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Is there a link between the gut microbiome
and arterial hypertension?
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Abstract

The human microbiota consists of a variety of bacterial species which populate the mucosal surfaces and contribute
a great deal to the education of our immune system. In terms of metabolism, the microbiota plays an important role
by decomposing nutrients that we consume in our food and degrading environmental toxicants and environmental
chemicals and drugs. Changing the state of eubiosis to dysbiosis represents an area of extreme interest nowadays, as
researchers try to understand the pathophysiology behind it fully. Blood pressure can be influenced by changes in
ratios of gut microbiota categories, short-chain fatty acids, specific kidney and blood vessel receptors, gut metabolites
trimethylamine (TMA), and trimethylamine N-oxide (TMAQ). This minireview aims to reveal some of the major
aspects that support the hypothesis that gut microbiota contributes to the regulation of blood pressure. The purpose
of all research is to discover the possibility of future personalized microbiome targeted therapy in order to lower
the prevalence and incidence of some of the most common afflictions of our time, especially arterial hypertension.
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Introduction Its widest category, the gut microbiota, is believed
to be in correlation with a considerable variety of
afflictions and susceptibility to diseases. The micro-

The microbiota represents a multitude of bacterial ~ biome, which is now considered our hidden organ,

species which can be found on mucosal surfaces.  received excessive attention in recent years. There

are between 3 and 10 microorganisms for every hu-
man cell; therefore, humans are nowadays consid-
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strive for research in this area in order to accurately
identify how this micro-world influences our lives
and our well-being [1].

The main aim of progressive studies regarding
microbial populations within the human gut con-
sists of the possibility of developing future person-
alized microbiome-related risk stratification, diag-
nosis, and treatment for specific ailments. Recent
research suggests that dysbiosis can be linked to a
variety of afflictions related to cardiology, endocri-
nology, psychiatry, or even neurology [2]. Affecting
the state of eubiosis is of extreme interest as some
of the above-mentioned disorders, such as essential
hypertension, might benefit from correction of dys-
biosis, with a huge impact on the general health of
individuals [3].

Hypertension is the leading risk factor for car-
diovascular disease and a global public health con-
cern. Therefore, the human microbiome is both a
provocative and a beneficial concept to be studied
since aberrant gut microbial communities were
linked to blood pressure changes of the host [3].

Adult microbiota is made up predominantly of
4 major phyla: Firmicutes, Bacteroidetes, Actinobac-
teria and Proteobacteria [4]. Gut microbiota can be
affected not only by diet and environment but also
by genetic heritage [5]. It is also suggested to influ-
ence and be influenced by type 2 diabetes mellitus,
aging, glucose intolerance [6-7], obesity [6-7], and
nonalcoholic fatty liver disease [8].

Hypertension is one of the most frequent pri-
mary diagnoses in the United States [9]. According
to the 2018 European Society of Cardiology (ESC)/
European Society of Hypertension (ESH) Guide-
lines for the management of arterial hypertension,
high blood pressure (BP) can be defined as repeated
office systolic blood pressure (SBP) measurements
over 140 mmHg and/or diastolic BP (DBP) over 90
mmHg or as repeatedly ambulatory BP measure-
ment as a 24h-average SBP over 130 mmHg and/or
DBP over 80 mmHg, as a day time average SBP over
135 mmHg and/or DBP over 85 mmHg, as a night-
time average SBP over 120 mmHg and/or DBP over
70 mmHg or as home BP measurement SBP over
135 mmHg and/or DBP over 85 mmHg [10].

Is gut dysbiosis a cause of hypertension?

The relationship between BP and microbiome has
been intensely investigated so far. Growing evidence
suggests that changes in the ratio of the microbiota
Firmicutes/Bacteroidetes categories could be consid-
ered an indicator for some health imbalances [11, 12].

Massive gut colonization with Firmicutes and
Bacteroidetes species proved to be in correlation
with high blood pressure. The use of antibiotics,
besides expected adverse effects (shrinking gut mi-
crobiota), can also cause BP variations, which can
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be influenced by the microorganisms’ genotype.
Compounds of bacterial fermentation can lead to
BP adjustments through variations of energy con-
sumption, ion transport at renal and gastrointesti-
nal levels, and consequently salt sensitivity. Further-
more, antibiotic administration can modify blood
pressure by changing the gut microbiota [13].

