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Abstract 

Short-chain fatty acids (SCFAs) are metabolites produced almost exclusively by the gut 

microbiota and are an essential mechanism by which gut microbes influence host 

physiology. Given that SCFAs induce vasodilation, we hypothesized that they might 

have additional cardiovascular effects. In this study, novel mechanisms of SCFA action 

were uncovered by examining the acute effects of SCFAs on cardiovascular physiology 

in vivo and ex vivo. Acute delivery of SCFAs in conscious radiotelemetry implanted mice 

results in a simultaneous decrease in both mean arterial pressure and heart rate. 

Inhibition of sympathetic tone by the selective β-1 adrenergic receptor antagonist 

atenolol blocks the acute drop in HR seen with acetate administration, yet the decrease 

in mean arterial pressure persists. Treatment with tyramine, an indirect 

sympathomimetic, also blocks the acetate-induced acute drop in HR.  Langendorff 

preparations show that acetate lowers HR only after long term exposure and at a 

smaller magnitude than seen in vivo. Pressure-volume loops after acetate injection 

show a decrease in load-independent measures of cardiac contractility.  Isolated 

trabecular muscle preparations also show a reduction in force generation upon SCFA 

treatment, though only at supraphysiological concentrations. These experiments 

demonstrate a direct cardiac component of the SCFA cardiovascular response. These 

data show that acetate affects blood pressure and cardiac function through parallel 

mechanisms and establish a role for SCFAs in modulating sympathetic tone and cardiac 

contractility. These results further advance our understanding of the role of SCFAs in 

blood pressure regulation. 
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Significance Statement: 

Acetate, a short-chain fatty acid, acutely lowers HR as well as MAP in vivo in 

radiotelemetry implanted mice. Acetate is acting in a sympatholytic manner on HR and 

exerts negative inotropic effects in vivo. This work has implications for potential short-

chain fatty acid therapeutics as well as gut dysbiosis-related disease states. 
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Introduction 

A primary mechanism by which the gut microbiota communicates with the host and 

influences host physiology is via gut microbial metabolites, including short-chain fatty 

acids (SCFAs) (Natarajan and Pluznick, 2014; Natarajan et al., 2016). Acetate is the 

most abundant SCFA present in the plasma, followed by propionate and butyrate (den 

Besten et al., 2013; Trompette et al., 2014). SCFAs are virtually undetectable in germ-

free animals, suggesting that gut microbiota are responsible for the vast majority of 

circulating SCFAs (Perry et al., 2016a). SCFAs modulate host immune responses and 

metabolism, as well as blood pressure regulation (den Besten et al., 2013; Pluznick et 

al., 2013; Trompette et al., 2014). SCFAs have been considered a beneficial by-product 

of the gut microbiota, acting primarily to promote host health (Aguilar-Nascimento et al., 

2006; Bindels et al., 2012; Andrade-Oliveira et al., 2015). A greater understanding of the 

physiological processes regulated by SCFAs and the mechanisms by which SCFAs 

signal in host cells is key to determining how gut microbiota can influence host 

physiology. 

SCFAs induce vasodilation in blood vessels ex vivo and hypotension in vivo 

(Keshaviah, 1982; Daugirdas and Nawab, 1987; Mortensen et al., 1990; Natarajan et 

al., 2016; Onyszkiewicz et al., 2019). Acute administration of SCFAs lowers blood 

pressure, and this effect is mediated in part by G protein-coupled receptors such as 

Olfr78 and GPR41 (Pluznick et al., 2013; Natarajan et al., 2016; Onyszkiewicz et al., 

2019). Exogenous SCFA treatment has also been shown to have cardioprotective 

effects, as well as protective effects against acute kidney injury, inflammation, and 

hypertension (Andrade-Oliveira et al., 2015; Marques et al., 2017; Wang et al., 2017; 
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Ganesh et al., 2018; Bartolomaeus et al., 2019). While the hypotensive effect of SCFAs 

has been studied for decades (Bauer and Richards, 1928; Keshaviah, 1982; Pluznick et 

al., 2013; Sircana et al., 2019; Toral et al., 2019), these previous studies have primarily 

utilized anesthetized or restrained animals (such as tail cuff measurements), which can 

potentially confound results. For the first time, our studies examine acute effects of 

SCFA administration in unanesthetized, unrestrained mice, allowing us to acquire mean 

arterial pressure (MAP) and heart rate (HR) data from a more accurate physiological 

baseline. In this study, we report that acetate acutely lowers MAP and HR by acting 

through parallel mechanisms on the vasculature, the heart, and the autonomic nervous 

system, and that acetate has both direct and indirect effects on cardiac physiology. 

Looking forward, a better understanding of the physiological responses elicited by 

SCFAs and other microbial metabolites will improve our knowledge of host-microbiota 

communication. 
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Methods 

Ethical Approval: All animal protocols and procedures were approved by the Johns 

Hopkins Animal Care and Use Committee (accredited by the Association for the 

Assessment and Accreditation of Laboratory Animal Care). 

 

Animals: C57BL/6 mice were either purchased directly from Jackson Labs or were the 

progeny of Jackson-originated C57BL/6 breeding pairs bred at Johns Hopkins. Mice 

were housed in individually ventilated cages with a maximum of 5 adult mice per cage. 

For radiotelemetry studies, mice were housed separately in static cages placed on 

telemetry receiver platforms. Cages were autoclaved with corncob bedding, and 

animals were maintained on Teklad 2018SX, 18% protein diet. Animals were given 

water ad libitum using automatic watering systems or water bottles. 

 

Radiotelemetry: Male and female C57BL/6 mice, 11-12 weeks of age, were implanted 

with radiotelemetry devices (PA-C10, Data Science International), as described 

previously (Natarajan et al., 2016; Shubitowski et al., 2019), to measure MAP. 

Radiotelemetry catheters were inserted into the right carotid artery, and the body of the 

transmitter was implanted subcutaneously. The surgery was performed under 1% 

isoflurane anesthesia. Meloxicam (Ostilox, VetOne) was administered post-op as a non-

steroidal anti-inflammatory agent. Mice were given seven to fourteen days for recovery 

after surgery during which time mice were monitored for distress by recording weight, 

food/water intake, and behavior before any telemetry measurements were taken. If a 

mouse did not recover from surgery or the radiotelemetry waveform was abnormal, it 
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was excluded from the study. Once radiotelemetry measurements were completed, 

mice were euthanized by CO2 exposure followed by cervical dislocation. 

 

Intraperitoneal Injections: SCFAs were delivered to radiotelemetry implanted mice via 

intraperitoneal (IP) injections. SCFAs used for IP injections included sodium acetate 

(Sigma S2889), sodium propionate (Sigma P1880), sodium butyrate (Sigma B5887), 

sodium D-lactate (Sigma 71716), and sodium L-lactate (Sigma 7022). Lactate solutions 

were an equimolar mix of D- and L-lactate hereafter referred to as lactate. 

Pharmacological inhibitors used were metoprolol (Sigma M5391), atenolol (Sigma 

A7655), atropine (Sigma A0132), and tyramine (Sigma T2879). IP injections were done 

between 11AM and 3PM. For each IP injection, the subcutaneous telemetry transmitter 

was turned on using a magnet, and a baseline MAP was recorded for a minimum of 10 

min. Mice were briefly removed from the radiotelemetry receiver to be weighed, after 

which mice were injected IP with 1 g/kg SCFA or a matched volume of saline (0.9g 

NaCl 100ml). The total volume injected was 5µl/g body weight.  For pretreatments with 

pharmacological inhibitors, mice were first injected IP with either 4mg/kg metoprolol, 

2mg/kg atenolol, or 4mg/kg atropine. After a further 10 minutes of recording, a second 

SCFA injection was performed. For tyramine's administration, mice were first injected IP 

with 100mg/kg tyramine. After 30 minutes, a second injection with acetate was 

performed. MAP, HR, Systolic, Diastolic, and pulse pressure were then recorded until 

blood pressure returned to baseline.   
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Plasma renin activity and SCFA analysis:  Plasma renin concentration was 

measured in 10-12 week old C57BL/6 mice with a modified angiotensin I measurement 

kit (Peninsula Labs S-1188). After collection, plasma was diluted 30-fold and incubated 

with excess porcine angiotensinogen (Sigma SCP0021) for 20 minutes at 37°C in a 

buffer containing 50 mM sodium acetate (pH 6.5), 10 mM AEBSF, 10 mM EDTA (pH 

8.0), 1 µM porcine angiotensinogen, and 10 mM 8-hydroxyquinoline. After incubation 

with angiotensinogen, the samples were analyzed according to the protocol provided 

with the kit. Plasma renin concentration was assayed by competitive binding of 

angiotensin I generated to its antibody. For plasma SCFA analysis, plasma was 

collected and sent for by stable isotope dilution GC-MS/MS analysis at the Lerner 

Research Institutes Metabolomics Shared Laboratory Resource at the Cleveland Clinic. 

