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Abstract: Mounting evidence has linked berries to a variety of health benefits. We previously reported
that administration of a diet rich in black raspberries (BRBs) impacted arsenic (As) biotransformation
and reduced As-induced oxidative stress. To further characterize the role of the gut microbiota in
BRB-mediated As toxicity, we utilized the dietary intervention of BRBs combined with a mouse
model to demonstrate microbial changes by examining associated alterations in the gut microbiota,
especially its functional metabolites. Results showed that BRB consumption changed As-induced gut
microbial alterations through restoring and modifying the gut microbiome, including its composition,
functions and metabolites. A number of functional metabolites in addition to bacterial genera were
significantly altered, which may be linked to the effects of BRBs on arsenic exposure. Results of the
present study suggest functional interactions between dietary administration of black raspberries
and As exposure through the lens of the gut microbiota, and modulation of the gut microbiota and its
functional metabolites could contribute to effects of administration of BRBs on As toxicity.

Keywords: black raspberries; arsenic; gut microbiota; gut microbiome; metabolites

1. Introduction

Arsenic (As) exposure affects over 200 million members of the human population
worldwide with geologically sourced contamination of drinking water being the major
exposure route [1]. As exposure has been associated with a variety of human diseases
including cardiovascular disease, diabetes, and bladder, lung, liver, and skin cancers [2].
It was previously established that perturbations of the gut microbiota and its metabolites
could be a potential new mechanism by which As exposure leads to or exacerbates human
diseases [3-6]. Therefore, modulation of the gut microbiota and its metabolic profile may
affect As toxicity via impacting As-induced microbial perturbations.

Mounting evidence has indicated the essential role of gut microbiota in human health
and disease [7]. The gut microbiome is involved in immune cell development, energy
production, and epithelial homeostasis [8-12]. More importantly, metabolic activities of
gut bacteria have been linked to xenobiotic metabolism and toxicity of environmental
chemicals. For example, previous studies have indicated that gut bacteria are involved in
metabolism and biotransformation of As [13], polycyclic aromatic hydrocarbons [14], and
polychlorinated biphenyls [15]. Also, changes in the gut microbiota have been mechanisti-
cally associated with toxic effects of environmental agents such as heavy metals including
As, artificial sweeteners, and pesticides [16]. We previously reported that administration
of a BRB-rich diet substantially changes the mouse gut microbiome at both compositional
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and functional levels [17-19], suggesting the potential of black raspberries to modulate
the gut microbiome. In addition, we previously reported that the BRB-rich diet impacted
As biotransformation and reduced levels of oxidative stress in As-treated mice [20]. As
shown in Figure S1, dietary administration of BRBs increased As methylation thereby
elevating urinary total As in As-treated mice. On the other hand, by measurement of levels
of 8-ox0-2'-deoxyguanosine, one of the most commonly-used biomarkers of oxidative
DNA damage [21], results showed that BRBs attenuated As-induced oxidative stress in
mice. These previous results together supported the involvement of BRB consumption
in As metabolism and toxicity. Given the key role of the gut microbiome in As toxicity
coupled with the effects of BRBs on As biotransformation/toxicity, it is of significance to
elucidate the changes in the gut microbiome upon interactions of As exposure and dietary
administration of BRBs.

In this follow-up study, we combined 16s rRNA gene sequencing and mass spectrometry-
based metabolomics to extensively probe the changes in the gut microbiome of mice upon
As exposure and dietary administration of black raspberries. Two complementary omic ap-
proaches were employed to achieve a comprehensive understanding of microbial changes.
The 165 rRNA gene sequencing technique was used to identify bacterial changes in terms
of abundance, which has been used as a mainstay of sequence-based bacterial analysis
for decades. The other technique, activity-based metabolomics, allows the identification
of metabolites that are differently abundant between groups with statistical significance.
An untargeted approach enables the comprehensive comparison of metabolomes under
different conditions, which is critical in understanding drivers of physiological activities
related to gut microbiome. The results revealed that administration of BRBs reprogrammed
the As-type gut microbiome, including alterations of various bacterial genera and key
metabolites between groups with statistical significance, which could contribute to effects
of BRBs on As biotransformation/toxicity. This follow-up study further elucidated changes
of the gut microbiome in mice with dietary administration of black raspberries and As
exposure, providing a connection with respect to diet, environmental agents, and the
gut microbiota.

2. Materials and Methods
2.1. Preparation of Diets

A BRB-rich diet was prepared as previously described [17-20]. Briefly, whole ripe
BRBs (Rubus occidentalis) of the Jewel variety were picked mechanically, washed with water,
and frozen at —20 °C on a single farm within 2 to 3 h of picking. The harvested berries
were then shipped frozen to Van Drunen Farms in Momence, Illinois, where they were
freeze-dried under anoxic conditions to protect the integrity of berry components. Next,
seeds were removed by forcing the freeze-dried berries through a small sieve, and the dried
pulp was ground into powder. The berry powder was shipped to Ohio State University,
where it was stored at —20 °C until further use. For standardization purposes, each batch of
powder underwent a quantitative chemical analysis of 26 randomly selected nutrients and
nonnutrient components [22,23]. The levels of the 26 components remain relatively stable
compared to the initial analyses for at least 2 years in powder stored at —20 °C [23]. The
BRB powder was stored at —20 °C until being incorporated into custom purified American
Institute of Nutrition (AIN)-76A animal diet (Dyets, Inc., Bethlehem, PA, USA) by 10%
w/w concentration at the expense of corn starch. AIN-76A diet was used as the control diet.
Both diets were stored at 4 °C until being fed to mice.

