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Hypertension is a global health problem, and multiple path-
ways are known to play important roles in the development 

of hypertension, including the renin-angiotensin-aldosterone 
system,1 the immune system,2 and endothelial dysfunction.3,4 
In recent years, emerging evidence in both humans and animal 
models has indicated that the gut microbiota also plays a role in 
the development of hypertension. Dysbiosis of the gut microbiota 
corresponds with hypertension in mice, rats, and humans,5–8 and 
correcting this dysbiosis using an antibiotic has been associated 
with a lowering of BP.6 In support of these concepts, a high-salt 
diet was shown to deplete a strain of Lactobacillus, and treating 
mice with this strain attenuated salt-sensitive hypertension.9 In 
addition, fecal transplants from hypertensive donors into germ-
free (GF) mice (mice with no native microbiota) can transfer the 
hypertensive phenotype,10 implying that the microbiota may be 
not merely responding to a hypertensive phenotype but may be 
able to modulate the phenotype itself.

A primary way that the gut microbiota can influence the host 
is via the production of microbial metabolites. To date, stud-
ies have focused on a limited number of microbial metabolites 
as potential players in blood pressure regulation.8,11–14 In this 
study, we reasoned that a thorough and unbiased analysis of gut 

microbial metabolites altered in an Ang II (angiotensin II) infu-
sion model may reveal novel candidates for future study. Thus, 
the aim of this study was to identify plasma or fecal metabolites 
which are altered in hypertension in a gut microbiota–depen-
dent manner. To achieve this, we used a metabolomics approach 
to identify metabolites which are differentially regulated with 
Ang II treatment in conventional mice (which have gut micro-
biota) but not in GF mice (which lack gut microbiota).

Methods
Metabolomics data have been made publicly available at the 
Metabolomics Workbench and can be accessed at study ID ST001158 
and ST001157 and project DOI 10.21228/M8CH5C. 16S data have 
been made publicly available at the National Center for Biotechnology 
Information and can be accessed at https://www.ncbi.nlm.nih.gov/
Traces/study/?acc=PRJNA514044.

Animals and Housing
All animal protocols were approved by the Johns Hopkins University 
Animal Care and Use Committee. Conventional C57BL/6 and GF 
mice used in this study were bred at Johns Hopkins. GF mice were 
screened on a monthly basis to ensure their GF status; importantly, 
for the studies herein, fecal pellets were also analyzed from GF ex-
perimental mice near the time of sacrifice to ensure that the mice 
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remained GF throughout the study. Detailed screening procedures 
are outlined in the online-only Data Supplement. This study used 
4 groups of 6-week-old C57BL/6 mice: conventional (n=6) and GF 
(n=6) mice were infused with Ang II for 4 weeks (400 ng·kg−1·min−1; 
Alzet 1004), and in parallel control groups, conventional (n=6) and 
GF (n=6) mice instead received saline (0.9% w/v; Nova Tech, Inc) 
via minipumps (saline). Each group had equal numbers of males and 
females. GF mice (males and females) were from a total of 2 litters, 
and conventional mice (males and females) were from a total of 3 lit-
ters. Conventional mice were randomly allocated to saline or Ang II 
groups, whereas 1 litter of GF mice was used for saline and the other 
for Ang II. All mice were housed individually (to avoid cage effects 
due to coprophagia)15 on a 14/10 light/dark cycle, were fed the same 
diet (Purina Conventional Mouse Diet, LabDiet JL Rat/Mouse and 
Auto 6F No. 5K67), and had free access to water during the experi-
mental period.

Minipump Implantation
For both conventional and GF mice, minipumps (Alzet) were 
implanted subcutaneously after intraperitoneal anesthesia (ketamine 
hydrochloride, 50 mg/kg; xylazine hydrochloride,10 mg/kg). A 2- to 
4-mm subcutaneous incision was made to insert the minipump on the 
dorsal flank. After surgery, mice received a single subcutaneous dose 
(4 mg/kg) of ostilox (meloxicam; Norbrook) to relieve postoperative 
pain and meloxicam in the drinking water (0.2 mg/kg) for next 24 
hours.

