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Abstract

Commensal gut microbiota are strongly correlated with host hemodynamic homeostasis, but only 

broadly associated with cardiovascular health. This includes a general correspondence of 

quantitative and qualitative shifts in intestinal microbial communities found in hypertensive rat 

models and human patients. However, the mechanisms by which gut microbes contribute to the 

function of organs important for blood pressure control remain unanswered. To examine the direct 

effects of microbiota on blood pressure, we conventionalized germ-free (GF) rats with specific 

pathogen free rats for a short-term period of 10 days, which served as a model system to observe 

the dynamic responses when reconstituting the holobiome. The absence of microbiota in GF rats 

resulted with relative hypotension compared to their conventionalized counterparts, suggesting an 

obligatory role of microbiota in blood pressure homeostasis. Hypotension observed in GF rats was 

accompanied by a marked reduction in vascular contractility. Both blood pressure and vascular 

contractility were restored by the introduction of microbiota to GF rats, indicating that microbiota 

could be impacting blood pressure through a vascular-dependent mechanism. This is further 

supported by the decrease in actin polymerization in arteries from GF rats. Improved vascular 

contractility in conventionalized GF rats, as indicated through stabilized actin filaments, was 

associated with an increase in cofilin phosphorylation. These data indicate that the vascular system 

senses the presence (or lack of) microbiota to maintain vascular tone via actin polymerization. 

Taken together, these results constitute a fundamental discovery of the essential nature of 

microbiota in blood pressure regulation.
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Introduction

Despite the increasing awareness and treatment options for elevated blood pressure (BP), 

hypertension is still escalating at an unprecedented rate, and is sure to surpass the 

projections of estimated incidences expected for 20251. In the United States, hypertension 

prevalence is near 50% of the adult population2 and the incidence rate in children is 

climbing correspondingly3. Considerable genetic research has highlighted the importance of 

polymorphic variants in the etiology of hypertension, many of which have been modeled in 

animals4–8. In genetically predisposed individuals, early exposure to various environmental 

factors can trigger later onset hypertension development9. A non-genetic, yet heritable, 

contributor to BP regulation may be the microbiota. Microbiota are mainly harbored in our 

distal gastrointestinal tract, but also in other anatomical regions such as on the skin and in 

our mouth. We and others have shown that reconfiguration of the microbiota (i.e. high 

sodium diet, antibiotics) can alter metabolic and immunological functions, which can 

subsequently induce changes to host homeostasis and/or causes alterations that become 

inherited by its offspring10,11. In addition, transplantation of microbiota from hypertensive 

rodents or humans to animal models with normal BP can recapitulate hypertension12,13.

Microbiota composition in human hypertensive patients are different from normotensive 

individuals12, and gut microbiota dysbiosis contributes to the development of 

hypertension13,14. Thus, there is considerable focus on understanding how a reshaped gut 

microbiota contributes to the adverse transition from normal BP to a hypertensive state10,14. 

However, these studies do not address the fundamental question of whether microbiota are 

an essential component of host BP regulation. This premise arises from our understanding 

that humans have co-evolved with microbiota as ‘holobionts’, whereby we are dependent on 

the microbiota for many imperative functions. Since BP is one such vital physiological index 

of host health, it is important to understand if we need microbiota for maintaining 
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hemodynamic health. Herein, we sought to define the contributions of the microbiota on 

host BP regulation by utilizing incomplete holobionts, as represented by germ-free (GF) 

rats, and conventionalized GF rats (GFC) that characterize the reconstituted, complete 

holobiont. We found that co-housing GF rats with conventional (germ-full) rats for 10 days 

was sufficient to rescue and regain BP homeostasis in hypotensive GF rats. Vascular 

contractility and actin polymerization, which were decreased in the GF rats suggesting a 

plausible mechanism for the hypotension in GF rats. We propose that the microbiota are an 

essential factor required to maintain BP homeostasis via the stabilization of vascular 

contractility.

Methods

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

upon reasonable request.

Animals

Male, 7-week-old Sprague Dawley (SD) rats (inbred) that were either germ-free (GF) or 

germ-free conventionalized (GFC, alias ‘germ full’) (n=6/group) from Taconic Biosciences 

(Rensselaer, NY) were used for this study. Conventionalization of GF rats was performed by 

co-housing GF rats with conventionally raised rats (outbred) for 10 days (1:1 ratio). This 

allowed GF rats to receive a natural, continuous infusion of microbiota via coprophagy. 

Upon arrival at the University of Toledo, the animals were immediately used for 

experiments. All procedures were performed in accordance with the Guide for the Care and 

Use of Laboratory Animals15 and were reviewed and approved by the Institutional Animal 

Care and Use Committee of the University of Toledo College of Medicine and Life 

Sciences, Toledo, OH.

