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Background: Polychlorinated biphenyls (PCBs) are ubiquitous environmental

pollutants associated with a wide variety of adverse human health outcomes.

PCB 126 and PCB 153 are among the most prevalent congeners associated with

human exposure. Emerging studies have suggested that PCB exposure leads to

lower gut microbial diversity although their effects on microbial production of

health promoting short-chain fatty acids (SCFAs) has been scarcely studied. Blue

potatoes are rich in anthocyanins (ACNs), which is a class of polyphenols that

promote the growth of beneficial intestinal bacteria such as Bifidobacterium

and Lactobacillus and increase the generation of SCFAs. A batch-culture,

pH-controlled, stirred system containing human fecal microbial communities

was utilized to assess whether human gut microbiota composition and SCFA

production are affected by: (a) PCB 126 and PCB 153 exposure; and (b) ACN-rich

digests in the presence and absence of the PCB congeners.

Methods: Anthocyanin-rich blue potato meals (11.03 g) were digested over 12 h

with and without PCB 126 (0.5 mM) and PCB 153 (0.5 mM) using an in vitro

simulated gut digestion model involving upper gastrointestinal digestion followed

by metabolism by human fecal microbiota. Fecal digests were collected for

analysis of gut microbial and SCFA profiles.

Results: Polychlorinated biphenyl-exposed fecal samples showed a significant

(p < 0.05) decrease in species richness and a significantly (p < 0.05) different

microbial community structure. PCB treatment was associated with an increased

(p < 0.05) relative abundance of Akkermansia, Eggerthella, and Bifidobacterium

and a decreased (p < 0.05) relative abundance of Veillonella, Streptococcus, and

Holdemanella. ACN digests counteracted the altered abundances of Akkermansia

and Bifidobacterium seen with the PCB treatment. PCB exposure was associated

with a significant (p < 0.05) decrease in total SCFA and acetate concentrations.

ACN digests were associated with significantly (p < 0.05) higher SCFA and acetate

concentrations in the presence and absence of PCBs.
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Conclusion: Human fecal matter exposed to PCB 126 and PCB 153 led to

decreased abundance and altered gut microbiota profiles as well as lowered

SCFA and acetate levels. Importantly, this study showed that prebiotic ACN-rich

potatoes counteract PCB-mediated disruptions in human gut microbiota profiles

and SCFA production.

KEYWORDS

polychlorinated biphenyl 153, polychlorinated biphenyl 126, gut microbiota,
anthocyanins, short-chain fatty acids, simulated gut model, 16S rRNA gene amplicon
sequencing, V3–V4 hypervariable regions

1. Introduction

Polychlorinated biphenyls (PCBs) are a class of ubiquitous
persistent organic pollutants consisting of 209 congeners. They can
be categorized into dioxin-like and non-dioxin-like PCBs based on
the number and the substitution sites of chlorine atoms on the
biphenyl rings (1). Although PCBs have been banned since the last
century owing to their environmental and human toxicity, they are
still present at measurable levels in the environment and in human
tissues and plasma (2–4). Their high lipophilicity and resistance
to biodegradation enable PCBs to bioaccumulate and biomagnify
throughout the food chain, making food consumption the primary
route of human exposure to PCBs (5, 6). PCB 126 and PCB 153
are among the most potent dioxin-like and non-dioxin-like PCBs,
respectively (1). These two congeners are predominant congeners
found in food (7) and in human plasma (2). The plasma level of∑

PCBs is 0.635 µg/L in the Canadian general population (4). The
PCB exposure disrupts host metabolism (8, 9) and increases the risk
of metabolic disorders including obesity, type 2 diabetes and liver
diseases (10–12). Chronic inflammation is one of the key features of
these metabolic disorders (13). Data from animal model studies and
in vitro studies have reported an association between PCB exposure
and inflammation (14–16).

The gut microbiota consists of trillions of microorganisms
contributing to xenobiotic, nutrient, and energy metabolism (17,
18). External influences such as environmental pollutants and
diet can alter gut microbiota composition and structure (19, 20).
Loss of gut microbiota abundance or imbalance in gut microbiota
structure, which is referred to as gut microbiota dysbiosis, is
associated with the development of metabolic disorders including
obesity and type 2 diabetes (19, 21). Microbial metabolites
are one of the crucial mediators of gut microbiota and host
communication (22). In that regard, short-chain fatty acids
(SCFAs), especially acetate, propionate and butyrate, are major
microbial metabolites produced by gut bacterial fermentation
of non-digestible dietary polysaccharides (22). SCFAs are key
mediators involved in the effects of gut microbiota on intestinal
homeostasis and inflammation (22, 23). For instance, decreased
abundance of butyrate-producing bacteria and butyrate depletion
have been associated with impaired gut barrier function and
chronic inflammation in patients with inflammatory bowel disease
(24, 25). The host-related benefits of SCFAs include controlling
inflammation, maintaining gut barrier integrity and beneficially
modulating the gut microbiota composition (26).

Emerging animal studies have demonstrated that PCB exposure
reduces the diversity of gut microbiota and disrupts their
community composition (14, 27–29). Mouse models have shown
that PCB 126 exposure is associated with decreased levels of
Firmicutes (28) and increased levels of gram-negative bacteria
such as Bacteroidetes (28, 30). Furthermore, PCB treatment
was associated with elevated levels of lipopolysaccharides in the
peripheral circulation and upregulated proinflammatory cytokines
in the mouse brain (30). Non-dioxin-like PCB 153 exposure was
linked to the reduced diversity of gut microbiota as well as to
the increased abundance of Firmicutes and reduced abundance of
Bacteroidetes (29). Notably, there is scarce information regarding
the impact of PCBs on the microbial production of SCFAs. A recent
study has shown that PCB 126 exposure in adult mice lowered cecal
SCFA concentrations (31). Conversely, an increased abundance
of SCFA-producing bacteria Roseburia and Ruminiclostridium was
shown in mice exposed to a PCB congener mixture, although gut
SCFA profiles were not studied (32).

