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BACKGROUND: Arterial hypertension and its organ sequelae show 
characteristics of T cell–mediated inflammatory diseases. Experimental anti-
inflammatory therapies have been shown to ameliorate hypertensive end-
organ damage. Recently, the CANTOS study (Canakinumab Antiinflammatory 
Thrombosis Outcome Study) targeting interleukin-1β demonstrated that anti-
inflammatory therapy reduces cardiovascular risk. The gut microbiome plays a 
pivotal role in immune homeostasis and cardiovascular health. Short-chain fatty 
acids (SCFAs) are produced from dietary fiber by gut bacteria and affect host 
immune homeostasis. Here, we investigated effects of the SCFA propionate in 2 
different mouse models of hypertensive cardiovascular damage.

METHODS: To investigate the effect of SCFAs on hypertensive cardiac damage 
and atherosclerosis, wild-type NMRI or apolipoprotein E knockout–deficient 
mice received propionate (200 mmol/L) or control in the drinking water. To 
induce hypertension, wild-type NMRI mice were infused with angiotensin II 
(1.44 mg·kg–1·d–1 subcutaneous) for 14 days. To accelerate the development 
of atherosclerosis, apolipoprotein E knockout mice were infused with 
angiotensin II (0.72 mg·kg–1·d–1 subcutaneous) for 28 days. Cardiac damage 
and atherosclerosis were assessed using histology, echocardiography, in vivo 
electrophysiology, immunofluorescence, and flow cytometry. Blood pressure 
was measured by radiotelemetry. Regulatory T cell depletion using PC61 
antibody was used to examine the mode of action of propionate.

RESULTS: Propionate significantly attenuated cardiac hypertrophy, fibrosis, 
vascular dysfunction, and hypertension in both models. Susceptibility to 
cardiac ventricular arrhythmias was significantly reduced in propionate-treated 
angiotensin II–infused wild-type NMRI mice. Aortic atherosclerotic lesion area was 
significantly decreased in propionate-treated apolipoprotein E knockout–deficient 
mice. Systemic inflammation was mitigated by propionate treatment, quantified 
as a reduction in splenic effector memory T cell frequencies and splenic T helper 
17 cells in both models, and a decrease in local cardiac immune cell infiltration 
in wild-type NMRI mice. Cardioprotective effects of propionate were abrogated 
in regulatory T cell–depleted angiotensin II–infused mice, suggesting the effect is 
regulatory T cell–dependent.

CONCLUSIONS: Our data emphasize an immune-modulatory role of SCFAs 
and their importance for cardiovascular health. The data suggest that lifestyle 
modifications leading to augmented SCFA production could be a beneficial 
nonpharmacological preventive strategy for patients with hypertensive 
cardiovascular disease.
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Hypertension drives cardiovascular disease by caus-
ing an array of pathological organ sequelae. Hy-
pertensive tissue damage is largely mediated by 

different immune cells, which are activated in hyperten-
sion.1 Hypertensive stimuli like angiotensin II (AngII) pro-
mote the activation of T cells and macrophages,2 which 
subsequently may infiltrate target organs like the heart 
and the vasculature to cause tissue damage. Increased 
generation of effector memory T cells (TEM) is indicative 
of a chronic inflammatory response in hypertension.3 In 
particular, T helper cell subtypes Th17 and Th1 may pro-
mote hypertension and target organ injury by releasing 
proinflammatory cytokines like interleukin (IL)–17A and 
interferon-γ, respectively.4,5 In contrast, regulatory T cells 
(Treg) counterbalance tissue inflammation by secreting 
anti-inflammatory IL-10.6 Thus, the extent of hyperten-
sive target organ damage is not solely dependent on the 
hemodynamic load, but, in addition, depends on the 
balance of pro- and anti-inflammatory immune cells. In 
clinical practice, hypertension usually coexists with ath-
erosclerosis and accelerates atherosclerosis progression.7 
Atherosclerosis is similarly a chronic inflammatory di-
sease of the vasculature, although the precise nature of 
the inflammatory response differs from hypertension.8 
Inflammation and vascular damage are intensified when 
both hypertension and atherosclerosis are present.9 
Furthermore, experimental and clinical anti-inflamma-

tory approaches, as recently shown in the CANTOS trial 
(Canakinumab Antiinflammatory Thrombosis Outcome 
Study),10 ameliorate hypertensive inflammatory tissue 
damage11 and atherosclerosis.12 In particular, enhance-
ment of Treg by adoptive transfer has been shown to 
reduce effector T cells and ameliorate cardiac damage,13 
hypertension, vascular injury,14 and atherosclerosis.15

The gut microbiota is considered important for cardi-
ovascular health,16 and abnormal bacterial communities 
have been associated with hypertension17,18 and ather-
osclerosis.19 Bacterial metabolites mediate interactions 
with the host. Through resorption and distribution, they 
can affect intestinal health, and distant functions of the 
immune system, the vasculature, and the heart, as well. 
Short-chain fatty acids (SCFAs) are a major class of bac-
terial metabolites and are mainly produced in the co-
lon by bacterial fermentation of otherwise indigestible 
polysaccharides (fibers).20 Beyond their importance for 
intestinal integrity, SCFAs have potent anti-inflamma-
tory effects on immune cell functions. The SCFA propio-
nate (C3) has been shown to induce the differentiation 
and suppressive capacity of CD25+ Foxp3+ Treg.21,22 Pro-
pionate treatment of murine Treg donors significantly 
enhanced the protective effect of a Treg adoptive trans-
fer in experimental autoimmune encephalomyelitis.23 In 
vitro, propionate was shown to enhance the differenti-
ation of different murine T cells dependent on the cy-
tokine milieu.24 It is interesting to note that propionate 
promoted a regulatory phenotype among T cells under 
Th17 polarization conditions.24 Beneficial effects of SC-
FAs have been demonstrated in several other disease 
models, such as colitis, airway disease, metabolic syn-
drome, or ischemia-reperfusion injury of the kidney.25 
Although their mode of action has yet to be elucidated, 
SCFAs may exert their effects via inhibition of histone 
deacetylases (HDACs) or via G-protein–coupled recep-
tors (Gpr) 41 and 43 and olfactory receptor 78.25,26 In 
addition, a direct effect of SCFAs on renin release and 
vasomotor function leading to blood pressure reduction 
was recently suggested.26–28

Considering the prominent role of inflammation in 
both hypertension and atherosclerosis and recent in-
sights about anti-inflammatory and Treg-promoting ef-
fects of SCFAs, we hypothesized that the SCFA propio-
nate protects from AngII-induced cardiac and vascular 
damage. To test our hypothesis, we treated AngII-in-
fused wild-type NMRI (WT) and AngII-infused apolipo-
protein E knockout (ApoE–/–) mice with C3 and analyzed 
inflammatory response, cardiac remodeling, and ather-
osclerotic lesion burden. Our data underscore the im-
portance of propionate for cardiovascular health.