Blood Pressure (BP) measurements

Although we acknowledge that radiotelemetry is the preferred method to monitor rodent BP, 

this method was not feasible for our studies because it would jeopardize the ‘incomplete 

holobiont’ status of the GF rats. Therefore, in lieu of telemetry, systolic and diastolic BP 

were measured by the tail-cuff method (CODA™ High Throughput System, Kent Scientific 

Corporation, USA), aseptically in a biosafety hood immediately prior to euthanasia. Data 

were obtained as the average of the 8–10 successive measurements.

Morphological parameters of cardiac and non-cardiac tissues

The animals were killed by quick excision of the heart under continued deep anesthesia (5% 

isoflurane). Rapid excision and careful removal of cardiac and non-cardiac tissue was 

performed. The total heart, left (LV) and right (RV) ventricles weights were measured and 

normalized, as previously described16. Briefly, it has been shown that body weight 

correlated linearly (cubically) with tibia length (TL3)16. The linear equation of heart weight 

crossed the x-axis at TL3 = −27.73 (95% CI −30.63; −24.83), LV weight crossed the x-axis at 

TL3 = −26.73 (95% CI −29.83; −23.43), and RV weight at TL3 = −26.53 (95% CI −29.03; 

−22.23)16. For optimal indexing by TL, the heart weight, LV weight, and RV weight were 

indexed by dividing the weights by 27.73 + TL3, 26.73 + TL3, and 26.53 + TL3, respectively. 
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Kidneys, spleen, and cecum weights were also normalized by TL. It is well established that 

GF animals have ceca which, with their contents, weigh about six times than that of 

conventional animals17. Alongside, total white adipose tissue (WAT) was excised and 

weighed and mesenteric vascular bed was removed to investigate isolated resistance artery 

function.

16S ribosomal RNA (rRNA) gene sequencing and analysis of microbiota composition

As previously described11, fecal DNA was extracted from one fecal pellet (~0.2 g). For PCR 

library preparation, 16S rRNA gene sequencing and analysis, 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)11. The 10 pmol/L denatured and diluted library with 15% PhiX was loaded on 

an Illumina MiSeq V3 flow cell kit with 2×300 cycles. Raw paired‐end reads of the 16S 

sequencing data were merged to create consensus sequences and then quality filtered using 

USEARCH18(version 9). Chimeric sequences were identified and filtered using the QIIME 

software package (version 1.9.1)19 combined with the USEARCH (version 9) algorithm. 

Operational taxonomic units (OTUs) were subsequently picked using QIIME combined with 

the USEARCH (version 9) algorithm, and taxonomy assignment was performed using 

Greengenes20 as the reference database.

16S rRNA Gene Copy Number Quantification

Internal standard (IS) was designed from E. coli 16S ribosomal RNA gene sequence 

(GenBank: J01859.1) deleting 10–15% sequences of target regions. The IS was cloned in a 

vector (Thermo Fisher Scientific, Inc. Waltham, MA), purified after running on agarose gel 

for a right size of band, purified with QIAquick Gel Extraction Kit (Qiagen), quantified the 

copy number of IS based on molarity by Bioanalyzer 2100 (Agilent), and serially diluted 

with low TE buffer (0.1mM EDTA, Tris-HCl, pH 8.0 containing 0.1μg/μl salmon sperm 

carrier DNA) from 10–11M (6,000,000 copies) to 10–16M (60 copies). To determine the 

true concentration of IS, limiting dilution PCR and Poisson analysis were used as previously 

described21.

To quantify bacterial copy number of 16S rRNA gene native template (NT), a competitive 

PCR with IS was performed in a 25 μl volume including 2.5 μl DNA, 1 μl IS, 1μl of 5 μM 

primers mix (same sequences above), and 12.5 μl AccuStart II PCR ToughMix® 

(Quantabio, Beverly, MA) with 8 μl water. Cycle parameters were 95°C for 3 min, then 35 

cycles at 95°C for 30s, 55°C for 30 s, and 72°C for 30 sec, and holding at 72°C for 5 min. 

An amplified product was run on Bioanalyzer to compare two peaks of IS and NT area 

under the curve (AUC). For calculation of target copy number, NT AUC was corrected by 

multiplying the ratio of expected size (i.e., IS/target: 467bp/525bp), and then compared by 

known number of input IS by following formula:

known copy of input IS : unknown NT = IS AUC : corrected NT AUC .
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Vascular function

After careful removal of the mesenteric arterial arcade, third-order branches from mesenteric 

arteries were removed and cleaned of surrounding perivascular adipose tissue in cold Krebs-

Henseleit solution (KHS, in mmol/L: NaCl, 130; KCl, 4.7; NaHCO3, 14.9; CaCl2.2H2O, 

1.6; KH2PO4, 1.2; MgSO4.7H2O, 1.2; EDTA, 0.03; glucose, 5.6; pH 7.4). Segments of 2 

mm in length were mounted in wire myograph chambers (Danish Myo Tech, model 610M; 

JP-Trading I/S) for isometric tension recordings, as described previously22,23. Briefly, two 

tungsten wires (40 μm diameter) were introduced to resistance arteries through the lumen of 

the segments and mounted according to the method described by Mulvany and Halpern24. 

