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ABSTRACT Acarbose is a safe and effective medication for type 2 diabetes that in-
hibits host glucoamylases to prevent starch digestion in the small intestines and
thus decrease postprandial blood glucose levels. This results in an increase in dietary
starch in the distal intestine, where it becomes food for the gut bacterial commu-
nity. Here, we examined the effect of acarbose therapy on the gut community struc-
ture in mice fed either a high-starch (HS) or high-fiber diet rich in plant polysaccha-
rides (PP). The fecal microbiota of animals consuming a low dose of acarbose
(25 ppm) was not significantly different from that of control animals that did not re-
ceive acarbose. However, a high dose of acarbose (400 ppm) with the HS diet re-
sulted in a substantial change to the microbiota structure. Most notably, the HS diet
with a high dose of acarbose lead to an expansion of the Bacteroidaceae and Bifido-
bacteriaceae and a decrease in the Verrucomicrobiaceae (such as Akkermansia mucini-
phila) and the Bacteroidales S24-7. Once acarbose treatment ceased, the community
composition quickly reverted to mirror that of the control group, suggesting that ac-
arbose does not irreversibly alter the gut community. The high dose of acarbose in
the PP diet resulted in a distinct community structure with increased representation
of Bifidobacteriaceae and Lachnospiraceae. Short-chain fatty acids (SCFAs) measured
from stool samples were increased, especially butyrate, as a result of acarbose treat-
ment in both diets. These data demonstrate the potential of acarbose to change the
gut community structure and increase beneficial SCFA output in a diet-dependent
manner.

IMPORTANCE The gut microbial community has a profound influence on host phys-
iology in both health and disease. In diabetic individuals, the gut microbiota can af-
fect the course of disease, and some medications for diabetes, including metformin,
seem to elicit some of their benefits via an interaction with the microbiota. Here, we
report that acarbose, a glucoamylase inhibitor for type 2 diabetes, changes the mu-
rine gut bacterial community structure in a reversible and diet-dependent manner.
In both high-starch and high-fiber diet backgrounds, acarbose treatment results in
increased short-chain fatty acids, particularly butyrate, as measured in stool samples.
As we learn more about how human disease is affected by the intestinal bacterial
community, the interplay between medications such as acarbose and the diet will
become increasingly important to evaluate.
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Diet is an environmental factor that shapes the composition and metabolic output
of the bacterial community in the mammalian intestine (1, 2). Metabolites such as

short-chain fatty acids (SCFAs) produced by different members of the gut community
greatly influence host health (3, 4). SCFAs are the microbial by-products of carbohy-
drate fermentation, and higher levels generally confer a health benefit, with SCFAs such
as propionate, acetate, and butyrate having different tissue fates and host responses
(4). Propionate is typically produced by members of the Bacteroidetes and is associated
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with the suppression of cholesterol synthesis but also contributes to gluconeogenesis
in the liver (3, 5). Acetate is produced by most members of the Bacteroidetes, Firmicutes,
and Actinobacteria, and can locally inhibit virulence genes in enterohemorrhagic Esch-
erichia coli (6) and enter systemic circulation to regulate host energy homeostasis (7).
Increased levels of acetate, propionate, and butyrate due to microbial carbohydrate
fermentation are implicated in improved host energy balance and the prevention of
diet-induced obesity, though acetate and propionate may have a specific role in
increasing satiety (3, 4, 8, 9). The SCFA considered to have the most therapeutic
potential is butyrate, which is the preferred energy source of colonocytes and has
powerful antitumorigenic and anti-inflammatory properties (4, 10). Butyrate appears to
strengthen the intestinal epithelial barrier via increased expression of tight junction
proteins and has immunosuppressive properties that ameliorate graft versus host
disease symptoms in mice after allogeneic bone marrow transplantation (11).