2.2. Workflow to Investigate Functional Alterations of the Gut Microbiome by Dietary
Administration of BRBs upon As Exposure

As reported in our previous study [20] (Figure S1), dietary administration of BRBs
successfully increased urinary excretion of As as well as modulated As biotransformation
via facilitating As methylation. Moreover, BRB consumption reduced levels of oxidative
stress in mice induced by As exposure. In this follow-up study, we aimed to further
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investigate functional alterations of the gut microbiome in mice upon As exposure and
dietary administration of BRBs. The experimental design is shown in Figure 1A; briefly,
40 mice were randomly assigned into 4 groups: 76, 76+ As, BRB, BRB+ As. Of these, the 76
and 76+ As groups were fed AIN-76A diet (control diet), while BRB and BRB+ As groups
were fed BRB diet. After 2 weeks of dietary administration, 76+ As and BRB+ As groups
were switched to be exposed to As via drinking water (10 ppm). After another 4 weeks of
As treatment, fecal samples were collected for taxonomic characterization and metabolite
profiling. The experimental workflow combined high-through 16S rRNA gene sequencing
and mass-spectrometry-based metabolomics for the examination of changes in the gut
microbiome resulting from BRB-mediated As toxicity.

Q AIN-76A @ BRB
O Water M 10 ppm As
DI 176
A I 76+As ")\v y
! 1 BRB N
® e BRB+AS Fecal contents
0 week 2 week 6 week
c 76 I BRB 76+As BRB+ As
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Figure 1. Taxonomic summaries of mouse gut microbial communities. (A) Experimental design.
(B) Taxonomic summary at order level. (C) Taxonomic summary at family level (legend at Figure S2).
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2.3. Animals

The animal protocol was approved by the University of Georgia Institutional Animal
Care and Use Committee (protocol No. A2013 06-033-Y3-A3). A total of 40 specific-
pathogen-free (SPF) C57BL/6 mice (~8 weeks old) were purchased from Jackson Laborato-
ries. The mice were housed in the animal facility of the University of Georgia. After 1 week
of acclimation, mice were randomly assigned to 4 groups (76, 76+ As, BRB, BRB+ As). Of
these, 76 and 76+ As groups were fed AIN-76A diet (control diet), while BRB and BRB+
As groups were fed BRB diet. Environmental conditions of 22 °C temperature, 40-70%
humidity, with a 12/12 h light/dark cycle were applied. 76+ As and BRB+ As groups were
exposed to As via drinking water (10 ppm) after 2 weeks. Mice of 30 g have an average
daily water intake of 2 mL [24]. After another 4 weeks of As treatment, fecal samples were
collected individually, and stored at —80 °C for further experiments.

2.4. 165 rRNA Gene Sequencing

Experiments of 165 rRNA gene sequencing were conducted as previously described [17].
Briefly, microbial DNA was extracted from mouse fecal samples (20-25 mg) using Power-
Soil DNA isolation kit as per manufacturer’s instructions. For 16S rRNA gene sequencing,
DNA was amplified using 515F and 806R primers to target the V4 regions of 165 rRNA
gene. The DNA was then amplified, followed by normalization, barcoding, and the DNA
was pooled, and quantified by Qubit 2.0 Fluorometer to construct the sequencing library.
The resultant DNA was then paired-end sequenced using an Illumina MiSeq platform
(IIlumina, 500 cycles v2 kit, San Diego, CA, USA) in the Georgia Genomics Facility of
University of Georgia. Paired-reads were assembled by the software Geneious (Biomatters,
Auckland, New Zealand), followed by initial quality filtering with error probability of 0.01.
The operational taxonomic unit (OTU) picking and diversity analysis was performed with a
threshold of 97% sequence similarity by the software of Quantitative Insights into Microbial
Ecology (QIIME). A representative sequence from each OTU was selected for taxonomic
assignment according to Greengenes database (version 13_5; http:/ /greengenes.lbl.gov/;
accessed on 1 May 2019). By default, QIIME uses uclust consensus taxonomy classifier to
assign taxonomy.

2.5. Untargeted Metabolomic Analysis

Experiments of untargeted metabolomic analysis were conducted as previously de-
scribed [18]. Briefly, 20 mg of fecal samples and 50 mg of glass beads (Sigma-Aldrich, St.
Louis, MO, USA) were mixed with 400 pL of cooled methanol solution (methanol/water
1:1). The mix was homogenized, and then centrifuged for 10 min at 12,000 rpm. The su-
pernatant (~300 uL) was collected, dried in a SpeedVac (Savant SC110A; Thermo Electron,
Waltham, MA, USA), and then resuspended in 30 pL 98:2 water:acetonitrile for MS analysis
injection. LC-MS analysis was performed on a quadrupole time-of-flight (Q-TOF) 6530 (Ag-
ilent Technologies, Santa Clara, CA, USA) with an electrospray ionization source interfaced
with an Agilent 1290 Infinity II UPLC system. The Q-TOF was calibrated daily using the
standard tuning solution from Agilent Technologies. Metabolic features were analyzed in
the positive ion mode using a C18 T3 reverse-phased column (Waters Corporation, Milford,
MA, USA). The typical mass accuracy of the Q-TOF was <10 ppm. XCMS online server was
applied for peak picking, alignment, integration, as well as extraction of peak intensities.
MS/MS data were generated on Q-TOF for further identification of differently abundant
features. Software packages MS-DIAL (version 2.9) and MS-FINDER (version 2.4) were
applied for identification of metabolic features based on MS/MS spectrum [25,26].

2.6. Statistical Analysis

Alpha rarefaction and principal coordinate analysis (PCoA) were performed to assess
alpha and beta diversities in the gut microbial communities, respectively. Alpha rarefaction
analysis was performed using indices of observed OTUs, PD whole tree, and Chaol.
PCoA was performed based on the unweighted UniFrac distance metric. Permutational
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multivariate analysis of variance (PERMANOVA) was applied to assess the difference
between different cultivars. Also, principal component analysis (PCA) and hierarchical
clustering algorithm were used for visualization of metabolite profiles. Differences in gut
microbial abundances were assessed by a nonparametric test via Metastats. Two-tailed
Welch's t-test was used to analyze metabolites that were differently abundant between
groups. False discovery rate (FDR) was used to correct multiple comparisons.