Blood and Feces Collection
At the end of the study, blood and feces were collected from live 
mice. Blood was collected in heparin-coated tubes (BD Microtainer) 
by puncturing the submandibular vein located in the cheek pouch. 
Blood samples were kept on ice and were then centrifuged at 4500g 
for 15 minutes to separate plasma. Fecal pellets were collected di-
rectly into 1.5-mL sterile Eppendorf tube at time of defecation. 
Plasma and feces samples were flash frozen in liquid nitrogen and 
then stored at −80°C until analysis.

16S rRNA Microbiome Analysis
Fecal DNA extraction was performed on samples from conventional 
mice (saline and Ang II groups). Each sample comprised of 1 to 3 
fecal pellets, and DNA was isolated using the Qiagen Fast Stool 
Isolation kit (cat No. 51604). 16s rRNA V3 through V4 region was 
amplified using primers 319F (CTCCTACGGGAGGCAGCAGT) 
and 806R (GGACTACHVGGGTWTCTAAT) following the method 
by Caporaso et al.16 The library was sequenced on MiSeq for 2×300 
base pairs. The library preparation and sequencing were performed 
by the Johns Hopkins Transcriptomics and Deep Sequencing 
Core. Subsequently, they were analyzed by Resphera Biosciences 
as described in Methods in the online-only Data Supplement. 
Differential abundance analysis of α-diversity analyzed differences 
between groups (nonparametric difference test, Mann-Whitney U 
test, and t test). Multiple hypothesis testing was corrected using the 
false discovery rate.17 Generalized linear modeling was performed 
using R. 16S data have been deposited to the National Center for 
Biotechnology Information (https://www.ncbi.nlm.nih.gov/Traces/
study/?acc=PRJNA514044).

Metabolomics on Blood and Feces Samples
Metabolomics were performed by Metabolon, as in the Methods 
in the online-only Data Supplement. Raw data were normalized in 
terms of raw area counts (the peak of the metabolite, quantified as 
area under the curve). The median for each individual metabolite was 
set to 1, with undetected metabolites being input as the minimum 
value. Values were normalized by the sample volume used for ex-
traction. The y axis of all box plots represents the scaled intensity 
(an arbitrary unit, relative to the overall median of 1 for that metabo-
lite). Of note, the metabolomics platform we chose was the broadest 
platform available to us but does not include short-chain fatty acids. 
Although short-chain fatty acids have been tied to blood pressure reg-
ulation,11 multiple groups have previously examined short-chain fatty 

acids in hypertension models.5,18–21 Thus, we reasoned that using this 
broad platform, which does not detect short-chain fatty acids, was 
an acceptable trade-off given that the aim of our study was to de-
tect novel metabolites which may be altered in response to Ang II. 
Metabolomics data have been deposited to Metabolomics Workbench 
for both feces and plasma under study ID ST001158 and ST001157 
and project DOI 10.21228/M8CH5C.

Results
To identify novel microbial metabolites which are altered with 
Ang II infusion, we implanted both conventional and GF mice 
with osmotic minipumps. In each group, half of the mice were 
infused with Ang II (400 ng·kg−1·min−1 for 4 weeks) and the 
other half with saline. After 4 weeks of infusion, plasma and 
feces were collected and metabolomics were performed. We 
detected a total of 822 metabolites in plasma and 944 in feces. 
Principal component analysis of the plasma (Figure 1A) and 
feces (Figure 1B) metabolomics data indicates that the con-
ventional and GF groups generally segregate separately from 
one another and that (especially for feces) GF status has a 
larger influence than treatment status. Because a sex difference 
was seen on the principal component analysis for the plasma 
samples, plasma data were analyzed by sex and treatment.

Plasma Metabolites Altered With Ang II
Our primary objective was to identify metabolites that were 
significantly altered with Ang II treatment in conventional 
but not GF mice. Metabolites shown in the Table are plasma 
metabolites which were differentially regulated by Ang II 
treatment in conventional mice. The Table lists the biochem-
ical name of each differentially regulated metabolite and the 
superpathway and subpathway to which they belong.