METHODS
The authors declare that all supporting data and analytical 
methods are available within the article and its online-only 
Data Supplement. The data, analytical methods, and study 

Clinical Perspective

What Is New?
• The present study shows that propionate, a short-

chain fatty acid produced by intestinal bacteria, has 
profound beneficial anti-inflammatory properties 
limiting cardiovascular disease progression in 2 in-
dependent mouse models.

• Oral propionate administration beneficially influ-
enced T helper cell homeostasis, thereby reducing 
cardiac hypertrophy and fibrosis, susceptibility to car-
diac arrhythmias, and atherosclerotic lesion burden.

• Propionate exhibited antihypertensive effects in 
both models.

• Cardioprotective effects of propionate effects are 
mainly dependent on regulatory T cells.

What Are the Clinical Implications?
• The data suggest increased attention to propionate 

in hypertensive patients with a high cardiovascular 
risk and evidence of ongoing chronic inflammation.

• Oral propionate supplementation is simple, inex-
pensive, and regarded safe in humans.

• Further studies are needed to characterize the 
effect of propionate supplementation or interven-
tions increasing propionate production by the gut 
microbiota in humans.
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materials that support the findings of this study are available 
from the corresponding author on reasonable request.

Animal Ethics
All experiments were in accordance with the German/
European law for animal protection and were approved by the 
local ethic committees (G0280/13, G250/12, and G301/18). 
Mice were maintained on a 12:12 hour day:night cycle with 
constant access to food and water.

AngII-Induced Hypertension in WT Mice
Twelve-week-old male NMRI mice (purchased from Janvier 
Labs, outbred strain, not genetically altered, referred to as 
wild-type [WT] in the article), received AngII infusion (1.44 
mg·kg–1·d–1, Calbiochem) for 14 days via subcutaneous os-
motic minipumps (Alzet). Implantation was performed under 
isoflurane anesthesia. Mice were fed a purified diet low in fiber 
(Ssniff, S0087-E050). To study the effects of propionate, mice 
received sodium propionate (200 mmol/L, Sigma-Aldrich) or 
sodium chloride as control (200 mmol/L, Sigma-Aldrich) in the 
drinking water ad libitum. On day 13, echocardiography was 
performed under isoflurane anesthesia. After 14 days of AngII 
infusion, the mice were euthanized; blood and organs were 
collected for further analysis. In a subset of mice, blood pres-
sure was measured using an implantable subcutaneous radio-
telemetry transmitter (Data Science International), implanted 
on day –10 before AngII infusion.

Treg depletion in WT mice was achieved by intraperitoneal 
injections of anti-CD25 antibody (clone PC61, kindly provided 
by T. Hünig, University of Würzburg, Germany; 250 µg on 
days –1, 2, and 5 of AngII infusion). Control mice received the 
IgG1 isotype (Bio X Cell). Control and Treg-depleted mice re-
ceived a low-fiber diet, sodium propionate in drinking water, 
AngII infusion subcutaneously, and implantable radiotelem-
etry blood pressure transmitters.

All mice were held in 1 room of the animal facility. Animals 
were age-matched, stratified for their body weight, and ran-
domly assigned to the different treatment groups (n=18 
WT Sham, n=36 WT AngII, n=33 WT AngII+C3, n=4 WT 
AngII+C3+IgG, n=4 WT AngII+C3+PC61). Two mice from 
the WT AngII+C3 group were excluded because of suture 
insufficiency at the implantation site of the minipump. Mice 
assigned to the same treatment group were held in the same 
cage. Cages were inhabited by 2 to 3 mice. All researchers 
were blinded during the experiment and analysis. Measured 
values were excluded if a technical failure of the analysis 
occurred or by statistical testing described below. Animal 
numbers for the WT experiment were a priori calculated with 
G*power software (Heinrich-Heine-Universität Düsseldorf) 
and an estimated effect size from the literature. For Treg 
depletion experiments, sample sizes were calculated using 
G*power and the estimated effect size from the WT experi-
ments. Exact numbers are shown in the respective figures.

AngII-Induced Atherosclerosis  
in ApoE–/– Mice
To verify the effects of propionate in another AngII-dependent 
cardiovascular mouse model, we used ApoE–/– mice. In line 
with the NC3Rs recommendation, we reduced sample sizes 

by working without a sham group. ApoE–/–mice (Taconic) 
were backcrossed on a C57BL/6 background at least 10 
times. Eight-week-old mice received sodium propionate (200 
mmol/L, Sigma-Aldrich) or sodium chloride as control (200 
mmol/L, VWR) in the drinking water ad libitum during the 
whole experimental period, starting 5 days before the implan-
tation of the osmotic minipumps. AngII osmotic minipumps 
(0.72 mg·kg–1·d–1, Sigma-Aldrich) were implanted subcutane-
ously as described previously.29 In the fourth week of AngII 
infusion, systolic blood pressure was measured in conscious 
mice by tail-cuff plethysmography (BP-98A; Softron). During 
week 4, 10 measurements per mouse were recorded daily. 
For habituation during week 3 of AngII minipump implan-
tation, mice were trained daily for 5 consecutive days as fol-
lows. Mice were set daily for at least 15 minutes in the mice 
restrainer; each day at least 20 blood pressure measurements 
were performed. Systolic blood pressure mean was calculated 
from all measured days per mouse. After 4 weeks of AngII 
infusion, mice were euthanized, and blood and organs were 
collected and used for further analyses.