Butyrate is made by a small subset of bacteria, largely within the Firmicutes and
many of the Clostridium cluster XVIa family (12, 13). Enhanced abundance of butyrate-
producing organisms is associated with host diets high in dietary fiber, defined as
polysaccharides that cannot be accessed by host digestive enzymes (14, 15). One such
dietary fiber is resistant starch, which is the portion of starch that is not readily digested
by intestinal (gluco)amylases and traverses the distal intestine as food for gut bacteria
(16). The digestion of resistant starch is carried out by gut microbes with the unique
enzymatic capacity to attack this fiber, and this activity liberates starch oligosaccharides
that presumably become food for butyrate-producing species (17–19). However, hu-
man volunteer studies using resistant starch to enhance butyrate levels have had mixed
success, with some individuals responding to resistant starch consumption via produc-
ing more butyrate, and some individuals experiencing no change or reduced butyrate
output (18, 20, 21). These changes can largely be attributed to the unique gut
microbiota of each individual, which then dictates the response to resistant starch.

Because resistant starch has a generally butyrogenic effect on the gut microbiota,
we hypothesized that treatments that increase starch transit to the colon may similarly
boost beneficial SCFA output. One treatment for type 2 diabetes and prediabetes is oral
administration of host intestinal (gluco)amylase inhibitors, such as acarbose, that
competitively inhibit the host (gluco)amylases of the small intestine that are required
for starch digestion. Acarbose is a pseudotetrasaccharide that mimics the transition
state of the (gluco)amylase hydrolysis reaction and effectively prevents an unsafe
postprandial blood glucose increase after starch consumption in individuals with
impaired glucose tolerance (22, 23). Acarbose is considered safe due to its local action
on intestinal enzymes and minimal absorption into the bloodstream yet tends to be
underprescribed in the United States, because treatment requires dosing with each
meal and some gastrointestinal discomfort is associated with the start of treatment as
starch digestion is shunted to the colon (24). However, these side effects are generally
transient and can be avoided by starting at a low dose of acarbose and gradually
increasing it over time (24). In addition to diabetes, acarbose has proven to be
beneficial in lowering the risk of cardiovascular disease and hypertension (25, 26).
Several studies have demonstrated that acarbose treatment in humans generally leads
to increases in butyrate as measured in feces or serum, suggesting there is some
restructuring of the gut community (27–29). A more recent human volunteer study of
prediabetic patients revealed a modest increase in genera associated with short-chain
fatty acid production, including Faecalibacterium, Lactobacillus, and Prevotella (30).
In another human cohort of type 2 diabetics, acarbose enhanced the abundance of
Bifidobacterium (31). Beyond the expected variation associated with studies of the
human gut community, it may be important to consider how acarbose specifically
synergizes with diet, since this medication directly influences host digestion. Because
the composition of the microbiota influences the onset and progression of diabetes (32,
33), it is critically important to understand how diabetic medications change the
composition and metabolic output of the community. Indeed, recent work with the
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diabetic medication metformin suggests that at least part of its efficacy is related to its
direct effect on the intestinal community composition (34–36).

Here, we investigate the changes in the murine gut community upon feeding a low
or high dose of acarbose incorporated into two diet backgrounds. In the first set of
experiments with acarbose as part of a high-starch (Western-style) low-fat diet, we
observed that a high dose of acarbose was required to dramatically shift the gut
microbial community structure and that this effect was directed largely by a significant
change in five bacterial operational taxonomic units (OTUs.) Moreover, the effect of
acarbose was transient, as the community reverted to the starting (no acarbose)
community after the drug was removed from the diet. The specific effects of acarbose
on the community were also diet dependent. In the second experiment, we incorpo-
rated the high dose of acarbose into a typical high-fiber low-fat rodent chow and
observed a dramatic change in the community, distinct from the structure of the
high-starch diet plus acarbose. For both diets, an increase in butyrate was observed, but
only the high-fiber plus acarbose diet elicited a significant positive change in acetate
output. These data demonstrate that acarbose feeding changes the gut community
structure in a reversible and diet-dependent manner, which may have implications for
how these medications are ideally administered in humans for enhanced therapeutic
potential.