Prebiotics are non-digestible food components that improve
host health by stimulating the growth or activity of colonic
bacteria (33). To date, no previous studies have assessed whether
PCB-induced gut microbiota dysbiosis could be counteracted by
prebiotics. Anthocyanins (ACNs), which are pigments found in
the skin and flesh of colored plant foods, have prebiotic activity
(34). The major dietary sources of ACNs are fruits and vegetables
(35). Besides well-known ACN-rich foods such as berries, blue
and purple fleshed potatoes have a rich anthocyanin content
(36). The primary ACNs in blue and purple fleshed potatoes are
petunidin 3-p-coumaroylrutinoside-5-glucoside and malvidin 3-
feruloylrutinoside-5-glucoside (37). Due to the low bioavailability
of ACNs, the majority of ACNs reach the colon and interact with
gut microbiota (38). Previous results have demonstrated beneficial
effects of ACNs on the gut microbiota community structure and
metabolic functions including the production of SCFAs (38–40).
For instance, Jennings et al. (41) showed that participants with a
higher dietary ACN intake had a greater microbiota diversity and
an increased abundance of butyrate-producing bacteria, including
Clostridiales and Ruminococcaceae in a cross-sectional population
study. ACN extracts from purple sweet potatoes have been shown
to increase total SCFA and acetate production after 24 h in vitro
fermentation with human fecal matter (40). The extracts also
increased the relative abundance of Bifidobacterium, Lactobacillus-
Enterococcus, and reduced the relative abundance of Bacteroides-
Prevotella and Clostridium (40).

Frontiers in Nutrition 02 frontiersin.org

https://doi.org/10.3389/fnut.2023.1130841
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/


fnut-10-1130841 May 24, 2023 Time: 12:16 # 3

Lu et al. 10.3389/fnut.2023.1130841

The computer-controlled batch culture fermentation system is
a validated and convenient model to assess the short-term impact
of dietary components such as polyphenols on gut microbiota
profile and production of microbial metabolites such as SCFAs
(42). This closed fermentation system utilizes a sealed reactor
sequentially representing the oral to intestinal digestion, followed
by colonic fermentation with fecal microbiota. The present study
utilized this batch culture fermentation system containing human
fecal microbiota to assess whether gut microbiota composition
and SCFA production was affected by treatment with: (a) PCB
congeners 153 and 126; and (b) ACN-rich potato meals (11.03 g)
in the presence and absence of the two PCB congeners.

2. Materials and methods

2.1. ACN-rich potato meal preparation

The All Blue (Russian Blue) purple-fleshed potato cultivar was
used as the source of ACNs. Purple-fleshed potatoes have a higher
ACN content compared to other colored potatoes (43, 44). Two
kilograms of organic All Blue potato tubers, with purple skin and
flesh, were obtained from West Coast Seeds (Vancouver, BC).
Potatoes were washed with water, cut into small cubes and cooked
at 100◦C for 20 min. After cooling at room temperature, cooked
potatoes were loosely packed and stored at −20◦C until freeze-
drying. All samples were freeze-dried at −50 to −60◦C with the
vacuum pressure at 0.85 mbar (0.64 mm Hg) using a Christ LCG
Lyo Chamber Guard freeze dryer (Gamma 1-16 LSC, Osterode
am Harz, Germany) under previously established conditions (45).
The freeze-dried potato cubes were ground (CBG100SC, Black and
Decker, Towson, MD, USA) and stored at−80◦C until further use.

2.2. Simulated gastrointestinal (GI)
fermentation

This study used a dynamic computer-controlled batch culture
fermentation system to simulate the oral to colonic conditions
(46, 47). A total of five fermentation reactors (200 mL, one
per treatment) were run in parallel. The physiological conditions
from oral to colonic, including temperature, pH and anaerobic
environment were strictly controlled. The temperature of each
reactor was maintained at 37◦C throughout the digestion by a
circulating water bath. The pH was controlled continuously by
an embedded EZOTM pH circuit (Atlas Scientific, Long Island
City, NY, USA) through a Raspberry Pi microprocessor (ver.
1B Raspberry Pi Foundation, Cambridge, UK). The anaerobic
condition of each reactor was maintained by oxygen-free nitrogen
gas. The workflow overview of this study is shown in Figure 1.

2.3. Batch culture fermentation

On the day of the experiment, each reactor was filled with 90 mL
of gastrointestinal (GI) food that consisted of arabinogalactan
(1 g/L), pectin (2 g/L), glucose (0.4 g/L), xylan (1 g/L), starch

(3 g/L), mucin (4 g/L), proteose peptone (1 g/L), yeast extract
(3 g/L), L-cysteine (0.5 g/L), NaHCO3 (0.4 g/L), Tween 80 (1 mL/L),
vitamin solution (40 µL/L) (Sigma Aldrich, St. Louis, MO, USA)
and autoclaved distilled water. The pH of GI food was adjusted to
seven before use. The formula of GI food was based on Molly et al.
(48), which has been shown to provide optimal growth conditions
for commensal gut bacteria.

