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Abstract

Rationale: In recent years, it has been demonstrated that a pathological change in the gut
microbiota, termed gut dysbiosis, can be an underlying factor for the development of hypertension.
Prevention of this dysbiosis can attenuate or abolish hypertension. Translational mechanisms to
prevent gut dysbiosis as well as understanding of the mechanisms linking gut dysbiosis to
hypertension are lacking.

Objective: We first examined the efficacy of intermittent fasting (IF) in altering the gut
microbiota and lowering blood pressure (BP). Next, we utilized a multi-omics approach to
examine microbial influenced metabolites that may serve as the link between the gut microbiota
and host BP regulation.

Methods and Results: We demonstrate that IF significantly altered the makeup of the gut
microbiota, cecal and plasma metabolome, and prevented the development of hypertension in the
spontaneously hypertensive stroke-prone rat (SHRSP). The beneficial effects of IF were shown to
be due to alterations of the gut microbiota through germ-free (GF) transplantation studies. GF rats
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receiving microbiota from IF SHRSP had significantly lower BP as compared to GF rats receiving
microbiota from ad /ibitum fed SHRSPs. Through whole genome shotgun sequence analysis of the
microbiota and untargeted metabolomics of cecal content and plasma we identified bile acid (BA)
metabolism as a potential mediator in BP regulation. Finally, we show supplementation with
cholic acid, or activation of the G protein-coupled BA receptor (TGR5), significantly reduced BP

of the SHRSP.

Conclusions: These studies demonstrate the BP lowering effects of IF involves manipulation of
the gut microbiota and metabolome, and implicates disrupted BA signaling as novel mechanisms

by which gut dysbiosis contributes to hypertension.
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Introduction

Emerging evidence suggests that disruption of the gut microbiota, termed gut dysbiosis, can
have adverse effects beyond the gastrointestinal tract. Our laboratory and others have
demonstrated gut dysbiosis in animal models of hypertension (HT)1->. Furthermore,
transplant of dysbiotic gut microbiota from hypertensive subjects and animal models to
normotensive animals increases blood pressure (BP) in the recipients, demonstrating a
causal role of gut dyshiosis in the development of hypertension8.7. With this understanding,
researching mechanisms to manipulate the microbiota in order to improve host BP has
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become a major focus of the field. One particular interesting therapy, intermittent fasting
(IF), has been shown to alter the gut microbiota. In this publication, we test the hypothesis
that IF reduces BP in the spontaneously hypertensive stroke-prone rat (SHRSP) by altering
the makeup of the gut microbiota. If this hypothesis were found to be true, we sought to
examine microbial metabolites that may serve as the link between the gut microbiota and BP
regulation.

IF has been shown to have multiple beneficial effects in metabolic disorders, cancer and
aging®-12. With the understanding that diet, both in terms of composition and feeding
pattern, influences the composition of the gut microbiota, recent studies have begun to
consider whether the beneficial effects of IF are mediated through the microbiotall:13.14 |t
has been suggested that IF modulation of the gut microbiota is involved in adipose tissue
browning, reducing insulin resistance, and preventing CNS inflammation in obese and
diabetic animal models!4-16, Clinical studies evaluating the long-term effects of IF and
cardiovascular health are limited, but overall IF appears to be beneficial. IF has been shown
to reduce body weight, LDL cholesterol, BP, and risk of coronary artery diseasel’-18.
However, the mechanisms underlying the beneficial effects of IF on BP are unknown.

To gain a thorough understanding of the meta-organismal effects of IF we employed a multi-
omics approach of whole genome shotgun sequencing of the gut microbiota and untargeted
metabolomics of host plasma and cecal content. We demonstrate that every other day fasting
(EODF) significantly shifts the makeup of the gut microbiota, cecal metabolome and plasma
metabolome of Wister-Kyoto rat (WKY) and SHRSP, which is associated with the
prevention of HT in SHRSPs. We identify bile acids (BAs) as potential mediators in the
microbe-host interactome involved in BP regulation. Targeted measurement of BAs in
plasma revealed significantly lower concentrations of several BAs in SHRSP as compared to
WKY. Methods to increase plasma BAs, including EODF and cholic acid supplementation
reduced SHRSP systolic BP (SBP). BAs in the systemic circulation act as hormones by
stimulating BA receptors, such as the G protein-coupled BA receptor (TGR5), on a variety
of cell types. We demonstrate that an agonist of TGR5, oleanolic acid (OA), improved
vascular function and reduced SBP of SHRSP. These studies examine the molecular
underpinnings of the effects of IF on the microbiota and BP. We identify impaired BA
metabolism in the SHRSP that, when manipulated, can improve BP.

The data that support the findings of this study are available from the corresponding author
upon reasonable request. The whole-genome shotgun raw sequence data are available from
NCBI Sequence Read Archive under BioProject PRINA692044. An expanded Materials and
Methods section can be found in the Online Supplement.

