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Abstract

Maternal-fetal crosstalk has been implicated in long-term control of the health of offspring, 

including transgenerational hypertension. However, current knowledge is limited regarding 

maternal influences on the gut and its microbiome in blood pressure (BP) control in offspring. 

Therefore, the current study was designed to test the hypothesis that maternal factors influence the 

gut-brain axis impacting hypertension in offspring. We elected to use captopril, an 

antihypertensive angiotensin-converting enzyme inhibitor that possesses antibacterial properties, 

for the study. Pregnant female spontaneously hypertensive rats (SHR) and normotensive Wistar 

Kyoto (WKY) rats, were treated with captopril water (100 mg/kg/day) or sterile water throughout 

pregnancy and lactation. At weaning, the pups from dams drinking sterile water were continued 

with sterile water until 12 weeks of age. The male pups from dams drinking captopril water were 

divided at weaning into two groups: offspring drinking captopril water and offspring withdrawn 

from captopril water, then drinking sterile water until 12 weeks of age. Captopril changed gut 

microbiota of SHR dams, and some of these changes were reflected in their 12-week-old male 

offspring. These 12-week-old SHR male offspring exposed to captopril via dams demonstrated 

persistently decreased systolic BP, decreased number of activated microglia and 

neuroinflammation as well as improvement of gut inflammation and permeability. Therefore, 

maternal captopril treatment improves the dysregulated gut-brain axis in SHR male offspring, 
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providing conceptual support that targeting the gut-brain axis via the mother may be a viable 

strategy for control of hypertension in the offspring.
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Introduction

Studies from our group and others have demonstrated a link between gut dysbiosis and 

hypertension (HTN) in animal models and humans.1–4 Altered gut microbiota in HTN is 

associated with increased neural trafficking between the gut and autonomic brain regions,5 

total number and activation of microglia and neuroinflammation,6,7 sympathetic nerve 

activity to the gut5 and intestinal tyrosine hydroxylase and norepinephrine levels5 suggesting 

a dysfunctional gut-brain axis in HTN. Moreover, fecal microbiota transplant (FMT) from 

HTN donors into normotensive recipient animals results in an increase in blood pressure 

(BP),2,8 impaired immune responses, activation of the sympathetic nervous system and 

changes in vascular function.9,10

Given the importance of maternal factors and developmental programming on the long-term 

health of offspring11–15 and involvement of gut microbiota and dysfunctional gut-brain axis 

in HTN,5,16,17 our objective was to investigate the hypothesis that maternal treatment with 

an antihypertensive drug would have beneficial outcomes on gut-brain axis and regulation of 

BP in their offspring. We elected to use the antihypertensive drug, captopril (CAP), in the 

spontaneously hypertensive rat (SHR) model of HTN to evaluate this hypothesis. The 

rationale for this was: (i) CAP is an angiotensin-converting enzyme inhibitor (ACEi) with 

reported long-lasting antihypertensive effect even after its withdrawal in the SHR.18–20 (ii) 

CAP induces sustained neuronal activity in central cardioregulatory regions.21 (iii) 

Structural and functional evidence shows that CAP possesses antibacterial properties. For 

example, it is shown to inhibit bacterial enzymes metallo-β-lactamases (MBLs) and N-

succinyl-L,L diaminopimelic acid desuccinylase (DapE), resulting in bacterial death.22,23 
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Our data demonstrates that maternal treatment with CAP produces long-lasting 

antihypertensive effects by reshaping of gut microbiota and improvement of gut pathology 

and permeability, thus rebalancing the dysfunctional gut-brain axis in the male offspring.

Methods

The data that support the findings of this study are available from the corresponding author 

on reasonable request. The detailed description of Materials and Methods is available in 

online-only Data Supplement. All animal procedures were approved by the University of 

Florida Institutional Animal Care and Use Committee.

Histological Analysis

Paraffin-embedded 4μm sections were stained with hematoxylin-eosin and Masson-

trichrome to analyze general morphology and collagen content of intestinal samples. 