For ApoE–/– experiments, housing, randomization, blind-
ing, and exclusion were performed as described for the WT 
experiments. Thirty mice were randomly assigned per group. 
None of the mice were excluded during the experiment. 
Sample sizes were calculated using G*power and the esti-
mated effect size from the WT experiments. Exact numbers 
are shown in the respective figures.

Statistical Analysis
Outliers identified by Grubbs test were excluded, and nor-
mality was assessed by Kolmogorov-Smirnov test. In groups 
with n < 5, normality could not be assessed and nonpara-
metric distribution was assumed. To compare 2 groups, a 
1-tailed unpaired t test or 1-tailed Mann-Whitney test was 
used, as appropriate. To compare >2 groups, a 1-way ANOVA 
followed by post hoc Tukey test or a Kruskal-Wallis test with 
post hoc Dunn test was used, as appropriate. Survival of the 
mice was visualized by Kaplan-Meier curves and statistically 
compared by using a 1-tailed log-rank test. Statistical analyses 
were performed using GraphPad Prism 6. Blood pressure time 
courses measured by telemetry were compared using linear 
mixed model calculations in R (Version 3.1.1, R Foundation). 
We calculated a model for each time point by including all 
time points before. Thereby, we received a specific time point 
for each longitudinal analysis where the P value fell short of 
0.05. To compare the blood pressure area under the curve per 
week of AngII infusion, we used a 2-way repeated-measures 
ANOVA followed by a post hoc Sidak test (GraphPad Prism 6). 
A P value <0.05 was considered statistically significant.

RESULTS
Propionate Prevents AngII-Induced 
Systemic Inflammatory Response
To investigate the effect of propionate (C3) on immune 
homeostasis in an established model for hyperten-
sive cardiac damage, WT mice were infused with An-
gII (1.44 mg·kg–1·d–1) for 2 weeks and concomitantly 
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treated with C3 (sodium propionate, 200 mmol/L) or 
control (sodium chloride, 200 mmol/L) in the drinking 
water (Figure 1A). Saline-infused WT controls served as 
nonhypertensive shams. To specifically investigate the 
effect of exogenous C3, mice were fed a fiber-depleted 
purified diet to reduce intestinal SCFA production. C3 
administration significantly increased C3 serum levels in 
AngII-infused WT mice as measured by gas chromatog-
raphy–mass spectrometry (Figure IA in the online-only 
Data Supplement). C3 was well tolerated, as indicated 
by similar body weights in mice treated with C3 or con-
trol (Figure IB in the online-only Data Supplement). C3 
significantly improved the survival in comparison with 
control-treated AngII-infused WT mice (Figure 1B). To 
investigate the role of C3 on systemic inflammation, 

spleens were harvested after 14 days and analyzed by 
flow cytometry. In comparison with sham-treated mice, 
AngII increased splenic CD4+ TEM (CD44+CD62L–) and 
conversely decreased CD4+ naive T cells (TN; CD44–

CD62L+), indicating a significant inflammatory re-
sponse. The increase in TEM and the decrease in TN were 
prevented by C3 treatment (Figure  1C). CD4+ central 
memory T cells (C44+CD62L+) remained unaffected 
(Figure IC in the online-only Data Supplement). Fur-
ther analysis of splenic Th17 cells revealed an increase 
in CD4+IL-17A+IL-10– and CD4+RORγt+Foxp3– frequen-
cies after AngII infusion, which was normalized by C3 
treatment (Figure 1D and 1E). Splenic Th1 frequencies, 
as measured by CD4+Tbet+ (Figure ID in the online-only 
Data Supplement) and CD4+interferon-γ+ cells (Figure 

Figure 1. Propionate provides beneficial modulation of effector T cells in AngII-infused wild-type NMRI (WT) mice.  
A, AngII-infused WT mice were treated with sodium propionate (C3) or sodium chloride as a control, starting 2 weeks before AngII infusion. Saline-infused mice 
served as nonhypertensive control group (sham). B, Survival curves of AngII-infused WT mice treated with C3 or control. WT AngII n=36, WT AngII+C3 n=31, *P<0.05 
by log-rank test. C, After 14 days of AngII, splenocytes were analyzed for CD4+ effector memory (CD44+CD62L–) and naive (CD44– CD62L+) subsets. Left, Representa-
tive flow cytometry plots. Right, Quantification in percentage of CD4+ cells. WT Sham n=8, WT AngII n=8, WT AngII+C3 n=9. D, Restimulated splenocytes were ana-
lyzed for IL-10 and IL-17A by flow cytometry. Left, Representative flow cytometry plots. Right, Quantification in percentage of CD4+. WT Sham n=10, WT AngII n=5 
to 6, WT AngII+C3 n=5 to 6. E, Quantification of FoxP3+CD25+ and RORγt+ in CD4+ splenocytes. Left, Representative flow cytometry plots. Right, Quantification in 
percentage of CD4+. WT Sham n=7 to 8, WT AngII n=10, WT AngII+C3 n=9. *P<0.05, **P<0.01, 1-way ANOVA and Tukey post hoc for C through E. AngII indicates 
angiotensin II; APC, Allophycocyanin; FITC, fluorescein isothiocyanate; IL, interleukin; PB, Pacific Blue; and PerCP-Cy5.5, Peridinin-chlorophyll protein cyanine 5.5.
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IE in the online-only Data Supplement), were not af-
fected. It is interesting to note that Treg frequencies 
(CD4+CD25+Foxp3+ and CD4+IL-10+IL-17A–) increased 
after AngII, signaling a compensatory Treg response to 
the hypertensive stimulus, which was not observed on 
C3 treatment (Figure 1C and 1D).

