
Food &
Function

PAPER

Cite this: DOI: 10.1039/d5fo03398e

Received 8th August 2025,
Accepted 27th January 2026

DOI: 10.1039/d5fo03398e

rsc.li/food-function

Prune (dried plum) consumption does not reduce
colonic tumor formation but drives beneficial
changes in the gut microbiome of rats

Minghong Jiang, a Andres Gomez,b Davis M. Seeligc and Daniel D. Gallaher *a

Previous research has highlighted the potential benefits of prune consumption, including a changed gut

microbiome composition and a reduction in colon cancer risk factors. This study investigated whether

prune consumption reduced colon tumor development and led to positive changes in the large intestinal

microbiome in a chemically induced colon cancer model in rats. Male Wistar rats were fed one of three diets:

5% (by energy) prune, 10% prune, or a prune-free control. Rats were fed the diets for 32 weeks. Rats received

weekly injections of 1,2-dimethylhydrazine for 15 weeks to induce colon tumorigenesis. Colonic tumor

number or size did not differ among the diet groups. However, there was a trend toward fewer small intestinal

tumors in the 10% prune diet group (p < 0.1). Groups fed prune had heavier cecum tissue, indicating greater

large intestinal fermentation. The prune diets increased taxonomic richness and altered bacterial species com-

position. Specifically, prune consumption was associated with increased abundance of Methanosphaera

genus and taxa from the Lachnospiraceae family, such as Blautia and Coprococcus. Prune diets also increased

total cecal SCFA amount, notably butyrate. However, 24 hour fecal excretion of p-cresol, indole, and total bile

acids did not differ significantly among the groups. While prune consumption did not show a significant

reduction in colonic tumor formation, potential benefits were noted in a trend towards reducing small intes-

tine tumors, increasing large intestinal fermentation and SCFA production, and increasing microbial richness,

suggesting prune consumption may provide other health benefits.

1. Introduction

Colorectal cancer (CRC) is the third leading cause of cancer-
related mortality in the United States and the second
globally.1,2 The incidence of CRC has increased rapidly in
countries that have adopted a Westernized diet. The Western
diet, characterized by the consumption of large amounts of
red and processed meat, refined grains, and sugar, coupled
with low intake of whole grains, fruits, and vegetables has
been associated with dysbiosis of the gut microbiome and
inflammation in the gut, thus contributing to the development
of CRC.3 Due to advancements in treatment and screening,
there has been a 57% decline in overall CRC mortality in the
U.S. from 1970 to 2020. However, there is a concerning recent
trend of an upward trajectory in CRC cases in individuals
under 50 years old, accompanied by a significant shift towards
advanced disease stages.

Fruit intake has been inversely associated with CRC risk,
but most epidemiological studies report only total fruit intake
rather than specific types, making it difficult to assess the che-
mopreventive potential of individual fruits.4,5 Prunes, recog-
nized as a functional food, offer various health benefits,
including alleviating constipation, lowering cholesterol, and
improving bone density. Derived from the dried fruit of Prunus
domestica, prunes are rich in dietary fiber, sorbitol, and phyto-
chemicals such as polyphenols and carotenoids.6 However,
compared to more commonly studied fruits like citrus and
apples, prunes (dried plums) are less frequently consumed
and even less studied, leaving their chemopreventive effects
largely unknown.5

Yet there is evidence that prune consumption may reduce
colon cancer risk. In carcinogen-treated rats, feeding a plum
beverage reduced inflammation and colonic pre-neoplastic
lesions known as aberrant crypt foci (ACF), which have been
commonly used as an early biomarker of colon carcinogenesis.
Polyphenols extracted from prunes have been shown to exhibit
strong antioxidant and anti-inflammatory properties,7,8 redu-
cing two established hallmarks of cancer.9 In cancer cell lines,
prune extracts or isolated polyphenols induced apoptosis and
suppressed cell proliferation,10,11 indicating potential chemo-
preventive effects against colonic tumor formation. However,

aDepartment of Food Science and Nutrition, University of Minnesota, St. Paul, MN,

55108, USA. E-mail: dgallahe@umn.edu
bDepartment of Animal Science, University of Minnesota, St. Paul, MN, 55108, USA
cDepartment of Clinical Pathology, Veterinary Clinical Sciences, University of

Minnesota, St. Paul, MN, 55108, USA

This journal is © The Royal Society of Chemistry 2026 Food Funct.

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 4
/1

0/
20

26
 9

:2
9:

57
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal

http://rsc.li/food-function
http://orcid.org/0009-0002-0642-1183
http://orcid.org/0000-0002-5969-4938
http://crossmark.crossref.org/dialog/?doi=10.1039/d5fo03398e&domain=pdf&date_stamp=2026-02-24
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5fo03398e
https://pubs.rsc.org/en/journals/journal/FO


feeding a prune powder in another study did not show a
reduction in ACF, although changes in other colorectal cancer
risk factors, including reduced total and secondary bile acids,
were observed.12,13 Due to these inconsistent findings, it is
uncertain whether prunes or prune products will reduce the
risk of colon cancer.

There is also growing interest in the role of the gut micro-
biome in the development of CRC. CRC patients have lower
microbial diversity and different fecal microbial population
patterns compared to healthy individuals.14 Prunes exert ben-
eficial effects on the gut ecosystem, likely due to its being a
rich source of fiber, with 40–80% of the fiber being pectin,
and a high concentration of insoluble fibers, polyphenols, and
sorbitol.6 These nutrients undergo fermentation by the gut
microbiota in the large intestine, leading to increased pro-
duction of short chain fatty acids (SCFAs), including butyrate,
which is an important energy source for the colonic epi-
thelium. Butyrate has also been found to reduce CRC risk.15,16

Recent research involving prune supplementation in human
studies revealed significant shifts in microbial composition in
prune consumption groups.17,18 Studies found that prune con-
sumption increased bacterial populations typically regarded as
beneficial, such as Bifidobacterium and Lactobacillus, while
reducing harmful bacteria such as Escherichia coli and
Clostridium perfringens (C. perfringens).19,20 The increased
abundance of the Lachnospiraceae family was correlated with
a reduced plasma concentration of the inflammatory cytokine
IL-1β, suggesting a positive effect of prune consumption in
modulating the gut microbiome and reducing systemic
inflammation.17

These observations support the chemopreventive potential
of prune consumption. Therefore, we hypothesized that diets
containing prunes would reduce dimethylhydrazine-induced
colonic tumors in rats. Furthermore, given the role of the gut
microbiome in modulating colon cancer risk,21 we analyzed
bacterial abundance in the large intestine as well as deter-
mined bacterial metabolites implicated in colon cancer risk,
including short chain fatty acids, bile acids, and markers of
inflammation.