In Figure 2, red indicates a statistically significant upreg-
ulation, whereas green indicates a statistically significant 
downregulation. The numbers in the figure reflect the fold 
change (ie, Ang II/saline) for each group. In plasma of con-
ventional mice, we detected 4 significantly upregulated and 8 
significantly downregulated metabolites (P<0.05, Q<0.2 for 
conventional Ang II versus conventional saline by ANOVA; 
Table S1 in the online-only Data Supplement shows the P 
and Q values for each metabolite in column 2 of Figure 2). 
Remarkably, none of the metabolites that were significantly 
altered with Ang II in conventional mice (column 2) were 
similarly changed in GF mice (column 3). Consistent with 
this finding, several of the metabolites differentially regulated 
in conventional mice with Ang II were either undetected or 
found at low levels in GF mice, as can be seen by compar-
ing relative amounts in GF/conventional (columns 4 and 5). 
In these columns, the green color indicates that the compound 
was detected at a significantly lower level in GF mice versus 
conventional mice.

Finally, in columns 6 and 7, we analyzed the fold changes 
in fecal abundances for the metabolites in this figure. Whereas 
a subset of the conventional fecal samples showed changes that 
reflected the changes seen in plasma, in the GF fecal samples 
there were no significant changes in any of these metabolites.

Plasma Metabolites Upregulated With Ang II
The metabolites that were upregulated by Ang II in conven-
tional mice are shown as box-and-whiskers plots in Figure 3A. 
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Notably, 4-ethylphenylsulfate, p-cresol sulfate, and p-cresol 
glucuronide were nearly undetected under GF conditions, 
indicating that these metabolites are dependent on the micro-
biome for their production. In contrast, spermidine is still 
present in the GF animals but fails to upregulate with Ang II 
treatment. This indicates that the production of this compound 
is likely contributed to both by the microbiome and the host 
(or, host diet).22

Plasma Metabolites Downregulated With Ang II
We identified 8 plasma metabolites, which were signifi-
cantly downregulated with Ang II treatment in conventional 
mice (Figure 3B). Some of these compounds were nearly 
undetected in GF mice (N,N,N-trimethyl-5-aminovalerate, 
gentisate, and indoleacetylglycine) implying that they are 
dependent on the gut microbiota and that gut microbial pro-
duction is downregulated with Ang II treatment. In contrast, 
others were expressed at variable levels in GF mice but 
were not differentially regulated by Ang II, indicating that 
both the host and the microbiota contribute to metabolite 
production.

Sex Differences in Metabolite Changes
As the principal component analysis (Figure 1) indicated sex 
differences in plasma metabolites, plasma metabolome data 
were further analyzed by sex. However, it should be noted 
that although our study included animals of both sexes, it 
was not properly powered to compare males versus females. 
Nevertheless, we noted that several of the metabolites that 
were altered in plasma reached significance in only 1 sex 
(Table S2; Figure S1). The direction of the change (upregu-
lation versus downregulation) was always the same in both 
sexes; only the magnitude of the change appeared to differ. 
The majority of these metabolites are found at lower levels 
in GF mice, indicating that they may be wholly or partially 
microbial in origin.

Fecal Metabolites Altered With Ang II
All fecal metabolites that were significantly upregulated 
(n=25) with Ang II treatment are shown in Table S3 with 

box-and-whiskers plots for the top 8 metabolites shown in 
Figure 4A and the remainder included as Figure S2 (P and Q 
values for Table S3 column 2 are shown in Table S4). Of the 
25 metabolites that were upregulated with Ang II in conven-
tional mice, none were upregulated in GF mice.

