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Abstract
Aims: Metformin has been attributed to cardiovascular protection even in the 
absence of diabetes. Recent observations suggest that metformin influences the 
gut microbiome. We aimed to investigate the influence of metformin on the gut 
microbiota and hypertensive target organ damage in hypertensive rats.
Methods: Male double transgenic rats overexpressing the human renin and an-
giotensinogen genes (dTGR), a model of angiotensin II-dependent hypertension, 
were treated with metformin (300 mg/kg/day) or vehicle from 4 to 7 weeks of age. 
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1   |   INTRODUCTION

Metformin, a long-established first-line medication for 
type 2 diabetes,1 has attracted the attention of researchers 
for its potential benefits beyond diabetes. The observed car-
diovascular benefits in diabetic patients2,3 have prompted 
investigations into its cardioprotective role in non-diabetic 
conditions both preclinically4,5 and clinically.6,7 However, 
despite the wide range of effects under diabetic and non-
diabetic states, the precise mechanisms underpinning 
metformin's actions remain insufficiently understood.8–10 
Interestingly, intravenous administration of metformin 
fails to elicit changes in blood glucose levels or glucose 
metabolism, suggesting the need for gastrointestinal pas-
sage and a potential role for the intestinal microbiome 
in mediating the therapeutic effects of metformin.11,12 
In line, fecal transplants from metformin-treated donors 
to germ-free mice improved the recipient's glucose toler-
ance,13 and antibiotic depletion of the gut microbiota nul-
lified the metformin-induced antihyperglycemic effects in 
mouse models,4 underscoring the modulatory role of the 
gut microbiota in mediating metformin's actions.

In humans, metformin treatment has been shown to 
influence gut microbiome composition and function in 
different ways.13–16 While the production of protective 

short-chain fatty acids (SCFA) was observed on one hand, 
a potential increase in lipopolysaccharides (LPS) was 
observed on the other.14 SCFA are of major interest in 
the prevention of cardiovascular disease and have been 
demonstrated to modulate blood pressure as well as con-
fer organ protection from hypertensive damage through 
their immunomodulatory properties.17–22

Accumulating evidence suggests that either direct ad-
ministration of SCFA or dietary fiber interventions that 
promote the generation of SCFA by the gut microbiome 
can exert antihypertensive effects and improve blood 
pressure management in hypertensive patients.7,23 The 
interaction of dietary fiber, SCFA, and blood pressure 
has recently been reviewed in depth by Marques and 
colleagues.24 It has long been recognized that inflamma-
tion plays a critical role in hypertension and especially 
hypertensive target organ damage.25 While available 
pharmaceutical approaches address hemodynamic load, 
no current therapeutic approach deals with the inflam-
matory phenotype. The double transgenic rat (dTGR) 
model, overexpressing human renin and angiotensino-
gen genes on a Sprague–Dawley (SD) background,26 is a 
well-established model of angiotensin II-dependent hy-
pertension and exhibits a remarkable inflammatory re-
sponse27–29 to hypertension and consequently succumb 
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We assessed gut microbiome composition and function using shotgun metagen-
omic sequencing and measured blood pressure via radiotelemetry. Cardiac and 
renal organ damage and inflammation were evaluated by echocardiography, his-
tology, and flow cytometry.
Results: Metformin treatment increased the production of short-chain fatty 
acids (SCFA) acetate and propionate in feces without altering microbial composi-
tion and diversity. It significantly reduced systolic and diastolic blood pressure 
and improved cardiac function, as measured by end-diastolic volume, E/A, and 
stroke volume despite increased cardiac hypertrophy. Metformin reduced cardiac 
inflammation by lowering macrophage infiltration and shifting macrophage sub-
populations towards a less inflammatory phenotype. The observed improvements 
in blood pressure, cardiac function, and inflammation correlated with fecal SCFA 
levels in dTGR. In vitro, acetate and propionate altered M1-like gene expression 
in macrophages, reinforcing anti-inflammatory effects. Metformin did not affect 
hypertensive renal damage or microvascular structure.
Conclusion: Metformin modulated the gut microbiome, increased SCFA pro-
duction, and ameliorated blood pressure and cardiac remodeling in dTGR. Our 
findings confirm the protective effects of metformin in the absence of diabetes, 
highlighting SCFA as a potential mediators.
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cardiac remodeling, hypertension, inflammation, metformin, microbiome, short-chain fatty 
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to cardio-renal damage with a limited lifespan.30,31 The 
elevated angiotensin II levels in dTGR drive the devel-
opment of hypertension and subsequent cardio-renal 
injury, making it an ideal preclinical model for evaluat-
ing the effects of novel pharmaceutical approaches on 
hypertension.27,31–33

The present study sought to elucidate the impact of 
metformin on cardio-renal damage, inflammation, and 
the gut microbiome composition, offering insights into the 
putative mechanisms that could account for metformin's 
therapeutic potential in cardiovascular disease manage-
ment, even in non-diabetic conditions.

