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ABSTRACT

In a previous study, the oral administration of an Aloe vera whole leaf extract induced dose-related mucosal and goblet cell
hyperplasia in the rat colon after 13 weeks and colon cancer after 2 years. The primary goal of this study was to determine
whether or not the administration of aloin, a component of the Aloe vera plant leaf, would replicate the pathophysiological
effects that were observed in rats in the previous study with an Aloe vera whole leaf extract. Groups of 10 male F344/N rats
were administered aloin at 0, 6.95, 13.9, 27.8, 55.7, 111, 223, and 446 mg/kg drinking water for 13 weeks. At the end of study,
rat feces were collected, and the composition of fecal bacteria was investigated by next generation sequencing of the PCR-
amplified V3/V4 region of the 16S rRNA gene. At necropsy, blood was collected by cardiac puncture and organs and sections
of the large intestine were collected for histopathology. Aloin induced dose-related increased incidences and severities of
mucosal and goblet cell hyperplasia that extended from the cecum to the rectum, with increased incidences and severities
detected at aloin doses�55.7 mg/kg drinking water. Analysis of the 16S rRNA metagenomics sequencing data revealed
marked shifts in the structure of the gut microbiota in aloin-treated rats at each taxonomic rank. This study highlights the
similarities in effects observed for aloin and the Aloe vera whole leaf extract, and points to a potential mechanism of action
to explain the observed pathological changes via modulation of the gut microbiota composition.

Key words: aloe vera; aloin; gut microbiota; gastrointestinal; systems toxicology; food safety/nutrition; safety evaluation.

Aloe barbadensis Miller, commonly referred to as Aloe vera, is
one of approximately 420 plant species of Aloe and is a popular
herbal remedy and dietary supplement (Briggs, 1995; Grindlay
and Reynolds, 1986; Klein and Penneys, 1988). Aloes have green
fleshy leaves covered by a thick cuticle, an inner clear pulp,
termed Aloe vera gel, and pericyclic tubules that store and
transport Aloe vera latex along the outer margin of the leaf pulp
(Viljoen et al., 2001). The main feature of the Aloe vera plant leaf
is its high water content, ranging from 99.0% to 99.5% (Atherton,

1998); however, the remaining 0.5%–1.0% of the plant leaf is re-
ported to contain over 75 potentially bioactive compounds,
including phenolic compounds, such as aloin. The anthrone C-
glycoside, aloin, is a major component of Aloe vera latex, and it
exists as a mixture of diastereoisomers, aloin A and aloin B, also
referred to as barbaloin and isobarbaloin (Groom and Reynolds,
1987; Haynes et al., 1970). The sugar moiety in aloin A and aloin
B is D-glucose, and studies indicate that the C1 position of D-glu-
cose is linked directly to the C10 position of the anthrone ring in
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a b-configuration (Smith and Smith, 1851). The b-(1–10) C–C bond
is resistant to acid and alkali conditions and to the b-glycosidases
of plants and most bacteria; however, certain human and animal
intestinal bacteria species are able to cleave the b-C-glycosyl
bond, although considerable variation in response occurs among
animal species (humans> rabbits> guinea pig> rats�mice)
(Che et al., 1991; Franz and Grün, 1983; Hattori et al., 1988; Hay and
Haynes, 1956; Joshi, 1998). Aloe vera latex possesses laxative
properties, and aloin A and aloin B are the principal agents re-
sponsible for the cathartic activities of Aloe vera latex in humans
and animals. The laxative activity is not due directly to aloin A
and aloin B, but rather to the metabolism of these diastereoiso-
mers by bacteria in the large intestine to a common metabolite,
aloe-emodin-9-anthrone (Joshi, 1998; Mapp and McCarthy, 1970),
and subsequent oxidation to aloe-emodin, a free anthraquinone
(Figure 1). Confirmation of aloe-emodin-9-anthrone as the cathar-
tic agent of Aloe vera latex was accomplished by the intra-cecal
administration of aloin A to rats and the subsequent detection of
aloe-emodin-9-anthrone in the large intestine, with accompany-
ing diarrhea (Ishii et al., 1994; Westendorf et al., 1990).

The gastrointestinal tract (GIT) microbiota plays a key role in
host barrier defense mechanisms and in numerous metabolic,

physiological, nutritional, and immunological processes (O’Hara
and Shanahan, 2006). The GIT is adapted to bi-directional host–
microbiota exchange, and this interaction occurs along the epi-
thelial cell mucosal lining of the GIT (O’Hara and Shanahan,
2006). The composition of the gut microbiota reflects natural se-
lection at the host and microbial levels that promotes mutual
cooperation and stability within the complex environment of
the GIT (O’Hara and Shanahan, 2006). The majority and widest
diversity of bacteria in the GIT are found within the large intes-
tine, where they contribute to the metabolism and fermentation
of undigested food components, such as complex carbohydrates
and fiber (B€ackhed et al., 2005; Conlon and Bird, 2015; Power
et al., 2014). As in most mammals, the human gut microbiota is
dominated by four phyla (Firmicutes, Bacteroidetes,
Proteobacteria, and Actinobacteria) that represent a relatively
stable population of approximately 500 species of bacteria (The
Human Microbiome Project Concortium, 2012; Walsh et al., 2014;
Wells et al., 1987). Phylogenetic analysis of adult rat gut micro-
biota indicates that rat and human share similarities in their
microbiota at the phylum level (Brooks et al., 2003; Manichanh
et al., 2010); the dominant species of bacteria from the rat gut be-
long to the Firmicutes and Bacteroidetes phyla, and these phyla

Figure 1. The metabolism of aloin. Chemical structure diagrams are shown for Aloe-vera latex-derived anthrone-C-glycosides, anthrones, and anthraquinones

(Boudreau and Beland, 2006).
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constitute the majority (60%–90%) of human phylotypes (Ley
et al., 2008; The Human Microbiome Project Concortium, 2012).
Results from the Human Microbiome Project have shown that
thousands of different bacteria may collectively inhabit the hu-
man gut and confer a high degree of diversity between individ-
uals; however, consistently lower variability in the bacterial
composition of the gut was observed within the same individual
over time (The Human Microbiome Project Concortium, 2012).
Furthermore, there is a growing recognition that diet and other
environmental factors can impact health and disease patho-
physiology via modulation in the composition and metabolic
activity of the gut microbiota (Lecomte et al., 2015; Nehra et al.,
2016; Ojeda et al., 2016; Wong, 2014; Xu and Knight, 2015). Of all
environmental factors examined to date, diet has the greatest
known impact on the composition and metabolic activity of the
gut microbiota (Ojeda et al., 2016; Xu and Knight, 2015).