After a 15-min equilibration period in oxygenated KHS at 37°C, segments were stretched to 

their optimal lumen diameter for active tension development. This was determined based on 

the internal circumference/wall tension ratio of the segments by setting the internal 

circumference, L₀, to 90% of what the vessels would have been if they were exposed to a 

tension equivalent to that produced by a transmural pressure of 100 mmHg (L100)22,23. The 

diameter (I1) was determined according to the equation I1 = L1/π using specific software 

for normalization of resistance arteries (DMT Normalization Module; ADInstruments). 

Segments were washed with KHS and left to equilibrate for another 20 min. Vessel 

contractility and endothelium viability were then tested by an initial exposure to a high 

potassium chloride solution (KCl,120 mmol/L), followed by acetylcholine (3 μmol/L) in 

arteries that were contracted previously with phenylephrine (10 μmol/L), respectively. 

Arteries rested for 30 min after which they were subjected to each of the following three 

protocols: 1) concentration-response curves to phenylephrine (1 nmol/L to 100 μmol/L); 2) 

concentration-response curves to acetylcholine (1 nmol/L to 10 μmol/L); and 3) 

concentration-response curves to sodium nitroprusside (1 nmol/L to 10 μmol/L).

Enzyme Immunoassay for the quantitative determination of adrenaline (epinephrine) and 
noradrenaline (norepinephrine).

Arterial blood was collected from the abdominal aorta in tubes containing heparin. Blood 

was immediately centrifuged at 1500 g for 15 min at 4°C. Plasma was then stored in 

multiple aliquots at −80 °C until analysis. Enzyme immunoassay [2-CAT (A-N) Research 

ELISA, Labor Diagnostika NORD GmbH & Co. in Nordhorn, Germany, purchased through 

Rocky Mountain Diagnostics, Inc in Colorado Springs, CO. Product # BA E-5400] was used 

to measure epinephrine and norepinephrine. For this, 8 μl of sample (in duplicate) was 

pipetted into microtiter strips and the antigen was bound to the solid phase of the plate. The 

antibody bound to the solid phase is detected by an anti-rabbit IgG-peroxidase conjugate 

using TMB (3,3’, 5,5”-tetramethylbenzidine) as a substrate. The reaction is monitored at 450 

nm. Nonlinear regression analysis was done using elisaanalysis.com.

Cell culture, migration and proliferation assays using live-cell analysis systems

Thoracic aortae and primary vascular smooth muscle cells (VSMCs) were isolated and 

cultured using an enzymatic digestion method, as previously described23. VSMCs were then 

grown in a humidified chamber at 37°C, with 5% CO2, and low glucose Dulbecco’s 

Modified Eagle’s Medium (GE Healthcare, Logan, UT, USA) containing 10% fetal bovine 

serum and 1% penicillin/streptomycin solution (Corning, Manassas, VA, USA). Cell 
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migration was evaluated via scratch wound and ClearView Chemotaxis assays to allow 

continuous invasion, monitoring, and analyzing of cell migration without a chemotactic 

gradient. Cell proliferation was measured via IncuCyte by analyzing the occupied area (% 

label-free confluence) of cell images over time. For scientific rigor, the cells were used at 

passage 2–3. Also, the day prior to cell proliferation analysis, VSMCs were plated at a 

density of 8000 cells per well. As positive control and comparative purpose, we used aortic 

VSMCs from male, 7-week old Sprague Dawley (SD) conventional rats.

Filamentous and globular actin quantification

The most accurate method of determining the amount of filamentous actin (F-actin) content 

versus free globular actin (G-actin) content in a cell population is to quantify F-actin and G-

actin cellular fractions23. VSMCs were processed according to a G actin: F actin in vitro 
assay (Cytoskeleton, USA). Briefly, VSMCs were lysed in a detergent-based buffer that 

stabilizes the G and F forms of actin. Ultracentrifugation was then used to separate the G 

actin into the supernatant while pelleting the F actin. After collecting the G actin, the F actin 

was depolymerized. Finally, the F and G actin samples were loaded into polyacrylamide gels 

(10%), separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-

PAGE), and transferred to nitrocellulose membranes, as described below for immunoblotting 

(Cytoskeleton, USA). Densitometric analysis was performed by ImageJ.

