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ABSTRACT Extensive research shows that dietary variation and toxicant exposure
impact the gut microbiome, yielding effects on host physiology. However, prior work
has mostly considered such exposure-microbiome interactions through the lens of
single-factor exposures. In practice, humans exposed to toxicants vary in their di-
etary nutritional status, and this variation may impact subsequent exposure of the
gut microbiome. For example, chronic arsenic exposure affects 200 million people
globally and is often comorbid with zinc deficiency. Zinc deficiency can enhance ar-
senic toxicity, but it remains unknown how zinc status impacts the gut microbiome’s
response to arsenic exposure and whether this response links to host toxicity. Using
16S amplicon sequencing, we examined the combinatorial effects of exposure to en-
vironmentally relevant concentrations of arsenic on the composition of the micro-
biome in C57BL/6 mice fed diets varying in zinc concentration. Arsenic exposure and
marginal zinc deficiency independently altered microbiome diversity. When com-
bined, their effects on microbiome community structure were amplified. Generalized
linear models identified microbial taxa whose relative abundance in the gut was per-
turbed by zinc deficiency, arsenic, or their interaction. Further, we correlated taxo-
nomic abundances with host DNA damage, adiponectin expression, and plasma zinc
concentration to identify taxa that may mediate host physiological responses to ar-
senic exposure or zinc deficiency. Arsenic exposure and zinc restriction also result in
increased DNA damage and decreased plasma zinc. These physiological changes are
associated with the relative abundance of several gut taxa. These data indicate that
marginal zinc deficiency sensitizes the microbiome to arsenic exposure and that the
microbiome associates with some toxicological effects of arsenic.

IMPORTANCE Xenobiotic compounds, such as arsenic, have the potential to alter
the composition and functioning of the gut microbiome. The gut microbiome may
also interact with these compounds to mediate their impact on the host. However,
little is known about how dietary variation may reshape how the microbiome re-
sponds to xenobiotic exposures or how these modified responses may in turn im-
pact host physiology. Here, we investigated the combinatorial effects of marginal
zinc deficiency and physiologically relevant concentrations of arsenic on the micro-
biome. Both zinc deficiency and arsenic exposure were individually associated with
altered microbial diversity and when combined elicited synergistic effects. Microbial
abundance also covaried with host physiological changes, indicating that the micro-
biome may contribute to or be influenced by these pathologies. Collectively, this
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work demonstrates that dietary zinc intake influences the sensitivity of the micro-
biome to subsequent arsenic exposure.

KEYWORDS arsenic, gut, microbiome, zinc

The human gut microbiome mediates thousands of interactions between their hosts
and xenobiotic compounds daily (1). For example, gut microbes can metabolize

xenobiotics, modulate the absorption and dissemination of toxicants (2), and alter
bioavailability or activity of pharmaceuticals (3). As microbiome composition is highly
personalized, the magnitude of these effects may differ across individuals (4, 5).
Environmental factors that alter the composition or function of the microbiome, such
as dietary variation (6), may then affect individual variation in response to xenobiotic
exposure (5). These exposures could also alter the sensitivity of the microbiome to
subsequent xenobiotic exposures, potentially driving the microbiome into a dysbiotic
state. Given the well-described associations between microbiome variation and disease
(7–11), it is important to understand the extent to which environmental parameters
may influence the microbiome’s susceptibility to xenobiotics or its ability to mediate or
modify the effects thereof. Yet, no study has explored how dietary variation and
environmental chemical exposure interact to affect the microbiome.

Nearly 2 billion people worldwide consume insufficient zinc (12). While the impact
of various macronutrients (e.g., fat and protein) on the gut microbiome is well de-
scribed (6, 13, 14), less is known about how dietary micronutrient variation, such as zinc
deficiency, impacts the microbiome and how these impacts may influence host health.
The studies that have explored the impact of zinc deficiency on the microbiome find
that this single dietary micronutrient can significantly affect the microbiome’s compo-
sition (15), which follows from the fact that zinc is an essential nutrient for microbial
cells. However, these studies tend to focus on extreme zinc deficiencies (i.e., complete
lack of dietary zinc [16, 17]); little is known about how moderate insufficiencies, such as
the marginal zinc deficiencies that typically arise from inadequate dietary intake of zinc,
impact the microbiome.

Many individuals who consume inadequate amounts of zinc also live in regions
where the risk of exposure to toxicants, such as arsenic, is high (18–20). Hundreds of
millions of people worldwide (21) routinely consume inorganic and organic forms of
arsenic in drinking water and food (22, 23). The concentrations of dietary exposure to
the more toxic inorganic forms of arsenic vary widely and frequently exceed safety
thresholds (10 �g/liter [19, 21, 24]). Chronic exposure to high arsenic concentrations
increases the risk of cancer, cardiovascular disorders, and neuropathies (25). At low
concentrations— even those nearing safety thresholds— exposure can also negatively
impact health, but the severity of these effects varies (26, 27). This interindividual
variation may result from personalized susceptibility to arsenic exposure (21). Several
genetic and dietary factors affect arsenic susceptibility (21, 22, 28). Among these factors
are micronutrient deficiencies, including zinc deficiency. Zinc and arsenic interact with
common proteins (29, 30), and zinc deficiency and arsenic exposure yield similar
pathologies (31–33). Moreover, restriction of dietary zinc alters the host’s sensitivity to
toxicant exposures, including arsenic (28, 34, 35). Despite these observations, it remains
unclear how zinc restriction modulates the physiological effects of arsenic exposure.

While we know that dietary zinc can impact arsenic toxicity in the host (28), we do
not understand how marginal zinc deficiency affects the microbiome’s response to
subsequent arsenic exposure or how any such combinatorial effects on the microbiome
relate to host physiology. For example, consumption of a zinc-deficient diet may enrich
for microbes lacking traits required to metabolically detoxify or resist arsenic (36).
Consequently, gut bacteria may suffer increased sensitivity to arsenic upon exposure,
which may magnify the effects of arsenic on the microbiome. It is important to define
how zinc and arsenic interact to affect the gut microbiome because such interactions
could contribute to the physiological response of dual exposure in the host. For
example, if a zinc-deficient gut microbiome is more sensitive to arsenic, then it is
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possible that its contribution to homeostasis is more likely to break down upon arsenic
exposure.

To determine if multifactorial interactions between zinc, arsenic, and the gut mi-
crobiome exist, we examined the impact of physiologically relevant levels of zinc
deficiency, through marginal zinc deficiency (37), on the response of the microbiome to
environmentally relevant levels of arsenic exposure. Given the independent effects of
zinc and arsenic on the gut microbiome, we hypothesized that zinc deficiency and
exposure to arsenic yield combinatorial effects on the gut microbiome. We found that
arsenic exposure had a modest effect on the microbiome of animals fed zinc-adequate
(ZA) diets; however, mice fed marginally zinc-deficient (MZD) diets experienced signif-
icant shifts in microbiome composition in response to arsenic exposure. Changes in
microbial relative abundance were also associated with host physiological responses to
zinc restriction and arsenic exposure. Our data indicate that zinc restriction alters the
microbiome’s sensitivity to arsenic exposure and that gut microbes are linked to the
physiological changes associated with arsenic exposure and dietary zinc deficiency.
Considering the associations between the gut microbiome and health, moderate
micronutrient deficiencies may have broader health risks than previously appreciated.

RESULTS
Arsenic exposure and zinc restriction alter host physiology. To evaluate the

effects of arsenic exposure and marginal zinc deficiency on host physiology, both alone
and in combination, we exposed C57BL/6 mice fed either ZA or MZD diets to environ-
mentally relevant concentrations of arsenic (50 and 500 ppb) in their drinking water for
6 weeks. After 6 weeks, the plasma zinc concentrations of mice fed MZD diets were
significantly lower than those in mice fed ZA diets (F1,42 � 4.177, P � 0.05) (Fig. 1A).
Plasma zinc levels were also significantly decreased in animals exposed to arsenic
(F2,42 � 3.297, P � 0.05). However, no interaction between arsenic exposure and zinc
restriction was observed (F2,42 � 0.064, P � 0.93). Neither arsenic exposure nor diet
significantly impacted mouse weight gain (F5,42 � 0.756, P � 0.587) (Fig. 1B).