Fibrosis, crypt depth, number of goblet cells per 100 epithelial cells and thickness of smooth 

muscle cell layer were quantified in 10 random fields of view per section with an Olympus 

Model BX41 microscope (Olympus, Tokyo, Japan) and Image J software.24

Real-time RT-PCR

Total RNA was isolated from proximal colon using RNeasy Plus Mini Kit (Qiagen, 

Germantown, MA) according to manufacturer’s protocol. The hypothalamic tissue including 

PVN was dissected from freshly frozen brains.25

A coronal section was cut from −0.90 to −2.15 mm posterior to bregma. These sections were 

mounted on slides and the PVN was isolated using a brain punch (Stoelting Co., Wood Dale, 

IL) for mRNA extraction.

Gut microbiota analysis

Differentially significant features at each taxonomic level were identified using linear 

discriminant analysis (LDA) with effect size measurements (LEfSe) to generate a taxonomic 

cladogram. α value for the factorial Kruskal-Wallis test among groups was 0.05, and the 

threshold on the logarithmic LDA score for discriminative features was 2.0.26

Results

CAP treatment reshapes gut microbiota in the SHR dams:

We have previously established an association between antihypertensive effects of CAP with 

altered gut microbiota in the SHR.21 Therefore, our first objective was to determine if CAP 

influences gut microbiota in pregnant SHR dams. The experimental scheme is presented in 

Figure 1A. Significant suppression of Shannon diversity was observed when comparing non-

pregnant with pregnant SHR (Figure 1B). Treatment with CAP during pregnancy returned 

diversity to the non-pregnant state, though it was not significantly different from the 

pregnant SHR (Figure 1B). Trends towards reduction of the Firmicutes/Bacteroidetes (F/B) 

ratio, a parameter to evaluate imbalance of microbial composition, were found in pregnant 

SHR (Figure 1B). Principal coordinate analysis (PCoA) illustrated that pregnancy reshaped 
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gut microbial composition (blue vs red) (Figure 1C). In addition, maternal treatment with 

CAP altered microbial composition (orange) (Figure 1C). As shown in the cladogram 

(Figure 1D), the genus, Allobaculum, family Erysipelotrichaceae, and the class 

Erysipelotrichia were enriched in SHR with CAP treatment during pregnancy (red arrow). In 

addition, the order Clostridiales and class Clostridia were more abundant in SHR with 

maternal CAP (blue arrow) (Figure 1D). It is also interesting to note that genera in the order 

Clostridiales considered to be beneficial (i.e. Coprococcus, Oscillospira, Roseburia, 
Dehalobacterium), showed higher average abundance in pregnant SHR+CAP, compared 

with pregnant SHR (Figure 1E). Finally, a decrease in the body weight of SHR dams and 

their male offspring (Figures S1A, S1B) and a trend towards a decrease in litter size (Figure 

S1C) were observed as reported previously27. These observations suggest that CAP 

treatment for 3 weeks, although it has a modest influence, initiates the reshaping of gut 

microbiota in pregnant SHR.

Maternal CAP treatment alters gut microbial composition of SHR male offspring:

Next, we investigated whether there were alterations in gut microbiota in SHR male 

offspring exposed to CAP via the dam. Gut microbial analyses of rats at 12 weeks of age 

demonstrated decreased diversity and increased F/B ratio in the SHR+CON when compared 

with WKY+CON (Figure 2A), which is consistent with a previous publication.1 However, 

these changes were normalized in both CAP-treated groups (i.e. SHR+SCAP and SHR

+OCAP) of SHR male offspring (Figure 2A). In contrast, these alterations in diversity and 

F/B ratio by CAP were not observed in the WKY at 12 weeks of age (Figure S2A).