In a previous 13-week study, an Aloe vera whole leaf extract
was administered to F344/N rats and B6C3F1 mice at doses of
1%, 2%, and 3% by weight in their drinking water (Boudreau
et al., 2013). The Aloe vera whole leaf extract contained all com-
ponents of the Aloe vera plant leaf, namely the Aloe vera gel
from the inner leaf pulp and the Aloe vera latex from the outer
leaf. The contents of aloin A in the dosed water solutions were
approximately 125, 250, and 375 mg/kg water for the 1%, 2%, and
3% (wt/wt) dose levels, respectively; aloin B was not measured.
The results of the study revealed that animals administered the
Aloe vera whole leaf extract had significantly decreased GIT
transit times and dose-dependent increased incidences of mu-
cosal and goblet cell hyperplasia in the large intestine, when
compared to control animals. In a 2-year drinking water study,
an Aloe vera whole leaf extract was administered to rats in their
drinking water at doses of 0.5%, 1.0%, and 1.5% by weight. The
study results showed that the Aloe vera whole leaf extract in-
duced dose-related increased incidences of adenomas and carci-
nomas of the rat cecum and large intestine, with male rats
showing higher incidences than female rats (Boudreau et al., 2013).
The aloin A content was approximately 32, 66, and 98 mg/kg water
in the 0.5%, 1.0%, and 1.5% dosed water solutions of Aloe vera
whole leaf extract, respectively; aloin B was not measured.

The association between colorectal cancer risk in humans
and anthraquinone laxative use remains controversial (Nusko
et al., 2000; Willems et al., 2003). Some dihydroxy anthraqui-
nones, such as aloe-emodin, have been shown to have tumor-
promoting effects and tumorigenic activities in the large
intestine of rodents (de Witt and Lemili, 1990; Mori et al., 1985).
Paradoxically, anti-tumorigenic effects are equally well docu-
mented (Pan et al., 2013; Tabolacci et al., 2013). The Aloe vera
whole leaf extract used in the aforementioned studies con-
tained the Aloe gel from the inner leaf pulp as well as the Aloe
vera latex from the outer leaf pulp. We hypothesized that aloin
was the single-most important component of the Aloe vera
whole leaf extract that could explain the pathology observed in
the aforementioned studies and that a potential mechanism of
action by aloin may be via modulation of microbiota in the GIT,
thereby, altering the host-microbiota exchange. In this manu-
script, we report the findings of a 13-week drinking water study
to test the effects of aloin exposure on the pathophysiology of
the GIT and modulation of the GIT microbiota in male F344/N
rats.

MATERIALS AND METHODS

Test article procurement and characterization. Aloin [CAS 1415-73-2]
was purchased as a single lot from Pure Chemistry Scientific,

Inc. (Sugarland, Texas) and was manufactured by Shanghai
Tongxiang Trading Co., Ltd (Shanghai, China). In order to con-
firm the identity and purity of the test material, reference
standards of aloin A (Sigma Aldrich, St Louis, Missouri) and
aloin B (Chengdu Biopurify Phytochemicals Ltd, Sichuan, China)
were analyzed, along with the aloin test material, by ultra-high
performance liquid chromatography coupled to a mass spec-
trometer (Quattro Premier XE, Waters, Milford, Massachusetts)
and a photodiode array detector. The test material showed two
major elution peaks, with a mean analytical composition of
55.4% aloin A and 43.3% aloin B. The absorption spectra of both
peaks were similar (kmax 355 nm) and corresponded to those of
the reference standards. The test material was also subjected to
proton nuclear magnetic resonance analysis, using DMSO-d6 as
the solvent. The spectrum of the test material was consistent
with a 1:1 mixture of aloin A and aloin B. The purity of the test
material was estimated to be 98.8%.

The pH of the Aloe vera plant leaf is reported to be 4.4–4.7
(Boudreau and Beland, 2006). Studies have shown that the stabil-
ity of aloin is temperature- and pH-dependent and that aloin is
readily oxidized to form 10-hydroxyaloins A and B, but a tempera-
ture of 4 �C or acidic conditions at pH 2–3 ensured excellent stabil-
ity (Ding et al., 2014). In the present study, water acidified with
3 mM sodium citrate buffer served as the vehicle control, and the
stability of aloin was confirmed in the vehicle control solution for
a period of up to 10 days at a temperature of 4 �C. This vehicle
was used in a previous study and had no discernable effects in
rats when compared to water alone (Boudreau et al., 2016).

Dose selection. Due to agricultural practices and environmental
conditions, the level of aloin in the Aloe vera plant is quite vari-
able and may constitute 30% or more of the dry matter weight
of the aloe latex (Joshi, 1998). The International Aloe Science
Council (IASC), a self-regulating trade association that serves
the aloe industry, has set a limit of 10 mg aloin/kg (10 ppm) for
orally consumed products in their voluntary certification pro-
gram, based on analyses conducted on solutions that contain
0.5% Aloe vera solids by weight (AHP, 2012; IASC, 2012). There
remain a large number of Aloe vera whole leaf extract products
outside of the IASC certification program that are readily
obtained by consumers from a variety of sources, and the aloin
content in these products may be quite variable. The most fre-
quent recommendation for adult intake of Aloe vera whole leaf
products on the various websites is 2–8 ounces (approximately
60–240 ml)/per serving and 1–3 servings per day. For IASC-
certified Aloe vera products, a maximum intake of 720 ml would
result in a daily aloin intake of approximately 7.2 mg.

The doses of aloin selected for study were 0, 6.95, 13.9, 27.8,
55.7, 111, 223, and 446 mg/kg drinking water. The 2-fold aloin
dose increases were selected to include a low dose below the
analytical maximum of 10 mg/kg for aloin established by the
IASC for certified orally consumed products (IASC, 2012) and a
high-dose equivalent to the aloin A content (250 mg/kg water) of
the 2% (wt/wt) dose of the Aloe vera whole leaf extract (assum-
ing a ratio of 55.4/43.3, aloin A/aloin B) that was used in the pre-
viously conducted 13-week study (Boudreau et al., 2013).

Preparation and analysis of dose formulations. Dosed water formu-
lations were prepared on a weekly basis. All doses were pre-
pared by serial dilutions of the high dose (446 mg aloin/kg
drinking water), using the vehicle control as diluent. The vehicle
control and dosed formulations were dispensed into sterile
250 ml high-density polyethylene rodent water bottles, encased
in plastic wrap and stored at 4 �C.
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Samples of control vehicle and each dose formulation were
collected weekly from each formulation and certifications for
each dose level were conducted. All samples analyzed were
within an acceptability range of 610% of the target.