3. Results
3.1. Gut Microbial Changes at Compositional Level

Figure 1B,C shows the identified gut bacteria at order and family levels assigned from
16S rRNA sequencing reads with each color representing an individual bacterial order
or family, respectively (legend at Figure 52). As exposure induced changes of consistent
trends in several bacterial families regardless of different diets. For instance, in both 76
and BRB diet groups, Bifidobacteriaceae and Bacteroidales_f S24-7 increased upon arsenic
exposure. However, dietary difference contributes more significantly to microbiota changes
compared to As exposure. Notably, Verrucomicrobiaceae was less than 0.1% in 76 diet
groups, while in BRB groups, the proportions of Verrucomicrobiaceae were 51.5% and
30.2% in BRB and BRB+ As groups, respectively. Moreover, As also induced contradicted
changes in different diet groups. For example, in 76 diet groups, Clostridiaceae decreased
upon As exposure with a 1.5-fold change; however, in BRB diet groups, Clostridiaceae
increased four-fold. Taken together, although diet contributes more significantly to gut
microbial changes at compositional level, As exposure-induced gut microbiota changes
differed if mice were fed different diets. In addition, Table 1 shows the fold changes of
significantly-altered bacteria in mice upon arsenic exposure with different diets: there were
nine bacterial genera that were significantly altered, with three increased and six decreased
genera. Notably, compared with 76+ As group, Akkermansia increased with a fold change
of approximate 5000 in BRB+ As group, which is consistent with effects of BRB on the gut
microbiota from our previous report [17].

Table 1. Effects of dietary administration of BRBs on gut microbial composition of mice upon
As exposure.

Mean Mean

Gut Bacteria Abundance Abundance = Up/Down Ci‘;;d e p-Value g-Value
(BRB+ As) (76+ As) 8
p_Bacteroidetes
c_Bacteroidia; o_Bacteroidales; 0.04249 0.01664 up 26 0.003 0.042
f_Rikenellaceae; g_
p_Firmicutes
c_Bacilli; o_Turicibacterales;
f_Turicibacteraceae; g_Turicibacter 0.01999 0.00503 up 40 0.001 0.025
c_Clostridia; o_Clostridiales; f_; g 0.17616 0.32849 down —-1.9 0.001 0.025
¢_Clostridia; o Clostridiales; 0.06063 025752 down —42 0.001 0.025
f_Clostridiaceae; g_
c_Clostridia; o_Clostridiales; B
f Clostridiaceae; Other 0.00006 0.00036 down 6.0 0.001 0.025
¢_Clostridia; o_Clostridiales; 0.00012 0.00073 down —6.1 0.003 0.042
f_Lachnospiraceae; Other
¢_Clostridia; o Clostridiales; 0.00004 0.00013 down ~33 0.003 0.042
f_Ruminococcaceae; g_Anaerotruncus
c_Erysipelotrichi; o_Erysipelotrichales; — 03 0.00019 down —63 0.003 0.042
f_Erysipelotrichaceae; g_Coprobacillus
p_Verrucomicrobia
c_Verrucomicrobiae;
o_Verrucomicrobiales; 0.27359 0.00005 up 5471.8 0.001 0.025

f_Verrucomicrobiaceae; ¢ Akkermansia
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3.2. Principal Coordinate Analysis (PCoA) and Alpha Rarefaction Analysis

To further assess the differences of the gut bacterial community, alpha rarefaction and
PCoA analyses were performed on mouse fecal samples to assess alpha and beta diversities
in the gut microbial communities, respectively. Figure 2A shows the 3D PCoA plot of gut
microbial communities. PCoA analysis based on the UniFrac distance metric reflects beta
diversity between groups. The four sample groups were separated majorly driven by diet
as indicated by separation between groups on different diets (p < 0.05). As exposure also
impacts the gut microbial communities according to PCoA analysis, 17.28%, 6.84%, and
4.15% variation were explained by principal component (PC) 1, PC2, and PC3, respectively.
In addition, alpha rarefaction analysis using indices of observed OTUs, PD whole tree,
and Chaol was shown in Figure 2B-D, respectively. Of these indices, observed OTUs and
Chaol reflect species richness in the community, and PD whole tree is a diversity calculated
based on phylogenetic tree. Although there is no statistically significant difference, alpha
diversities of the gut microbial community fluctuate upon arsenic exposure and dietary
administration of BRBs.

observed OTUs

IPC2 (6.84 % oo
* 76 800}
* BRB ¢ 2

e 76+As w 100
o BRB+As g

3' 600 |
g

° ™ § 500}
P ¢ o

'.‘. § 400 F
(X $

S 300}
? 8
% 4 g

. ° 5 200}

° °
° 100
e o 4 . . ‘
v PerAm 0 5000 10,000 15,000
Sequences Per Sample
C i PD whole tree D chao1
xsl[® 76 * 76
* BRB 140011 « BRB
e 76+As e 76+ As
20 e BRB+ As 1200{ ¢« BRB+ As

1000 +

g

g

Rarefaction Measure: chaol

400

200+

0 5000

10,000 15,000 0 5000 10,000 15,000

Sequences Per Sample Sequences Per Sample

Figure 2. PCoA and alpha rarefaction analysis. (A) 3D PCoA plot of gut microbial communities, based
on the unweighted UniFrac distance metric. Alpha rarefaction analysis using indices of observed
OTUs (B), PD whole tree (C), and Chaol (D).
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3.3. Comparative Analysis of Metabolite Profiles

Figure 3A shows the principal component analysis (PCA) plot. The PCA was calcu-
lated using the feature intensities from all samples with colors assigned based on sample
groups. Consistent with the PCoA result of gut microbial communities, diet plays a more
significant role in separating different cultivars. Moreover, Figure 3B,C shows the cloud
plots, constructed by altered features with green bubbles representing up-regulated features
and red bubbles representing down-regulated features (p-value is represented by how dark
or light the color is; fold change is represented by the radius of each feature; retention time
is represented by position on the x-axis; mass-to-charge ratio is represented by position
on y-axis). Compared with 76 group, BRB group had 1180 significantly-regulated features
(Figure 3B). BRB+ As group had 958 features that were significantly changed compared to
76+ As group (Figure 3C). Metabolite profiling of the gut microbiome in mice with dietary
administration of BRBs was reported in one of our previous studies [18]. In addition, the
hierarchical clustering heat map constructed using intensities of shared features showed
consistent patterns within individual groups (Figure 4). Not only As exposure induced mi-
crobial alterations in mice, but also these metabolic perturbations induced by As treatment
were partly reversed by BRB dietary administration, indicating that administration of BRBs
modulates and potentially restores As-treated gut microbiome and functional metabolites.