Animals fed MZD diets had significantly lower plasma adiponectin (F1,42 � 5.266,
P � 0.05) (Fig. 2A), indicating that oxidative stress may be increased in these animals
(38, 39). Arsenic did not significantly impact adiponectin (F2,42 � 0.494, P � 0.61).
Arsenic exposure (F2,42 � 6.066, P � 0.005) and zinc restriction (F1,42 � 4.357, P � 0.05)
resulted in increased cellular DNA damage (Fig. 2B). These results are consistent with
the elevated DNA damage and oxidative stress shown in previous studies (31, 40).
Interaction between zinc restriction and arsenic exposure did not significantly contri-
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FIG 1 Zinc restriction and arsenic exposure reduce plasma zinc concentrations but not growth of mice.
(A) Plasma zinc concentration in animals fed zinc-adequate (ZA) (gray boxes) and marginally zinc-
deficient (MZD) diets (blue boxes) and exposed to environmentally relevant concentrations of arsenic.
Boxes represent the interquartile range (IQR); the line inside each box represents the median. Upper
whiskers on boxes represent the smaller of the maximum value or quartile 3 � (1.5 � IQR). Lower
whiskers on boxes represent the larger of the minimum value or quartile 1 � (1.5 � IQR). (B) Weight of
mice (g) across the length of the study. Points on each lines indicate the mean weight of animals within
a group at a given time point, and whiskers represent the mean � the standard error of the mean.
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bute to the variation of either adiponectin (F2,42 � 0.428, P � 0.65) or DNA damage
(F2,42 � 1.906, P � 0.16). Together these results suggest that arsenic exposure and zinc
deficiency elicit similar physiological effects at environmentally relevant levels of
arsenic. However, the combinatorial effects of arsenic exposure and zinc restriction did
not significantly impact these host physiological parameters.

Dietary zinc restriction and exposure to inorganic arsenic diversifies the gut
microbiome. To clarify the effect of dietary zinc deficiency on the gut microbiome, we
quantified the differences in gut microbiome biodiversity between MZD- and ZA
diet-fed mice. Animals fed zinc-restricted diets displayed higher intragroup �-diversity
(Bray-Curtis), a measure of microbiome similarity between members of the same
experimental group, than animals fed zinc-adequate diets (W � 137, P � 0.0001)
(Fig. 3A). While we observed no differences in Shannon entropy, a measure of micro-
biome richness and evenness, between MZD- and ZA diet-fed animals (W � 21,
P � 0.27) (Fig. 3B), we did find that Shannon entropy negatively correlated with plasma
zinc levels in these animals (� � �0.59) (Fig. 3C), indicating that the biodiversity of the
microbiome may influence plasma zinc concentration and that dietary zinc restriction
alters microbiome community composition.

As plasma zinc concentration correlates with diversity, we assessed whether plasma
zinc concentration associates with the abundance of specific gut taxa. This analysis
revealed few meaningful associations, even at relatively permissive false-discovery rate
thresholds (q � 0.2). Specifically, using linear regression we found that plasma zinc
concentration was positively correlated with the abundance of the genera Shewanella,
Rheinheimera, and Bifidobacterium. Unclassified genera of the orders Herpetosiphonales
and RF39 also positively associate with plasma zinc. Collectively, these results suggest
that zinc restriction causes a stochastic, marginal disturbance to the gut microbiome
that increases microbiome diversity, but does not necessarily favor one taxon over
another.

We next asked if environmentally relevant levels of arsenic alter microbiome diver-
sity. Mice that were both exposed to 50 or 500 ppb in their drinking water and fed ZA
diets displayed elevated intragroup �-diversity (Bray-Curtis) compared to unexposed
controls that were fed the same diet [H(2) � 10.829, P � 0.005] (Fig. 4A). Intragroup
diversity did not significantly vary between the 50- and 500-ppb groups. Shannon
entropy and intergroup �-diversity were not significantly impacted by arsenic exposure
in ZA diet-fed animals [H(2) � 0.06, P � 0.97] (Fig. 4B and C). These results suggest that,
like zinc, arsenic exposure diversifies the microbiome in a stochastic manner.

Zinc restriction associates with altered response to arsenic. To determine if zinc
restriction alters the microbiome’s response to arsenic exposure, we quantified the
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FIG 2 Zinc restriction and arsenic exposure disrupt host physiology. (A) Plasma adiponectin concen-
trations and (B) comet assay tail moment in zinc-adequate (ZA) and marginally zinc-deficient (MZD)
diet-fed animals exposed to arsenic. Boxes represent the interquartile range (IQR), and the line inside
each box represents the median. Upper whiskers on boxes represent the smaller of the maximum value
or quartile 3 � (1.5 � IQR). Lower whiskers on boxes represent the larger of the minimum value or
quartile 1 � (1.5 � IQR).
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difference in abundance between arsenic-exposed and unexposed animals fed either MZD
or ZA diets. Arsenic exposure altered intragroup �-diversity in animals fed ZA [H(2) � 21.97,
P � 0.005] (Fig. 4A) and MZD (P � 0.001) (Fig. 4D) diets. However, the direction of this
change differed, depending on the diet: animals fed MZD diets experienced decreased
intragroup �-diversity when exposed to arsenic, while ZA diet-fed animals correspond-
ingly increased in diversity. Both MZD and ZA animals had decreased Shannon entropy:
however, this reduction was only significant in MZD animals [H(2) � 6.305, P � 0.05]
(Fig. 4B and E). While significant differences between individual arsenic doses were not
observed in MZD animals (pairwise Wilcoxon test, P � 0.1), there was a significant
monotonic relationship between Shannon entropy and arsenic concentration (� �

�0.52, P � 0.009). No association was detected in ZA animals (� � 0, P � 1). The
disparate reaction to arsenic exposure in ZA and MZD animals was consistent at the
level of intergroup Bray Curtis �-diversity. The interaction between zinc restriction and
arsenic was significantly associated with altered microbial community structure (adonis,
F1,47 � 5.29, R2 � 0.10, P � 0.005). The concentrations of arsenic (F1,47 � 1.41, R2 � 0.03,
P � 0.21) and dietary zinc (F1,47 � 1.03, R2 � 0.02, P � 0.37) alone did not contribute
significantly to the observed variance in intergroup �-diversity. When the diets were
considered separately, arsenic exposure was associated with altered microbial commu-
nity composition in MZD animals (F1,23 � 6.712, R2 � 0.23, P � 0.005) (Fig. 4F) but not
ZA animals (F1,23 � 0.756, R2 � 0.03, P � 0.58) (Fig. 4C). Together these data suggest
that zinc restriction sensitizes the microbiome to arsenic exposure.

To further examine microbiome sensitization, we quantified how the abundance of
specific gut genera varies as a function of both dietary zinc status and arsenic exposure
using robust generalized linear models. The abundance of the genera Adlercreutzia,
Ruminococcus, Plesiomonas, and Epulopiscium, as well as unclassified genera within
Rikenellaceae, S24-7, Clostridiales, Lachnospiraceae, and Erysipelotrichaceae, was nega-
tively associated with the concentration of arsenic exposure (Fig. 5). Conversely, the
abundance of genera Akkermansia and Clostridium was positively associated with
arsenic concentration, indicating that the abundance of these taxa increases as arsenic
increases. Two genera, an unclassified genus within Peptostreptococcaceae and the
genus Clostridium, were significantly elevated in animals fed MZD diets compared to
those fed ZA diets (Fig. 5). Significant interaction effects between diet and arsenic
exposure on microbial abundance were also observed for the genera Akkermansia and
Clostridium, as well as a single unclassified genus within each the families Erysipelo-
trichaceae, Lachnospiraceae, and S24-7. Interestingly, the abundances of Akkermansia
and S24-7 (Fig. 5) disparately respond to arsenic exposure in animals fed MZD and ZA
diets, suggesting that zinc restriction may alter the manner in which a microbiome
responds to chemical exposure. These analyses indicate that marginal zinc deficiency
increases the microbiome’s sensitivity to arsenic exposure and may alter the response
of a microbiome to chemical exposure.

Microbial abundance associates with physiological responses to arsenic expo-
sure. Arsenic exposure has previously been linked to aberrant DNA damage response
and oxidative stress (21, 40). We reasoned that if the microbiome mediates response to
arsenic, there should exist associations between the relative abundance of gut taxa and
physiological indicators of arsenic exposure, such as DNA damage and oxidative stress.
To examine this possibility, we fit linear regressions to quantify the effects of zinc,
arsenic, the interaction between zinc and arsenic concentration, and genus relative
abundance as the model parameters. We then used an analysis of variance (ANOVA)
test to determine if inclusion of taxon relative abundance significantly improved the
model fit compared to a reduced model (no genus relative abundance parameter).
While we did not observe significant associations (q � 0.20) between comet tail mo-
ment and the microbiome, serum adiponectin levels were positively associated with
the genera Cellvibrio, and Shewanella. Positive associations were also observed between
adiponectin and both an unclassified genus within the family Neisseriaceae and an
unclassified genus within the class Tenericutes. These findings suggest that some host
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physiological responses to arsenic exposure associate with the relative abundance of
some gut microbiota.