Animals and animal maintenance. Male F344/N Nctr rats were
selected for study because male rats were more sensitive than
female rats to the pathological changes observed in the pre-
vious study of the Aloe vera whole leaf extract (Boudreau et al.,
2013). Groups of ten F344 male rats, housed two rats per cage,
were administered the aloin test material at concentrations of
0, 6.95, 13.9, 27.8, 55.7, 111, 223, and 446 mg/kg drinking water.
The vehicle control and aloin dosed water bottles were replaced
on a daily basis and served as the sole source of drinking water
for a period of 13 weeks. Water and feed (irradiated NIH 41
rodent pelleted diet; Purina Mills, Richmond, New Jersey) were
provided ad libitum. Cage water consumption was recorded
daily, and individual body weights, cage feed consumptions,
and clinical observations were recorded weekly. At the end of
the study, the rats were fasted overnight, anesthetized with car-
bon dioxide, and blood was collected by cardiac puncture until
exsanguination. Whole blood was collected in EDTA for complete
blood counts and analyzed the same day on a Pentra 60C analyzer
(ABX, Irvine, California). Blood samples for clinical chemistry were
allowed to clot and centrifuged, and the serum removed and
stored at �60 �C until analyzed on an ACE Alera clinical chemistry
analyzer (Alfa Wassermann, West Caldwell, New Jersey) with
Roche diagnostic reagents. Animals continued to receive the
vehicle control or dosed water until being anesthetized.

Pathology. At necropsy, all organs and tissues were examined for
grossly visible lesions, and gross findings were recorded. Organs
were fixed in 10% neutral-buffered formalin, with the exception
that the testis and eyes were placed in Modified Davidson’s fixa-
tive for histopathology. The GIT was removed in its entirety and
placed in a petri dish containing physiological saline. The ileum,
cecum, and cecal-colic junction were collected, the cecum and
cecal-colic junction were opened and flattened, and the tissues
were separately placed in cassettes and fixed in 10% neutral-
buffered formalin. The large intestine was flushed with physio-
logical saline and the ascending, transverse, and descending
colon, and rectum were collected separately in cassettes and
fixed in 10% neutral-buffered formalin. All tissues, including the
GIT, were trimmed, processed, embedded in infiltrating media
(Formula R, Surgipath Medical Industries, Inc., Richmond,
Illinois), sectioned at approximately 5 lm, and stained with
hematoxylin and eosin for microscopic examination.

Fecal collection, DNA extraction, PCR amplification, and next genera-
tion sequencing. Three days prior to necropsy, fresh fecal pellets
were collected from individual rats. The rats were transferred
individually to fresh sterilized and pre-labeled cages and feces
were collected for 2 h before the rats were returned to their
home cage. Fecal pellets were placed in pre-labeled microfuge
tubes, immediately flash frozen in liquid nitrogen, and stored at
�60 �C. For DNA extraction, approximately 1 g of fecal pellets
from each rat of cage mates (2 rats/cage) was pooled to reduce
inter-rat fecal community variability, and the pellets were
ground to a fine powder in liquid nitrogen with a sterilized mor-
tar and pestle. Pooling of fecal pellets of cage mates was not
expected to be a confounding factor because microbial com-
munities have been shown to stabilize after 7 days when fed a
similar diet (Kalmokoff et al., 2015; Kalmokoff et al., 2013). Total
genomic DNA from 250 mg of each pooled sample was extracted

using a PowerSoil DNA Isolation kit (Mo BIO Laboratories, Inc.,
Carlsbad, California) in accordance with the protocol supplied
by manufacturer. The purity and concentration of the DNA
samples were assessed using a Nanodrop 1000 Spectrophoto-
meter (ThermoScientific, Waltham, Massachusetts). The range
of the 260/280 nm absorbance ratio was 1.8–2.0, confirming the
purity of the DNA. The DNA samples were stored frozen at
�20 �C before PCR amplification.

The forward primer (5’-CCTACGGGNGGCWGCAG-3’) and
reverse primer (5’-TACHVGGGTATCTAATCC-3’) were used to
amplify a region corresponding to the V3 and V4 regions of the
16S rRNA gene (Gu et al., 2013). This set of primers has been vali-
dated for quantification of predominant bacterial species in
rodents by PCR (Yang et al., 2015). Barcode sequences to identify
each fecal sample were attached between the adaptor sequence
and the forward primer (Supplementary Table 1). Polymerase
chain reactions were carried out using 25 ll reaction mixtures of
2� Kapa HiFi HotStart Ready mix (Kapa Biosystems, Boston,
Massachusetts), 200 nM of each primer, and 5 ng of sample
DNA. The amplification program consisted of an initial denatu-
ration step at 95 �C for 3 min, followed by 25 cycles of 95 �C for
30 s (denaturing), 55 �C for 30 s (annealing), and 72 �C for 30 s
(extension), and then a final extension step at 72 �C for 5 min.
Aliquots (5 ll) of each PCR were run on agarose gels; as expected,
a single PCR product of about 500 bp was observed in all PCRs.
The remaining 45 ml of each PCR were pooled together into a sin-
gle tube and stored at �20 �C for sequencing.

The 16S rRNA gene amplicons were sequenced on an
Illumina MiSeq benchtop sequencer using 2� 300 bp paired-end
reads (Illumina, San Diego, California) at the UAMS Sequencing
Core Facility (Department of Microbiology/Immunology,
University of Arkansas for Medical Sciences, Little Rock,
Arkansas). FASTQ data files were processed using FASTQ Tool
Kit application in Illumina’s BaseSpace environment. Raw
FASTQ data files were demultiplexed and trimmed using the
bcl2fastq2 v2.17 conversion software. Demultiplexed FASTQ
data files were uploaded into Illumina’s BaseSpace Sequence
Hub and processed using QIIME Preprocessing and
Visualizations applications following the Illumina’s settings
(Caporaso et al., 2010). In order to calculate downstream diver-
sity measures (alpha and beta diversity indices, with Unifrac
analysis), the 16S rRNA sequences with a mean sequence qual-
ity score>30 were assigned to operational taxonomic units
(OTUs) based on sequence similarity. The OTUs were defined
at�97% sequence homology and even rarefaction depth was set
to 190 000 based on the distribution of sequences per sample in
the OTU table. Taxonomic identities were assigned using refer-
ence databases, and all reads were classified to the lowest pos-
sible taxonomic rank.

Statistical methods. A repeated mixed model analysis of variance
(ANOVA) in SAS (v9.3; SAS Institute Inc., Cary, North Carolina)
was used to test the effect of aloin exposure on body weight,
food consumption, and water intake. Weekly food consumption
and averaged weekly water intake per animal per day were cal-
culated for each cage by dividing the total by the number of
animal-days. Week was the repeated measure. Dunnett’s com-
parison tests were used to analyze significant (P� 0.05) differen-
ces between the treatment groups and the vehicle, and
contrasts were constructed to test for dose-related trends.

An ANOVA was performed to determine the effect of treat-
ment on hematology and clinical chemistry parameters using a
nonparametric method with midranks (the average of left and
right ranks were used for ties) and an unstructured covariance
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(Brunner et al., 2002). Pairwise comparisons of each treatment
group to the vehicle group were performed with Bonferroni
adjustments.