Fecal metabolites that were downregulated (n=71) with 
Ang II treatment are shown in Table S5A and S5B, with 
box-and-whiskers plots for the top 8 shown in Figure 4B 
and the remainder shown as Figure S3 (P and Q values for 
Table S5B column 2 are shown in Table S6). None of these 71 
metabolites were also downregulated with Ang II in GF mice. 
Although many of the significantly altered fecal metabolites 
were found at lower abundances in GF mice (green color in 
columns 4 and 5 in Tables S3B and S5B), several metabolites 
were found at higher abundances (red color in Tables S3B and 

Figure 1.  Principal component analysis of 
plasma and fecal metabolites reveals a strong 
role for germ free status. Principal component 
analysis of metabolites in plasma (A) and feces 
(B) of conventional (Con) and germ-free (GF) 
mice treated with Ang II (angiotensin II) or saline 
(Sal). For both plasma and fecal metabolites, 
GF status played a stronger role than treatment 
status. For the plasma metabolites, differences 
were observed both in GF status and in sex.

Table. Plasma Metabolites That Were Significantly Upregulated or Downregulated 
by Ang II Treatment in Conventional Mice: the Superpathway and Subpathway for 
Each Metabolite

Biochemical Name Super Pathway Sub Pathway

4-ethylphenylsulfate Xenobiotics Benzoate metabolism

P-cresol sulfate Xenobiotics Benzoate metabolism

P-cresol glucuronide* Amino acid Tyrosine metabolism

Spermidine Amino acid Polyamine metabolism

Mannose Carbohydrate Fructose, mannose, and 
galactose metabolism

Trans-4-hydroxyproline Amino acid Urea cycle; arginine and 
proline metabolism

Xylose Carbohydrate Pentose metabolism

N,N,N-trimethyl-5-aminovalerate Amino acid Lysine metabolism

Indoleacetate Amino acid Tryptophan metabolism

Ferulic acid 4-sulfate Xenobiotics Food component/plant

Gentisate Amino acid Tyrosine metabolism

Indoleacetylglycine Amino acid Tryptophan metabolism

Ang II indicates angiotensin II.
*Indicates a compound where the identity is confident, but it has not been 

confirmed based on a standard.
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S5B). Metabolites found at higher abundances in the GF mice 
may be host-derived compounds, which normally are metabo-
lized by the microbiota, and thus accumulate in the absence of 
the gut microbiota. Overall, the fact that none of the changes 
seen in the fecal metabolites in conventional mice are present 
in the GF mice (column 2 versus 3 in Tables S3B and S5B) 
demonstrates once again that the gut microbiota is required for 
the metabolomics changes seen with Ang II.

16S Microbial Sequencing
16S sequencing (V3 through V4) of fecal microbiota from con-
ventional mice revealed taxonomic alterations in the micro-
bial composition of saline-treated versus Ang II–treated mice. 
Although α-diversity was not different between saline and Ang 
II–treated groups (Shannon, Chao1), hierarchical clustering of 
taxonomic profiles at both the genus (top 50) and species (top 100) 
levels showed that animals were clustered by treatment modality 
(Figure 5A). This indicates that Ang II treatment significantly 
altered the microbiota. Analysis on the family level revealed 3 
dominating phyla (firmicutes, bacteroidetes, and tenericutes; 
Figure 5B). In the Ang II–treated group, there was an expansion 
of Anaeroplasmataceae and a decrease in Lachnospiraceae.23 
In agreement with an alteration in the microbiome induced by 
Ang II, principal component analysis of β-diversity (Figure 5C) 
showed that saline versus Ang II treatment mice harbored diver-
gent microbial communities (P value: treatment, 0.029); how-
ever, we did not observe significant differences in β-diversity 
between males and females (P value: sex, 0.46). Of note, how-
ever, there were individual species/operational taxonomic units, 
which were changed in a sex-specific manner with Ang II treat-
ment. For example, Clostridium celatum was nearly undetected 
in males treated with saline, males treated with Ang II, or in 
females treated with saline but was dramatically upregulated in 
females treated with Ang II (Figure 5D).