A subset of the samples was sent in duplicate to ensure that data were reproducible 

(the Center was blinded to the samples' identity and did not know which were 

duplicates). 

 

Langendorff Hearts: Male C57BL/6 male mice, 10-12 weeks of age, were injected with 

500 units of heparin to prevent clotting. Animals were then euthanized by cervical 

dislocation, and the hearts were harvested. After harvesting, the aorta was cannulated 

and perfused with Krebs-Henseleit (KH) buffer at 37oC, gassed at 95% O2 and 5% CO2, 

and buffered to pH 7.4. A balloon connected to a pressure transducer was inserted into 

the left ventricle, and functional parameters were measured, as previously described 

(Cortassa et al.). The heart was not paced during this process. After stabilization, 

baseline values were recorded for 10 minutes, followed by infusion with either pH 
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balanced saline vehicle solution (pH 9.4) or an acetate solution into the KH buffer. A 

stock solution of sodium acetate (1M) was introduced into the perfusate and diluted to a 

working concentration of 10 mM. This was then followed by 60 minutes of washout with 

KH buffer. Left ventricle (LV)  functional parameters were recorded, and a separate 

pressure transducer connected to the aortic cannula was recorded, and coronary 

perfusion pressure. For Isoproterenol treatment, Isoproterenol (Sigma I6504) was 

perfused into the heart for 5-minute intervals at a 10nM working concentration. 

 

In vivo Hemodynamics and Pressure-Volume Loops:   Cardiac function and arterial 

loading were assessed by pressure-volume (PV) analyses by the Johns Hopkins Small 

Animal Cardiovascular Phenotyping Core, using a miniature 

micromanometer/conductance catheter (Millar, Inc.). Briefly, male and female mice were 

anesthetized with 1%-2% isoflurane, 750–1000 mg/kg urethaneIP, 5–10 mg/kg  

etomidateIP, and 1–2 mg/kg morphine IP; animals were subjected to tracheostomy; and 

were ventilated with 6–7μl/g  tidal volume and 130 breaths/min. Volume expansion 

(12.5% human albumin, 50–100 μl over 5 min) was provided through a 30-gauge 

cannula via the right external jugular vein. The LV apex was exposed through an 

incision between the seventh and eighth ribs, and a 1.4-Fr PV catheter (SPR 839; Millar 

Instruments Inc.) was advanced through the apex to lie along the longitudinal axis. 

Absolute volume was calibrated, and PV data were measured at steady-state and 

during a transient reduction of venous return by occluding the inferior vena cava with a 

6-0 silk snare suture. The end-systolic PV relation slope was derived from the 10–15 

successive cardiac cycles during the inferior vena cava occlusion. The arterial load was 
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determined by peak systolic pressure, effective arterial elastance (ventricular end-

systolic pressure/stroke volume), and systemic resistance.  

 

Isolated trabecular muscles: Mice (15+ weeks old, ~30g weight) were anesthetized 

with an intra-abdominal injection of pentobarbital (100 mg/kg). The heart was exposed 

by mid-sternotomy, rapidly excised, and placed in a dissection dish. The aorta was 

cannulated and the heart perfused in a retrograde fashion with dissecting Krebs-

Henseleit (K-H) solution equilibrated with 95% O2 and 5% CO2. The dissecting K-H 

solution was composed of (in mM) NaCl 120, NaHCO3 20, KCl 5, MgCl 1.2, glucose 10, 

CaCl2 0.5, and 2, 3-butanedione monoxime 20 [pH 7.35–7.45 at room temperature (21–

22oC)]. Trabecular muscles (in mm: 1·01 ± 0·22 long, 0·17 ± 0·07 wide, and 0·09 ± 0·02 

thick; means ± s.d.) from the right ventricles of the heart were dissected and mounted 

between a force transducer and a motor arm, superfused with K-H solution at a rate of 

~10 mL/minute, and stimulated at 0.5 Hz.  

Force was measured by a force transducer system (KG7, Scientific Instruments GmbH, 

Heidelberg, Germany) and expressed in milliNewtons per square millimeter of cross-

sectional area. The muscles underwent isometric contractions with the resting muscle 

length set so that resting force was 15% of total force development (i.e., optimal muscle 

length which corresponds to a sarcomere length of 2.2-2.3μm, as determined previously 

(Gao et al., 1998). This resting muscle length was maintained throughout the 

experiments.  

Stock solutions (50mM or 5M) of sodium acetate and sodium propionate were added to 

the 50 ml KH buffer system such that the final concentration range was 0-200 mM. For 
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sodium butyrate, the stock solution was 50 mM, and the final concentration was varied 

from 0 to 400 μM.  

Statistical Analysis: For radiotelemetry monitoring post-IP-injections, data were 

recorded and exported from Dataquest A.R.T. Gold software (Data Sciences 

International). Data were collected as a ten-second average, exported into Microsoft 

Excel, and analyzed in Graphpad Prism 8. SCFA IP injections were compared to their 

volume matched saline control injections via multiple t-test comparisons, followed by 

Holm-Sidak correction for multiple comparisons. This test was chosen due to missing 

values caused by removing the mouse from the telemetry receiver to administer 

injections. Significance was defined as a p value <0.05 vs saline IP injection trace at the 

same time point adjusted for multiple comparisons. For maximum delta (Δ) and half-

recovery time (t1/2) analysis after SCFA injection, MAP and HR were averaged every 30 

seconds. The 5 minutes immediately prior to SCFA IP injection were averaged and 

used as a baseline value. The Δ ( positive or negative) was defined as the greatest 

difference between the baseline value and any point within 30 minutes post-injection.  . 

The ½ recovery time (t1/2, min)was defined as the time required to reach the baseline 

value plus or minus ½ of the Δ . Significant differences between treatments were 

defined by a one-way ANOVA followed by Dunnett's test with a p value <0.05 vs. 

baseline defined as significant after adjustment for multiple comparisons. In-text 

references to ΔMAP, ΔHR, and t1/2 are shown as mean±SD.  Box-and-whisker plots 

show all points, with each point corresponding to one experiment, minimum to 

maximum values.  Some injections were repeated (on different days) in the same 

mouse; results from multiple days were averaged. 
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For Langendorff heart analysis, data was recorded in AcqKnowledge and exported into 

Microsoft Excel and Graphpad Prism 8 for analysis. During the experiment, timepoints 

were compared using two-way ANOVA with Sidak correction for multiple comparisons 

when comparing saline and acetate treated hearts, or one-way ANOVA with Geisser-

Greenhouse correction and Tukey's multiple comparisons test for isoproterenol treated 

hearts. Adjusted p values <0.05 were defined as significant. In-text values are shown as 

mean±SD. 

