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LEFse	 �Linear discriminant analysis effect size
NMDS	� Nonmetric multidimensional scaling
PCOA	� Principal coordinates analysis
SCFA	� Short chain fatty acid
SD	� Sprague-Dawley

Introduction

Colorectal cancer (CRC) is the third most diagnosed and 
second most lethal cancer in the world [1]. Over 150,000 
new cases and 52,000 deaths are expected in 2022 in the 
U.S. only [2]. Detection and treatment in the early stages 
may notably improve the five-year survival rates (91 and 
72% for local and regional stages, respectively, compared to 
only 15% for the distant stage) [3]. The earliest identifiable 
precursors of CRC are abnormal crypt foci (ACF), which 
occur because of genetic alterations in a normal colonic 
mucosa. A minor fraction of ACF may retain malignant 
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Abstract
Early intervention can significantly improve the colorectal cancer survival rate. Foods rich in phenolic compounds, such 
as jaboticaba (Myrciaria cauliflora), may prevent tumorigenesis. We investigated the effectivity of jaboticaba whole fruit 
ethanolic extract (FEX) in suppressing aberrant crypt foci (ACF), the earliest lesion of colorectal cancer (CRC), in 
1,2-dimethylhydrazine (DMH)-induced rats and the underlying mechanisms related to the gut microbiota composition and 
short chain fatty acid (SCFA). This study was approved by the Institutional Animal Care and Use Committee (IACUC) 
of Providence University (Trial Registration Number 20180419A01, registration date: 22 December 2018). The FEX 
contains gallic acid and an especially high ellagic acid concentration of 54.41 ± 1.80 and 209.79 ± 2.49 mg/100 g FEX. 
The highest total ACF number (150.00 ± 43.86) was recorded in the DMH control (D) group. After 56 days of oral FEX 
treatment, the total ACF number in the low FEX dosage (DL) group was significantly lower compared to the D group 
(p < 0.05). The large-sized ACF (> 5 foci), which has a higher probability of progressing to later stage, was significantly 
decreased in the high FEX dosage (DH) group. The 16s rDNA metagenomic sequencing of the cecal material revealed 
that the CRC biomarker Lachnoclostridium was significantly suppressed in the DH group (p < 0.05), whereas some SCFA-
producing taxa and the cecal butyrate concentration were significantly elevated in the DL and DH groups (p < 0.05). This 
study demonstrated the potential of jaboticaba whole fruit in CRC prevention, especially in the initial stage, by shifting 
gut microbiota composition and improving cecal butyrate level.
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characteristics and progress into polyps and then CRC. The 
number and size of ACF have been used as predictive bio-
markers for CRC risks in early screening [4, 5]. In animal 
models, the formation of human-like ACF can be easily 
demonstrated using the carcinogens azoxymethane (AOM) 
or 1,2-dimethylhydrazine (DMH) [6].

Apart from the non-modifiable risk factors such as race, 
hereditary mutations, sex, age, and inflammatory disease, 
more than 55% of CRC cases are attributed to the behav-
ioral component [3, 7]. An antioxidant-rich diet may reduce 
the risk and act as a long-term chemopreventive agent [8]. 
Jaboticaba (Myciaria cauliflora) fruit, an indigenous plant 
of the southern and southeast subtropical regions of Brazil, 
has gained scientific interest worldwide since it is rich in 
phenolic compounds and exhibits great antioxidant poten-
tial. The fruits are spherical, 2.2–2.9 cm in diameter, with 
a thick dark purple peel, white sweet pulp, and one to four 
small seeds [9]. The peel and seed fractions of Jaboticaba 
fruit contain up to 2,252 ± 69 and 986 ± 47 mg/100 g dwb 
phenolic compounds, respectively [10]. A variety of phe-
nolic compounds with potential anti-tumorigenic properties, 
namely ellagic acid, gallic acid, quercetin, rutin, and antho-
cyanins, were detected in the peel and seeds of jaboticaba 
[10–13]. The anti-cancer potential of jaboticaba has also 
been supported by a study using jaboticaba seed extract in 
an ACF model [14]. However, despite the anti-tumorigenic 
potential in the peel and seed, the jaboticaba fruit is usually 
consumed by eating the pulp only. Thus, the chemopreven-
tion potential of a whole fruit is intriguing to observe to get 
a full benefit from the fruits.

A balanced gut microbiota can prevent the progression 
of ACF tumorigenesis by modulating the immune system, 
especially the inflammatory response, preventing gut micro-
biota dysbiosis, and strengthening the barrier functions of 
epithelial cells [15, 16]. The gut microbiota assists in the 
bio-conversion of large unabsorbed dietary phenolic com-
pounds in the colon into simpler phenolics, which shapes 
the gut microbiota composition by promoting the growth of 
SCFA (short chain fatty acid)-producing bacteria and selec-
tively suppressing pathogenic bacteria [15, 17].

