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ABSTRACT

Bile acids (BA) are among the most abundant metabolites produced by the gut microbiome.
Primary BAs produced in the liver are converted by gut bacterial 7-a-dehydroxylation into sec-
ondary BAs, which can differentially regulate host health via signaling based on their varying
affinity for BA receptors. Despite the importance of secondary BAs in host health, the regulation of
7-a-dehydroxylation and the role of diet in modulating this process is incompletely defined.
Understanding this process could lead to dietary guidelines that beneficially shift BA metabolism.
Dietary fiber regulates gut microbial composition and metabolite production. We tested the
hypothesis that feeding mice a diet rich in a fermentable dietary fiber, resistant starch (RS),
would alter gut bacterial BA metabolism. Male and female wild-type mice were fed a diet supple-
mented with RS or an isocaloric control diet (IC). Metabolic parameters were similar between
groups. RS supplementation increased gut luminal deoxycholic acid (DCA) abundance. However,
gut luminal cholic acid (CA) abundance, the substrate for 7-a-dehydroxylation in DCA production,
was unaltered by RS. Further, RS supplementation did not change the mRNA expression of hepatic
BA producing enzymes or ileal BA transporters. Metagenomic assessment of gut bacterial compo-
sition revealed no change in the relative abundance of bacteria known to perform 7-a-
dehydroxylation. P. ginsenosidimutans and P. multiformis were positively correlated with gut
luminal DCA abundance and increased in response to RS supplementation. These data demon-
strate that RS supplementation enriches gut luminal DCA abundance without increasing the
relative abundance of bacteria known to perform 7-a-dehydroxylation.
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Introduction
key physiologic processes."”> Primary bile acids

The gut microbiome is a crucial regulator of host
health. A key mechanism by which the gut micro-
biome regulates host health is through the meta-
bolites it produces. Bile acids are among the most
abundant and diverse gut microbially produced
metabolites. Though bile acids are well known for
their role in fat digestion, they are present in the
systemic circulation and act through bile acid
receptors, such as Takeda G protein-coupled
receptor 5 (TGR5) and Farnesoid X receptor
(FXR), to regulate metabolic homeostasis, hepatic
bile acid metabolism, inflammation, and other

are synthesized in the liver from cholesterol and
are conjugated with taurine or glycine before
leaving the liver. The most abundant primary
bile acid in humans is cholic acid (CA), followed
by chenodeoxycholic acid (CDCA).> Once conju-
gated with taurine or glycine, they are stored in
the gallbladder and secreted into the duodenum
in response to feeding. Primary bile acids are
converted into secondary bile acids through inter-
actions with gut bacteria in the distal gastroin-
testinal tract. Specifically, gut bacteria convert CA
into deoxycholic acid (DCA) and CDCA into
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lithocholic acid (LCA). Due to highly efficient gut
transporters, approximately 95% of bile acids
remain in the enterohepatic circulation. Some
escape into the systemic circulation.*

Regulating bile acid production is essential for
host-microbiome crosstalk. Gut microbes perform
numerous modifications of luminal bile acids,
which regulate host health by determining down-
stream signaling, as bile acid subtypes vary in their
affinity for bile acid receptors. Indeed, alterations
in bile acid profile are associated with many disease
states, from atherosclerosis to Alzheimer’s
Disease.” The therapeutic potential of targeting
the gut microbiome is highlighted by the successful
application of fecal microbiota transplantation
(FMT) for treating C. difficile infection. Notably,
increases in gut bacterial bile acid metabolism have
been highlighted as a critical mechanism by which
FMT treats C. difficile infection.””” Therefore, there
is untapped therapeutic potential in altering endo-
genous bile acid metabolism in treating and pre-
venting various disease processes.

The pathway of converting primary bile acids to
secondary bile acids, 7-a-dehydroxylation, is carried
out by a series of enzymes in certain bacteria as part
of a survival mechanism to detoxify their environ-
ment. As an essential pathway in bile acid metabo-
lism, 7-a-dehydroxylation is a potential target for
ameliorating disease states. Bile salt hydrolase (BSH)
executes an essential first step in gut bacterial bile
acid metabolism because 7-a-dehydroxylation can
only begin once the bile acid is deconjugated. The
first enzyme in the 7-a-dehydroxylation pathway is
encoded by baiG and is a highly selective transporter
for unconjugated bile acids.'”'! Unlike bacterial bile
acid deconjugation, which is executed by BSH and is
widely expressed across many bacterial genera in the
gut microbiome, 7-a-dehydroxylation is thought to
be carried out by a limited number of bacteria.'” It is
estimated that < 1% of bacteria can perform 7-a-
dehydroxylation."”” The most well-known players
in 7-a-dehydroxylation come from the Clostridium
genus.'* However, recent evidence has shown that
other bacteria from other genera may be involved in
complementary pathways.'>'® Therefore, our
understanding of the bacteria involved and the reg-
ulation of 7-a-dehydroxylation is incomplete.’

In particular, our understanding of the effect
of diet on gut bacterial bile acid metabolism is
insufficient. Dietary fiber is a crucial regulator
of gut microbial composition and metabolite
production. High amylose maize resistant
starch (RS) is a type two fermentable fiber
that alters the bacterial microenvironment and
gut bacterial metabolism.'” While RS is com-
prised of sugars that cannot be digested by
human enzymes, RS can be fermented by bac-
teria. There is a preference for some bacteria
over others to consume certain resistant
starches, which promotes shifts in gut micro-
bial composition to favor bacteria more adept
at using RS as a food source.'”'® Dietary RS
supplementation has a well-established effect to
alter gut microbial metabolite production, par-
ticularly short-chain fatty acids in mice and
humans.'>?° Interestingly, other types of diet-
ary fiber have recently been shown to promote
certain aspects of gut bacterial bile acid meta-
bolism. Specifically, Arifuzzaman et al. reported
increases in unconjugated CA, CDCA, UDCA,
and MCA abundances after dietary inulin sup-
plementation in mice, suggesting a promotion
of bile acid deconjugation.”’ They also demon-
strated that bacteria mediated the change in
bile acid metabolism. Oligofructose, another
dietary fiber, was also found to change the
bile acid pool by enhancing gut bacterial 6a-
hydroxylation.”” However, the effect of dietary
fiber on 7-a-dehydroxylation and the impact of
type two dietary RS on gut bacterial bile acid
metabolism has not been tested. Therefore, we
tested the hypothesis that feeding mice a diet
supplemented with RS would alter the gut
microbiome to favor 7-a-dehydroxylation.