RESULTS
Acarbose reversibly alters the gut microbiome of mice consuming a high-

starch diet. Prediabetic and diabetic individuals that take acarbose to manage post-
prandial blood sugar are sometimes started on a low dose of the drug and then
switched to a higher therapeutic dose (24). A typical dose in humans is 25 to 50 mg
acarbose with each meal at the beginning of treatment, working up to 100 mg with
each meal, for a maximum dose of 300 mg/day for a 60-kg adult (37). This progressive
dose increase in humans can minimize digestive discomfort associated with the change
in starch fermentation in the colon. Previous experiments that administered acarbose
to mice incorporated the drug into food at amounts of 1,000 ppm (1 g/1 kg food or
0.1%) (38–40) and 800 ppm (41), although levels as low as 30 ppm improved blood
glucose levels in mice with streptozotocin-induced diabetes (42). With this in mind, we
used low and high doses of 25 and 400 ppm acarbose, respectively, incorporated into
the diet during manufacturing; these were human-equivalent doses of 15 mg and
240 mg per day, respectively, for a 60-kg adult (43). The diet chosen for these experi-
ments was a custom low-fat high-starch (HS) diet in order to mimic a Western-style
human diet in which most of the carbohydrate content comes from refined corn starch
with little dietary fiber.

To examine the effects of each acarbose dose individually as well as a low to high
crossover regime, we used four groups of mice (n � 5) between 8 and 12 weeks of age
that consumed the HS diet with either zero (control), 25 mg/kg acarbose (low),
400 mg/kg acarbose (high), or a low then high dose of acarbose (low-high) (Fig. 1A).
Because many diet changes rapidly alter the murine gut community within 24 to 48 h
(44–46), mice were fed the HS control diet for 1 week to allow for adjustment from the
standard plant polysaccharide-rich Purina Lab Diet 5001 fed in the UM vivarium.
Following 1 week of the HS control diet, the experimental groups consumed the
acarbose chow for 2 weeks as outlined above. To determine if the acarbose treatment
had a lasting effect on the gut community structure, all groups were switched back to
the HS control diet for the last week. The community composition of each group
throughout the diet schedule was followed by 16S rRNA gene sequencing of fecal
samples on days 1, 2, 3, and 7 of each week of the respective diet.

We used nonmetric multidimensional scaling (NMDS) ordination to visualize the
global differences in community structures in the mice between each treatment group
over time (Fig. 1B; see also Fig. S1 and S2 in the supplemental material). Overall, the
communities clustered more according to the diet consumed at the time of sampling
rather than to the diet sequence. Communities from mice consuming the high acarbose
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dose were significantly different from control mice (analysis of similarity [ANOSIM]
R � 0.75, P � 0.001) and clustered together regardless of whether they went from the
control to high acarbose or from low to high acarbose (low-high). Somewhat surprising
is that the control and low acarbose groups clustered together, with no significant
change in community structure as a result of the 25 mg/kg acarbose (ANOSIM R � 0.02,
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FIG 1 Acarbose reversibly changes the structure of the murine gut community. (A) Experimental setup detailing the four diet groups for the 4-week experiment,
color-coded by diet type: PP, plant polysaccharide-rich chow; HS, high starch; control, no acarbose; low, low-dose acarbose; high, high-dose acarbose. The
triangles represent when fecal samples were collected and analyzed for 16S rRNA. N � 5 mice per group. Note that samples taken on the diet transition day
were collected just prior to diet change. (B) NMDS ordination based on Bray-Curtis dissimilarity applied to OTU abundances from fecal samples at time points
indicated in A (low versus control diet, ANOSIM R � �0.02, P � 0.73; high versus control diet, ANOSIM R � 0.75, P � 0.001). Separate ordinations for each
treatment group are compiled in Fig. S1 in the supplemental material. (C) Fecal SCFA concentrations from mice in the HS control and high-dose acarbose groups
on day 21. *, P � 0.05 by Wilcoxon rank sum test.
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P � 0.73). Interestingly, the intestinal communities of mice in the high acarbose or
low-high group that went from the high dose to the control diet quickly shifted to
cluster with those of the control group, suggesting that acarbose treatment did not
irreversibly change the gut community. Beyond the acarbose-mediated change, it is of
note that the community shifted dramatically upon switching from the Purina Lab Diet
5001 to the HS diet created from purified protein, starch, and fat sources.