In PCoA, we observed a clear separation of WKY+CON from all three SHR groups (Figure 

2B). Within the three groups of SHR, both continuous and maternal CAP treatment altered 

gut microbial composition (Figure 2B). Although both groups showed distinct clusters from 

the SHR+CON, divergence was also observed between SHR+SCAP and SHR+OCAP 

(Figure 2B, Table S1). Cladogram analysis (Figure 2C) of the three SHR groups 

demonstrated the dominance of different bacterial phylotypes in each group. Similar to the 

changes in SHR dams+CAP, Allobaculum (genus), Erysipelotrichaceae (family), and 

Erysipelotrichia (class) were enriched in the SHR+SCAP (red arrow). The bacterial 

phylotypes enriched in the SHR+OCAP were mainly multiple bacterial genera in the 

Clostridiales Order (e.g. Anaerostipes, Coprococcus, Oscillospira, Roseburia, 

Dehalobacterium) (Figure 2C). Additionally, to illustrate quantified differences among 

groups, the bacterial genera enriched in the Clostridiales Order of the SHR+OCAP were 

graphed (Figure 2D). Interestingly, most of the bacteria enriched in the SHR+OCAP (e.g. 

Coprococcus, Oscillospira, Roseburia,) were also induced in the SHR+SCAP, compared 

with SHR+CON, though the abundance in SHR+SCAP was not high as that in SHR+OCAP 

(Figure 2D). The increases of these bacterial genera in both SHR+SCAP and SHR+OCAP 

suggest their responsiveness to CAP in SHR. The genera with a significant increase in SHR

+OCAP, compared with SHR+CON, were butyrate-producing bacteria, Coprococcus, 

Roseburia and Oscillospira (Figure 2D).

Interestingly, PCoA of WKY+CON, WKY+SCAP, WKY+OCAP, along with SHR+CON, 

SHR+SCAP, SHR+OCAP from week 12 revealed alterations in microbial composition in 
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WKY+OCAP, comparing to WKY+CON and WKY+SCAP (Figure S2B), which is similar 

to that observed in the SHR groups.

Maternal treatment of SHR with CAP decreases BP in male offspring:

At 12 weeks of age, a significant elevation of SBP in the SHR was observed compared to 

age-matched WKY (169±8 mmHg versus121±5 mmHg; P<0.0001), consistent with 

previous reports.28 The SHR male offspring exposed to CAP throughout the experiment 

showed lower SBP (124±7 mmHg versus 169±8 mmHg; P<0.0001; Figure 3A). Importantly, 

the 12-week-old SHR with only maternal treatment with CAP demonstrated significantly 

lowered SBP and mean arterial BP (MAP) compared with SHR control (Figure 3A,3B). 

These BP data were obtained by direct measurement using radio telemetry, confirming data 

obtained by tail off (Figure S3A). Neither continuous CAP treatment nor maternal CAP 

treatment significantly lowered heart rate (HR) in 12-week-old SHR (Figure 3C). The ratios 

of heart weight to body weight (HW/BW) and left kidney weight to body weight 

(LKW/BW) that were increased in SHR+CON compared with WKY+CON rats were 

significantly ameliorated in SHR+SCAP and SHR+OCAP (Figure S3C, S3D). In contrast, 

we did not observe differences in the aforementioned cardiovascular parameters in the WKY 

at 12 weeks of age, although body weight was reduced by continuous CAP treatment (Figure 

S4).

Maternal CAP treatment persistently attenuates sympathetic activity of SHR male 
offspring:

The increase of BP in the SHR has been closely associated with increased sympathetic 

activity.29 Therefore, we performed variability analysis of SBP obtained by radio telemetry 

at week 12. The ratio of low frequency to high-frequency variables (LF/HF) was increased 

in the SHR+CON, compared with WKY+CON (Figure 3D). Importantly, this effect was 

significantly attenuated in male offspring by continuous CAP treatment and by maternal 

treatment of CAP (Figure 3D).

