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Background-—Pediatric hypertension is recognized as an emerging global health concern. Although new guidelines are developed
for facilitating clinical management, the reasons for the prevalence of hypertension in children remain unknown. Genetics and
environmental factors do not fully account for the growing incidence of pediatric hypertension. Because stable bacterial flora in
early life are linked with health outcomes later in life, we hypothesized that reshaping of gut microbiota in early life affects blood
pressure (BP) of pediatric subjects.

Methods and Results-—To test this hypothesis, we administered amoxicillin, the most commonly prescribed pediatric antibiotic, to
alter gut microbiota of young, genetically hypertensive rats (study 1) and dams during gestation and lactation (study 2) and
recorded their BP. Reshaping of microbiota with reductions in Firmicutes/Bacteriodetes ratio were observed. Amoxicillin treated
rats had lower BP compared with untreated rats. In young rats treated with amoxicillin, the lowering effect on BP persisted even
after antibiotics were discontinued. Similarly, offspring from dams treated with amoxicillin showed lower systolic BP compared with
control rats. Remarkably, in all cases, a decrease in BP was associated with lowering of Veillonellaceae, which are succinate-
producing bacteria. Elevated plasma succinate is reported in hypertension. Accordingly, serum succinate was measured and found
lower in animals treated with amoxicillin.

Conclusions-—Our results demonstrate a direct correlation between succinate-producing gut microbiota and early development of
hypertension and indicate that reshaping gutmicrobiota, especially by depleting succinate-producingmicrobiota early in life, may have
long-term benefits for hypertension-prone individuals. ( J Am Heart Assoc. 2020;9:e014373. DOI: 10.1161/JAHA.119.014373.)
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R eshaping microbiota in developmental stages of life is
demonstrated to influence complex traits later in life.1–3

There are reports of such reprogramming being beneficial or

detrimental depending on the circumstances. For example,
gut microbiota in early developmental stages of life is
beneficial for host metabolism later in life,4–8 whereas gut
flora of neonates affected by a cesarean procedure is
associated with development of type 1 diabetes mellitus,
celiac disease, and obesity.9–11 Reports of perturbation of gut
microbiota during pregnancy and the lactational period also
affect the health of offspring.12–28 Intrapartum administration
of antibiotics affects development of gut microbiota in infants,
and the reshaped microbiota persist even after a year
following birth.29–39 Whether such a reshaping of microbiota
during early developmental stages impacts blood pressure
(BP) remains unknown.

Antibioticswere developed to eradicate infectious pathogens,
which have had a large and positive impact on the well-being of
human lives. The enamored use of antibiotics is, however,
curtailed in the modern era because of developing resistance to
antibiotics.40 However, a problem of equal or larger concern for
using antibiotics stems from the more-recent understanding of
the important role of commensal bacteria to maintain normal
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physiology.41 Earlier research indicates that when bacteria are
completely depleted in germ-free mice, cardiac inflammation,
fibrosis, and systolic function are attenuated.42 It is also reported
that antibiotic exposure perturbed host microbiota and had a
long-lasting effect on the gut.43,44 This begs the question of how
antibiotics impact the internal balance of the host with its
commensal bacteria and what consequences they have on
human health. As particularly pertinent to antibiotic mediated
cardiovascular health, in previous work, we demonstrated that 3
different antibiotics had disparate effects on hemodynamic
regulation in hypertensive model organisms.45 However, all
these studies and other studies conducted to demonstrate links
between microbiota and hypertension are conducted in adult
humans, rats, or mice,46–49 whereby our current understanding
of how exposure of antibiotics at various developmental stages
affects BP is limited. We therefore hypothesized that similar to
adults, reshaping gut microbiota with an antibiotic during early
life affects BP. The aimof this studywas to test this hypothesis by
following the BP of young rats treated with amoxicillin. Amox-
icillin was chosen for the study because of its prolific usage in
pediatric subjects and administered to rats to reshape their gut
microbiota in 2 separate developmental stages. The first stage
was comprised of the pre- and perinatal stages (representing
gestational and lactational periods: study 2), and the secondwas
during the postweaning stage (representing adolescence:
study 1).

Methods

Data Availability
All data and materials have been made publicly available at
the Mendeley Data and can be accessed at Chakraborty and

Saroj (2019), “Reshaping commensal gut microbiota in
early life with amoxicillin presents with lower blood pres-
sure,” Mendeley Data, v1 (https://doi.org/10.17632/tr9kf
mc5zv.1).