2   |   RESULTS

2.1  |  Metformin 
treatment of non-diabetic 
hypertensive rats

To investigate the impact of metformin on hypertensive 
damage and the gut microbiome in the absence of diabe-
tes, we administered metformin to male dTGR at a dose 
of 300 mg/kg body weight per day through their drinking 
water.34 The control group received equimolar magnesium 
chloride (vehicle) via the drinking water. Untreated, age-
matched male SD rats were used as a non-hypertensive 
reference for parts of the comparisons. The dTGR model 
is characterized by elevated blood pressure already at 
weaning.26,30,31 Treatment was initiated after weaning at 
4 weeks of age until 7 weeks of age. Untreated dTGR ex-
perience spontaneous mortality starting from 7 weeks 
of age.26,30,31 Notably, no mortality was observed in any 
group, as the animals were sacrificed before reaching 
7 weeks of age according to the 3R principle. Metformin 
treatment was well tolerated, as the body weight re-
mained stable in metformin and vehicle-treated dTGR 
(Figure  S1A,B), and plasma metformin concentrations 
were within the normal therapeutic range observed in 
humans35 (Figure S1C). Albeit plasma glucose and lactate 
levels were slightly elevated in metformin-treated dTGR, 
no signs of lactate acidosis were detected (Figure S1D,E).

2.2  |  Metformin modulates gut microbial 
function

To assess the influence of metformin on gut microbiome 
structure and function, we collected fecal samples weekly 
from before the treatment (week 4) until the end of the 
study in week 7. Shotgun metagenomic sequencing of 
fecal samples revealed no changes in alpha diversity upon 
metformin treatment, as assessed by the Shannon diversity 

index and Pielou evenness index (Figure 1A, Figure S2A). 
Beta diversity analysis by Bray–Curtis dissimilarity showed 
no clustering by treatment or timepoint (Figure  1B). 
Similarly, no significant shifts were observed in the phy-
lum level composition of the gut microbiome (Figure 1C). 
Consistent with previous data from large human co-
horts,14–16 metformin led to a significant increase in the 
production potential of the SCFA propionate and acetate 
1 week after treatment initiation (Figure 1D,F) as assessed 
by shotgun sequencing. This finding was corroborated by 
the measurement of increased fecal levels of propionate 
and acetate in metformin-treated dTGR compared to ve-
hicle at the endpoint (Figure 1E,G). While SD rats gener-
ally had higher acetate and propionate levels, metformin 
significantly increased the levels in dTGR towards the SD 
reference. In contrast, butyrate and 3-hydroxyisobutyrate 
levels remained unchanged (Figure S2B,C). The increase 
in acetate and propionate levels was consistent across dif-
ferent cohorts (Figure S2D,E). However, the elevated gut 
microbial SCFA production potential assessed by shot-
gun metagenomics was not sustained at later time points 
(Figure S2F). Furthermore, we evaluated the LPS produc-
tion potential by shotgun sequencing and measured LPS 
serum levels, as previous reports14–16 indicated increased 
microbial LPS production as a potential side effect of met-
formin. Metformin treatment significantly increased the 
abundance of the LPS-producing phylum Proteobacteria. 
In line, metformin increased the gut microbial production 
potential of LPS (KEGG M00080) and serum LPS levels, 
albeit without reaching significance (Figure S2G–I).

Taken together, metformin-induced microbiome ef-
fects are primarily characterized by enhanced production 
of the SCFA propionate and acetate.

2.3  |  Metformin treatment reduces blood 
pressure

Since SCFA and blood pressure regulation are closely 
linked,17,19 we investigated blood pressure by radiote-
lemetry. dTGR-developed severe arterial hypertension 
exceeding 250 mmHg at the end of the trial (Figure 2A). 
Metformin treatment significantly decreased diastolic 
(DBP) and systolic blood pressure (DBP) beginning from 
treatment days 5 and 10, respectively (Figure 2A,E). The 
weekly mean BP, assessed using the area under the curves 
for SBP and DBP, was significantly lowered from week five 
onwards (Figure  2B–D,F–H). No significant differences 
in heart rate were observed with metformin treatment 
(Figure  S3A–D). Notably, the mean DBP and SBP over 
the complete treatment period correlated significantly 
with fecal levels of acetate and propionate (Figure  2I,J, 
Figure S3E,F), indicating a link between increased SCFA 
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F I G U R E  1   Metformin induces microbial short-chain fatty acid synthesis. Longitudinal shotgun metagenomic sequencing was 
conducted on fecal samples of metformin-treated (Metformin; n = 7) and vehicle-treated (Vehicle; n = 6) dTGR prior to treatment initiation 
(week 4 before treatment) and on consecutive weeks thereafter (week 5, week 6, and week 7 (endpoint)). (A) Alpha-diversity measured by 
Shannon index and (B) PCoA of beta diversity using Bray-Curtis dissimilarities were calculated (C) Microbiome taxonomic composition on 
phylum level across different timepoints. Gut microbial production potential of propionate (D); (MF0125) and acetate (F); (MF0011). Fecal 
SCFA concentrations measured by NMR at the endpoint (E), propionate; (G), acetate. A linear mixed model accounting for animal litter was 
used for gut microbial production potential of propionate and asparate degradation and for propionate and acetate analyses; SD are shown 
for reference. The values are shown as raw data with each dot representing the data from one rat. Box plot represents median, 25th and 75th 
percentiles—interquartile range; IQR—and whiskers extend to maximum and minimum values. *p < 0.05, ***p < 0.001.
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F I G U R E  2   Metformin lowers blood pressure in hypertensive rats. Radiotelemetric blood pressure measurements of metformin-treated 
(Metformin; n = 5) and vehicle-treated (Vehicle; n = 5) dTGR. Treatment with 300 mg/kg metformin or vehicle was started at 4 weeks of 
age. (A) Analysis of systolic blood pressure over time. (B–D) Weekly mean systolic blood pressure quantified from the area under the curve 
(AUC) normalized to the number of measurements for week 4 (B), after treatment initiation, week 5 (C) and week 6 (D). (E–H) same for 
diastolic blood pressure. Correlations of mean diastolic blood pressure over the complete experimental time (analyzed as normed AUC) with 
fecal levels of acetate (I) and propionate (J). Spearman coefficients (R) and p values are shown, lines represent linear regression with a 95% 
confidence interval in gray. For analysis of blood pressure over lines represent mean values with a shaded 95% confidence interval, statistical 
analysis was performed using a rolling linear model. Mann–Whitney-U-test was used for normalized AUC. The values are shown as raw 
data with each dot representing one animal. B The box plot represents median, 25th and 75th percentiles—interquartile range; IQR—and 
whiskers extend from 5.-95. percentile. *p < 0.05, ***p < 0.001.
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production of the gut microbiome and improved blood 
pressure in metformin-treated dTGR.