We expected that acarbose-mediated changes in the community would be apparent
as changes in the bacterial metabolic output in the form of short-chain fatty acids, as
noted in previous studies (27, 29). We measured short-chain fatty acids in the feces of
mice on the HS control and high acarbose diets at day 21 (Fig. 1C). No statistically
significant differences were observed in acetate (P � 0.063) or propionate (P � 0.17)
between these groups, but significantly more butyrate (P � 0.015) was observed in
mice on the high-acarbose diet. Acetate is a fermentation by-product that is common
to many anaerobic organisms, regardless of phyla, whereas butyrate is typically asso-
ciated with Firmicutes, specifically, Clostridiales, and propionate is typically provided by
members of the Bacteroidetes (4). The increase in butyrate suggests that acarbose
enhances short-chain fatty acid output, which is typically associated with better host
health.

To resolve specific changes in the microbiota in response to acarbose, the most
responsive OTUs as a result of acarbose treatment in the HS diet were plotted over time
(Fig. 2). The OTU with the largest change in abundance was OTU2 (P � 1.7 � 10�5),
which contains sequences that are affiliated with members of the Bacteroides (Fig. 2A).
OTU2 increased from �3% of the total community to �30% of the total community in
the high-acarbose and low-high groups upon the switch to the high-acarbose diet.
Within 24 h of the diet change back to the control HS diet, OTU2 decreased to �10%
of the total community and then stabilized at a basal level of 2% to 3%, similar to those
of the control HS and low acarbose groups. The OTU with second largest increase as a
result of the high-acarbose diet is OTU3 (P � 1.2 � 10�5) that most closely aligned with
Bifidobacterium pseudolongum, a known starch degrader (47, 48). The kinetics of the
change in this OTU were substantially different from those of OTU2, as OTU3 increased
steadily from �6% of the community to �20% to 25% of the community over the
2-week time period in the high-acarbose group (Fig. 2B). However, this OTU increased
somewhat over all groups, including the control group. The low-acarbose group had a
somewhat intermediate response in OTU3, from 6% of the community to �12% of the
total abundance after 2 weeks on the low-acarbose diet. For all groups, including the
control, OTU3 stabilized at around 8% to 10% of the community by the end of the 4
weeks, and the withdrawal of acarbose from the experimental groups resulted in a
decrease of this community member. The reason for the difference in the kinetics of the
OTU3 change between the low-acarbose and low-high groups is unclear, though by
the end of the second week when both groups were on the low-acarbose diet, the
abundance was similar.

In contrast, two OTUs, OTU1 and OTU8, decreased substantially in response to
acarbose dosing (P � 2.3 � 10�5 and 1.3 � 10�5, respectively). OTU1 most closely
mapped to Akkermansia muciniphila, a species known for its ability to effectively
degrade host mucosal glycans at the exclusion of dietary polysaccharides, including
starch (45, 49). OTU1 increased steadily from �2% of the community in all groups when
the mice were switched from polysaccharide-rich chow and stabilized at around 20% to
25% of the community among all groups at the end of the first week of the HS control
diet (Fig. 2C). This change was likely due to the lack of complex dietary fiber (i.e., plant
cell wall material) that facilitates the expansion of mucosal glycan degraders as
fiber-degrading species decrease (45, 50, 51). The decline in OTU1 was steady over the
2-week course of acarbose treatment in the high-acarbose group, while the low-
acarbose group tracked more with the HS control. Interestingly, a rebound effect
occurred in OTU1 upon the withdrawal of acarbose in the high-acarbose and low-high
groups such that it comprised �35% of the community compared to 25% as seen in the
low-acarbose group and HS control. A more dramatic decrease in abundance occurred
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in OTU8 that was classified to the S24-7 family within the Bacteroidales (Fig. 2D). This
OTU remained at 2% to 3% of the community in the HS control and low-acarbose
groups but dropped to the level of detection in all mice consuming a high dose of
acarbose. Like OTU1, OTU8 recovered following the withdrawal of acarbose and even
exceeded preacarbose levels before it stabilized to the same levels as the control group.
The Bacteroidales family S24-7 is now well recognized as a typically observed member
the intestinal tract of a select set of homeothermic animals and is a core component
of the normal mouse microbiota (52, 53). Recent work has suggested the classification
of this group as “Candidatus Homeothermaceae;” strain differences with this group
suggest a flexible metabolism with the ability to digest polysaccharides, including
starch, as well as host-derived glycans (54).