2.3.1. Preparation of treatments
Five treatments were prepared and 90 mL GI food was added

to each reactor according to the following treatments: GI control
(2 mL GI food), corn oil vehicle control (CO) (2 mL corn oil;
No Name, Loblaws Inc., Toronto, ON, Canada), ACN-rich potato
meal treatment (ACN) (11.03 g of freeze-dried organic All Blue
potato powder with 2 mL corn oil), PCB treatment (1 mL of
1 mM PCB 126 and 1 mL of 1 mM PCB 153 dissolved in corn
oil; PCB 126 Cat# P274493, PCB 153 Cat# H290835, Toronto
Research Chemicals, North York, ON, Canada), and ACN-rich
potato meal with the PCB co-treatment (PCBs+ACN) (11.03 g
of freeze-dried organic All Blue potato powder with 2 mL PCB
mixture). The dosage of PCBs exposed to the fecal samples (5 µM)
was equivalent to the PCB dosage in plasma (3.4 µM) from acute
PCB-exposed individuals (49). Corn oil was the vehicle control used
to dissolve the lipophilic PCBs instead of dimethyl sulfoxide that
has anti-bacterial effects (50). The ACN content of purple-fleshed
potatoes has a range of 40.5–46.5 mg/100 g fresh weight (36, 51).
Raw and boiled potatoes have a water content of 77–80 and 20–
23% of dry matter, respectively (52). In the present study, 11.03 g
freeze dried, purple-fleshed potato powder was added into the batch
culture fermentation system, which provides an ACN content 18–
22 mg. The estimated daily intake of ACNs in the United States
and Australia is 12.5 mg/day/person and 24.2 mg/day/person,
respectively. Hence, the ACN content (18–22 mg) in this study is
dietarily relevant.

2.3.2. Upper GI digestion
The upper GI digestion procedure was adapted from Tzounis

et al. (47) and Gaisawat et al. (53). Oral digestion was performed
by addition of α-amylase (2 mL 0.47 g/mL; A3176, Sigma Aldrich,
St. Louis, MO, USA) with 5 min incubation at 37◦C and pH 7.0,
followed by adjusting the pH to 2 and adding pepsin solution
(2 mL 0.8 g/mL; P7125, Sigma Aldrich, St. Louis, MO, USA) to
simulate gastric digestion at 37◦C for 1.5 h. Subsequently, the pH
was adjusted to eight using NaOH (1N, Sigma Aldrich, St. Louis,
MO, USA) and then 30 mL pancreatic juice [NaHCO3 (12 g/L), bile
extract (6 g/L) and pancreatin (0.9 g/L), Sigma Aldrich, St. Louis,
MO, USA] were added and incubated at 37◦C for 2 h to mimic small
intestinal digestion.

2.3.3. Fecal slurry preparation
Fecal samples were collected from a healthy, non-smoking 26-

year-old female volunteer who had not taken antibiotics for at least
6 months before the study. Fecal samples were collected 3 days
before the experiment and were aliquoted and frozen according to
Gaisawat et al. (46). Briefly, 211.09 g fecal samples were collected
in the morning and mixed with 12.5% glycerol with 0.9% saline
at a ratio of 1:4 v/v. Samples were then filtered using Whirl-PAK
sterile filter bags (B01348WA, Thermo Fisher Scientific, Pittsburgh,
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FIGURE 1

Workflow overview. Polychlorinated biphenyl (PCB) 153 and PCB 126, with or without anthocyanins (ACNs), along with negative control and vehicle
control were subjected to the batch culture fermentation system, followed by sample collection. Samples were centrifuged, and pellets were
collected for 16S rRNA amplicon sequencing. Supernatants (fecal water) were analyzed via gas chromatography-flame ionization detection (GC-FID)
to determine short-chain fatty acid (SCFA) concentrations.

PA, USA), aliquoted and stored at −80◦C until further use. Frozen
fecal samples (200 mL) were pre-stabilized at 37◦C under anaerobic
conditions for 12 h prior to batch culture fermentation. Fecal
samples were defrosted at room temperature and transferred into
pre-sterilized bottles containing 160 mL GI food using syringes.

2.3.4. Fermentation
After the completion of pancreatic digestion, the digesta were

exposed to reactors that were inoculated with pre-stabilized fecal
slurry (80 mL) to initiate the fermentation (T = 5 min). After
inoculation, fermentation was carried out for 12 h under anaerobic
conditions with the pH controlled at 6.8. Fecal water samples
(6 mL) were collected every 4 h after which they were centrifuged
at 2,000 g for 20 min. The supernatant was filtered through 0.2 µm
filters and stored at−20◦C for later analysis. The pellets were stored
at−80◦C for further extraction.

2.4. SCFA analysis

Short-chain fatty acids were separated and detected using
a 6,890 series gas chromatograph system equipped with a
flame ionization detector (GC-FID) (Agilent Technologies, Santa
Clara, CA, USA), based on a modified method by Sadeghi
Ekbatan et al. (54). Briefly, 100 µL samples were filtered using
0.45 µm syringe filters with 1 µL of filtered sample directly
injected into the GC-FID equipped with a fused capillary
column (30 m × 250 µm ID × 0.25 µm file thickness, HP-
INNOWAS, Agilent Technologies, Santa Clara, CA, USA). The
SCFAs were separated using a HP-INNOWAS 30 m fused capillary
column with 250 µm internal diameter and a film thickness of

0.25 µm. Helium was used as the carrier gas at a flow rate
of 1 mL/min. The inlet and detection temperatures were set at
220 and 230◦C, respectively. The oven temperature was initially
set at 100◦C, held for 2 min and then raised 10◦C/min until
220◦C and held for 1 min. The SCFAs were identified and
quantified based on their retention times compared with free
volatile fatty acid standards at concentrations ranging from 0
to 10 mM (46975-U, Sigma Aldrich, St. Louis, MO, USA). The
concentrations of individual and total SCFAs were calculated in
mM. Samples were analyzed in duplicate from each run of the batch
culture fermentation.