Immunoblotting

In another set of experiments, we used aortic VSMCs from male GF, GFC and SD rats 

(positive control) to understand actin dynamics. Cells were washed with an ice-cold 

phosphate-buffered saline (PBS) solution. Complete Lysis-M, including phosphatase 

inhibitor cocktail (PhosSTOP) (both Roche, Indianapolis, IN, USA), was then applied to 

each plate and allowed to remain on ice for 30 min. Cells were then harvested. Protein 

concentration was first determined and then equal quantities of protein (25 or 50 μg) were 

loaded into polyacrylamide gels (8–12%), separated by SDS-PAGE, and then transferred to 

nitrocellulose membranes. The membranes were blocked with 5% nonfat dry milk and 

incubated overnight at 4°C with primary antibodies raised against anti-phospho-cofilin 

(pSer3) (1:1000), anti-cofilin (1:1000) anti-phospho-vasodilator-stimulated phosphoprotein 

(VASP, pSer239) (1:000), anti-VASP (1:000), anti-alpha-1a adrenergic receptor (ADRA1A; 

1:500), anti-phospho myosin phosphatase target subunit 1 Threonine 696 (MYPT1; 1:1000), 

anti-MYPT1 (1:1000); anti-phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204), anti-ERK 

1/2 (1:1000) and β-actin (1:40,000). Densitometric analysis was performed by ImageJ. 

Antibodies: phospho- and total-cofilin, VASP, MYPT-1 and ERK were purchased from Cell 

signaling. β-actin was purchased from Sigma. ADRA1A was purchased from Invitrogen-

ThermoFisher Scientific.

Bioenergetic Assays

We used the Agilent Seahorse XF Cell Mito Stress Test to measure key mitochondrial 

function parameters by direct measurement of the oxygen consumption rate (OCR) and 

extracellular acidification rate (ECAR) of VSMCs on the Seahorse XF96 Analyzer. The day 

prior to the assay, VSMCs (passage 2) were plated at a density of 8000 cells/80 μL into a 96 

well Seahorse XF Cell Culture Microplate. The XF96 sensor cartridge was hydrated in 
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Seahorse XF Calibrant at 37°C in a non-CO2 incubator overnight. The plate was mapped for 

the VSMCs of each individual animal in triplicates. On the day of the assay, Seahorse XF 

DMEM was supplemented with 1 mM pyruvate, 2 mM glutamine, and 10 mM glucose. The 

drugs oligomycin (an ATP synthase inhibitor, 1.5 μmol/L), carbonyl cyanide-4 

(trifluoromethoxy) phenylhydrazone FCCP (an ionophore, which shuttles hydrogen ions, 1 

μmol/L) and Rotenone/Antimycin A (an electron transport chain complex I and III 

inhibitors, respectively, 0.5 μmol/L) were added sequentially by the Seahorse XF96 analyzer 

to assess mitochondrial respiration. Hoechst 33342 nuclear staining dye (20 μM) was mixed 

with the Rotenone/Antimycin A mixture to allow for post-assay fluorescent image captures 

with the BioTek Cytation 5 (BioTek Instruments, Winooski, USA). Subsequent cell counting 

for data normalization was performed by using Fiji, an image processing focused 

distribution of ImageJ.

Pharmacological agents

Stock solutions of phenylephrine, acetylcholine and sodium nitroprusside were prepared 

freshly in sterile and distilled water. All chemicals were purchased from Millipore-Sigma 

(Saint Louis, USA).

Statistical analyses

The statistical procedures used included Student’s unpaired t-tests, one and two-way 

analysis of variance (ANOVA). Wilcoxon rank sum test was used to compare bacterial 16S 

gene copy number between GF and GFC rats. For concentration-response curves, maximum 

response (efficacy or Emax) was calculated to show the highest point on the curve. Half 

maximal effective concentration (EC50) was calculate to evaluate potency of the drug in case 

no differences were observed in Emax between curves. All analyses were performed using 

data analysis software GraphPad Prism 8.0. Number (n) of the animals used is indicated in 

the graphs. Statistical significance was set at p<0.05. The data are presented as mean ± 

SEM.

Results

Germ-free rats exhibit lower blood pressure compared to conventionalized rats

High amount of microbiota was detected in the fecal samples of GFC rats compared to GF 

rats that was similar amount of no template control samples on library preparation of 16S 

rRNA gene sequencing (Figure 1A). To our knowledge, germ-free animals are free of any 

‘viable’ bacteria, but are still susceptible to receive bacterial DNA (dead ones) through the 

autoclaved diet25,26. As previously described, small amount of 16S in the fecal samples from 

GF is from the diet, which despite autoclaved, still have trace amounts of bacterial 

DNA25,26. However, this is usually negligible or only detected in very small trace amount as 

observed in Figure 1A. Another common source of ‘contamination’ (dead bacteria) may be 

from the sterilized equipment, and steps in sample processing, where tubes and reagents can 

also introduce some small number of 16S in the fecal samples.