Every other day fasting attenuates elevated BP in SHRSP

At 5 weeks of age, WKY and SHRSP rats were randomized to ad /ibitum feeding (control)
or EODF groups. EODF rats were exposed to alternating 24-hours of ad /ibitum food access
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followed by 24-hours of no food access (Fig. 1A). Food intake, daily and cumulative, were
not different between WKY and SHRSP control groups (Fig. 1B and C). On days of feeding,
WKY and SHRSP EODF groups consumed more food than their respective control groups,
and SHRSP EODF consumed significantly more than WKY EODF (Fig. 1B). Throughout
the 10-week protocol SHRSP EODF had significantly greater food intake as compared to
WKY EODF (Fig. 1C). Total food consumed at completion of the study was significantly
reduced by EODF in WKY (35% reduction) and SHRSP (27% reduction), relative to their
respective controls (Fig. 1C). This reduced food intake resulted in significantly lower body
weight in WKY and SHRSP EODF groups, relative to controls. However, despite similar
food intake of SHRSP vs. WKY controls, SHRSP controls had significantly lower body
weights. This observation is in line with previous studies demonstrating metabolic
dysfunction in SHRSPs*3,

Beginning at 9 weeks old, SBP was measured weekly in all groups. SHRSP control showed
significantly higher SBP when compared to WKY controls. However, EODF significantly
reduced SBP in SHRSPs, with an average 40mmHg decrease over the final 3 weeks of the
study as compared to SHRSP controls (Fig. 1E). Three-way ANOVA followed by multiple
comparisons showed SBP of SHRSP EODF was not significantly different from WKY
control at any time point. EODF had no significant effect on the SBP of WKY rats (Fig. 1E).
To examine if EODF prevented end organ damage in SHRSPs, we measured expression
levels of the inflammatory markers //6and Cc/2in the kidney and brain. We found no
significant difference between WKY and SHRSP controls for either marker in kidney or
brain (Online Figure ). This is likely due to the young age of these rats (15 weeks old) and
the fact that these rats were not salt loaded. Despite this a main effect of diet was observed
for //6in the kidney and Cc/2in the brain, with lower expression of each in EODF groups.
These data may suggest a protective effect of EODF if continued to a more advanced age.

Restructuring of the gut microbiota by EODF

Models of IF, including EODF, have been shown to cause alterations to the microbiota as
well as host physiology!?. In order to determine if the effects of EODF on SBP can be
attributed to the microbiota alone, cecal contents collected from WKY and SHRSP control
and EODF groups were transplanted into germ-free (GF) rats by oral gavage. Three-way
ANOVA showed no significant effect of donor strain or feeding regimen on recipient body
weight (Fig. 2A).

Beta-diversity of donors and recipients are presented in Online Figure Il. Panels in A
demonstrate the largest separation between groups on the PC1 axis is due to donor versus
recipient differences, with donor rats segregating to the right in both panels. We also
observed that community structure was significantly different between germ-free rats that
received microbiota from SHRSP control versus SHRSP EODF (Online Figure I1B right
panel). These data demonstrate that transfer of microbiota to germ-free rats did not
completely recapitulate the community structure observed in donor rats. However,
communities were still significantly different based on donor genotype and feeding regimen.

Similar to their microbiota donors, GF rats receiving SHRSP control microbiota exhibited
significantly higher SBP as compared to those that received WKY control microbiota (Fig
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2B). GF rats receiving SHRSP EODF microbiota exhibited significantly lower SBP as
compared to SHRSP control recipients and were not significantly different from WKY
control recipients (Fig. 2B). These findings demonstrate alterations to the SHRSP

microbiota induced by EODF are sufficient to elicit the SBP lowering effect of EODF.

To examine differences between the WKY and SHRSP microbiota and the effects of EODF
we performed whole genome shotgun sequencing (WGS) on cecal content isolated from rats
after 10 weeks of control or EODF feeding regimens. Measures of alpha diversity showed no
significant differences between groups (Online Figure 111C-D). Bacterial load in the cecum
was significantly increased in SHRSP versus WKY control, and not changed by EODF
(Online Figure IIE).

Bray-Curtis dissimilarity analysis identified significant differences in the community
structure of the four groups (Fig. 3A). The left panel of Figure 3A includes all four groups
and shows the rat strain contributes greater to community differences than the feeding
regimen. Note that SHRSP control (red) were segregated and removed from the WKY (blue
and purple), and that SHRSP EODF (green) were clustered closer to WKY. However, the
middle and right panels of Figure 3A show that EODF significantly alters the community
structure of WKY and SHRSP, respectively. Comparison of the major phyla between the
four groups showed a significant main effect of strain for Actinobacteria, Bacteroidetes,
Firmicutes, and Proteobacteria (Fig. 3B and Online Figure V). In control fed rats,
Bacteroidetes were significantly reduced in SHRSP as compared to WKY. Conversely,
Proteobacteria, and Actinobacteria were significantly increased in SHRSP control versus
WKY control rats. Of particular interest, the increased abundance of Proteobacteria
observed in SHRSP controls was significantly reduced by EODF (Fig. 3B and Online Figure
IVA). The reduction of Proteobacteria in SHRSP by EODF was largely driven by decreased
abundance of the genus Parasutterella (Online Figure IVB).

To identify species that characterize WKY control vs. SHRSP control, or SHRSP control vs.
SHRSP EODF, we performed linear discriminate effect size (LEfSe) analysis (Fig. 3C).
Somewhat surprisingly, SHRSP controls were characterized by a number of species
belonging to genera traditionally classified as beneficial microbes including Lactobacillus
and Bifidobacterium. Interestingly, several species found to be significantly different
between WKY and SHRSP controls, or EODF-related, are known to play a role in BA
metabolism including L.johnsonii, L.murinis, L.reuteri, B.animalis, B.pseudolongum,
B.vulgatus, B. uniformis, and P.excrementehominis**—9.