2.5. DNA extraction

Total DNA was isolated from approximately 250–300 mg
fecal pellets from each run of the batch culture fermentation
using the QIAamp Fast DNA Stool Mini Kit (51604, Qiagen,
Hilden, Germany) according to the manufacturer’s protocol
with modifications. The fecal samples were washed twice with
0.05 M phosphate buffer and incubated at 70◦C with 1 mL
InhibitEX (Qiangen, Hilden, Germany) before adding 0.1 mm
zirconia/silica beads (∼300 mg/tube; 360991112, Thermo Fisher
Scientific, Pittsburgh, PA, USA) to each sample tube. Samples
were then homogenized three times using a bead-beater (MP
FastPrep-24, MP Biomedicals, Irvine, CA, USA) at 4 m/s for
1 min prior to centrifugation of samples at 9,000 g for 3 min
to remove the fecal particles. DNA purity was assessed by
260/280 ratio; the ratios obtained for all DNA samples were
between 1.6 and 2.7 and were used for 16S rRNA gene
amplicon sequencing.

Frontiers in Nutrition 04 frontiersin.org

https://doi.org/10.3389/fnut.2023.1130841
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/


fnut-10-1130841 May 24, 2023 Time: 12:16 # 5

Lu et al. 10.3389/fnut.2023.1130841

2.6. 16S rRNA gene amplicon sequencing

The extracted DNA amplification and sequencing followed
the method described by MacPherson et al. (55). The sequencing
library was prepared according to Illumina’s “16 S Metagenomic
Sequencing Library Preparation Guide” (Part # 15044223 Rev. B)
with the exception of the use of Qiagen HotStar MasterMix for the
first polymerase chain reactions (PCR) (amplicon PCR) and halving
reagent volumes for the second PCR. The 16S V3–V4 hypervariable
regions were amplified based on the following primers (without
the overhang adapter sequence): 5′-CCTACGGGNGGCWGCAG-
3′ (forward) and 5′- GACTACHVGGGTATCTAATCC-3′ (reverse),
generating a fragment of around 460 bp. The first PCR (amplicon
PCR) was carried out for 25 cycles with annealing temperature of
55◦C. Diluted pooled samples were loaded on an Illumina MiSeq
system and sequenced using a 500-cycle (paired-end sequencing
configuration of 2× 250 bp) MiSeq Reagent Kit v3.

2.7. Microbiota sequencing data analysis

Sequencing data was analyzed using AmpliconTagger (56).
Briefly, raw reads were scanned for sequencing adapters and PhiX
spike-in sequences. Remaining reads were removed that failed
to meet one of the following conditions: having average quality
Phred score lower than 25; having 40 bases of quality lower than
Phred score 15; and having no undefined bases (N). The remaining
sequences were processed for generating Amplicon Sequence
Variants (ASVs) (DADA2 v1.12.1) (57). Since a quality filtering step
was performed in a separate upstream step (described above), we
used more lenient parameters for the DADA2 workflow which is
summarized as follows: filterAndTrim (maxEE = 2, truncQ = 0,
maxN = 0, minQ = 0). Errors were learned using the learnErrors
(nbases = 1e8) function for both forward and reverse filtered
reads. Reads were merged using the mergePairs (minOverlap = 12,
maxMismatch = 0) function. Chimeras were removed with
DADA2’s internal removeBimeraDeNovo (method = “consensus”)
method followed by UCHIME reference (58). ASVs were assigned
a taxonomic lineage with the RDP classifier (59) using an in-
house training set (doi: 10.5281/zenodo.356015) containing the
complete SILVA release 128 database (60) supplemented with
eukaryotic sequences from the SILVA database and a customized
set of mitochondria, plasmid and bacterial 16S sequences. The RDP
classifier gave a score (0–1) to each taxonomic depth of each ASV.
Each taxonomic depth having a score≥0.5 was kept, reconstructing
the final lineage. Taxonomic lineages were combined with the ASV
abundance matrix obtained above to generate a raw ASV table,
from which a bacterial organisms ASV table was generated. Five
hundred 1,000 reads rarefactions were then performed on this
latter ASV table and the average number of reads of each ASV of
each sample was computed to obtain a consensus rarefied ASV
table. A phylogenetic tree (needed to compute weighted UniFrac
distances) was obtained by aligning ASV sequence representatives
on a Greengenes core reference alignment (61) using the PyNAST
v1.2.2 aligner (62). Alignments were filtered to keep only the
hypervariable region of the alignment. A phylogenetic tree was then
built from that alignment with FastTree v2.1.10 (63). Alpha (Chao
1 index, Shannon index and observed species) and beta (weighted,

unweighted UniFrac and Bray Curtis distances) diversity metrics
and taxonomic summaries were then computed using the QIIME
v1.9.1 software suite (62, 64) using the consensus rarefied OTU
table and phylogenetic tree (i.e., for UniFrac distance matrix
generation). In total, 745 bacterial ASVs were identified.

2.8. Statistical analysis

All data are shown as means ± standard error of the mean
(SEM). SCFA data and gut microbiota beta diversity were analyzed
using two-way ANOVA with treatments and time as factors
followed by Tukey’s HSD multiple comparisons test. When a
significant interaction between treatments and time was observed,
the means of each treatment within the same timepoint were
compared. When the interaction between two factors was not
significant, the means of all timepoints were jointly considered.
Statistical analyses used JMP v14.2 and statistical visualizations for
SCFAs and beta diversity used GraphPad Prism 9.