PCA Scores Up-regulated Down-regulated
Unit Variance scaling
Centered
L dmodx
. ® 0w
= @
R ® ®»
-] ® @
= ® k]
] @ @
g @
3 @
s
8 ° class C
4 - 76 Up-regulated Down-regulated
®
° BRB
® 76+ As
® o BRB+As

PC1 - Variance 27%

Figure 3. Comparative analysis of metabolite profiles. (A) PCA plot of four groups. Cloud plots
constructed by altered features with green bubbles representing up-regulated features and red bubbles
representing down-regulated features, 76 group versus BRB group (B), 76+ As group versus BRB+ As

group (C).

3.4. Key Metabolites Associated with Dietary Administration of BRBs upon As Exposure

To explore the role of BRB consumption in the gut microbiota of mice exposed to
As, differently abundant metabolites between 76+ As and BRB+ As groups were profiled
and identified. Table 2 lists the identified fecal metabolites. Between BRB+ As and 76+
As groups, there were a total of 18 identified metabolites that were significantly altered,
including vitamin derivatives, bile acids, indoles, polyunsaturated fatty acids, bilirubins,
and so forth. Of these metabolites, many of them are bioactive molecules that are involved
in a number of metabolic processes and cellular functions. For example, flavins and
tocopherols are vitamin derivatives related to the metabolic activities of gut bacteria and
intestinal homeostasis. Riboflavin could be produced by the gut microbiota [27], and levels
of tocopherols are associated with gut barrier functions [28]. Likewise, bile acids are a class
of key metabolites for gut bacteria and diverse signaling pathways [29]. Taken together,
key metabolites in the gut microbiota that were associated with dietary administration
of BRBs upon As exposure could contribute to effects of BRB consumption on arsenic
biotransformation/toxicity via host-gut microbiota axis.
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AINT76A+As

Figure 4. Hierarchical clustering heat map constructed using intensities of shared metabolite features
(76, 76+ As, and BRB+ As groups) to display the pattern of modulation of BRBs on As-induced
alterations in microbial metabolite fingerprints.
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Table 2. Effects of dietary administration of BRBs on microbial metabolites of mice upon As exposure. (n.a., the HMDB ID is not available for the correspond-
ing metabolite).

. Mean Intensity Mean Intensity
Metabolites Formula mlz 76+ As) (BRB+ As) Up/Down Fold Change Class HMDB ID
Glutarylcarnitine C12Hy1NOg 276.1507 1,889,595.8 4,226,664.3 up 2.2 Acyl carnitines HMDB0013130
D-Urobilinogen C33H4pN4Og 591.3179 4,540,924.1 10,010,036.4 up 2.2 Bilirubins HMDB0004158
D-Urobilin C33HgoN4Og 589.3026 7,015,796.9 18,248,399.2 up 2.6 Bilirubins HMDB0004160

2-(3,4-dihydroxyphenyl)-8-[1-(2,4-

dihydroxyphenyl)-3-(3,4-

dihydroxyphenyl)-2- C30Hp5011 565.1689 383,161.4 27,032.6 down —14.2 Catechins n.a.
hydroxypropyl]-3,4-dihydro-2H-1-

benzopyran-3,5,7-triol

2 4-Toluenediamine C7H1oN, 123.0911 1,251,131.3 671,048.6 down -1.9 Diaminotoluenes HMDB0041799
Leucyl-phenylalanine Ci5H2oN>O3 279.171 1,583,370.0 9,250,466.2 up 5.8 Dipeptides HMDB0302841
Trehalose 6-phosphate CpoHpsOuP 423.0907 420,035.5 40,736.4 down ~103 Eﬁiﬁﬁ‘;‘;‘:e HMDB0001124
Riboflavin C17H9N4Og 377.1487 1,382,839.9 831,508.2 down -1.7 Flavins n.a.
trans-Ferulic acid C10H1004 195.0674 47,598 4 22,572.8 down 21 aHg’g;OXycmnamlc n.a.
1H-Indole-3-carboxaldehyde CoH;NO 146.0587 586,796.9 197,339.2 down —-3.0 Indoles n.a.
Alpha-Linolenic acid C1sH300, 279.2302 241,165.2 4454953 up 1.8 Lineolicacidsand 1y 150001388
derivatives
S Lipoic acids and
(R)-lipoic acid CgH140,5; 207.0452 49,071.2 9526.7 down —5.2 derivatives n.a
Monohydroxy bile
12a-Hydroxy-3-oxocholadienic acid Cp4H3404 387.2529 129,220.8 260,182.1 up 2.0 acids, alcohols and  HMDB0000385
derivatives
Coproporphyrin III C36H3gNyOg 655.2771 5,374,874.8 11,839,347.1 up 2.2 Porphyrins HMDB0000570
Pyrrolidine C4HgN 72.0799 350,852.3 1,307,818.2 up 3.7 Pyrrolidines HMDB0031641
13/-Carboxy-alpha-tocopherol Co9HygO4 461.358 194,959.3 293,584.2 up 15 Tocopherols HMDB0012555
Triethylamine Ce¢HisN 102.1287 636,910.8 1,085,599.8 up 1.7 Trialkylamines HMDB0032539

4a-Carboxy-4b-methyl-5a-cholesta-

8,24-dien-3b-ol C9Hy6O3 443.35 396,953.2 655,442.3 up 1.7 Triterpenoids HMDB0062383
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4. Discussion

With the increasingly recognized role of the gut microbiome in As toxicity, the knowl-
edge of how gut microbiome alterations affect health outcomes in As exposure is critical
to development of therapeutic approaches via modulation of the gut microbiome. This
knowledge is of importance, because it may be applied in the future to develop gut
microbiome-targeted therapeutic approaches via dietary intervention. We previously re-
ported that BRB consumption effectively affects As biotransformation and possibly impact
As toxicity [20]. The objective of this follow-up study was to determine the role of the gut
microbiota in BRB-mediated As biotransformation/toxicity. Given the essential role of
the gut microbiome in As toxicity coupled with the effects of BRBs on As biotransforma-
tion/toxicity, illustration of changes in the gut microbiota of mice upon interactions of As
exposure and dietary administration of black raspberries is of significance and represents
an important step toward understanding how diet affects environmental exposure through
the lens of the gut microbiota.