2.4  |  Metformin treatment effects on 
cardiac hypertrophy and function

We and others have investigated the relationship be-
tween SCFA, blood pressure, and cardiac remodeling in 
the past.19,20 Interestingly, metformin treatment in dTGR 
significantly increased the cardiac hypertrophy as as-
sessed by echocardiography over time (Figure  3A) and 
heart weight-to-tibia ratio36 at the endpoint (Figure 3B). 
Furthermore, the hypertrophy marker plasma B-type 
natriuretic peptide (BNP) was elevated in metformin-
treated dTGR and closely correlated with the measured 
normalized heart weight (Figure S4A). Histological analy-
sis revealed an enlarged cardiomyocyte cross-sectional 
area (CSA) in dTGR, which was unaffected by metformin 
(Figure  3D,F). Interstitial fibrosis quantified in WGA 
staining remained unchanged with metformin treatment 
(Figure 3E,F). In line, perivascular and interstitial fibro-
sis were unchanged in Sirius red staining (Figure S4B,C). 
We did not observe an overall strong pro-fibrotic pheno-
type in these litters of dTGR, in line, a comparable low 
grade of cardiac fibrosis was already noted in the model 
description.26 This finding was also reflected in the similar 
expression of fibrosis-related genes collagen type I (Col1), 
collagen type IV (Col4), Fibronectin (Fn1), connective tis-
sue growth factor (Ccn2), and transforming growth factor-
beta (Tgfb1) (Figure  S4D–H). To investigate the cardiac 
function in the context of the pro-hypertrophic effect of 
metformin, comprehensive functional phenotyping of the 
heart was employed using conventional and strain echo-
cardiography. Data-driven PCA revealed clustering by 
treatment (Figure 3G), indicating apparent differences in 
cardiac function upon metformin treatment. Analysis of 
the treatment distinguishing component (PC2) showed 
that in addition to expected features like cardiac diam-
eters, mainly the end-diastolic volume (EDV), the stroke 
volume (SV), and the cardiac output (CO) drove the sep-
aration (Figure  S4I). Compromised ventricular filling, 
manifested by decreased EDV, is a hallmark of diastolic 
dysfunction. Metformin treatment increased the EDV 
(Figure  3H) and normalized the left ventricular filling 
pattern, as evidenced by a normal E/A ratio (Figure 3I). 
Notably, the increased EDV did not arise from a patho-
logical ventricular dilatation. Measures of systolic func-
tion, including left ventricular ejection fraction and 
strain analyses, remained unaffected by metformin treat-
ment (Figure 3J, Figure S4J–M). To investigate if the in-
crease in BNP, EDV, and stroke volume was secondary 
to metformin treatment-induced intravascular volume 

expansion, we analyzed body weight, urine output, and 
drinking volumes. However, neither body weight nor 
urine output and drinking volumes differed during the 
first days of metformin treatment (Figure S5A–C).

Overall, these alterations indicate improved car-
diac function, as validated by increased SV and CO 
(Figure 3K, Figure S4M). Interestingly, fecal acetate lev-
els correlated significantly with EDV (Figure S4N), while 
the correlation with propionate did not reach signifi-
cance (Figure S4O).

Another hallmark of pathological cardiac remodeling 
in hypertension is the presence of inflammation. Flow 
cytometric analysis showed that the percentage of leuko-
cytes among cardiac cells, which was increased by hyper-
tension, was reduced by metformin treatment, although 
not statistically significant (Figure  3L). Similarly, met-
formin significantly lowered the gene expression of the 
heart failure-associated fetal myosin heavy chain isoform 
beta (Myh7) (Figure 3M).

Taken together, metformin improved heart function, 
leading to improved EDV, SV, and CO. Our data indicates 
that the stronger hypertrophic response might be attrib-
utable to an improved adaptive cardiac remodeling in re-
sponse to hypertension in metformin-treated rats.