Herein, we report that dietary supplementa-
tion with RS enhances gut luminal DCA abun-
dance in mice. RS did not alter CA abundance,
mRNA expression of hepatic bile acid produ-
cing enzymes, or ileal bile acid transporters.
Further, the effect of RS to increase gut luminal
DCA production also occurred in the absence
of increases in bacteria known to produce
DCA. Together, these data point to a key role
for dietary fiber in regulating DCA production



and suggest that dietary RS supplementation
increases gut bacterial DCA production
through non-canonical bacteria.

Results

RS supplementation increased gut luminal DCA
abundance

To determine the impact of RS on gut bacterial bile
acid metabolism, we fed male and female wild-type
C57BL/6] mice a diet supplemented with RS. To
control for the effect of caloric dilution by RS
supplementation, we included an isocaloric (IC)
control diet. The IC diet was made using
a combination of amylopectin and cellulose, as
previously described.”>** Besides making these
diets isocaloric, the percent of energy from carbo-
hydrates was equivalent between diets. All mice
began receiving the IC diet at two months of age.
At four months of age, mice either continued for an
additional one or two months of IC or RS inter-
vention. Then, mice were euthanized for tissue
collection. The main figures present the data from
mice studied after two months of dietary interven-
tion (six months of age). Results from mice studied
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after one month of dietary intervention (five
months of age) are presented in the supplemental
figures. We took biweekly measures of body weight
and food intake for the duration of dietary inter-
vention. On the morning of euthanasia, we per-
formed an oral glucose tolerance test (OGTT).
There were no differences in food intake, body
weight, adiposity, or glucose tolerance in RS com-
pared with IC-fed mice studied after one or two
months of dietary intervention (Figure la-i;
Supplemental Figure S1A-I). These data suggest
that when controls for caloric content are in
place, RS altered neither adiposity nor overall
body weight. Therefore, the impact of RS reported
throughout these studies is independent of food
intake and body weight.

Cecal contents and serum were collected for bile
acid profiling at the conclusion of the study. RS
supplementation decreased total cecal bile acid
concentrations compared with IC-fed mice after
one month of intervention (Supplemental Table
S1, p<.01) and tended to decrease total cecal bile
acid concentrations after two months of dietary
intervention, but this did not reach significance
(Supplemental Table S1, p=.07). This finding is
consistent with previous work reporting increased
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Figure 1. Measures of metabolic health were unchanged by RS supplementation. a) cumulative food intake (day 1-50 of IC or RS
intervention), b) body weight, c) oral glucose tolerance test, d) the total area under the curve from each oral glucose tolerance test,
e) total white adipose weight, f) subcutaneous adipose tissue weight, g) mesenteric adipose tissue weight, h) perigonadal adipose
tissue weight, and i) retroperitoneal adipose tissue weight. Data presented as mean + SEM, n = 8 per group.
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bile acid excretion after three weeks of fiber
intervention.*"** Because of the reduction in total
bile acids caused by RS supplementation, we
assessed both absolute bile acid concentrations
and the relative proportion of specific bile acids
within the total bile acid pool. Cecal bile acid con-
centrations as an absolute value are presented in
Supplemental Table S1. The relative abundance of
gut luminal bile acid concentrations normalized to
total bile acid concentrations are presented in
Supplemental Table S2.

To assess the potential impact of RS on gut
bacterial bile acid metabolism, we first determined
the impact of RS supplementation on unconjugated
and secondary bile acid levels. After two months of
dietary intervention, RS tended to decrease gut
luminal conjugated bile acids and increased uncon-
jugated bile acids as a proportion of total bile acids
compared to IC-fed mice. However, this effect did
not reach significance after one month of RS sup-
plementation (Figure 2a,b, p <.05; Supplemental
Figure 2a,b), suggesting RS favors bile acid decon-
jugation after prolonged RS supplementation. To
evaluate 7-a-dehydroxylation, we examined the
proportion of primary and secondary bile acids.
Gut luminal primary bile acids as a proportion of
total bile acids decreased compared to IC-fed mice
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after two months of dietary intervention (Figure 2c,
p<.01). In contrast, secondary bile acids as
a proportion of total bile acids increased in RS
compared to IC-fed mice (Figure 2d, p <.01).
Similar trends were observed after one month of
RS supplementation, but this did not reach signifi-
cance (Supplemental Figure S2C-D). The effect of
RS to increase secondary bile acid abundance was
primarily driven by an increase in DCA abun-
dance. Specifically, gut luminal DCA as
a proportion of total cecal bile acids tended to
increase after one month of dietary intervention
(Supplemental Figure 2e, p=.08) and increased
more than three-fold compared to IC-fed mice
after two months of dietary intervention
(Figure 2e, p<.01). Additionally, glycine-
conjugated DCA proportionally increased in RS
compared to IC-fed mice after two months of diet-
ary intervention, likely due to increased DCA avail-
ability as a substrate (Supplemental Table S2,
p<.05).