Given the significant differences in cecal microbial communities between the four groups,
we examined the architecture of the cecum wall and markers of inflammation in the ileum
and colon wall. We observed no significant effect of genotype or feeding regimen on cecum
goblet cell numbers or mucosa layer thickness (Online Figure VA and B). In the ileum, a
significant main effect of genotype was observed for Muc2, Tir2, Il1a, Cyba, and Cldn4
mMRNA levels (Online Figure VC). T/r2was higher in SHRSP control ileum compared to
WKY control, and was significantly reduced in SHRSP by EODF. In the colon, a main effect
of genotype was found for Muc2, Tir2, Il1a, I/18, and Ncfl (Online Figure VD). These
findings suggest differences in the inflammatory state of WKY and SHRSP controls, with
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potentially increased inflammation in the ileum, and decreased inflammation in the colon.
EODF tended to decrease markers of inflammation in both ileum and colon.

Restructuring of the cecal and plasma metabolome by EODF

Gut-derived metabolites serve as key components underlying the interactions between the
gut microbiota and host. Previous investigations of potential links between gut dysbiosis and
HT has identified a number of microbial products and metabolites that may influence BP,
including short-chain fatty acids, endotoxins, and uremic toxins®-*-53, However, these
studies have used a targeted approach of examining the role of a few select microbial
products®59-53, |t is estimated that the microbiota is responsible for generating or modifying
over 100 different metabolites present in plasma>*. Therefore, it is likely that a large number
of microbial metabolites involved in BP regulation have gone unidentified. To gain a more
comprehensive understanding of metabolites that may contribute to host BP regulation we
performed untargeted metabolomics of plasma and cecal content of all four groups.

To examine the validity of analyzing relationships between our WGS and metabolomics
datasets we used Data Integration Analysis for Biomarker discovery using Latent variable
approaches for ‘Omics studies (DIABLO). Using this integrated multi-omics approach, we
identified high correlations between taxonomic profiles, microbial function, and plasma and
cecal metabolomes (bottom diagonals of Fig. 4A). For each omics dataset, the first principal
component that maximized the variation of the dataset was calculated. When the first
component for each dataset was plotted against the first component of every other dataset,
SHRSP control demonstrated distinct correlation profiles, and EODF shifted SHRSP in all
cases to resemble that of WKY control and EODF (top diagonals of Fig. 4A). These results
indicate a strong relationship between the microbiota and metabolome and demonstrate the
value of studying microbial metabolites as a link for microbe-host interaction.

While the plasma metabolomes were distinct among the four groups, EODF shifted the
SHRSP metabolome to more closely resemble that of WKY control as seen by a left-ward
shift on the PC1 axis (Fig. 4B left panel). A permutation test based on 5-fold cross-
validation also showed significant differences between the makeup of the cecal metabolome
among the four groups. Again, EODF shifted the SHRSP cecal metabolome to more closely
resemble that of WKY as seen by a right-ward shift on the PC1 axis (Fig. 4B right panel). To
identify metabolites potentially involved in the development of HT and affected by EODF,
we performed random forest classification to identify metabolites important in
distinguishing the four groups. The importance of each metabolite was calculated by Gini
Index or Mean Decrease in Impurity (MDI), which is defined as the total reduction in
impurity averaged over all trees of the random forest model°®. We found that a number of
the metabolite pathways identified are known to be influenced by the gut microbiota
including tryptophan metabolism, branched-chain amino acids, histidine metabolism, and
BA metabolism (Fig. 4C). Primary and secondary BA metabolism were identified in plasma
and cecal metabolomes. Online figure VI A-B shows the comparison of WKY and SHRSP
control plasma and cecal metabolomes to examine differences of genotype alone. Plasma
and cecal metabolomes were significantly different between WKY and SHRSP controls, and
BA metabolism was again identified by random forest classification as a key factor in
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distinguishing between genotypes. Online figure VI C-D shows the comparison of SHRSP
control and SHRSP EODF plasma and cecal metabolomes to examine differences of the diet
regimen. Plasma and cecal metabolomes were significantly different between SHRSP
controls and SHRSP EODF, and BA metabolism was again identified by random forest
classification as a key factor in distinguishing between SHRSP feeding regimens.

To further investigate the effects of microbes on metabolites, we examined the correlation
between species abundance and metabolites identified by random forest classification to
distinguish the four groups (Fig. 4D). Pathways that are associated with microbial
metabolism, such as amino acids, vitamins, and lipid metabolism, showed a high correlation
with gut microbiota. Lipid metabolism, which is influenced by primary and secondary BAs,
was the largest group of metabolites that showed both high feature importance and
Spearman correlation.

We next examined the effects of genotype and EODF on microbial metagenomes that might
influence the observed differences in metabolites. From WGS analysis, we found 1068/1786
EC annotated genes were significant with main effects, including 495 genes different
between WKY control and SHRSP control, and 110 genes different between SHRSP control
and SHRSP EODF (Online Table I1). Two major microbial BA metabolism genes, 7a-
dehydroxylase and bile salt hydrolase (6s£), were significantly reduced in SHRSP control,
and increased by EODF (Fig. 4E and F). Among the identified contributors to the bacterial
bsh gene, Bacteroides uniformis were the main driver for the reduced presence of bs/in
SHRSP controls (Fig. 4G). This is consistent with previous LEfSe analysis, where
Bacteroides uniformis were more represented in WKY control and SHRSP EODF compared
to SHRSP control (Fig. 3C).