Histopathology of gross and study-defined tissues revealed a
number of non-neoplastic lesions that were graded with
severity score qualifiers: 1 (minimum), 2 (mild), 3 (moderate), or
4 (marked). Lesion incidence for each dose group was compared
to the vehicle control group using the Fisher’s exact test, and
the Cochran–Armitage test was used to test lesion incidences
for linear trend effects (Armitage, 1955; Cochran, 1954). The
Shirley–Williams test, utilizing the assumption of monotonic
dose response, was used to compare mean lesion severity
scores of each treatment group to the vehicle control, and the
Jockheere–Terpstra test was used to determine dose-related
trend effects (Shirley, 1977; Williams, 1986).

Microbiota data were analyzed with a generalized linear
model ANOVA to evaluate the effect of aloin treatment on the
relative abundances of bacteria at each taxonomy rank. For the
sequence data, least square means and standard error of the
means were determined for the vehicle control and each aloin
treatment group. For each taxonomic rank, least square means
were compared across treatments for any taxonomic rank rep-
resented at�1.0% of the relative abundance for any one treat-
ment group. Dunnett’s pairwise comparison tests were used to
analyze significant (P� .05) differences between the treatment
groups and the vehicle control group, and contrasts were con-
structed to test for linear dose-related trend effects.

All statistical analyses were conducted as two-sided tests in
SAS, with the exception of non-neoplastic lesions, which were
one-sided tests, at the 5% significance level.

Quality assurance. This study was conducted in accordance with
FDA regulations for Good Laboratory Practices in Nonclinical
Studies (eCFR, 2016), the OECD guidelines for testing chemicals
in toxicity studies in rodents (OECD, 1998), and the NTP specifi-
cations for the conduct of studies in laboratory animals (NTP,
2011). The animal care and all experimental procedures were
performed in accordance with an animal study protocol that
was approved by the NCTR Institutional Animal Care and Use
Committee.

RESULTS

Effects of Aloin Administration on the Survival and Growth of Rats
Two animals were removed as moribund prior to study termi-
nation, one rat from the vehicle control group with a diagnosis
of hydronephrosis and one rat from the 446 mg aloin/kg drink-
ing water group with an undetermined cause-of-death diagno-
sis. The body weight growth curves of male rats throughout the
13 week study (Figure 2A) indicate that body weights did not dif-
fer from vehicle controls at the start (week 0) of the dosing
period; however, significant dose-related trend decreases in
body weight were observed in male rats administered aloin
beginning at week 1 of the study and continuing until study ter-
mination. In pairwise comparison tests to the vehicle controls,
the body weights of animals exposed to aloin in the drinking
water at 446 mg aloin/kg water were significantly lower begin-
ning at week 2 of the study; final mean body weights relative to
controls were 93% and 90% for the 223 and 446 mg aloin/kg
dosed water formulation treatment groups. Mean body weights
of aloin-treated rats never fell below 86% of the mean body
weights of vehicle control animals at any time point measured
throughout the study.

Impact of Aloin Administration on Water and Feed Consumption
Patterns
Polydipsia was prevalent in male rats administered aloin, with
significant dose-related increases in water intake observed at
each week of the study, beginning at week 4 (Figure 2B). Similar
findings were reported in the previous study with an Aloe vera
whole leaf extract (Boudreau et al., 2013). Aloin-dosed water
consumption by the rats was significantly higher than that of
vehicle controls. In comparison tests with vehicle controls, the
mean daily water consumption of the rats was significantly
higher beginning at week 4 for the 223 mg aloin/kg water dose
group and beginning at week 5 for the 446 mg aloin/kg water
dose group. The mean water intakes of rats in the 223 and
446 mg aloin/kg water dose groups were 27.9 and 28.5 g/rat/day
at week 6 compared to 22.2 g/rat/day for vehicle control rats at
the same time points. At week 13, mean water intakes of rats in
the 223 and 446 mg aloin/kg water dose groups were 31.6 and
36.3 g/rat/day (132% and 151%, respectively, of control values).
Based upon the mean body weights and mean water intakes,
the average consumption of aloin throughout the 13-week
study was 0.7, 1.3, 2.6, 5.5, 10.7, 26.5, and 57.9 mg/kg body
weight/day for the 6.95, 13.9, 27.8, 55.7, 111, 223, and 446 mg
aloin/kg water dose groups, respectively.

Significant dose-related decreasing trends in the mean
weekly feed consumption of aloin-treated animals were
observed sporadically in the study; however, feed consumptions
of aloin-treated animals were not significantly different from
vehicle controls in pairwise comparisons tests (Supplementary
Table 2).

Effects of Aloin Administration on Hematology and Clinical
Chemistry
Hematology and clinical chemistry parameters recorded for rats
exposed to the vehicle and aloin water formulations are pro-
vided in Supplementary Table 3. Sporadic differences in the
hematological and biochemistry parameters were observed for
the aloin treatment groups when compared to the vehicle con-
trols. Reference values for the rat indicated that the hematology
and clinical chemistry values generally were within the normal
range for the species (CRL, 1984; Giknis and Cliffford, 2006), with
the exception that white blood cell (WBC) counts and the abso-
lute and relative percentage of WBC as neutrophils were signifi-
cantly elevated in the two highest aloin dose groups of male
rats (223 and 446 mg aloin/kg dosed water), while serum choles-
terol and albumin were lower in the same aloin dose groups rel-
ative to control values (Supplementary Table 3). For the two
highest aloin dose groups, both the WBC and neutrophil cell
counts were higher and cholesterol values lower than reference
values for the rat (CRL, 1984; Giknis and Cliffford, 2006). Elevated
WBC and neutrophil counts were suggestive of a heightened
acute immune response in these animals (Jones et al., 2016).
WBC and neutrophil cell counts were similarly elevated and
serum cholesterol and albumin were similarly lowered in the
13-week study of the Aloe vera whole leaf extract (Boudreau
et al., 2013).