3. Results

3.1. Gut microbiota diversity and
composition

Beta diversity was used to compare the similarity of gut
microbiota profiles between each treatment and controls over the
12 h digestion (Figure 2). The principal coordinate analysis (PCoA)
plot shows two distinct separations between PCB-containing
groups (PCBs and PCBs+ACN) and controls (GI and CO)
(Figure 2A). The ACN alone treatments tended to cluster with the
GI and CO treatments, except for one replicate from the 4 h ACN
alone digestion (one red dot), two replicates from the 8 h ACN
alone digestion (two gray dots) and one replicate from the 12 h
ACN alone digestion (one green dot), which clustered with samples
from the PCBs alone and PCBs+ACN treatments. However, these
data points did not meet the conditions to be statistically considered
outliers. Therefore, we also represented the Weighted Unifrac data
in a dot plot (Figure 2B) with a two-way ANOVA followed by
Tukey’s HSD test. The weighted UniFrac distance, which accounts
for the relative abundance of each taxon within the communities,
was used to assess the similarity of microbiota profiles among the
different treatments over time. Two-way ANOVA showed only
a significant (p < 0.05) main effect of treatment (Figure 2B).
When the means of all time points were jointly considered, the
PCB treatments (PCBs vs. GI; PCBs+ACN vs. GI) had more
distant microbiota community profiles as compared to non-PCB
containing treatments (GI vs. CO; ACN vs GI), indicating that
the PCBs altered gut microbiota community structure. It appears
that ACN treatment could not protect against the PCB-induced
alteration of gut microbiota community structure as PCBs+ACN
had a higher UniFrac distance compared to ACN vs. GI and
controls. There were no significant differences in weighted UniFrac
distances between ACN vs. GI and control, indicating that ACNs
had a similar microbiota community structure as controls.

Alpha diversity was used to determine the impact of PCBs
and ACNs on the richness and evenness of the gut microbiota
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FIGURE 2

Beta diversity of gut microbiota showing: (A) principal coordinate analysis (PCoA) plot clustered by different treatments. The red ellipse highlights the
clustering of polychlorinated biphenyl (PCB)-containing treatments and the black ellipse, the clustering of non-PCB-containing treatments; and (B)
weighted UniFrac distance comparing each treatment (PCBs, ACN, and PCBs+ACN) with controls (GI vs. CO) at corresponding digestion timepoints.
Treatments not sharing a letter (a, b) have significantly different weighted UniFrac distances with all timepoints jointly combined (p < 0.05) {n = 3
[gastrointestinal (GI), corn oil (CO), and PCBs], n = 4 (ACN and PCBs+ACN)}.

community (Figure 3). Chao 1 index (65) assessed the species
richness within treatment at 4, 8, and 12 h versus the control
digestion at 5 min (Figure 3A). The species richness of both the
CO and PCB treatments was not significantly changed over time.
A trend (p = 0.07) for decreased trend of species richness was shown
at 12 h of digestion with the ACN treatment. Species richness was
significantly (p < 0.05) reduced in the GI control at 12 h and in the
PCBs+ACN treatment at 8 and 12 h indicating that species richness
was not well-maintained over the 12 h digestion.

The ACN treatment showed no significant differences in Chao
1 index (p > 0.05) across time compared to CO at corresponding
time points indicating no change in species richness over the 12 h
digestion. In view of the decreased species richness in the GI
group, the effects of PCBs and ACN treatments on alpha diversity
and uniformity using the Shannon index (66) were compared to
the vehicle CO control at each time point (Figure 3B). In terms
of microbial community diversity and evenness assessed by the
Shannon index, the PCBs treatment showed no differences as
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FIGURE 3

Alpha diversity of gut microbiota quantified by the Chao 1 index for species richness (A) and Shannon index for species richness and evenness (B) for
the five treatments at 5 min, 4, 8, and 12 h of digestion. The means at different time points within the same treatment not sharing a letter (a, b) are
significantly different (p < 0.05). The symbol # represents a significant difference (p < 0.05) between treatment and vehicle control corn oil (CO) at
corresponding digestion time points. The symbol t represents a trend (p = 0.07) over 12 h digestion within the same treatment {n = 3
[gastrointestinal (GI), CO, and polychlorinated biphenyls (PCBs)], n = 4 [anthocyanin (ACN) and PCBs+ACN]}.

compared to CO at the corresponding time points over the 12 h
digestion. A decrease in the Shannon index between PCBs+ACN
compared to the CO control was shown at the beginning of the
digestion at 5 min (p < 0.05) and at 8 h of digestion (p < 0.05).
The ACN treatment showed no significant differences in species
diversity (p > 0.05) across time compared to that of vehicle control
CO at all time points. In terms of the changes in species diversity
within a given treatment, only PCBs+ACN showed a decreased
Shannon index (p < 0.05) at 8 h compared to the Shannon index
at 5 min of digestion in the same treatment.

The relative abundance of the top six taxa down to the
phylum level and the top 20 taxa down to the genus level
of the fecal samples collected from the GI model are shown
in Figures 4, 5. The dominant taxa at the phylum level were
Firmicutes, Bacteroidetes, and Actinobacteria for all treatments
over time while Verrucomicrobia and Proteobacteria were the least
dominant phyla for all treatments. Figure 4 shows that PCB
exposure reduced the relative abundance of Proteobacteria and
Firmicutes while the relative abundance of Verrucomicrobia and
Actinobacteria was increased over time. PCBs+ACN also reduced
the relative abundance of Proteobacteria and Firmicutes but the
relative abundance of Bacteroidetes was increased compared to the
GI and CO controls over the 12 h period. The dominant taxa at the
phylum level were relatively similar between ACNs and the GI and
CO controls over the 12 h digestion time.