2. Materials and methods
2.1. Animals and diet

Eighty-one male Wistar rats, initially weighing between 100
and 170 g, were purchased from Envigo (Indianapolis, IN). The
rats were housed in pairs and maintained under a 12 hour
light/dark cycle, with ad libitum access to food and water. All
animal handling procedures were conducted in accordance
with the guidelines set by the National Institutes of Health
and met the institutional standards for animal care. The
experimental protocol was approved by the University of
Minnesota Animal Care and Use Committee (protocol #2012-
38704A).

The prune product (hereafter referred to as prune) was pro-
vided by Sunsweet Growers Inc. (Yuba City, CA). It was pre-

pared by blending 75% prune concentrate with 25–30% prune
paste by weight. The prune concentrate was produced by
removing pulp and pits, followed by vacuum evaporation until
reaching 68° Brix, while the prune paste was made from
steamed plums adjusted to 22–25% moisture. The prune used
in this study had a moisture content of approximately 29.8%.
The primary compositional difference between the prune and
whole prunes was the fiber content. The prune contained
more soluble fiber (6.4 g vs. 2.1 g per 100 g) and less insoluble
fiber (1.1 g vs. 4.1 g per 100 g) compared with whole prune but
was otherwise similar. The macronutrient composition of the
prune, whole prunes, prune juice, and fresh plums is shown
in Table S1.

All diets were formulated to provide equal macronutrient
and total energy levels (Table 1). The pectin concentrations in
the 5% and 10% prune diets were 0.28% and 0.56%, respect-
ively, while sorbitol concentrations were 1.15% and 2.30%,
respectively. The basal diet contained cellulose as the sole
fiber source.

The prune was incorporated into the AIN-93G diet21 at con-
centrations providing 5% and 10% of total energy. The prune
was thoroughly mixed with other dry ingredients and soybean
oil using a commercial mixer to achieve a uniform texture. The
diets were fed as a powder and stored at 4 °C.

2.2. Experimental design

Rats were randomly assigned to one of the three diets. After a
two-week adaptation period to their respective diets, the rats
were administered a weekly subcutaneous injection of di-
methylhydrazine (20 mg per kg body weight) for 15 consecutive
weeks. Following the completion of all injections, the rats were
placed in metabolic cages for 24 hours to collect urine and
fecal samples, which were subsequently stored at −80 °C. The
rats continued to be fed their respective diets for an additional

Table 1 Composition of experimental diets

Basal
5%
prune

10%
prune

Ingredients (g kg−1)
Dried prune puree 0 76 154
Sucrose 100 73 66
Maltodextrin 132 132 132
Cornstarch 368 368 368
Casein 200 198 196
Soybean oil 70 70 70
Cellulose 80 73 66
AIN-93G mineral mix 35 35 35
AIN-93G vitamin mix 10 10 10
L-Cystine 3 3 3
Choline bitartrate 2.5 2.5 2.5
TBHQ 0.014 0.014 0.014
Macronutrient composition (% of total energy)
Carbohydrate (% of energy) 62.6 62.6 62.6
Fat (% of energy) 16.5 16.4 16.4
Protein (% of energy) 20.9 20.9 20.9
Prune pectin and sorbitol (% of
energy)

0 1.4 2.8

Total energy (kcal g−1) 3.8 3.7 3.5
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15 weeks until the end of the feeding trial. Throughout the
study, food intake and body weight were recorded weekly.

At the end of the 32 week period, the rats were fasted over-
night and then anesthetized the next morning using isoflur-
ane. Blood was collected through cardiocentesis and the liver,
epididymal fat pad, and cecum were excised, rinsed of adher-
ing blood, and weighed. Cecum contents were collected, and
the empty cecum was weighed. Tissues were rapidly frozen in
liquid nitrogen before being stored at −80 °C. Serum was sep-
arated and stored at −20 °C for subsequent analysis.

The colon was dissected from the anus to the cecum and
opened longitudinally, and colon pellets were collected and
snap-frozen in liquid nitrogen before storage at −80 °C.
Tumors were counted and tumor volume calculated using the
formula V = length × width × diameter × π/6, where length is
the longest dimension, width is the middle dimension, per-
pendicular to length, and diameter is the smallest dimension,
perpendicular to both length and width.22 Following tumor
excision, each tumor with a segment of normal colonic inter-
stitial tissue was fixed in 10% neutral buffered formalin for
72 hours and then transferred to 70% ethanol for histopatho-
logical analysis. The remaining colon tissue was placed on an
ice-cold metal tray, and the mucosa was carefully scraped off
using a glass slide. The resulting mucosal scraps were snap-
frozen in liquid nitrogen and stored at −80 °C for subsequent
measurement of inflammatory markers.