Looking more broadly across the eight most abundant bacterial families, the most
dramatic changes were the increase in the Bacteroidaceae (P � 4.4 � 10�7) and Bifido-
bacteriaceae (P � 4.1 � 10�7) upon high acarbose consumption (Fig. 2E), which can be
attributed to the expansion of OTU2 and OTU3, respectively. Likewise, the decrease in
Verrucomicrobiaceae (P � 7.3 � 10�7) is accounted for by the aforementioned changes
in OTU1. Other significant changes that occurred upon high acarbose dosing is a
decrease across the Bacteroidales S24-7 group (P � 2.3 � 10�5), Lactobacillaceae
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(P � 6.1 � 10�6), and Ruminococcaceae (P � 1.4 � 10�6), which occurred across multi-
ple OTUs rather than due to changes in a single taxon. Fifteen OTUs from the
Bacteroidales S24-7, three from Lactobacillaceae, and 25 from Ruminococcaceae signif-
icantly decreased. In total, 129 OTUs significantly changed in relative abundance
response to the high-acarbose treatment, with 31 increasing and 98 decreasing.
Together, these data demonstrate a profound change on the bacterial community
upon high levels of acarbose consumption, although one that does not persist once
treatment is withdrawn.

As noted above, the community structure in fecal samples from mice consuming
Purina Lab Diet 5001, a standard rodent chow rich in diverse plant polysaccharides
(PP), changed once the animals switched to the HS control diet. This led us to
question how acarbose may affect the community dynamics in the context of a
different diet. Because the low acarbose dose had little effect on the gut commu-
nity, we fed a single group of 8- to 12-week-old mice (n � 10) a high acarbose
(400 mg/kg) dose in the PP-rich Purina Lab Diet,and compared the changes in the
gut microbiota before and during acarbose treatment using 16S rRNA gene se-
quencing as before (Fig. 3A). Plotting these data together over time using NMDS
revealed that high acarbose in the context of the PP diet again shifted the
community structure, distinct from the communities observed in the HS diet
background (Fig. 3B, Fig. S3). Therefore, the effect of acarbose on the community
is dependent upon the diet context under which it is administered.

The relative abundances of bacterial families in the PP diets, both with and
without acarbose, were compared to those from our previous experiment with the
HS diet background (Fig. 3C). On either diet, high-acarbose treatment resulted in a
similar increase in Bifidobacteriaceae and decrease in Lactobacillaceae, yet many
other families responded differently depending on the diet. In the context of the PP
diet with acarbose, there was no significant increase in the Bacteroidaceae or
contraction of the Ruminococcaceae, but there was a substantial increase in the
Lachnospiraceae (though not statistically significant due to the high variability
between mice). The PP diet also resulted in lower abundance of the Verrucomicro-
biaceae, and this family dropped below the limit of detection with acarbose
treatment. Finally, the Bacteroidales S24-7 group, which was abundant on the HS
diet and decreased with acarbose treatment, followed a similar trend with the PP
diet, but dominated the community at �55% in the PP diet alone and decreased to
�20% in the PP plus acarbose diet. Thus, at the family level, acarbose selectively
changed the community structure in ways that likely affected the metabolic output
of the community in the form of short-chain fatty acids and other small molecules
that may impact host health. To examine this effect, we measured short-chain fatty
acids in the feces of mice at day 0 prior to acarbose feeding on the PP diet and at
day 14 after 2 weeks of PP plus acarbose (Fig. 3D). In the PP diet background, high
acarbose had statistically significant effects on both acetate (P � 0.0057) and
butyrate (P � 0.033) levels by increasing the detectable amounts of these mole-
cules. Therefore, the ability of acarbose to enhance acetate output by the micro-
biota was diet dependent, while butyrate was not.