2.5  |  Metformin treatment does not alter 
hypertensive renal and microvascular 
structure

dTGR show hallmarks of hypertensive kidney damage 
(Figure S6A–H). However, metformin treatment did not 
alter this damage, as assessed by blood urea nitrogen (BUN), 
plasma creatinine, urinary albumin/creatinine ratio, and 
leukocyte infiltration (Figure S6A–E). Furthermore, gene 
expression of the kidney damage marker NGAL (Lcn2) and 
fibrosis markers collagen type I (Col1) and transforming 
growth factor-beta (Tgfb) remained unchanged following 
metformin treatment (Figure S6F–H). The microvascular 
structure of the kidney, tongue, and eye was unaffected 
by metformin, as assessed by ex vivo micro-computer to-
mography (μCT), indicated by unchanged vessel diameter 
and volume quantification (Figure S6I–K). Of note, in this 
independent cohort, we observed comparable effects of 
metformin on LV mass, EF, and EDV in the echocardio-
graphic analysis (Figure S5D–F).

2.6  |  Metformin ameliorates 
hypertensive cardiac inflammation

Since metformin leads to improved cardiac function 
with signs of lower inflammation and considering 
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F I G U R E  3   Metformin improves diastolic function in hypertensive rats. Hypertensive double transgenic rats (dTGR) were treated 
with metformin or vehicle. (A) Longitudinal echocardiography before the initialization of treatment (Baseline, week 4) and at the end of 
treatment (Endpoint, week 7) indicates a stronger hypertrophy in metformin-treated rats. (B) Confirmation using heart weight (normalized 
to tibia length3) and (C) plasma BNP levels. (D) Cardiomyocyte hypertrophy and (E) Interstitial cardiac fibrosis was assessed using WGA 
Staining (F) representative pictures of WGA staining. (G) PCA of all echocardiographic features. Diastolic and systolic function was 
further analyzed at the endpoint. (H) End-diastolic volume (EDV), (I) E/A, (J) left ventricular ejection fraction (EF), and (K) stroke volume 
(SV) were analyzed. (L) Cardiac inflammation was quantified by flow cytometry as CD45+ cells (leukocytes) in percent of live cells. (M) 
Cardiac Mhy7 mRNA expression was assessed by qPCR. A linear mixed model accounting for animal litter was used for all comparisons 
of metformin treatment with vehicle; SD are shown for reference. The values are shown as raw data with each dot representing the data 
from one rat. Box plot represents median, 25th and 75th percentiles—interquartile range; IQR—and whiskers extend from 5.-95. percentile. 
*p < 0.05, **p < 0.01, ***p < 0.001.
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the anti-inflammatory effects of SCFA, we performed 
comprehensive immune phenotyping of the heart, the 
kidney, and the spleen as a systemic lymphoid organ 
(Figure S7A, gating strategies Figure S8A–D). Our anal-
ysis revealed an inflammatory signature in the hearts of 
vehicle-treated dTGR as compared to SD across various 
innate and adaptive immune populations (Figure 4A,B, 
Figure  S9A–L). Metformin treatment shifted the im-
mune phenotype towards SD (Figure 4A,B). A detailed 
analysis of the cardiac immune cell composition demon-
strated anti-inflammatory changes within macrophage 
populations with metformin treatment (Figure  4C–G). 
Metformin decreased macrophage and monocyte in-
filtration into the heart (Figure  4C,D). Cardiac infil-
trating monocytes exhibited a less pro-inflammatory37 
(His48+) phenotype with metformin treatment 
(Figure  4E). Furthermore, metformin reduced car-
diac pro-inflammatory M1-like macrophages (CD11b/
chighCD86+; Figure  4F), while cardiac regulatory M2-
like macrophages (CD11b/clowCD163+) were increased 
(Figure  4G). In addition, metformin restored normal 
cardiac T cell abundance (T cells; CD3+; Figure  S9A), 
reduced cardiac gamma delta T cells (gdT; gdTCR+ T 
cells; Figure S9D) and regulatory T cells (Treg; FoxP3+ 
T helper [Th, CD3+ CD4+ CD8−]; Figure S9E). In con-
junction with this, cardiac pro-inflammatory T helper 
cell subsets such as Th17-like Treg (RORgt+ Tbet− 
Treg) and Th17 cells (RORgt+ Tbet− FoxP3− Th cells), 
known for their role in mediating hypertensive dam-
age,38 were reduced albeit not significantly (Figure 4H,I). 
Interestingly, the levels of infiltrating macrophages cor-
related significantly with acetate and propionate levels 
(Figure 4J,K).

Systemic immune signatures assessed in the spleen 
were not altered (Figure S7B). In line with the unaffected 
kidney phenotype, metformin did not improve renal in-
flammation (Figure S7C).

In summary, our data indicates an improved cardiac 
inflammatory response in metformin-treated dTGR. 
Macrophages were most affected by metformin treatment 
and showed a negative correlation with fecal propionate 

and acetate levels. Since inflammation is a hallmark of 
pathological cardiac remodeling, the observed immune 
response may explain the observed improvements in car-
diac function.