2.3. Tumor histopathologic analysis

The formalin-fixed colon tissue underwent a standard proces-
sing procedure, involving dehydration through a series of
graded alcohols, followed by embedding in paraffin wax.
Subsequently, 4 µm tissue sections were cut and stained with
hematoxylin and eosin. The stained tissue sections were exam-
ined by a board-certified veterinary pathologist according to
established consensus guidelines on the pathology of rodent
models of intestinal cancer.23,24 The pathologist was blinded
to treatment groups during the assessment of the proliferative
lesions. Lesions were categorized as hyperplasia, adenoma,
intramucosal adenocarcinoma, or adenocarcinoma, based on
specific morphological criteria and cellular characteristics
observed in the tissue sections.23,25

2.4. Analysis of fecal p-cresol and indole

Fecal pellets collected during housing in the metabolic cages
were freeze-dried and ground into a fine powder. Five mL of
methanol and 100 μl of internal standard (300 μg mL−1 4-ethyl-
phenol in ethanol) were added to duplicate samples of 0.5 g of
fecal powder, and the samples were mixed and refluxed at
100 °C for 15 minutes. After cooling, the samples were centri-
fuged at 2000g for 5 minutes, and the supernatant was care-
fully decanted into a new tube. The extracted samples were
then resuspended in 5 mL of methanol, refluxed again, and cen-
trifuged as previously described. The sample was further washed
with 0.5 mL of methanol and centrifuged once more. The pooled
supernatants were dried under nitrogen gas and reconstituted
with 0.3 mL of methanol and filtered through a 0.45 μm syringe

filter. Quantification of p-cresol and indole was performed using
HPLC with fluorescence detection, following a modified version
of the method described by King et al.26 Separation was achieved
using a C18 column with a flow rate of 1 mL min−1. The mobile
phase consisted of a 7 : 3 water/acetonitrile solution adjusted to
pH 3.2 with glacial acetic acid.

2.5. Analysis of total fecal bile acids and cecal SCFAs

Analysis of total bile acids was conducted on ground fecal
samples collected during housing in the metabolic cages. The
bile acids were extracted from dried fecal powder and partially
purified using solid-phase extraction columns, as described by
Locket and Gallaher.27 Bile acids were assayed enzymatically
using 3α-hydroxysteroid dehydrogenase.28 SCFAs were
extracted from cecal contents and quantified using gas chrom-
atography, as described by Carlson et al.29

2.6. Determination of inflammatory markers

Colon mucosal scrapings were homogenized in 1 mL of phos-
phate-buffered saline solution (pH 7.4) containing protease
and phosphatase inhibitors (Roche, Switzerland). After cen-
trifugation at 10 000g at 4 °C for 5 minutes, supernatants were
diluted 1 : 3 with PBS, proteins separated on a 10% SDS-PAGE
gel, and the bands transferred to nitrocellulose membranes.

The membranes were blocked with 5% non-fat dry milk solu-
tion in TBST (0.1% Tween-20) and incubated with primary anti-
bodies overnight at 4 °C. The membranes were incubated with
secondary antibodies for an hour at room temperature. Protein
bands were visualized using Super-Signal West Atto Ultimate
Sensitivity Chemiluminescent Substrate (Thermo Fisher
Scientific) and scanned using the Licor Odyssey imaging system.

The primary antibodies used in this study included NFκB,
p-NFκB p65 (Ser536), β-catenin, and β-actin (Cell Signaling
Technology, Beverly, MA). Serum calprotectin levels were deter-
mined using an ELISA assay following the manufacturer’s
guidelines (S100A8/S100A9, Immundiagnostik AG, Bensheim,
Germany).

2.7. DNA extraction and 16S rRNA gene sequencing

The colonic pellets were mechanically disrupted by bead
beating for 3 minutes at 6 m s−1, and microbial DNA was
extracted using the QIAamp Fast DNA Stool Mini Kit (QIAGEN,
Germantown, USA), following the manufacturer’s instructions.
The 16S rRNA bacterial gene (V4 region) was sequenced at the
University of Minnesota Genomics Center (UMGC), on the
Illumina MiSeq sequencing platform, using an optimized
method for amplicon-based library preparation.30

2.8. Processing of sequencing data

Amplicon sequence variants (ASVs) were identified from raw
Illumina sequences using a combination of Cutadapt, BBMap,
and the DADA2 plugin within QIIME 2.31–33 Briefly, adapter
sequences, barcodes, primers, and low-quality sequences were
eliminated from the pair-end reads using Cutadapt with
default parameters. Subsequently, the pair-end reads were
merged using the BBMap merger function, and singleton
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sequences were discarded. The resulting quality-filtered data
were then imported into QIIME2 (version 2022.8) and pro-
cessed through the DADA2 pipeline, where sequences under-
went demultiplexing, quality filtering, and denoising.
Taxonomic analysis of the ASVs was performed using the
Greengenes 13_8 database.34 Following preprocessing, approxi-
mately 70% of the reads were retained, yielding an average of
17 000 reads per sample (range: 3315 to 34 582).

The ASV table generated from these steps was then
imported into R Studio for further analysis. Bray–Curtis beta-
diversity and Shannon alpha-diversity were calculated using
the Vegan package in R.35 Additionally, indicator species ana-
lysis was used to identify ASVs associated with each dietary
group by calculating an indicator value (IndVal), the product
of an ASV’s frequency and abundance within a group. IndVal
ranges from 0 to 1, with 1 indicating the strongest association
within a specific group.36 IndVal analysis was conducted at
both the genus and species levels and significance was
assessed using the Kruskal–Wallis test.36

2.9. Statistical analysis

Statistically significant differences among the groups were
inspected using the analysis of variance (ANOVA) test for
numerical variables using Statistical Analysis Software (SAS,
version 9.4), with final body weight used as a covariate for liver
and fat pad weight analyses. Given the unequal variance
observed in tumor data, according to the Shapiro–Wilk test,
the data were ranked and subsequently assessed using the
ANOVA test within the SAS software. Duncan’s multiple range
test was used to identify statistically significant differences
among groups. Comparisons of tumor incidence among
groups were conducted using the chi-square test.

Microbial community differences were evaluated using
PERMANOVA, which tests significant differences in group cen-
troids, and ANOSIM (Analysis of Similarities), which assesses
whether between-group dissimilarities exceed within-group
dissimilarities. Both were performed with 999 permutations
on Bray–Curtis distances using the vegan R package.35 Alpha
diversity indices, richness, and individual taxa relative abun-
dances were tested for normality using the Shapiro–Wilk test.
Based on the results, group differences were assessed using
one-way ANOVA for normally distributed data or the Kruskal–
Wallis test for non-normal data. Following this, pairwise com-
parisons were performed using Tukey’s HSD post hoc test or
Dunn’s test to identify specific group differences.