The paraventricular nucleus of the hypothalamus (PVN) integrates multiple input signals and 

controls the sympathetic outflow. Activation of microglia within the PVN region has been 

described in SHR with established HTN.6 Thus, we investigated the effects of maternal CAP 

on activation of microglia and neuroinflammation in the PVN. Activated microglia were 

defined as an ameboid morphology with a larger cell body and thickened and shortened 

processes.30 A 75% increase in microglia per 200×200 μm2 and a 107% increase in activated 

microglia were observed in the PVN of SHR+CON rats compared with WKY+CON (Figure 

4A, 4B). However, these increases were significantly attenuated in both the continuous CAP 

treatment group and the maternal treatment with CAP group in the PVN (Figure 4A, 4B). 

Next, we measured proinflammatory cytokines in the PVN. We observed 410% increases in 

mRNA for tumor necrosis factor (TNF)-α, 357% for interleukin (IL)-1β and 330% for IL-6 

in the PVN of SHR+CON rats, compared with WKY+CON rats (Figure 4C). Importantly, 

these effects were attenuated in both SHR+SCAP and SHR+OCAP groups (Figure 4C), 

supporting a persistent beneficial effect of maternal CAP exposure on autonomic 

neuroinflammation in male offspring. In contrast, neither microglia number, their activation, 
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nor the proinflammatory cytokines changed in the PVN of WKY+SCAP and WKY+OCAP 

(Figure S5).

To further investigate whether persistent changes in PVN inflammation led to alteration of 

sympathetic input to the gut of SHR with established HTN, we measured tyrosine 

hydroxylase (TH), the enzyme that synthesizes norepinephrine in synapses of sympathetic 

nerves, in the proximal colon. We found an increase in the mean intensity of TH 

fluorescence (Figure 4D, 4E), and an increase in Th mRNA in the proximal colon of SHR

+CON (Figure 4F) compared with those in WKY+CON. Continuous CAP treatment 

significantly attenuated the increased immunoreactivity of TH (Figure 4D, 4E) and its 

mRNA (Figure 4F) in the 12-week-old SHR, but not in age- and treatment-matched WKY 

(Figure S6). Consistently, maternal treatment with CAP attenuated the increase in TH 

immunoreactivity (Figure 4D, 4E) and mRNA (Figure 4F) in the SHR at 12 weeks of age. 

However, no changes in gut TH were found in the treatment matched WKY at 12 weeks of 

age (Figure S6).

Maternal CAP treatment persistently ameliorates gut inflammation, permeability, and 
pathology in the SHR male offspring:

Guided by the changes in the sympathetic drive to the gut and gut microbiota, we 

investigated whether there was any alteration in gut pathology, inflammatory status and/or 

permeability. At 12 weeks of age, Cd3, Cd68, Tnf, Il1b, Il6, Tlr2 (toll-like receptor 2), Tlr4 
(toll-like receptor 4), and Rage (receptor for advanced glycationend-products) were all 

increased in the proximal colon of SHR+CON, compared with WKY+CON (Figure 5A). 

Continuous CAP treatment in SHR significantly lowered the expression of these genes 

(Figure 5A). Importantly, the SHR with only maternal treatment with CAP also exhibited 

reduced expression of these genes (Figure 5A). Next, we observed decreased mRNA for the 

tight junction proteins Tjp1 (tight junction protein 1), Ocln (occludin) and Cldn4 (claudin 4) 

in the proximal colon of SHR (Figure 5B) and mRNA for these tight junction proteins were 

restored in SHR male offspring exposed to maternal CAP (Figure 5B). SHR with established 

HTN exhibited reduced expression of Tjp1 and Olcn. Maternal treatment with CAP 

significantly increased gene expression of these tight junction proteins in the SHR at 12 

weeks of age (Figure 5B). Therefore, these data suggest that maternal treatment with CAP 

improves intestinal immunity and permeability prior to the onset of HTN, and the protective 

effect was maintained until at least 12 weeks of age. In contrast, neither continuous nor 

maternal treatment with CAP significantly changed the expression of the aforementioned 

immunity-related genes in the WKY (Figure S7A). In addition, mRNA of tight junction 

proteins was not affected by CAP (Figure S7B).