Animals and Diet
All animal procedures and protocols used were approved by
the University of Toledo Institutional Animal Care and Use
Committee (IACUC approval numbers 104573, 108390).
Experiments were conducted in accord with the National
Institutes of Health Guide for the Care and Use of Laboratory
Animals. The inbred Dahl salt-sensitive (SS/Jr, aka S) rat
strain used for all the studies was from the colony maintained
in the vivarium at the University of Toledo College of Medicine
and Life Sciences (Toledo, OH). Rats were maintained on a
low-salt diet (0.3% NaCl; Envigo Teklad diet TD 7034; Envigo,
Madison, WI). The Envigo Teklad diet (TD94217) was used for
experiments involving a high-salt regimen (2% NaCl).

BP Measurements by Radiotelemetry and Diet
All rats were weaned at 30 days of age. In study 1, a week
after weaning, male S rats were surgically implanted with
radiotelemetry transmitters (C10; Data Science International,
St Paul, MN), as previously described by our laboratory.50

After surgery, they were switched to a high-salt diet (2% NaCl).
In study 2, male rats underwent surgical implantation of
radiotelemetry transmitters (C10) a week after weaning, but
were maintained on a low-salt diet (0.3% NaCl). After 19 days,
rats were then switched to the high-salt diet. Rats were
individually housed and allowed to recover from surgery for
3 days before recording BP. All rats were the same age at
time of surgery.

Antibiotic administration and fecal collection

Study 1: administration to adolescent and young adult
rats. After the 3-day recovery period from the radiotelemetry
surgery described above, BP was recorded and the rats were
assigned to experimental groups such that their initial systolic
BP (SBP) readings were not statistically different between the
2 groups (left panel on Figure 1). They received either normal
drinking water or water supplemented with amoxicillin
(50 mg/kg per day; Sigma-Aldrich, St. Louis, MO) a week
after weaning. After 21 days of weaning, antibiotic adminis-
tration was stopped, and BP monitoring was continued to day
40. Rats were euthanized on day 40. At various time points,
including a week after weaning, the last day of antibiotic
administration, and at euthanization, fresh fecal samples were
collected from the anus of rats directly into sterile tubes,
snap-frozen on dry ice, and stored at �80°C (Figure 1). Fecal
samples were collected at 3 time points from the day of

Clinical Perspective

What Is New?

• By reshaping gut microbiota of the dams with a widely
prescribed antibiotic, amoxicillin, blood pressure of offspring
was reduced.

• Amoxicillin administration in young animals was also
similarly associated with lower blood pressure.

• Amoxicillin administration was associated with lower circu-
lating levels of the prohypertensive metabolite, succinate.

What Are the Clinical Implications?

• Use of antibiotics during pregnancy or lactation may have
lasting effects on blood pressure of offspring.

• Amoxicillin, which is a widely prescribed antibiotic for
pediatric subjects, may, by reshaping their gut microbiome,
lower their susceptibility to develop hypertension.
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weaning: day 7 (1 week after antibiotic); day 21 (last day of
antibiotic), and day 40 (n=6/group, and collections were from
the same animals at all the time points; Figures 2 through 5).

Study 2: antibiotic administration to dams for studying
gestational and lactational effects. S rats were bred at
8 weeks of age. Two weeks after pairing, males and
females were separated and females were either maintained
on normal drinking water (control, n=3) or given water
supplemented with amoxicillin (50 mg/kg per day, n=3;
Sigma-Aldrich; right panel on Figure 1). Amoxicillin was
continued for dams until the pups were weaned (males). On
the day of weaning, fecal pellets were collected from the
dams. After weaning, all of the pups were maintained on
normal drinking water. Fecal samples of offspring were
collected at the time of euthanization (n=5/per group;
Figures 6 through 10).