At the genus level, ACNs had a similar taxonomic profile
compared to controls whereas PCBs and PCBs+ACN showed a
different taxonomic profile compared to the GI and CO controls
over the 12 h digestion time (Figure 5). The predominant taxa at

the genus level were Bacteroides, Bifidobacterium, Faecalibacterium,
Blautia, Streptococcus, and Holdemanella in GI, CO, and ACN
treatments at 5 min of digestion. The less dominant taxa in
GI, CO, and ACN samples included Veillonella, Akkermansia,
Butyricicoccus, and Dialister at 5 min of digestion. PCB exposure
altered the taxonomic profile at the beginning of the digestion
at 5 min. Specifically, the predominant taxa in PCBs were
Bacteroides, Bifidobacterium, Faecalibacterium, and Blautia with
the proportion of the relative abundance of Blautia increased
compared to controls at 5 min of digestion. PCBs+ACN had a
relatively similar taxonomic profile at the beginning of the digestion
as PCBs. The predominant taxa were Bacteroides, Bifidobacterium,
Faecalibacterium, and Blautia with a higher proportion of the
relative abundance of Bacteroides and Faecalibacterium compared
to control at 5 min of digestion.

The taxonomic profile changed during digestion with a
decreased relative abundance of some taxa and enriched relative
abundance of others for all treatments (Supplementary Figure 2).
PCB treatment increased the relative abundance of Akkermansia,
Bifidobacterium, Blautia, and Eggerthella and reduced the relative
abundance of Streptococcus, Veillonella, Holdemanella, and
Dialister over the 12 h digestion. The relative abundance of
Streptococcus, Veillonella, Holdemanella, and Dialister were also
reduced in PCBs+ACN; however, the co-treatment blunted the
high relative abundance of Bifidobacterium, Akkermansia, and
Blautia induced by PCBs, and also enriched the relative abundance
of Faecalibacterium over the 12 h digestion. The ACN treatment
showed an increased relative abundance of Faecalibacterium
compared to controls.
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FIGURE 4

Taxonomic profiles of the top six taxa down to the phylum level of fecal samples collected from the in vitro gastrointestinal (GI) model over 12 h
digestion. The gut microbiota profile under different treatment groups represents the relative microbiota composition abundance in Amplicon
Sequence Variant (ASV) for each fermentation replicate {n = 3 [GI, corn oil (CO), and polychlorinated biphenyls (PCBs)], n = 4 [anthocyanin (ACN)
and PCBs+ACN]}.

3.2. Total and major individual SCFAs

Polychlorinated biphenyls significantly (p < 0.05) decreased
total SCFA concentrations as compared to controls (GI and CO)
at 12 h digestion (Figure 6). In contrast, the total SCFA level of the
ACN and PCBs+ACN treatments showed no significant differences
when compared to controls (GI and CO) at the 12 h digestion
period. Acetate was the most abundant SCFA (Figure 7A). The
PCBs group had a significantly (p < 0.05) lower acetate level as
compared to the vehicle control CO with all timepoints jointly
combined. ACN and PCBs+ACN had significantly (p < 0.05)
higher acetate concentrations when compared to the vehicle control
CO with all timepoints combined.

The PCBs treatment was associated with significantly (p < 0.05)
lower propionate content (Figure 7B) as compared to controls
with all timepoint jointly considered. The ACN and PCBs+ACN

groups also had significantly (p < 0.05) reduced propionate content
as compared to controls with all timepoints combined. PCBs was
associated with reduced concentrations of butyrate (Figure 7C;
p < 0.05) at 8 and 12 h digestion compared to controls at the
corresponding timepoints. The ACN and PCBs+ACN treatments
showed significantly (p < 0.05) reduced butyrate concentrations
at the last two digestion timepoints compared to controls. The
butyrate level in ACN alone had no significant difference between
GI at 12 h digestion (p > 0.05) The concentrations of valeric
acid, caproic acid, isocaproic acid and heptanoic acid ranged at
concentrations around 3 mM (Supplementary Figure 1). Both
PCBs and PCBs+ACN resulted in a lower concentration (p < 0.05)
of these individual SCFAs compared to either GI control or CO
control. No significant changes were noted in the concentration
of isocaproic acid, valeric acid, caproic acid and heptanoic acids
between ACN and control treatments (Supplementary Figure 1).
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FIGURE 5

Taxonomic profiles of the top 20 taxa down to the genus level of fecal samples collected from the in vitro gastrointestinal (GI) model over 12 h
digestion. The gut microbiota profile under different treatment groups represents the relative microbiota composition abundance in Amplicon
Sequence Variant (ASV) for each fermentation replicate. Red arrows represent taxa regulated by polychlorinated biphenyls (PCBs), black arrow
represents taxa regulated by PCBs+ACN {n = 3 [GI, corn oil (CO), and PCBs], n = 4 [anthocyanin (ACN) and PCBs+ACN]}.

FIGURE 6

Total short-chain fatty acid (SCFA) concentrations with different treatments across time. Data is represented by means ± SEM. Two-way ANOVA
followed by Tukey’s HSD test was used to assess for significant differences. Treatments not sharing common letters (a, b) are significantly different at
the same digestion timepoints (p < 0.05). The symbols #, $ indicate significant differences (p < 0.05) over the 12 h digestion within the same
treatment. Bars not sharing common symbols are statistically different between treatments (p < 0.05) {n = 3 [gastrointestinal (GI), corn oil (CO),
anthocyanin (ACN), and polychlorinated biphenyls (PCBs)], n = 4 (PCBs+ACN)}.
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FIGURE 7

The concentrations of the three major individual short-chain fatty
acids (SCFAs) [(A) acetate, (B) propionate, and (C) butyrate] in fecal
water under different treatments. Data is represented by
means ± SEM. Two-way ANOVA followed by Tukey’s HSD test was
used to assess for significant differences. Treatments not sharing
common letters (a, b, c) are significantly different (p < 0.05) at the
same digestion timepoints. The symbols #, $ represent significant
(p < 0.05) differences over the 12 h digestion time within the same
treatment. Bars not sharing common symbols are statistically
different between treatments (p < 0.05) {n = 3 [gastrointestinal (GI),
corn oil (CO), anthocyanin (ACN), and polychlorinated biphenyls
(PCBs)], n = 4 (PCBs+ACN)}.