 

For PV Loop IVC occlusion, the analysis was performed using LabChart 8 

(ADInstruments) with the PV loop analysis add-on. After pressure-volume calibration, 

10-15 successive cardiac cycles during IVC occlusion were selected for analysis. From 

these cycles was derived the end-systolic PV relation (ESVPR) slope, also known as 

end-systolic elastance (Ees), preload recruitable stroke work (PRSW) relationship, and 

dP/dt Max vs end-diastolic volume plot. IVC occlusions were performed 10 minutes post 

acetate or volume/pH-matched saline IP injection. For steady-state parameters, 10-15 

cycles were analyzed and averaged immediately before IP injection (basal) and 10 

minutes after IP injection (saline and acetate). Baseline and IP injection values were 

compared using a mixed-effects analysis with Geisser-Greenhouse correction, and 

Tukey’s multiple comparisons test. IVC occlusion values were omitted for a particular 

time point if the PV loop displayed an end-systolic "spike" due to catheter entrapment or 

other artifacts of PV loop measurement. Adjusted p values <0.05 were defined as 

significant. 
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Results 

IP Injection of acetate in radiotelemetry implanted mice  

It has been previously reported that IV administration of SCFAs causes acute 

hypotension in mice (Pluznick et al., 2013), but this prior study used anesthetized mice 

and HR was not monitored. Here, radiotelemetry with IP delivery of SCFAs allowed us 

to monitor both blood pressure and HR responses to individual SCFAs in conscious, 

unrestrained, unanesthetized animals.  IP injection (a mode of delivery that has been 

used to modulate acetate levels in vivo (Kimura et al., 2011; Ciarlo et al., 2016)) was 

used because it allows for the delivery of acetate without anesthesia. To determine the 

effect of acetate on cardiovascular function, a 1g/kg IP dose of acetate (Kimura et al., 

2011; Ciarlo et al., 2016; Shubitowski et al., 2019) was delivered in male and female 

radiotelemetry C57BL/6 mice. As a control, mice were given volume matched saline IP 

injections (5 µl/g) to account for stress and handling effects on MAP and HR (Fig. 1). 

MAP was significantly depressed from minutes 12-32 after 1g/kg  acetate (Fig. 1A). 

Saline injection caused a transient increase in MAP, likely due to a stress response. 

After acetate IP injection, MAP decreased an average maximum (ΔMAP) of -52.15 ± 

12.1 mmHg (Fig. 1B), a 44% drop from baseline, and had a half-recovery time (t1/2) of 

22.3 ± 5.4 minutes (Fig. 1C). No differences were observed between male and female 

mice. Systolic, diastolic, and pulse pressure were also recorded (Supplemental Fig. 1). 

A lower dose of acetate (0.625 g/kg) yielded a decrease in MAP that was similar in 

magnitude to that of the higher 1g/kg dose (-37.7 ± 13.5mmHg, Fig. 1B), but the t1/2 
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(14.0 ±3.8 minutes, Fig. 1C) was significantly shorter.  MAP was significantly depressed 

from minutes 14-21 as compared to saline injection controls (Fig. 1A). 

Based on the literature (Daugirdas and Nawab, 1987; Mortensen et al., 1990; Natarajan 

et al., 2016), we had hypothesized that the drop in MAP was driven by vasodilation, and 

expected to observe a reflex tachycardia. However, after 1g/kg acetate IP injection, HR 

decreased significantly from minutes 11-22 (Fig 1D-F), with a maximum change from 

baseline (ΔHR) of -252.8 ± 54.3 bpm. A lower dose of 0.625g/kg acetate decreased HR 

significantly from minute 15-16, with a maximum change from baseline of -205.3±60.9 

bpm. In contrast, saline transiently increased HR. These data suggest that IP 

administration of acetate can acutely depress HR simultaneously with MAP in vivo. 

Acute hypotension increases plasma renin (Khambatta et al., 1979; Bertolino et al., 

1994), and acetate induces renin release in the kidney (Pluznick et al., 2013). To 

assess if acetate IP injection increases plasma renin, renin activity was measured at 

multiple time points after 1g/kg acetate IP injection in a separate cohort of mice.  IP 

injection of acetate significantly increased plasma renin activity (vs. saline control) at all 

time points, indicating that acetate IP induces sustained high levels of plasma renin (Fig 

2A). 

We previously found that plasma acetate peaks at ~15 minutes after injection of 1 g/kg 

acetate (Shubitowski et al., 2019), but this previous study examined relative changes 

acetate over baseline. To quantitatively determine plasma acetate in mM at 15 minutes 

post-IP injection, plasma acetate was analyzed by GC-MS (Fig 2B). Acetate 

concentrations in uninjected mice were 0.16±0.030mM, which was unchanged 15 

minutes after saline IP injection (0.15±0.018mM). A 1g/kg acetate IP injection increased 
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plasma acetate to 14.9±1.8mM. Baseline plasma acetate levels in mice generally range 

from 0.1-0.6 mM (Ge et al., 2008; Perry et al., 2016b; Tumanov et al., 2016; Nishitsuji et 

al., 2017), although venous levels are typically much higher (~4-5mM (Bugaut, 1987), 

and arterial levels have been reported as high as ~2 mM range ((Bugaut, 1987).   

HR effects of acetate are inhibited by β-blockers and sympathomimetics in vivo  

The rapid drop in heart rate led us to hypothesize that acetate acts on the autonomic 

nervous system in either a vagotonic or a sympatholytic manner. To test this, male mice 

were injected IP with atropine (muscarinic acetylcholinergic antagonist) followed by 

acetate, as well as atenolol (selective β-1 adrenergic receptor antagonist) followed by 

acetate (Fig. 3).  Atropine alone increased HR after injection, as would be expected due 

to parasympathetic inhibition (ΔHR 172.3±72.2 bpm, Fig. 3D), and atenolol alone 

decreased HR (Fig. 3D,  average decrease of -124.6 ± 53.3 bpm), consistent with 

inhibition of sympathetic tone. Ten minutes after injection, a subset of mice were given a 

second IP injection of 1 mg/kg acetate. As a control, acetate alone was injected.   

The MAP and HR changes observed after pretreatment with atropine were similar to 

acetate alone, suggesting that acetate's effect is not due to an increase in vagal tone 

(Fig.3B/D). Full hemodynamic traces for atropine and atropine/acetate injections are 

shown in Supplemental Fig 2A.  However, atenolol did impact the acetate response. 

As seen previously in Fig 1, acetate alone decreased both MAP and HR (first arrow in 

red traces in Fig 2, max Δ -54.5 ± 13.3 mmHg and -242.7.4 ± 50.8 bpm respectively). 

Systolic, diastolic, and pulse pressures were also recorded after atenolol and 

atenolol/acetate injection (Supplemental Fig 2B). When mice were pretreated with 

atenolol (first arrow) and then given acetate (second arrow, black trace, Fig 3A, C), 
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MAP decreased similarly, but the drop in HR was significantly attenuated (ΔMAP -63.3 

± 15.6 mmHg and ΔHR -158.3 ± 41.6 bpm, respectively), suggesting that HR but not 

MAP is affected by changes in sympathetic tone. To confirm this, an alternative β-

blocker, metoprolol, was injected in a small cohort of mice (Fig 3B/D). Metoprolol 

treated mice had less acetate-induced HR depression than acetate alone (p=0.041 ΔHR 

-150.5 ± 27.8 bpm). Full hemodynamic traces for metoprolol and metoprolol/acetate 

injection are shown in Supplemental Fig 2C. ΔMAP after acetate was not significantly 

different between atropine, atenolol, or metoprolol pre-treated mice.  

To further demonstrate the sympathetic tone's role in the acetate-mediated response,  

male mice were injected IP with tyramine, an indirect sympathomimetic which induces 

catecholamine release (Fig. 4).  Because we hypothesized that the acetate-induced 

drop in HR (but not MAP) is sympatholytic, we predicted that pretreatment with tyramine 

would attenuate the effect of acetate on HR, but would not alter the effect of acetate on 

MAP.  As a sympathomimetic, tyramine increased MAP (Fig. 4A), which initially caused 

a transient decrease in HR (Fig. 4B), though HR quickly recovered and became 

elevated above baseline (mean increase of 111.6 bpm 30 minutes after tyramine IP 

alone). Acetate alone decreased both MAP and HR (first arrow in red traces in Fig 4, 

max Δ -56.9 ± 15.9 mmHg and -239.8 ± 58.6 bpm respectively).  When mice were 

treated with 1 mg/kg acetate (second arrow) 30 minutes after tyramine pretreatment 

(first arrow), the decrease in MAP was not altered (Fig 4B, ΔMAP -47.8 ± 14.1 mmHg), 

but the drop in HR was significantly attenuated (Fig 4D, ΔHR –101.7 ± 24.7 bpm). 