Genomic DNA Isolation, 16S rRNA Gene
Sequencing, and Analysis of Microbiotal
Composition
Fecal DNA was extracted from 1 fecal pellet (�0.2 g) as
described in a previous work.45 PCR library preparation, 16S
rRNA gene sequencing, and analysis were performed as
previously described.45 Briefly, the V3 to V4 regions of the
16S rRNA gene were amplified following the Illumina User
Guide: 16S rRNA gene Metagenomic Sequencing Library
Preparation-Preparing 16S Ribosomal RNA Gene Amplicons
for the Illumina MiSeq System (Illumina, Part # 15044223
Rev. B; Illumina, San Diego, CA). The 10-pmol/L denatured
and diluted library with 15% PhiX was loaded on an Illumina
MiSeq V3 flow cell kit with 29300 cycles. Raw 16S

sequencing data were processed and analyzed using a
bioinformatics pipeline comprising multiple software pro-
grams, including USEARCH (version 6),51 Quantitative Insights
Into Microbial Ecology (QIIME) software package (version
1.9.1),52 and linear discriminant analysis effect size (LEfSe).53

Raw paired-end reads were merged to create consensus
sequences and then quality filtered using USEARCH51 (version
9). Chimeric sequences were identified and filtered using the
Quantitative Insights Into microbial Ecology (QIIME)52 soft-
ware package (version 1.9.1) combined with the USEARCH
(version 6) algorithm. Open reference operational taxonomic
units were subsequently picked using QIIME combined with
the USEARCH (version 6) algorithm, and taxonomy assign-
ment was performed using Greengenes54 as a reference
database. Alpha-diversity (Chao1) and beta-diversity (un-
weighted and weighted UniFrac metrics) were calculated
using the QIIME package. Comparison of group differences in
microbiota within and between strains was performed using
the Adonis function for permutational multivariate analysis of
variance in the R package (R Foundation for Statistical
Computing, Vienna, Austria), vegan (Figures S1 through S6).

Serum Succinate Measurement
Serum levels of succinate were monitored in a separate
cohort of rats raised from weaning with or without amoxicillin
(50 mg/kg body weight) until euthanization at time point 2.
Animals were euthanized by CO2 inhalation. Blood was
collected through heart puncture and serum was separated
and stored at �80°C. Stored serum was thawed and diluted
1:4 times with distilled water and quantitated for succinate
using the Succinic Acid Assay Kit from Megazyme (catalog
no.: K-Succ; Megazyme Ltd, Bray, Ireland; Figure 11).

Figure 1. Overall study design. This schematic represents the overview of the 2 studies described in
the Methods section. BP, blood pressure.
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Data Visualization
In Figures 3 and 7A and Figure S5, a clustered heatmap was
created using Metaboanalyst’s statistical analysis function.55

A correlation heatmap (Figure 5) was created using R (v3.5.2;
R Foundation for Statistical Computing), heatmap3 function,
and the Ward clustering method.

Statistical Analyses
All statistical analyses were performed using a nonpara-
metric Mann–Whitney U test (GraphPad Prism 8.02;
GraphPad Software Inc, La Jolla, CA). A P value of
<0.05 was considered as a significant difference. To
determine the significant alterations in microbiota,

Figure 2. Study 1: gut microbiota of young rats on amoxicillin compared with control rats. Male Dahl S
rats (n=6/group) were individually housed, and fresh fecal samples were collected from 3 time points. A,
Unweighted-beta diversity of all 3 time points of amoxicillin or control rats, (B) alpha-diversity/chao1
measurement of all 3 time points of amoxicillin or control rat, (C) cladogram of bacterial community at
time point 1, (D) cladogram of bacterial community at time point 2, (E) cladogram of bacterial
community at time point 3, and (F) F/B ratio of all 3 time points of amoxicillin or control rats. *P<0.05;
**P<0.01. Note: Larger versions of each of the cladograms and further details on the bacterial taxa are
presented in Figures S1 through S3. Data are presented as median and interquartile range. PC indicates
principle component. *p<0.05, **p<0.01.
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Metaboanalyst statistical analysis was used. A P value of
<0.05 used as a cutoff for significance using the
nonparametric Wilcoxon rank-sum test. Correlation

analysis was done using IBM SPSS software (statistics
v25; IBM Corp., Armonk, NY) with bivariate Spearman
correlation.