2.7  |  Short-chain fatty acid modulate 
M1-like but not M2-like macrophages 
in vitro

The beneficial effects of metformin on SCFA produc-
tion as well as on cardiac macrophage infiltration led 
us to investigate the effect of SCFA on macrophage po-
larization. We have previously shown that the protec-
tive effects of propionate can be explained in particular 
by an anti-inflammatory modulation of T cells.19 Here, 
we hypothesized that SCFA affects the polarization 
of macrophages. Murine bone marrow-derived mac-
rophages (BMDMs) were polarized in vitro towards M1-
like (LPS) and M2-like (IL-4 + IL-13) phenotypes and 
treated with 1 mM of acetate, propionate, and butyrate. 
Propionate and acetate altered the expression of key 
M1-like macrophage marker genes such as inducible 
nitric oxide synthase (Nos2), cyclooxygenase-2 (Cox2), 
interleukin-6 (Il6), C-C Motif Chemokine Ligand 5 
(CCL5), IL-1β (Il1b), NLRP3 (Nlrp3), and tumor ne-
crosis factor (Tnf) (Figure  5A,B). Interestingly, even 
under M2 conditions, we observed an inhibition of 
the M1 signature by SCFA treatment. Butyrate, which 
was not regulated by metformin treatment, showed the 
weakest effect on M1-like polarization and even lead 
to an induction of CCL5. Under M2 conditions, acetate 
lead again to a reduced polarization (Figure  5A,C). 
Propionate and butyrate treatment showed more in-
termediate effects with an induction of several marker 
genes and an inhibition of others (Figure  5A,C). 
However, the observed effects (log2FC) were compara-
ble smaller on M2-like macrophages compared to M1-
like macrophages. To validate this, we tested whether 
the effect on M1-like macrophages was also achieved 
with a lower dose of 100 μM of the respective SCFA. 

F I G U R E  4   Metformin ameliorated cardiac hypertensive inflammation. Cardiac immune cells from hypertensive double transgenic 
rats (dTGR) were treated with metformin or vehicle and were analyzed by flow cytometry. (A) PCA of cardiac immune cells. (B) Heatmap 
showing z-scored/transformed immune cell abundances and K-means clustering of dTGR samples. SD is shown as a reference. (C) 
Macrophages (CD45+ CD3− CD161− RP1− CD68+), (D) monocytes (CD45+ CD3− CD161− RP1− CD68− CD45R− RT1b− CD4+), (E) His 
48high monocytes, (F) M1-like (CD11b/chigh CD86+) macrophages, (G) M2-like (CD11b/clow CD163+) macrophages, (H) RORgt+ regulatory 
T cells (Treg, CD45+ CD3+ gdTCR− CD8− CD4+ FoxP3+ RORgt+ Tbet−), and (I) RORgt+ conventional T cells (CD45+ CD3+ gdTCR− 
CD8− CD4+ FoxP3− RORgt+ Tbet−) are shown as boxplots. (J) Correlations of macrophages with fecal acetate and propionate levels. 
Spearman coefficients (R) and p values are shown, lines represent linear regression with a 95% confidence interval in gray. A linear mixed 
model accounting for animal litter was used for all comparisons of metformin treatment with the vehicle; SD are shown for reference. The 
values are shown as raw data with each dot representing the data from one rat. Box plot represents median, 25th and 75th percentiles—
interquartile range; IQR— and whiskers extend from 5.-95. percentile. *p < 0.05, ***p < 0.001.
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Consistent with the signature of 1 mM SCFA, propi-
onate, and acetate showed again the strongest effects 
(Figure S10).

Taken together our in vitro data suggest a functional 
link of microbially-produced SCFA to macrophage abun-
dance and polarization in metformin-treated dTGR.
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3   |   DISCUSSION

Given the role of metformin in preventing cardiovascular 
disease under diabetic conditions, we aimed to investigate 
the effects of metformin on cardiovascular damage in hy-
pertension in the absence of diabetes. In line with findings 
from human cohorts,14–16 metformin induced a functional 
shift in the gut microbial metabolite production by in-
creasing the production of the SCFA acetate and propi-
onate. Furthermore, metformin treatment significantly 
lowered DBP and SBP. Despite a more pronounced car-
diac hypertrophy, metformin treatment reduced cardiac 
inflammation and improved cardiac function. A hallmark 
of the improved cardiac immune phenotype was the shift 
in macrophage subpopulations towards less inflammatory 
subtypes, which was reproduced in vitro in SCFA-treated 
BMDM. Apart from cardioprotective effects, metformin 
treatment did not overtly affect other hypertensive end-
organs such as the kidney. Taken together, our data in-
dicates a cardioprotective effect of metformin treatment, 
which can at least in part be explained by beneficial mi-
crobial shifts.