Pathological Changes in Rats Induced by Aloin Administration
Microscopic evaluations found no incidences of neoplasia in
vehicle control or aloin-treated rats. The prevalence and
severity of non-neoplastic lesions that were evaluated by histo-
pathology are summarized in Tables 1 and 2. The most promi-
nent pathological change was dose-related mucosal and goblet
cell hyperplasia, which extended from the cecum to the rectum
of aloin treated rats (Table 1). This lesion was characterized by
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Figure 2. Body weights and water consumption of male rats in the 13-week drinking water study of aloin. A, Growth curves of vehicle and aloin-treated rats plotted as

least squares means in grams of body weight by week. B, Water consumption of vehicle and aloin-treated rats plotted as least squares means in grams per animal per

day by week. Error bars (shown for the vehicle and 446 mg aloin/kg water dose groups) represent the standard error of the least squares means; n¼10, with the excep-

tion that n¼9 for the 446 mg aloin/kg water dose group beginning at week 7 and for the vehicle group beginning at week 12.
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an increased number of both enterocytes and goblet cells result-
ing in a marked thickness of the intestinal mucosa (Figure 3).
Mucosal hyperplasia was noted at aloin doses as low as
27.8 mg/kg dosed water, and incidences of mucosal hyperplasia
were 100% in the colon of rats administered aloin at the 223 and
446 mg/kg water dose levels. Significant dose-related increased
incidences and severities of mucosal and goblet cell hyperplasia
were observed at each region of the large intestine and were
most prominent in the ascending and transverse colon and
lower in the descending colon and rectum. Similar findings
were reported the previous study with an Aloe vera whole leaf
extract (Boudreau et al., 2013). In comparison tests with the
vehicle controls, the incidences and severity scores of mucosa
and goblet cell hyperplasia were significantly higher in the

ascending and transverse colon of rats administered aloin at
doses�55.7 mg aloin/kg water and in the proximal and
descending colon and rectum of rats administered aloin dos-
es� 111 mg/kg water.

Mesenteric lymph node hyperplasia was detected in both
vehicle- and aloin-treated rats, with significant aloin dosed-
related trend increases in the incidences and severities of this
lesion being observed. Rats in the 223 and 446 mg aloin/kg water
dose groups had significantly higher severity scores, when com-
pared to that of the vehicle control group (Table 1). Dose-related
increased incidences and severities of chronic-active inflamma-
tion of the large intestine were also noted in most of these same
animals and were prominent even at the 55.7 mg aloin/kg water
dose group (Table 2).

Table 1. Incidence and Severity of Mucosa and Goblet Cell Hyperplasia and Mesenteric Lymph Node Hyperplasia in the Alimentary System of
Male Rats Administered Aloin in the Drinking Water for 13 Weeks

Aloin Concentration (mg/kg) in Dosed Water Formulations

0 6.95 13.9 27.8 55.7 111 223 446

Dose equivalency of Aloe
vera whole leaf extract

0 0.03% 0.06% 0.13% 0.25% 0.5% 1.0% 2.0%

Cecum
Incidencea 0/10 (0%) 0/10 (0%) 0/10 (0%) 0/10 (0%) 0/10 (0%) 2/10 (20%)a 7/10 (70%) 10/10 (100%)
P-valueb <.001 .237 .002 <.001
Severityc — — — — — 2.0 2.4 2.5
P-valued <.001 .500 .583 .618 .636 .008 <.001 <.001

Proximal colon
Incidence 0/10 (0%) 0/10 (0%) 0/10 (0%) 0/10 (0%) 1/10 (10%) 9/10 (90%) 9/10 (90%) 10/10 (100%)
P-value <.001 .500 <.001 <.001 <.001
Severity — — — — 1.0 2.0 2.7 3.3
P-value <.001 .500 .583 .618 .072 <.001 <.001 <.001

Ascending colon
Incidence 0/10 (0%) 0/10 (0%) 0/10 (0%) 1/10 (10%) 6/10 (60%) 10/10 (100%) 10/10 (100%) 10/10 (100%)
P-value <.001 .500 .005 <.001 <.001 <.001
Severity — — — 2.0 1.6 2.9 3.8 4.0
P-value <.001 .500 .583 .098 <.001 <.001 <.001 <.001

Transverse colon
Incidence 0/10 (0%) 0/10 (0%) 0/10 (0%) 1/10 (10%) 6/10 (60%) 10/10 (100%) 10/10 (100%) 10/10 (100%)
P-value <.001 .500 .005 <.001 <.001 <.001
Severity — — — 2 1.5 2.6 3.3 3.9
P-value <.001 .500 .583 .098 <.001 <.001 <.001 <.001

Descending colon
Incidence 0/10 (0%) 0/10 (0%) 0/10 (0%) 0/10 (0%) 1/10 (10%) 10/10 (100.0%) 10/10 (100.0%) 10/10 (100.0%)
P-value <.001 .500 <.001 <.001 <.001
Severity — — — — 2.0 2.3 2.6 3.6
P-value <.001 .500 .583 .618 .072 <.001 <.001 <.001

Rectum
Incidence 0/10 (0%) 0/10 (0%) 0/10 (0%) 0/10 (0%) 0/10 (0%) 6/10 (60%) 10/10 (100%) 10/10 (100%)
P-value <.001 .005 <.001 <.001
Severity — — — — — 1.6 1.9 2.9
P-value <.001 .500 .583 .618 .636 <.001 <.001 <.001

Mesenteric lymph
node hyperplasia
Incidence 9/10 (90%) 7/10 (70%) 9/10 (90%) 7/10 (70%) 8/10 (80%) 10/10 (100%) 10/10 (100%) 10/10 (100%)
P-value .034 .291N .763N .291N .500N .500 .500 .500
Severity 2.0 1.9 1.7 1.8 1.3 2.4 3.7 4.0
P-value <.001 .878 .891 .911 .975 .146 .003 <.001

aIncidence reported as the number of lesion bearing animals over the total number of animals examined by histopathology in the group.
bP-values are based on the Fisher exact test for comparisons of aloin treatments to vehicle controls; P-values under vehicle control column are the results of the

Cochran–Armitage test for linear trends. P-values � .05 are shown in bold face type. An “N” following a P-value indicates a negative comparison result.
cSeverity scores are mean severity of affected animals. Non-neoplastic lesions were graded for severity as 1 (minimal), 2 (mild), 3 (moderate), and 4 (marked).
dP-values are based on the Shirley–Williams test for comparisons of aloin treatments to vehicle controls; P-values under vehicle control column are the results of the

Jonckheere–Terpstra test for linear trends. P-values � .05 are shown in bold face type.
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Impact of Aloin on Rat Fecal Bacterial Communities
Fecal community DNA composition was determined by ana-
lyzing 16S rRNA gene content generated through next genera-
tion sequencing. The OTUs were defined at�97% sequence
homology and the even rarefaction depth was set to 190 000
based on the distribution of sequences per sample in the OTU
table. In total, 139 phylotypes were identified in the feces of
rats in the eight treatment groups. The rarefaction table gen-
erated in QIIME was the basis for generating the alpha diver-
sity (Shannon) and alpha richness (Chao1) plots (Figure 4).
The rarefaction plots were used to describe the phyla com-
munities and the curves represent community diversity ver-
sus sequencing depth for the number of different OTUs in the
40 samples analyzed. The Shannon index curves (Figure 4A)
indicated that the majority of bacteria were identified in the
samples at an average number of 190 000 sequences per sam-
ple, although the plots show that the diversity of commun-
ities was unevenly distributed between the vehicle control
and the two highest dose groups of aloin (223 and 446 mg
aloin/kg water), with greater diversity being shared between

the vehicle control and doses of aloin below 223 mg/kg water.
The plots of phylotype richness (Chao1) represented the num-
ber of different species in the bacterial communities. A greater
number of phylotypes was shared between the vehicle and
lower doses of aloin (6.95–55.7 mg aloin/kg water) than
between the vehicle control and higher aloin dose groups
(Figure 4B).