The gut microbiota not only directly impact intestinal homeostasis locally through mi-
crobial metabolic products, but also trigger systemic effects on remote tissues/organs
such as the liver, adipose, or brain by producing metabolites that can act as signal-
ing molecules [30,31]. Moreover, the role of the gut microbiota in transformation and
metabolism of xenobiotics including As has been well recognized [3], indicated by previous
reports on interactions of the gut microbiome with environmental toxic chemials such
as As [3,13], diazinon [32], polycylic aromatic hydrocarbons [14], and polychlorinated
biphenyls [15]. In addition, to perturb the gut microbiome and its functional metabolites
is suggested to be a new mechanism of As toxicity [3—6]. Therefore, metabolic changes,
especially perturbations in gut microbiota-related metabolites, play an essential role in
As exposure and toxicity. In the present study, differently abundant metabolites in the
gut microbiome of mice with or without administration of BRBs upon As exposure were
profiled and identified. Significantly-altered metabolite fingerprints in fecal samples of
mice were observed. Specifically, 12a-Hydroxy-3-oxocholadienic acid, belonging to the
class of monohydroxy bile acids, alcohols and derivatives, increased with a fold change of
two in fecal samples of mice fed BRBs compared to mice on control diet, upon As exposure.
Bile acids are cholesterol derivatives synthesized in liver, which would undergo extensive
enterohepatic recycling as well as modification by some gut bacteria. It is established that
bile acids not only participate in digestion and absorption, but also serve as signaling
molecules impacting a number of pathways by acting on diverse nuclear receptors [33].
Likewise, alpha-linolenic acid belongs to the class of lineolic acids and derivatives, which
increased with a fold change of 1.8 in fecal samples of mice from BRB+ As group compared
to mice from 76+ As group. Lineolic acids are polyunsaturated fatty acids with many
beneficial effects associated with intestinal immunity and the gut microbiota [34]. Also,
13’-Carboxy-alpha-tocopherol is a derivative of tocopherol, which increased with a fold
change of 1.5 in fecal samples of mice upon As exposure if fed BRBs compared to control
diet. Tocopherols are known to confer protective effects on oxidative stress and inflam-
mation [35-37]. More importantly, tocopherols may exhibit anti-cancer effect via several
different cellular and molecular mechanisms [38], which could counter increased risks of
bladder cancer and skin cancer associated with As exposure as well as possibly accounting
for anti-cancer effects of BRBs, although the evidence remains controversial [39]. Thus,
metabolic changes in the gut microbiota could contribute to effects of BRBs on mice upon
As exposure.

The human gut microbiome contributes to human health and disease in a significant
way, including key functions involved in immune cell development, energy production,
and epithelial homeostasis [8-12]. Moreover, its role in transformation and metabolism of
xenobiotics has been well recognized [3,16]. The gut microbiota continues to be an attractive
therapeutic target. Currently, our knowledge of targeted and predictable modulation of the
gut microbiome is in its infancy [40]. It is of significance to provide a diet-based approach
for gut microbiome modulation, to elucidate how the modulated microbiome differently



Metabolites 2023, 13, 207

11 0f 13

reacts to environmental chemicals, and to understand the role of microbiome-derived
metabolites in these interactions [16,40]. Diet emerges as an essential determinant of gut
microbial structure and functions [41]. Dietary modulation of the gut microbiome received
considerable attention due to the advantages of low toxicity profiles and high patient
compliance. Dietary recommendations to tackle gut microbiota-associated diseases such
as inflammatory bowel disease (IBD) are usually based on inconclusive or controversial
evidence [42], resulting from the complexity and variability of IBD disease pathogenesis in-
cluding disease phenotype, gut microbiome, host genetic susceptibility, and environmental
factors [43]. Thus, a therapeutic approach to treat these diseases through gut microbiome
modulation is still highly desirable. On the other hand, previous studies showed that
As exposure perturbed the gut microbiome and its metabolic functions [3], which may
contribute to its toxicity. Modulation of the gut microbiome, in particular the microbial
metabolites, could potentially alter As toxicity. Using a standardized BRB-rich diet and a
mouse model, we have previously reported that BRB consumption effectively modulated
the gut microbiota, including its composition, functions and metabolites [17-19]. Moreover,
biotransformation and toxic effects of As were altered in mice that were fed BRBs [20]. Re-
sults of this follow-up study further supported the role of BRBs in mediating As toxicity by
elucidating gut microbiota changes upon the interactions of dietary administration of black
raspberries and arsenic exposure. Taken together, the potential of BRBs in modulating the
gut microbiome, and specifically in intervening in the toxicity of environmental chemicals
including As warrants future studies.

Admittedly this study was based on observation of effects of dietary administration of
BRBs on mice upon As exposure and the gut microbiota, with no specific mechanism clearly
illustrated. Further studies are needed to clarify the mechanism of interrelationships among
those factors including the gut microbiome, its functional metabolites and brought effects
for As-related adverse impact. Nevertheless, we profiled and identified metabolic changes
in the gut microbiota of mice, and identified key metabolites that could contribute to effects
of BRBs on mice upon As exposure. Although further investigation on mechanisms needs
to be pursued, the present study is of significance for depicting the involvement of the gut
microbiota in BRB-mediated As toxicity.

5. Conclusions

In the present study, we further analyzed changes in the gut microbiota and its func-
tional metabolites upon interactions of As exposure and BRB administration to potentially
identify microbial alterations that were mechanistically associated with BRB-mediated
As toxicity. 16S rRNA gene sequencing and metabolomic profiling techniques were used
to probe alterations in the gut microbiota and its metabolic profiles. The results clearly
show that BRB significantly changed As-type gut microbiota at both compositional and
functional levels. Microbial alterations induced by As exposure were restored or modified.
In addition, alterations in a variety of gut microbiota-related metabolic products, including
vitamin derivatives, bile acids, indoles, polyunsaturated fatty acids, and bilirubins, may
be associated with effects on As toxicity by BRBs. Taken together, these findings may
provide insights regarding the connection among diet, environmental exposure, and the
gut microbiota, as well as offer evidence for future development of approaches for gut
microbiome modulation.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /metabo13020207/s1, Figure S1: Illustration of effects of BRB
consumption on As biotransformation/toxicity. Figure S2: Legends of bacterial orders or families
with each color representing an individual bacterial order or family, respectively.