First, we aimed to confirm the known microbiome-
dependent effects of metformin in our study. Since 1984, 
it is known that metformin exhibits no glucose-lowering 
effects after intravenous administration.11,12 Interestingly, 
approximately 70% of the orally administered met-
formin gets excreted unmetabolized via feces and urine.10 
Microbiome analyses of large human diabetic cohorts 
have uncovered that metformin induces a microbiome 
signature initially believed to be a consequence of type 
2 diabetes.14 This signature was mainly characterized by 
an increased gut microbial SCFA production potential, 
which correlated with metformin plasma levels, but also 
an increase in LPS-producing bacteria. The effect of met-
formin on SCFA production could be confirmed in other 
human studies using metabolomics approaches.13,15,16 
Interestingly, the aforementioned studies also confirmed 
the increase in LPS-producing bacteria.15 Using shotgun 
sequencing, we observed an increase in SCFA-associated 
pathways at early time points and a loss of this signature 
with disease progression. However, fecal SCFA levels 

remained elevated following metformin at the end of 
the study. Similar to the studies in human, we found an 
increase in LPS, LPS-producing bacteria, and produc-
tion pathways. However, most of these findings did not 
reached significance in our study.

Recently, metformin treatment of spontaneous hy-
pertensive rats (SHR) was shown to improve blood 
pressure and reduce cardiac hypertrophy.5 Although 
the same metformin dose was used, the authors used 
another rat model with a different and more heteroge-
neous genetic background, as well as a more moder-
ate, longer disease course and thus a longer metformin 
treatment duration. Previous studies have shown an 
improvement of endothelial-dependent vasorelaxation 
in diabetic rats treated with metformin.39 These effects 
are in part also recapitulated in patients.40 In line, the 
authors of the above-mentioned SHR publication sug-
gest various mechanisms including reduced oxidative 
stress as the reason for the reduction in blood pres-
sure. The metformin-induced increase in microbiome-
derived SCFA in our study provides an alternative 
explanation for the antihypertensive effect by met-
formin treatment. In our study, we observed a combi-
nation of higher CO with lower BP, which indicates a 
lower systemic vascular resistance. As shown by others, 
SCFA bind to G-protein-coupled receptors (GPR) from 
the olfactory receptor group (OLFR78, GPR41, GPR43, 
and GPR109a), thereby mediating effects of SCFA such 
as acetate and propionate in vascular cells.17 Pluznick 
and colleagues have performed multiple compelling 
in  vivo studies demonstrating that SCFA, particularly 
acetate, binds to G-protein-coupled receptors 41 and 43 
(GPR41/43), leading to vasodilation and subsequently 
reducing systemic vascular resistance.17,41–43 As a re-
sult, an acute decrease in BP can be observed after intra 
peritoneal injection of acetate.42 Blood pressure modu-
lation by SCFA via orphan GPR has been described in 
several animal models and are an intriguing explanation 
for the blood pressure effect observed in both SHR and 
dTGR. Moreover, both the cardiometabolic effects of 
metformin as well as SCFA effects on metabolism (in-
dependent of metformin) have recently been explained 

F I G U R E  5   SCFA influences macrophage polarization. Mouse bone-marrow derived macrophages (BMDM) were differentiated towards 
an M1-like phenotype using LPS and M2-like phenotype using IL-4 and IL-13 for 24 hrs in the presence of 1 mM sodium acetate (NaC2), 
sodium propionate (NaC3), sodium butyrate (NaC4) or sodium chloride (NaCl). (A) Heatmap showing log2-transformed fold changes 
(log2FC) of typical marker genes for M1-like differentiation (cyclooxygenase-2 (Cox2), interleukin (IL)-6 (Il6), chemokine (C-C motif) 
ligand 5 (Ccl5), IL-1β (Il1b), inducible nitric oxide synthase (Nos2), NLRP3 (Nlrp3), tumor necrosis factor (Tnf)) and M2-like differentiation 
(resistin-like molecule alpha (Rtnla1), arginase-1 (Arg1), chitinase-like 3 (Chil3), macrophage galactose-type lectin 2 (Mgl2), interferon 
regulatory factor 4 (Irf4), early growth response protein 2 (Egr2), and Mannose receptor C-type 1 (Mrc1)). Statistical comparison with 
BH-FDR corrected Mann–Whitney-U tests, •Q < 0.1, *Q < 0.05, **Q < 0.01. (B) Boxplots showing gene abundance of Nos2, Cox2, and Il1b 
as M1 markers. (C) Boxplots showing gene abundance of Mrc1, Retnla, and Mgl2 as M2 markers. Dots indicate replicates (n = 6). Statistical 
comparisons were performed using 2-way ANOVA with the Tukey post hoc test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.001.
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by a modulation of AMPK activity.44 Although our study 
did not focus on AMPK, AMPK-dependent effects in the 
presence of metformin and metformin-induced SCFA 

may have played an additional role in the observed car-
diovascular protection. Additionally, SCFA have been 
shown to fuel mitochondrial respiration, which may 
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contribute to the metabolic phenotype observed in car-
diac tissue of SHR.45 Taken together, our findings em-
phasize the significance of microbiome-mediated effects 
as an additional explanation for the observed cardio-
vascular protection by metformin in hypertensive non-
diabetic conditions. Future studies should consider the 
potential metabolic effects of SCFA when investigating 
metformin.