Associations between individual taxa and SCFAs were deter-
mined by calculating Spearman’s correlation coefficients. The
top five taxa strongly correlated with SCFAs underwent further
analysis using a multiple regression model to explore the
association between each taxon, serving as a predictor, and
each individual SCFA. The multiple regression model handles
multicollinearity of independent variables, providing a more
reliable estimate of the association between taxa and SCFAs.
Taxa exhibiting a non-significant association with specific
SCFAs were excluded from the multiple regression model.
Before conducting the multiple regression analysis, normality

and multicollinearity assumptions were thoroughly assessed,
which included checking normality using Q–Q plots and evalu-
ating multicollinearity through a correlation plot of all inde-
pendent variables. These steps were essential to ensure the
reliability and validity of the subsequent statistical analyses.

3. Results
3.1. Tissue weight, energy intake, and weight gain

Throughout the study duration, the weekly and final body
weights of rats showed no significant differences among the
groups, indicating that prune consumption did not influence
body weight. Similarly, energy intake remained equivalent
across all groups throughout the study period. Differences
were observed in liver and epididymal fat pad weights among
the groups. The group consuming the 5% prune diet exhibited
significantly lower liver and epididymal fat pad weights com-
pared to the basal group (p = 0.05 and p = 0.04, respectively,
Table 2), despite no significant differences in overall body
weight. Empty cecum weight, an indicator of large intestinal
fermentation, was significantly greater in the prune diet
groups (p = 0.01). Furthermore, the cecal content weight was
greater in the 5% prune diet group compared to the basal
group (p = 0.04), indicating greater large intestinal contents
due to prune consumption.

3.2. Tumor number and volume

The physical appearance of the colon segments varied, as
shown in Fig. 1. The healthy (i.e., uninvolved) colon segments
exhibited a smooth and uniform appearance, lacking any
visible irregularities or protrusions. Adenomas, early-stage
tumor growths, were identifiable by their smooth and round
polyp-like formations along the inner lining of the colon.
Adenocarcinoma, indicative of advanced and malignant
growth, presented as irregular masses with an uneven surface.
Additionally, the colon segment lining displayed a pale appear-

Table 2 Body weight, energy intake, and organ weights

Diet

Basal 5% prune 10% prune

Final body weight (g) 613 ± 18 575 ± 18 608 ± 18
Energy intake (kcal d−1) 89.56 ± 3.47 91.15 ± 3.32 89.28 ± 3.52
Liver weight (g) 16.0 ± 0.81* 14.8 ± 0.69† 15.40 ± 0.65*†

Epididymal fat pad
weight (g)

7.10 ± 0.49* 5.60 ± 0.37† 6.60 ± 0.43*†

Cecum weight (g) 0.58 ± 0.02* 0.80 ± 0.08† 0.75 ± 0.03†

Cecum content weight
(g)

2.13 ± 0.16* 4.71 ± 1.23† 3.22 ± 0.14*†

Fecal weight (g per
24 h)

1.66 ± 0.31 1.49 ± 0.11 1.71 ± 0.20

Values are mean ± SE; n = 29 (basal), 25 (5% prune), and 21 (10%
prune); values not sharing a common superscript are statistically
different, (P < 0.05). Liver and fat pad weights were analyzed using
body weight as a covariate, as body weight was a significant covariate
for both (P < 0.0001 and P = 0.002, respectively).
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ance, potentially signaling pathological changes or inflam-
mation within the tissue.

No significant differences were observed in the count or
volume of non-cancerous lesions, colon adenocarcinoma, total
colonic tumors, or total GI tumors across the studied groups.
However, both the 5% and 10% prune diets displayed a trend
towards fewer small intestine tumors (p = 0.1) (Table 3).
Moreover, the 10% prune group also had a tendency toward a
lower volume of small intestine tumors compared to the basal
diet group (p < 0.1). Finally, the incidence of tumors, defined
as the percentage of rats with tumors, did not significantly
differ among the experimental groups.

3.3. Fecal and cecal metabolites

Analysis of cecal content SCFAs revealed significant increases
in butyrate (P < 1 × 10−4) and total SCFA amount (p = 0.01) per
cecum in both the 5% prune and 10% prune diets (Fig. 2).
Butyrate increased linearly with the dietary concentration of
prune (R2 = 0.98). Animals fed the 5% prune diet had the
highest amount of cecal propionate (p = 0.03) and the
branched short chain fatty acid isovalerate (p = 0.049) com-
pared to other dietary groups. Additionally, there was a trend
towards higher acetate and valerate amounts (p = 0.1) in the
5% prune diet. Across all diet groups, acetate was present in
the largest amount among all SCFAs.

In contrast, the analysis of total fecal bile acids did not
reveal any statistically significant differences among the
groups (p = 0.44) (Table 4). There were no significant differ-
ences among the groups in the fecal concentration of p-cresol
or indole (Table 4). These findings suggest that while prune
intake influenced SCFA levels, particularly butyrate and propio-
nate, it did not significantly impact fecal bile acids or metab-
olites of aromatic amino acids in this study.

Fig. 1 Top, normal colon; middle, colon with adenoma; bottom, colon with adenocarcinoma.

Table 3 Tumor count, volume, and incidence

Diet group

Basal 5% prune
10%
prune

Count
Small intestine
adenocarcinomas

44.2 ±
3.6*

37.1 ± 2.6† 36.3 ± 2.7†

Colonic non-cancerous lesions 40.3 ± 3.8 39.9 ± 4.5 38.1 ± 3.9
Colonic adenomas 40.3 ± 3.1 41.8 ± 3.6 36.1 ± 2.8
Colonic adenocarcinomas 39.3 ± 3.8 37.5 ± 4.8 41.8 ± 4.3
Total colonic tumors 39.3 ± 3.8 38.9 ± 4.9 40.3 ± 3.8
Total GI tumors 44.3 ± 3.8 35.4 ± 4.7 37.9 ± 4.6
Volume (mm3)
Small intestine
adenocarcinoma

38.9 ±
3.3*

33.4 ±
3.0*†

31.9 ± 2.7†

Colonic non-cancerous lesions 39.9 ± 3.8 39.5 ± 4.4 38.9 ± 4.2
Colonic adenoma 35.5 ± 3.0 38.0 ± 3.7 31.5 ± 2.8
Colonic adenocarcinoma 34.0 ± 4.1 33.5 ± 4.1 37.6 ± 4.4
Total colonic tumor 34.5 ± 4.0 34.7 ± 3.9 35.9 ± 4.7
Total GI tumor 36.1 ± 4.2 33.0 ± 3.8 35.1 ± 4.2
Incidence (%)
Small intestine tumor 31 16 17
Colonic adenoma 24 28 13
Colonic adenocarcinoma 76 72 87
Colonic tumor 86 80 92
Total GI tumor 90 92 84

Tumor count and volume are presented as ranked means ± SE; n = 29
(basal), 25 (5% prune), and 24 (10% prune). Tumor incidence is
expressed as the percentage of animals with tumors in each diet
group. Values not sharing a common superscript indicate a trend
toward significance (P < 0.1) based on the chi-square test.