Finally, we evaluated the effects of maternal CAP on gut pathology. Increases in fibrotic 

area, thickness of muscle layer, and decrease in numbers of goblet cells per 100 epithelial 

cells and crypt depth were observed in proximal colon of 12-week-old SHR (Figure 6). 

Continuous CAP treatment led to a significant reversal in fibrotic area, thickness of muscle 

layer and increased numbers of goblet cells in SHR+SCAP (Figure 6). Furthermore, 

maternal treatment with CAP persistently ameliorated gut pathology in SHR+OCAP by 

decreasing fibrotic area and thickness of muscular layer (Figure 6). However, no differences 
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in the number of goblet cells nor crypt depth were found between SHR+OCAP and SHR

+CON (Figure 6). Neither continuous nor maternal treatment with CAP altered gut 

pathology in the WKY (Figure S8).

In summary, these findings suggest that treatment with CAP via the dam persistently 

improves intestinal immunity, permeability, and pathology in SHR+OCAP at 12 weeks of 

age, associated with a bloom of beneficial bacteria, higher microbial diversity and lower BP.

Discussion

The most important observation of this study is that maternal treatment of SHR dams with 

CAP has beneficial effects on the hypertensive status of their male offspring. This includes 

lower BP, reshaped gut microbiota, improved gut pathology and decreased 

neuroinflammation. As a result, male offspring exposed to only maternal CAP exhibit long-

term attenuation of HTN. In addition, several features of gut microbial alterations in SHR 

dams+CAP (i.e. diversity, Clostridiales Order, Erysipelotrichales Order) are comparable to 

those observed in the SHR+SCAP and SHR+OCAP male offspring. Therefore, we suggest 

that CAP induces changes in the gut microbial communities that are transmitted and are 

likely to be accentuated in male offspring. This indicates that amelioration of a dysfunctional 

gut-brain axis is transmitted from mother to male offspring despite of discontinuation of 

antihypertensive treatment. These findings shed light on the maternal influence on the gut-

brain axis in HTN.

An interesting question is whether high BP causes these changes or alterations in the gut-

brain axis is responsible for high BP. FMT from SHR to normotensive rats results in an 

increase in BP, enhanced autonomic activity, neuroinflammation and impaired vascular 

function.9,10 In contrast, FMT from WKY rats attenuates these pathophysiologies in SHR.
9,10 Similar effects of FMT on BP from hypertensive patients and animals into normal 

animals have been observed by others.2,8 Therefore, the FMT studies argue in favor of the 

concept that gut microbiota-initiated changes of the gut-brain axis are responsible for high 

BP.

Previous studies have demonstrated that altered gut microbiota, gut permeability and 

immune status coupled with neuroinflammation in the autonomic regions of the brain have 

significant influence on the development and establishment of HTN.1,5,7,31,32 Treatment 

with CAP attenuates those changes and lowers BP.5,33 Early studies have also shown that the 

antihypertensive effect of CAP is maintained in SHR male offspring long after withdrawal of 

CAP.18 However, knowledge gaps remained regarding the pathways involved, and 

mechanisms of this prolonged antihypertensive influence. Our present study addresses this 

gap in knowledge and suggests that maternal imprinting of amelioration of the dysfunctional 

gut-brain axis could be one such mechanism. Evidence for this conclusion includes: (1) CAP 

treatment of SHR alters gut microbiota, gut permeability, tight junction proteins and 

attenuates gut pathology.5,21 In addition, decreases in activated microglia and 

neuroinflammatory markers by CAP have been documented.33 These alterations are 

maintained in SHR male offspring even after discontinuation of CAP treatment. (2) 

Comparable patterns of certain beneficial bacterial phylotypes between CAP-treated dams 
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and their male offspring. (3) Changes in the gut and the brain are associated with attenuation 

of high BP and cardiac pathology.21 In the gut, we tested the expression of markers for 

adaptive immune cells (T cells, Cd3), innate immune cells (macrophages, Cd68), pro-

inflammatory mediators (Tnf, Il1b, Il6, Hmgb1), and microbial sensors (Tlr4 for gram-

negative bacterial lipopolysaccharide, LPS; Tlr2 for gram-positive bacterial lipoteichoic 

acid, LTA).34 These mediators were significantly suppressed in the SHR male offspring with 

treatment of CAP. In the brain, significant decreases in microglia activation (morphology) 

and neuroinflammation (Tnf, Il1b, Il6) in the PVN were demonstrated in the SHR male 

offspring with CAP treatment.