CA is the substrate for gut bacterial 7-a-
dehydroxylation in the production of DCA. Gut
luminal CA concentrations were reduced by RS
supplementation compared to IC-fed mice after
one month of dietary intervention (Supplemental
Table S1, p <.05) and tended to be reduced by RS
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Figure 2. RS supplementation enhanced gut luminal DCA abundance. a) conjugated bile acids, b) unconjugated bile acids, c) primary
bile acids, d) secondary bile acids, e) DCA, f) CA, g), LCA, h) CDCA, i) and total MCA levels expressed as a proportion of total bile acids in
cecal contents collected from mice receiving IC or RS diet for 2 months. Data presented as mean = SEM, n=8 per group. *p<.05,
**p<.01, ***p<.001 by Student’s t-test. j) circulating total GLP-1 concentrations at baseline and 30 minutes post-gavage during the
OGTT. p < .05 by 2-factor ANOVA with Bonferroni posttest. Data presented as mean + SEM, n =8 per group.



supplementation after two months of dietary inter-
vention (Supplemental Table S2, p=.08).
Furthermore, gut luminal CA abundance did not
differ between groups after one and two months of
dietary intervention (Figure 2f; Supplemental
Figure S2F), suggesting that the effect of RS to
increase gut luminal DCA abundance was not dri-
ven by an increase in its substrate. Further, while
RS has bile acid binding properties, when com-
pared to bile acid binding resins, the rate is much
lower.>*"* RS increases fecal excretion of DCA to
a greater extent than CA and CDCA which are
excreted to the same extent.”**” Therefore, the
effect of RS to increase gut luminal abundance of
DCA does not appear to be driven by preferential
DCA retention.

In contrast, RS did not alter gut luminal LCA
relative abundance compared to IC-fed mice after
one or two months of dietary intervention
(Figure 2g; Supplemental Figure S2G). These data
suggest RS supplementation promotes an environ-
ment that favors bacteria that selectively upregulate
DCA production. While there are gut bacterial spe-
cies and 7-a-dehydroxylation enzymes that can use
both CA and CDCA as a substrate in the generation
of secondary bile acids, there are gut bacterial species
and 7-a-dehydroxylation enzymes that can only
interact with CA."**! This demonstrates impor-
tant points of divergence in 7-a-dehydroxylation
between CA and CDCA. CDCA is the substrate for
the production of LCA. RS supplementation
decreased CDCA relative abundance compared to
IC-fed mice after one month of dietary intervention
(Supplemental Figure S2H, p <.05), but had no
impact on CDCA relative abundance after two
months of dietary intervention (Figure 2h). CDCA
is also the substrate for hepatic muricholic acid
(MCA) production. The relative abundance of gut
luminal MCA was unchanged after one month of
dietary intervention (Supplemental Figure S2I) and
decreased after two months of RS supplementation
(Figure 2i, p <.05).

To determine whether the effect of RS to
increase gut luminal DCA abundance impacts
downstream markers of bile acid activity, we mea-
sured nutrient-stimulated glucagon-like peptide-1
secretion (GLP-1). Bile acids contribute to the sti-
mulation of GLP-1 secretion from gut enteroendo-
crine L cells by signaling through the bile acid
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receptor, TGR5." DCA is one of the strongest
ligands for TGR5.*> Therefore, we hypothesized
that the increase in gut luminal DCA abundance
with RS supplementation may lead to an increase
in GLP-1 secretion. Consistent with this, we find
that circulating GLP-1 concentrations are
increased in RS compared with IC-treated mice
during the OGTT, supporting a physiologic impact
for enhanced gut luminal DCA abundance
(Figure 2j, p <.05).

The effect of RS supplementation to increase gut
luminal DCA abundance was not reflected in the
circulation

In contrast to the impact of RS on bile acid con-
centrations in cecal contents, RS did not change the
concentration of most bile acid subtypes in the
circulation (Supplemental Table S3). Nevertheless,
there was a decrease in circulating a-MCA,
TCDCA, and TUDCA concentrations after two
months of RS supplementation compared to IC-
fed mice (Supplemental Table S3, p <.05). Further,
the relative abundance of most bile acid subtypes
did not differ between groups after one or two
months of dietary intervention (Supplemental
Table S4; Figure 3; Supplemental Figure S3).
Specifically, RS did not alter the relative abundance
of unconjugated bile acids or conjugated bile acids
compared to IC-fed mice after two months
(Figure 3a,b) but did decrease the relative abun-
dance of conjugated bile acids with
a commensurate increase in unconjugated bile
acids after one month of dietary intervention
(Supplemental Figure S3A-B, p <.05). Circulating
primary and secondary bile acids as a proportion of
total bile acids did not differ between groups after
one or two months of RS supplementation
(Supplemental Figure S3C-D; Figure 3c,d).

DCA, CA, LCA, and CDCA as a proportion of
total bile acids did not differ between groups after
two months of dietary intervention (Figure 3e-h).
This remained mostly true in the one-month
cohort (Supplemental Figure S3E, G-H), apart
from circulating CA, which increased in relative
abundance in RS compared to IC-fed mice
(Supplemental Figure S3F, p <.0001). Similar to
the effect of RS supplementation to decrease gut
luminal MCA abundance, RS supplementation
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Figure 3. Changes in gut luminal DCA abundance were not reflected in the serum. a) conjugated bile acids, b) unconjugated bile acids,
¢) primary bile acids, d) secondary bile acids, e) DCA, f) CA, g) LCA, h) CDCA, and i) total MCA levels expressed as a proportion of total
bile acids in fasted serum samples collected from mice receiving IC or RS diet for 2 months. *p < .05, **p < .01, ***p < .001 by Student’s

t-test. Data presented as mean + SEM, n = 8 per group.

decreased circulating MCA abundance compared
to IC-fed mice after one and two months of dietary
intervention (Figure 3i, p <.01). All absolute and
proportionate serum bile acid data are available in
Supplemental Table S3 and Supplemental Table S$4,
respectively. DCA is hydrophobic and, therefore,
may be preferentially sequestered into tissue. That
may account for the change in cecal DCA not being
reflected in serum. On the other hand, MCA is
among the most hydrophilic of the bile acids and
would easily partition into the blood, which may be
why reductions in MCA abundance were detected
in both gut luminal contents and serum.