Author Contributions: Conceptualization: P.T., X.W. and B.G.; Experiment: Q.T., H.N., YH., B.G. and
P.T,; Data analysis: ZM., LW.,, Z.C. and P.T.; Writing—original draft: P.T. and B.G.; Writing—review
& editing: all authors. All authors have read and agreed to the published version of the manuscript.


https://www.mdpi.com/article/10.3390/metabo13020207/s1
https://www.mdpi.com/article/10.3390/metabo13020207/s1

Metabolites 2023, 13, 207 12 of 13

Funding: This study was partially supported by the startup funding of Nanjing University of
Information Science and Technology and by Key Technology R&D Program of Jiangsu Province
(BE2022788).

Institutional Review Board Statement: The animal protocol was approved by the University of
Georgia Institutional Animal Care and Use Committee (protocol No. A2013 06-033-Y3-A3).

Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: We acknowledge the High Performance Computing Center of Nanjing Univer-
sity of Information Science & Technology for their support of this work.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Naujokas, M.E.,; Anderson, B.; Ahsan, H.; Aposhian, H.V.; Graziano, ].H.; Thompson, C.; Suk, W.A. The broad scope of health
effects from chronic arsenic exposure: Update on a worldwide public health problem. Environ. Health Perspect. 2013, 121, 295-302.
[CrossRef] [PubMed]

Hughes, M.E; Beck, B.D.; Chen, Y.; Lewis, A.S.; Thomas, D.]. Arsenic exposure and toxicology: A historical perspective. Toxicol.
Sci. Off. |. Soc. Toxicol. 2011, 123, 305-332. [CrossRef] [PubMed]

Lu, K.; Abo, R.P; Schlieper, K.A.; Graffam, M.E.; Levine, S.S.; Wishnok, J.S.; Swenberg, J.A.; Tannenbaum, S.R.; Fox, ].G. Arsenic
exposure perturbs the gut microbiome and its metabolic profile in mice: An integrated metagenomics and metabolomics analysis.
Environ. Health Perspect. 2014, 122, 284-291. [CrossRef]

Chi, L.; Bian, X.; Gao, B.; Ru, H.; Tu, P,; Lu, K. Sex-Specific Effects of Arsenic Exposure on the Trajectory and Function of the Gut
Microbiome. Chem. Res. Toxicol. 2016, 29, 949-951. [CrossRef] [PubMed]

Chi, L.; Bian, X.; Gao, B.; Tu, P; Ru, H.; Lu, K. The Effects of an Environmentally Relevant Level of Arsenic on the Gut Microbiome
and Its Functional Metagenome. Toxicol. Sci. Off. ]. Soc. Toxicol. 2017, 160, 193-204. [CrossRef] [PubMed]

Chi, L.; Lai, Y;; Tu, P; Liu, C.-W.; Xue, J.; Ru, H.; Lu, K. Lipid and Cholesterol Homeostasis after Arsenic Exposure and Antibiotic
Treatment in Mice: Potential Role of the Microbiota. Environ. Health Perspect. 2019, 127, 97002. [CrossRef]

Nicholson, ].K.; Holmes, E.; Kinross, ].; Burcelin, R.; Gibson, G.; Jia, W.; Pettersson, S. Host-gut microbiota metabolic interactions.
Science 2012, 336, 1262-1267. [CrossRef]

Pickard, ].M.; Zeng, M.Y.; Caruso, R.; Nufiez, G. Gut microbiota: Role in pathogen colonization, immune responses, and
inflammatory disease. Immunol. Rev. 2017, 279, 70-89. [CrossRef]

Round, J.L.; Mazmanian, S.K. The gut microbiota shapes intestinal immune responses during health and disease. Nat. Rev.
Immunol. 2009, 9, 313-323. [CrossRef]

Tremaroli, V.; Backhed, F. Functional interactions between the gut microbiota and host metabolism. Nature 2012, 489, 242-249.
[CrossRef]

Turnbaugh, PJ.; Ley, R.E.; Mahowald, M. A ; Magrini, V.; Mardis, E.R.; Gordon, J.I. An obesity-associated gut microbiome with
increased capacity for energy harvest. Nature 2006, 444, 1027-1031. [CrossRef] [PubMed]

Shi, N.; Li, N.; Duan, X.; Niu, H. Interaction between the gut microbiome and mucosal immune system. Mil. Med. Res. 2017, 4, 14.
[CrossRef] [PubMed]

Van de Wiele, T.; Gallawa, C.M.; Kubachk, K.M.; Creed, J.T.; Basta, N.; Dayton, E.A.; Whitacre, S.; Laing, G.D.; Bradham, K.
Arsenic metabolism by human gut microbiota upon in vitro digestion of contaminated soils. Environ. Health Perspect. 2010,
118,1004-1009. [CrossRef] [PubMed]

Van de Wiele, T.; Vanhaecke, L.; Boeckaert, C.; Peru, K.; Headley, J.; Verstraete, W.; Siciliano, S. Human colon microbiota transform
polycyclic aromatic hydrocarbons to estrogenic metabolites. Environ. Health Perspect. 2005, 113, 6-10. [CrossRef]

Choi, J.J.; Eum, S.Y,; Rampersaud, E.; Daunert, S.; Abreu, M.T.; Toborek, M. Exercise attenuates PCB-induced changes in the
mouse gut microbiome. Environ. Health Perspect. 2013, 121, 725-730. [CrossRef]

Tu, P,; Chi, L.; Bodnar, W.; Zhang, Z.; Gao, B.; Bian, X.; Stewart, J.; Fry, R.; Lu, K. Gut Microbiome Toxicity: Connecting the
Environment and Gut Microbiome-Associated Diseases. Toxics 2020, 8, 19. [CrossRef] [PubMed]