A paradoxical observation is the increased cardiac 
hypertrophy in metformin-treated dTGR despite indi-
cations of an improved cardiac function. We have seen 
previously in the same model that despite improved 
blood pressure control, as in our study, dTGR can still 
exhibit cardiac hypertrophy.31 In addition, previous im-
munosuppressive treatment regimens in this model have 
shown that effects on cardiac hypertrophy and lowered 
blood pressure are not necessarily linked.27 Nevertheless, 
we observed improved diastolic and preserved systolic 
functions, resulting in higher cardiac output. The pre-
served systolic function suggests that the augmented 
EDV is not a consequence of dilated ventricles, which 
typically manifests as impaired systolic function. In ad-
dition, these changes were accompanied by a profound 
improvement in the cardiac inflammatory response. 
Taking the lower cardiac inflammation into account, the 
higher heart weight might be a sign of adaptive remod-
eling towards the extremely high blood pressure. Even 
under metformin treatment, dTGR had a mean SBP of 
230 mmHg on the last day of the experiment. This is 
also a key difference compared to the above-mentioned 
SHR model. As previously published,46 plasma BNP 
was most reflective of cardiac hypertrophy in dTGR, as 
it closely correlated with the normalized heart weight. 
Interestingly, in hypertensive patients left ventricular 
mass index correlates with plasma BNP within the nor-
mal range.47,48

Of note, we did not observe differences in cardiac fi-
brosis. We observed overall little cardiac fibrosis com-
pared to wild-type SD rats, confirming findings from 
earlier reports.26 The term “hidden fibrosis” was re-
cently introduced by Travers et al.49 to describe cardiac 
fibrosis that is undetectable by histological methods 
and can only be identified through gene expression and 
proteomic analyses. In their study, the authors demon-
strated that cardiac fibrosis induced by deoxycorticos-
terone acetate (DOCA) plus uninephrectomy, compared 
to uninephrectomy alone, was not evident in histologi-
cal examinations but was revealed through gene expres-
sion and proteomic approaches. Moreover, the effects of 
histone deacetylase (HDAC) inhibition were also only 
detectable via gene expression and proteomics. In the 
present study, no alterations in histological fibrosis or 
gene expression of pro-fibrotic genes were observed 

following metformin treatment. However, the possibil-
ity of hidden fibrosis, detectable by proteomic analysis, 
cannot be excluded. Further research is required to ad-
dress this aspect, as it is beyond the scope of the current 
investigation.

Inflammation is characteristic of pathological car-
diac remodeling50–52 and cardiac dysfunction,53 thus 
contributing to adverse outcomes.54 Macrophages have 
been implicated in hypertensive organ damage.55,56 
Here, metformin reduced not only cardiac macro-
phages in dTGR, but also monocyte-like cells, which 
most likely representing recently infiltrated mono-
cytes. Overall, macrophage depletion was shown to not 
only leading to improved cardiac remodeling, but also 
reduced blood pressure.56 Furthermore, we observed 
a switch from M1-like towards M2-like phenotypes. 
While M1-like macrophages have been demonstrated 
to drive cardiovascular damage, M2-like macrophages 
have been shown to confer protection.57 Interestingly, 
we could show that acetate and propionate influenced 
the differentiation of M1-like M (LPS) macrophages 
in vitro. Our data falls in line with reports on the role of 
SCFA in macrophage differentiation.58,59 The cellular 
mode-of-action for SCFA in metformin-treated dTGR is 
beyond the scope of this study. SCFA have been shown 
to bind to GPR such as GPR41, GPR43, and GPR09a as 
well as to act as HDAC inhibitors.58,59 Interestingly, we 
observed effects – although not statistically significant 
– on RORgt+ IL17A-producing Th17 and regulatory 
T cells. Multiple publications have shown that SCFA 
directly influence Th17 differentiation.60,61 Therefore, 
these immune cell types might be of interest for future 
investigations on metformin effects in cardiovascular 
disease models.

It is worth to mention that blood pressure, cardiac 
remodeling, and inflammation are closely linked in hy-
pertension. While we suggest inflammation as a medi-
ator of the metformin and SCFA effects on the cardiac 
phenotype, improvement of cardiac function might 
as well be a reflection of the blood pressure-lowering 
effects of SCFA and metformin discussed above. In 
line, the normalization of blood pressure levels with 
Valsartan and Aliskiren in dTGR is linked to less inflam-
mation.29 However, metformin treated animals still had 
SBP levels well above 200 mmHg during the last week 
of treatment. Unfortunately, the interplay of inflamma-
tion, blood pressure, and cardiac remodeling cannot be 
disentangled with the current data and requires further 
investigation.

While our study describes a contribution of the gut 
microbiota to the observed metformin effects on blood 
pressure and cardiac remodeling, their relevance in 
comparison to potentially direct effects of metformin on 
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cardiovascular cells remain to be elucidated by complex 
fecal microbiome transfer experiments that go beyond the 
scope of the current study. In addition, the sample sizes 
for some analyses were small, although the phenotypes 
observed were very consistent across the three experimen-
tal runs presented here. Lastly, we only analyzed male rats 
in this study. Sex bias in preclinical research is a preva-
lent problem.62 However, female dTGR have a protected 
phenotype63 which mostly masks the smaller treatment 
effects. Future studies are needed to confirm our findings 
in cardiovascular animal models better suited to analyze 
the female sex.

In summary, the study provides further evidence that 
metformin mediates cardiovascular protection beyond its 
anti-diabetic effects in severe Ang II-induced hyperten-
sion. Metformin effects on the intestinal microbiome, in 
particular the increased production of SCFA, appear to be 
partially responsible for the effects on blood pressure, in-
flammatory response, and cardiac function.