RS supplementation did not impact markers of
hepatic bile acid metabolism or gut transporters

To determine if alterations in hepatic bile acid
metabolism or gut bile acid transport may play
a role in the effect of RS to alter the bile acid
profile in cecal contents, we assessed the impact
of RS on the expression of hepatic bile acid meta-
bolic enzymes and gut bile acid transporters.
Cyp7al is the rate-limiting step in hepatic bile
acid metabolism. Cyp8bl is required for CA
production.’®> Cyp7al and Cyp8bl mRNA

expression did not differ between groups after
one or two months of dietary intervention
(Figure 4a,b; Supplemental Figure S4A-B).
Cyp2c70 is the enzyme responsible for the con-
version of CDCA to MCA in mice.’* Cyp2c70
mRNA expression did not differ between groups
after one or two months of dietary intervention
(Figure 4c, Supplemental Figure S4C).

Bile acid transporters efficiently reabsorb bile
acids in the ileum. Apical sodium-dependent bile
transporter (ASBT) is responsible for the ileal
reuptake of bile acids.”® Organic solute transpor-
ter with alpha and beta subunits (OST-a OST-B)
also allows bile acids to cross the basolateral
membrane of enterocytes.’® Asbt, Osta, and
Ost mRNA expression did not differ between
groups after two months of dietary intervention
(Figure 4d-f). Asbt and Osta mRNA expression
did not differ between groups after one month of
dietary intervention (Supplemental Figure S4D-
E). However, RS increased Ost mRNA expres-
sion compared to IC-fed mice after one month of
dietary intervention (Supplemental Figure S4F, p
<.05). Together, these data suggest that altera-
tions in hepatic bile acid enzyme expression or
gut bile acid transport expression do not drive
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Figure 4. mRNA expression of hepatic bile acid producing enzymes and ileal bile acid transporters were not changed by RS
supplementation. a) Cyp7al, b) Cyp8b1 and ¢) Cyp2c70 mRNA expression in liver collected after 2 months of IC or RS feeding. d) Asbt,
e) Osta, and f) Ostp mRNA expression in ileum collected after 2 months of IC or RS feeding. Data presented as mean + SEM, n =8 per

group.

the effect of RS supplementation to increase gut
luminal DCA concentrations.

RS supplementation altered gut microbiome
composition without increasing bacteria that
perform 7-a-dehydroxylation

To better understand how RS alters gut luminal bile
acid profile, we assessed gut microbial composition
by metagenomics in the same samples used for bile
acid profiling analysis. Similar to previous work, RS
decreased the Shannon a-diversity index.’®*’
Differences were considered significant with
a false-discovery rate adjusted P-value (q-value) of
less than .05. At the phylum level, RS supplementa-
tion increased the relative abundance of
Verrucomicrobia compared to IC-fed mice
(Figure 5a, g < .01). Verrucomicrobia is associated
with a healthy gut microbiome but has no well-
defined role in secondary bile acid production.®
RS supplementation increased the relative

abundance of the genera Bifidobacterium
(Figure 5b, g < .01) and Akkermansia compared
to IC-fed mice (Figure 5¢, g <.05). Both bacterial
groups are associated with microbiome health, but
neither has an established role in 7-a-
dehydroxylation.***

We then looked closer at the impact of RS sup-
plementation on the relative abundance of bacteria
implicated in secondary bile acid production.
Eubacteriales, the order that contains the
Clostridium genus, tended to decrease in RS com-
pared with IC-fed mice (Figure 5d, g=.11).
Clostridiaceae, the family that includes the
Clostridium genus, did not increase in response
to RS supplementation (Figure 5e). Clostridium
scindens, the predominant bacterial species known
to perform 7-a-dehydroxylation,*’ tended to
decrease in RS compared to IC-fed mice
(Figure 5f, g =.08). Clostridium hylemonae tended
to decrease (q =.06) and Peptacetobacter hiranonis
did not change. These bacteria have known 7-a-
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Figure 5. RS supplementation alters gut microbiome composition. a) phylum-level relative abundances (RA), b) Bifidobacterium,
c) Akkermansia relative abundance, d) eubacteriales, e) Clostridiaceae, f) Clostridium scindens, and g) lachnospiraceae relative
abundances after 2 months of IC or RS feeding. Data presented as mean + SEM, n=8 per group. *q < .05 **q <.01. h) total
bacterial count from cecal contents collected after 2 months of IC or RS feeding. ***p < .001 by Student’s t-test. Data presented as

mean + SEM, n =7-8 per group.

dehydroxylation capability.*** Lachnospiraceae,
a family proposed to have some 7-a-
dehydroxylation activity,” also did not change in
RS compared to IC-fed mice (Figure 5g). Several of
these findings have been repeated in previous
studies.’®*>** To determine the impact of RS on
total bacterial load, cecal contents from a separate
cohort of IC and RS treated mice (treated the same
as RS and IC mice used for metagenomics analysis)
were studied. Total bacterial load was increased in
RS compared with IC-treated mice (Figure 5h,
p <.05).