Beta diversity was used to compare the differences in the
composition of bacteria between samples/treatments, and prin-
cipal coordinate analysis plots (PCA) were generated by
Emperor in QIIME (Figure 5). The PCA plots based on the relative
abundance of OTUs revealed a separation of the high-dosed
aloin treatment groups and the vehicle control and low-dosed
aloin groups based on the first two principal coordinate scores,
which accounted for 18.3% and 4.74% of the total variation
(Figure 5A). PCA plots based on the weighted UniFrac metric
confirmed the above findings. The maximum amount of varia-
tion (67.38%) could be explained by the first principal coordinate
(PC1) and showed that treatment had the greatest effect on the
distribution of bacterial sequences. Samples from the two

Table 2. Incidence and Severity of Inflammation in the Cecum and Colon of Male Rats Administered Aloin in the Drinking Water for 13 Weeks

Aloin Concentration (mg/kg) in Dosed Water Formulations

0 6.95 13.9 27.8 55.7 111 223 446

Dose equivalency of Aloe
vera whole leaf extract

0 0.03% 0.06% 0.13% 0.25% 0.5% 1.0% 2.0%

Cecum
Incidence 0/10 (0%) 0/10 (0%) 0/10 (0%) 0/10 (0%) 0/10 (0%) 1/10 (10%) 2/10 (20%) 5/10 (50.0%)
P-valueb <.001 .500 .237 .016
Severityc — — — — — 1.0 2.0 1.8
P-valued <.001 .500 .583 .618 .636 .053 .016 <.001

Proximal colon
Incidence 0/10 (0%) 0/10 (0%) 0/10 (0%) 0/10 (0%) 0/10 (0%) 1/10 (0%) 8/10 (80%) 9/10 (90%)
P-value <.001 .500 <.001 <.001
Severity — — — — — 2.0 2.3 2.1
P-Value <.001 .500 .583 .618 .636 .053 <.001 <.001

Ascending colon
Incidence 0/10 (0%) 0/10 (0%) 0/10 (0%) 0/10 (0%) 1/10 (10%) 9/10 (90%) 10/10 (100%) 10/10 (100%)
P-Value <.001 0.500 <.001 <.001 <.001
Severity — — — — 1.0 1.6 3.3 3.1
P-Valueb <.001 .500 .583 .618 .072 <.001 <.001 <.001

Transverse colon
Incidence 0/10 (0%) 0/10 (0%) 0/10 (0%) 0/10 (0%) 1/10 (0%) 6/10 (60%) 9/10 (90%) 9/10 (90%)
P-Value <.001 .500 .005 <.001 <.001
Severity — — — — 1.0 1.6 2.2 2.1
P-Value <.001 .500 .583 .618 .072 <.001 <.001 <.001

Descending colon
Incidence 0/10 (0%) 0/10 (0%) 0/10 (0%) 0/10 (0%) 0/10 (0%) 5/10 (50%) 7/10 (70%) 10/10 (100%)
P-Value <.001 .016 .002 <.001
Severity — — — — — 1.0 1.4 1.6
P-Value <.001 .500 .583 .618 .636 <.001 <.001 <.001

Rectum
Incidence 0/10 (0%) 0/10 (0%) 0/10 (0%) 0/10 (0%) 0/10 (0%) 4/10 (40%) 5/10 (50%) 8/10 (80%)
P-Value <.001 .043 .016 <.001
Severity — — — — — 1.2 1.8 2.3
P-Value <.001 .500 .583 .618 .636 <.001 <.001 <.001

aIncidence reported as the number of lesion bearing animals over the total number of animals examined by histopathology in the group.
bP-Values are based on the Fisher exact test for comparisons of aloin treatments to vehicle controls; P-values under vehicle control column are the results of the

Cochran–Armitage test for linear trends. P-values � .05 are shown in bold face type.
cSeverity scores are mean severity of affected animals. Non-neoplastic lesions were graded for severity as 1 (minimal), 2 (mild), 3 (moderate), and 4 (marked).
dP-Values are based on the Shirley-Williams test for comparisons of aloin treatments to vehicle controls; P-values under vehicle control column are the results of the

Jonckheere–Terpstra test for linear trends. P-values � .05 are shown in bold face type.
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highest dose groups of aloin segregated to the right of the plot,
while the control and lower aloin dose group samples clustered
together to the left of the plot, with the exception that the
111 mg aloin/kg water dose group samples clustered toward the
middle of the plot (Figure 5B).

Changes in the bacterial population abundance were
assessed in fecal samples of all groups of rats at the taxonomic
ranks of phylum, class, order, family, and genus (Table 3). At
each taxonomic rank, bacteria represented at�1.0% of the total
rank abundance were eliminated from additional analyses.
Sequences were distributed among eight phyla that were identi-
fied at�1.0% abundance in all fecal 16S rRNA samples (Figure 6).
The majority of the sequences belonged to Bacteroidetes and
Firmicutes, together accounting for up to 90% of the sequences,
as well as phyla Verrucomicrobia, Tenericutes, Proteobacteria,
Cyanobacteria, Actinobacteria, and TM7, each accounting for
1%–12% of the sequences. Significant linear dose trend effects
were observed for each phylum (Table 3). The most remarkable
shifts in phyla abundances were observed for Bacteroidetes,
Firmicutes, and Verrucomicrobia. In pairwise comparison tests
to the vehicle controls, the abundance of Bacteroidetes was sig-
nificantly increased in rats by the daily consumption of drinking
water containing aloin at doses of 111, 223, and 446 mg/kg

water. The abundance of Bacteroidetes was approximately 31%
in the vehicle control group and was approximately 39%, 49%,
and 45% in rats administered aloin at 111, 223, and 446 mg/kg
water formulation, respectively. Similarly, the abundance of
Verrucomicrobia was significantly increased in groups of rats
administered drinking water containing aloin at the 223 and
446 mg/kg water dose levels when compared to the vehicle con-
trol group. In contrast, the abundance of Firmicutes in the
vehicle control group was significantly decreased in fecal 16S
rRNA sequences of rats administered drinking water containing
111, 223, and 446 mg aloin/kg water (Figure 6 and Table 3).