Tu, P; Bian, X.; Chi, L.; Gao, B.; Ru, H.; Knobloch, T.J.; Weghorst, C.M.; Lu, K. Characterization of the Functional Changes
in Mouse Gut Microbiome Associated with Increased Population Modulated by Dietary Black Raspberries. ACS Omega 2018,
3, 10927-10937. [CrossRef]

Tu, P; Bian, X.; Chi, L.; Xue, J.; Gao, B; Lai, Y.,; Ru, H.; Lu, K. Metabolite Profiling of the Gut Microbiome in Mice with Dietary
Administration of Black Raspberries. ACS Omega 2020, 5, 1318-1325. [CrossRef]

Tu, P; Chi, L.; Bian, X.; Gao, B.; Ru, H.; Lu, K. A Black Raspberry-Rich Diet Protects From Dextran Sulfate Sodium-Induced
Intestinal Inflammation and Host Metabolic Perturbation in Association With Increased Aryl Hydrocarbon Receptor Ligands in
the Gut Microbiota of Mice. Front. Nutr. 2022, 9, 842298. [CrossRef]


http://doi.org/10.1289/ehp.1205875
http://www.ncbi.nlm.nih.gov/pubmed/23458756
http://doi.org/10.1093/toxsci/kfr184
http://www.ncbi.nlm.nih.gov/pubmed/21750349
http://doi.org/10.1289/ehp.1307429
http://doi.org/10.1021/acs.chemrestox.6b00066
http://www.ncbi.nlm.nih.gov/pubmed/27268458
http://doi.org/10.1093/toxsci/kfx174
http://www.ncbi.nlm.nih.gov/pubmed/28973555
http://doi.org/10.1289/EHP4415
http://doi.org/10.1126/science.1223813
http://doi.org/10.1111/imr.12567
http://doi.org/10.1038/nri2515
http://doi.org/10.1038/nature11552
http://doi.org/10.1038/nature05414
http://www.ncbi.nlm.nih.gov/pubmed/17183312
http://doi.org/10.1186/s40779-017-0122-9
http://www.ncbi.nlm.nih.gov/pubmed/28465831
http://doi.org/10.1289/ehp.0901794
http://www.ncbi.nlm.nih.gov/pubmed/20603239
http://doi.org/10.1289/ehp.7259
http://doi.org/10.1289/ehp.1306534
http://doi.org/10.3390/toxics8010019
http://www.ncbi.nlm.nih.gov/pubmed/32178396
http://doi.org/10.1021/acsomega.8b00064
http://doi.org/10.1021/acsomega.9b00237
http://doi.org/10.3389/fnut.2022.842298

Metabolites 2023, 13, 207 13 of 13

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Tu, P; Xue, J.; Bian, X.; Chi, L.; Gao, B.; Leng, J.; Ru, H.; Knobloch, T.J.; Weghorst, C.M.; Lu, K. Dietary administration of black
raspberries modulates arsenic biotransformation and reduces urinary 8-oxo-2’-deoxyguanosine in mice. Toxicol. Appl. Pharmacol.
2019, 377, 114633. [CrossRef]

Valavanidis, A.; Vlachogianni, T.; Fiotakis, C. 8-hydroxy-2'-deoxyguanosine (8-OHdG): A critical biomarker of oxidative stress
and carcinogenesis. |. Environ. Sci. Health. Part C Environ. Carcinog. Ecotoxicol. Rev. 2009, 27, 120-139. [CrossRef] [PubMed]
Kresty, L.A.; Morse, M.A.; Morgan, C.; Carlton, PS.; Lu, J.; Gupta, A.; Blackwood, M.; Stoner, G.D. Chemoprevention of esophageal
tumorigenesis by dietary administration of lyophilized black raspberries. Cancer Res. 2001, 61, 6112-6119. [PubMed]

Stoner, G.D.; Wang, L.S.; Sardo, C.; Zikri, N.; Hecht, S.S.; Mallery, S.R. Cancer prevention with berries: Role of anthocyanins, in
Bioactive compounds and cancer. In Bioactive Compounds and Cancer; Springer: Berlin/Heidelberg, Germany, 2010; pp. 703-723.
Suez, J.; Korem, T.; Zeevi, D.; Zilberman-Schapira, G.; Thaiss, C.A.; Maza, O.; Israeli, D.; Zmora, N.; Gilad, S.; Weinberger, A.; et al.
Artificial sweeteners induce glucose intolerance by altering the gut microbiota. Nature 2014, 514, 181-186. [CrossRef] [PubMed]
Tsugawa, H.; Cajka, T.; Kind, T.; Ma, Y.; Higgins, B.; Ikeda, K.; Kanazawa, M.; VanderGheynst, J.; Fiehn, O.; Arita, M. MS-DIAL:
Data-independent MS/MS deconvolution for comprehensive metabolome analysis. Nat. Methods 2015, 12, 523-526. [CrossRef]
[PubMed]

Tsugawa, H.; Kind, T.; Nakabayashi, R.; Yukihira, D.; Tanaka, W.; Cajka, T.; Saito, K.; Fiehn, O.; Arita, M. Hydrogen
Rearrangement Rules: Computational MS/MS Fragmentation and Structure Elucidation Using MS-FINDER Software. Anal.
Chem. 2016, 88, 7946-7958. [CrossRef]

LeBlang, J.G.; Milani, C.; de Giori, G.S.; Sesma, E,; van Sinderen, D.; Ventura, M. Bacteria as vitamin suppliers to their host: A gut
microbiota perspective. Curr. Opin. Biotechnol. 2013, 24, 160-168. [CrossRef]

Liu, K\Y.; Nakatsu, C.H.; Jones-Hall, Y.; Kozik, A.; Jiang, Q. Vitamin E alpha- and gamma-tocopherol mitigate colitis, protect
intestinal barrier function and modulate the gut microbiota in mice. Free. Radic. Biol. Med. 2021, 163, 180-189. [CrossRef]

Cai, J.; Sun, L.; Gonzalez, FJ. Gut microbiota-derived bile acids in intestinal immunity, inflammation, and tumorigenesis. Cell
Host Microbe 2022, 30, 289-300. [CrossRef]

Claus, S.P.; Ellero, S.L.; Berger, B.; Krause, L.; Bruttin, A.; Molina, J.; Paris, A.; Want, E.J.; de Waziers, I.; Cloarec, O.; et al.
Colonization-induced host-gut microbial metabolic interaction. MBio 2011, 2, e00271-10. [CrossRef]