16S rRNA sequencing analysis also confirmed successful colonization of 9 bacterial phyla 

(43% Bacteroidetes; 38% Firmicutes; 10% Proteobacteria; 7% Verrucomicrobia; 1% 
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Actinobacteria; 1% Cyanobacteria; <1% Deferribacteres; <1% TM7; <1% Teneticutes) in 

the GFC rats, as described by Yang et al.27. The lack of microbiota in GF rats was associated 

with an increase in their cecum weight compared to GFC rats (Figure 1B and C). Kidney 

and spleen weights were unaltered between the groups (Table 1). However, body weight and 

white adipose tissue (WAT) were lower in GF rats (Table 1). Both systolic and diastolic BP 

of GF rats were significantly lower than that of GFC rats (Figures 2A, B and C). Further, 

total heart and left ventricular (LV), weights were all lower in GF rats compared to GFC rats 

(Figures 2D and E), and this was only a trend in the right ventricular (RV) (Figure 2F).

Reconstituting the microbiota improved vascular contractility in conventionalized rats

To assess the contribution of the colonized microbiota on vascular function, we measured 

isometric force in mesenteric resistance arteries (diameter < 300 μm) from GF and GFC rats. 

The absence of commensal microbiota decreased both KCl and phenylephrine-induced 

contraction in GF rats (Figures 3 A–C; Table S1). No differences were observed in 

endothelium-dependent and independent relaxation (Figures 3 D and E, Table S2), nor 

changes in lumen diameter (Table S1). Given the undisputable role of vascular tone in 

maintaining and control BP, these data suggest that the hyporesponsive vasculature of GF 

rats could contribute to the observed lowering of BP compared to the GFC rats.

Absence of microbiota did not affect plasma levels of adrenaline (epinephrine) and 
noradrenaline (norepinephrine)

Since plasma epinephrine and norepinephrine concentrations are important to maintain 

vascular tone and control blood pressure, we questioned if plasma levels of these 

catecholamines would be decreased in GF rats and reconstitution of microbiota would 

restore these parameters. No changes were observed in epinephrine and norepinephrine 

between groups (Figures 4 A and B). It is important to emphasize that these measurements 

were performed in the basal state, which does not exclude the possibility that the plasma 

levels of catecholamines would be different between groups in response to stimuli that either 

increase or decrease sympathetic activity.

To understand if the low contraction to phenylephrine in arteries from GF rats would be due 

to a reduction in alpha-1a adrenergic receptor (ADRA1A), we measured ADRA1A protein 

expression in the VSMC from all groups. No changes were observed in ADRA1A protein 

expression between groups (Figures 4 C and D). Overall, these data suggest that other(s) 

mechanism (s) different than sympathetic activity, play a role in the hyporesponsive 

vasculature of GF rats.

Absence of microbiota reduces vascular actin polymerization

Given that arteries from GF rats presented a reduction in contractility, we hypothesized that 

cytoskeletal dynamics deficits are a likely cause for the observed reduction in vascular 

contraction. Therefore, we examined actin dynamics by measuring actin polymerization in 

VSMCs from GF and GFC rats. Filamentous actin was less pronounced in GF rats compared 

to positive control (Figure 4 E and F). No differences were observed in F: G actin ratio 

between GFC and positive control (Figure 4 E and F). These suggest that reconstitution of 

microbiota in the GFC rats partially increase actin polymerization via a shift in the F: G 
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equilibrium in favor of F-actin, albeit not significantly compared to GF (Figure 4 E and F). 

Additionally, these data also indicate that the hyporesponsive vascular phenotype of GF rats 

is, at least in part, due to intrinsic changes in the VSMCs.

Given that actin polymerization requires constant energy consumption, we questioned if low 

actin polymerization and, subsequently reduced vascular contraction, would be due to 

mitochondria dysfunction. Further, since actin polymerization is also an anabolic process 

and the cytoskeleton mechanically regulates glycolysis28, we measured glycolysis by ECAR 

and oxidative phosphorylation (through OCR) simultaneously in live VSMCs from GF and 

GFC rats. A scheme for the overall bioenergetics profile is demonstrated in Figure S1A. We 

observed that OCR, which represents mitochondria function, is similar between groups 

(Figure S1B). On the other hand, we found that VSMCs from GF rats presented a reduction 

in ECAR (a measure for glycolysis) when compared to GFC rats (Figure S1C). Taken 

together, these data indicate that microbiota are essential for regulating actin polymerization 

and associated bioenergetic profiles.