The present study observed the effect of whole jaboticaba 
fruit extract on ACF in DMH-induced Sprague-Dawley 

(SD) rats and attempted to explain this in terms of the gut 
microbiota and SCFA changes.

Materials and Methods

The ‘Materials and Method’ section is reported in the Sup-
plementary Material.

Results and Discussion

Dietary FEX Intake Decreased Aberrant Crypt Foci 
Number

Prevention and early detection are the most effective strate-
gies in the CRC management program. Thus, ACF, the earli-
est lesion of CRC, has been very useful as a biomarker to 
predict CRC risk. A large-sized ACF has higher probability 
to develop into CRC [4], and the number of ACF is asso-
ciated with risk of advancing adenoma [18]. In this study, 
the ACF formation in humans was imitated in rats by using 
the carcinogen DMH (total 160 mg/kg BW), and FEX was 
given orally for a consecutive 56 days in low, medium, and 
high dosage (DL: 0.1 g/kg BW of FEX, DM: 0.5 g/kg BW 
of FEX, and DH: 1.0 g/kg BW of FEX, respectively).

All treatments did not seem to cause the animals any 
additional stress. Compared to the negative control (N) 
group, the weight gain, food intake, and organ weight of the 
treated groups did not differ significantly (Supplementary 
Information Table S1). The hematological and biochemi-
cal blood parameters of all groups did not differ with the 
N group as well (Supplementary Information Table S2 and 
Table S3). The histopathology examination showed no sig-
nificant lesion in the major organs of all rats.

The ACF was successfully induced in all DMH-induced 
groups (100% incidence), while there was no ACF forma-
tion observed in the N group (Table 1). The ACF was dis-
tinguished from normal colonic crypt by its larger crypt 
size, thicker pericryptal area, and slightly raised appearance 
(Fig.  1). The highest total ACF number (150.00 ± 43.86) 
was recorded in the DMH control (D) group. The number 

Treatments ACF number Total ACF
Small (2–3 foci) Medium (4–5 foci) Large (> 5 foci)

N 0.00 ± 0.00* 0.00 ± 0.00* 0.00 ± 0.00* 0.00 ± 0.00*
D 88.50 ± 22.49 43.00 ± 19.37 9.00 ± 6.98 150.00 ± 43.86
DL 29.50 ± 9.88 10.75 ± 3.95* 1.50 ± 1.29 49.25 ± 26.16*
DM 85.00 ± 36.72 22.50 ± 4.20 1.75 ± 1.71 134.50 ± 61.46
DH 44.33 ± 18.77 9.67 ± 7.37* 1.00 ± 1.00* 65.33 ± 22.50
*Significantly different with D group (p<0.05). The one−way ANOVA followed by Tukey’s HSD Post−hoc 
test was used whenever required assumptions were met, otherwise Kruskal Wallis Test as non−parametric 
equivalent was used. ACF: aberrant crypt foci, AC: aberrant crypt

Table 1  Aberrant crypt foci in the 
distal colon of the animals
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of medium sized ACF (consisting of 4 to 5 foci) was sig-
nificantly lower in the DL and DH group (10.75 ± 3.95 
and 9.67 ± 7.37, respectively) compared to the D group 
(43.00 ± 19.37). The large (> 5 foci) ACF, which has a higher 
probability of progressing to later stage, was significantly 
decreased in only the DH group (1.00 ± 1.00, compared to 
9.00 ± 6.98 in the D group), and the total ACF number was 
significantly lower in the DL group (49.25 ± 26.16) com-
pared to the D group.

Dietary FEX Intake Shifted Cecal Gut Microbiota

16s rDNA gene sequencing was used to characterize micro-
bial profiles in the cecum, the primary site of colonic fermen-
tation. As many as 80,490 to 99,581 high quality sequences 
with lengths of 153–298  bp were obtained from each 
sample. The rarefaction curves indicated that the sequenc-
ing depth was sufficient to cover the species richness. The 
treatments did not cause significant difference in the alpha 
diversity indexes of each group as well as beta diversity 
indexes among groups. However, while the weighted Uni-
frac distance in the principal coordinates analysis (PCOA), 

nonmetric multidimensional scaling (NMDS), and analysis 
of similarities (ANOSIM) did not significantly differ among 
groups, the unweighted analysis showed significantly dif-
ferent results (Supplementary Information Figure S1, Table 
S4). In unweighted PCOA, the N group and the DL group 
were clustered closely together, while the D, DM, and DH 
groups were scattered apart. The weighted and unweighted 
analysis answer different question; the weighted analysis 
takes abundance into consideration (quantitative), while 
the unweighted analysis only considers presence or absence 
(qualitative). While it seems that the DMH induction did not 
cause major changes on the major taxa composition, the sig-
nificant unweighted analysis revealed some shifts in the rare 
taxa. LEFse (linear discriminant analysis effect size) analy-
sis was useful to point out the biomarkers of each group, and 
could also point out some rare taxa in each group (Fig. 2). 
Some taxa that probably related to the CRC development 
were detected, such as Bifidobacteriales in the N group, and 
Lachnospiraceae_NK4A136 which scored highest in the 
DL group.