Fig. 2 Amount of short chain fatty acids in cecal contents. Values are
mean ± SE. Values not sharing a common letter are statistically different,
P < 0.05.
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3.4. Inflammatory markers

The inflammatory markers NFκB, p-NFκB, the p-NFκB/NFκB
ratio, and β-catenin were analyzed in non-involved colon tissue
by western blotting. There were no statistically significant
differences among the diets for any marker (Fig. 3A and B).
Serum calprotectin, a well-known inflammatory marker uti-
lized for diagnosing inflammatory bowel diseases,37 did not
differ among the dietary groups (Fig. 3C).

3.5. Changes in the gut microbiome

The Bray–Curtis dissimilarity index shows a clear separation in
microbiome composition between the prune-containing diets
and the basal diet in both cecum and colon contents (Fig. 4A
and B). PERMANOVA analysis confirmed significant group
differences (colon: R2 = 0.16, p = 0.001), indicating that 16% of
the variation in the colonic microbiota was explained by

diet. ANOSIM analysis further supported a moderate separ-
ation (R = 0.48, p = 0.001). In contrast, the cecal microbiome
showed a smaller dietary effect (R2 = 0.10, p = 0.001),
suggesting that prune consumption may have had a slightly
more pronounced impact on the colonic microbial community
structure. Alpha diversity was assessed using the Shannon
index and richness. The Shannon index was significantly
higher in both prune groups compared with the basal group
(colon: p = 1.9 × 10−5; cecum: p = 0.024; Fig. 4C and D), indicat-
ing greater microbial diversity and evenness of species.
Similarly, richness increased in the colon (p = 0.0025; Fig. 4E),
reflecting an overall greater bacterial diversity with prune
supplementation.

Indicator species analysis identified taxa differentiating the
dietary groups at both genus and species levels (Fig. 5A and B).
Prune consumption increased the relative abundance of
Prevotella, Paraprevotella, Coprococcus, Coprobacillus,
Methanosphaera, and Collinsella, while reducing Clostridium,
Ruminococcus, and Bifidobacterium. At the species level,
Lactobacillus salivarius, Ruminococcus flavefaciens, Ruminococcus
bromii, Coprococcus eutactus and C. perfringens decreased with
prune intake, whereas Collinsella aerofaciens increased. Blautia
was enriched only in the 5% prune group, suggesting a nonlinear
response to prune in the diet. At the family level,
Coriobacteriaceae, Lachnospiraceae, and Barnesiellaceae were
more abundant in prune-fed rats, with the largest increase
observed for Barnesiellaceae in the 5% prune group (Fig. 5C).

Associations between microbial taxa and cecal SCFAs are
summarized in Table 5. Methanosphaera showed consistent
positive correlations with all SCFAs, including acetate, buty-

Table 4 Daily excretion of fecal bacterial metabolites

Diet

Basal 5% prune 10% prune

p-Cresol (µg d−1) 7.94 ± 1.59 6.24 ± 1.02 7.99 ± 1.23
Indole (µg d−1) 0.53 ± 0.21 0.27 ± 0.08 0.62 ± 0.20
Total bile acids
(μmol d−1)

63.97 ± 12.06 50.21 ± 9.18 59.60 ± 10.84

Values are expressed as mean ± SE. Sample sizes were as follows:
p-cresol and indole, n = 16 (basal), 13 (5% prune), and 18 (10% prune);
bile acids, n = 11 (basal), 14 (5% prune), and 12 (10% prune).

Fig. 3 (A) Protein expression of NF-κB (P = 0.92), p-NF-κB (P = 0.57), and β-catenin (P = 0.84) in colonic mucosa. (B) Ratio of p-NF-κB to NF-κB (P
= 0.93). (C) Serum calprotectin concentration (P = 0.81). Values are presented as mean ± SE. No significant differences were observed among diet
groups.
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rate, valerate, and total SCFAs, suggesting a broad role in SCFA
metabolism. Prevotella exhibited the strongest correlation with
butyrate, while Coriobacteriaceae, Blautia, and Paraprevotella
were positively associated with both butyrate and propionate.
Multiple regression analysis further identified Methanosphaera
as a key predictor for SCFA levels and confirmed significant
associations between Coriobacteriaceae and Prevotella with
butyrate levels (Table 6).

4. Discussion

In the present study, we incorporated a prune product (prune)
that was substantially similar to whole prunes into the diets of

carcinogen-treated rats to evaluate its effect on tumor for-
mation. Our hypothesis was that the prune, as a food high in
fermentable fibers, sorbitol, and polyphenolics, would
decrease tumor development. However, prune consumption
did not reduce colonic tumors. We also carried out both micro-
biome and metabolite analyses of large intestinal contents to
assess changes in the microbial composition and bacterial
metabolites. Prune feeding resulted in substantial changes to
the microbiome but did not affect daily fecal bacterial metab-
olite excretion.