DISCUSSION

Our study finds that both marginal zinc deficiency and arsenic exposure yield
moderate impacts on the composition of the microbiome. However, when zinc defi-
ciency occurs in conjunction with arsenic exposure, these effects on the microbiome
magnify. We also observe associations between microbial abundance and indicators of

FIG 3 Marginal zinc deficiency alters microbiome diversity. (A) Intragroup Bray-Curtis �-diversity and (B) Shannon entropy
of animals fed zinc-adequate (ZA) and marginally zinc-deficient (MZD) diets. Boxes represent the interquartile range (IQR),
and the line inside each box represents the median. Upper whiskers on boxes represent the smaller of the maximum value
or quartile 3 � (1.5 � IQR). Lower whiskers on boxes represent the larger of the minimum value or quartile 1 � (1.5 �
IQR). (C) Scatter plot displaying association between Shannon entropy and plasma zinc concentration. ***, P � 0.001.

FIG 4 Zinc deficiency sensitizes the gut microbiome to arsenic exposure. (A) Intragroup Bray-Curtis �-diversity, (B)
Shannon entropy, and (C) nonmetric multidimensional scaling ordination of �-diversity with adonis R2 and P values
for animals fed zinc-adequate (ZA) diets. (D) Intragroup Bray-Curtis �-diversity, (E) Shannon entropy, and (F)
nonmetric multidimensional scaling ordination of �-diversity with adonis R2 and P values for animals fed marginally
zinc-deficient (MZD) diets. Colored ellipses indicate the 95% confidence interval for each group. For box plots, the
boxes represent the interquartile range (IQR), and the line inside each box represents the median. Upper whiskers
on boxes represent the smaller of the maximum value or quartile 3 � (1.5 � IQR). Lower whiskers on boxes
represent the larger of the minimum value or quartile 1 � (1.5 � IQR). *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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host DNA damage and oxidative stress. Collectively, these results indicate that marginal
zinc deficiency sensitizes the microbiome to the impact of environmentally relevant
concentrations of arsenic and that these changes to the microbiome are linked to host
physiological changes that occur during zinc restriction and arsenic exposure. More-
over, these results highlight that dietary micronutrient status and environmental
chemical exposure manifest synergistic effects on the gut microbiome. The finding that
dietary micronutrient exposure influences the microbiome’s response to subsequent
exposures has implications in almost every field of biomedical research and may help
explain some of the variation in microbiome studies in human populations.

Despite the importance of arsenic toxicity and the growing awareness of the
microbiome as an agent of health, we understand relatively little about the effects of
arsenic exposure on the gut microbiome. Prior research found that exposure to high
concentrations of arsenic alters microbial community structure and operation (41).
Here, we found that environmentally relevant concentrations of arsenic elicit moderate
impacts on microbiome diversity. This finding complements a recent study that also
showed that concentrations of arsenic similar to those used here (100 ppb) disrupt
microbiome composition and function (42). However, this prior study observed larger
effects of arsenic exposure on the microbiome. Chi and colleagues leveraged a longer
exposure period in their study (13 weeks), which could account for this variation in
effect size. Moreover, facility, strain, or background diet effects could contribute to the
differences in magnitude that we observed (43). For example, if the initial microbiome
of mice in our facility were enriched for taxa that rapidly detoxified arsenic, then any
effects of arsenic exposure in our mice may have been mitigated. Despite the differ-
ences in magnitude, both studies highlight the impact of short-term arsenic exposure
on the composition of the microbiome. Further study is warranted to determine the
minimum exposure length and dose that are sufficient to disrupt the microbiome.
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While micronutrient deficiencies are well studied in terms of their effects on health
(12), we are only beginning to understand their impact on the gut microbiome. In the
case of zinc, prior research demonstrated that severe depletion of zinc (0 to 2.5 �g/g)
alters the composition and operation of the gut microbiome (15–17). Our study extends
this prior work by demonstrating that marginal dietary zinc deficiency similarly results
in a modest, yet significant, restructuring of the gut microbiome. In bacteria, zinc
starvation inhibits growth (44), disrupts enzyme activity (45), and increases the expres-
sion of zinc transporters (46). Although we did not measure the metabolic outputs of
the microbiome during zinc deficiency, it is possible that altered microbial metabolism
in MZD animals played a role in the microbiome’s heightened sensitivity to arsenic
exposure.

Combining marginal zinc deficiency and arsenic exposure amplified their effects on
the gut microbiome. This observation is consistent with the intermediate disturbance
hypothesis, which postulates that community diversity maximizes at intermediate
levels of ecological disturbance (47). Under this framework, large disturbances, such as
frequent antibiotic exposure, reduce diversity as the disturbance selects for a relatively
small set of organisms. It is possible that both marginal zinc deficiency and arsenic
exposure constitute moderate microbiome-perturbing agents, and therefore their ad-
ministration results in increased microbiome diversity. However, when applied in
combination, their synergistic effect induces a perturbation of far greater magnitude
and results in decreasing diversity. If this were the case, then we would expect that
micronutrient deficiency would increase susceptibility to many other microbiome-
perturbing agents. Moreover, this would also suggest that these deficiencies might
lower the exposure threshold needed to perturb the gut microbiome.

Both zinc deficiency and arsenic exposure modulate oxidative stress, inflammation,
DNA repair and metabolism (12, 21, 33, 48–51). Correspondingly, our study finds that
marginal zinc deficiency and arsenic exposure both independently increased DNA
damage and decreased plasma zinc. Cellular DNA damage positively associated with
the abundance of the phylum Tenericutes, which prior work links to perturbed gut
microbiomes, such as those subject to pathogenic infection (52). Zinc restriction also
decreased plasma adiponectin. The family Neisseriaceae, which is depleted in inflamed
guts (53), positively associates with adiponectin. These associations suggest that the
microbiome may contribute to some of the physiological effects associated with zinc
restriction and arsenic exposure.

Collectively, the results of this study bolster the hypothesis that the gut microbiome
affects an individual’s physiological response to zinc deficiency and arsenic exposure. A
thorough test of this hypothesis ultimately requires demonstrating that the exposure-
induced perturbations to the gut microbiome contribute to the physiological responses
to those perturbations. Though our study design cannot disentangle cause-and-effect
relationships, our results point to potential mechanisms through which zinc deficiency
and arsenic exposure may impact the gut microbiome to disrupt physiology. For
example, zinc deficiency and arsenic exposure can yield gastrointestinal dysfunctions
and elevated intestinal inflammation (54). Our results imply that these exposures could
deplete members of the families Rikenellaceae and Lachnospiraceae to consequently
contribute to these dysfunctions. Rikenellaceae depletion is associated with impaired
mucosal immune function and increased gut inflammation (55). Similarly, Lachno-
spiraceae contains taxa that produce butyrate, which reduces oxidative stress and
inflammation (56), and prior work links their depletion to inflammatory disorders such
as Crohn’s disease (57). Correspondingly, MZD animals exposed to arsenic experienced
elevated levels of Akkermansia, which contain taxa that induce proinflammatory im-
mune responses in human peripheral blood mononuclear cells (58). Akkermansia has
also been shown to exacerbate inflammation during infection with intestinal patho-
gens (59). These observations specifically point to inflammation as a potential means
through which the microbiome mediates the effects of zinc deficiency and arsenic
exposure. However, it is unclear if the microbiome plays a role in the proinflammatory
immune environment during zinc restriction and arsenic exposure or if the altered
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microbial abundance was due to altered host physiology in response to marginal zinc
deficiency or arsenic. Zinc restriction may also reduce both the host’s and microbiome’s
ability to detoxify arsenic exposure. For example, zinc restriction may alter the expres-
sion or activity of enzymes involved in the excretion or methylation of arsenic, such as
highly conserved arsenic(III) methyltransferase (60). This would increase or prolong the
exposure to arsenic, potential enhancing its effects on microbiome and host physiol-
ogy. It is worth disentangling these relationships in future studies because if the
microbiome contributes to the physiological effects of micronutrient deficiency and
arsenic exposure, then it may be used as a therapeutic intervention to mitigate these
effects. Alternatively, the gut microbiome may be a useful diagnostic for assessing
arsenic exposure, though any such diagnostics would need to account for the inter-
acting effects of alternative exposures as documented here.