The precise mechanisms of maternal imprinting of gut-brain axis are unknown but may 

involve inflammation, nutritional status during pregnancy, genetic inheritance and 

acquirement of epigenetic modification as have been suggested in metabolic diseases, such 

as diabetes, obesity, and HTN.12,35–38 Recent evidence has demonstrated that postnatal 

colonization of the gut by microorganisms plays an important role in priming the health of 

offspring.39,40 In our study, the SHR dams treated with CAP exhibited certain changes 

comparable to those in their male offspring, indicating the microbes colonizing the gut of the 

offspring in the postnatal period are significantly influenced by the dam. We observed that 

bacterial genera enriched in both SHR+OCAP and SHR+SCAP showed significantly higher 

abundance in SHR+OCAP group. Coprococcus and Roseburia have protective effects 

against atherosclerosis and are decreased in both animals and patients with high BP.1,2,41 

They are short-chain fatty acid producers, which are also decreased in high salt diet-induced 

HTN.42 Consistent with this, we observed decreased plasma butyrate in HTN.31,43 

Oscillospira has been associated with lean animals and humans.44,45 Oscillospira are 

beneficial microbes with the capability to metabolize complex carbohydrates that are 

depleted in rats with AngII-induced hypertension.46 Taken together, the sustained lowering 

of BP in the SHR+OCAP rats at 12 weeks appears to be, at least partially, attributed to the 

positive alteration in gut microbiota. However, we do not want to imply that postnatal 

colonization of the pups with the dam’s gut microbiota is the sole factor responsible for 

maternal imprinting of HTN. Other mechanisms involving kidney47, blood vessels and 

heart48, and metabolism49 must also be at play in the antihypertensive effects of CAP, which 

may explain why SCAP rats show approximately 20mmHg lower BP than OCAP rats.

The observation of significant influence of CAP on gut microbial composition suggests the 

possibility to repurpose CAP to use as an antibacterial agent. Recent metagenomic analysis 

of stool samples from 1135 participants from a cohort in the Netherlands showed that use of 

ACE inhibitors (ACEi), among other drugs, had significant impacts on gut microbiota.50 

Some of these associations were replicated in 2700 individuals in the British TwinUK study.
51 These alterations in gut microbiota may be acquired because of (1) CAP’s inhibitory 

effects on MBLs, an enzyme to hydrolyze most β-lactam antibiotics22 and DapE, an 

exclusively bacterial enzyme for cell wall protein synthesis.23 (2) CAP’s inhibitory effects 

on P-glycoprotein 1 and its bacterial homolog ATP Binding Cassette (ABC) transporters.52 

In addition, other classes of antihypertensives such as ARBs, beta-blockers, prazosin and 

verapamil also influence ABC transporters53 and subsequently increase CAP bioavailability. 

Therefore, further studies are needed to test whether the repurposing of CAP as an 

antibacterial agent contributes to its transgenerational antihypertensive effects in offspring.

Li et al. Page 8

Hypertension. Author manuscript; available in PMC 2021 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



In conclusion, maternal CAP treatment persistently alters the gut-brain axis and attenuates 

hypertension of male offspring. This prolonged effect may be partially mediated by 

modulation of the gut microbiota by CAP. Thus, validated repurposing/redesigning of a safer 

derivative of captopril for gut microbiota modulation could be a valuable strategy to consider 

for HTN treatment.