Figure 3. Differential clusters of bacterial communities from amoxicillin and control rats. Relative abundance data obtained from 16s
RNA sequencing of fecal samples from adolescent rats in study 1 were subjected to unbiased hierarchical clustering. Data were autoscaled
based on the column, and Ward’s clustering method was used. Blue, lower abundance; maroon, greater abundance.
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Results

Study 1: Reshaped Gut Microbiota in Young Rats
Treated With Amoxicillin
Fecal samples were collected from rats in study 1, which
were groups of young rats (just-weaned rats) implanted with
radiotelemetry transmitters. Fecal samples were collected at
3 different time points: 1 week after starting amoxicillin, the
last day of amoxicillin treatment, and at euthanization.
These are denoted as time 1, 2, and 3, respectively
(Figure 2 and Figures S1 through S3). As evident from the
unweighted Unifrac principal coordinate analysis plot shown
in Figure 2A, microbiota from all time points of the control
group were superimposed and thereby clustered whereas
the microbiotal communities of amoxicillin-treated animals
were not clustered with that of the control groups at any
time point (Figure 2A). This indicates vast differences in
beta-diversity in gut microbiota between the control and
amoxicillin-treated groups. The cluster of dots within the red
circle (Figure 2A), which represented time point 1, or
1 week after starting amoxicillin, showed the farthest

separation from the control group. This reshaping of
microbiota persisted during the 2 subsequent time points
represented by the dots within the blue and orange circles.
At time point 3, however, which is after cessation of
amoxicillin, microbiota of the antibiotic group appeared to
revert, as noted by the proximity of the dots within the
orange-colored circle representing time point 3 to that of
the cluster of dots within the green-colored circle repre-
senting the control groups (Figure 2A).

Alpha-diversity was also significantly lower in the antibi-
otic-treated groups compared with the control groups
(Figure 2B). Whereas the first 2 time points are almost
identical in the antibiotic treatment groups, the third time
point showed that bacterial diversity tended to revert toward
the control groups.

Each of the time points demonstrated specific alterations
in bacterial communities (Figure 2C through 2E and Sup-
plemental data). Overall, a prominent feature noted at all
time points of amoxicillin treatment was the large reduction
in Firmicutes with an accompanying increase in Bac-
teroidetes.

Figure 4. Rats treated with amoxicillin had significantly lower (A-B) systolic, (C) diastolic, and (D) mean
arterial pressure. These data are from rats in study 1 as described underMethods. Graphs are plotted fromBP
dataobtainedbyBP radiotelemetry in these rats implantedwith transmitters.Control, ratswithout amoxicillin;
amoxicillin, rats given amoxicillin in drinking water. Time points are described in detail under the Methods
section. Data presented as mean�SEM. *p<0.05, **p<0.01, ***p<0.001. BP indicates blood pressure.
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Figure 5. Correlation between microbiota and systolic BP in adolescent rats. Systolic BP data obtained
from adolescent rats in study 1 were plotted against bacterial taxa of rats obtained by 16S RNA
sequencing, and Spearman’s correlation was determined. Spearman’s correlation score was plotted using
a hierarchical clustering approach in a red-blue gradient scale; blue color indicates negative correlation,
and red color indicates positive correlation. BP indicates blood pressure.
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Amoxicillin Treatment Reshapes Specific Gut
Microbiota

In order to determine whether specific bacteria were altered with
amoxicillin treatment, fecal samples from time point 2 were
examined for microbiota. As seen in the top left and bottom right
quadrants of Figure 3, in the amoxicillin-treated group distinct
clusters of several groups of bacteria were different from that of
controls. Bacteria belonging to the following phylogenetic groups
were decreased with amoxicillin treatment: phylum: Firmicutes,
TM7, and Tenericutes; Class-TM7-3, Clostridia, Delta Proteobac-
teria, Bacilli, Erysipelotrichia, Gamma Proteobacteria, and Molli-
cutes; order: Cw040, Clostridiales, Desulfovibrionales,
Lactobacillales, Erysipelotrichales, Pseudomonadales, Turicibac-
terales, and Bacteroidales; family: F16, Rumincoccaceae,
Clostridiales-F, Desulphovibrionaceae, Veillonellaceae, Lac-
nosphiraceae, Mogibacteriaceae, Lactobacillaceae, Erysipelotri-
chaceae, Pseudomonadaceae, Clostridiaceae, Turicibacteraceae,
and Peptostreptococcaceae; and genus: Ruminococcus,
Oscillospira, Anaerovibrio, [Ruminococcus], Lactobacillus, Pseu-
domonas, Coprococcus, Dorea, Clostridium, Roseburia, Turicibac-
ter, and [Prevotella] (from Paraprevotellaceae family). Similarly,
bacteria belonging to the following phylogenetic groups were

increased with amoxicillin treatment: phylum: Bacteroidetes;
class: Bacteroidia, Beta Proteobacteria; order: Bacteroidales,
Enterobacteriales, and Burkholderiales; family: Prevotellaceae,
Enterococcaceae, Enterobacteriaceae, Alcaligenaceae, and Bac-
teroidaceae; and genus: Blautia, Prevotella, Enterobacter, Entero-
coccus, Klebsiella, Sutterella, and Bacteroides.