Systolic, diastolic, and pulse pressures were also recorded after tyramine and 
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tyramine/acetate injection (Supplemental Fig 3). These data imply that the effect of 

acetate on HR is primarily sympatholytic.  

Direct acetate effects in ex vivo Langendorff Hearts  

To determine if acetate can act directly on the heart to reduce HR, ex vivo Langendorff 

hearts from male mice were used (Fig.5). Constant perfusate pressure was maintained, 

and acetate was administered in the perfusate with a working concentration of 10mM.  

This dose was chosen because it is similar to the peak dose seen with the acetate i.p 

injections (Fig 1), is at the high end of the physiological range, and it corresponds to a 

concentration we have used previously for IV acetate administration (Pluznick et al., 

2013). Hearts were not paced during these experiments. After 10 minutes of acetate 

infusion, HR was not significantly reduced compared to saline (314±26 bpm acetate vs 

341±57 bpm saline). HR was only significantly depressed after 30 minutes of 

continuous acetate infusion (275±21 bpm acetate vs. 354±39 bpm saline, a 22% 

decrease) (Fig. 5A); in contrast, peak decrease in HR is seen in vivo (IP injections) after 

2-3 minutes. Developed pressure (Pdev) (Fig 5B), dp/dtmax, dp/dtmin, and rate-pressure 

product (RPP) were not significantly impacted during acetate infusion compared to 

saline (Table 1). These data suggest that acetate only has a direct effect on HR after 

extended exposure and likely does not contribute to the significant HR reduction seen in 

vivo. 

β adrenergic receptors are not inhibited by acetate ex vivo  

Given that acetate's effect on HR is sympatholytic, we hypothesized that the 

Langendorff preparations did not show an immediate HR drop due to a lack of 
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sympathetic tone. To address this, ex vivo Langendorff hearts from male mice were 

treated with the β-agonist isoproterenol (ISO) either alone, or after treatment with 

acetate (Fig. 5C-D). ISO markedly increased HR in the Langendorff hearts, as 

expected, increasing HR from 331±50 to 560±74 bpm (Fig. 5C). After 30 minutes of 

acetate infusion, ISO was again added, and HR changed from 232±51 to 503±42 bpm. 

Following a subsequent 30 minute washout period, a final ISO treatment was imposed, 

which increased the HR to 434±57 bpm. There were no significant differences in HR 

between the three different ISO treatments. These data suggest that any direct acetate 

effects on the heart are β-receptor independent and that acetate acts upstream of the β-

receptor to induce a decrease in HR in vivo.  

Acetate IP reduces cardiac inotropy as revealed by pressure-volume analysis 

To determine if acetate may also be altering cardiac contractility, we performed 

pressure-volume (PV) loops on male mice in conjunction with acetate IP injection. Of 

note, our telemetry experiments have the advantage of recording data from conscious 

animals, however cardiac contractility cannot be assayed in vivo without anesthesia. 

Despite the use of anesthesia, the PV loop approach is the only one able to parse out 

potential primary effects imparted by acetate on the heart, such as changes in inotropy 

or lusitropy, as opposed to alterations in cardiac performance due to variations in 

preload or afterload. Therefore these data lend valuable context to our conscious 

telemetry readings. 

PV loops were recorded on a closed chest cavity that allowed us to replicate the route 

(IP) and dose (1.0 g/kg) of acetate injection from our telemetry studies. Inferior vena 

cava (IVC) occlusion during baseline measurements and after saline or acetate IP 
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injection, allowed us to analyze load-independent measures of cardiac contractility (Fig. 

6). After acetate IP injection, the slope of the end-systolic PV relation (ESVPR) was 

reduced, indicating a decrease in end-systolic elastance (Ees) (Fig. 6A). Preload 

recruitable stroke work (PRSW) (Fig 6B) was also significantly reduced (p=0.0038 vs. 

baseline). Similarly, dp/dtmax/EDV (Fig. 6C) trended downward but was not significantly 

decreased. Other cardiac parameters were measured during the PV loops 

(Summarized in Table 2); of note, although the dose and route of SCFA delivery were 

identical to that of the telemetry experiments, anesthesia blunted changes in HR and 

systolic pressure. These data show that acetate affects the heart in part by lowering 

parameters of cardiac contractility. 

Propionate and Butyrate depress MAP and HR acutely in vivo 

To determine if other SCFAs have similar MAP and HR effects, we delivered a 1g/kg IP 

dose of propionate, butyrate, and lactate in male and female C57BL/6 male mice (Fig. 

7). Propionate and butyrate (both SCFAs) also significantly depressed MAP (ΔMAP of -

40.3± 3.2 mmHg and -37.3±15.5 mmHg, respectively) (Fig. 7A), but lactate (a non-

SCFA control) did not change MAP compared to saline (Fig. 7B). Propionate and 

butyrate also depressed HR and showed a ΔHR of -188.6±69.3 bpm and -177.0±71.0 

bpm, respectively (Fig. 7D-E,). Systolic, diastolic, and pulse pressures were also 

recorded (Supplemental Fig. 4). Lactate did not significantly decrease HR compared to 

saline controls. Heart rate variability made it more challenging to precisely pinpoint the 

HR t1/2; however, the HR consistently recovered before the MAP (as seen by t1/2 

values), (Fig. 7F) implying that HR recovery contributes to MAP recovery. There were 

no sex differences observed in acetate, propionate, butyrate, or lactate responses. 
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These data demonstrate that propionate and butyrate have depressive effects on MAP 

and HR similar to acetate and may be working through similar mechanisms.  

SCFAs reduce force generation in isolated trabecular muscles  

To further assess the direct effects of SCFA administration on isolated cardiac muscles 

ex vivo, force generation was measured in trabeculae isolated from the murine right 

ventricle. After exposure to increasing doses of acetate (Fig. 8A), propionate (Fig. 8B), 

and butyrate (Fig. 8C), the force generated by isometric contraction decreased, 

reaching significance at the higher concentrations of acetate and butyrate. These data 

suggest that SCFAs at the doses used here can act directly on cardiac cells to reduce 

contractility. 
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Discussion 

To better understand the role of SCFAs in whole animal physiology, we used 

radiotelemetry to continuously measure MAP and HR after IP delivery of SCFAs to 

conscious mice. These experiments revealed an unexpected effect of SCFAs on HR, 

and subsequent experiments using pharmacological inhibitors and classical 

physiological techniques further elucidated SCFA effects on cardiac function.  

SCFA effects on MAP 

SCFAs vasodilate blood vessels ex vivo (Mortensen et al., 1990; Nutting et al., 1991; 

Pluznick et al., 2013; Natarajan et al., 2016), and IV delivery of propionate to 

anesthetized animals decreases MAP (Pluznick et al., 2013).  Our data show that 

acetate, as well as propionate and butyrate, acutely reduce both MAP and HR.  While it 

was previously hypothesized that the drop in MAP seen is a consequence of SCFA-

mediated vasodilation (Pluznick et al., 2013; Natarajan et al., 2016), hypotension driven 

by vasodilation would typically trigger a reflex tachycardia.  