Reduced plasma BA levels in SHRSP are partially restored by EODF

Plasma and cecal metabolomics analysis revealed BA metabolism as important in separating
the four treatment groups. (Fig. 4). However, untargeted metabolomics does not detect all
major BAs, and candidate pathways generated by untargeted analysis need to be verified.
Therefore, we used targeted measurements to assess plasma levels of the major primary and
secondary BAs. We first sought to examine if BAs were different between WKY and SHRSP
controls (Fig. 5a). We found that of the 18 BA species measured in plasma 11 of them were
significantly lower in SHRSP, as compared to WKY (Fig. 5A). Decreased SHRSP BAs were
seen in each of the major BA subgroups including primary, secondary, conjugated, and
unconjugated.

Previous studies have shown that time-restricted feeding induces rhythmic changes in
plasma BAs®S. Therefore, we examined the effects of EODF on SHRSP plasma BAs during
days of feeding vs. fasting. On a day of fasting, SHRSPs exhibited significantly elevated
plasma TDCA, GLCA, LCA, TCDCA, tauro-conjugated MCAs, and aMCA/wMCA as
compared to a day of feeding. DHCA was the only BA significantly lower on a day of
fasting (Fig. 5B). TLCA was significantly increased in SHRSP EODF on feeding and fasting
days (Figure. 5B). Similarly, there was a trend for GHDCA/GUDCA/GCDCA/GDCA,
THDCA, and TUDCA to be increased in SHRSP EODF as compared to SHRSPs fed ad
libitum.

Circ Res. Author manuscript; available in PMC 2022 April 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shietal.

Page 8

Somewhat surprisingly, plasma BAs were not different between any of the transplanted GF
groups (Online Figure VII). This is likely due to the fact that the transfer of cecal content to
GF rats did not result in a bacterial community that completely resembled the donor groups
(Online Figure I1). However, given that GF recipients receiving SHRSP control microbiota
exhibited elevated SBP as compared to those receiving SHRSP EODF, suggests additional
features of the SHRSP microbiota contribute to elevated SBP that can be lowered through
EODF.

Cholic acid supplementation reduces BP in SHRSP

Cholic acid (CA) is significantly reduced in the plasma of SHRSP compared to WKY, and
serves as a precursor to BAs found to be decreased in SHRSP plasma (Fig. 5A). Therefore,
we supplemented WKY and SHRSP rats with 0.5% CA in the diet. CA supplementation for
14 weeks significantly increased plasma TLCA, GHDCA/GUDCA/GCDCA/GDCA,
HDCA, HCA, CA, and aMCA/owMCA (Fig 6A). This increase in plasma BAs was
associated with a significant decrease in SBP of SHRSP CA as compared to SHRSP
controls. While CA did not reduce SHRSP SBP to WKY levels, CA reduced SBP by an
average 18 mmHg over the final 6 weeks of the study as compared to SHRSP control (Fig.
6B).

Oleanolic acid (OA), a TGR5 agonist, reduces BP and improves vascular function in

SHRSP

The BA receptor TGRS has been identified on multiple cell types that play a role in BP
regulation including endothelium, microglia, neurons, and immune cells. Additionally, we
identified a number of BAs known to activate TGR5 to be decreased in SHRSP plasma, or
increased by EODF and CA treatment (Figs. 5 and 6). We therefore treated SHRSP rats with
the TGR5 agonist OA daily by IP injection. While OA has been shown to activate TGRS,
and not FXR, it should be noted that OA has also been shown to have anti-oxidant and anti-
inflammatory effects®’. Chronic OA treatment significantly reduced SBP. Over the final 6
weeks of the study, OA reduced SBP by an average of 15 mmHg as compared to vehicle-
treated SHRSP (Fig. 7A). Following 15 weeks of vehicle or OA treatment, vascular function
was assessed in isolated mesenteric arteries. Two-way ANOVA revealed a significant effect
of OA on the vasodilatory response of SHRSP mesenteric arteries to increasing doses of
acetylcholine. This resulted in a significant reduction of the ECgg value of OA versus
vehicle-treated vessels (Fig. 7B).

Discussion

Our hypothesis in the present study states that changes to the gut microbiota induced by
EODF have a role in BP regulation. This hypothesis is based on two pertinent observations
reported in the literature: (1) the gut microbiota can influence BP1-3, and (2) clinical studies,
although limited, indicate that IF can have BP lowering effects®11. Overall, the findings of
this study demonstrate for the first time that EODF prevents the development of HT in the
SHRSP model, and this effect is mediated by alteration of the gut microbiota. Furthermore,
using a multi-omics approach to examine the composition and functionality of the
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microbiota and metabolome we identify impaired BA metabolism in the SHRSP model,
which when manipulated by EODF or dietary intervention lowered BP.

The effects of IF on BP:

Assembling a clear understanding of the effects of IF on BP has been complicated by limited
studies and various feeding protocols classified as IF. In clinical intervention studies the two
most common forms of IF are EODF (alternating 24-hours of fasting and ad /ibitum) and
periodic fasting (1-2 days fasting and 5-6 days/wk ad /ibitum), both of which show a
significant BP-lowering effect in pre-hypertensive patients'’-18, However, the mechanisms
underlying the BP-lowering effects of IF are not well understood. There has also been a
paucity of studies examining the effects of IF in animal models of HT. In the SHR/SHRSP
model, prolonged fasting and caloric restriction have been shown to lower BP58-60, we
utilized the clinically relevant model of EODF in SHRSP and WKY rats and demonstrate
that EODF significantly attenuates SBP elevation in SHRSPs (Fig. 1).