We next tested whether C3 also affects immune 
homeostasis in hypertensive mice prone to develop 
atherosclerosis. Therefore, we infused atherosclerosis-
prone ApoE–/– mice fed a normal chow with AngII (0.72 
mg·kg–1·d–1) for 4 weeks and administered C3 or control 
(200 mmol/L) via the drinking water (Figure 2A). Similar 
to WT mice, C3 had no nutritive effect (Figure IF in the 
online-only Data Supplement). C3 treatment protect-
ed AngII-infused ApoE–/– mice from aortic rupture and 
thereby reduced mortality during the 4 weeks of AngII 
infusion (Figure 2B). In congruence with our findings in 
hypertensive mice without atherosclerosis, C3 reduced 
splenic TEM and increased splenic TN populations in An-
gII-infused ApoE–/– (Figure 2C), whereas splenic central 
memory T cells were not significantly regulated (Figure 
IG in the online-only Data Supplement). In addition, 
C3 treatment significantly reduced CD4+Foxp3–RORγt+ 

Th17 cells, whereas CD4+CD25+FoxP3+ Treg were not 
affected (Figure  2D). Concordant with WT, no signif-
icant regulation of Th1 cells was observed (Figure IH 
in the online-only Data Supplement). Our data suggest 
that C3 treatment ameliorates systemic inflammation 
in hypertensive mice with and without atherosclerosis.

Propionate Attenuates Vascular 
Inflammation and Atherosclerosis
Inflammation of the vascular wall is a hallmark of ath-
erosclerosis and is amplified in the presence of ele-
vated AngII levels.9 To investigate if C3 modulates the 
atherosclerotic inflammatory response, we analyzed 
aortic immune cells from AngII-infused ApoE–/– by 
flow cytometry. Aortic CD4+, CD8+ T cell, and F4/80+ 
macrophage numbers were reduced after C3 treat-
ment (Figure  3A, Figure IIA in the online-only Data 
Supplement). Similar to splenic immune cells, the fre-
quencies of aortic CD4+ TEM decreased and CD4+ TN 
increased after C3 treatment, whereas CD4+ central 
memory T cells remained unaltered (Figure  3B, Fig-
ure IIB and IIC in the online-only Data Supplement). 

Figure 2. Propionate provides beneficial modulation of effector T cells in AngII-infused ApoE–/– mice.  
A, AngII-infused ApoE–/– mice were treated with C3 or sodium chloride, starting 5 days before minipump implantation. B, Survival curves of AngII-infused ApoE–/– 
mice treated with C3 or control. n=30 per group, ***P<0.001 by log-rank test. C, After 28 days of AngII infusion, splenocytes were analyzed for CD4+ effector 
memory (CD44+CD62L–) and naive (CD44–CD62L+) subsets. Left, Representative flow cytometry plots. Right, Quantification in percentage of CD4+. ApoE–/– AngII 
n=15, ApoE–/– AngII+C3 n=19. D, Quantification of FoxP3+CD25+ and RORγt+ in CD4+ splenocytes. Left, Representative flow cytometry plots. Right, Quantification 
in percentage of CD4+. ApoE–/– AngII n=12, ApoE–/– AngII+C3 n=15. *P<0.05, **P<0.01, by 1-tailed t test. AngII indicates angiotensin II; APC, Allophycocyanin; 
ApoE–/–, apolipoprotein E knockout–deficient; C3, propionate; FITC, fluorescein isothiocyanate; and PerCP-Cy5.5, Peridinin-chlorophyll protein cyanine 5.5.
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Further verification by immunohistochemical staining 
was obtained in atherosclerotic plaques of the bra-
chiocephalic artery. Fewer CD3+ T cells and F4/80+ 
macrophages were detected in brachiocephalic ar-
tery sections from C3-treated AngII-infused ApoE–/– 
mice (Figure 3C and 3D). To determine whether these 
potentially beneficial effects would translate into a 
reduction in atherosclerotic lesion burden, we per-
formed en face Oil Red O staining of whole aortas. 
Aortic atherosclerotic lesion burden was significantly 
reduced in C3-treated mice (Figure  3E). Likewise, 

considerably less stenosis of the brachiocephalic ar-
tery was detected in C3-treated mice (Figure 3F). Be-
cause AngII infusion may induce cardiac remodeling 
in addition to atherosclerosis, we measured heart 
weight and analyzed cardiac fibrosis in AngII-infused 
ApoE–/– by Sirius red staining. Hypertrophy index and 
interstitial fibrosis were significantly attenuated in C3-
treated AngII-infused ApoE–/– (Figure 3G through 3H). 
C3 did not affect serum levels of total cholesterol, 
triglycerides, high-density lipoprotein, or low-density 
lipoprotein cholesterol (Table I in the online-only Data 

Figure 3. Propionate reduces aortic inflammation and atherosclerotic lesion burden in AngII-infused ApoE–/–.  
A, Single-cell suspensions from whole aortas of were analyzed for T helper (CD3+CD4+), cytotoxic T cells (CD3+CD8+), and macrophages (F4/80+) by flow cytometry. 
B, Aortic CD4+ T cells were analyzed for CD4+ effector memory (CD44+CD62L–) and naive (CD44–CD62L+) subsets by flow cytometry. C and D, Quantification of 
CD3 and F4/80 positive cells in sections of the brachiocephalic artery, respectively. E, En face Oil Red O staining of whole aortas for the quantification of athero-
sclerotic lesion burden. Left, Representative aortas. Right, Quantification. F, The degree of stenosis in the brachiocephalic artery was determined in Movat-stained 
cross-sections. Left, Representative sections (scale bar=100 µm). Right, Quantification. A through F, ApoE–/– AngII n=6, ApoE–/– AngII+C3 n=8. G, Cardiac hyper-
trophy index (heart weight [mg]/body weight [g]) of AngII-infused ApoE–/– mice treated with C3 or control, ApoE–/– AngII n=16, ApoE–/– AngII+C3 n=21. H, Left 
ventricular cardiac fibrosis as analyzed by Sirius red staining. Left, Representative photomicrographs (scale bar=100 µm). Right, Quantification.  ApoE–/– AngII n=9, 
ApoE–/– AngII+C3 n=10. *P<0.05, **P<0.01 by 1-tailed t test or Mann-Whitney test. AngII indicates angiotensin II; ApoE–/–, apolipoprotein E knockout–deficient; 
and C3, propionate.
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Supplement). Taken together, C3 treatment reduced 
vascular inflammation, atherosclerotic lesion burden, 
and cardiac remodeling in AngII-infused ApoE–/–inde-
pendent of blood lipid levels.