As shown above, we found no bacteria known to
perform 7-a-dehydroxylation that were increased
by RS supplementation. Instead, the relative abun-
dance of many of the bacteria known to perform
7-a-dehydroxylation tended to decrease in
response to RS supplementation. Despite this, we
found that RS increased gut luminal abundance of
DCA without changing the amount of substrate or
changing markers of hepatic bile acid metabolism
or gut bile acid transport, suggesting that the effect
of RS to increase gut luminal DCA abundance was
mediated by the gut microbiome. In the absence of

an increase in bacteria known to perform 7-a-
dehydroxylation, this suggests that other players
may be involved in 7-a-dehydroxylation. We
assessed the correlation between bacterial abun-
dance and gut luminal bile acid abundance to
identify candidate bacteria promoting gut bacterial
DCA production. The selection criteria for these
bacteria were a positive association with DCA and
a q-value of less than .05. We also assessed bacteria
with a positive association with LCA and a g-value
less than .001.

The bacterium with the most positive association
with DCA was Mucispirillum schaedleri (Figure 6a, q
<.01). This bacterium was positively associated with
a-MCA and GCA (q < .01). M. schaedleri is negatively
associated with CDCA, LCA, all taurine-conjugated
BAs, and UDCA. The subsequent most positively
associated bacterium with DCA was Phnomibacter
ginsenosidimutans (Figure 6a, q<.05). This bacter-
ium was enriched in RS compared to IC-fed mice
(Figure 6b, g <.01). Other bacteria positively asso-
ciated with DCA included: Brevibacterium casei (q
<.01), Deinococcus psychrotolerans, Prevotella multi-
formis, Laribacter hongkongensis, and Flavobacterium
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Figure 6. Association between bacterial relative abundance and gut luminal bile acids. A) bacterial species correlated with gut luminal
bile acid abundances. Red indicates a positive correlation, and blue indicates a negative correlation. *q < .2, **q < .05, ***q <.001. b)
phnomibacter ginsenosidimutans, c) prevotella multiformis, d) flavobacterium album, and e) laribacter hongkongensis relative abun-
dances after 2 months of IC or RS feeding. *q < .05 **q <.01. Data presented as mean + SEM, n = 8 per group.

album (Figure 6a, q <.05). Of those, P. multiformis,
F. album, and L. hongkongensis were enriched with RS
compared to IC-fed mice (Figure 6c-e, q<.05).
Bacteria negatively associated with DCA production
were Alkaliphilus oremlandii and Geosporobacter fer-
rireducens (Figure 6a, q <.05). Of note, the bacteria
positively associated with DCA did not overlap with
those positively associated with LCA (Figure 6a).
Additionally, except for M. schaedleri, any bacteria
positively associated with DCA or LCA tended to be
negatively associated with the primary bile acids. This
dichotomy is consistent with a role for these bacteria
in 7-a-dehydroxylation, as an increase in secondary
bile acid production would reduce primary bile acid
levels by shunting them into secondary bile acids.

Discussion

Herein, we identify a new effect of dietary RS
supplementation to alter gut luminal bile acid
profile. Specifically, upon RS supplementation,
gut luminal DCA levels were enhanced as
a proportion of total bile acids. The effect of RS
to increase gut luminal DCA abundance was
associated with an increase in GLP-1 secretion,

supporting a physiologic impact for enhanced gut
luminal DCA abundance. There was no equiva-
lent enhancement in CA, the substrate for DCA.
Concurrent with our findings, resistant starch
derived from lotus seeds, a type three resistant
starch, has been shown to alter bile acid compo-
sition in rats.*> Additionally, RS did not change
the mRNA expression of Cyp7al, Cyp8bl, or
Cyp2c70 enzymes involved in cholesterol metabo-
lism into primary bile acids. Further, RS did not
alter the mRNA expression of gut bile acid trans-
porters, Abst, Osta, or Ostf. Interestingly, LCA
abundance was unchanged in response to RS
supplementation. These data indicate that sub-
strate-specific 7-a-dehydroxylation may occur in
response to RS supplementation. RS caused
changes in each level of bacterial taxa with no
change in most known bacteria capable of 7-a-
dehydroxylation. These data suggest that the
effect of RS to increase DCA abundance is
through promotion of gut bacterial 7-a-
dehydroxylation through non-canonical bacteria.

Understanding the regulation of gut bacterial
bile acid metabolism will enable the development
of targeted approaches that leverage the gut
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microbiome to treat disease. Targeting the bacteria
in the gut is attractive because it presents
a minimally invasive approach with low probability
of negative side-effects. For example, upregulating
the 7-a-dehydroxylation pathway could increase
the proportion of secondary bile acids to improve
or reverse dysbiosis, as is the case with C. difficile
infection, which is inhibited by secondary bile
acids.*® However, efficient targeting would require
detailed knowledge of the bacterial players in the
pathway, the genes involved, and the enzymes at
work. Though 7-a-dehydroxylation has been stu-
died for decades and is relatively well-defined,
there is still much to learn.

The 7-a-dehydroxylation pathway has been
attributed to a set of genes within the bile acid
inducible (bai) operon. The bai operon has been
primarily characterized within C. scindens.>® The
canonical bai operon includes genes baiA through
bail.*® Recently, more genes that could be part of
the bai operon have been proposed, including the
genes baiJKL through baiN.*' As our understand-
ing of the bai operon evolves, so does our under-
standing of the bacteria capable of expressing these
genes. Initially, it was believed that all 7-a-
dehydroxylation was done only by C. scindens
and, to a lesser extent, by C. hylemonae and
P. hiranonis. However, other bacteria are being
discovered that can perform 7-a-dehydroxylation,
though there are still not many.'®* Further, the
microbiome is a complex system of organisms
influencing each other. Other bacteria could help
to upregulate 7-a-dehydroxylation without being
directly capable of executing 7-a-dehydroxylation.
For example, Funabashi et al. transfected
C. sporogenes, a bacterium incapable of 7-a-
dehydroxylation, with the bai operon.*” After
transfection, the bacteria could convert CA to
DCA, albeit with lower efficiency than those natu-
rally possessing the bai operon. This work sug-
gested that some mechanism beyond what the bai
operon expresses regulates 7-a-dehydroxylation.
The authors postulated that additional genes are
needed to pair the pathway to enzyme cofactors
from the electron transport chain.*” The uncer-
tainty of which extra genes are needed and the
diversity of isoforms means that identifying bac-
teria capable of 7-a-dehydroxylation is not as sim-
ple as screening for the bai operon.