The SHRSP model is classically described as a genetic model of hypertension. However, we
and others have recently demonstrated that environmentally influenced factors, such as the
gut microbiota, play an important role in BP regulationl:24.61. To test our hypothesis that the
BP-lowering effects of EODF involved alterations to the gut microbiota, we transplanted
cecal content from WKY and SHRSPs that had undergone 10 weeks of ad /ibitum feeding or
EODF into GF rats. This experimental approach allowed for direct examination of the
effects of the cecal content, presumably bacteria, in the absence of genetic differences
between WKY and SHRSPs. In support of our hypothesis, we show that GF rats receiving
microbiota from SHRSP EODF donors had significantly lower SBP as compared to those
transplanted with SHRSP control microbiota (Fig. 2).

The effects of IF on the gut microbiome and metabolome:

In a recent set of studies, multiple groups have demonstrated the beneficial effects of IF in
the diabetic db/db mouse model functions through manipulation of the gut microbiota and
microbial metabolites16:62.63 These studies showed that IF significantly shifted the
community structure of control and db/db mice, as assessed by beta-diversity. Similarly, we
demonstrate that EODF significantly altered the community structure of WKY and SHRSP
microbiota (Fig. 3).

To examine how the observed changes to the gut microbiota may translate to metabolite
changes experienced by the host, we performed untargeted metabolomics analysis of the
cecal and plasma metabolomes of the four groups. Sparse partial least squares discriminant
analysis (SPLS-DA) showed significant differences in plasma and cecal metabolites between
the four groups. In plasma and cecum, EODF shifted the metabolome of SHRSP to more
closely resemble that of WKY controls (Fig. 4). Random forest classification of
subpathways important for separation of the four groups revealed many pathways known to
be influenced by the gut microbiota. Identification of microbial influenced metabolic
pathways is not surprising in the cecal metabolome. However, identifying microbial-
influenced pathways as key distinguishers of the plasma metabolomes further supports the
idea that gut microbiota may influence host BP through circulating microbial metabolites.
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Identified pathways of particular interest in regard to BP regulation include tryptophan
metabolism, histidine metabolism, and BA metabolism (Fig. 4). Worth pointing out is that
these microbial pathways were also identified as important for distinguishing WKY control
from SHRSP controls, suggesting these pathways are not only altered by EODF but are also
possible candidates contributing to elevated BP in SHRSP (Online Figure 1V). Tryptophan
metabolism in the gut is well documented and its downstream metabolites, including
serotonin and indole play important roles in BP regulation®46°, Additionally, L-histidine has
been shown to have anti-hypertensive effects in the SHR model via central histamine H3
receptors®6. These findings suggest that each of these pathways warrants further
investigation to examine their potential role in BP regulation. Of note, our untargeted
metabolomics did not capture short-chain fatty acids that have been implicated in BP
regulation, and therefore cannot be ruled out as contributing to BP differences in this
study®>1, Based on our untargeted metabolomics study, we chose to focus on the role of BA
metabolism in SHRSP hypertension and the effects of EODF.

The potential role for BAs as microbial metabolites involved in host BP regulation:

Primary BAs are synthesized from cholesterol in the liver and stored in the gall bladder.
Conjugated and unconjugated primary BAs are released into the small intestine where they
emulsify dietary fats, thereby aiding in lipid absorption. The majority of primary BAs are
reabsorbed in the ileum and are recirculated to the liver via the enterohepatic circulation.
Alternatively, primary BAs can be deconjugated by microbial bile salt hydrolases and then
converted to secondary BAs through microbial modifications, including 7 a-
dehydroxylation, dehydrogenation, and epimerization®’. A small fraction of primary and
secondary BAs reach the systemic circulation where they can disperse throughout the body,
and act as hormones by stimulating BA receptors, such as TGR5, on a variety of cell types.
Therefore, changes to the composition of the gut microbiota can shift the composition of the
BA pool in the gut and circulation having far reaching effects on host physiology.

Microbial functional analysis from WGS data revealed 7a-dehydroxylase and Bshwere
reduced in SHRSP control, and increased by EODF (Fig. 4E and F). However, seeing as
WGS functional analysis is only based on gene abundance, and BA concentrations are
influenced by multiple factors including liver synthesis rates, microbiota conversion,
epithelial translocation, and tissue utilization, we went on to perform targeted metabolomics
of primary and secondary BAs to gain a clear picture of BAs in the circulation. We found
significant reductions in several primary and secondary BAs in plasma of SHRSP including
THDCA, TUDCA, TMDCA, GLCA, HDCA, LCA, TCDCA, HCA, CA, bMCA, and
aMCA/WMCA (Fig. 5). We also observed that EODF increased TLCA, THDCA, TUDCA,
and GLCA in the plasma of SHRSPs. Similarly, in the db/db mouse EODF was associated
with elevations in circulating CA, DCA, MCA, TCDCA, and TUDCA®2, Somewhat
surprisingly, BA levels were not different between GF rats that received microbiota from the
four donor groups. This is likely due to the inability to completely recreate the donor
microbiota composition in GF recipients (Online Figure 11A). However, the fact that SBP
was elevated in GF rats receiving SHRSP control microbiota as compared to those receiving
SHRSP EODF microbiota suggests additional differences in the microbiota are influencing
BP. In support of this is the observation that EODF completely prevented elevation of
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SHRSP SBP, while CA and OA treatment only attenuated SBP elevations. Additional
candidates involved in SHRSP BP regulation identified by our metabolomics studies include
histidine and tryptophan metabolism, which will require further investigation.