Microbiota promote actin polymerization via inactivation of cofilin

Next, we sought to identify a molecular mechanism contributing to the higher 

depolymerization of actin in GF rats. We focused on cofilin, a major actin-binding protein 

that disassembles actin filaments. Specifically, cofilin actively promotes actin 

depolymerization and phosphorylation inhibits this activity29. Phosphorylation of cofilin was 

significantly lower in the VSMCs of GF rats compared to GFC rats Figures 5 A and B. 

There were no differences in phosphorylation of another actin polymerization regulator, 

named VASP (vasodilator-stimulated phosphoprotein), indicating that microbiota 

specifically induced phosphorylation of cofilin in GFC rats (Figure S2A–C). It has been 

shown that viral stimulation of phosphor ERK1/2 leads to cofilin phosphorylation and 

inactivation and, subsequently, F-actin polymerization30. Corroborating these data, we 

observed that absence of microbiota leads to decrease in phospho ERK1/2 (Figure 5 C and 

D). These data suggest that increased in F-actin depolymerization via activation of cofilin in 

arteries from GF rats may be due to decreased phospho ERK1/2. Reconstitution of 

microbiota, similar to the viral stimulation30, reversed these responses (Figure 5 C and D). 

In addition to actin polymerization dysregulation, we questioned if a regulatory subunit of 

myosin light chain phosphatase would regulate vascular tone in arteries from GF rats. No 

changes were observed in phospho myosin phosphatase target subunit 1 (MYPT1) protein 

expression between groups (Figures S2 D and E).

Because cell migration and proliferation are driven by continuous reorganization and 

turnover of the actin cytoskeleton, we measured these parameters in VSMCs from GF and 

GFC rats. Interestingly, both parameters are reduced in VSMC from GF and GFC when 

compared to positive control (Figures S3 and S4). These data indicate that the acute 

exposure of microbiota (10 days) to GF rats increased phosphorylation of cofilin to maintain 

vascular tone (Figure 5A), but prolonged exposure may be required for the actin 

polymerization-dependent cellular migration and proliferation (Figures S3 and S4).
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Discussion

Selective pressure during evolution has fostered strategic symbiotic alliances between the 

host and commensal microbiota. While the host components responsible for mammalian 

homeostasis have been extensively documented, the dependency of the host on commensal 

microbes for maintenance of cardiovascular health has been only recently recognized. As 

relevant to BP homeostasis, it has been shown that gut dysbiosis is associated with 

hypertension10,12–14,31. In line with this, Yang et al.14 reported microbial dysbiosis in the 

spontaneously hypertensive rat (SHR), as well as in a small cohort of hypertensive patients, 

when compared to normotensive rats and humans, respectively14. Since then, similar animal 

studies from other models as well as human studies from diverse cohorts have reported clear 

differences in microbial compositions between hypertensive and normotensive 

groups10,12–14,31. While these association studies both in animal models and in humans 

suggest that the microbiome may impact BP, the underlying mechanism(s) showing how a 

mammalian host requires commensal microbiota to regulate BP is still unclear.

In the current study, we addressed this problem using the experimental design of comparing 

germ-free (GF) rats to represent the host devoid of the microbial component and 

conventionalized rats with reconstituted microbiota. We demonstrated that rats lacking 

microbiota had lower BP and vascular hypocontractility via decreased actin polymerization, 

which was restored by the acquisition of microbiota. A limitation of our study is that we 

procured inbred, 7-week-old SD rats that were either GF or re-conventionalized GF (GFC). 

Re-conventionalization of GFC was performed by co-housing GF rats with outbred 

conventionally-raised SD rats for 10 days. Although we had SD rats available, as controls, 

from a genetic point of view, the comparison between physiological parameters, such as 

vascular function and BP, are not acceptable due to genetic variability between groups which 

interferes in the interpretation of the data. However, in our previous study, where we used 

conventional (control) and GF mice32, we also observed similar phenotype in arteries 

(hypocontractility) from GF mice. Therefore, this previous study solidified the present null 

and alternative hypothesis that microbiota restored rat from slight hypotension and lower 

vascular contractility. Further, in the absence of dysbiosis, microbiota are not pathological in 

inducing abnormal elevation BP.

As defined by Poiseuille’s law, lumen diameter, vessel length, and viscosity of the blood are 

the primary determinants of the resistance to blood flow within a vessel. The most 

significant by far is the lumen diameter, because vessel resistance is inversely proportional to 

the radius to the fourth power. Therefore, any reduction in vascular tone and contractility 

would significantly decrease vascular resistance and, subsequently, BP. It is known that 

prolonged vasoconstriction of resistance and large arteries involves VSMCs actin 

polymerization33. In the present study, one of the mechanisms for the hypocontractile 

responses in GF rats was traced to defects in the polymerization of actin filaments caused by 

the activation of cofilin. Interesting, introduction of gut microbiota to GF rats 

phosphorylated and, consequently, inhibited cofilin. Thus, we suggested that signaling by 