Amoxicillin Administration lowers BP in Young Rats

To assess the effect of reshaping gut microbiota by amoxicillin
administration on hemodynamics, BP was temporally moni-
tored. Compared with controls, rats administered with
amoxicillin, which had already reshaped gut microbiota at
day 7, demonstrated a trend toward lowering their SBP as
early as day 10 after administration of the antibiotic, with a
statistically significant lowering effect noted beginning from
day 22 (Figure 4A). These data suggested that reshaping of
gut microbiota occurred before the BP effect and not vice
versa. SBP was consistently lower during the light and dark
cycles (Figure 4B). SBP of the 2 groups continued to diverge
significantly and, interestingly, persisted even after cessation
of amoxicillin administration (Figure 4A). Similar trends were
additionally noted with diastolic BP and mean arterial

Figure 6. Beta-diversity and alpha-diversity are different with antibiotic treatment in dams and offspring.
Data plotted are from animals (n=5/group) in study 2 obtained by 16S RNA sequencing of fecal samples
from the dams and their offspring. A, Unweighted beta-diversity of dams, red dots=control group, blue
dots=amoxicillin group. (B) Alpha-diversity: chao1 of dams. (C) Unweighted beta-diversity of offspring, red
dot=control group, blue dot=amoxicillin group. (D) Alpha-diversity: chao1 of offspring. Data presented as
mean�SEM. PC indicates principle component.
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pressure (Figure 4C and 4D). Heart rates were not different
between the 2 groups (data not shown).

Temporal Correlation Between BP-Lowering Effects and
Bacterial Populations

Next, we examined the correlation between BP effect and
specific bacterial abundance at each time point. Hierarchical
cluster analysis of correlation plots showed that time points 1

and 2 clustered together and were further away from time
point 3 (Figure 5). We next looked for bacterial taxa whose
abundance oscillated synchronously with BP. The bacterial
taxa whose relative abundances positively correlated with BP
clustered toward the top rows of the heatmap (Figure 5).
These included genuses Oscillospira, Ruminococcus, Prevotella
(from family Paraprevotellaceae), Pseudomonas, Anaerovibrio,
Clostridium, and Dorea and families F16, Veillonellaceae,

Figure 7. Microbiota of offspring was altered with amoxicillin administration in dams. A, Fecal microbiota
data from samples A1 to A5 of offspring of amoxicillin-treated dams and samples C1 to C5 from offspring of
control dams without amoxicillin, clustered distinctly when subjected to an unbiased hierarchical clustering
approach. Blue, less abundance; maroon, greater abundance. (B) Firmicutes/Bacteroidetes (F/B) ratio: dams
and offspring of dams. Control: without amoxicillin. Data presented as median and interquartile range.
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Pseudomonadaceae, and Lachnospiraceae. Similarly, the
bacterial taxa whose relative abundances negatively corre-
lated with BP clustered toward the bottom rows of the
heatmap (Figure 5). These included the families Elusimicrobi-
aceae and genuses Bifidobacterium, Sutterella, Blautia, and
Prevotella (from family Prevotellaceae).

Study 2: Amoxicillin Treatment During Pregnancy
and Lactation Alters Maternal Gut Microbiota
To test the effects of reshaping gut microbiota early in life,
pregnant and nursing dams were orally administered with
amoxicillin. Before examining the microbiota of offspring, we
first confirmed that the maternal microbiota was reshaped in
response to amoxicillin. The principal coordinate analysis plots
for beta-diversity as well as alpha-diversity of the maternal gut
microbiota were significantly reshaped and lowered, respec-
tively, with amoxicillin treatment (Figure 6A and 6B). Vast
differences were noted in various groups of gut bacteria
between amoxicillin-treated and untreated dams (Figures S5
and S6). This was consistent with what was noted in study 1,
wherein amoxicillin treatment reshaped gut bacteria of young
rats (Figure 2 and Figures S2 through S4). The Firmicutes/
Bacteroidetes (F/B) ratio of dams maintained on amoxicillin
was also trending lower compared with controls (Figure 7B).