Limited studies on the effect of BA supplementation on BP have varied. Intravenous
administration of the secondary BA DCA was shown to lower BP in the SHR model®®.
However, a separate study showed that continuous infusion of the primary BA CDCA
significantly elevated BP of Sprague-Dawley rats®®. Neither of these studies measured
baseline or post-treatment BA levels in the models used, so it is unclear if the treatments
were supplementing a deficient BA species. We chose to treat rats with CA in diet, as we
had shown a deficiency of CA and CA derivatives in SHRSP plasma. We demonstrated that
CA supplementation significantly attenuated the elevation of SBP in SHRSPs. This BP-
lowering effect was associated with increased plasma TLCA, GHDCA/GUDCA/GCDCA/
GDCA, HDCA, HCA, CA, and aMCA/WMCA (Fig. 6). Only TLCA, a potent TRG5
agonist, was elevated by both EODF and CA treatments.

Given the expression of the BA receptor TGR5 on multiple tissues involved in BP
regulation, and decreased TGR5 activating BAs in SHRSP plasma, we examined TGR5
signaling as a potential mechanisms linking gut derived BAs to host BP regulation’%:71, We
found that treating SHRSP rats with OA significantly reduced SBP, and improved vascular
function of mesenteric arteries. This is in line with previous studies demonstrating TGR5
agonism increased endothelial eNOS activity 70:72.73,

Study Limitations:

The approach of the current study allowed us to examine the effects of EODF on the
development of hypertension. As such, the study design did not allow us to address the long-
term consequences of hypertension such as end-organ damage and stroke. Studies in older
animals, or addition of a second stress such as salt-loading, may be useful in examining the
protective effects of EODF on end-organ damage. Additionally, all studies were performed
in male rats. Now that the BA pathway has been implicated as a mediator between the
microbiota and host BP regulation, studies to assess if BAs or TGR5 signaling is altered in
female models of HT will be required. It should also be noted that in addition to activating
TGR5, OA has been shown to improve insulin sensitivity and reduce oxidative stress and
inflammation. While it cannot be ruled out that these effects are through the activation of
TGRS5, it also cannot be assumed. Therefore, it is possible the SBP lowering effects of OA
function through TGR5-independent mechanisms®’. We also acknowledge that individually
some studies are unable to attribute direct causality. For example, when administered
through the diet, CA could be converted to other BAs or alter the makeup of the microbiota,
either of which could alter BP. However, by using multiple approaches to alter BA signaling
(i.e., EODF, CA, OA), we believe we demonstrate an important role for BAs in BP
regulation.

The current study demonstrates EODF lowers SBP in the SHRSP model by manipulation of
the gut microbiota and modulation of gut-derived metabolites. We propose BAS serve as

novel mediators between the gut microbiota and host, that when disrupted can contribute to
the development of HT. We provide evidence for the involvement of the BA receptor TGR5.

Circ Res. Author manuscript; available in PMC 2022 April 30.
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Overall, we provide further proof of the importance of the gut microbiota in BP regulation,
and provide evidence that mechanisms to manipulate the microbiota, such as EODF, may
serve as viable non-pharmacological methods for the treatment of HT.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Non-standard Abbreviations and Acronyms

BA bile acid

BP blood pressure

SBP systolic blood pressure

SHRSP spontaneously hypertensive stroke-prone
WKY Wistar-Kyoto

GF germ-free

HT hypertension

IF intermittent fasting

EODF every other day fasting

WGS whole genome shotgun sequencing
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Novelty and Significance
What is known?

. Disruption of the gut microbiota, termed gut dysbiosis, contributes to the
development of hypertension.

. Intermittent fasting has beneficial effects on cardiovascular health and can
alter the makeup of the gut microbiota.

What new information does this article contribute?

. Intermittent fasting prevents the development of hypertension in
spontaneously hypertensive stroke-prone rats (SHRSP) by altering the
composition of the gut microbiota.

. The cecal and plasma metabolomes of SHRSP are significantly different from
those of normotensive control Wistar-Kyoto (WKY) rats. Intermittent fasting
alters the SHRSP cecal and plasma metabolomes to more closely resemble
those of WKY.

. SHRSP exhibit significantly decreased circulating bile acids as compared to
WKY, which are increased following intermittent fasting.

Recent studies have demonstrated a causal role for gut dysbiosis in the development of
hypertension in animal models and patients. Despite this understanding, little is known
regarding 1) the mechanisms through which gut microbes influence host blood pressure
regulation, or 2) whether manipulation of the gut microbiota offers an efficacious
approach in the prevention or treatment of hypertension. In the current study, we aimed to
address both of these areas by exposing WKY and SHRSP to intermittent fasting and
using a multi-omics approach to examine the effects on the gut microbiota and
metabolome. Our data reveal that intermittent fasting prevents the development of
hypertension in SHRSP by altering the gut microbiota composition. Metabolomics
analysis revealed a number of microbial modified bile acids that are decreased in the
circulation of SHRSP and increased by intermittent fasting. Finally, approaches to
increase systemic bile acid signaling (e.g. cholic acid or bile acid receptor agonist
supplementation) reduced SHRSP blood pressure. These studies identify intermittent
fasting as a mechanism to alter the gut microbiota and reduce blood pressure, which
appears to be at least partially through normalizing bile acid signaling.
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Figure. 1. EODF attenuates elevated BP in SHRSP.
(a) Diagram depicting feeding schedule for control and EODF groups. (b)Daily and (c)

cumulative food intake. (d) Body weights were measured daily over the course of the study.
(e) Weekly SBP of WKY and SHRSP fed ad libitum or EODF. Data presented as mean *
SEM. Three-way ANOVA with Tukey’s multiple comparisons test. Main effects of strain,
feeding group, age, age x strain, age x diet, age x strain x feeding group p<0.05 for all (b-d).
n=6-8, **p<0.01, ***p<0.0005, ****p<0.0001, #p<0.05 vs SHRSP Control, #p<0.005 vs
SHRSP Control
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Figure. 2. EODF prevents elevated SBP in SHRSPs through manipulation of the gut microbiota.
Weekly (a) body weight and (b) SBP of germ-free rats transplanted with microbiota from