4. Discussion

The present findings demonstrate that PCBs disrupted human
gut microbiota community structure and the abundance of specific
taxa, as well as inhibited the production of SCFAs, particularly
acetate. Specifically, PCBs significantly altered gut microbiota
community structure by decreasing the gut microbial species
richness and causing a shift in taxonomic profiles. The human
fecal samples from the current study were exposed to digests

containing 5 µM of PCB that mimics the plasma levels of PCBs
in acutely exposed human populations (49). The observed PCB-
induced alterations of gut microbiota structure in terms of beta
and alpha diversity are consistent with animal model studies
(14, 27–29). For instance, Min et al. (29) also demonstrated
that PCB 153 exposure is associated with a decreased species
richness and diversity in mice. They also observed that PCB
153 exposure resulted in a clear separation of samples from
control in PCA plots (29). Similarly, such division was also
seen between control groups (GI and CO) and PCB treatment
groups (PCBs and PCBs+ACN) in the current study. PCB 126 has
been shown to lower the microbial species richness and evenness
in mice (14), in agreement with the findings regarding species
richness (Chao 1 index) in the present work. The specific taxa
changes after PCBs exposure varies in different mouse model
studies. For example, PCB 126 exposure increased the relative
abundance of Helicobacter, Ruminiclostridium, and Rikenella while
lowering the relative abundance of Allobaculum in female mice
(28). Rats exposed to PCB 126 decreased the bacterial counts of
Lactobacilli and increased the counts of Enterobacteriaceae (67).
Non-dioxin-like PCB 153 exposure depleted Actinobacteria and
enriched Bifidobacterium and Coriobacteriales in female mice (29).
In the present study, bacteria such as Helicobacter, Allobaculum,
and Lactobacilli were not detected in the human fecal samples
of this study. PCB exposure was associated with a decreased
relative abundance of Streptococcus, Veillonella, Holdemanella, and
Dialister and an increased relative abundance of Akkermansia,
Bifidobacterium, and Eggerthella. Although decreased abundance of
these taxa has not been described previously with PCB exposure,
reduced relative abundance of Veillonella was noted in infants
exposed to polybrominated diphenyl ethers from breast milk (68).
In the current study, an increased abundance of Akkermansia and
Bifidobacterium was noted in response to PCB exposure. A similar
enrichment of Akkermansia and Bifidobacterium has also been
observed in mice exposed to PCBs (14, 29). Despite their presumed
health-promoting properties (69, 70), an increased abundance of
these species may not always benefit the host. Akkermansia is a
gram-negative, mucin-degrading bacteria (71). Mouse studies have
shown that an increased abundance of Akkermansia is associated
with a thinner mucin layer and a reduced number of goblet
cells in the cecum, which can disrupt gut barrier integrity and
so increase the risk of inflammation (71–73). An overgrowth of
Akkermansia has also been observed in fecal samples from type
2 diabetes subjects (74) and patients receiving broad-spectrum
antibiotic therapy (75). An increased abundance of Bifidobacterium
has been reported in patients with irritable bowel disease (76). In
the present study, PCB exposure was associated with an increased
abundance of Eggerthella that has been related to an increased risk
of colonic infection and colon cancer (77). Although Proteobacteria
was the least dominant phyla for all treatments in the present
study, the relative abundance of this phylum decreased in both
PCBs and PCBs+ACN over the 12 h digestion period, which
demonstrates that such acute exposure can lead to diminished
and loss of growth of the Proteobacteria phylum. To date, the
associations between PCB exposure and human gut microbiota
has only been previously examined in two population studies.
PCB exposure from breastmilk has been associated with reduced
diversity of gut microbiota composition and decreased abundance
of Lactobacillus spp. in 1 month-old infants (68). Prenatal PCB
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exposure has been associated with an increased relative abundance
of Propionibacteriales and Propionibacteriaceae in mid-childhood
(68). The above taxa were not predominant taxa in the fecal
samples in the present work, which might be due to different gut
microbiota profiles of infants and children versus the adult sample
used in our study.

Anthocyanins did not counteract the PCB-mediated reduction
in species richness and altered gut microbiota structure. The beta
diversity data showed that the PCBs+ACN samples had a similar
reduction in species richness and diversity as compared fecal
samples exposed to PCBs alone. The ACN treatment, however,
did mitigate against PCB perturbation of the abundance of specific
taxa. ACNs suppressed PCB-induced overgrowth of Akkermansia,
Eggerthella, and Bifidobacterium. Also, an increase in the relative
abundance of Faecalibacterium was observed in PCB samples
treated with ACNs, which is in agreement with observations of an
increased relative abundance of Faecalibacterium in mice treated
with ACN-rich black raspberry powder (78). Faecalibacterium are
beneficial bacteria that have been implicated in promoting the
gut environment by improving barrier function and controlling
inflammation (79).