Moreover, some bacterial modulation of bile
acids can be influenced by genes outside of the
bai operon. Epimerization and dehydrogenation
are molecular rearrangements that can influence
the characteristics of bile acids. These are carried
out by hydroxysteroid dehydrogenases (HSDH).**
Epimerization has been shown to occur at all
hydroxyl positions in CA and CDCA and contri-
butes to the great diversity of bile acids.*” Microbes
that can carry out these epimerization reactions do
not need to have any bai genes, though many of the
bacteria that do 7-a-dehydroxylation also have
HSDH, such as C. scindens.*>”° Though this path-
way exists outside of 7-a-dehydroxylation, these
enzymes can influence 7-a-dehydroxylation by
modulating bile acids to allow them to enter the
pathway.” Therefore, there is an avenue for indir-
ect influence of other bacteria on 7-a-
dehydroxylation, even if they don’t have the bai
gene.

We found that RS supplementation selectively
increased the production of DCA. Most of the
research in the field has focused on DCA produc-
tion, possibly due to the higher physiological con-
centrations of DCA compared to LCA.” Though
the process to produce both LCA and DCA has the
same name, the journey is not necessarily the same
for each molecule. Some enzymes have equal affi-
nity for CA and CDCA-based intermediates. Some
prefer CA species over CDCA species.'**! LCA
production largely depends on bacterial strain.'*
More studies are needed to parse out differences
between these pathways. Our study is not the first
to show that changes in the microbiome are asso-
ciated with selective 7-a-dehydroxylation. For
example, Yang et al. showed that arsenic-induced
dysbiosis was associated with upregulated LCA
production.”’ These data emphasize the possibility
that the production of DCA and LCA is driven by
distinct pathways carried out by different bacteria.
Identifying experimental probes to deepen our
understanding of the pathways is necessary. We
used RS as a probe to manipulate bacterial abun-
dances and bile acid metabolism. Further empha-
sizing this divergence, the bacteria positively
associated with DCA tended to be negatively asso-
ciated with LCA. Similarly, the bacteria positively
associated with DCA or LCA tended to be nega-
tively associated with all primary bile acids and



their conjugated forms. This observation suggests
that additional bacteria may play an important role
in 7-a-dehydroxylation, though the precise
mechanism is unclear. Understanding how to har-
ness each pathway individually is essential for clini-
cally targeting the microbiome, as abnormal ratios
of LCA and DCA can be pathogenic.’

RS was able to change the makeup of the micro-
biome and selectively impact DCA production.
Increased abundance of Bifidobacterium and
Akkermansia, bacteria associated with a healthy
microbiome, demonstrate RS’s power as a diet.
Surprisingly, RS did not increase the relative abun-
dance of bacteria known to perform 7-a-
dehydroxylation, which is counterintuitive to our
tinding of enhanced DCA abundance in the gut
lumen. Following this finding, we analyzed which
bacteria correlated with DCA or LCA abundance.
The species of bacteria most positively associated
with a higher abundance of DCA are M. schaedleri,
Brevibacterium casei, Deinococcus psychrotolerans,
Prevotella multiformis, Laribacter hongkongensis,
Flavobacterium album, and P. ginsenosidimutans.

M. schaedleri inhabits a particularly inhospitable
region of the gut lumen, the mucosal layer. It has
been implicated in inflammatory bowel disease and
causally linked to Crohn’s Disease in immunodefi-
cient mice.”” It tends to thrive in conditions of gut
inflammation. However, it is also protective against
Salmonella infection in mice.>> B. casei is
a bacterium commonly associated with the
human skin microbiome. In immunocompromised
individuals, it can be pathogenic, causing systemic
infection.”® D. psychrotolerans was newly discov-
ered in 2019, and its activity is still being assessed.”
P. multiformis is a common bacterium in the oral
microbiome. It is known to be inhibited by bile.”®
This genus is associated with high fiber diets.””
L. hongkongensis is an emerging food pathogen
responsible for some traveler’s diarrhea.”®
Flavobacterium album was newly discovered in
2018 and its activity has not been fully
determined.” P. ginsenosidimutans was newly dis-
covered in 2021, and its activity is still being
assessed.”” The role of these bacteria in bile acid
metabolism is incompletely understood.

Techniques for therapeutically targeting the gut
microbiome are ever-evolving. While dietary inter-
vention is one technique, another is FMT. The
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criteria for donation are related to the donor’s
characteristics, i.e., absence of illness.”’ However,
recent research has shown that this approach needs
to be revised. Successful FMT depends more on the
recipient’s characteristics, i.e., which specific bac-
teria are over or under-abundant.”®* Except in the
FDA-approved case of treating antibiotic-resistant
C. difficile infection, FMT has had mixed success as
a therapeutic, especially without additional dietary
intervention.®>"®> Even so, the therapeutic profile
of FMT is encouraging while the field is still deter-
mining donation best practices. Studies like this
one aid in the development of a rationally designed
FMT. With that approach, FMT would be based on
the specific dysbiosis of the recipient, whether bac-
terially defined or defined by metabolites. The ther-
apeutic potential for rationally designed FMT
could increase considerably compared to the cur-
rent donor-design model. However, the field needs
a deeper understanding of the role of each bacter-
ium in the microbiome and the metabolites they
produce to design FMT rationally. Bile acids are the
most abundant metabolites produced by gut bac-
teria. They enter the systemic circulation and signal
to receptors throughout the body, altering gene
expression, modulating signaling pathways, and
more. Clinically, bile acid profile or activity down-
stream of bile acids are some biomarkers of suc-
cessful FMT.>? It stands to reason that this
pathway should be among the first to be completely
defined.