Heijtz, R.D.; Wang, S.; Anuar, F; Qian, Y.; Bjorkholm, B.; Samuelsson, A.; Hibberd, M.L.; Forssberg, H.; Pettersson, S. Normal gut
microbiota modulates brain development and behavior. Proc. Natl. Acad. Sci. USA. 2011, 108, 3047-3052. [CrossRef]

Gao, B.; Bian, X.; Mahbub, R.; Lu, K. Sex-Specific Effects of Organophosphate Diazinon on the Gut Microbiome and Its Metabolic
Functions. Environ. Health Perspect. 2017, 125, 198-206. [CrossRef] [PubMed]

Nguyen, A.; Bouscarel, B. Bile acids and signal transduction: Role in glucose homeostasis. Cell. Signal. 2008, 20, 2180-2197.
[CrossRef] [PubMed]

Fu, Y.; Wang, Y,; Gao, H,; Li, D,; Jiang, R.; Ge, L.; Tong, C.; Xu, K. Associations among Dietary Omega-3 Polyunsaturated Fatty
Acids, the Gut Microbiota, and Intestinal Immunity. Mediat. Inflamm. 2021, 2021, 8879227. [CrossRef] [PubMed]

Wallert, M.; Ziegler, M.; Wang, X.; Maluenda, A.; Xu, X.; Yap, M.L.; Witt, R; Giles, C.; Kluge, S.; Hortmann, M.; et al. «-Tocopherol
preserves cardiac function by reducing oxidative stress and inflammation in ischemia/reperfusion injury. Redox Biol. 2019,
26,101292. [CrossRef]

Demirel-Yalciner, T.; Sozen, E.; Ozaltin, E.; Sahin, A.; Ozer, N.K. Alpha-Tocopherol supplementation reduces inflammation and
apoptosis in high cholesterol mediated nonalcoholic steatohepatitis. BioFactors 2021, 47, 403—413. [CrossRef]

Lewis, E.D.; Meydani, S.N.; Wu, D. Regulatory role of vitamin E in the immune system and inflammation. IUBMB Life 2019,
71,487-494. [CrossRef]

Abraham, A.; Kattoor, A.].; Saldeen, T.; Mehta, J.L. Vitamin E and its anticancer effects. Crit. Rev. Food Sci. Nutr. 2019,
59, 2831-2838. [CrossRef]

Yang, C.S.; Luo, P,; Zeng, Z.; Wang, H.; Malafa, M.; Suh, N. Vitamin E and cancer prevention: Studies with different forms of
tocopherols and tocotrienols. Mol. Carcinog. 2020, 59, 365-389. [CrossRef]

Schmidt, T.S.B.; Raes, J.; Bork, P. The Human Gut Microbiome: From Association to Modulation. Cell 2018, 172, 1198-1215.
[CrossRef]

Wolter, M.; Grant, E.T.; Boudaud, M.; Steimle, A.; Pereira, G.V.; Martens, E.C.; Desai, M.S. Leveraging diet to engineer the gut
microbiome. Nat. Rev. Gastroenterol. Hepatol. 2021, 18, 885-902. [CrossRef]

Lee, M.; Chang, E.B. Inflammatory Bowel Diseases (IBD) and the Microbiome-Searching the Crime Scene for Clues. Gastroenterol-
ogy 2021, 160, 524-537. [CrossRef] [PubMed]

Knox, N.C.; Forbes, ].D.; Van Domselaar, G.; Bernstein, C.N. The Gut Microbiome as a Target for IBD Treatment: Are We There
Yet? Curr. Treat. Options Gastroenterol. 2019, 17, 115-126. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/j.taap.2019.114633
http://doi.org/10.1080/10590500902885684
http://www.ncbi.nlm.nih.gov/pubmed/19412858
http://www.ncbi.nlm.nih.gov/pubmed/11507061
http://doi.org/10.1038/nature13793
http://www.ncbi.nlm.nih.gov/pubmed/25231862
http://doi.org/10.1038/nmeth.3393
http://www.ncbi.nlm.nih.gov/pubmed/25938372
http://doi.org/10.1021/acs.analchem.6b00770
http://doi.org/10.1016/j.copbio.2012.08.005
http://doi.org/10.1016/j.freeradbiomed.2020.12.017
http://doi.org/10.1016/j.chom.2022.02.004
http://doi.org/10.1128/mBio.00271-10
http://doi.org/10.1073/pnas.1010529108
http://doi.org/10.1289/EHP202
http://www.ncbi.nlm.nih.gov/pubmed/27203275
http://doi.org/10.1016/j.cellsig.2008.06.014
http://www.ncbi.nlm.nih.gov/pubmed/18634871
http://doi.org/10.1155/2021/8879227
http://www.ncbi.nlm.nih.gov/pubmed/33488295
http://doi.org/10.1016/j.redox.2019.101292
http://doi.org/10.1002/biof.1700
http://doi.org/10.1002/iub.1976
http://doi.org/10.1080/10408398.2018.1474169
http://doi.org/10.1002/mc.23160
http://doi.org/10.1016/j.cell.2018.02.044
http://doi.org/10.1038/s41575-021-00512-7
http://doi.org/10.1053/j.gastro.2020.09.056
http://www.ncbi.nlm.nih.gov/pubmed/33253681
http://doi.org/10.1007/s11938-019-00221-w
http://www.ncbi.nlm.nih.gov/pubmed/30661163

	Introduction 
	Materials and Methods 
	Preparation of Diets 
	Workflow to Investigate Functional Alterations of the Gut Microbiome by Dietary Administration of BRBs upon As Exposure 
	Animals 
	16S rRNA Gene Sequencing 
	Untargeted Metabolomic Analysis 
	Statistical Analysis 

	Results 
	Gut Microbial Changes at Compositional Level 
	Principal Coordinate Analysis (PCoA) and Alpha Rarefaction Analysis 
	Comparative Analysis of Metabolite Profiles 
	Key Metabolites Associated with Dietary Administration of BRBs upon As Exposure 

	Discussion 
	Conclusions 
	References