Polychlorinated biphenyls inhibited the production of total
SCFAs, modulated mainly via a reduction in acetate content. Iszatt
et al. (68) reported that the impact of PCB exposure via breastmilk
on infant fecal SCFAs was congener specific. Non-dioxin like PCB
209 was associated with lower acetate content whereas dioxin-like
PCB 167 was associated with increased acetate and propionate
concentrations (31). On the other hand, in vitro fermentation
studies involving mouse fecal matter showed a reduction in
succinate production and enhanced propionate production with
no change in acetate content after 48 h exposure to 2 µM of PCB
126 (80). The contrasting results to the present study could be
due to species-related differences in microbial SCFA production.
Notably, lactate (69%) is the most abundant SCFA in mice, followed
by acetate (25%), propionate (3%) and butyrate (3%) (81) whereas
acetate is the most abundant SCFA in human fecal matter, followed
by propionate and butyrate (22). The acetate concentrations
(42.3 ± 11 mM) in our control samples (collected from an Asian
female) are in the range of previously reported human fecal
acetate values (39.9–56.1 mM) from an Asian cohort (22). Likewise,
the propionate (22.9 ± 6 mM) and butyrate (25 ± 11 mM)
concentrations in the current study are also similar to propionate
(12.8–23.6 mM) and butyrate (12.9–19 mM) concentrations in
human fecal samples from an Asian cohort, respectively (22). The
decreased level of propionate and butyrate in response to PCB
exposure might be partly related to the reduced abundance of
butyrate- and propionate-producing Holdemanella and Dialister
(82), and propionate-producing Veillonella in the PCB-treated
samples (22).

The ACN-rich treatment positively modulated the production
of SCFAs, especially acetate, to mitigate against inhibition of
SCFAs production by PCBs. In contrast to acetate, the butyrate
content (7 mM) in the ACN alone treatment was reduced at
8 h digestion compared to GI and CO; however, the butyrate
content (14 mM) at the longer digestion period of 12 h showed
no significant difference as compared to the control GI group.
Also, the lower propionate (15 mM) and butyrate (14 mM)
concentrations of the ACN treatment at the 12 h digestion still
fall within the physiological ranges in human fecal samples as

previously described above (22). The batch culture fermentation
system is a common model to study the metabolic profile of SCFAs
produced from gut microbiota fermentation of prebiotics (42).
The in vitro fermentation model using human fecal matter has
shown that sweet potato ACNs increased total SCFA and acetate
concentrations, which coincides with the present findings (40).
Animal model studies have also shown a similar induction of fecal
SCFA production following ACN treatment (38, 39). Mixtures of
acetate, propionate and butyrate have been indicated to provide
carbon sources to enhance microbial dechlorination of PCBs in
carbon-limited sediment slurries, which could limit toxicity of
PCBs in the environment (83). It is conceivable that SCFAs could
play a role in gut microbial PCB dechlorination and detoxification,
which requires further investigation.

The computer-controlled batch culture fermentation system
was used in this study. This fermentation system is a valid
and convenient model to assess the interactions between dietary
components such as complex carbohydrates or resistant starch
and gut microbiota composition (40, 42). One limitation is that
there is no membrane or intestinal epithelium in the reactor of
the batch culture fermentation model to enable absorption of
digestible materials or microbial metabolites such as SCFAs during
fermentation (84). During digestion, ACN content has been shown
to be stable going from the oral to gastric phases, allowing the
majority of ACNs to transit to the intestinal digestion and colonic
fermentation phases (85). ACNs, however, have a low bioavailability
as only 5–10% are absorbed in the small intestine (38). The
majority of ACNs reach the colon intact to exert prebiotic effects
on gut microbiota that can promote colonic health (38). The other
limitation of this study is that the collected fecal sample used in
the batch culture fermentation system came from a single donor.
Both individual and pooled fecal samples have been indicated to
have their own inherent limitations in batch culture fermentation
studies (86, 87). The use of mixed fecal samples from different
individuals could minimize the inter-individual diversity in the
composition of human gut microbiota (86). On the other hand,
Roberts et al. (87) suggested that the fermentation profiles of mixed
fecal samples only reflect competitively dominant bacterial species
from one or more donors (niche exclusion principle) rather than
a physiological bacterial ecosystem. Van den Abbeele et al. (88)
compared the impact of wheat-derived prebiotic fiber and inulin
on microbial profiles and SCFA production using inoculation of
pooled samples in the dynamic in vitro TNO colon model (TIM-
2) versus inoculation of a fecal sample from a single donor in the
Simulator of the Human Intestinal Microbial Ecosystem (SHIME).
Their results demonstrated that the composition of the bacterial
community profiles and SCFA production were similar between
the two experimental settings (88). Thus, the functional differences
between the use of single donor versus multiple donors for batch
culture fermentation studies are unclear, which has been attributed
to major functional overlaps of the microbiota among different
individuals (86). Existing research evidence has suggested that
inter-individual variability in host genotype and gut microbial
metabolism of certain types of polyphenols could modulate their
protective effects on chronic disorders such as neuroinflammation,
cardiovascular disease and metabolic syndrome (89). To date, it is
not known whether there exists inter-individual variability in the
metabolism of the primary ACNs found in blue- or purple-fleshed
potatoes, such as petunidin 3-p-coumaroylrutinoside-5-glucoside
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and malvidin 3-feruloylrutinoside-5-glucoside (37). Future studies
could involve investigating whether inter-individual variability in
gut microbiota composition can lead to variations in the health
benefits of ACN-rich potato meals, including their protective effects
against PCB-induced gut microbiota dysbiosis.

5. Conclusion

Short-term exposure to PCBs disrupted gut microbiota
composition and diversity and inhibited SCFA production.
ACN-rich potato treatment protected against PCB-induced
diminishment of SCFAs and mitigated against changes in the
relative abundances of specific taxa. To our knowledge, this is the
first study investigating the impact of PCBs on human associated
gut microbiota profile and production of SCFAs in a batch culture
fermentation system. This is also the first study assessing the
protective effects of ACN-rich potato meals on PCB-induced
disruption of gut microbiota and the production of SCFAs.
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