DISCUSSION

As the composition of the gut microbial community is implicated in the etiology,
severity, or progression of human disease, it becomes important to understand how
therapeutics alter this community. Medications can have an “off-target” effect in
changing the microbiota, and this can be positive or negative depending upon the host
background and the magnitude of the effect. For example, proton pump inhibitors are
commonly prescribed for the effective treatment of gastric reflux but can alter the gut
community and may make individuals more susceptible to intestinal infections (55, 56).
Conversely, metformin for the treatment of type 2 diabetes is now thought to elicit
better control of blood glucose levels in part because of the changes it drives in the gut
bacterial community structure (34–36). As medicine becomes individualized, the inter-
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play between disease, medication, and the microbiota should be considered to maxi-
mize therapeutic benefit or prevent unwanted side effects.

Our interest in acarbose originated from the observation that resistant starch, which
is starch that is not hydrolyzed and absorbed in the host small intestine, tends to
increase butyrate output by the gut microbiota. The therapeutic potential of butyrate
is well established and thus, dietary components or treatments that increase this
short-chain fatty acid may prevent or halt the progression of colorectal cancer, inflam-
matory bowel disease, or more systemic inflammatory diseases (10, 15, 57). From our
interest in bacterial starch digestion, we questioned how acarbose, a safe and effective
glucoamylase inhibitor that is minimally absorbed by the host, might shunt starch to
the colon and in turn increase butyrate output. We tested two doses of acarbose in two
distinct diet backgrounds, the HS diet which mimics a low-fat Western-style diet
comprised of host-accessible processed corn starch and the PP diet replete with plant
polysaccharides and natural fiber sources that include resistant starch. The low dose of
acarbose, tested only in the HS background, did not result in a significant change in the
community structure from that of the control diet lacking acarbose. However, the
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FIG 3 A plant polysaccharide-rich (PP) diet with acarbose changes bacterial taxa differently than a high-starch diet with acarbose. (A) Timeline
for PP plus high acarbose diet; N � 10 mice. (B) NMDS ordination based on Bray-Curtis dissimilarity applied to OTU abundances within fecal
samples from the high-starch (HS) diet experiments (Expt 1) and the plant polysaccharide-rich (PP) diet experiments (Expt 2). Samples from the
low-high acarbose group with the HS diet are shown to match the longitudinal design of the PP diet with acarbose. (C) Relative abundances of
the 8 most abundant bacterial families, which accounted for more than 93% of sequences. *, P � 0.05 by Wilcoxon rank sum test, acarbose versus
control/chow. (D) Fecal SCFA concentrations from mice while consuming chow (day 0) or chow with 400 mg/kg acarbose (day 14). *, P � 0.05 by
Wilcoxon rank sum test.
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high-acarbose diet changed the community in the HS diet background with a massive
increase in the Bacteroidaceae and the Bifidobacteriaceae, which in both cases, was
largely attributed to increases in single OTUs. There was a nearly concomitant decrease
in the abundances of both the Verrucomicrobiaceae, mainly, A. muciniphila, and the
Bacteroidales S24-7 with the high acarbose in the HS background. Acarbose elicited
different changes when administered in a PP diet, most notably, a jump in the
Lachnospiraceae from 10% to 30% of the community with acarbose, and a striking
decrease in Bacteroidales S24-7. For both diets with acarbose, the abundances of
Bifidobacteriaceae and Bacteroidales S24-7 were quite similar. Acarbose administration
enhanced Bifidobacteriaceae representation in both cases, whereas it decreased S24-7
in both diets.