At the rank of class, Clostridia, Bacteroidia, and
Verrucomicobiae accounted for approximately 85% of the total
abundance across treatment groups. Most of the sequences
from the phylum Firmicutes belonged to the class Clostridia.
The abundances of Clostridia were significantly decreased in
the 111, 223, and 446 mg aloin/kg water dose groups when com-
pared to that of the vehicle control (Table 3). The phylum
Bacteroidetes was primarily represented at the class level by
Bacteroidia that was, on average, significantly increased by
aloin administration. At the rank of family, Prevotellaceae and
S24-7 were the principal members identified in the
Bacteroidetes phylum to explain the increase in abundance

Figure 3. Mucosal and goblet cell hyperplasia in the colons of rats in the 13-week drinking water study of aloin. Colon sections from rats administered the vehicle con-

trols (A), magnification �5 (original); B, 55.7 mg aloin/kg water dose group, magnification �5 (original); C, 446 mg aloin/kg dose group, magnification �2.5 (original);

D, 446 mg aloin/kg water dose group, magnification �5 (original).
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Figure 4. Alpha diversity curves. The rarefaction table that was generated in Qiime was used to generate the alpha diversity curves. The diversity metrics reflect the

diversity within a sample based on the abundance of various phylotypes within a bacterial community. A, Shannon phylotypes diversity curves by sequences per treat-

ment (n¼5). B, Chao1phylotype richness curves by sequences per treatment (n¼5). Data suggest that the fecal microbiota profile in F-344 rats was considerable

altered as a consequence of aloin treatment; fecal content richness and diversity were lower in rats administered aloin in the drinking water at doses of 223 and

446 mg/kg water.
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induced by aloin administration, whereas Ruminococcaceae,
Lachnispiraceae, and an as yet unidentified member were the
principal families in the Firmicutes phylum to explain the
decrease in abundance induced by aloin administration
(Table 3).

DISCUSSION

The present study was conducted to evaluate the toxicological
effects of aloin when administered to male F344/N rats in their
drinking water for a period of 13 weeks. The primary goal of the
study was to determine whether or not the administration of
aloin in the drinking water of F344/N rats would replicate the
pathophysiological effects that were observed previously in the
large intestine of F344/N rats in a 13-week study of Aloe vera
whole leaf extract. A secondary goal of the study was to deter-
mine whether or not the administration of aloin in the drinking
water of male F344 rats for 13 weeks would modulate the micro-
biota populations in the large intestine.

For this study, doses of aloin were selected to include a low
dose that was below the level of aloin (10 mg aloin/kg) used by
the IASC in their product certification program and a high dose
that was equivalent in aloin A content to a 2% (wt/wt) dose for-
mulation of the Aloe vera whole leaf extract (�250 mg aloin
A/kg water) that was used in the previous 13-week study
(Boudreau et al., 2013). In this study, the 446 mg aloin/kg dosed
water formulation had an aloin A content of �250 mg/kg water.
Lower doses equated to the aloin content in Aloe vera whole
leaf extract doses of 1%, 0.5%, 0.25%, 0.13%, 0.06%, and 0.03%
(wt/wt) that were used in the previous study (Boudreau et al.,
2013).

Several parameters measured in rats from the present study
of aloin followed similar patterns that were described in the
previous study of the Aloe vera whole leaf extract. Polydipsia
was prevalent in rats administered aloin and significant dose-
related trend increases in water consumption were noted,
beginning at week 4 of the study. The mean daily water intake
of the 223 and 446 mg aloin/kg water groups was 28.7 and 30.4 g,
respectively, compared to 23.4 g for the controls and equated to

Figure 5. Beta diversity plots. Principal coordinates analysis (PCA) scores plots. A, PCA plot based on unweighted UniFrac metric; B, PCA plot based on weighted uniFrac

metric. Each color represents a treatment sample (n¼5).
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approximately 123% and 130% of the control group intake. In
the previous study on Aloe vera whole leaf, mean water intakes
of the 1% and 2% Aloe vera whole leaf groups were approxi-
mately 174% and 194% of control intake levels.

As in the previous study, histological evaluations found no
incidence of neoplasms in the present study of aloin, and non-
neoplastic lesions were primarily confined to the large intes-
tine; the most prominent pathological lesion being mucosa and
goblet cell hyperplasia, which was observed by microscopy
throughout the entire length of the large intestine. Incidences
and severities of mucosa and goblet cell hyperplasia were
higher in the ascending colon and lower in the rectum. A signifi-
cant dose-related response in the incidences and severities of
these lesions was evident, and changes were observed even in
the 27.8 mg aloin/kg water group of rats. Mucosa and goblet cell
hyperplasia were prominent lesions observed in the previous
13-week study of Aloe vera whole leaf extract at doses of 1%,
2%, and 3% (Boudreau et al., 2013). In that study, the incidence of
mucosa and goblet cell hyperplasia in male rats administered
the 2% dose of Aloe vera whole leaf extract (equivalent to
446 mg aloin/kg water) was 100% in the cecum and ascending
colon, with severity scores of 1.7 and 1.8, respectively. In the
present study, aloin induced similar incidences at a dose
(223 mg aloin/kg water) that was equivalent to the 1% Aloe vera
whole leaf extract, with severity scores of 2.4 and 3.8 in the
cecum and ascending colon, respectively. These data suggest
that aloin was much more effective than the Aloe whole leaf

extract in inducing these lesions. Even at an aloin dose of
27.8 mg/kg water, the severities of these lesions were greater
than that observed with the 1% Aloe vera whole leaf extract—an
aloin dose approximately 7.5-fold lower than the Aloe whole
leaf extract. The administration of aloin also induced dose-
related increased incidences and severities of chronic-active
inflammation in the large intestine, a lesion not observed in the
previous 13-week study of an Aloe whole leaf extract.

There is mounting evidence that the gut microbiota is
altered in people with chronic-active inflammatory conditions
resulting in chronic diseases, including diarrhea, gastritis,
inflammatory bowel disease, and colorectal cancer and that diet
plays an important role in shaping the structure of the micro-
biota in the large intestine and in influencing the function of
microbiota community by serving as a source of material for
microbiota metabolism (Dolan and Chang, 2017; Rupa and Mine,
2012). In the healthy colon, microbiota are regulated by the
mucosal immune system that is aimed at maintaining a symbi-
otic relationship between the intestinal microbiota and the
host; however, when bacterial dysbiosis occurs in the colon, the
host may experience inflammation, a loss of barrier function,
and an increased risk for colon cancer (Arthur and Jobin, 2011).

In this study, next generation sequencing analysis of the 16S
rRNA gene from feces was used to investigate the microbiota
structure of the aloin- and vehicle-treated rats, and the results
indicated that the administration of aloin in the drinking water
of rats induced dysbiosis of fecal microbiota. At the rank of

Figure 6. Bar chart showing the relative abundance of microbe sequences in the 16S rRNA fecal microbiota of male F-344 rats administered aloin for 13 weeks, anno-

tated to the phylum level by treatment (n¼5).
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phylum, the most predominant phyla associated with the rat
colonic microbiota were Firmicutes and Bacteroidetes; these
two phyla represent approximately 90% of the gut bacteria in
humans. The ratio of Firmicutes to Bacteroidetes (F/B), which
generally represents 57.2% and 32.0% of human colonic micro-
biota, respectively, has been used to express the degree of over-
all gut microbiota balance, and shifts in this ratio have been
linked to undesirable health conditions (Borges-Canha et al.,
2015). Wu et al. (2013), for example, observed that the fecal
microbiota of patients with colorectal cancer not only had an
increase in Bacteroides, which belong to the Bacteroidetes phy-
lum, but also had a positive correlation between the abundance
of Bacteroides species and colorectal cancer disease status.