WKY and SHRSP controls or EODF. Data presented as mean £ SEM. Three-way ANOVA
with Tukey’s multiple comparisons test. Main effects of strain, feeding group, strain x
feeding group p<0.0001 for (b). n=6-8, ****p<0.0001
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Figure. 3. The dysbiotic gut microbiota of SHRSP is altered by EODF.
(a) Principal Coordinate Analysis plots of Bray-Curtis dissimilarity of four groups (left),

WKY (middle), and SHRSP (right). (b) Relative abundance of taxa at phyla level for
individual samples. (c) LEfSe plots to identify species that characterize control groups (top)
and effects of EODF on SHRSP (bottom). n=6-8
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Figure. 4. Multi-omics integration of WGS and untargeted metabolomics.
(a) Pearson correlation between component one of each dataset (bottom-left) and Sparse

partial least squares discriminant analysis (SPLS-DA) of two omics (top-right). (b) Sparse
partial least squares discriminant analysis (SPLS-DA) of plasma (left) and cecal (right)
metabolites in four groups. (c) Plasma (left) and cecal (right) metabolite sub pathways
identified by random forest classification as important for four group separation (Gini index
as feature importance). (d) Spearman correlation between the top 50 most important
metabolites (left:plasma, right:cecal) and species. Bar graphs indicate metabolite
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importance, and color blocks indicate super pathways. Comparison of total counts per
millions of (e) 7a-dehydroxylase and (f) bile salt hydrolase (6s/). (g) Species stratified
counts per million (cpm) of bsh gene. Two-way ANOVA with robust estimator followed by
Mann-Whitney U test with Benjamin-Hochberg post hoc correction. Main effects of
treatment p<0.0001. and interaction p= 0.0267 for (e). Main effects of genotype p=0.0267
for (f). Main effect of genotype for B.uniformis p=0.0083. Main effect of interaction for
L.reuteri p=0.0345. Main effect of genotype p=0.0134 and interaction p=0.0334 for
L.johnsonii. n=6-8. * p<0.05 vs WKY Con; ** p<0.01 vs WKY Con; ## p<0.01 vs WKY
EODF; $ p<0.05 vs SHRSP Con; $$ p<0.01 vs SHRSP Con; @ p<0.05 vs WKY Con
(B.uniformis); # p<0.05 vs SHRSP Con (B.uniformis); %% p<0.01 vs WKY EODF
(B.uniformis)
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Figure. 5. Reduced bile acids in SHRSP are improved by EODF.
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(a) SHRSP control plasma bile acid measurements relative to WKY controls. (b) SHRSP
EODF plasma bile acids during fed and fasted states compared to SHRSP control levels.
Mann-Whitney test with FDR correction (a), one-way ANOVA with Tukey’s multiple
comparisons test or Kruskal-Wallis with Dunn’s multiple comparisons test (b). *p<0.05 vs
WKY Con, **p<0.01 vs WKY Con ***p<0.005 vs WKY Con, ****p<0.001. n=6-8
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Figure. 6. Cholic acid supplementation attenuates elevated blood pressure in SHRSP.
(a) SHRSP CA plasma bile acid measurements relative to SHRSP controls. (b) Weekly SBP

measurements in WKY or SHRSP on control or 0.5% CA supplemented diet. Data presented
as mean + SEM. Mann-Whitney test with FDR correction (a), Three-way ANOVA with
Tukey’s multiple comparisons test (b). Main effects of strain (p<0.0001), diet (p=0.0014),
age (p<0.0001), age x strain (p<0.0001), age x diet (p<0.0001), strain x diet (p=0.0024),diet
x strain x feeding group (p=0.0084). *p<0.05, ***p<0.005, ****p<0.0001, *p=0.0003,

#p<0

.05 vs SHRSP Control. n=6-8

Circ Res. Author manuscript; available in PMC 2022 April 30.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Shietal.

Page 25

A.
2251 _o- SHRSP Veh
T -6- SHRSP OA
E 2001
£
o
m 475
0
S
2 150
/)]
125 . . . .
10 12 14 16 18 20
Age (Weeks)
B.
120
-~ SHRSP Veh
£ 100
.g -@- SHRSP OA
L 80-
|-
S 60
Q
w40+
o
5 20 1
&~ 0- lo) \t}-..__ —
I 1 I 1
-9 -8 -7 -6
ACh (log)
C.
30+
[ ]
—~ 20 .
E al® *
3 T o
2 104 ® 7o
+
o
0 T T
SHRSP Veh SHRSP OA

Figure. 7. TGR5 agonism attenuates elevated blood pressure and improves vascular function in
SHRSP.