A cohort study of 48 hypertensive and 32 nor-
motensive Brazilian individuals showed that hy-
pertensive patients also had dysbiosis (intestinal
microbiota with reduced biodiversity). The Firmi-
cutes/Bacteroidetes (F/B) ratio in the category of hy-
pertensive patients was found to be higher than the
normotensive group, through a lowering propor-
tion of Bacteroidetes. The F/B ratio was also used
as an indicator of obesogenic microbiota, its raised
values being linked to high fat and low fiber West-
ern diet and inflammatory status of the patient
[14]. In an F/B perturbed ratio, fewer short-chain
fatty acids (SCFAs) (main butyrate) producers were
reported, such as constituents of Lachnospimceae
and Ruminococcaceae families, like Roseburia and
Faecalibacterium [14-17].

As thoroughly communicated by Million et al.
in 2018, butyrate could embody the most useful
indicator of healthy anaerobic gut microbiota [18].
Thus, oxidative stress-sensitive butyrate-producing
commensal bacteria could develop into a novel tar-
get of therapy. This way, the preservation of immu-
nity generated by microbiota can be preserved, and
several serious local and systemic disruptions can be
avoided. It should be mentioned that Roseburia, one
of the main butyrate-producing bacteria that seem
to be underrepresented in patients suffering from
hypertension, also produces conjugated linoleic
acid. This acid was proven to possess anti-inflam-
matory properties and also possible blood pressure
lowering effects [14, 19-22].

Microbiota is influenced by a variety of factors
ranging from diet, physical activity to genetics and
epigenetics. SCFAs produced by the gut microbiota
include the favorable SCFAs (acetate, butyrate and
propionate) and non-favorable (lactate). SCFAs act
on surface cell receptors, such as G protein-coupled
receptors (GPR) 43 and 41, olfactory receptor-78
(Olfr-78), exerting relaxing effects on resistance ar-
teries (23], thus regulating blood pressure [24]. Olfr-
78 can be found in kidneys and vascular resistance
beds, including also renal afferent arteriole. These
are receptors for SCFAs, in particular propionate
and acetate. Propionate can modify BP in a manner
dependent on the presence/absence of either Olfr-
78 or GPR 41. Also, propionate can influence renin
release through mechanisms dependent on Olfr-78.
The identification of Olfr-78 as an SCFA receptor,
along with its localization, led to the possibility that
Olfr-78 may be triggered by gut microbiota-derived
SCFAs, with the purpose to control BP [25-28].

Important contributions in hypertension have
gut metabolites trimethylamine (TMA) and trimeth-
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ylamine N-oxide (TMAQ). TMA results from gut
bacteria’s metabolism, choline and L-carnitine (red
meat, saltwater fish, eggs, dairy) and can be trans-
formed into TMAQO by specific enzymes. Plasma
TMA levels were linked to higher blood pressure
values. TMAQ displays an important role in hyper-
tension as it can influence lipid and glucose metab-
olism and also inflaimmation. TMAQO upregulates
inflammatory gene expression and phenomena in
endothelial cells and vascular smooth muscles [29].
Some studies suggested that high concentrations
of TMAOQO are correlated with a high risk for ath-
erosclerosis, serious adverse cardiovascular events.
Also, they influenced the metabolism of steroids
and bile acid, aggravating vascular dysfunction.
TMAO is thought to raise blood pressure through
lengthening the hypertensive effect in an angioten-
sin II-induced hypertensive model [30].

A study involving 205 overweight and obese
pregnant women showed a correlation between BP
and gut microbiome composition (inversely associa-
tion with butyrate-producing bacteria). SCFAs pro-
duced by the gut microbiota seem to affect BP by
acting on olfactory receptors in blood vessels and
kidneys (25, 26].

Associated with high BP are suggested to be
Lactobacillus (L. salivarius), Akkermansia muciniphila
(mucin degrader) [17], Bifidobacterium, unclassified
Enterobacteriaceae, B. plebeius (found in patients
with elevated BP) [16] and Eggerthella (associated
with dyslipidemia) [31]. Some research suggests that
some Lactobacillus species as probiotics can have hy-
potensive effects [32], but they are also identified in
high numbers in inflammatory afflictions, obesity
[33], coronary heart disease [34], and heart failure
[35]. L. salivarius could be linked to atherosclerosis,
as abundant populations of it were found in the
gut microbiome of patients suffering from ather-
osclerotic heart disease [36], making us wonder if
this microorganism can be used as an indicator of
heart-related conditions [14].