Discussion
Although the causes of hypertension are multifaceted, recent 
studies have highlighted a novel player in hypertension: the 

gut microbiota.5,8,13,14,18 In this study, we demonstrate for the 
first time that the gut microbiota is the driving force behind 
the changes in plasma and fecal metabolomics in an Ang II 
infusion model. In total, we identified 12 plasma metabolites 
which are differentially regulated with Ang II infusion (400 
ng·kg−1·min−1 for 4 weeks) in conventional mice; none of these 
molecules were similarly altered in GF animals. Similarly, we 
identified 96 fecal metabolites which were significantly altered 
with Ang II in conventional mice, none of which were similarly 
changed in GF animals. We also identified clear shifts in the 
gut microbiota of conventional mice with Ang II treatment, in 
support of the concept of a gut dysbiosis in hypertension which 
may be driving these metabolomics changes.6,24

Metabolites Upregulated With Ang II Treatment
The plasma metabolites that we identified as significantly 
upregulated in conventional mice with Ang II treatment include 
uremic toxins such as 4-ethylphenyl sulfate, p-cresol sulfate, 
and p-cresol glucuronide. It has been previously shown that the 
gut microbiota plays a substantial role in the production of these 
uremic toxins.25–30 Thus, our data demonstrate that at least some 
of the changes in the gut metabolome which occur in response 
to Ang II are likely detrimental. In contrast, however, the other 
metabolite upregulated with Ang II in our study (spermidine) 
has been reported to lower blood pressure.31–33 This raises the 
exciting and novel possibility that some of the so-called dysbio-
sis observed in the Ang II model may actually be protective; that 
is, the microbiota may be acting to help their host. Spermidine 
has been reported to lower blood pressure in dogs, and a 2016 
study found that spermidine was cardioprotective in aged mice 
and in Dahl salt-sensitive rats.33 Further, this study found that 
higher levels of dietary spermidine in humans correlated with 
lowered blood pressure and a lower cardiovascular disease 
incidence. Although this study focused on dietary sources of 
spermidine, our data demonstrate that the gut microbiota is a 
significant source of plasma spermidine. Thus, we suggest that 
while some aspects of the gut dysbiosis associated with hyper-
tension are likely harmful to the host, others may be beneficial.

Plasma (fold-change) Feces (fold-change)

AngII
Saline

Germ-Free
Conventional

AngII
Saline

Biochemical Name 1 Conventional 2 Germ-Free 3 Saline 4 AngII 5 Conventional 6 Germ-Free 7
4-ethylphenyl sulfate 8.15 0.10 0.90 0.01 1.99 1.00
p-cresol sulfate 4.27 0.85 0.02 0.00 9.36 0.91
p-cresol glucuronide* 4.20 0.63 0.03 0.00 N.D. N.D.
spermidine 1.90 1.10 1.14 0.66 0.26 0.92
mannose 0.76 1.03 0.72 0.98 0.35 1.53
trans-4-hydroxyproline 0.70 1.13 0.97 1.57 0.43 0.95
xylose 0.39 0.94 0.35 0.83 0.54 1.00
N,N,N-trimethyl-5-aminovalerate 0.35 0.93 0.07 0.19 0.22 1.00
indoleacetate 0.35 0.91 0.40 1.05 0.41 1.01
ferulic acid 4-sulfate 0.32 0.96 1.92 5.66 0.22 1.09
gentisate 0.28 0.87 0.18 0.56 0.72 1.08
indoleacetylglycine 0.14 0.92 0.12 0.83 0.03 1.60

Figure 2. Plasma metabolites that were significantly upregulated (red) or significantly downregulated (green) by Ang II (angiotensin II) treatment in 
conventional mice are shown (P<0.05, Q<0.2, by ANOVA). Columns 2 and 3 show the fold change in metabolite abundance (expressed as Ang II/saline) for 
both conventional (column 2) and germ-free (GF; column 3) mice. Metabolites that are red in these columns were upregulated with Ang II; green indicates that 
the metabolite was downregulated with Ang II. In columns 4 and 5, the fold change in metabolite abundance for GF/conventional is shown for both saline 
and Ang II; in these columns, green indicates that the metabolite is found at a significantly lower abundance in GF animals. Finally, columns 6 and 7 show the 
fold change in abundance of these metabolites in the feces with Ang II treatment. N.D. indicates not detected. *Indicates a compound where the identity is 
confident, but it has not been confirmed based on a standard.
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The fecal metabolites that were upregulated with Ang II 
treatment include taurodeoxycholate and taurodeoxycholic 
acid. It is known that the host and the gut microbiota work 
together to achieve bile acid synthesis,34 and thus it is not 
surprising that the changes we observed in taurodeoxycholate 
and taurodeoxycholic acid did not occur in GF mice. Of note, 