(a) SBP measurements in SHRSP injected daily with vehicle or the TGR5 agonist OA. (b)
Acetylcholine (Ach_induced vasodilation of mesenteric arteries isolated from vehicle- or
OA-treated SHRSPs. (c) Calculated ECg values for acetylcholine induced vasodilation of
mesenteric arteries isolated from vehicle or OA treated SHRSPs. Data presented as mean +
SEM. (a) Two-way ANOVA main effects of age (p<0.0001), treatment (p=0.0317), and age
x treatment (p=0.0023). (b) Two-way ANOVA main effects of Ach dose p<0.0001, treatment
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p=0.0262, dose x treatment p=0.0125. (c) unpaired t-test. *p<0.05 vs SHRSP vehicle,
**p<0.01 vs SHRSP vehicle, n=5-6
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Animals (in vivo studies)

house)

Species Vendor or Source Bagl;?;?#nd Sex Persistent ID / URL
Spontaneously Hypertensive | Charles River (bred in- M https://www.criver.com/products-services/find-
Stroke Prone (SHRSP) house) model/spontaneously-hypertensive-stroke-prone-

shrsp-rat?region=3611
Wistar Kyoto (WKY) Charles River (bred in- M https://www.criver.com/products-services/find-

model/wistar-kyoto-wky-rat?region=3611

Circ Res. Author manuscript; available in PMC 2022 April 30.


https://www.criver.com/products-services/find-model/spontaneously-hypertensive-stroke-prone-shrsp-rat?region=3611
https://www.criver.com/products-services/find-model/spontaneously-hypertensive-stroke-prone-shrsp-rat?region=3611
https://www.criver.com/products-services/find-model/spontaneously-hypertensive-stroke-prone-shrsp-rat?region=3611
https://www.criver.com/products-services/find-model/wistar-kyoto-wky-rat?region=3611
https://www.criver.com/products-services/find-model/wistar-kyoto-wky-rat?region=3611

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Shietal.

Page 28

Antibodies

Target antigen

Vendor or Source | Catalog# | Working concentration Lot # (preferred but not
required)

Persistent ID / URL
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Data & Code Availability

Description Source / Repository Persistent ID / URL
WGS Sequence data NCBI SRA https://www.ncbi.nlm.nih.gov/sra
Bioinformatics Analysis Code Github https://github.com/huananfshi/microbiome_multiomics_analysis_workflow
KneadData (version 0.73) https://huttenhower.sph.harvard.edu/kneaddata
MetaPhlAn (version 3.0.2) [Reference 32] https://huttenhower.sph.harvard.edu/metaphlan
HUMANN (version 3.0.0.alpha.3) | [Reference 33] https://huttenhower.sph.harvard.edu/humann
LEfSe [Reference 41] https://huttenhower.sph.harvard.edu/lefse

R (version 3.6.3)

http://r-project.org/

R Studio (version 1.2.5033)

https://rstudio.com/

DADAZ2 (version 1.14.1)

Bioconductor

https://www.hioconductor.org/packages/release/bioc/html/dada2.html

WRS2 (version 1.1.0)

[Reference 25]

https://cran.r-project.org/web/packages/WRS2/

Vegan (version 2.5.7)

[Reference 40]

https://cran.r-project.org/web/packages/vegan/index.html

mixOmics (version 6.10.9)

Bioconductor

https://bioconductor.org/packages/release/bioc/html/mixOmics.html

RVAideMemoire (version 0.9.78)

https://cran.r-project.org/web/packages/RVAideMemoire/index.html

ComplexHeatmap (version 2.2.0)

Bioconductor

https://bioconductor.org/packages/release/bioc/html/ComplexHeatmap.html

Scikit-learn (version 0.21.3)

[Reference 36]

https://scikit-learn.org/

Scipy (version 1.5.1)

https://www.scipy.org/

Statsmodels (version 0.9.0)

https://www.statsmodels.org/

Pandas (version 0.24.2)

https://pandas.pydata.org/

Python (version 3.7.6)

https://www.python.org/

Seaborn (version 0.10.1)

https://seaborn.pydata.org/

Jupyter Notebook (version 6.1.4)

https://jupyter.org/
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Other
Description Source / Persistent ID / URL
Repository
Control Diet Envigo Teklad https://www.envigo.com/teklad
TD.130107

Trizol Reagent

ThermoFisher

http://tools.thermofisher.com/content/sfs/manuals/trizol_reagent.pdf

Alcian Blue Sigma Aldrich https://www.sigmaaldrich.com/catalog/product/mm/101647?

Solution lang=en&region=US&gclid=Cj0KCQiA0fr_BRDaARISAABWA4EUTA-
ENMIReujV-9bt1XEORbyYkul4XEwH_h9tKtwRbF_GdT5BRVkOaAhOWEALwW_wcB

Hematoxylin VWR https://us.vwr.com/store/product/27419120/hematoxylin-7211-signature-seriestm-richard-allan-
scientifictm

Eosin Fisher Scientific | https://www.fishersci.com/shop/products/richard-allan-scientific-eosin-y-alcoholic-eosin-y-phloxine-

eosin-y-saturated/22050198

Bluing Reagent

Fisher Scientific

https://www.fishersci.com/shop/products/thermo-scientific-richard-allan-scientific-signature-series-
bluing-reagent-1-gal-3-79I-1-ea/22050114

RNeasy Lipid Qiagen https://www.qgiagen.com/us/products/discovery-and-translational-research/dna-rna-purification/rna-
tissue mini kit purification/total-rna/rneasy-lipid-tissue-mini-kit/#orderinginformation
Oleanolic Acid Cayman https://www.caymanchem.com/product/11726/
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