Concerning urinary metabolites, in the IN-
TERMAP study that included 4630 participants,
urinary hippurate was inversely associated with BP
values, while urinary alanine was directly associated
with BP [37, 38].

An interesting study including 653 patients
with no history of stroke or myocardial infarction
assessed the link between periodontal microbiota
and hypertension. It revealed a direct relationship
between the amount of subgingival periodontal bac-
teria and SBP, DBP, and hypertension prevalence.
Bacteria that can cause periodontitis, like Aggregat-
ibacter actinomycetemcomitans, Porphyromonas gingiv-
alis, Tannerella forsythia and Treponema denticola, were
associated with elevated BP levels [39].

Some interesting conclusions can be drawn
from the CARDIA study regarding the relationship
between bacteria and hypertension. Catabacter and
Robinsoniella were positively associated with hyper-
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tension and systolic blood pressure, while Akkerman-
sia, associated with normal BP values, may reflect
better gut epithelial integrity while also being linked
to inflammation, diabetes, and obesity. Sporobacter
and Ruminococcus, which are members of the Ru-
minococcacede family within the phylum Firmicutes,
were associated with normotension [40].

Regarding microbiome and blood pressure, there
is also a vicious cycle among all these phenomena:
diet, salt, and gut microbiota can all influence epi-
genetics [41-44]. Salt increases oxidative stress [45,
46], and oxidative stress influences epigenetics [47].

Moreover, the monoamine-containing entero-
chromaffin cells can be found in the mucosa and
submucosa of the stomach and small intestine [13,
48]. The gut microbiota can affect the production
of serotonin, dopamine, and norepinephrine, thus
determining human behavior through the brain-
gut microbiome axis [49, 50] and renal function
through the so-called gastrorenal reflex [51, 52].

The acute stress response in cases with lack or se-
vere fading of gut microbiome showed increased anx-
iety-like behavior and alterations of dopamine turno-
ver in the central nervous system’s structures [13, 53].

Additionally, norepinephrine releases as a stress
reaction response and can be exacerbated when there
are plenty of virulencerelated factors of gram-nega-
tive bacteria [54].

The search for solutions

Gut microbiota dysbiosis was proved to be associ-
ated with high blood pressure. Low levels of acetate
and butyrate-producing microorganisms were corre-
lated with a diminished gut microbial abundance
and variety. Nevertheless, a solution was developed.
Treatment with oral minocycline (an anti-inflamma-
tory antibiotic) revealed promising results. Besides
rebuilding gut microbiota and decreasing the Fir
micutes/Bacteroidetes ratio, minocycline led to lower
BP values [55, 56], lower levels of glycated hemoglo-
bin (HbA1C) and weight loss [57, 58].

A handful of clinical trials aimed to assess the
effect of probiotics use on BP modulation. A me-
ta-analysis of nine randomized control trials dis-
played a considerable lowering of both systolic and
diastolic blood pressure levels for patients who re-
ceived 109 to 1012 colony-forming units (CFU) of
probiotics daily for 3 to 9 weeks. The adjustment
of BP was higher in those patients with higher BP
before the treatment, who underwent probiotic sup-
plementation for more than 8 weeks, with daily dos-
es of more than 1011 CFU [59].

An unfit gut microbiota configuration and ac-
tivity at young ages can affect the function of the
immune system and general health. Probiotics can
be seen as a method of prevention for chronic im-
mune-mediated conditions. Epigenetic mechanisms
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generated by probiotics through SCFA formation
could be the solution for unraveling the vast ben-
eficial effects of probiotics on general health [60].

Conclusion

The effects of the gut microbiome on blood pressure
embody the results of various factors, ranging from
individual genetic susceptibility and epigenetics to
lifestyle and medication. Much evidence remains to
be gathered and much research to be done. Howev-
er, one thing is for sure: the faster the discovery of
most of the intrinsic and extrinsic influences of the
gut microbiome over blood pressure values, the bet-
ter one can use targeted therapy in order to provide
the best patient care there can possibly be.

Conflict of interest

The author confirms that there are no conflicts of
interest.