We have found that RS supplementation
increased DCA as a proportion of total bile acids.
The effect of RS supplementation to enrich DCA
was independent of CA levels, hepatic bile acid
enzyme expression, and gut bile acid transporter
expression. Thus, our data suggest that RS
increases DCA levels through an increase in gut
bacterial 7-a-dehydroxylation. However, there are
limitations to our study, and further work is
needed to understand the interaction between diet-
ary resistant starch and bile acid metabolism. To
control for the effect of caloric density, the IC
control diet was supplemented with a non-
fermentable fiber, cellulose. We did not assess bile
acid levels in fecal samples and, therefore, do not
know the contribution of increased bile acid excre-
tion. However, prior work reports that RS increases
fecal excretion of CA and CDCA to the same
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extent, and further increases DCA excretion to
a greater extent.”®*” Therefore, the effect of RS to
increase gut luminal abundance of DCA is not
likely to be driven by preferential DCA retention.
Previous metabolomic analysis of mouse feces and
cecal contents showed that bile acids, as well as
most other metabolites, are similar in each sample
type, meaning the concentration of bile acids in the
cecal contents should be similar to those in the
feces.® However, because we did not measure bile
acids in the feces, we cannot determine if this is the
case in our study. While we did not find an effect of
RS supplementation on the relative abundance of
bacteria known to perform 7-a-dehydroxylation,
we did find that RS supplementation increases
total bacterial load. Therefore, it is possible that
the number of bacteria known to perform 7-a-
dehydroxylation may still be elevated by RS in the
absence of an increase in relative abundance.
Further, bacterial abundance does not necessarily
tell us the level of activity of a metabolic pathway of
interest. Further work is needed to understand the
impact of RS on expression of genes involved in gut
bacteria bile acid metabolism. Overall, a deeper
understanding of the regulation of 7-a-
dehydroxylation could improve how we target the
gut microbiome to improve host health.

Methods
Animals and diet

All experiments were performed in accordance
with the Guide for the Care and Use of
Laboratory Animals of the National Institutes of
Health. The experimental protocols were
approved by the Institutional Animal Care and
Use Committee of the University of California at
Davis. Study mice were individually housed in
a temperature and humidity-controlled room
with a 12:12h light-dark cycle. At two months
of age, male and female C57BL/6] mice were put
on an isocaloric diet (IC) (Research Diets Inc;
diet number D21102808M) for two months.
Diet composition is available in Supplemental
Table S5. The IC diet was 12.3% of energy pro-
tein, 45.8% of energy carbohydrate, and 40.1% of
energy fat, totaling 4085 kcal/kg. Upon enroll-
ment, mice continued to be fed the IC diet or

a diet supplemented with RS (Research Diets Inc;
diet number D21102809M) for 1 or 2 more
months. Groups were age, sex, and weight-
matched at the time of enrollment. The RS diet
was 12.3% protein, 45.8% carbohydrate, and
40.1% fat of total kcal with 4085 kcal/kg. Both
diets were equivalently enriched for fat (24.7 g/
kg butter, 61.9 g/kg beef tallow, and 95.3 g/kg
soybean oil in both diets) to induce metabolic
stress. We included an IC-fed control group to
control the effect of caloric dilution by RS sup-
plementation. The IC diet was made using
a combination of amylopectin and cellulose, as
previously described.*** The IC diet was supple-
mented with cellulose, while the RS diet used the
fermentable starch, high-amylose maize (Hi-
maize 260°). Diet was analyzed and validated by
Eurofins Nutrition Analysis Center, Madison, WI,
US assay AOAC 2002.02 2005, validating that
16.5% of the RS diet contains RS and that RS
levels in the IC were undetectable. Eurofins
Nutrition Analysis assay CFR-21 calc validated
that the energy from carbohydrates was equiva-
lent between diets. Body weight and food intake
measurements were collected twice per week.
Mice underwent an oral glucose tolerance test
(OGTT, 4 mL/kg body weight oral gavage with
a dextrose dose of 2 g/kg) on the day of euthanasia
(either 4 weeks or 8 weeks after the start of dietary
intervention). Glucose was measured at 0, 5, 15, 30,
60, and 120 minutes after oral glucose gavage using
a OneTouch Ultra2 Blood Glucose Monitoring
System glucometer (Life Scan Inc, Milpitas, CA,
USA). Serum for bile acid quantification was col-
lected before the administration of glucose. Serum
collected during the OGTT was used to measure
total GLP-1 with the U-PLEX Metabolic Group 1
Multiplex Assay (MesoScale Diagnostics, Rockville,
Maryland, USA). Following OGTT, mice were
euthanized with an overdose of pentobarbital (200
mg/kg IP), and tissues were collected and weighed.
Cecal contents for bile acid quantification were
collected at this time. Serum and cecal contents
were frozen immediately and stored at —80°C until
they were thawed for use. Tissues collected included
the median lobe of the liver and the ileum, which
were used for qPCR. This study examined two
cohorts: those on diet intervention for one month
and those on diet intervention for two months.