If the microbiome is important in detoxification of xenobiotics, then any stimuli that
alter microbiome composition, function, resistance to perturbation, or resilience may, in
turn, alter an individual’s response to subsequent xenobiotic exposures. Thus, based on
our prior work and the results of this study, we hypothesize that micronutrient status
may have a significant impact on an individual’s response to toxicant exposure such as
arsenic. This study demonstrates that coupling zinc deficiency with environmentally
relevant exposures to arsenic yields combinatorial effects on the gut microbiome.
Moreover, these exposure-induced effects on the gut microbiome correlate with spe-
cific changes to physiology. Future work should seek to identify the mechanisms that
dictate the microbiome’s sensitivity to zinc deficiency and arsenic exposure as well as
the underlying causes of the amplified diversification of the microbiome upon multi-
factorial exposure. Additional studies are also needed to measure the specific physio-
logical consequences of this diversification and to determine if similar outcomes are
observed in humans. Ultimately, the gut microbiome may be proven to be a factor that
defines personalized exposure effects, which can help advance microbiome-based
preventative therapeutics of exposure.

MATERIALS AND METHODS
Animal husbandry, diets, and arsenic exposure. Forty-eight 4-week-old female C57BL/6 mice were

purchased from Jackson Laboratories (Bar Harbor, ME). C57BL/6 mice were selected as they have been
used extensively in arsenic toxicity (61), microbiome (41), and zinc deficiency (62) research. Female mice
were used in this study to complement our ongoing examination of the effects of low zinc status and
arsenic exposure in an at-risk cohort of pregnant Navajo women enrolled in the Navajo Birth Cohort
Study (63). To minimize cage-specific effects (64, 65), mice were individually housed in ventilated
microisolater cages with BioFresh bedding (BioFresh, Ferndale, WA) and kept in a temperature- and
humidity-controlled environment (72°F, 50% humidity, 12-h light cycle). Mice were fed a modified
AIN93G diet containing either 30 mg/kg zinc (zinc adequate [ZA]) or 6 mg/kg zinc (marginally zinc
deficient [MZD]). We have previously demonstrated that rodents fed this concentration of zinc for 6
weeks exhibit phenotypes consistent with marginal zinc deficiency (48). Diets were formulated with
egg whites rather than casein, and zinc was provided as zinc carbonate. Purified ZA and MZD diets
were purchased from Research Diets (New Brunswick, NJ). Upon arrival, mice were acclimated to ZA
diet for 2 days and then randomly assigned to one of six groups (n � 8 mice/group): ZA with 0, 50,
or 500 ppb arsenic or MZD with 0, 50, or 500 ppb arsenic. Food and drinking water containing 0, 50,
or 500 ppb sodium arsenite were provided ad libitum for 6 weeks, with fresh water being provided
weekly. These concentrations were chosen because 50 ppb arsenic was the limit set by the
Environmental Protection Agency for drinking water up until 2001. Furthermore, arsenic can still be
found at 50 to 500 ppb in various groundwater sources around the world (66–68). Food intake and
body weights of all mice were monitored twice weekly throughout the study (see Table S1 in the
supplemental material). Differences in weight between groups were measured using analysis of
variance (ANOVA) and a Tukey’s honestly significant difference post hoc test (R stats v3.3.2). Mice
were euthanized by CO2 asphyxiation at the termination of the experiments, and plasma and tissues
were collected. The animal protocol was approved by the Oregon State University Institutional
Laboratory Animal Care and Use Committee.

Plasma zinc and adiponectin measurement. Plasma zinc concentrations were determined using
inductively coupled plasma-optical emission spectrometry (ICP-OES) as previously described (62). Briefly,
50-�l plasma samples were digested in 0.5 ml ultrapure nitric acid and incubated overnight. Incubated
samples were diluted with Chelex-treated nanopure water to a final concentration of 10% (vol/vol) nitric
acid, centrifuged, and analyzed using the Prodigy high-dispersion ICP-OES instrument (Teledyne Leeman
Labs, Hudson, NH) against known standards. ICP-OES analyses were done at the W. M. Keck Collaboratory
for Plasma Spectrometry (Oregon State University, Corvallis, OR). Plasma adiponectin was measured
using a mouse adiponectin/Acrp30 Quantikine enzyme-linked immunosorbent assay (ELISA) kit (R&D
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Systems, Minneapolis, MN) per the manufacturer’s protocol. Adiponectin was selected as its concentra-
tion has been demonstrated to associate with the zinc concentration (69). In addition, adiponectin levels
are significantly reduced in animals exposed to high levels (e.g., 50 ppm) of arsenic (70). However, it was
unclear if the impact of varied zinc and arsenic concentration had a synergistic effect on adiponectin
levels. Two-way ANOVAs were used to determine if plasma zinc and adiponectin expression significantly
varied as a function of arsenic exposure or dietary zinc status.

Comet assay. Whole-blood samples were collected at the 5-week time point from the submandib-
ular veins using 4-mm Goldenrod animal lancets (Braintree Scientific, Braintree, MA). DNA damage in
peripheral blood cells was determined by alkali single-cell gel electrophoresis (comet assay) as previously
described (71). Briefly, whole blood cells were encapsulated in 0.5% low-melting-point agarose and
mounted on comet slides (Trevigen, Gaithersburg, MD). Cells were lysed for 1 h to overnight in Trevigen
lysis solution. DNA was denatured in alkali electrophoresis buffer (0.3 M NaOH, 1 mM EDTA) for 30 min
prior to electrophoresis (25 V, 300 mA, 30 min). Slides were rinsed in water, and dried. DNA was stained
using SYBR Gold nucleic acid stain (Thermo Fisher Scientific, Waltham, MA) and visualized using a
fluorescence microscope. Images were captured and analyzed using Comet Assay IVTM (Perceptive
Instruments, Bury St Edmunds, United Kingdom). A minimum of 100 cells were scored from each mouse,
and average tail moment from the individual mouse was reported. A two-way ANOVA quantified
variance across groups.

Microbiome sequencing and bioinformatic analysis. Mouse fecal pellets were collected from
individually housed mice at weeks 0 and 5 and stored at �80˚C until processing. Microbial DNA was
extracted using the Powersoil DNA extraction kit (Qiagen, Fredrick, MD) according to the manufacturer’s
protocol, with the addition of a 10-min incubation at 65˚C prior to bead beating. The V4 region of 16S
rRNA gene was amplified and purified as previously described (72, 73) and sequenced on an Illumina
MiSeq using the MiSeq v2 2- � 250-bp reagent kit (Illumina, San Diego, CA).

Microbial sequences were quality filtered and trimmed using the split_libraries_fastq.py script in
QIIME (v1.8.0) (74). Quality-filtered (q � 20) and trimmed reads were subjected to open reference
clustering using the UCLUST algorithm (75) against the Greengenes (version 13_8) 97% operational
taxonomic unit (OTU) database (76). Chimeric sequences were identified using ChimeraSlayer and filtered
from the OTU table. Microbiome diversity was analyzed using the QIIME script core_diversity_analysis.py
and R.

Associations between microbiome diversity and host physiological parameters were determined
using permutational multivariate analysis of variance (PERMANOVA; R vegan v2.4.6). Spearman rank sum
tests quantified the association between Shannon entropy and plasma zinc concentration. Data were
visualized using R and ggplot2 v2.2.1 (77).

Regression analyses. Associations between microbial abundance, diet, and arsenic exposure con-
centration were calculated using negative binomial generalized linear models with a log link function (R,
MASS v7.3.48 [78]). A single model was fit for each genus:

genus 5-wk abundance � �0 � �1�genus 0-wk abundance� � �2�diet� � �3�arsenic concn�
� �4�diet : arsenic concn� � �

The parameter “diet:arsenic concn” represents the interaction between zinc status and arsenic concen-
tration. The initial abundance (week 0) of the taxa was included in each model to account for potential
variance contributed by the starting abundance. The false-discovery rate was controlled using the qvalue
package in R (qvalue v2.6.0 [79]).