Amoxicillin Exposure In Utero and During Lactation
Reshaped Gut Microbiota of Offspring

To determine whether alterations in maternal microbiota
during the gestation and lactational periods affected gut
microbiota of offspring, we analyzed fecal samples collected

from offspring as described under study 2 methods.
Consistent with the previous findings, we found that
amoxicillin treatment altered beta-diversity and lowered
alpha-diversity of offspring (Figure 6C and 6D). Similar to
study 1, pups had a trend of reduced F/B ratio compared
with controls (Figure 7B). Interestingly, they also displayed a
reduction in Proteobacteria, which was not noted in study 1
(Figure 7A).

Hierarchical cluster analysis showed that bacterial groups
belonging to various phylogenetic levels were significantly
lowered in the amoxicillin-treated group (Figure 7A). These
include the phyla Proteobacteria and TM-7; classes Delta
Proteobacteria and TM7_3; orders Cw040 and Bacteriodales;
families Veillonellaceae, F16, Desulfovibrionellaceae, and
Porphyromonadaceae; and genus Parabacteroides (Fig-
ure 7A). However, when compared with their maternal
microbiota, amoxicillin consistently reduced a few groups
of bacteria in offspring. F16, Cw040, TM7_3, Veillonellaceae,
and Bacteriodales remained consistently reduced in off-
spring.

Amoxicillin Treatment During Gestation and Lactation
Significantly Lowered BP in Offspring

To assess the effect of the reshaped microbiota of dams on
the hemodynamic health of pups, we implanted radioteleme-
try transmitters into offspring soon after weaning and
monitored their BP. Lower SBP was observed in offspring of
dams given amoxicillin (Figure 8A). This BP-lowering effect
was noted day 29 postweaning and was consistently observed
in both the dark and light phases (Figure 8B).

Figure 8. Systolic BP of offspring is significantly reduced with amoxicillin treatment in dams. Offspring in
study 2 were implanted with radiotelemetry transmitters for recording their BP. All data are from male rats.
Control, offspring of dams not receiving amoxicillin; amoxicillin, offspring of dams receiving amoxicillin. A,
Systolic BP over the 30 days of BP measurement. B, Twenty-four-hour BP of day 29 plotted with 4-hour
moving averages to record diurnal rhythm of systolic BP. Gray, dark cycle; yellow: light cycle. Data
presented as mean�SEM. BP indicates blood pressure. *p<0.05.
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Correlation Between BP and Bacterial Communities

Next, we examined the correlation between BP and bacterial
abundance in offspring. As shown in Figure 9, different groups
of bacteria were both positively and negatively correlated with

BP. Among these, several were consistent with data pre-
sented in Figure 5 from adolescent rats of study 1. These
included positively correlated bacterial communities with BP,
such as oscillospira, F16, Prevotella (from family Paraprevotel-
laceae), and Veillonellaceae, and negatively correlated
genuses Bifidobacterium and Prevotella (from family Prevotel-
laceae). However, as compared with their own maternal
microbiota, F16, Veillonellaceae, and Prevotella (from family
Paraprevotellaceae) were the only 3 groups consistently
cleared by amoxicillin administration in mothers and remained
depleted in offspring and associated with their lower BP (right
side of Figure 10). These data were then combined with
results from study 1 using a prioritization scheme depicted in
Figure 10. The data once again pointed to Veillonellaceae,
F16, and Prevotella (from family Paraprevotellaceae) as the 3
microbiotal communities prominently cleared by amoxicillin at
any age, and such a depletion was associated with lower BP in
both studies.

Lower Levels of Serum Succinate in Amoxicillin-Treated
Rats

Veillonallaceae are succinate-producing bacteria, and elevated
succinate is associated with hypertension.50,56–60 Therefore,
to test whether depletion of Veillonalaceae in amoxicillin-
treated rats causes lowering of circulating succinate, we
monitored the levels of this metabolite in rats with and
without amoxicillin treatment. As shown in Figure 11, serum
succinate was significantly lower in amoxicillin treated rats
compared with rats without amoxicillin.