Regardless of the precise changes in the gut community, human volunteer studies
with acarbose supplementation have reported an increase in serum butyrate levels (27,
29). Therefore, regardless of the precise changes in community structure, there is some
conservation of the metabolic footprint observed. We note that the greatest enhance-
ment in butyrate output was observed in the plant polysaccharide diet background.
While diets rich in plant fiber tend to have a butyrogenic effect, it is noteworthy that
here, the addition of acarbose further enhanced this effect.

From our data, we cannot correlate the changes we see on a community level to
what the bacteria are feeding upon in the different diet backgrounds. Certainly, several
factors can contribute to these changes. The inhibition of host intestinal glucoamylases
by acarbose suggests that there is a substantial increase in starch as an available food
source. Starch-targeting enzymes are typically found within glycoside hydrolase family
13 (GH13) and are one of the most well-represented carbohydrate-active enzyme
families found within the genomes of many different gut bacteria (58). This is in
contrast to the degradation of many complex plant polysaccharides and host mucosal
glycans, both of which are more of a specialty food source for select gut bacteria (58,
59). However, because acarbose is minimally absorbed by the host, it transits the distal
gut, where it could inhibit starch processing by gut bacteria (60). Therefore, the diet
consumed with acarbose greatly influences the possible changes in community struc-
ture, as we observed.

Beyond the treatments of diabetes and prediabetes, acarbose has received recent
attention as an agent that may extend life span in mice. Acarbose feeding in rodent
chow at 1,000 ppm exerts a sex-dependent effect, increasing the median life span of
male mice by 22% and of female mice by 5% (39, 61). While the precise mechanism for
enhanced longevity is unclear, it is thought to be related to the reduction in postpran-
dial blood glucose elevation or due to lower caloric intake. In these studies, acarbose
was administered to animals at vivaria at three different institutions, with notable
variability in the effectiveness of acarbose treatment in extending life span and
reducing weight gain, despite controlling for mouse breed and diet. Therefore, the
changes imposed by acarbose treatment are also affected by the starting gut commu-
nities in the animals, which then restrict the potential changes that are observed.
Recently, acarbose therapy was evaluated in animal models for the treatment of a
variety of other conditions, including cardiovascular disease and cognition (62, 63). As
we learn more about how human disease is affected by the intestinal bacterial
community, the interplay between medications such as acarbose and the diet will
become increasingly important to evaluate.

MATERIALS AND METHODS
Animal care. We used 8- to 12-week-old male C57BL/6 mice obtained from a single breeding

colony maintained at the University of Michigan for all of our experiments. These mice were reared
under specific-pathogen-free (SPF) conditions within the animal facility at the University of Michi-
gan. All animal-related protocols and experiments were approved by the University Committee on
Use and Care of Animals at the University of Michigan and carried out in accordance with the
approved guidelines.

Diets. All diets were made by Envigo (formerly Harlan Teklad). The high-starch (HS) diet base was
AIN-93M, which was comprised of 12.4% protein, 68.3% carbohydrate (46.7% corn starch), and 4.1% fat
by weight. The plant polysaccharide-rich standard chow base was the Purina Lab Diet 5001 formulation
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comprised of 23.5% protein, 40.9% carbohydrate, and 4.5% fat by weight. Acarbose (Sigma-Aldrich) was
incorporated into these diets at either 25 mg/kg or 400 mg/kg.

Feeding regime. (i) HS diet experiment. Four groups (control, high, low, and low-high) of five mice
were weaned and consumed a standard Purina Lab Diet 5001 diet for 4 to 8 weeks before switching to
the HS control diet. The control group stayed on this diet throughout the 4-week experiment. After
7 days, the low-acarbose group was switched to a 25-mg/kg acarbose HS diet (HS low) for 2 weeks, and
the high-acarbose group was switched to 400 mg/kg acarbose (HS high) for 2 weeks. The low-high group
consumed 25 mg/kg acarbose for 7 days, then was switched to 400 mg/kg acarbose for another 7 days.
The high, low, and low-high groups were all switched back to the control diet at day 21, and mice were
humanely sacrificed at day 28. Fecal samples were collected 1, 2, 3, and 7 days after each diet switch to
be used for 16S rRNA gene sequencing. Additional stool samples were collected from mice at day 20,
flash-frozen in liquid nitrogen, and stored at �80°C for SCFA quantification.