In the current study, the F/B ratio for rats in the vehicle con-
trol group was 2.1 and administration of aloin in the drinking
water of male rats induced significant decreasing linear dose
shifts in the contributions of these two phyla; the F/B ratio was
1.8 in rats administered the low dose (6.95 mg aloin/kg water)
and 0.8 in rats administered the high dose (446 mg aloin/kg
water group) treatment (Figure 7).

Colonic fermentation is the anaerobic process by which car-
bohydrates and proteins are metabolized by intestinal micro-
flora (Alles et al., 1999). Fermentation of carbohydrates by
bacteria mainly produces gases and short-chain fatty acids,
such as acetate, butyrate, and propionate. Short-chain fatty
acids, especially butyrate, nourish the colonic epithelium and
may protect against inflammation, ulcerative colitis, and colon
cancer through their ability to promote differentiation and
select cells with damaged DNA for apoptosis (Cummings, 1998;
Cummings and Bingham, 1998). Butyrate-producing bacteria in

the colon are predominately members of the Clostridiales order
(Levine et al., 2013), and significant decreasing dose-related
trends in the abundance of Clostridiales were observed by the
administration of aloin (Table 3). In fecal samples collected
from patients with colorectal cancer and healthy controls,
increased relative abundances of microbes in the families of
Fusobacteriaceae, Bacteroidaceae, and Prevotellaceae, as well as
decreased relative abundances of butyrate-producing bacteria
from the Ruminococcaceae and Lachnospiraceae families, have
been associated with malignancy (Ericsson et al., 2015; Sobhani
et al., 2011). The relative abundance of Bacteroidaceae family
was not significantly altered by aloin administration; however,
the Pevotellaceae family showed significant dose-related
increasing trends, and the Ruminococcaceae and
Lachnospiraceae families showed significant dose-related
decreasing trends from the administration of aloin. The effect
of aloin on the microbiota was not evaluated in the previously
conducted 13-week or 2-year studies of an Aloe vera whole leaf
extract, so any role of microbiota dysbiosis in the carcinogenesis
in the colon of rats in the 2-year study would be pure conjecture
at this time.

Plant sources of anthraquinones appear primarily as mix-
tures of O- or C-glycosides of anthrones and anthraquinones;
aloin is an anthrone C-glycoside and is a major component of
Aloe vera latex (Manitto et al., 1990). Due to the b-glycosidic
bond between the D-glucose moiety and the anthrone ring
structure, as well as the hydrophilic nature of the compound,
aloin is protected after oral ingestion from acid hydrolysis in
the stomach and enzymatic digestion in the small intestine.
Aloin reaches the large intestine in undigested form, where

Figure 7. Bar chart showing the Firmicutes to Bacteroidetes phlyla ratio. Values are least squares means (n¼ 5). Comparisons to vehicle that are significant at the 0.05

level or below (P� .05) are indicated by an asterisk (*) above the bar; (**) above the vehicle control bar indicates significant linear dose trend effects at the 0.001 level or

below (P� .001).
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bacteria in the GIT metabolize aloin to release glucose and aloe-
emodin-9-anthrone, which is subsequently oxidized to
aloe-emodin (Hattori et al., 1988). Mutagenic and genotoxic
activities in bacteria and eukaryotic cells have been shown for
some anthraquinones, in particular for hydroxyanthraqui-
nones and dihydroxyanthraquinones. Aloe-emodin, a dihy-
droxyanthraquinone, exhibited dose-related mutagenicity
and cell-transforming activities in rat hepatocyte DNA-repair
induction assays and in assays to determine the malignant
transformation of C3H/M mouse fibroblasts (Westendorf et al.,
1990). Aloe-emodin and other dihydroxyanthraquinones have
also exhibited tumor-promoting activities. One area that has
not been addressed is the potential of aloin to induce effects
in the GIT, where the concentrations of aloin metabolites may
be higher and where the microbial environment may actively
participate in the metabolism of these compounds to aloe-
emodin-9-anthrone, which is subsequently oxidized to aloe-
emodin.

In the previous 13-week study of an Aloe vera whole leaf
extract, the lowest concentration administered was 1% by
weight, and the aloin concentration in this formulation was
approximately 223 mg aloin/kg water (Boudreau et al., 2013). In
the current study, the administration of aloin at doses as low as
27.8 mg/kg of dosed water was shown to induce mucosa and
goblet cell hyperplasia in the rat colon—a concentration of aloin
that is only 2.7-fold higher than the maximum concentration
set for aloin in Aloe vera products certified by the IASC for
human consumption (IASC, 2012).

Recent findings suggest that the loss of normal balance in
the populations of bacteria in the colon results in a subclinical
pro-inflammatory state that increases DNA mutations and
increases the risk of colon cancer (Borges-Canha et al., 2015).
The administration of aloin in the dosed water formulations
induced significant dose-related inflammation in the large
intestine of rats and dysbiosis of fecal microbiota.
Inflammation in the large intestine of rats was not noted in
the previous study of Aloe vera whole leaf extract; however,
hematological values showed a 2-fold increase in neutrophil
counts and a 4-fold increase in the percentage of WBC when
compared to control values (Boudreau et al., 2013).
Furthermore, mutational analysis of adenomas and carcino-
mas collected from rats administered the Aloe vera whole leaf
extract for 2-years showed that several pathways, with impor-
tant roles in inflammation, were altered, including MAPK,
TGF-b, and WNT (Pandiri et al., 2011). The microbiota profile in
feces was not evaluated in the previous study; however,
in vitro findings showed that the Aloe vera whole leaf extract
had differential effects on the growth of representative fecal
bacterial species and altered their production of short-chain
fatty acids (Pogribna et al., 2008).

Although the correlation between aloin and the Aloe vera
whole leaf extract is very strong for the pathophysiology of the
rat colon, the exact mechanism by which colon cancer was
induced in rats exposed to the Aloe vera whole leaf remains
uncertain. Microbial dysbiosis is an attractive mechanism that
correlates well with observations in human colorectal cancer
(Arthur and Jobin, 2011); however, intestinal inflammation and
immune responses may have contributed to alterations in the
microbial community and our studies did not evaluate the
interplay of these parameters at various time points throughout
the study. Additional studies are needed to elucidate the mech-
anism by which aloin and Aloe vera whole leaf extract induce
colon cancer in rats and to determine the relevance of these
mechanisms for humans ingesting Aloe vera preparations.
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