Previous cohort studies have reported that high dietary
fiber intake, particularly from cereals and fruits, is associated
with reduced colorectal adenomas and distal colon cancer.38

However, in the present study, all three diets were matched for

Fig. 4 (A and B) Beta-diversity analysis of colonic and cecal samples, respectively. Each dot represents a single microbiome, color-coded by diet
group. Results from Adonis and ANOSIM tests are shown with the corresponding R/R2 values and P-values. (C and D) Shannon diversity index of
colonic and cecal samples, respectively, with P-values. (E and F) Taxonomic richness in colonic and cecal samples, respectively, expressed as the
number of observed taxa per sample, with P-values.
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total fiber content, which was primarily cellulose in all three
diets (80, 73, and 66 g kg−1 in the basal, 5%, and 10% prune
diets, respectively), a fiber that is highly resistant to fermenta-

tion. Pectin, a highly fermentable soluble fiber, and sorbitol, a
highly fermentable sugar alcohol, were present only in the
prune diets. Consequently, this study represents a comparison

Fig. 5 Bubble plots indicating the relative abundance of a taxon in an individual animal sample, color-coded by diet group. Sample sizes: n = 25
(basal), 20 (5% prune), and 21 (10% prune). Indicator values are displayed for relevant taxa. (A) Genus-level bubble plot with indicator values. (B)
Species-level bubble plot with indicator values. (C) Family-level bubble plot showing average relative abundance.

Paper Food & Function

Food Funct. This journal is © The Royal Society of Chemistry 2026

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 4
/1

0/
20

26
 9

:2
9:

57
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5fo03398e


not of differences in the dietary concentration of dietary fiber
but of the type of fiber – non-fermentable versus fermentable.

It has sometimes been assumed that feeding highly fermen-
table fibers would reduce colon cancer risk, largely based on
the belief that short chain fatty acids, particularly butyrate,
produced by large intestinal fermentation, are protective
against colon cancer. However, feeding isolated pectin to carci-
nogen-treated rats has resulted in either no difference39–43 or
increases44–47 in tumorigenesis compared to the cellulose
control, with only two studies reporting reduced tumor
number.48,49 Feeding of other types of highly fermentable
fiber such guar gum resulted in higher tumor number in carci-
nogen-treated rats50 as well. Finally, in carcinogen-treated
mice, feeding inulin, a highly fermentable fiber, resulted in
greatly increased tumor incidence compared with cellulose
feeding.51 Thus, in most studies, feeding a highly fermentable
purified fiber did not decrease tumor development and often
increased it. Our finding that prune, a rich source of fermenta-
ble materials, in the form of pectin and sorbitol, did not
reduce tumor number is consistent with these studies.

Prunes are a rich source of phenolic compounds, primarily
chlorogenic and neochlorogenic acids.52 Certain phenolic
compounds, such as ferulic acid53 and curcumin,54 reduce
tumor incidence in carcinogen-treated rats. Although no
reduction in tumor incidence has been found with feeding
chlorogenic acid,55,56 reductions in tumor multiplicity55 and in
colonic precancerous lesions (aberrant crypt foci, ACF)57 have
been reported. Chlorogenic acid upregulates the antioxidant
enzyme glutathione S-transferase and suppresses ROS-
mediated NFκB, AP-1 and MAPK activation,58 suggesting a

molecular mechanism for chemoprevention. In our study,
however, no increase in NFκB was noted with prune feeding. It
may be that the quantity of chlorogenic acid consumed by rats
fed prune was too little to reduce carcinogenesis.

A difference in phenolic acid content may explain the differ-
ence observed between two previous studies examining prune-
or plum-beverage on colonic precancerous lesions in rats.
Banerjee et al.12 reported a reduction in ACF in carcinogen-
treated rats administered plum beverage, whereas Yang et al.13

found no reduction in ACF with prune powder-containing
diets. The two prune treatments differed substantially in their
phenolic acid content. The concentration of neochlorogenic
and chlorogenic acids in the plum beverage used by Banerjee
et al. was approximately ten times higher than those in the
prune powder used by Yang et al. In the latter study, prunes
were ground and dried at 120–148 °C to produce a powder.
Such a heat treatment would have oxidized much of the phe-
nolic compounds present, as has been shown for red grape
pomace dried at temperatures between 100 and 140 °C.59 In
addition, the plum beverage and prune powder differed in
their pectin contents. Although neither study disclosed exact
pectin concentrations, treatment of the plum beverage with
pectinase by Banerjee et al. would have markedly reduced its
pectin content, whereas the prune powder used by Yang et al.
retained the full complement of pectin. Thus, the divergent
results could be due to the difference in pectin or phenolic
acid content of the prune products used in the two studies.

High butyrate concentrations have long been suggested to
reduce colon cancer risk, based in part on cell culture studies
demonstrating its ability to inhibit histone deacetylase

Table 5 Spearman’s correlation ρ and P-value of top five taxa to each short chain fatty acid (SCFA)

Acetate Butyrate Propionate Valerate Total SCFAs

g_Methanosphaera 0.42 (5.8 × 10−4) 0.53 (1.2 × 10−5) 0.32 (1.0 × 10−2) 0.44 (3.1 × 10−4) 0.52 (1.2 × 10−5)
g_Blautia 0.37 (3.0 × 10−3) 0.50 (4.1 × 10−5) 0.45 (2.0 × 10−4)
g_Ruminococcus 0.37 (3.2 × 10−6) 0.31 (1.4 × 10−2)
f_Barnesiellaceae 0.33 (7.8 × 10−3) 0.28 (2.9 × 10−2) 0.37 (3.2 × 10−3)
g_Christensenella 0.33 (8.4 × 10−3)
f_Victivallaceae 0.34 (6.5 × 10−3)
f_Coriobacteriaceae 0.66 (6.7 × 10−9) 0.42 (7.1 × 10−4) 0.25 (5.0 × 10−2) 0.41 (1.0 × 10−3)
g_Prevotella 0.71 (1.2 × 10−10) 0.41 (9.3 × 10−4) 0.35 (5.7 × 10−3) 0.48 (9.5 × 10−5)
g_Paraprevotella 0.46 (1.7 × 10−4) 0.30 (1.8 × 10−3)

For each SCFA and the total SCFA, the top five taxa with the strongest correlations are listed. Values are presented as Spearman’s correlation
coefficients (ρ) along with the corresponding p-values in parentheses. ρ = 0.1–0.4, weak positive correlation; 0.4–0.7, moderate positive
correlation; >0.7, strong positive correlation.