Propionate Ameliorates Cardiac Immune 
Cell Infiltration and Remodeling
Alongside vascular injury, hypertension generates an 
inflammatory response in the heart, which promotes 
cardiac remodeling.30 Flow cytometric analysis of heart-
infiltrating lymphocytes on day 14 of AngII infusion in 
WT mice revealed a significant increase in the num-
ber of cardiac CD4+ T cells, CD8+ T cells, and F4/80+ 
macrophages, which was significantly decreased by 
C3 treatment (Figure  4A through 4E). These results 
could be confirmed by analysis of CD4 and CD8 im-
munofluorescence of cardiac cryosections (Figure IIIA 
and IIIB in the online-only Data Supplement). We fur-
ther analyzed the proportion of Th17, Treg, and Th1 
subsets among infiltrating cardiac T cells. The AngII-
induced increase in cardiac CD4+ RORγt+Foxp3– fre-
quencies was prevented by C3 treatment, whereas the 
fraction of CD4+FoxP3+RORγt– T cells and CD4+T-bet+ T 
cells was similar between groups (Figure 4F, Figure IIIC 
in the online-only Data Supplement). IL-10 mRNA lev-
els in cardiac tissue were analyzed by quantitative pol-
ymerase chain reaction. In line with IL-10 expression 
in CD4+ splenocytes, C3 prevented the AngII-induced 
increase in Il-10 expression (Figure IIID in the online-
only Data Supplement).

As expected, AngII increased the cardiac hypertro-
phy index after 14 days of infusion, an effect that was 
prevented by C3 treatment (Figure 4G). We confirmed 
this finding using echocardiography, which revealed 
an increased left ventricular wall thickness after AngII 
infusion and a significant reduction on C3 treatment 
(Figure 4H). Accordingly, the AngII-induced increase in 
cardiac brain natriuretic peptide (Nppb) and β-myosin 
heavy chain (Mhy7) mRNA expression was prevented 
by C3 treatment as measured by quantitative poly-
merase chain reaction (Figure 4I and 4J). C3 treatment 
also prevented the AngII-induced increase in intersti-
tial and perivascular cardiac fibrosis as measured by fi-
bronectin and collagen I immunofluorescence, respec-
tively (Figure 4K and 4L). Consistently, the number of 
cardiac fibroblasts analyzed using fibroblast-specific 
protein 1 immunofluorescence was similarly regulated 
(Figure 4M). Cardiac mRNA expression of connective 
tissue growth factor (Ctgf) and neutrophil gelatinase–
associated lipocalin (Ngal) also confirmed the antifi-
brotic effect (Figure IIIE and IIIF in the online-only Data 
Supplement).

HDAC inhibitory properties have been attributed 
to SCFAs,31 and HDAC inhibition is known to inhibit 
AngII-induced cardiac hypertrophy and fibrosis.32 To 

address this potential mechanism of action, we cul-
tured rat neonatal cardiomyocytes in vitro in the pres-
ence or absence of AngII and tested the effect of C3 
on atrial natriuretic peptide (Nppa) mRNA expression 
as a sensitive hypertrophy marker in comparison with 
the known class I and II HDAC inhibitor trichostatin 
A. In contrast to trichostatin A, C3 did not reduce 
Nppa mRNA expression (Figure IV in the online-only 
Data Supplement), suggesting that the effect of C3 
on AngII-induced cardiac hypertrophy is HDAC-inde-
pendent.