Bile acid quantification

Serum and cecal contents were analyzed for bile
acids by UPLC-MS/MS at the Biomarkers Core
Laboratory in the Irving Institute for Clinical and
Translational Research at Columbia University
Medical Center as previously described using
Waters Xevo TQS mass spectrometer integrated
with an Acquity UPLC system (Milford, MA).*
The lower limits of quantitation (LOQ) for the
bile acids was 1 nM, defined as the lowest concen-
tration with an accuracy and precision of < 20%.
Intra-assay precision for the measured bile acids
ranged from 1.49%-5.8% while the inter-assay pre-
cision ranged from 2.9% to 5.07%.

qPCR

qPCR was performed as previously described.®® To
extract the RNA, liver tissue samples were dis-
rupted and homogenized using in-house buffers.
A solution of 4 M Guanidine thiocyanate, 10 mM
MES at a pH of 5.5, and 1% -mercaptoethanol was
added in a volume of 600 pL to a 2 mL tube con-
taining liver tissue and ceramic beads (Qiagen
13,114-325). The solution was homogenized
using a PRECELLYS® Evolution super homogeni-
zer (Bertin Technologies, Montigny de
Bretonneux, France; Serial no: 300 2319) at
550 rpm for 20 seconds, followed by a 30-second
rest. The resulting solution was centrifuged at 8000
rcf for three minutes. The supernatant was col-
lected, 350 uL of 70% ethanol was added, placed
into a spin column (Epoch Sciences 1920-05), and
centrifuged at 8000 rcf for 30 seconds. A solution of
1 M guanidine thiocyanate and 10 mM of Tris-
HCL at a pH of 7.0 was added to the spin column.
Again, this solution was centrifuged at 8000 rcf for
30 seconds. A solution of 80% ethanol and 10 mM
of Tris-HCL at a pH of 7.0 was added and centri-
fuged at 8000 rcf for 30 seconds twice. This final
solution that remained in the spin column was
placed in a new tube and centrifuged at 8000 rcf
for two minutes. The sample was washed with
RNase-free water and centrifuged at 8000 rcf for
30 seconds. Purity and concentration were assessed
using a NanoDrop One (Thermo Fisher Scientific,
Madison, WI, USA; Catalog number: ND-
ONE-W).
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cDNA from above was added to each well of
a 96-well plate. A MasterMix solution containing
10 uL of Sso Advanced Universal SYRB Green
Mastermix (Bio-Rad Laboratories Inc; Catalog
number: 1725272), 1uL of both forward and
reverse primer, and 3 uL of DNase-RNase Free
water was added in a volume of 15pL to each
well. Primers were custom ordered from
Integrated DNA Technologies (Coralville, IA,
USA; Sequence in Supplemental Table S6). Plates
were sealed using Excel Scientific eXTReme Sealing
Films (Genesee Scientific, San Diego, CA, USA;
Catalog number 12-703). Plates were spun at
25,000 rpm for one minute. The plates were read
in a QuantStudio 6 Flex reader (Applied
Biosystems, Waltham, MA, USA; catalog number
4,485,691). Primers are available in Supplemental
Table S6.

Metagenomics and microbial analysis

The UC Davis DNA Technologies and Expression
Analysis Core processed cecal contents. The sam-
ples were DNA extracted using a zymoBIOMICS
DNA/RNA miniprep kit (Zymo Research
Corporation, Irvine, CA, USA). Quality control,
standardization, and library preparation were
done as previously reported.®>® The sequencing
was pair-end 2 x 150bp using the NovaSeq 6000
system (Illumina, San Diego, CA, USA) with 1%
phi X sequencing control spike-in. The raw read
data was filtered using HTStream (version 1.3.3),
which included screening for contaminants (such
as PhiX), quality-based trimming, deduplication,
and adapter trimming.”® Bowtie2 (version
2.4.2)7! along with Samtools (version 1.15.1) and
Bedtools2 (version 2.29.2),*”% were used to
remove any host contamination. Finally, metage-
nomics classification was performed using kraken2
(version 2.1.3),”* and kraken-biom (version 1.0.1)
as used to convert into biom format files.”
Preprocessing of metagenomics data was con-
ducted using the Bioconductor package [phylo-
seq], version 1.42.0.”° Multidimensional scaling
plots used classical multidimensional scaling
and were based on Bray distances of log-
transformed RLE normalized species-level
taxon counts.””””” Shannon alpha diversity was
compared between groups using a two-sample
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t-test. Differential abundance analyses and asso-
ciations of taxa abundance with bile acid levels
were conducted on RLE normalized counts
using the R package Tweedieverse, version
0.0.1 with a compound Poisson linear
model.®>®'  Analyses were conducted using
R version 4.2.2 (2022-10-31).** Story g-value
(false discovery rate adjusted p-value).
A g-value less than .05 indicates statistical sig-
nificance. Differential abundance analyses
included taxa present in eight or more samples
(distributed among diets in any way). Relative
abundances were used to visually represent the
data, with statistical significance being deter-
mined using the RLE normalized abundances.

Cecal content total bacterial quantification

Total bacterial load from cecal contents from repre-
sentative mice in each treatment group was quanti-
fied using the method described by Brukner, et al.*®
Briefly, genomic DNA was isolated from 40-140 mg
of cecal contents. The total number of bacteria were
quantified by qPCR using purified Lactococcus lactis
genomic DNA as the standard (a generous gift from
the laboratory of David A. Mills at UC Davis).
Primers are available in Supplemental Table S6.
The total number of bacteria were normalized to
the mass amount of cecal contents.

Data analysis and statistics

Data are presented as mean + SEM. All statistical
analyses were performed using GraphPad Prism
9.3.1 for Windows (GraphPad Software, San
Diego, CA, USA), except metagenomics data were
analyzed as described above. Data were analyzed
using an unpaired, two-tailed t-test or two-factor
repeated measures ANOVA with Bonferroni postt-
est, as appropriate. Differences were considered
significant at p <.05.
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