Based on the LEFse result, we did a manual statisti-
cal analysis especially on the SCFA- and CRC-associated 
microbiota to explain the ACF result. While the Bifidobac-
teriales was present in the small level only in the N and DL 
group, on the phylum level Bacteroidetes was significantly 
enriched in Jaboticaba-treated groups in a dose-dependent 
manner (Fig.  3). As a population, Bacteroidetes has mul-
tiple roles for its host, such as T-cell activation in the host 
immune system and limiting pathogen colonization [19]. In 
addition, the abundance of Tannerelaceae was significantly 
increased in the DH group compared to the D group, while 
Lachnospiraceae NK4A136 were significantly enriched 
in the DL group. Furthermore, the abundance of Rumino-
coccus 1, a beneficial genus especially related to butyrate 
production, was also significantly elevated in the DL group. 
Lachnoclostridium genus was just recently proposed as a 
biomarker for early detection of pre-cancerous adenoma 
stage of colorectal cancer [20]. This genus was increased in 
the D group, gradually restored by the FEX treatments, and 
significantly reduced in the DH group (Fig. 2).

Fig. 2  Linear discriminant 
analysis effect size (LEFse) 
analysis (CO_N: negative control 
group; SC_LOWJ: DL group, 
SC_MEDJ: DM group)

 

Fig. 1  Distal colon aberrant crypt foci (black arrows). Above: longitu-
dinal section, hematoxylin and eosin (H&E) stain. Below: methylene 
blue stain. Left: normal crypt. Right: aberrant crypt foci
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Tannerellaceae, Lachnospiraceae, and Ruminococcus spp., 
could explain the increase in butyrate level. On the other 
hand, genus Lachnoclostridium, the biomarker for the early 
stages of CRC [20], was suggested to negatively impact the 
circulating SCFA acetate level [24].

The ability of FEX treatment to reduce the overall ACF 
profiles, increase butyrate level, and shift the gut microbiota 
composition, was probably linked with the gallic acid and 
rather high ellagic acid content in FEX (54.41 ± 1.80 and 
209.79 ± 2.49 mg/100 g FEX, respectively). In comparison, 
ellagic acid-rich fruits, raspberries and blackberries, contain 
approximately 150 mg ellagic acid/100  g dw [25]. Gallic 
acid and ellagic acid act through the antioxidant route in 
CRC chemoprevention, maintaining the oxidative status 
while improving the performance of antioxidative enzyme 
activity [26, 27]. In addition, both are simple phenolic acids, 
which directly interact with gut microbiota. Ellagic acid is 
readily transformed by the gut microbiota into more potent 
anti-inflammatory and antioxidative urolithins [28]. Mean-
while, gallic acid is known to stimulate the growth of phy-
lum Bacteroidetes [29] which is generally able to produce 
anti-inflammatory butyrate [19, 30]. The major phenolic 
compounds in jaboticaba, such as anthocyanins, ellagitan-
nins and flavonoids, which have been reported in other 
studies were not analyzed in the present study due to the 
limitation of our HPLC system. Other studies on the phe-
nolic compounds of jaboticaba can be found elsewhere [10, 
12].

Ellagitannins (especially ellagic acid) have already been 
associated with jaboticaba seed effectivity in decreasing 
ACF number [14]. Similarly, jaboticaba seed extract incor-
porated into yogurt showed prebiotic effect in cancer-bear-
ing Wistar rats [31]. However, to the extent of our limited 
knowledge, ours was the first study investigating the whole 
fruit effectivity in CRC management. Jaboticaba in the DL 
and DH groups seemed to promote an overall better gut 
microbiota environment by acting as a ‘duplibiotics’ [29] by 

Dietary FEX Intake Increased Cecal SCFA Level

The changes in gut microbiota composition were in line 
with SCFA concentrations in the cecum (Table 2). Although 
the concentrations of acetic acid and propionic acid among 
groups were similar, butyric acid concentrations were sig-
nificantly lower in the D group compared to the others. In 
the FEX treated groups, the butyric acid was restored to its 
normal value.