taurodeoxycholate has been shown to lower blood pressure 
in rats.35

Metabolites Downregulated With Ang II Treatment
We also observed a decrease in 8 plasma and 71 fecal metab-
olites with Ang II treatment, none of which were altered 

Figure 3. Plasma metabolites significantly upregulated or downregulated with angiotensin II (Ang II) in conventional mice are shown here. Plasma 
metabolites that were significantly upregulated with Ang II treatment in conventional (Conv) mice are shown in (A). Plasma metabolites that were significantly 
downregulated with Ang II treatment in Conv mice are shown in (B). All metabolites are statistically significant (Conv saline [Sal] vs Conv Ang II; P<0.05, P<0.2 
by ANOVA). Data are plotted as scaled intensity (an arbitrary unit relative to an overall median of 1); the box-and-whisker plot indicates the minimum and 
maximum distribution (whiskers) and the upper and lower quartile limits (box), with the median value shown as a line and the mean values as a +. Extreme 
data points are plotted as circles. GF indicates germ-free.
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in GF mice. Indoles are produced by the gut microbiota, 
and we observed several indoles that were downregulated 
in plasma with Ang II treatment (indoleacetylglycine and 

indoleacetate), which is interesting in light of a 2017 study, 
which reported a decrease in fecal indoles on a high-salt diet.9 
We also observed a downregulation of the plasma metabolite 

Figure 4. The top 8 fecal metabolites significantly upregulated or downregulated with angiotensin II (Ang II) in conventional mice are shown here. The top 
8 upregulated fecal metabolites from Table S3B are shown in (A); the remaining upregulated fecal metabolites are plotted in Figure S2. Data are plotted 
as a box-and-whisker plot, as in Figure 3. The top 8 downregulated fecal metabolites from Table S5B are shown in (B); the remaining upregulated fecal 
metabolites are plotted in Figure S3. Data are plotted as a box-and-whisker plot, as in Figure 3. Ang II indicates Angiotensin II; Conv, conventional; GF, germ-
free; and Sal, saline.
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N,N,N-trimethyl-5-aminovalerate with Ang II treatment; this 
compound was recently shown to be a predictor for progres-
sion to microalbuminuria in type 1 diabetics.36 This implies 
that a downregulation of this compound may be renoprotec-
tive. However, on the other hand, ferulic acid 4-sulfate has 
been reported to relax vessels and lower blood pressure in 
mice, implying that a decrease in this compound may exacer-
bate the effects of Ang II in conventional mice.37 These find-
ings again lead us to speculate that the pleiotropic actions of 
the microbiota may be in some cases protective and in other 
cases detrimental.

Relating Changes in Fecal and Plasma Metabolites
None of the upregulated metabolites were similarly changed 
in both plasma and feces. However, there were 4 metabo-
lites which were downregulated in both plasma and feces 
(trans-4-hydroxyproline, xylose, N,N,N-trimethyl-5-
aminovalerate, and indoleacetate). Conversely, spermidine 

was significantly upregulated with Ang II treatment in con-
ventional plasma but was downregulated in conventional 
feces. Of note, a change in the abundance of a metabolite 
in plasma may result from not only increased production 
but also may occur because of changes in the rate of uptake 
into the plasma or changes in the rate of clearance from the 
plasma. In addition, it is worth noting that fecal levels of 
metabolites may not reflect metabolite levels in the colon 
itself.