microbiota are essential for the functional homeostasis of host vasculature. Because vascular 

function directly controls BP, this newly discovered function of microbiota on VSMC actin 

polymerization, at least in part, responsible for the underlying mechanism by which 
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microbiota regulate BP. Although, we did not observe differences in endothelium- dependent 

and independent relaxation in arteries from GF and GFC rats, it cannot be excluded that a 

continuous release of an endothelial vasodilator(s) contributes to the difference observed 

here. Further, two events truly dependent on actin polymerization, migration and 

proliferation, were decreased in arteries from GF rats, and reconventionalization of the rats 

did not improve these responses. It is possible that only 10 days of reconventionalization 

may not be sufficient to recovery these parameters. Also, there is a possibility that other 

mechanism(s), such as endothelial-derived contractile factors, may play a role in microbiota-

induced vascular changes. Finally, although we did not observe differences in circulating 

catecholamine levels between groups, the effects of sympathetic activity on the vasculature 

of GF and GFC cannot be completely excluded since our measurements were performed in 

the basal state. All these inferences will be addressed in future studies.

This is the first report using GF and conventionalized GF rats to study the contributions of 

microbiota to vascular function and BP regulation. Introducing microbiota for a short 

duration of 10 days was enough to elicit differential vascular and BP responses, suggesting 

that microbial factor(s) cause rapid effects on the host cardiovascular system. There is an 

increasing recognition that in healthy individuals the blood also harbors a diverse bacterial 

microbiota34–36. This new paradigm suggests that microbiota are present in the circulation 

from healthy conditions and may play a fundamental role for the maintenance of regulatory 

pathways involved in the immune tolerance. There are hundreds of bacterial products 

metabolites, co-metabolites (e.g. TMAO) released into the host circulation that can impact 

host physiology. It would be premature to conclude that any one of these bacterial products 

is responsible for the observed signaling to inactivate cofilin and promote actin 

polymerization. Some potential candidates to consider are bacterial N-formyl peptides 

(NFPs), such as formyl-methionyl-leucyl-phenylalanine (fMLP), which binds to formyl-

peptide receptor-1 to induce actin polymerization23. Interestingly, it was demonstrated that 

blood levels of the microbiota-produced NFPs, formyl-methionyl-leucyl-phenylalanine 

(fMLP or fMLF; ~ 0.1 nM), are present in health animals, but they are exacerbated in obese 

mice37. Further, these authors also observed that treatment with antibiotics significantly 

decreased NFPs levels in both health and obese animals37. Others include microbial 

metabolites such as equol38 or urolithin39, both of which are known to regulate actin 

polymerization. It is more likely that more than one bacterial product or metabolite or 

cumulative effects of these metabolites is influencing the fundamental cytoskeletal dynamics 

of VSMCs of the host.

Several studies in mice, rats and humans have revealed a link between microbiota and host 

cardiovascular responses. The designs used for these studies included associations on the 

microbiota and BP based on the employment of antibiotics to clear pre-existing microbiota 

and/or microbial transplantations, along with correlations of bacterial taxa shifts in human 

hypertensive patients10,12–14,31. These designs are informative, but not perfect for examining 

cause-effect relationships between microbiota and host BP regulation. Germ-free models, by 

virtue of them being depleted of microbes, represent incomplete holobionts. Comparing 

these incomplete holobionts with microbial-reconstituted, and thereby complete holobionts, 

provided this study the platform to directly address the question of whether microbes are 

essential to maintain host cardiovascular homeostasis. The data generated, which 
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demonstrates that vascular contraction and BP of animals without microbiota are lower than 

the ones with microbiota, support our hypothesis that microbiota are essential for the host to 

maintain its hemodynamic homeostasis.

In summary, our findings show that the vascular system senses and responds to the presence 

of microbiota with a notable impairment in vascular contractility via enhanced actin 

depolymerization. We propose that this may be one of the potential mechanisms explaining 

how microbiota are mechanistically connected with BP homeostasis.

Limitations of the study

The age of rats used in the present study (7 weeks old) is a limitation. These animals are in 

the developmental phase of their life when compared to ones as full adult (~12 weeks old). It 

is possible that different ages may present different vascular responses. Another limitation of 

the present study was that we were not able to use female rats. In our previous study, we 

observed that germ-free mice present sex-specific vascular remodeling in mice32. 

Specifically, it was observed that resistance arteries from male germ-free mice demonstrated 

increased vascular stiffness and inward hypotrophic remodeling, a characteristic of chronic 

reduction in blood flow. On the other hand, resistance arteries from germ-free female mice 

presented outward hypertrophic remodeling, a characteristic seen in aging32.

Perspectives

By comparing incomplete holobionts with complete holobionts, we support the previous 

studies that observed that reconstitution of microbiota has many benefits for the host. 