Table 6 Standardized multiple regression estimates (β) and p-values for microbial taxa significantly associated with each SCFA

Acetate Butyrate Propionate Valerate Total SCFAs

g_Methanosphaera 0.47 (2.7 × 10−6) 0.73 (1.5 × 108) 0.55 (3.1 × 10−7) 0.63 (9.8 × 10−8)
g_Ruminococcus 0.54 (3.2 × 10−6) 0.42 (1.6 × 10−5)
f_Coriobacteriaceae 0.45 (7.1 × 10−3)
g_Prevotella 0.33 (9.8 × 10−3)
Adjusted R2 0.57 (4.2 × 10−10) 0.46 (1.5 × 10−7) 0.50 (2.0 × 10−8) 0.57 (3.0 × 10−10) 0.46 (1.4 × 10−7)

Values are presented as standardized regression coefficients (β) with their respective p-values in parentheses.
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activity.60,61 We demonstrated that feeding prune greatly
increased total cecal SCFAs and increased butyrate amount lin-
early with the dietary concentration of prune (total SCFA and
butyrate, R2 = 0.44 and 0.73, respectively). Our results are con-
sistent with earlier studies demonstrating that fermentable
fibers significantly increase fecal butyrate and propionate
levels.62,63 As discussed above, these diets are generally not
effective in reducing tumorigenesis. It is possible that the
failure of high large intestinal butyrate to reduce colon cancer
risk in in vivo studies could be due to experimental design
differences among studies. However, it may be that butyrate
produced by fermentation in the large intestine is not chemo-
preventive. Whether this might be due to insufficient butyrate
production, the location in the large intestine where it is pro-
duced, or simply that butyrate is not chemopreventive is
unclear. Furthermore, animal studies examining the chemo-
preventive effect of administered butyrate have not clarified
the situation, as they are conflicting. For example, oral admin-
istration of butyrate to carcinogen-treated rats increased fecal
butyrate levels but did not reduce ACF or colonic tumors.64,65

In contrast, Tian et al. reported that oral administration of a
SCFA mixture significantly increased cecal SCFAs and reduced
colonic tumors in mice given DSS.66 The cecal butyrate con-
centration (26 µmol g−1) achieved through oral SCFA adminis-
tration was substantially higher than the concentration
observed in our 10% prune diet group (14 µmol g−1). It may be
that a threshold concentration of butyrate must be achieved to
exert protective effects in the colon, a threshold that is difficult
to achieve by dietary means. The concept of a threshold is sup-
ported by the finding that low doses of butyrate (0.5 and
1.0 mM) stimulated growth of HCT116 colon carcinoma cells,
while higher doses (2.0 and 5.0 mM) had an inhibitory effect
on growth.61 Thus, whether increases in large intestinal buty-
rate produced through dietary means can be chemopreventive
remains an open question.

Although pectin feeding has rarely been found to reduce
large intestinal tumors, it has been shown to decrease small
intestinal tumors in DMH-treated rats in two previous
studies.39,67 This observation is consistent with our finding of
a trend toward fewer small intestinal tumors in both prune
diet groups. Prune pectin is composed primarily of rhamnoga-
lacturonans and type I arabinogalactans. Oral administration
of rhamnogalacturonans has been reported to significantly
increase the expression of MUC1 and the number of mucin-
producing goblet cells in the colons of DSS-treated mice.68

Increased MUC1 expression attenuated inflammatory
responses by dampening NF-κB activation.69 Thus, the role of
pectin in tumorigenesis appears to be complex. It has shown
potential colon tumor-promoting effects, yet it has demon-
strated protective effects against small intestinal tumor devel-
opment. Understanding the mechanisms underlying these
contrasting effects and identifying the physiological conditions
under which pectin exerts protective versus promotive influ-
ences on intestinal tumorigenesis would be most helpful in
clarifying the role of fermentable dietary fiber in
carcinogenesis.

Prunes contain fiber, polyphenols, and sorbitol, all of
which are known to be fermentable in the large intestine.
Empty cecum weight, a well-established marker of fermenta-
tion,70 was significantly increased in both prune-sup-
plemented diets compared to the fiber (cellulose)-matched
basal diet, confirming the greater degree of fermentation with
these diets. A higher cecal content mass accompanied this
greater cecal fermentation. However, daily fecal weight did not
differ among the groups, indicating that the non-fermentable
cellulose fiber was primarily responsible for influencing fecal
mass.

Another noteworthy finding was the decrease in fat pad
weight in animals fed 5% prune, and a trend towards a
decrease in the 10% prune group. Since fat pad weight is
highly correlated with whole body adiposity,71 this indicates
that long-term feeding of prune reduces body fat. This is most
likely due to the small intestinal viscosity produced by the
pectin in the prune, as viscosity appears to be the character-
istic of dietary fiber responsible for reduction in body fat.72

Analysis of the large intestinal microbiome indicated that
prune feeding promotes greater fermentation and bacterial
richness relative to the basal diet. At the genus level, prune
feeding led to increases in Prevotella, Paraprevotella,
Collinsella, Blautia, and Coprococcus. Simpson et al. reported
that greater abundance of Blautia was observed in the 50 g d−1

prune-fed group rather than the 100 g d−1 group in post-meno-
pausal women. They also reported an inverse correlation
between Blautia and total urinary phenolics, suggesting
Blautia may be involved in metabolism of polyphenols.17

g_Blautia, g_Prevotella, g_Paraprevotella, and
f_Coriobacteriaceae abundance was positively correlated with
cecal butyrate amounts. While g_Prevotella and g_Blautia are
not classified as primary butyrate producers, they may contrib-
ute indirectly to butyrate production through cross-feeding
mechanisms, by providing precursor substrates such as succi-
nate or acetate.73,74 In addition, g_Prevotella and
g_Paraprevotella are known to ferment dietary glycans and
plant-derived polysaccharides, which are abundant in
prunes.75 f_Coriobacteriaceae have also been identified as buty-
rate producers, based on the presence of the gene for butyrate
kinase (buk), a marker gene for butyrate production.76 In mice
fed either a carbohydrate fraction or a polyphenol fraction
from prunes, only the carbohydrate fraction increased the
abundance of f_Coriobacteriaceae.77 These findings suggest
that prune feeding enhances butyrate production through
fiber fermentation, not polyphenol metabolism.