Relating Changes in 16S Sequencing and  
in Metabolites
Although we have both 16S and metabolomics data, at this 
time we cannot confidently assign individual metabolites to 
individual microbial species. This is especially difficult for 
metabolites which have been reported to be produced by mul-
tiple species, such as p-cresol metabolites.38 Although an in-
crease in the firmicutes/bacteroidetes ratio has been used as 

Figure 5. Microbial sequencing (16S) from feces of conventional (Conv) mice treated with either Ang II (angiotensin II) or with saline revealed significant 
alterations with Ang II treatment. Taxonomic clustering based on the top 100 species (A) demonstrates that the Ang II and saline samples are most similar to 
samples within the same group. Analysis on the family level revealed changes in phyla corresponding with Ang II treatment (B). Although differences were not 
seen between groups in α-diversity, analysis of β-diversity (C) revealed that the Ang II samples are most similar to each other, regardless of sex (PC, Principal 
Coordinate Axis). Permanova multivariate analysis of β-diversity associated with Ang II treatment was statistically significant (P=0.029). Although this analysis 
did not reveal sex differences in β-diversity (P=0.46), there were individual species/operational taxonomic units, which did change in a sex-specific manner, 
such as Clostridium celatum (D). F indicates female; and M, male.
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an indicator of dysbiosis, we did not detect any difference in 
the firmicutes/bacteroidetes ratio between saline and Ang II 
groups in our study. Although some studies have reported an 
increase in the firmicutes/bacteroidetes ratio in the spontane-
ously hypertensive rat,6 our results are consistent with studies 
that found no changes in the firmicutes/bacteroidetes ratio in 
either the spontaneously hypertensive rat model or the Dahl 
salt-sensitive rat model of hypertension.5,20 Similarly, although 
a study by Wilck et al9 reported that Lactobacillus murinus is 
depleted by high-salt diet, we did not see depletion of L muri-
nus with Ang II treatment. Of note, although we have focused 
on bacteria as potential sources of metabolites, microbiota-
host interactions may also be responsible for metabolite gen-
eration (ie, a bacterial metabolite may act to upregulate the 
production of a host metabolite). Thus, the metabolite changes 
we see here are microbiota dependent but not necessarily mi-
crobiota derived. In addition, we cannot rule out other addi-
tional metabolite sources which may also differ between GF 
and conventional mice (ie, archaea, fungi). Finally, although 
our analyses focused on conventional mice, it is notable 
that GF mice treated with Ang II significantly upregulated 4 
metabolites and downregulated 37 metabolites. Better under-
standing the roles of these metabolites in the host may also 
give us insights into microbe-host interactions.

Sex Differences
Hypertension has long been known to exhibit sex differences 
in humans and in animal models, with females being largely 
protected from hypertension premenopause. Sex hormones 
play a prominent role in driving these differences, as dem-
onstrated by the fact that sex differences in the Ang II model 
are muted by gonadectomy.39 However, gonadectomy also 
profoundly changes the gut microbiota.40 Similarly, immune 
differences in males and females are known to be important in 
the Ang II model of hypertension,41 and gut microbiome is also 
known to play a role in immune system education and mainte-
nance. Although the number of males and females in our study 
is too low to draw conclusions, it is intriguing to speculate 
that the microbiota may play a role in sex differences in blood 
pressure regulation. As precedent for this idea, the non-obese 
diabetic mouse model of type I diabetes mellitus has well-es-
tablished sex differences, which are muted by gonadectomy. 
However, in 2013, it was shown that the sex differences in 
the NOD model are actually driven by sex differences in the 
microbiome; in fact, these sex differences disappeared in GF 
mice.42 The idea that hormonal differences and the microbi-
ome intersect to explain sex differences in blood pressure reg-
ulation is also supported by the idea that uremic toxins (many 
of which are generated in large part via the microbiota) induce 
microvascular dysfunction and that estrogen may be protec-
tive against this mechanism.43 Future studies, better powered 
to examine sex differences, are needed in this area.