Effect of Propionate Depends on Treg
C3 has been shown to promote Treg generation and 
function.22 We hypothesized that the observed bene-
ficial effects of C3 in AngII-infused hypertensive WT 
mice are Treg-dependent. To test this hypothesis, we 
depleted Tregs in C3-treated AngII-infused WT mice 
by injecting anti-CD25 antibody (intraperitoneal in-
jections of antibody clone PC61 on days –1, 2, and 
5 of AngII infusion). We assessed inflammation and 
cardiac fibrosis in comparison with nondepleted C3-
treated AngII-infused WT mice receiving IgG control 
antibodies intraperitoneally; Treg depletion was well 
tolerated and had no effect on body weight (Figure 
VA in the online-only Data Supplement). On day 14 of 
AngII infusion, splenic Tregs were still significantly de-
pleted in comparison with the IgG control group (Fig-
ure 5A). Treg-depleted AngII-infused WT mice treated 
with C3 displayed a significant increase in splenic 
CD4+IL-17A+ cell frequencies in comparison with non-
depleted mice (Figure 5B), reinforced by a similar trend 
in splenic CD4+RORγt+ Foxp3– frequencies (Figure VB 
in the online-only Data Supplement). Splenic Th1 cells, 
as measured by interferon-γ and T-bet expression in 
CD4+ cells, were not regulated (Figure VC and VD in 
the online-only Data Supplement). The inhibitory ef-
fect of C3 on splenic CD4+ TEM frequencies was ab-
rogated in Treg-depleted mice (Figure  5C), without 
altering central memory T cells or TN populations (Fig-
ure VE and VF in the online-only Data Supplement). 
Significantly more CD4+ and CD8+ lymphocytes could 
be detected in heart sections of Treg-depleted AngII-
infused mice treated with C3 (Figure 5D and 5E). Car-
diac hypertrophy measured by echocardiography and 
hypertrophy index was only nonsignificantly increased 
in Treg-depleted C3-treated AngII-infused mice in 
comparison with mice injected with IgG (Figure  5F, 
Figure VG in the online-only Data Supplement). How-
ever, hearts from Treg-depleted mice displayed a sig-
nificantly increased interstitial and perivascular fibro-
sis, as well as increased numbers of fibroblast-specific 
protein 1+ cells (Figure 5G through 5I). These findings 
suggest that Treg may partially mediate the cardiopro-
tective effects of C3.
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Figure 4. Propionate attenuates hypertensive cardiac damage in AngII-infused wild-type NMRI (WT) mice.  
A through E, Single cells were isolated from hearts of sham-infused or AngII-infused WT mice treated with C3 or control and analyzed by flow cytometry for T 
helper cells (CD3+CD4+), cytotoxic T cells (CD3+CD8+), and macrophages (F4/80+), as well. A and B, Representative ratings. C through E, The respective quantifica-
tions. WT Sham n=8, WT AngII n=10, WT AngII+C3 n=9. F, Analysis of CD4+FoxP3+ and CD4+RORγt+ cells in heart single-cell suspensions. Left, Representative 
flow cytometry plots. Right, Quantifications. WT Sham n=6, WT AngII n=6 to 7, WT AngII+C3 n=8. G, Cardiac hypertrophy index (heart weight [g]/tibia length 
[m]), (WT Sham n=9, WT AngII n=10, WT AngII+C3 n=10). H, Left ventricular wall thickness (sum of IVSd and LVPWd) as measured by (Continued )
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Moderate Blood Pressure–Lowering 
Effect of Propionate
Recent studies have shown that C3 may directly influ-
ence vasomotor function.26 To achieve C3-induced va-
sorelaxation in isolated perfused kidneys, very high, su-
praphysiological concentrations (3–100 mmol/L) were 
needed (data not shown). In addition, atomic force 
microscopy–based nanoindentation measurements in 
ApoE–/– mice revealed that C3 treatment softens en-
dothelial cells in comparison with control treatment 
(data not shown). Next, we examined whether chronic 
oral C3 treatment influences blood pressure in AngII-
infused WT mice and performed continuous radiotele-
metric blood pressure measurements. Systolic and dias-
tolic blood pressures in C3-treated WT mice were not 
affected in the initial phase, but were lowered toward 
the second week of AngII infusion, reaching statisti-
cal significance from day 11 and day 12 on (Figure 6A 
and 6C). Calculating the area under the curve for both 
weeks of AngII infusion separately, a significant differ-
ence in systolic and diastolic blood pressure was seen 
only for the second week (Figure 6B and 6D). This pat-
tern was confirmed in the ApoE–/– model, because tail-
cuff measurements of the systolic blood pressure were 
significantly lower in C3-treated mice during the last 
week of AngII infusion (Figure VIA in the online-only 
Data Supplement). In parallel with the reduced blood 
pressure, endothelial dysfunction in both mouse mod-
els was significantly ameliorated by C3 treatment as 
shown by ex vivo analysis of endothelium-dependent 
relaxation (Figure VIB and VIC in the online-only Data 
Supplement). To analyze whether C3 affects endothe-
lial dysfunction in an immune cell–free setting, we incu-
bated isolated mesenteric rings from untreated healthy 
mice with IL-17A and AngII for 24 hours in vitro (Figure 
VID in the online-only Data Supplement). Coincubation 
with C3 under cell culture conditions did not prevent 
endothelial dysfunction, making a direct endothelium-
mediated effect of C3 less likely (Figure VID in the on-
line-only Data Supplement).

To elucidate if the blood pressure–lowering effect of 
C3 is influenced directly by Treg, we measured blood 
pressure by radiotelemetry in C3-treated AngII-infused 
WT mice receiving the Treg-depleting anti-CD25 an-
tibody or IgG control. However, systolic and diastolic 
blood pressures were similar in the initial and late phas-
es of AngII infusion. (Figure VIE and VIF in the online-
only Data Supplement). Therefore, the blood pressure–

lowering effect of chronic C3 treatment cannot be 
ascribed to a single mechanism.

Propionate Reduces Susceptibility to 
Ventricular Arrhythmias
To further explore if the beneficial effects of C3 treat-
ment on AngII-induced cardiac remodeling led to an 
improved functional outcome, we assessed the sus-
ceptibility of AngII-infused WT mice treated with C3 
or control to ventricular arrhythmias by in vivo cardiac 
electrophysiological studies. Ventricular tachyarrhyth-
mias are prognostically relevant in hypertensive heart 
disease.33 Susceptibility to ventricular tachyarrhythmias 
was significantly lower in C3-treated animals (5 of 7 
C3-treated mice could not be triggered at all), whereas 
sustained tachyarrhythmias could be triggered in 85% 
of control-treated mice (Figure 7A and 7B). Connexin 
43, a major gap junction protein required for electric 
integrity, was relocated from the intercalated disk to 
the lateral border of the cardiomyocytes on AngII in-
fusion as shown by immunofluorescence (Figure  7C). 
Consequently, the degree of connexin 43 colocalization 
with N-cadherin (localized at the intercalated disc) was 
reduced on AngII infusion in comparison with sham-
infused mice and maintained by concomitant C3 treat-
ment (Figure 7C). These data show that C3 improves 
cardiac electric remodeling.

DISCUSSION
Metabolites released by the gut microbiota exert an im-
portant influence on the cardiovascular health of their 
host. SCFAs, end products of bacterial metabolism in 
the intestine, which are primarily derived from dietary fi-
bers, have been attributed health-promoting properties 
in several diseases, in particular because of their potent 
action on immune cells.25 Epidemiological studies sug-
gest that sufficient fiber intake may be beneficial in hy-
pertension,34 but we lack a comprehensive understand-
ing of the underlying mechanisms. The current study 
demonstrates that the SCFA propionate prevents target 
organ damage in hypertensive mice with and without 
atherosclerosis by maintaining immune homeostasis.