SCFA effects on HR 

The short time scale of the HR drop in vivo suggests that the decline in HR is 

autonomically mediated. Pretreatment of mice with β blockers atenolol or metoprolol 

attenuated any further acetate-induced reduction in heart rate, indicating that acetate is 

acting in a sympatholytic manner on the heart. It may appear counterintuitive that 

blocking sympathetic tone attenuates a sympatholytic effect. However if the presence of 

a β blockers already dampens sympathetic tone, then an abrupt decrease in 

sympathetic tone due to SCFAs would not yield a dramatic effect.  
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Additionally, pre-treatment with indirectly-acting sympathomimetic tyramine also 

attenuated the drop in heart rate. This suggests that catecholamine release is a key 

component of the acetate response. Acetate could be acting to inhibit neurotransmitter 

release, which is pre-empted by sympathomimetic treatment. Neither β adrenergic 

blockers nor sympathomimetics prevented the drop in MAP, demonstrating that these 

effects occur through distinct mechanisms. Direct vasodilation by SCFAs, as seen 

previously (Mortensen et al., 1990; Natarajan et al., 2016) could explain this drop in 

MAP.  

SCFAs are known to interact with vagal efferent nerves (Lal et al., 2001) and cholinergic 

nerves, where SCFA uptake results in increased acetylcholine synthesis (O'Regan, 

1983; Carroll, 1997). While an increase in acetylcholine release could trigger a 

hypotensive response via muscarinic receptors, the acetate response's lack of atropine 

effects suggests that this is not the case. Other studies have also noted the atropine 

resistance of SCFA-mediated hypotensive effects (Kirkendol et al., 1978; Onyszkiewicz 

et al., 2019). Neurotransmitter exocytosis can be inhibited in presynaptic terminals via 

GPCR activation and Gβ subunit release (Blackmer et al., 2001; Gerachshenko et al., 

2009). If SCFAs-binding GPCRs are present on enteric neurons, the hypotension we 

observe could be mediated by similar mechanisms. We hypothesize that when SCFAs 

are IP injected, they interact with the enteric nervous system to rapidly drop sympathetic 

tone and HR. This effect is attenuated if the sympathetic tone is already low or absent, 

is already increased via sympathomimetics. 

The initial decrease in HR after acetate delivery is in agreement with the recent 

publication by Onyszkiewicz et al. who observed a simultaneous reduction in HR and 
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MAP when butyric acid was delivered into the colon (IC).  Notably, they saw a drop in 

HR when butyric acid was delivered intracolonically, but not when it was given 

intravenously (Onyszkiewicz et al., 2019). Given that the HR effect is seen when SCFAs 

are given IP or intracolonically (IC), but is not seen when SCFAs are given 

intravenously, the effect may be driven by local SCFA action in the mesentery, as 

opposed to the actions of circulating SCFAs. Onyszkiewicz et al. also showed that 

subdiaphragmatic vagotomy attenuated butyrate effects on HR, demonstrating 

autonomic mediation (Onyszkiewicz et al., 2019). Differences in the cardiovascular 

responses to SCFAs are also affected by the presence of anesthesia, as was observed 

in our PV loop experiments. We hypothesize that the increase in HR observed at later 

timepoints is a delayed tachycardia as SCFA levels return to baseline, and HR 

increases to support MAP.   

MAP and HR recovery is also supported by RAAS activation. Renin activity is elevated 

15 minutes after acetate IP injection, when MAP is still depressed but is beginning to 

recover, and remains elevated for an extended period after MAP recovers. Similar 

increases in plasma renin levels after sodium nitroprusside-induced hypotension 

validate  the hypothesis that the RAAS is likely supporting the longer-term recovery of 

MAP (Miller et al., 1977; Khambatta et al., 1979). Plasma renin levels can be 

significantly elevated as soon as 5 minutes after acute hypotension (Bertolino et al., 

1994), and SCFAs can induce renin release (Pluznick et al., 2013). Studies of acetate 

infusion in humans have also shown a delayed tachycardia response, as discussed 

below.  
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In support of our hypothesis that autonomically-mediated SCFA effects are responsible 

for the drop in HR, treatment of Langendorff hearts with acetate did not yield a drop in 

HR in the same timescale observed in vivo. While Langendorff hearts are sensitive to β 

adrenergic stimulation by isoproterenol due to the presence of sympathetic terminals, 

they are not in contact with external sympathetic ganglia. Other studies analyzing 

isolated rat cardiac tissue showed decreases in contractility and isometric tension after 

10 minutes of acetate exposure, but no change in HR, which is in agreement with our ex 

vivo data (Daugirdas et al., 1988). The difference in the HR response in telemetry vs. 

Langendorff experiments implies that the drop in HR is primarily dependent on external 

stimulation.  

SCFA effects on cardiac contractility 

Pressure-volume loop IVC occlusion demonstrated a significant decrease in load-

independent cardiac contractility after acetate treatment, suggesting that acetate has a 

negative inotropic effect. Systolic force generation in isolated trabecular muscle was 

also decreased. Given that the SCFA receptor GPR41 is expressed in cardiac tissue 

(Kimura et al., 2011),  acetate may be activating GPR41.  

SCFAs: physiological and pathophysiological relevance 

In our study, IP injection of acetate increased plasma acetate levels to ~15mM 15 

minutes after injection, a time point at which MAP is still depressed, but HR is beginning 

to recover. Plasma acetate ranges from 100-600µM (Ge et al., 2008; Perry et al., 

2016b; Tumanov et al., 2016; Nishitsuji et al., 2017) but has been reported as high as 2 

mM range ((Bugaut, 1987); venous levels are typically higher (~4-5mM (Bugaut, 1987). 
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The SCFA doses in our study are relevant for two reasons. First, these doses are 

pharmacologically relevant: SCFAs have been proposed to have therapeutic effects 

(Luhrs et al., 2002; Cox et al., 2009; Needell et al., 2017; Ganesh et al., 2018), and 

acetate has also been reported to induce hypotension and cardiac instability in the 

context of hemodialysis (Aizawa et al., 1977; Kirkendol et al., 1978; Vreman et al., 1980; 

Keshaviah, 1982; Vincent et al., 1982; Velez et al., 1984; Hakim et al., 1985; Noris et 

al., 1998).  Thus it is important to understand the full consequences of dosing with 

exogenous SCFAs. Second, these doses are pathophysiologically relevant: SCFA 

levels in the colon are orders of magnitude higher: ~100 mM in humans and mice 

(Bugaut, 1987; Cummings et al., 1987; Garner et al., 2009; Tahara et al., 2018; 

Onyszkiewicz et al., 2019). Thus, we hypothesize that plasma SCFA concentrations 

could be significantly increased in the context of a leaky gut or intestinal barrier injury.  

Studying exogenous SCFAs in healthy animals allows us to examine the effects of 

increased SCFAs themselves (in the absence of other pathology). To our knowledge, 

plasma SCFA levels have not been measured in sepsis; however, one of the hallmarks 

of sepsis is persistent hypotension requiring the use of vasopressors to maintain normal 

MAP (Hotchkiss et al., 2016), and sepsis can also jeopardize myocardial function (Merx 

and Weber, 2007).  

Model of SCFA Action 

We propose that SCFAs act on both the vasculature and the heart.  SCFAs are known 

to cause endothelium-dependent vasodilation, likely mediated in part by Gpr41 (Fig. 9b) 

(Pluznick et al., 2013; Onyszkiewicz et al., 2019). Our data suggest two independent 

effects of SCFAs on cardiac tissue (Fig. 9c). Indirectly, SCFAs act acutely on the 
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autonomic nervous system to decrease sympathetic tone and reduce HR; this effect is 

attenuated by blocking cardiac β receptors and sympathetic tone to the heart or by 

pretreatment with a sympathomimetic to release catecholamines (Fig. 9c) indirectly. We 

propose (Fig. 9d) that SCFAs act upstream of the sympathetic nerve terminal to block 

the release of noradrenaline to β receptors on the heart, inhibiting the sympathetic 

signaling pathway that acts through Gs. Second, we hypothesize that acetate is acting 

directly on the heart to decrease cardiac contractility. Given our Langendorff data in 

isoproterenol treated hearts, acetate may be acting on myocytes. We hypothesize that 

acetate is binding to a currently unknown cardiac G protein-coupled receptor, which, if 

Gi coupled, could result in the modest contractility defect observed. SCFA sensing 

GPCRs have been characterized in the heart and have been shown to have a direct 

impact on cardiac function (Jovancevic et al., 2017).  