Discussion
This study was designed to examine the impact of altering
microbiota during early developmental stages on both short-
and long-term BP regulation. The results indicate that
reshaping of microbiota at any developmental stage in early
life, beginning from prenatal to postnatal as well as adoles-
cent stages, has a lasting impact on BP.

We found that in rats given amoxicillin immediately after
weaning, there was a decrease in BP. Interestingly, this

Figure 9. Correlation between microbiota and systolic BP in
the offspring of study 2. Bacterial abundance data obtained
from fecal samples of offspring from dams raised with or
without amoxicillin were plotted against their 24-hour systolic
BP data. The resultant Spearman correlations are arranged in a
red-blue gradient scale; blue color indicates negative correla-
tion, red color indicates positive correlation, and white color
indicates no correlation with BP. A red-blue gradient scale;
blue color indicates negative correlation, and red color
indicates positive correlation. BP indicates blood pressure.
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decreased BP persisted even after the cessation of antibi-
otics. In order to determine the role of microbiota in this
change, we collected fecal samples at 3 time points and
analyzed them for bacterial composition. The first time point
was 7 days after amoxicillin was started. At this time point,
there was no change in BP (Figure 4), but there were
significant changes in bacterial diversity (Figure 2). The
second time point selected was the last day of amoxicillin
treatment. At this time point, BP was significantly lower
(Figure 4), and there were still significant changes in
bacterial diversity (Figure 2). Importantly, the bacterial
communities in amoxicillin-treated rats at these 2 time
points were almost identical. This shows that amoxicillin

reshaped microbiota before the observed change in BP, and
that continued amoxicillin did not further change bacterial
diversity. After this time point, amoxicillin was discontinued,
and rats were given normal drinking water. Before eutha-
nization, fecal samples were again collected and analyzed. At
this point, BP remained significantly lower (Figure 4), but the
bacterial community began to shift back toward the control
microbiota (Figure 2). This shows that even though
microbiota began to normalize, the BP change remained
fixed. Therefore, these data, albeit collected from an animal
model, suggest that temporarily reshaping the gut
microbiota of pediatric subjects may have lasting effects
on BP.

Figure 10. Summary of microbiota responsive to amoxicillin associated with BP. Microbiotal data obtained from offspring of studies 1 and 2
on the left and dams in study 2 on the right side were prioritized based on the descriptions in blue underneath each rectangle. The resultant
convergence of microbiotal taxa, by associations of amoxicillin and BP on the left to acquisition by inheritance from the dams to the right, is
evident toward the middle where the arrows point to only 3 taxa within the rectangle. BP indicates blood pressure.
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To take this even further, we asked whether reshaping
microbiota during pre- and postnatal stages affect BP of an
individual. To do this, we administered amoxicillin to pregnant
rats and maintained them on amoxicillin until the offspring
were weaned. This allowed exposure of offspring to the
effects of amoxicillin administration to dams during develop-
ment of the fetus, as well as very early in life during lactation,
and a potential direct exposure to amoxicillin before weaning.
The BP of such offspring were lower than those that did not
receive amoxicillin, indicating that perturbing microbiota
during early developmental stages of life affects BP.

Given that BP was lowered regardless of the developmental
stage of the rat, we looked for commonalities in microbial
communities across all our studies. The most notable feature
was the lowering of the F/B ratio, which was consistent
between adolescent rats (study 1) and in pregnant rats (study
2), both of which were directly given amoxicillin (Figures 2F
and 7B). Amoxicillin reduced Firmicutes as well as increased
Bacteriodetes in both groups, which correlated with the BP-
lowering effect by this antibiotic. However, in the offspring of
the dams receiving amoxicillin, the F/B ratio was trending, but
not statistically significantly lower than that of the ones not
receiving amoxicillin (Figure 7B). Despite this, we noted a
lower BP in offspring of dams receiving amoxicillin. Therefore,
we concluded that the overall F/B ratio was insufficient to
account for their BP effect. This led us to look for correlations
deeper beyond F/B ratios for specific groups of bacteria that
could account for the observed BP effects in all groups. First,
we compared bacterial abundances correlating with BP in

offspring of studies 1 and 2. Specifically, we examined the list
of bacterial correlation with BP in Figure 9 and compared this
list with that of adolescent rats in Figure 5. The data obtained
were further compared with data in Figure S5, which are
microbial data obtained from dams. F16, Veillonellaceae, and
Prevotella (from family Paraprevotellaceae) were the only
groups consistently lowered with amoxicillin treatment in both
the studies, where the only difference was that offspring
experienced the amoxicillin effect either directly (in study 1)
or by maternal effects (in study 2; Figure 10).