To quantify relationships between host physiological parameters and microbial taxonomic abun-
dances, we built two linear models (R stats). Model 1 quantified the effect of the interaction between diet
and arsenic concentration. Model 2 quantified the effect of the interaction between diet and arsenic
concentration with an additional parameter of microbial relative abundance. Specifically the model
formulas were as follows:

model 1 : physiological parameter � �0 � �1�diet� � �2�arsenic concn� � �3�diet : arsenic concn� � �

and

model 2 : physiological parameter � �0 � �1�diet� � �2�arsenic concn� � �3�diet : arsenic concn�
� �3�taxonomic abundance� � �

An ANOVA quantified which model best fit the data and in so doing determined if inclusion of
taxonomic abundance in the model significantly improved the explanation of variation in host physiol-
ogy. The false-discovery rate was controlled using the qvalue package.

Data availability. All sequencing data used in this study have been deposited in the Sequence Read
Archive under accession no. PRJNA473851. The code associated with the analyses of these data is
publicly available at https://github.com/chrisgaulke/zn_as_2018.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/

mSphere.00521-18.
TABLE S1, XLSX file, 0.1 MB.

Gaulke et al.

November/December 2018 Volume 3 Issue 6 e00521-18 msphere.asm.org 10

https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA473851
https://github.com/chrisgaulke/zn_as_2018
https://doi.org/10.1128/mSphere.00521-18
https://doi.org/10.1128/mSphere.00521-18
https://msphere.asm.org


ACKNOWLEDGMENTS
We thank the members of the CGRB for their assistance with sequencing and

maintenance of our computational infrastructure and the W. M. Keck Collaboratory for
assistance with trace element analysis.

This work was supported by the National Institute of Environmental Health Sciences
at the National Institutes of Health (grant no. R21 ES023937 and R01 ES021100-03S1 to
E.H. and L.G.H.), as well as the Oregon Agricultural Experimental Station to E.H. and a
grant from the United States Department of Agriculture National Institute of Food
and Agriculture (NIFA/USDA-2018-67017-27358) to E.H. and T.J.S. Additional sup-
port was provided by the National Institutes of Health through an Oregon State
University Environmental Health Sciences Center pilot grant (no. P30 ES000210) to
T.J.S., as well as a National Institute of General Medical Sciences grant (R01
GM126549) to T.J.S. and institutional funds to T.J.S.

REFERENCES
1. Claus SP, Guillou H, Ellero-Simatos S. 2016. The gut microbiota: a major

player in the toxicity of environmental pollutants? NPJ Biofilms Micro-
biomes 2:16003. https://doi.org/10.1038/npjbiofilms.2016.3.

2. Breton J, Daniel C, Dewulf J, Pothion S, Froux N, Sauty M, Thomas P, Pot
B, Foligné B. 2013. Gut microbiota limits heavy metals burden caused by
chronic oral exposure. Toxicol Lett 222:132–138. https://doi.org/10.1016/
j.toxlet.2013.07.021.

3. Wilson ID, Nicholson JK. 2017. Gut microbiome interactions with drug
metabolism, efficacy, and toxicity. Transl Res 179:204 –222. https://doi
.org/10.1016/j.trsl.2016.08.002.

4. Lu K, Mahbub R, Cable PH, Ru H, Parry NMA, Bodnar WM, Wishnok JS,
Styblo M, Swenberg JA, Fox JG, Tannenbaum SR. 2014. Gut microbiome
phenotypes driven by host genetics affect arsenic metabolism. Chem
Res Toxicol 27:172–174. https://doi.org/10.1021/tx400454z.

5. Lu K, Cable PH, Abo RP, Ru H, Graffam ME, Schlieper KA, Parry NMA,
Levine S, Bodnar WM, Wishnok JS, Styblo M, Swenberg JA, Fox JG,
Tannenbaum SR. 2013. Gut microbiome perturbations induced by bac-
terial infection affect arsenic biotransformation. Chem Res Toxicol 26:
1893–1903. https://doi.org/10.1021/tx4002868.

6. David LA, Maurice CF, Carmody RN, Gootenberg DB, Button JE, Wolfe BE,
Ling AV, Devlin AS, Varma Y, Fischbach MA, Biddinger SB, Dutton RJ,
Turnbaugh PJ. 2014. Diet rapidly and reproducibly alters the human gut
microbiome. Nature 505:559 –563. https://doi.org/10.1038/nature12820.

7. Schulz MD, Atay Ç, Heringer J, Romrig FK, Schwitalla S, Aydin B, Ziegler
PK, Varga J, Reindl W, Pommerenke C, Salinas-Riester G, Böck A, Alpert C,
Blaut M, Polson SC, Brandl L, Kirchner T, Greten FR, Polson SW, Arkan MC.
2014. High-fat-diet-mediated dysbiosis promotes intestinal carcinogen-
esis independently of obesity. Nature 514:508 –512. https://doi.org/10
.1038/nature13398.

8. Turnbaugh PJ, Ley RE, Mahowald MA, Magrini V, Mardis ER, Gordon JI.
2006. An obesity-associated gut microbiome with increased capacity
for energy harvest. Nature 444:1027–1031. https://doi.org/10.1038/
nature05414.

9. Koeth RA, Wang Z, Levison BS, Buffa JA, Org E, Sheehy BT, Britt EB, Fu X,
Wu Y, Li L, Smith JD, DiDonato JA, Chen J, Li H, Wu GD, Lewis JD, Warrier
M, Brown JM, Krauss RM, Tang WHW, Bushman FD, Lusis AJ, Hazen SL.
2013. Intestinal microbiota metabolism of L-carnitine, a nutrient in red
meat, promotes atherosclerosis. Nat Med 19:576 –585. https://doi.org/10
.1038/nm.3145.

10. Morgan XC, Tickle TL, Sokol H, Gevers D, Devaney KL, Ward DV, Reyes JA,
Shah SA, LeLeiko N, Snapper SB, Bousvaros A, Korzenik J, Sands BE,
Xavier RJ, Huttenhower C. 2012. Dysfunction of the intestinal micro-
biome in inflammatory bowel disease and treatment. Genome Biol
13:R79. https://doi.org/10.1186/gb-2012-13-9-r79.

11. Sharpton T, Lyalina S, Luong J, Pham J, Deal EM, Armour C, Gaulke C,
Sanjabi S, Pollard KS. 2017. Development of inflammatory bowel disease
is linked to a longitudinal restructuring of the gut metagenome in mice.
mSystems 2:e00036-17. https://doi.org/10.1128/mSystems.00036-17.

12. Prasad AS. 2009. Zinc: role in immunity, oxidative stress and chronic
inflammation. Curr Opin Clin Nutr Metab Care 12:646 – 652. https://doi
.org/10.1097/MCO.0b013e3283312956.

13. Muegge BD, Kuczynski J, Knights D, Clemente JC, González A, Fontana L,

Henrissat B, Knight R, Gordon JI. 2011. Diet drives convergence in gut
microbiome functions across mammalian phylogeny and within hu-
mans. Science 332:970 –974. https://doi.org/10.1126/science.1198719.

14. Singh RK, Chang H-W, Yan D, Lee KM, Ucmak D, Wong K, Abrouk M,
Farahnik B, Nakamura M, Zhu TH, Bhutani T, Liao W. 2017. Influence of
diet on the gut microbiome and implications for human health. J Transl
Med 15:73. https://doi.org/10.1186/s12967-017-1175-y.

15. Reed S, Neuman H, Moscovich S, Glahn RP, Koren O, Tako E. 2015.
Chronic zinc deficiency alters chick gut microbiota composition and
function. Nutrients 7:9768 –9784. https://doi.org/10.3390/nu7125497.

16. Hibberd MC, Wu M, Rodionov DA, Li X, Cheng J, Griffin NW, Barratt
MJ, Giannone RJ, Hettich RL, Osterman AL, Gordon JI. 2017. The
effects of micronutrient deficiencies on bacterial species from the
human gut microbiota. Sci Transl Med 9:eaal4069. https://doi.org/10
.1126/scitranslmed.aal4069.

17. Zackular JP, Moore JL, Jordan AT, Juttukonda LJ, Noto MJ, Nicholson MR,
Crews JD, Semler MW, Zhang Y, Ware LB, Washington MK, Chazin WJ,
Caprioli RM, Skaar EP. 2016. Dietary zinc alters the microbiota and
decreases resistance to Clostridium difficile infection. Nat Med 22:
1330 –1334. https://doi.org/10.1038/nm.4174.