Hypertension stands out among health risk factors 
because it promotes several cardiovascular diseases, in-
cluding hypertensive heart disease and atherosclerosis. 
Beyond blood pressure control, the need to address the 
inflammatory response to hypertensive stimuli has been 

Figure 4 Continued. echocardiography (WT Sham n=9, WT AngII n=8, WT AngII+C3 n=9). Cardiac Nppb (I) and Mhy7 (J) expression as measured by qPCR at 
the end of the treatment (WT Sham n=10, WT AngII n=6, WT AngII+C3 n=6). K through M, Immunofluorescence analysis of cardiac left ventricular fibrosis using 
fibronectin (K), collagen I (L), and FSP-1 (M) antibodies (WT Sham n=5, WT AngII n=6, WT AngII+C3 n=7). Left, Representative photomicrographs (scale bar=100 
µm). Right, Quantifications. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 by 1-way ANOVA and Tukey post hoc. AngII indicates angiotensin II; APC, Allophy-
cocyanin; AU, arbitrary unit; C3, propionate; FITC, fluorescein isothiocyanate; FSC-W, forward scatter width; FSP-1, fibroblast-specific protein 1; HPF, high-power 
field; IVSd, interventricular septal thickness at diastole; LVPWd, left ventricular posterior wall end diastole; PB, Pacific Blue; PerCP-Cy5.5, Peridinin-chlorophyll pro-
tein cyanine 5.5; and qPCR, quantitative polymerase chain reaction. 
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Figure 5. Depletion of regulatory T cells abrogates the effect of propionate in AngII-infused wild-type NMRI (WT) mice.  
AngII-infused WT mice received propionate treatment with intraperitoneal injections of anti-CD25 (PC61) or IgG control. A, Relative reduction in splenic 
CD4+CD25+Foxp3+ regulatory T cells at day 14 of AngII infusion in comparison with IgG control. B, IL-17A production in CD4+ restimulated splenocytes measured 
by flow cytometry. C, Splenic effector memory T cell (CD4+CD44+CD62L–) frequencies. D and E, Analysis of CD4+ (D) and CD8+ (E) lymphocytes in heart sections 
using immunofluorescence. F, Left ventricular wall thickness (sum of IVSd and LVPWd) as measured by echocardiography. G through I, Immunofluorescence anal-
ysis of left ventricular fibrosis using fibronectin (G), collagen I (H), and FSP-1 (I) antibodies. Left, Representative photomicrographs (scale bars=100 µm). Right, 
quantification. A, D through I, WT AngII+C3+IgG n=4, WT AngII+C3+PC61 n=4; B and C, WT AngII+C3+IgG n=3, WT AngII+C3+PC61 n=4, *P<0.05 by 1-tailed 
Mann-Whitney test. AngII indicates angiotensin II; C3, propionate; FSP-1, fibroblast-specific protein 1; IgG, immunoglobulin G; IL, interleukin; IVSd, interventricular 
septal thickness at diastole; and LVPWd, left ventricular posterior wall end diastole.
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recognized.35 In particular, effector T cells and mac-
rophages are activated in hypertension and mediate 
damage to the heart and the vasculature. Experimental 
evidence suggests that immunosuppression11 or adop-
tive transfer of Treg13,14 limits hypertensive target organ 
damage, although potential side effects prevent further 
translation of these interventions.

Propionate improved the survival in both WT and 
ApoE–/– mice and attenuated the systemic T cell response 
to AngII as indicated by reduced splenic TEM frequen-
cies together with less proinflammatory Th17 cells. It is 
more important that this anti-inflammatory effect was 
also detectable in the respective target organs, because 
fewer T cells and macrophages infiltrated the heart and 

the aorta, respectively. AngII-induced cardiac hypertro-
phy and fibrosis were attenuated by propionate in both 
mouse models. In ApoE–/– mice, propionate treatment 
led to a reduced atherosclerotic lesion burden despite 
unaltered blood lipid levels.

Our data expand on recent observations demon-
strating the cardioprotective and renoprotective effects 
of a high-fiber diet in uninephrectomized deoxycorti-
costerone acetate–treated hypertensive mice.28 The 
authors ascribe the observed cardiorenal protection to 
acetate, another SCFA, and demonstrate a beneficial 
gene regulation in hearts and kidneys from uninephrec-
tomized deoxycorticosterone acetate mice fed a high-
fiber diet or supplemented with acetate. The authors 
also describe decreased blood pressures at the end of 
the treatment.28 Our current study expands on the car-
diovascular protective effects of SCFAs, pointing to an 
important contribution of immune homeostasis in the 
SCFA-mediated effect.

Activation of T cells can be observed in response to 
hypertensive stimuli, indicated by increased TEM.36 The 
balance of Treg and effector T cells is critically impor-
tant in hypertension and hypertensive end-organ dam-
age. Tregs are known to limit target organ damage in 
hypertension, because adoptive transfer of Treg has 
been shown to dampen AngII-induced cardiac13 and 
vascular14 damage. Moreover, depletion of Treg accel-
erates atherosclerosis in hypercholesterolemic mice.15 
Increased proportions of TEM are associated with the de-
velopment of atherosclerosis in humans and mice.37,38 
In addition to the significant effect on TEM, our data 
suggest that the propionate effect is also Treg-depen-
dent, because Treg depletion abrogated the propionate 
effect on systemic and cardiac inflammation, and on 
cardiac fibrosis, as well. It is interesting to note that we 
observed an increase in splenic Treg frequencies in re-
sponse to AngII along with an increase in Th17 cells, 
suggesting that Tregs counterbalance the AngII-elicited 
effector Th17 response. This observation is supported 
by a study showing increased plasma levels of the an-
ti-inflammatory cytokine IL-10 in AngII-infused mice.14 
Likewise, serum IL-10 is increased in hypercholesterol-
emic mice,39 and human atherosclerotic lesions show 
substantial IL-10 expression.40 Enrichment of Treg in 
nonlymphoid tissues in response to inflammatory stim-
uli or injury can be observed in various contexts,41 likely 
as a compensatory response. It is most important that 
propionate treatment in our study preserved the bal-
ance of Th17 and Treg in AngII-infused mice. Further-
more, Treg depletion abrogated the anti-inflammatory 
effect of propionate, indicated by increased Th17 and 
TEM frequencies.