References

1. Simon JC, Marchesi J.R., Mougel C. et al. Host-micro-
biota interactions: from holobiont theory to analysis.
Microbiome 7, 5 (2019). https://doi.org/10.1186/
s40168-019-0619-4

2. Kashyap PC, Chia N, Nelson H, Segal E, Elinav E.
Microbiome at the Frontier of Personalized Medicine.
Mayo Clin Proc. 2017 Dec;92(12):1855-1864. doi:
10.1016/j.mayocp.2017.10.004. PMID: 29202942;

3. DPevsner-Fischer M, Blacher E, Tatirovsky E, Ben-Dov
1Z, Elinav E. The gut microbiome and hypertension.
Curr Opin Nephrol Hypertens. 2017 Jan;26(1):1-8.
doi:  10.1097/MNH.0000000000000293.  PMID:
27798455.

4. Sekirov I, Russell SL, Antunes LC, Finlay BB. Gut
microbiota in health and disease. Physiol Rev. 2010
Jul;90(3):859-904. doi: 10.1152/physrev.00045.2009.
PMID: 20664075.

5. Hehemann JH, Correc G, Barbeyron T, Helbert W,
Czjzek M, Michel G. Transfer of carbohydrate-active
enzymes from marine bacteria to Japanese gut micro-
biota. Nature. 2010 Apr 8;464(7290):908-12. doi:
10.1038/nature08937. PMID: 20376150.

6. Suez ], Korem T, Zeevi D, et al. Artificial sweeteners
induce glucose intol- erance by altering the gut micro-
biota. Nature 2014; 514:181-186.

7. ZhangX, Shen D, Fang Z, et al. Human gut microbiota
changes reveal the progression of glucose intolerance.

Plos One 2013; 8:e71108.

©The Author(s) 2021

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

J Hypertens Res (2021) 7(1):12-17

Yan AW, Fouts DE, Brandl ], et al. Enteric dysbiosis as-
sociated with a mouse model of alcoholic liver disease.
Hepatology 2011; 53:96 - 105.

Rivera SL, Martin ], Landry J. Acute and Chronic
Hypertension: What Clinicians Need to Know for
Diagnosis and Management. Crit Care Nurs Clin
North Am. 2019 Mar;31(1):97-108. doi: 10.1016/].
cnc.2018.11.008. PMID: 30736939.

Williams B, Mancia G, Spiering W, et al. 2018 ESC/
ESH Guidelines for the management of arterial hyper-
tension published correction appears in Eur Heart J.
2019 Feb 1;40(5):475]. Eur Heart J. 2018;39(33):3021-
3104. doi:10.1093/eurheartj/ehy339

Mariat D, Firmesse O, Levenez F, Guimaraes V, Sokol H,
et al. The Firmicutes/Bacteroidetes ratio of the human mi-
crobiota changes with age. BMC Microbiol. 2009;9:123.
Published 2009 Jun 9. doi:10.1186/1471-2180-9-123
Sanz Y, Moya-Pérez A. Microbiota, inflammation and
obesity. Adv Exp Med Biol. 2014;817:291-317. doi:
10.1007/978-1-4939-0897-4_14. PMID: 24997040.
Jose PA, Raj D. Gut microbiota in hypertension. Curr
Opin Nephrol Hypertens. 2015 Sep;24(5):403-9.
doi:  10.1097/MNH.0000000000000149.  PMID:
26125644; PMCID: PMC4578629. https://www.
ncbi.nlm.nih.gov/pmc/articles/PMC4578629/
Silveira-Nunes G, Durso DF, Jr LRAO, Cunha EHM,
Maioli TU, et al. Hypertension Is Associated With
Intestinal Microbiota Dysbiosis and Inflammation in
a Brazilian Population. Front Pharmacol. 2020 Mar
12;11:258. doi: 10.3389/fphar.2020.00258. PMID:
32226382; PMCID: PMC7080704.

Li J, Zhao F, Wang Y, Chen ], Tao ], et al. Gut mi-
crobiota dysbiosis contributes to the development of
hypertension. Microbiome. 2017 Feb 1;5(1):14. doi:
10.1186/540168-016-0222x. PMID: 28143587; PM-
CID: PMC5286796

Yan Q, Gu Y, Li X, Yang W, Jia L, et al. Alterations
of the Gut Microbiome in Hypertension. Front Cell
Infect Microbiol. 2017 Aug 24;7:381. doi: 10.3389/
fcimb.2017.00381.  PMID: 28884091; PMCID:
PMC5573791.