18. Deb D, Biswas A, Ghose A, Das A, Majumdar KK, Guha Mazumder DN.
2013. Nutritional deficiency and arsenical manifestations: a perspective
study in an arsenic-endemic region of West Bengal, India. Public Health
Nutr 16:1644 –1655. https://doi.org/10.1017/S1368980012004697.

19. Smedley PL, Kinniburgh DG. 2002. A review of the source, behaviour and
distribution of arsenic in natural waters. Appl Geochemistry 17:517–568.
https://doi.org/10.1016/S0883-2927(02)00018-5.

20. Wessells KR, Singh GM, Brown KH. 2012. Estimating the global preva-
lence of inadequate zinc intake from national food balance sheets:
effects of methodological assumptions. PLoS One 7:e50565. https://doi
.org/10.1371/journal.pone.0050565.

21. Naujokas MF, Anderson B, Ahsan H, Aposhian HV, Graziano JH, Thomp-
son C, Suk WA. 2013. The broad scope of health effects from chronic
arsenic exposure: update on a worldwide public health problem. Environ
Health Perspect 121:295–302. https://doi.org/10.1289/ehp.1205875.

22. Hughes MF, Beck BD, Chen Y, Lewis AS, Thomas DJ. 2011. Arsenic
exposure and toxicology: a historical perspective. Toxicol Sci 123:
305–332. https://doi.org/10.1093/toxsci/kfr184.

23. Mantha M, Yeary E, Trent J, Creed PA, Kubachka K, Hanley T, Shockey N,
Heitkemper D, Caruso J, Xue J, Rice G, Wymer L, Creed JT. 2017.
Estimating inorganic arsenic exposure from U.S. rice and total water
intakes. Environ Health Perspect 125:057005. https://doi.org/10.1289/
EHP418.

24. WHO. 2008. Guidelines for drinking-water quality. Third edition incor-
porating the first and second addenda. WHO, Geneva, Switzerland.

25. Smith AH, Steinmaus CM. 2009. Health effects of arsenic and chromium in
drinking water: recent human findings. Annu Rev Public Health 30:107–122.
https://doi.org/10.1146/annurev.publhealth.031308.100143.

26. Quansah R, Armah FA, Essumang DK, Luginaah I, Clarke E, Marfoh K,
Cobbina SJ, Nketiah-Amponsah E, Namujju PB, Obiri S, Dzodzomenyo M.
2015. Association of arsenic with adverse pregnancy outcomes/infant

Effects of Zinc and Arsenic on Microbiome

November/December 2018 Volume 3 Issue 6 e00521-18 msphere.asm.org 11

https://doi.org/10.1038/npjbiofilms.2016.3
https://doi.org/10.1016/j.toxlet.2013.07.021
https://doi.org/10.1016/j.toxlet.2013.07.021
https://doi.org/10.1016/j.trsl.2016.08.002
https://doi.org/10.1016/j.trsl.2016.08.002
https://doi.org/10.1021/tx400454z
https://doi.org/10.1021/tx4002868
https://doi.org/10.1038/nature12820
https://doi.org/10.1038/nature13398
https://doi.org/10.1038/nature13398
https://doi.org/10.1038/nature05414
https://doi.org/10.1038/nature05414
https://doi.org/10.1038/nm.3145
https://doi.org/10.1038/nm.3145
https://doi.org/10.1186/gb-2012-13-9-r79
https://doi.org/10.1128/mSystems.00036-17
https://doi.org/10.1097/MCO.0b013e3283312956
https://doi.org/10.1097/MCO.0b013e3283312956
https://doi.org/10.1126/science.1198719
https://doi.org/10.1186/s12967-017-1175-y
https://doi.org/10.3390/nu7125497
https://doi.org/10.1126/scitranslmed.aal4069
https://doi.org/10.1126/scitranslmed.aal4069
https://doi.org/10.1038/nm.4174
https://doi.org/10.1017/S1368980012004697
https://doi.org/10.1016/S0883-2927(02)00018-5
https://doi.org/10.1371/journal.pone.0050565
https://doi.org/10.1371/journal.pone.0050565
https://doi.org/10.1289/ehp.1205875
https://doi.org/10.1093/toxsci/kfr184
https://doi.org/10.1289/EHP418
https://doi.org/10.1289/EHP418
https://doi.org/10.1146/annurev.publhealth.031308.100143
https://msphere.asm.org


mortality: a systematic review and meta-analysis. Environ Health Per-
spect 123:412– 421. https://doi.org/10.1289/ehp.1307894.

27. International Agency for Research on Cancer. 2004. Some drinking-water
disinfectants and contaminants, including arsenic. IARC Monogr Eval
Carcinog Risks Hum 84:1– 477.

28. Beaver LM, Truong L, Barton CL, Chase TT, Gonnerman GD, Wong CP,
Tanguay RL, Ho E. 2017. Combinatorial effects of zinc deficiency and
arsenic exposure on zebrafish (Danio rerio) development. PLoS One
12:e0183831. https://doi.org/10.1371/journal.pone.0183831.

29. Sun X, Zhou X, Du L, Liu W, Liu Y, Hudson LG, Liu KJ. 2014. Arsenite
binding-induced zinc loss from PARP-1 is equivalent to zinc defi-
ciency in reducing PARP-1 activity, leading to inhibition of DNA
repair. Toxicol Appl Pharmacol 274:313–318. https://doi.org/10.1016/
j.taap.2013.11.010.

30. Zhou X, Sun X, Cooper KL, Wang F, Liu KJ, Hudson LG. 2011. Arsenite
interacts selectively with zinc finger proteins containing C3H1 or C4
motifs. J Biol Chem 286:22855–22863. https://doi.org/10.1074/jbc.M111
.232926.

31. Ho E. 2004. Zinc deficiency, DNA damage and cancer risk. J Nutr
Biochem 15:572–578. https://doi.org/10.1016/j.jnutbio.2004.07.005.

32. Prasad AS. 2014. Zinc is an antioxidant and anti-inflammatory agent: its
role in human health. Front Nutr 1:14. https://doi.org/10.3389/fnut.2014
.00014.

33. Ding W, Liu W, Cooper KL, Qin X-J, de Souza Bergo PL, Hudson LG, Liu
KJ. 2009. Inhibition of poly(ADP-ribose) polymerase-1 by arsenite inter-
feres with repair of oxidative DNA damage. J Biol Chem 284:6809 – 6817.
https://doi.org/10.1074/jbc.M805566200.

34. Bushnell PJ, Levin ED. 1983. Effects of zinc deficiency on lead toxicity in
rats. Neurobehav Toxicol Teratol 5:283–288.

35. Uthus EO, Nielsen FH. 1985. Effects in chicks of arsenic, arginine, and zinc
and their interaction on body weight, plasma uric acid, plasma urea, and
kidney arginase activity. Biol Trace Elem Res 7:11–20. https://doi.org/10
.1007/BF02916543.

36. Yamamura S, Amachi S. 2014. Microbiology of inorganic arsenic: from
metabolism to bioremediation. J Biosci Bioeng 118:1–9. https://doi.org/
10.1016/j.jbiosc.2013.12.011.

37. Song Y, Leonard SW, Traber MG, Ho E. 2009. Zinc deficiency affects DNA
damage, oxidative stress, antioxidant defenses, and DNA repair in rats. J
Nutr 139:1626 –1631. https://doi.org/10.3945/jn.109.106369.

38. Tanaka T, Tsutamoto T, Nishiyama K, Sakai H, Fujii M, Yamamoto T, Horie
M. 2008. Impact of oxidative stress on plasma adiponectin in patients
with chronic heart failure. Circ J 72:563–568.

39. Frühbeck G, Catalán V, Rodríguez A, Ramírez B, Becerril S, Salvador J,
Portincasa P, Colina I, Gómez-Ambrosi J. 2017. Involvement of the
leptin-adiponectin axis in inflammation and oxidative stress in the met-
abolic syndrome. Sci Rep 7:6619. https://doi.org/10.1038/s41598-017
-06997-0.

40. Jomova K, Jenisova Z, Feszterova M, Baros S, Liska J, Hudecova D,
Rhodes CJ, Valko M. 2011. Arsenic: toxicity, oxidative stress and human
disease. J Appl Toxicol 31:95–107. https://doi.org/10.1002/jat.1649.