We report here that acetate depresses MAP, HR, and cardiac contractility. This study 

further expands our knowledge of the physiological processes impacted by microbial 

metabolites. 
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Table 1: Langendorff heart parameters during acetate infusion 

 

HR 

(bpm) 

P
dev

 

(mmHg) 

dp/dt
max

 

(mmHg/s) 

dp/dt
min 

(mmHg/s) 

RPP 

(HRxP
dev

) 

Baseline 

     
Saline 371±68 82±18 3463±806 -2548±693 29688±2418 

Acetate 351±20 85±10 3272±850 -2111±614 30023±2132 

30 min 

Infusion 

  

    
Saline 354±40 86±20 3892±1030 -2244±501 30083±2177 

Acetate 275±21* 104±33 4217±1821 -2087±777 28147±4377 

Isolated ex vivo Langendorff heart hemodynamic data were recorded from the left 

ventricle at baseline, after 30 minutes of saline infusion and after 30 minutes of acetate 

infusion (10mM working concentration). n=8 saline, n=5 acetate. HR, heart rate; Pdev, 

developed pressure; dP/dt max, maximum rate of pressure change; dP/dt min, minimum 

rate of pressure change; RPP, rate pressure product. Values are mean ± SD. 

*p=0.0068. 
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Table 2: Steady state PV Loop parameters after acetate IP injection 

Hemodynamic Parameter Basal (n=7) Saline (n=5) Acetate (n=7) 

HR (bpm) 447±32 475±46 484±37 

Pmax (mmHg) 85±6 93±8 89±14 

Pes (mmHg) 77±4 82±5 80±13 

Ped (mmHg) 6±3 8±3 8±3 

Ves (µl) 19±4 17±6 32±15 

Ved (µl) 39±3 43±8 60±19 

SW (mmHg*µl) 1901±282 2481±260* 2689±977 

SV (µl) 26±3 32±3 36±10 

CO (µl/min) 11736±1293 15122±2108 17444±5323 

EF (%) 65±7 72±10 59±12 

dP/dt max (mmHg/s) 6821±1176 8289±1426 8336±2016 

dP/dt min (mmHg/s) -6271±1128 -7776±868* -8317±2572 

Tau (ms) 9±1 8±1 8±1 
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Pressure volume loop hemodynamic data were measured from left ventricular (LV) apex 

at baseline, 10 minutes after IP injection of saline, and 10 minutes after IP injection with 

1.0 g/kg sodium acetate. Measurements were done at a steady state. n=5 saline, n=7 

acetate. HR, heart rate; Pmax, maximum pressure; Pes, end-systolic pressure; Ped, 

end-diastolic pressure; Ves, end-systolic volume; Ved, end-diastolic volume; SV, stroke 

volume; SW, Stroke Work; CO, cardiac output; EF, ejection fraction; dP/dt max, 

maximum rate of pressure change; dP/dt min, minimum rate of pressure change; Tau, 

isovolumetric relaxation constant. Values are mean ± SD. * p<0.05 vs Basal. 
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Figure Legends 

Figure 1:  MAP and HR following acetate intraperitoneal (IP) injection in 

radiotelemetry-implanted mice. A) Conscious mice implanted with radiotelemetry 

transmitters were given an IP injection (arrow) of 1.0, 0.625 g/kg sodium acetate, or a 

volume‐matched saline control. MAP was significantly lower for 1.0 g/kg (*) and the 

0.625 g/kg (†) acetate group for the ranges indicated (* / † p<0.05, multiple t-tests 

w/Holm Sidak correction, error bars = SD). B) Change in MAP (ΔMAP) following IP 

injection of saline, 1.0 g/kg acetate, or 0.625 g/kg. (* p<0.0001 vs saline by one-way 

ANOVA). C) MAP Half recovery time (t1/2) after IP injection. * p=0.0015 vs Acetate 1.0 

g/kg  by students t-test. D) HR after acetate IP injection was significantly lower for 1.0 

g/kg (*) and the 0.625 g/kg (†) acetate injection for the ranges indicated (* / † p<0.05, 

multiple t-tests w/Holm Sidak correction, error bars = SD). E) Change in HR (ΔHR) 

following IP injection (* p<0.0001 vs. saline by one-way ANOVA). F) HR half recovery 

time (t1/2) after IP delivery. For all IP injection experiments n = 15, acetate 1.0 g/kg, n=6, 

acetate 0.625g/kg, n= 11, saline.  

 

Figure 2: Plasma renin and acetate levels following acetate injection. A) Plasma 

renin activity after acetate or saline IP injection. Plasma was harvested from separate 

groups of mice 15, 40, or 80 minutes after injection of either acetate (1.0 g/kg) or saline 

control. (n=4 for each time point and injection, *p=0.0006, †p=0.023, ‡ p= 0.0003 

acetate vs. corresponding saline time point by one-way ANOVA). B) Plasma acetate 

concentration measured by GC-MS in uninjected mice or 15 minutes after saline  or 1.0 
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g/kg acetate IP injection  (n=5 baseline, n=6 saline, n=7 acetate, *p<0.0001, one-way 

ANOVA).  

 

Figure 3: β-blockers inhibit the effect of acetate on HR. Radiotelemetry mice were 

treated, on different days, with either acetate alone (a subset of the mice from Fig 1) or 

a pharmacological compound, with or without acetate.  In Fig 3A, mice were given an IP 

injection (first arrow) with either atenolol (2 mg/kg) or acetate (1.0 g/kg). After a further 

10 minutes, a subset of the atenolol-treated mice were given an IP injection of acetate 

(1.0 g/kg,second arrow).  On separate days, mice were treated with muscarinic 

antagonist atropine (4 mg/kg) or alternative β-blocker metoprolol (4mg/kg) (B,D). Traces 

for MAP are shown in A and HR is shown in C. For all IP injection experiments n=9 

acetate, n=8 atenolol, atenolol-acetate, n=4 atropine-acetate, atropine, n=3 metoprolol-

acetate, error bars = SD. Atropine-ace, atenolol-ace, and metoprolol(meto)-ace indicate 

values for acetate responses after 10 minutes of pretreatment with the indicated 

compound. ΔMAP is quantified in B (p=0.99 atropine-acetate, p=0.80 atenolol-acetate, 

p=0.82 metoprolol-acetate, p<0.0001 atropine alone and atenolol alone, vs acetate by 

one-way ANOVA), and ΔHR is quantified in D (p=0.999 atropine-acetate, *p=0.007 

atenolol-acetate, p= 0.041 metoprolol-acetate, p<0.0001 atropine alone and p=0.0002 

atenolol alone, vs acetate alone by one-way ANOVA).  

 

Figure 4: Tyramine inhibits the effect of acetate on HR.  Radiotelemetry mice were 

treated, on different days, with either acetate alone (a subset of mice from Fig 1) or, with 

tyramine with or without acetate. In Fig 4A., mice were given an IP injection (first arrow) 
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with either tyramine (100 mg/kg) or acetate (1.0 g/kg). After 30 minutes, a subset of 

tyramine-treated mice were given an IP injection of acetate (1.0 g/kg, second arrow). 

Traces for MAP are shown in A and HR are shown in C. n=5 tyramine, acetate, and 

tyramine-acetate, error bars=SD. ΔMAP after acetate is quantified in B (p=0.09 

atropine-acetate vs acetate alone by paired t-test), and ΔHR after acetate is quantified 

in D (*p=0.01 tyramine-acetate vs acetate alone by paired t-test).  

 

Figure 5: Acetate effects on Langendorff hearts: After baseline measurement, hearts 

were perfused with either pH normalized saline vehicle or acetate. The treatment period 

is shown by the yellow box, with acetate at 10mM working concentration for 30 minutes. 