Therefore, scientists and physiologists should focus on the identification of the microbiota-

derived molecule(s) which is(are) present in the blood, and may mediate physiological and 

pathophysiological changes in cardiovascular function.
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Novelty and Significance

What Is New?

• This is the first report using conventionalized GF rats to study the 

contributions of microbiota to vascular function and BP regulation in healthy 

animals;

• This is the first study to observed that reduced actin polymerization, via 

cofilin activation, is the cause of vascular hypocontractility in GF rats.

What Is Relevant?

• In light of the insufficient mechanistic data and cause-effect relationship on 

microbiota and cardiovascular system, our results are relevant because 

indicate that the vascular system senses the presence (or lack of) microbiota 

to maintain vascular tone.

• In the absence of dysbiosis, microbiota are not pathological in inducing 

abnormal elevation BP.

Summary

Introducing microbiota for a short duration of 10 days was enough to elicit differential 

vascular and BP responses, suggesting that microbial factor(s) cause rapid effects on the 

host cardiovascular system. Taken together, these results constitute a fundamental 

discovery of the essential nature of microbiota in BP regulation.
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Figure 1. 
16S ribosomal RNA (rRNA) gene sequencing and analysis from fecal DNA extracted from 

one fecal pellet (A). Representative image (B) and cecum weight (C) from male 7-week-old 

Sprague Dawley (SD) rats that were either germ-free (GF) or germ-free conventionalized 

(GFC). Number of animals and p values are indicated in the graphs. Data are presented as 

mean ± SEM. Student’s t test; *vs. GF. p<0.05.
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Figure 2. 
Systolic (A) and diastolic (B) blood pressure measurements. Illustration (C) shows co-

housing of male 7-week-old Sprague Dawley (SD) rats that were either germ-free (GF) or 

germ-free conventionalized (GFC). Total heart (D), left (LV, E) and right (RV, F) ventricular 

weight normalized by 27.73 + tibia length3 (TL); 26.73 + tibia length3 (TL) and 26.53 + tibia 

length3 (TL) respectively. Number of animals and p values are indicated in the graphs. Data 

are presented as mean ± SEM. Student’s t test; p<0.05.
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Figure 3. 
Contraction to KCl (120 mmol/L) (A) and concentration response curves to phenylephrine 

(B and C), acetylcholine (D) or sodium nitroprusside (SNP) (E) in mesenteric resistance 

arteries (MRA) from male 7-week-old Sprague Dawley (SD) rats that were either germ-free 

(GF) or germ-free conventionalized (GFC). For relaxation curves, arteries were contracted 

with phenylephrine (10 μmol/L). Number of animals and p values are indicated in the 

graphs. Data are presented as mean ± SEM. Two-way ANOVA or Student’s t test; *vs. GF. 

p<0.05.
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Figure 4. 
Plasma noradrenaline (norepinephrine) (A) and adrenaline (epinephrine) (B) concentrations. 

Densitometric analysis and representative images of immunoblots from alpha-1a adrenergic 

receptor (ADRA1A) and β-actin (C and D) and filamentous F-to-globular G-actin ratio (E 

and F) in vascular smooth muscle cells (VSMCs) from male 7-week-old Sprague Dawley 

[(SD, positive control (+)] rats, SD rats that were germ-free (GF) or germ-free 

conventionalized (GFC). Number of animals and p values are indicated in the graphs. Data 

are presented as mean ± SEM. One-way ANOVA or Student’s t test.
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Figure 5. 
Densitometric analysis and representative images of immunoblots from total and phospho 

cofilin (A and B) and ERK1/2 (C and D) in vascular smooth muscle cells (VSMCs) from 

male 7-week-old Sprague Dawley [(SD, positive control (+)] rats, SD rats that were germ-

free (GF) or germ-free conventionalized (GFC). Illustration (E) shows that acquisition of 

microbiota in GFC rats, ERK 1/2 phosphorylates and inactivates the actin-depolymerizing 

protein cofilin leading to a stabilization of actin stress fibers to maintain vascular tone. 

Number of animals and p values are indicated in the graphs. Data are presented as mean ± 

SEM. One-way ANOVA or Student’s t test.
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Table 1:

Body and organ weight

GF GFC t-test vs. GF

Body weight (g) 205.7 ± 12 (n=6) 262.8 ± 5* (n=6) p=0.001

Kidney weight /tibia length (g/mm) 0.048 ± 0.001 (n=6) 0.052 ± 0.001 (n=5) p >0.05

Spleen weight /tibia length (g/mm) 0.013 ± 0.001 (n=6) 0.015 ± 0.0004 (n=6) p >0.05

White adipose tissue (g) 0.77 ± 0.13 (n=6) 1.12 ± 0.06* (n=6) p=0.04
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