41. Lu K, Abo RP, Schlieper KA, Graffam ME, Levine S, Wishnok JS, Swenberg
JA, Tannenbaum SR, Fox JG. 2014. Arsenic exposure perturbs the gut
microbiome and its metabolic profile in mice: an integrated meta-
genomics and metabolomics analysis. Environ Health Perspect 122:
284 –291. https://doi.org/10.1289/ehp.1307429.

42. Chi L, Bian X, Gao B, Tu P, Ru H, Lu K. 2017. The effects of an environ-
mentally relevant level of arsenic on the gut microbiome and its func-
tional metagenome. Toxicol Sci 160:193–204. https://doi.org/10.1093/
toxsci/kfx174.

43. Xiao L, Feng Q, Liang S, Sonne SB, Xia Z, Qiu X, Li X, Long H, Zhang J,
Zhang D, Liu C, Fang Z, Chou J, Glanville J, Hao Q, Kotowska D, Colding
C, Licht TR, Wu D, Yu J, Sung JJY, Liang Q, Li J, Jia H, Lan Z, Tremaroli V,
Dworzynski P, Nielsen HB, Bäckhed F, Doré J, Le Chatelier E, Ehrlich SD,
Lin JC, Arumugam M, Wang J, Madsen L, Kristiansen K. 2015. A catalog
of the mouse gut metagenome. Nat Biotechnol 33:1103–1108. https://
doi.org/10.1038/nbt.3353.

44. Harris AB. 1969. Inhibition of growth and nucleic acid synthesis in
zinc-deficient Mycobacterium smegmatis. Microbiology 56:27–33.
https://doi.org/10.1099/00221287-56-1-27.

45. Winder FG, O’Hara C. 1964. Effects of iron deficiency and of zinc defi-
ciency on the activities of some enzymes in Mycobacterium smegmatis.
Biochem J 90:122–126. https://doi.org/10.1042/bj0900122.

46. Graham AI, Hunt S, Stokes SL, Bramall N, Bunch J, Cox AG, McLeod CW,
Poole RK. 2009. Severe zinc depletion of Escherichia coli: roles for high

affinity zinc binding by ZinT, zinc transport and zinc-independent pro-
teins. J Biol Chem 284:18377–18389. https://doi.org/10.1074/jbc.M109
.001503.

47. Wilkinson DM. 1999. The disturbing history of intermediate disturbance.
Oikos 84:145–147. https://doi.org/10.2307/3546874.

48. Song Y, Elias V, Loban A, Scrimgeour AG, Ho E. 2010. Marginal zinc
deficiency increases oxidative DNA damage in the prostate after
chronic exercise. Free Radic Biol Med 48:82– 88. https://doi.org/10
.1016/j.freeradbiomed.2009.10.030.

49. Wong CP, Rinaldi NA, Ho E. 2015. Zinc deficiency enhanced inflamma-
tory response by increasing immune cell activation and inducing IL6
promoter demethylation. Mol Nutr Food Res 59:991–999. https://doi
.org/10.1002/mnfr.201400761.

50. Evans SA, Overton JM, Alshingiti A, Levenson CW. 2004. Regulation of
metabolic rate and substrate utilization by zinc deficiency. Metabolism
53:727–732. https://doi.org/10.1016/j.metabol.2004.01.009.

51. Zhou X, Cooper KL, Huestis J, Xu H, Burchiel SW, Hudson LG, Liu KJ. 2016.
S-nitrosation on zinc finger motif of PARP-1 as a mechanism of DNA
repair inhibition by arsenite. Oncotarget 7:80482– 80492. https://doi.org/
10.18632/oncotarget.12613.

52. Hajishengallis G, Darveau RP, Curtis MA. 2012. The keystone-
pathogen hypothesis. Nat Rev Microbiol 10:717–725. https://doi.org/
10.1038/nrmicro2873.

53. Shreiner AB, Kao JY, Young VB. 2015. The gut microbiome in health and
in disease. Curr Opin Gastroenterol 31:69 –75. https://doi.org/10.1097/
MOG.0000000000000139.

54. Skrovanek S, DiGuilio K, Bailey R, Huntington W, Urbas R, Mayilvaganan
B, Mercogliano G, Mullin JM. 2014. Zinc and gastrointestinal disease.
World J Gastrointest Pathophysiol 5:496. https://doi.org/10.4291/wjgp
.v5.i4.496.

55. Jiang W, Wu N, Wang X, Chi Y, Zhang Y, Qiu X, Hu Y, Li J, Liu Y. 2015.
Dysbiosis gut microbiota associated with inflammation and impaired
mucosal immune function in intestine of humans with non-alcoholic
fatty liver disease. Sci Rep 5:8096. https://doi.org/10.1038/srep08096.

56. Canani RB, Costanzo M, Di Leone L, Pedata M, Meli R, Calignano A. 2011.
Potential beneficial effects of butyrate in intestinal and extraintestinal
diseases. World J Gastroenterol 17:1519 –1528. https://doi.org/10.3748/
wjg.v17.i12.1519.

57. Forbes JD, Van Domselaar G, Bernstein CN. 2016. The gut microbiota
in immune-mediated inflammatory diseases. Front Microbiol 7:1081.
https://doi.org/10.3389/fmicb.2016.01081.

58. Cekanaviciute E, Yoo BB, Runia TF, Debelius JW, Singh S, Nelson CA,
Kanner R, Bencosme Y, Lee YK, Hauser SL, Crabtree-Hartman E, Sand
IK, Gacias M, Zhu Y, Casaccia P, Cree BAC, Knight R, Mazmanian SK,
Baranzini SE. 2017. Gut bacteria from multiple sclerosis patients
modulate human T cells and exacerbate symptoms in mouse models.
Proc Natl Acad Sci U S A 114:10713–10718. https://doi.org/10.1073/
pnas.1711235114.

59. Ganesh BP, Klopfleisch R, Loh G, Blaut M. 2013. Commensal Akkermansia
muciniphila exacerbates gut inflammation in Salmonella typhimurium-
infected gnotobiotic mice. PLoS One 8:e74963. https://doi.org/10.1371/
journal.pone.0074963.

60. Thomas DJ, Nava GM, Cai SY, Boyer JL, Hernández-Zavala A, Gaskins HR.
2010. Arsenic (� 3 oxidation state) methyltransferase and the methyl-
ation of arsenicals in the invertebrate chordate Ciona intestinalis. Toxicol
Sci 113:70 –76. https://doi.org/10.1093/toxsci/kfp250.

61. Hughes MF. 2002. Arsenic toxicity and potential mechanisms of action.
Toxicol Lett 133:1–16. https://doi.org/10.1016/S0378-4274(02)00084-X.

62. Wong CP, Magnusson KR, Ho E. 2013. Increased inflammatory response
in aged mice is associated with age-related zinc deficiency and zinc
transporter dysregulation. J Nutr Biochem 24:353–359. https://doi.org/
10.1016/j.jnutbio.2012.07.005.

63. Dashner-Titus EJ, Hoover J, Li L, Lee J-H, Du R, Liu KJ, Traber MG, Ho E,
Lewis J, Hudson LG. 2018. Metal exposure and oxidative stress markers
in pregnant Navajo Birth Cohort Study participants. Free Radic Biol Med
124:484 – 492. https://doi.org/10.1016/j.freeradbiomed.2018.04.579.

64. Goodrich JK, Di Rienzi SC, Poole AC, Koren O, Walters WA, Caporaso JG,
Knight R, Ley RE. 2014. Conducting a microbiome study. Cell 158:
250 –262. https://doi.org/10.1016/j.cell.2014.06.037.

65. Kim D, Hofstaedter CE, Zhao C, Mattei L, Tanes C, Clarke E, Lauder A,
Sherrill-Mix S, Chehoud C, Kelsen J, Conrad M, Collman RG, Baldassano
R, Bushman FD, Bittinger K. 2017. Optimizing methods and dodging
pitfalls in microbiome research. Microbiome 5:52. https://doi.org/10
.1186/s40168-017-0267-5.

Gaulke et al.