Succinate is a tricarboxylic acid cycle intermediate
produced by both host and microbial cells.61 Elevated levels
of circulating succinate are associated with a higher relative
abundance of succinate-producing bacteria (ie, Veillonel-
laceae).57 Several studies link elevated succinate in the
circulation to hypertension.56,60 The Dahl hypertensive model
is reported to have higher circulating levels of succinate as
well as higher levels of Veillonellaceae.50,58,59 In the current
study, amoxicillin is shown to deplete Veillonellaceae and
lower BP. We therefore tested whether succinate was
mediating the mechanism by which amoxicillin lowers BP.
The observation that the hypertensinogenic metabolite suc-
cinate is lowered in amoxicillin-treated rats indicates that
succinate levels are mechanistically mediating the amoxicillin-
induced lowering of BP (Figure 11). Furthermore, succinate
can initiate important protective mechanisms in response to
metabolic stress or tissue damage, but in the context of other
inflammatory stimuli, these responses could become dysreg-
ulated or inappropriately elaborated to contribute to inflam-
mation.57 Local levels of succinate in the kidney also activate
the renin-angiotensin system and, together with succinate,
may play a key role in exacerbating hypertension.56 In
support, we observed that the elevated levels of the
proinflammatory (retinoic acid receptor–related orphan recep-
tor gamma-t and NACHT, LRR, and PYD domains-containing
protein 3, in the gut and kidney of S rats, respectively, were
lowered by the administration of amoxicillin; S. Galla et al,
unpublished data, 2019). Our data are indeed supportive of
earlier research using germ-free mice wherein vascular
inflammation was similarly observed to be lower under a
condition of total bacterial depletion.42

In this study, we tested the stated hypothesis that
reshaping of gut microbiota in early developmental stages
of life affects BP and demonstrated that administration of
amoxicillin during gestation or adolescence lowers BP, which
is accompanied by the lowering of specific succinate-
producing bacteria such as Veillonellaceae. Although this is
a novel and exciting finding, the study has some limitations.
(1) The possibility that amoxicillin per se could have BP-
lowering effects by unknown mechanisms or side effects
which are independent or in addition to its antimicrobial
effects is not ruled out in our study. For example, antibiotics

Figure 11. Lower levels of serum succinate in
amoxicillin-treated rats. Serum succinate concen-
tration was measured as described under the
Methods section. Control, rats on drinking water
without amoxicillin (n=7); amoxicillin, rats on
drinking water with amoxicillin (50 mg/kg body
weight ad libitum; n=8); *P=0.05. Data presented
as median and interquartile range.
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have direct effects on vascular function.62 (2) The observa-
tions presented in our study are attractive for indicating that
amoxicillin is beneficial for lowering BP, but are only limited to
testing in our rat model. Clearly, further studies are warranted
in humans before this is translated into a clinical reality.
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SUPPLEMENTAL MATERIAL



Figure S1. Cladogram generated from amoxicillin vs control treated 

rats microbiota at time point 1. (Expanded view of Figure 2c). 



Figure S2. Cladogram generated from amoxicillin vs control treated rat’s 

microbiota at time point 2. (Expanded view of Figure 2d). 



Figure S3. Cladogram generated from amoxicillin vs control treated 

rat’s microbiota at time point 3. (Expanded view of Figure 2e). 



Figure S4. Cladogram generated from the  microbiota of offspring of 

amoxicillin vs control treated dams. (Expanded view of Figure 7c). 



Figure S5. Heatmap representing in amoxicillin fed and control 

dams bacterial communities. Groups of pregnant S rats (n=3/group) in Study 

2 were maintained with (columns 1-3) or without (columns 4-6) amoxicillin. 

Fecal pellets were analyzed for microbiota and the abundance of various 

bacterial taxa were hierarchically clustered. Blu: Low abundance, Maroon: High 

abundance. 



Figure S6. Cladogram generated from the microbiota of amoxicillin vs control treated dams. 
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