This was followed by 60 minutes of washout. Values for HR (A) and developed pressure 

Pdev (B) were averaged over 10 minute time intervals. (n=8 saline, 5 acetate, * p=0.0068 

vs saline at the same time point, compared by two-way ANOVA. bars = SD). C) After 

baseline measurement, hearts were perfused with 10nM isoproterenol (Iso) for 5 

minutes, followed by 20 minutes of washout. Hearts were then perfused with acetate at 

10mM working concentration (Ace, yellow box) for 35 minutes. 10nM Isoproterenol was 

infused along with acetate for the last 5 minutes (Iso, orange box). This was followed by 

30 minutes of washout, and a final 5 minute treatment of isoproterenol. Values for HR 

(C) and developed pressure Pdev (D) were averaged over 5 minute time intervals (n=5 

isoproterenol, 7 acetate, bars = SD). 

 

Figure 6: Load independent measures of cardiac contractility after acetate IP 

injection. In PV loop experiments, IVC occlusion was done under basal conditions or 
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10 minutes post IP injection with either saline or acetate to measure load-independent 

cardiac contractility.  A significant reduction in Ees (A, p=0.042 vs. baseline) and PRSW 

(B, p=0.0038 vs. baseline) is seen with acetate treatment, and a nonsignificant 

downward trend observed for dP/dtmax/EDV (C, p=0.1092 vs. baseline). (n=5 saline, 7 

acetate) * compared to baseline by one-way ANOVA. 

 

Figure 7: MAP and HR following propionate and butyrate IP injection in 

radiotelemetry implanted mice. 

A) Conscious mice implanted with radiotelemetry transmitters were given an IP injection 

(arrow) of 1.0 g/kg sodium propionate, sodium butyrate, or a volume‐matched saline 

control. MAP was significantly lower for sodium propionate (*) and sodium butyrate (†) 

acetate group for the ranges indicated (* / † p<0.05, multiple t-tests w/Holm Sidak 

correction, error bars = SD). B) Change in MAP (ΔMAP) following IP injection of 

propionate, butyrate, or lactate(n= 8-11, * p<0.0001 vs saline (re-plotted from Figure 1), 

n.s. p=0.888 vs. saline by one-way ANOVA). C) MAP Half recovery time (t1/2) after IP 

delivery. D) HR after IP injection was significantly lower for sodium propionate (*) and 

sodium butyrate (†)injection for the ranges indicated (* / † p<0.05, multiple t-tests 

w/Holm Sidak correction, error bars = SD).  E) Change in HR (ΔHR) following IP 

injection (* p<0.0001 vs. saline, n.s. p=0.998 vs. saline by one-way ANOVA). F) HR half 

recovery time (t1/2) after IP delivery. For all IP injection experiments n=11 saline, n=7 

butyrate, propionate, n=6 lactate. 
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Figure 8: Force generation in isolated trabecular muscle cells: Mouse trabecular 

muscles isolated from the right ventricles underwent isometric contractions during 

exposure to increasing concentrations of sodium acetate (A), sodium propionate  (B), 

and sodium butyrate (C). Force generation was significantly decreased after acetic acid 

treatment at 100mM and 200 mM (p=0.0001 vs 0mM), and butyric acid treatment at 

400µM (p=0.0426 vs 0µM). Propionic acid decreased force generation, but at borderline 

significance at 200mM (p=0.05 vs. 0mM). Force generation values (n=6 acetate, n=7 

propionate, n=3 butyrate, bars = SD). 

 

Figure 9: Working model of acetate effects on whole-animal physiology. IP 

injection of acetate or other SCFAs (A) causes endothelium-dependent vasodilation of 

the vasculature (B). SCFAs have both direct and indirect actions on the heart (C). 

Indirectly, SCFAs work to decrease sympathetic tone which results in a drop in HR; β 

blockers such as atenolol can attenuate this effect. (D) We hypothesize that SCFAs act 

upstream of the sympathetic nerve terminal to block the release of norepinephrine to β 

receptors on the heart, inhibiting the canonical sympathetic signaling pathway that acts 

through Gs. This effect is attenuated by treatment with sympathomimetics such as 

tyramine. We hypothesize that acetate is acting directly on the heart in a different cell 

type by binding to a currently unknown G protein-coupled receptor. 

 

 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on January 7, 2021 as DOI: 10.1124/jpet.120.000187

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


0 20 40 60 80
40

60

80

100

120

140

160

Time (min)

M
AP

(m
m

Hg
)

I.P.

*

Saline
Acetate 1.0g/kg
Acetate 0.625g/kg†

-100

-50

0

50

MAP

M
AP

(m
m

Hg
)

*
*

0

10

20

30

40

t1/2 (MAP)

1/
2

R
ec

ov
er

y
Ti

m
e

(M
in

) *

0 20 40 60 80
200

400

600

800

Time (min)

H
R

(b
pm

)

I.P.

*

Saline
Acetate 1.0g/kg
Acetate 0.625g/kg†

-400

-200

0

200

400

HR

H
R

(b
pm

)

*
*

0

10

20

30

t1/2 (HR)

1/
2

R
ec

ov
er

y
Ti

m
e

(M
in

)

A B C

D E F

Saline
Ace (1.0g/kg)
Ace (0.625g/kg)

Figure 1

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on January 7, 2021 as DOI: 10.1124/jpet.120.000187

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


0

1000

2000

3000

4000

Plasma Renin Activity

PR
A

(n
g

An
gI

/m
l/h

r) *

15 40 80
Time post-injection (min)

0

‡
†

Saline
Ace (1.0 g/kg)

Uninjec
ted

Sali
ne

Ace
tat

e
0.0
0.1
0.2
0.3

5

10

15

20

Plasma Acetate

m
M

*

A B

Figure 2

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on January 7, 2021 as DOI: 10.1124/jpet.120.000187

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


0 20 40 60 80
40

60

80

100

120

140

160

Atenolol-Acetate

Time (min)

M
AP

(m
m

Hg
)

Acetate 1.0g/kg
Atenolol
Atenolol + Acetate

0 20 40 60 80
200

400

600

800

Time (min)

H
R

(b
pm

)

Acetate 1.0g/kg

Atenolol + Acetate
Atenolol

A B

C D

Ace
tat

e

Atro
pine-A

ce

Aten
olol-A

ce

Meto
-A

ce

Atro
pine

Aten
olol

-400

-200

0

200

400

HR

H
R

(b
pm

) Acetate 1.0g/kg
Atropine-Ace

Meto-Ace
Atenolol-Ace

Atropine
Atenolol

*

*

*

n.s.

Ace
tat

e

Atro
pine-A

ce

Aten
olol-A

ce

Meto
-A

ce

Atro
pine

Aten
olol

-100

-50

0

50

MAP

M
AP

(m
m

Hg
)

Acetate 1.0g/kg
Atropine-Ace
Atenolol-Ace
Meto-Ace
Atropine
Atenolol

* *

Figure 3

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on January 7, 2021 as DOI: 10.1124/jpet.120.000187

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


0 20 40 60 80 100 120
40
60
80

100
120
140
160
180
200

Tyramine - Acetate

Time (min)

M
AP

(m
m

Hg
)

Tyramine
Tyramine-Acetate
Acetate 1.0g/kg

A

Acetate Tyramine-Ace
-400

-300

-200

-100

0

HR

H
R

(b
pm

)

D

0 20 40 60 80 100 120
200

400

600

800

Time (min)

H
R

(b
pm

)

Tyramine
Tyramine-Acetate
Acetate 1.0 g/kg

C
Acetate Tyramine-Ace

-100

-80

-60

-40

-20

0

MAP

M
AP

(m
m

Hg
)

B

Figure 4

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on January 7, 2021 as DOI: 10.1124/jpet.120.000187

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


 Base          Treat                              Wash

30 60 90 120
200

300

400

500

Heart Rate

Time (min)

H
R

(b
pm

) *

 Base          Treat                              Wash

30 60 90 120
0

50

100

150

Pdev

Time (min)

Pd
ev

(m
m

Hg
)

Acetate
Saline

20 40 60 80 100 120
0

200

400

600

800

Heart Rate - Isoproterenol

Time (min)

H
R

(b
pm

)

Iso   Ace Iso      Iso Iso   Ace Iso      Iso

20 40 60 80 100 120
0

50

100

150

Pdev - Isoproterenol

Time (min)

Pd
ev

(m
m

Hg
)

A B

C D

Figure 5

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on January 7, 2021 as DOI: 10.1124/jpet.120.000187

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


Bas
eli

ne
Sali

ne

Ace
tat

e
0

50

100

150

PRSW

m
m

Hg

*

Bas
eli

ne

Sali
ne

Ace
tat

e
0

2

4

6

Ees

m
m

Hg
/

l

*

Bas
eli

ne
Sali

ne

Ace
tat

e
0

100

200

300

400

dP/dt Max / EDV

(m
m

Hg
/s

)/
l

*

A B C

Figure 6

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on January 7, 2021 as DOI: 10.1124/jpet.120.000187

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


0 20 40 60 80
40

60

80

100

120

140

160

Time (min)

M
AP

(m
m

Hg
)

Saline
Butyrate 1.0g/kg
Propionate 1.0g/kg

*
†

-100

-50

0

50

MAP

M
AP

(m
m

Hg
)

*
* *

n.s.