The current picture of SCFA signaling to host cells 
is complex, because both the interaction with Gpr and 
olfactory receptor 78,26 and HDAC inhibitory proper-
ties, as well, have been described. Propionate is known 

Figure 6. Propionate treatment shows a blood pressure–lowering ef-
fect confined to the second week of AngII infusion.  
A through D, Systolic and diastolic blood pressure were measured continu-
ously by radiotelemetry in AngII-infused WT mice treated with C3 or control. 
A and C, Shown are smoothened curves over time for systolic and diastolic 
blood pressure, respectively. P values by linear mixed model. B and D, Shown 
are systolic and diastolic pressures calculated as AUC in week 1 and week 2 
of AngII infusion, respectively. n=4 per group. *P<0.05 by 2-way repeated-
measurement ANOVA and Sidak post hoc. AngII indicates angiotensin II; AUC, 
area under the curve; C3, propionate; and WT, wild-type NMRI. 
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to bind to Gpr41 and Gpr43, and independent studies 
have shown that either Gpr4142 or Gpr43,21 but also 
HDAC inhibition,22 may account for the propionate ef-
fect on immune cells. Direct propionate signaling to 
nonimmune cells such as cardiomyocytes may also play 
a role, because the inhibition of HDAC activity is known 
to inhibit cardiomyocyte hypertrophy.32 To distinguish 
effects mediated by immune cells from direct effects on 
cardiomyocytes, we tested the ability of propionate to 
inhibit AngII-induced hypertrophy of rat primary neona-
tal cardiomyocytes in comparison with the established 
HDAC inhibitor trichostatin A. However, propionate 
failed to inhibit cardiomyocyte hypertrophy. These data, 
together with the abrogation of the propionate effects 
by Treg depletion, suggest that T cells substantially con-
tribute to the protective effect of propionate. Further 
studies are warranted to dissect other potentially pro-
tective pleiotropic effects of propionate.

Our data demonstrate that, in addition to beneficial 
immunomodulatory effects, propionate moderately 
reduced blood pressure in both models. Endothelial 
dysfunction is associated with the development of es-
sential hypertension.43 In isolated mesenteric arteries 
of AngII-infused WT mice and in isolated perfused 
kidneys of AngII-infused ApoE–/– mice, we could show 
that chronic C3 treatment improved endothelium-de-

pendent vasodilation. Earlier reports described acute 
vasodilation in response to propionate and other SC-
FAs.26 Similarly, we observed a C3-induced vasodilation 
in isolated perfused kidneys, albeit only at supraphysi-
ological concentrations. Propionate was previously 
shown to activate Gpr41 located in the vascular en-
dothelium, mediating the vasodilating effect of propi-
onate, although the downstream signaling cascades 
are less clear.27 In isolated mesenteric rings, C3 failed 
to improve endothelial function in a short-term exper-
iment. Nevertheless, we cannot exclude that chronic 
Gpr41-mediated antihypertensive effects of propio-
nate on the endothelium may have contributed to tar-
get organ protection. However, blood pressure reduc-
tion was observed only toward the late phase of AngII 
infusion, suggesting rather a chronic effect of propio-
nate on hypertension, thereby arguing against a direct 
endothelium-dependent effect.

It is important to note that an increased occurrence 
of ventricular tachycardia can be observed in hyperten-
sive patients with left ventricular hypertrophy, which is 
prognostically relevant.33 Spatial redistribution of gap 
junction proteins is characteristic of pathological elec-
tric remodeling and has been described in the human 
hypertrophic myocardium.44 We show that propionate 
improves electric remodeling with a reduced suscep-

Figure 7. Propionate reduces susceptibility to ventricular arrhythmias in AngII-infused wild-type NMRI (WT) mice.  
In vivo programmed electric ventricular stimulations were performed in AngII-infused WT mice treated with C3 or control. A, Representative original tracings 
showing the induction of ventricular tachyarrhythmia. Surface ECG, right ventricular (RV), and right atrial (RA) recordings are shown. B, Quantification of ventric-
ular arrhythmias susceptibility. n=7 per group, *P<0.05 by Mann-Whitney test. C, Immunofluorescent costaining of connexin 43 (green) and N-cadherin (red) in 
cardiac cryosections from sham-infused or AngII-infused WT mice treated with C3 or control. WT Sham n=7, WT AngII n=5, WT AngII+C3 n=7. Representative 
photomicrographs (scale bar=100 µm) and quantification of colocalization. P values by 1-way ANOVA and Tukey post hoc. AngII indicates angiotensin II; and C3, 
propionate.



Bartolomaeus et al Short-Chain Fatty Acid Propionate and Hypertension

Circulation. 2019;139:1407–1421. DOI: 10.1161/CIRCULATIONAHA.118.036652 March 12, 2019 1419

ORIGINAL RESEARCH 
ARTICLE

tibility to programmed ventricular tachycardia in vivo. 
Our observation is confirmed by attenuated cardiac 
gap junction remodeling in propionate-treated mice, 
as indicated by a reduced lateralization of connexin 
43 in cardiomyocytes. Similarly, beneficial effects were 
observed earlier in AngII-infused mice after adoptive 
Treg transfer.13

In conclusion, propionate treatment protects from 
cardiac damage and reduces atherosclerosis in experi-
mental hypertension. Target organ protection by propi-
onate is at least partially dependent on Treg, although 
other pleiotropic effects likely contribute to this result. 
Our data provide further experimental evidence for the 
importance of microbiota-derived SCFAs in promoting 
host cardiovascular health. Hypertension and athero-
sclerosis account for a substantial proportion of world-
wide cardiovascular morbidity and mortality. Propionate 
could be important in improving cardiovascular health, 
because both atherosclerosis and hypertensive cardiac 
remodeling were significantly reduced on propionate 
treatment in our study. It is interesting to note that sev-
eral subsets of gut bacteria are capable of producing 
propionate,45 some of which were shown to be less a-
bundant in experimental hypertension46 and hyperten-
sive patients.17 Consequently, oral supplementation with 
propionate or its precursors may be beneficial in hyper-
tensive individuals to prevent damage to target organs. 
Current hypertension guidelines recommend lifestyle 
modifications before the initiation of any pharmacolog-
ical antihypertensive treatment.47 Dietary augmentation 
of propionate is an affordable intervention, and our ob-
servations suggest that this could be a novel approach 
to prevent hypertensive damage to target organs.
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