Perspectives

Our current study demonstrates the impacts of captopril, an antihypertensive angiotensin-

converting enzyme inhibitor (ACEi) with potential antibacterial activity, on the gut 

microbiota of pregnant hypertensive dams, and its maternal beneficial impacts on the gut-

brain axis and blood pressure of the male offspring. Our study suggests that the dual actions 

(i.e. antibacterial, blood pressure-lowering) of a safe and repurposed captopril or its 

derivatives could be a major advancement in providing transgenerational protection against 

hypertension.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Novelty and Significance

What Is New?

The repurposing of the FDA approved drugs has become an emerging field of study. Our 

current study demonstrates the impact of captopril, an antihypertensive angiotensin-

converting enzyme inhibitor (ACEi) with potential antibacterial activity, on the gut 

microbiota of pregnant hypertensive dams, and its maternal beneficial impact on the gut-

brain axis and blood pressure of the male offspring.

What Is Relevant?

Our study provides the foundation for repurposing of a safe and more effective captopril. 

This is based on current knowledge of the role of the gut microbiota in hypertension 

including transmission of the gut microbiota from mother to offspring. Our data support 

the concept that targeting the microbiota during pregnancy is beneficial for the offspring 

cardiovascular health.

Summary

The repurposing of FDA-approved drugs has become a significant field of study. Our data 

show that featured changes in gut microbiota in dams treated with captopril are inherited 

in male offspring, which are associated with beneficial alterations in the gut-brain axis. 

Thus, our study suggests that the dual actions (i.e. antibacterial for gut microbiota, blood 

pressure-lowering for cardiovascular health) of safe repurposed antihypertensives to 

lower blood pressure could be a major advancement in providing transgenerational 

protection against hypertension.
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Figure 1. 
Maternal CAP treatment alters gut microbiota in SHR dams. (A) Schematic diagram of the 

experimental design. Pregnant rats were randomly assigned to two groups, fed with either 

sterile water or captopril containing water (CAP) until weaning. Rats from CAP group were 

further subdivided at weaning into two groups (i.e. maternal route of treatment with 

captopril (OCAP) and sustained CAP (SCAP) based on access to CAP water. CON, control; 

CAP, captopril; OCAP, maternal treatment with captopril; SCAP, continuous treatment with 

captopril. (B) Shannon diversity and Firmicutes/Bacteroidetes ratio (F/B ratio) were lower in 
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pregnant dams, and not significantly affected by CAP. (C) Principal coordinate analysis 

(PCoA) with unweighted UniFrac metric was used to present the dissimilarity of the groups. 

(D) Taxonomic structure and abundance of indicated phylotypes were analyzed by LefSe 

and presented in cladogram. Significant dominance of phylotypes in each group was 

indicated by color. (E) Abundance of individual bacterial genera with significant differences 

between the groups. OCAP, maternal treatment with captopril; SCAP, sustained treatment 

with captopril. n=10 rats in SHR group; n=3 in SHR pregnancy; n=6 in SHR+CAP 

pregnancy. Data are presented as mean ± SEM. * P<0.05 in one-way ANOVA followed by 

Tukey’s multiple comparison test.
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Figure 2. 
Maternal CAP treatment alters gut microbiota in SHR male offspring. (A) Shannon diversity 

and Firmicutes/Bacteroidetes ratio (F/B ratio) were affected by CAP in 12-week-old SHR 

male offspring. (B) Principal coordinate analysis (PCoA) with unweighted UniFrac metric 

was used to present the dissimilarity of the groups. (C) Taxonomic structure and abundance 

of indicated phylotypes were analyzed by LefSe and presented in cladogram. Significant 

dominance of phylotypes in each group was indicated by color. (D) Abundance of individual 

bacterial genera with significant differences between the groups. OCAP, maternal treatment 
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with captopril; SCAP, sustained treatment with captopril. n= 6–7 rats per group. Data are 

presented as mean ± SEM. * P<0.05; **P<0.01; ***P<0.001 in one-way ANOVA followed 

by Tukey’s multiple comparison.
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Figure 3. 
Maternal CAP treatment persistently lowers systolic blood pressure (SBP), mean arterial 

pressure (MAP), heart rate (HR) and autonomic balance in SHR male offspring. (A) 