(ii) PP diet experiment. One group of ten mice were weaned and consumed a standard Purina Lab
Diet 5001 plant polysaccharide diet (PP) for 4 to 8 weeks. A fecal sample was collected from each mouse
before switching to a 400 mg/kg acarbose PP diet (PP high) for 14 days. A second fecal sample was
collected at the end of the 14 days.

SCFA quantification. SCFA analysis was performed by the Thomas Schmidt lab in the Center for
Microbial Systems at the University of Michigan. To extract SCFAs, 1 ml of fecal suspension was
transferred to a 2-ml 96-well V-bottom collection plate and centrifuged at 4,500 � g for 15 min at 4°C.
Two hundred microliters of the supernatant fractions was successively filtered through 1.20-, 0.65-, and
0.22-�m 96-well filter plates at 4°C. Filtrates were transferred to 1.5-ml screw-cap vials containing 100-�l
inserts in preparation for analysis by high-performance liquid chromatography (HPLC). Quantification of
SCFAs was performed using a Shimadzu HPLC system (Shimadzu Scientific Instruments, Columbia, MD)
that included an LC-10AD vp pump A, LC-10AD vp pump B, degasser DGU-14A, CBM-20A, autosampler
SIL-10AD HT, column heater CTO- 10A(C) vp, UV detector SPD-10A(V) vp, and an Aminex HPX-87H
column (Bio-Rad Laboratories, Hercules, CA). We used a mobile phase of 0.01 N H2SO4 at a total flow rate
of 0.6 ml per min with the column oven temperature at 50°C. The sample injection volume was 10 �l and
was run for 40 min. Concentrations were calculated using a cocktail of short-chain organic acids
standards at concentrations of 20, 10, 5, 2.5, 1, 0.5, 0.25, and 0.1 mM. Concentrations were normalized to
the wet weight of fecal material.

16S rRNA gene sequencing. DNA was extracted from mouse fecal pellets using PowerSoil HTP
96-well soil DNA isolation kits (Mo Bio, Carlsbad, CA, USA) and an epMotion 5075 automated pipetting
system. The V4 region of the 16S rRNA gene was amplified using custom barcoded primers and
sequenced as described previously using 250-bp paired-end reads on an Illumina MiSeq sequencer (64)
The 16S rRNA gene sequences were curated using the mothur software package (v1.395), as described
previously (64, 65). Briefly, paired-end reads were merged into contigs, screened for quality, aligned to
the SILVA 16S rRNA sequence database, and screened for chimeras. Sequences were classified using a
naive Bayesian classifier trained against the SILVA 16S rRNA sequence database (66). Curated sequences
were clustered into operational taxonomic units (OTUs) using a 97% similarity cutoff with the OptiClust
clustering algorithm (67). The number of sequences in each sample was rarefied to 1,960 per sample to
minimize the effects of uneven sampling. OTUs that were detected in fewer than 3% of samples were
removed to minimize spurious OTUs.

Statistical analysis. Coordinates for NMDS ordinations were generated in mothur using thetaYC
distances. All other statistical analyses were performed using R (version 3.2.4). Differences in
community structures were assessed using ANOSIM with the Bray-Curtis dissimilarity metric. SCFA
concentrations were compared using a Wilcoxon rank sum test. OTUs and families that significantly
changed in response to the HS high diet were identified by a Friedman test applied to each
OTU/family over time blocked according to mouse. The Benjamini-Hochberg method was used to
correct P values for multiple comparisons. The relative abundances of OTUs or families in response
to the PP high diet were compared using paired Wilcoxon rank sum tests with Benjamini-Hochberg
correction for multiple comparisons.

Data availability. Raw fastq files and metadata are available in NCBI SRA under accession number
SRP161616.

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

mSphere.00528-18.
FIG S1, PDF file, 0.1 MB.
FIG S2, PDF file, 0.1 MB.
FIG S3, PDF file, 0.1 MB.
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