Response to Ang II in GF Mice
In this study, we took extreme care to confirm that the GF 
mice remained GF throughout the experiment. To achieve 
this, we minimized handling of the GF mice and euthanized 
the animals immediately on removing them from the GF iso-
cages. Thus, although our study has yielded novel insights 

into the gut metabolome in response to Ang II, we were not 
able to measure blood pressure in this study and have not 
yet explored the pathophysiology of the response to Ang II 
in GF versus conventional mice. In addition, blood samples 
were prioritized for metabolomics studies, and thus we were 
not able to measure additional parameters in the plasma. 
However, our metabolomics data do contain compounds of 
interest, and these data show that neither conventional nor 
GF mice had significant changes in plasma creatinine, urea, 
glucose, cholesterol, or corticosterone when treated with Ang 
II versus saline.

Although we did not measure blood pressure in our study, 
a study by Karbach et al44 with a similar design (conven-
tional versus GF mice, with and without Ang II infusion) 
did measure blood pressure. This same study also exam-
ined inflammatory markers and end organ damage in these 
4 groups. It is important to note that the study by Karbach et 
al only used male mice, and the dose of Ang II in this study 
was higher (1 mg·kg−1·day−1), and the time of infusion was 
shorter (1 week) than in our study. Nevertheless, this dataset 
is a useful point of reference. Karbach et al found that Ang II 
treatment significantly increases blood pressure in GF mice; 
however, the increase in blood pressure in the GF mice was 
muted as compared with that seen in the conventional mice. 
In addition, this study found that Ang II–infused GF mice 
were protected from reactive oxygen species formation and 
exhibited less vascular inflammation, had lower numbers of 
infiltrating immune cells in the kidney, and decreased cardiac 
fibrosis. These data suggest that the microbiota is primarily 
detrimental in the setting of hypertension. However, our me-
tabolomics data (increased spermidine, etc) suggest that al-
though the microbiota have a negative effect on balance, some 
actions of the microbiota may serve to mitigate the effects of 
Ang II. It should be additionally noted here that we cannot 
rule out disparate effects of Ang II in GF versus conventional 
animals; nevertheless, differences in metabolites between GF 
and conventional mice still indicate a dependence of the me-
tabolite effect on the microbiota.

Recently, a study by Mishima et al29 examined plasma 
metabolomics in a renal failure model using a similar study 
design to our own: conventional versus GF mice with and 
without renal failure (induced with an adenine-rich diet). Both 
our study and that by Mishima et al found an increase in p-cre-
sol sulfate; however, no other metabolites that changed in the 
disease state were common between the 2 studies.

Perspectives
The gut microbiota produces a variety of metabolites which 
can enter the circulating blood and act as signaling molecules 
in the host; recent studies have shown a key role for the gut 
microbiome in the setting of hypertension. In this study, we 
show for the first time that Ang II–mediated changes in plasma 
and fecal metabolites are completely dependent on the gut 
microbiota. Gut-derived metabolites include both potentially 
beneficial and potentially harmful molecules, implying that the 
effects of the gut microbiota on host health may be pleotropic. 
We also found significant shifts in the gut microbiota them-
selves. In sum, this study reveals for the first time a central and 
primary role for the gut microbiota in altered metabolomics in 
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response to Ang II; moving forward, it will be critical to vali-
date these findings in additional cohorts and models.
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What Is New?
•	We showed that all of the plasma and fecal metabolites which are altered 

with Ang II (angiotensin II), are derived from the gut microbiota.
•	While some of these metabolites are likely detrimental to the host, others 

may be beneficial in a setting of Ang II infusion.

What Is Relevant?
•	The gut microbiota has previously been implicated in changes in hy-

pertension; however, to date, only a few gut microbial metabolites have 
been studied.

•	 In this study, we used a discovery metabolomic approach to identify novel 
microbial metabolites which are altered in response to Ang II infusion.

•	We found that all of the plasma and fecal metabolites which are altered 
with Ang II infusion are dependent on the gut microbiota, indicating that 
the gut microbiome is the key player in metabolite changes in this model.

Summary

Metabolomic analyses revealed 12 significantly altered plasma 
metabolites, and 96 significantly altered fecal metabolites, in an 
Ang II infusion model in conventional mice. Intriguingly, none of 
these metabolites were altered in germ-free mice, indicating that 
gut microbiota plays the central role in metabolomic changes with 
Ang II infusion.

Novelty and Significance