SCFA, especially butyrate, has been extensively studied 
for its role in CRC prevention and inhibition. In humans, 
the level of butyrate in the human colon is inversely corre-
lated with the incidence of CRC [21]. Butyrate could protect 
against CRC by alleviating inflammations and promoting 
cancer cell apoptosis, in addition to inhibit cell formation, 
cell proliferation, and cell invasion [22]. In our result, the 
increased level of butyrate in FEX-treated groups was in 
line with the decreasing ACF number. While oral butyrate 
does not protect against CRC due to the rapid absorption in 
the small intestine, colonic-fermented butyrate, such as that 
released from phenolic fermentation, was especially effec-
tive in suppressing ACF number [23]. The increased level 
of SCFA-producing taxa in our study, such as Bacteroidetes, 

Table 2  Short chain fatty acid (SCFA) concentration of rat cecal mate-
rial
Treatments Acetic acid 

(µmol/g)
Propi-
onic acid 
(µmol/g)

Butyric 
acid 
(µmol/g)

N 1.70 ± 0.08 0.74 ± 0.05 1.81 ± 0.03
D 1.80 ± 0.17 0.73 ± 0.06 1.71 ± 0.05*
DL 1.73 ± 0.09 0.69 ± 0.01 1.82 ± 0.04
DM 1.76 ± 0.06 0.72 ± 0.05 1.82 ± 0.07
DH 1.72 ± 0.07 0.72 ± 0.03 1.79 ± 0.03
*Significantly different with N group (p<0.05). The one-way 
ANOVA followed by Tukey’s HSD Post-hoc test was used whenever 
required assumptions were met, otherwise Kruskal Wallis Test as 
non-parametric equivalent was used

Fig. 3  Relative abundance of (A) Bacteroidetes, (B) Lachnospiraceae 
NK4A136, (C) Tannerelaceae, (D) Ruminococcus 1, and (E) Lach-
noclostridium. *Significantly different with D group (p < 0.05). The 

one-way ANOVA followed by Tukey’s HSD Post-hoc test was used 
whenever required assumptions were met, otherwise Kruskal Wallis 
Test was used
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ECQ, Freire AS, Braz BF, Santelli RE, Torres AG, Perrone D 
(2015) Screening of the chemical composition and occurring 
antioxidants in jabuticaba (Myrciaria jaboticaba) and jussara 
(Euterpe edulis) fruits and their fractions. J Funct Foods 17:422–
433. https://doi.org/10.1016/j.jff.2015.06.002

11.	 Reynertson KA, Wallace AM, Adachi S, Gil RR, Yang H, Basile 
MJ, D’Armiento J, Weinstein IB, Kennelly EJ (2006) Bioactive 
depsides and anthocyanins from jaboticaba (Myrciaria cauli-
flora). J Nat Prod 69(8):1228–1230. https://doi.org/10.1021/
np0600999

12.	 Plaza M, Batista ÂG, Cazarin CBB, Sandahl M, Turner C, Öst-
man E, Júnior MRM (2016) Characterization of antioxidant 
polyphenols from Myrciaria jaboticaba peel and their effects 
on glucose metabolism and antioxidant status: a pilot clini-
cal study. Food Chem 211:185–197. https://doi.org/10.1016/j.
foodchem.2016.04.142

13.	 Alam MN, Almoyad M, Huq F (2018) Polyphenols in colorectal 
cancer: current state of knowledge including clinical trials and 
molecular mechanism of action. Biomed Res Int 2018. https://
doi.org/10.1155/2018/4154185

14.	 do Carmo MAV, Fidelis M, de Oliveira PF, Feitoza LQ, Marques 
MJ, Ferreira EB, Oh WY, Shahidi F, Hellström J, Almeida LA 
(2021) Ellagitannins from jabuticaba (Myrciaria jaboticaba) 
seeds attenuated inflammation, oxidative stress, aberrant crypt 
foci, and modulated gut microbiota in rats with 1,2-dimethyl 
hydrazine-induced colon carcinogenesis. Food Chem Toxicol 
154:112287. https://doi.org/10.1016/j.fct.2021.112287
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org/10.3390/ijms22073715

16.	 De Santis S, Liso M, Vacca M, Verna G, Cavalcanti E, Coletta S, 
Calabrese FM, Eri R, Lippolis A, Armentano R (2021) Dysbiosis 
triggers ACF development in genetically predisposed subjects. 
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promoting the growth of various beneficial bacteria, such as 
Bacteroidetes, Tannerelaceae, Lachnospiraceae NK4A136, 
Ruminococcus 1 in one hand, while also inhibiting the CRC 
biomarker Lachnoclostridium in the other hand.

Conclusion

Our study demonstrated that jaboticaba ethanolic whole 
fruit extract was rich in ellagic acid and can suppress ACF 
formation by improving the butyrate level and bi-direc-
tionally modulating the gut microbiota: suppressing the 
CRC marker Lachnoclostridium and promoting growths 
of the SCFA-producing Tannerelaceae, Lachnospiraceae 
NK4A136, Ruminococcus 1. This highlights the potential 
of jaboticaba fruit in suppressing CRC tumorigenesis espe-
cially at the initiation stage.
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