-400

-200

0

200

400

HR

H
R

(b
pm

)

*
* *

n.s.

0

10

20

30

40

t1/2 (MAP)

1/
2

R
ec

ov
er

y
Ti

m
e

(M
in

)

0

10

20

30

t1/2 (HR)

1/
2

R
ec

ov
er

y
Ti

m
e

(M
in

)

Saline Vehicle
Acetate 1g/kg

Propionate 1g/kg

Butyrate 1g/kg

Lactate 1g/kg

A B C

0 20 40 60 80
200

400

600

800

Time (min)

H
R

(b
pm

)

Saline
Butyrate 1.0g/kg
Propionate 1.0g/kg

*
†

D E F

Figure 7

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on January 7, 2021 as DOI: 10.1124/jpet.120.000187

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


0 0.1 1 10 100 200
-10

0

10

20

30

40

Acetic Acid (mM)

Fo
rc

e
(m

N/
m

m
2 )

Diastolic Force

Systolic Force

*

Acetate

**

0 0.1 1 10 100 200
-10

0

10

20

30

40

Propionic  Acid (mM)

Fo
rc

e
(m

N/
m

m
2 ) Systolic Force

Diastolic Force

Propionate

0 40 80 120 160 200 400
-10

0

10

20

30

40

Butyric Acid ( M)

Fo
rc

e
(m

N/
m

m
2 )

Systolic Force
Diastolic Force

Butyrate

*

A B C

Figure 8

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on January 7, 2021 as DOI: 10.1124/jpet.120.000187

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


Figure 9

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on January 7, 2021 as DOI: 10.1124/jpet.120.000187

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


Manuscript # JPET-AR-2020-000187 

1 
 

 

Acetate, a Short-Chain Fatty Acid, Acutely Lowers Heart Rate and Cardiac 

Contractility along with Blood Pressure 

 

Brian G. Poll1, Jiaojiao Xu1, Seungho Jun2, Jason Sanchez1, Nathan Zaidman1, Xiaojun 

He3, Laeben Lester3, Dan Berkowitz4, Nazareno Paolocci2,5, Wei Dong Gao3, Jennifer L. 

Pluznick1 

 

Journal of Pharmacology and Experimental Therapeutics 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Manuscript # JPET-AR-2020-000187 

2 
 

Supplemental Data 

0 20 40 60 80

40

60

80

100

120

140

160

Systolic Pressure

Time (min)

m
m

H
g

Acetate 1.0g/kg

Saline

Acetate 0.625g/kg

A

0 20 40 60 80

20

40

60

80

100

120

140

Diastolic Pressure

Time (min)

m
m

H
g

Acetate 1.0g/kg

Saline

Acetate 0.625g/kg

B

0 20 40 60 80

0

20

40

Pulse Pressure

Time (min)

m
m

H
g

Acetate 1.0g/kg
Saline

Acetate 0.625g/kg

C

 
Supplemental Figure 1:  Hemodynamic Parameters following SCFA 

intraperitoneal (IP) injection in radiotelemetry-implanted mice. (A-C) 

Radiotelemetry implanted mice were given an IP injection (arrow) of 1.0 g/kg or 0.625 

g/kg sodium acetate, or a volume‐matched saline control. Before and after injection 

systolic pressure (A), diastolic pressure (B), and pulse pressure (C) were recorded. For 

these IP injection experiments n = 15, acetate 1.0g/kg, n=6, acetate 0.625g/kg, n= 11, 

saline, error bars = SD. 
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Supplemental Figure 2A: Hemodynamic Parameters following SCFA IP injection 

in radiotelemetry mice pre-treated with atenolol. Radiotelemetry mice were treated, 

on different days, with β-blocker atenolol either alone or followed by treatment with 

acetate. After baseline recording, mice were given an IP injection (first arrow) with 

atenolol (2mg/kg). After a further 10 minutes, a subset of the atenolol-treated mice were 

given an IP injection of acetate (1.0 g/kg, second arrow).  Before and after injection 

systolic pressure (2A-1), diastolic pressure (2A-2), and pulse pressure (2A-3) , were 

recorded. For these IP injection experiments n=8 atenolol alone, n=8 atenolol-acetate, 

error bars = SD. 
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Supplemental Figure 2B: Hemodynamic Parameters following SCFA IP injection 

in radiotelemetry mice pre-treated with atropine. Radiotelemetry mice were treated, 

on different days, with muscarinic antagonist atropine (4mg/kg) either alone or followed 

by acetate. After baseline recording, mice were given an IP injection (first arrow) with 

atropine. After a further 10 minutes, a subset of the pharmacologically treated mice 

were given an IP injection of acetate (1.0 g/kg, second arrow).  Before and after 

injection mean arterial pressure (MAP) (2B-1), systolic pressure (2B-2), diastolic 

pressure (2B-3), and pulse pressure (2B-4)  and HR (2B-5) were recorded. For these IP 

injection experiments n=4 atropine, atropine-acetate. 
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Supplemental Figure 2C: Hemodynamic parameters following SCFA IP injection 

in radiotelemetry mice pre-treated with metoprolol. Radiotelemetry mice were 

treated, on different days, with β-blocker metoprolol (10 mg/kg) either alone or followed 

by acetate. After baseline recording, mice were given an IP injection (first arrow) with 

metoprolol. After a further 10 minutes, a subset of the pharmacologically treated mice 

were given an IP injection of acetate (1.0 g/kg,second arrow).  Before and after injection 

MAP (2C-1), systolic pressure (2C-2), diastolic pressure (2C-3), and pulse pressure 

(2C-4), and HR (2C-5) were recorded. For these IP injection experiments n=4 

metoprolol alone, n=3 metoprolol-acetate, error bars = SD. 
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Supplemental Figure 3: Hemodynamic parameters following SCFA IP injection in 

radiotelemetry mice pre-treated with Tyramine. Radiotelemetry mice were treated, 

on different days, with sympathomimetic tyramine (100 mg/kg) either alone or followed 

by acetate. After baseline recording, mice were given an IP injection (first arrow) with 

either acetate or tyramine. After a further 30 minutes, a subset of the tyramine-treated 

mice were given an IP injection of acetate (1.0 g/kg, second arrow). Before and after 

injection systolic pressure (A), diastolic pressure (B), and pulse pressure (C) was 

recorded. For these IP injection experiments n=5, tyramine alone, n=5 tyramine-acetate, 

error bars = SD. 
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Supplemental Figure 4: Hemodynamic Parameters following IP injection of 

Propionate, Butyrate, and Lactate. (A-C) Radiotelemetry implanted mice were given 

an IP injection (arrow) of 1.0 g/kg sodium propionate, sodium butyrate, or a sodium 

lactate control. Before and after injection systolic pressure (A), diastolic pressure (B), 

and pulse pressure (C) was recorded. For these IP injection experiments n=9, 

propionate, butyrate, lactate 1.0 g/kg, error bars = SD. 
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