We found that prune feeding reduces the abundance of the
probiotic genus Bifidobacterium. A similar reduction of
Bifidobacterium was observed in mice fed a 25% prune diet.77

However, findings from human studies are inconsistent. Lever
et al.19 reported a trend towards an increase in Bifidobacteria
abundance in humans fed prunes for 9 weeks, whereas
Simpson et al.17,18 found no difference in abundance in
humans consuming prunes for 12 months.

A novel finding from our microbiome analysis was the
greater abundance of g_Methanosphaera in the prune diets
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relative to the basal diet. This abundance was positively correlated
with all SCFAs, showing the strongest correlation with butyrate (R
= 0.53). Methanosphaera is an archaeal genus characterized by its
ability to utilize hydrogen to reduce various organic compounds
to methane.78 Methane’s oxidation byproduct, formaldehyde, is
considered a genotoxic compound. The relationship between
methanogens and colon cancer risk has become an area of
growing interest. For instance, one study reported a greater abun-
dance of methanogens in colon biopsy samples from CRC
patients.79 Similarly, a multi-cohort study found increasing abun-
dance of Methanobacteriota in fecal samples from healthy con-
trols to patients with adenomas to patients with CRC.80 The role
of diet, particularly a diet high in fermentable constituents, in
influencing abundance of methanogens in the large intestine,
and its relation to chemoprevention would seem to warrant
further study.

Epidemiological studies report both elevated primary and
secondary bile acid concentrations in colon cancer patients,
particularly cholic acid, deoxycholic acid, and lithocholic
acid.81–83 Tinker et al. reported that in humans consuming a
prune supplement for 4 weeks, total fecal bile acid concen-
tration showed a trend toward reduction, with a significant
reduction in secondary bile acids, relative to a grape juice
control group.84 Similarly, Yang et al. found that rats fed a 5%
prune powder diet had significantly reduced total fecal bile
acid concentrations compared to both basal and fiber-
matched control groups, suggesting that the type of fiber in
prunes contributes to this effect.13 In the present study, fecal
bile acid concentration did not differ among the diets. Since
the fecal weight did not differ among the diets, no doubt due
to non-fermentable cellulose being the major dietary fiber in
all diets, this suggests that prune did not alter the bile acid
pool or bile acid reabsorption from the intestinal tract.

Dietary fiber and undigested protein represent the major
macronutrients entering the large intestine. Fermentation of fiber
(saccharolytic fermentation) produces metabolites considered
neutral or beneficial, such as short chain fatty acids and fermen-
tation gases, whereas protein fermentation (proteolytic fermenta-
tion) produces metabolites that may be detrimental, such as
branch chain fatty acids and derivatives of aromatic amino acids,
such as phenols and indoles. For example, proteolytic byproducts
such as p-cresol and phenol are often genotoxic.85 However, in
some cases, proteolytic fermentation products may be beneficial,
as indole enhances epithelial barrier function, decreases patho-
gen colonization, and attenuates NF-κB activation in HCT-8
cells.86 Since increasing saccharolytic fermentation has been
found to reduce the products of proteolytic fermentation,87 we
determined the fecal excretion of p-cresol and indole. Neither
prune-containing diet reduced these products of protein fermen-
tation, suggesting that prune supplementation did not reduce
proteolytic fermentation.

Colonic inflammation is well established to increase colon
cancer risk.3 NF-κB, a pro-inflammatory transcription factor
regulating the synthesis of inflammatory cytokines, was deter-
mined to assess colon tissue inflammation. Banerjee et al. pre-
viously reported reduced colonic mucosal NF-κB levels in rats

fed a plum beverage.12 However, prune feeding in the present
study had no effect on NF-κB. The unchanged NF-κB levels
observed here may be due to the absence of any dietary com-
ponent that would induce intestinal inflammation (e.g., high
fat or high sugar), resulting in a very low baseline level of
colonic inflammation. Furthermore, we observed no reduction
in serum calprotectin, an established marker of inflammation.
Whether prune consumption can ameliorate intestinal inflam-
mation should therefore be examined under conditions where
some degree of inflammatory stress is induced.

Finally, we examined β-catenin, a key regulator in the Wnt sig-
naling pathway that controls cell proliferation and differentiation.
Activation of β-catenin, the central regulator of the canonical Wnt
pathway, results in enhanced transcription of factors required for
normal intestinal function. However, hyperactivation of Wnt/
β-catenin signaling is associated with progression to colon
cancer. Previous studies have shown that fruit-derived polyphe-
nols, such as stilbenes, pterostilbene and resveratrol, can reduce
β-catenin expression.88 However, in our study, no significant
differences in β-catenin protein expression were observed among
dietary groups, suggesting that prune consumption did not
modulate the Wnt/β-catenin signaling pathway.

5. Conclusion

Our study found that prune consumption does not signifi-
cantly induce or reduce tumor formation in the colon,
although a trend towards reducing small intestine tumors was
observed. Prune consumption, however, induced significant
shifts in the gut microbiome, particularly enriching bacteria
from families such as Prevotellaceae and Lachnospiraceae,
while reducing the abundance of potentially pathogenic
species such as C. perfringens. The strong correlation observed
between cecal butyrate levels and specific bacterial genera
highlights the butyrogenic effect of prune consumption.
However, our findings raise the question of whether the
amount of SCFAs, particularly butyrate, that can be produced
from dietary sources containing fermentable components at
levels achievable in the human diet would be sufficient to
reduce colon cancer risk. Therefore, understanding whether
there is a threshold concentration of butyrate necessary for
colon cancer prevention will be crucial for developing effective
dietary strategies. Moreover, future studies should evaluate the
potential chemoprotective effects of prunes under conditions
of pre-existing intestinal inflammation, as it may be that a che-
mopreventive effect of prunes will only become apparent in
the presence of an inflamed colon. This information will be
valuable for developing therapeutic strategies for patients with
pre-existing colonic inflammation.
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