Continuous treatment of CAP and maternal treatment with CAP lowered SBP in the 12-

week-old SHR. (B) SCAP and OCAP treatment with CAP lowered MAP in the 12-week-old 

SHR. (C) Changes in HR in the control, continuous CAP and maternal CAP of SHR. (D) 

Continuous treatment of CAP and maternal treatment with CAP attenuated increased low 

frequency/high frequency (LF/HF) ratio in the SHR of 12-week old. OCAP, maternal 

treatment with captopril; SCAP, sustained treatment with captopril. n= 6–7 rats per group. 

Data are represented as mean ± SEM. * P<0.05; **P<0.01; ***P<0.001; ****P<0.0001 in 

one-way ANOVA followed by Tukey’s multiple comparison.

Li et al. Page 17

Hypertension. Author manuscript; available in PMC 2021 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Maternal CAP treatment attenuates microglia activation and neuroinflammation and 

decreases colonic tyrosine hydroxylase (TH) in SHR male offspring. (A) Representative 

immunofluorescence images of Iba1 (ionized-calcium binding adaptor molecule 1) staining 

of microglia in the paraventricular nucleus (PVN). (B) Quantification of microglia within the 

200×200 μm2 cell body area of PVN (n=5 rats per group). Activated microglia manifest a 

more “ameboid” morphology, characterized by larger cell bodies with thickened and 

shortened processes (n=5 rats per group). (C) The mRNA levels of TNF-α, IL-1β and IL-6 
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were determined by qPCR and normalized to GAPDH. Data were presented by fold changes 

over the WKY+CON group. (D) Representative images of TH immunoreactivity. (E) 

Quantification of TH staining by percentage of TH positive area (n=6–7 rats per group). (F) 

The mRNA for TH was measured by qPCR and normalized to GAPDH (n=6–7 rats per 

group). OCAP, maternal treatment with captopril; SCAP, sustained treatment with captopril. 

n=5 rats per group. Data are represented as mean ± SEM. * P<0.05; **P<0.01; ***P<0.001; 

****P<0.0001 in one-way ANOVA followed by Tukey’s multiple comparison. 3V, third 

ventricle.
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Figure 5. 
Maternal CAP treatment reduces mRNA for gut inflammatory and tight junction proteins in 

SHR male offspring. (A) Immunity-related genes (i.e. Cd3, Cd68, Tnf, Il1b, Il6, Hmgb1, 
Tlr4 and Tlr2) and (B) tight junction proteins mRNA (i.e. Tjp1, Ocln and Cldn4) in proximal 

colon of 12-week-old SHR were measured by qPCR and normalized to GAPDH. Data are 

shown as fold change over the WKY+CON group. OCAP, maternal treatment with captopril; 

SCAP, sustained treatment with captopril. n= 6 rats per group. Data are mean ± SEM. 

*P<0.05; **P<0.01; ***P<0.001 in one-way ANOVA followed by Tukey’s multiple 

comparison.
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Figure 6. 
Maternal CAP treatment improves gut pathology in SHR male offspring. (A) Representative 

hematoxylin-eosin (H&E) and Masson-trichrome staining images of proximal colon of 

indicated rat groups. (B-E) Quantitative analysis of Masson-trichrome staining to 

demonstrate the fibrotic area in the proximal colon. Quantitative analysis of H&E staining to 

demonstrate the thickness of muscle layer, numbers of goblet cells per 100 epithelial cells 

and crypt depth in the proximal colon. OCAP, maternal treatment with captopril; SCAP, 

sustained treatment with captopril. n= 5 rats per group. Data are mean ± SEM. *P<0.05, 

**P<0.01, ***P<0.001, ****P<0.0001 in one-way ANOVA followed by Tukey’s multiple 

comparison.
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