November/December 2018 Volume 3 Issue 6 e00521-18 msphere.asm.org 12

https://doi.org/10.1289/ehp.1307894
https://doi.org/10.1371/journal.pone.0183831
https://doi.org/10.1016/j.taap.2013.11.010
https://doi.org/10.1016/j.taap.2013.11.010
https://doi.org/10.1074/jbc.M111.232926
https://doi.org/10.1074/jbc.M111.232926
https://doi.org/10.1016/j.jnutbio.2004.07.005
https://doi.org/10.3389/fnut.2014.00014
https://doi.org/10.3389/fnut.2014.00014
https://doi.org/10.1074/jbc.M805566200
https://doi.org/10.1007/BF02916543
https://doi.org/10.1007/BF02916543
https://doi.org/10.1016/j.jbiosc.2013.12.011
https://doi.org/10.1016/j.jbiosc.2013.12.011
https://doi.org/10.3945/jn.109.106369
https://doi.org/10.1038/s41598-017-06997-0
https://doi.org/10.1038/s41598-017-06997-0
https://doi.org/10.1002/jat.1649
https://doi.org/10.1289/ehp.1307429
https://doi.org/10.1093/toxsci/kfx174
https://doi.org/10.1093/toxsci/kfx174
https://doi.org/10.1038/nbt.3353
https://doi.org/10.1038/nbt.3353
https://doi.org/10.1099/00221287-56-1-27
https://doi.org/10.1042/bj0900122
https://doi.org/10.1074/jbc.M109.001503
https://doi.org/10.1074/jbc.M109.001503
https://doi.org/10.2307/3546874
https://doi.org/10.1016/j.freeradbiomed.2009.10.030
https://doi.org/10.1016/j.freeradbiomed.2009.10.030
https://doi.org/10.1002/mnfr.201400761
https://doi.org/10.1002/mnfr.201400761
https://doi.org/10.1016/j.metabol.2004.01.009
https://doi.org/10.18632/oncotarget.12613
https://doi.org/10.18632/oncotarget.12613
https://doi.org/10.1038/nrmicro2873
https://doi.org/10.1038/nrmicro2873
https://doi.org/10.1097/MOG.0000000000000139
https://doi.org/10.1097/MOG.0000000000000139
https://doi.org/10.4291/wjgp.v5.i4.496
https://doi.org/10.4291/wjgp.v5.i4.496
https://doi.org/10.1038/srep08096
https://doi.org/10.3748/wjg.v17.i12.1519
https://doi.org/10.3748/wjg.v17.i12.1519
https://doi.org/10.3389/fmicb.2016.01081
https://doi.org/10.1073/pnas.1711235114
https://doi.org/10.1073/pnas.1711235114
https://doi.org/10.1371/journal.pone.0074963
https://doi.org/10.1371/journal.pone.0074963
https://doi.org/10.1093/toxsci/kfp250
https://doi.org/10.1016/S0378-4274(02)00084-X
https://doi.org/10.1016/j.jnutbio.2012.07.005
https://doi.org/10.1016/j.jnutbio.2012.07.005
https://doi.org/10.1016/j.freeradbiomed.2018.04.579
https://doi.org/10.1016/j.cell.2014.06.037
https://doi.org/10.1186/s40168-017-0267-5
https://doi.org/10.1186/s40168-017-0267-5
https://msphere.asm.org


66. Welch AH, Westjohn DB, Helsel DR, Wanty RB. 2000. Arsenic in ground
water of the United States: occurrence and geochemistry. Ground Water
38:589 – 604. https://doi.org/10.1111/j.1745-6584.2000.tb00251.x.

67. Karagas MR, Gossai A, Pierce B, Ahsan H. 2015. Drinking water arsenic
contamination, skin lesions, and malignancies: a systematic review of
the global evidence. Curr Environ Health Rep 2:52– 68. https://doi.org/
10.1007/s40572-014-0040-x.

68. Shankar S, Shanker U., Shikha. 2014. Arsenic contamination of
groundwater: a review of sources, prevalence, health risks, and strate-
gies for mitigation. Sci World J 2014:304524. https://doi.org/10.1155/
2014/304524.

69. Soheilykhah S, Dehestani MR, Mohammadi SM, Afkhami-Ardekani M,
Eghbali SA, Dehghan F. 2012. The effect of zinc supplementation on
serum adiponectin concentration and insulin resistance in first degree
relatives of diabetic patients. Iran J Diabetes Obes 4:57– 62.

70. Song X, Li Y, Liu J, Ji X, Zhao L, Wei Y. 2017. Changes in serum
adiponectin in mice chronically exposed to inorganic arsenic in drinking
water. Biol Trace Elem Res 179:140 –147. https://doi.org/10.1007/s12011
-017-0950-1.

71. Singh NP, McCoy MT, Tice RR, Schneider EL. 1988. A simple technique for
quantitation of low levels of DNA damage in individual cells. Exp Cell Res
175:184 –191. https://doi.org/10.1016/0014-4827(88)90265-0.

72. Gaulke CA, Barton CL, Proffitt S, Tanguay RL, Sharpton TJ. 2016. Triclosan
exposure is associated with rapid restructuring of the microbiome in
adult zebrafish. PLoS One 11:e0154632. https://doi.org/10.1371/journal
.pone.0154632.

73. Caporaso JG, Lauber CL, Walters WA, Berg-Lyons D, Huntley J, Fierer N,
Owens SM, Betley J, Fraser L, Bauer M, Gormley N, Gilbert JA, Smith G,
Knight R. 2012. Ultra-high-throughput microbial community analysis on
the Illumina HiSeq and MiSeq platforms. ISME J 6:1621–1624. https://
doi.org/10.1038/ismej.2012.8.

74. Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD,
Costello EK, Fierer N, Peña AG, Goodrich JK, Gordon JI, Huttley GA, Kelley
ST, Knights D, Koenig JE, Ley RE, Lozupone CA, McDonald D, Muegge BD,
Pirrung M, Reeder J, Sevinsky JR, Turnbaugh PJ, Walters WA, Widmann J,
Yatsunenko T, Zaneveld J, Knight R. 2010. QIIME allows analysis of
high-throughput community sequencing data. Nat Methods 7:335–336.
https://doi.org/10.1038/nmeth.f.303.

75. Edgar RC. 2010. Search and clustering orders of magnitude faster
than BLAST. Bioinformatics 26:2460 –2461. https://doi.org/10.1093/
bioinformatics/btq461.

76. DeSantis TZ, Hugenholtz P, Larsen N, Rojas M, Brodie EL, Keller K, Huber
T, Dalevi D, Hu P, Andersen GL. 2006. Greengenes, a chimera-checked
16S rRNA gene database and workbench compatible with ARB. Appl
Environ Microbiol 72:5069 –5072. https://doi.org/10.1128/AEM.03006-05.

77. Wickham H. 2009. Ggplot2: elegant graphics for data analysis, 2nd ed.
Springer Publishing Company, New York, NY.

78. Venables WN, Ripley BD. 2002. Modern applied statistics with S, 4th ed.
Springer, New York, NY.

79. Storey JD. 2002. A direct approach to false discovery rates. J R Stat Soc
Ser B (Statistical Methodol) 64:479 – 498. https://doi.org/10.1111/1467
-9868.00346.

Effects of Zinc and Arsenic on Microbiome

November/December 2018 Volume 3 Issue 6 e00521-18 msphere.asm.org 13

https://doi.org/10.1111/j.1745-6584.2000.tb00251.x
https://doi.org/10.1007/s40572-014-0040-x
https://doi.org/10.1007/s40572-014-0040-x
https://doi.org/10.1155/2014/304524
https://doi.org/10.1155/2014/304524
https://doi.org/10.1007/s12011-017-0950-1
https://doi.org/10.1007/s12011-017-0950-1
https://doi.org/10.1016/0014-4827(88)90265-0
https://doi.org/10.1371/journal.pone.0154632
https://doi.org/10.1371/journal.pone.0154632
https://doi.org/10.1038/ismej.2012.8
https://doi.org/10.1038/ismej.2012.8
https://doi.org/10.1038/nmeth.f.303
https://doi.org/10.1093/bioinformatics/btq461
https://doi.org/10.1093/bioinformatics/btq461
https://doi.org/10.1128/AEM.03006-05
https://doi.org/10.1111/1467-9868.00346
https://doi.org/10.1111/1467-9868.00346
https://msphere.asm.org

	RESULTS
	Arsenic exposure and zinc restriction alter host physiology. 
	Dietary zinc restriction and exposure to inorganic arsenic diversifies the gut microbiome. 
	Zinc restriction associates with altered response to arsenic. 
	Microbial abundance associates with physiological responses to arsenic exposure. 

	DISCUSSION
	MATERIALS AND METHODS
	Animal husbandry, diets, and arsenic exposure. 
	Plasma zinc and adiponectin measurement. 
	Comet assay. 
	Microbiome sequencing and bioinformatic analysis. 
	Regression analyses. 
	Data availability. 

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

