endoscopist may be too large to demonstrate small changes in the ACF number induced
by BS intake. Furthermore, it may be also possible that the inhibitory effects of BS on the ACF
was masked by a natural increase in the ACF number during the 6 month period. In order to
solve these problems, we need to compare the results with the data obtained from placebo trial
in the future studies.

The data on the human study 2 also suggest that, in addition to the mechanisms mentioned
above, SFN may contribute to chemoprevention against colon cancer by suppressing mucosal
invasion of harmful bacteria in the colonic mucosa, since we found that BS intake increases
Bifidobacterium and Clostridium XIVa, both of which have been shown to enhance butyrate
production in colonic lumen [34, 35, 36, 37, 38, 39]. A number of previous studies have shown
that various types of short chain fatty acid, such as butyrate, modulate various colonic functions
and protects colonic epithelial cells from carcinogenesis [40, 41, 42, 43, 44]. Thus, it seems
conceivable that increased production of butyrate by Bifidobacerium and Clostridium XIVa
after intake of SFN may also afford chemoprevention against colon cancer. We have previously
discovered that treatment with BS or SGS suppresses colonization of H.pylori in gastric
mucosa [17] and inhibits growth of anaerobic bacteria in the small intestinal mucosa [18].
Brussels sprouts, which also contains large amounts of SFN, have been reported to modulate
composition of intestinal microbiota [34]. Thus, it seems reasonable to assume that SFN
normalizes intestinal microbiota, which may also contribute to chemoprotection against colon
cancer. In order to examine whether the inhibitory effect of SFN in colon tumorigenesis is
causally related with the increase in butyrate producing bacteria, another placebo-controlled
colonic adenoma-intervention trials should be conducted in the future studies, in which we
need to examine the effects of SFN not only on the ACF number but also on the gut microbiota
and butyrate concentrations in stool and mucosal samples using the same human patients. We
also need to examine the effects of SFN on some key genes and miRNA in colonic tissues,
which are closely associated with the mutagenesis of colonic mucosa.

Strategies for colon cancer chemoprevention trials have been conducted mainly using
drugs such as aspirin or NSAIDs. However, a number of clinical trials have demonstrated that
long-term use of aspirin or COX-2 inhibitors increases serious adverse reactions such as
gastrointestinal bleeding or cardiovascular events, which prevents long term administration to

these agents to health human subjects. In contrast, dietary approach by food components have
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lower risk of serious adverse reaction, thereby being a potentially better option for long-term
administration than drugs, even though the preventive effect may be milder than drugs.
Additionally, given the high prevalence of colon cancer and its partial age-association, dietary
anti-oxidant intervention approach may be envisaged also as an amenable “antiaging”

protective intervention, as proposed by other investigators [45].

CONCLUSIONS

The present study showed that daily intake of SFN affords chemoprotection against colonic
tumors in the mice treated with a chemical carcinogen. The present study suggests that, in
addition to previously reported mechanisms, such as up-regulation of the antioxidant enzymes
and the down-regulation of HDAC activity, changes in the intestinal microbiota by SFN intake
may also play a role in chemoprevention against colon cancer. Further studies are required to
prove this possibility (Fig 8).

) Oxidative Stress
‘ Normal Cells T >

Anti-Oxidant t
Enzymes

nrf2-keap1

Sulforaphane ] Butyrate ?
)

Intestinal Microbiota

Figure 8. Putative Mechanisms by Which Sulforaphane Afford Colon Cancer
Chemoprevention. (1) Sulforaphane prevents oxidative injury in colonic mucosa via up-
regulating nrf2-keapl system. (2) Sulforaphane inhibits proliferation, and induces apoptosis of
tumor cells, via inhibition of histone-deacetylase activity. (3) Sulforaphane may prevents

tumorigenesis by normalizing intestinal microbiota.

List of Abbreviations: ACF, aberrant crypto foci; AOM, azoxymethane; AS, alfalfa sprouts;
BS, broccoli sprouts; H. pylori, Helicobacter pylori; HDAC, histone deacetylase; Keap-1,
Kelch-like ECH-associated protein 1; Nrf2, NF-E2-related factor 2; NSAIDs, non-steroidal
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anti-inflammatory drugs; SFN, sulforaphane; SGS, sulforaphane glucosinolates; T-RFLP,

terminal restriction fragment length polymorphism.
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