4   |   MATERIALS AND METHODS

The data that support the findings of this study are avail-
able from the corresponding author upon reasonable 
request. Full material and methods are available in the 
online supplementary materials.

4.1  |  Animal ethics and housing

All experiments were performed in accordance with 
the German/European law for animal protection. 
Experimental protocols were approved by the local eth-
ics board (G0019/21). All animals were housed in the 
animal facility of the Max-Delbrück-Center for Molecular 
Medicine (MDC). Animals had constant access to a chow 
diet (V1324-300, Ssniff GmbH, Soest Germany) and tap 
water ad  libitum and were maintained on a constant 
12:12 h day: night cycle.

4.2  |  Animal protocols

In the animal facility of MDC, female homozygous 
human renin and homozygous male human angio-
tensinogen rats were mated to obtain dTGR offspring. 
As female rats developed a comparably weaker pheno-
type,63 only male offspring were used. Four-week-old 
male dTGR were randomized, accounting for litter, into 
oral treatment with metformin (metformin hydrochlo-
ride) or vehicle (magnesium chloride, MgCl2) control, 
both obtained from Sigma-Aldrich (Merck, Darmstadt, 

Germany). Treatment was performed for 3 weeks, and 
the animals were sacrificed at 7 weeks of age. Rats 
and water bottles were weighed two times per week. 
Metformin and vehicle concentration in the drinking 
water were adjusted to 1.811 mmol/g body weight/day 
and 0.9055 mmol/g body weight/day, respectively. Rats 
were housed in cages of one to two rats and the mean 
body weight was used to determine the dosage. Animals 
were used for (i) an immune cohort undergoing 6 h of 
metabolic cages, echocardiography, and immune analy-
sis at the endpoint (7× Metformin, 6× Vehicle); (ii) a te-
lemetry cohort which had radiotelemetric blood pressure 
device (Data Science International, St. Paul, MN, USA), 
implanted (5× Metformin, 5× Vehicle); (iii) a μCT co-
hort that underwent perfusion with cast material to ana-
lyze microvasculature at the endpoint (5× Metformin, 
4× Vehicle). Wild-type Sprague–Dawley (SD) rats from 
in-house breeding (MDC) were used to compare the 
immune phenotype at the endpoint. At 7 weeks of age 
animals were sacrificed and organs were collected. For 
the immune and μCT cohorts, animals were sacrificed 
in isoflurane narcosis (2%–2.5%) and analgesia with 
0.05 mg/kg bodyweight buprenorphine. After the abdo-
men was opened the thorax was accessed through the 
diaphragm, the heart was punctured to draw blood, the 
animals were perfused via the left ventricle with physio-
logical saline solution. Urine was collected from bladder 
punctures when possible. For the μCT cohort, animals 
were subsequently perfused with Vascupaint Silicone 
Rubber Injection Compounds (MediLumine, Montreal, 
Canada).

Spleen, one kidney, and half of the sagittal cut heart 
were collected for flow cytometry. For RNA analysis tissue 
pieces were snap frozen in liquid nitrogen. For histology, 
tissues were placed in PBS-buffered 4% paraformaldehyde 
(PFA) solution and kept at 4°C.

Animals from the telemetry cohort were euthanized by 
decapitation in isoflurane narcosis.

For macrophage differentiation experiments primary 
cells from wild-type C57BL6/J mice (in-house breed-
ing, MDC) were used (n = 3 mice, three independent 
experiments).

4.3  |  Statistical analyses

Endpoint data was analyzed by nested model compari-
sons, one with only the littermate status and another one 
additionally incorporating the group label. The models 
were compared using a likelihood ratio test and p < 0.05 
was considered statistically significant. For reference, 
analysis from SD rats is shown for endpoint data in the 
immune cohort.
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PCoA (Figure  1B) shows ß-diversity by Bray–Curtis 
dissimilarity. For the cuneiform plot in Figure  S1 effect 
sizes were calculated using standardized non-parametric 
effect size metric (Cliff 's Delta) and tested with Mann–
Whitney-U Test and Bonferroni FDR correction.

Blood pressure differences were assessed by a roll-
ing linear model; AUC were standardized to the num-
ber of measurements (normed AUC) and compared by 
Mann–Whitney-U test (Figure 2B–D,F,G, Figure S2B–D). 
Correlations of several parameters with SCFA acetate 
and propionate were analyzed using non-parametric 
Spearman correlation and displayed as a linear regression 
and 95% confidence interval (Figures S2 and S4, Figure 4). 
All PCAs (Figures  3G and 4C,D) were computed using 
Euclidean distance. Unless otherwise stated, analysis was 
performed in R (v4.1.2) with the following packages: ti-
dyverse, performance, slider, vegan, ggpubr, orddom, 
tidyHeatmap, and ComplexHeatmap packages and visu-
alized using ggplot2. Macrophage differentiation assays 
were analyzed in GraphPad Prism (GraphPad) by two-
way ANOVA and Tukey's post-hoc test. Adjusted p-values 
below 0.05 were considered significant.

Results of all statistical analyses were displayed as 
*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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