Dan X, Mushi Z, Baili W, Han L, Engi W, et al. Differ-
ential Analysis of Hypertension-Associated Intestinal
Microbiota. Int ] Med Sci. 2019 Jun 2;16(6):872-881.
doi: 10.7150/ijms.29322. PMID: 31337961; PMCID:
PMC6643114.

Million M., Tomas J., Wagner C., Lelouard H.,
Raoult D., Gorvel J. P. (2018). New insights in gut
microbiota and mucosal immunity of the small intes-
tine. Hum. Microbiome J. 7-8 23-32. 10.1016/j.hu-
mic.2018.01.004

Mclntosh FM, Shingfield KJ, Devillard E, Russell WR,
Wallace RJ. Mechanism of conjugated linoleic acid
and vaccenic acid formation in human faecal suspen-
sions and pure cultures of intestinal bacteria. Micro-
biology (Reading). 2009 Jan;155(Pt 1):285-294. doi:
10.1099/mic.0.022921-0. PMID: 19118369.

Neyrinck AM, Possemiers S, Verstraete W, De Back-
er F, Cani PD, Delzenne NM. Dietary modulation of
clostridial cluster XIVa gut bacteria (Roseburia spp.) by

15



Ionescu RF et al. Is there a link between the gut microbiome and arterial hypertension?

21.

22.

23.

24.

25.

26.

21.

28.

29.

30.

31.

16

chitin-glucan fiber improves host metabolic alterations
induced by high-fat diet in mice. ] Nutr Biochem. 2012
Jan;23(1):51-9. doi: 10.1016/j.jnutbio.2010.10.008.
Epub 2011 Mar 15. PMID: 21411304.

Van den Abbeele P, Belzer C, Goossens M, Kleerebez-
em M, De Vos WM, Thas O, De Weirdt R, Kerckhof
FM, Van de Wiele T. Butyrate-producing Clostridium
cluster XIVa species specifically colonize mucins in
an in vitro gut model. ISME ]. 2013 May;7(5):949-
61. doi: 10.1038/isme;j.2012.158. Epub 2012 Dec 13.
PMID: 23235287; PMCID: PMC3635240.

Derrien M, Veiga P. Rethinking Diet to Aid Hu-
man-Microbe Symbiosis. Trends Microbiol. 2017
Feb;25(2):100-112. doi: 10.1016/5.tim.2016.09.011.
Epub 2016 Oct 26. PMID: 27916707.

Mortensen FV, Nielsen H, Mulvany MJ, Hessov L.
Short chain fatty acids dilate isolated human colonic
resistance arteries. Gut. 1990 Dec;31(12):1391-4. doi:
10.1136/gut.31.12.1391. PMID: 2265780; PMCID:
PMC1378763.

Jose PA, Raj D. Gut microbiota in hypertension. Curr
Opin Nephrol Hypertens. 2015 Sep;24(5):403-9.
doi:  10.1097/MNH.0000000000000149.  PMID:
26125644; PMCID: PMC4578629.

Pluznick J. A novel SCFA receptor, the microbiota, and
blood pressure regulation. Gut Microbes. 2014 Mar-
Apr;5(2):202-7. doi: 10.4161/gmic.27492. Epub 2013
Dec 20. PMID: 24429443; PMCID: PMC4063845.
Pluznick JL. Renal and cardiovascular sensory recep-
tors and blood pressure regulation. Am J Physiol Renal
Physiol. 2013 Aug 15;305(4):F439-44. doi: 10.1152/
ajprenal.00252.2013. Epub 2013 Jun 12. PMID:
23761671; PMCID: PMC3891255.

Bartolomaeus H, Balogh A, Yakoub M, Homann S,
Marko L, et al. Short-Chain Fatty Acid Propionate
Protects From Hypertensive Cardiovascular Damage.
Circulation. 2019 Mar 12;139(11):1407-1421. doi:
10.1161/CIRCULATIONAHA.118.036652. PMID:
30586752; PMCID: PMC6416008.

Gomez-Arango LF, Barrett HL, Mclntyre HD, Calla-
way LK, Morrison M, Dekker Nitert M; SPRING Trial
Group. Increased Systolic and Diastolic Blood Pres-
sure [s Associated With Altered Gut Microbiota Com-
position and Butyrate Production in Early Pregnancy.
Hypertension. 2016 Oct;68(4):974-81. doi: 10.1161/
HYPERTENSIONAHA.116.07910. Epub 2016 Aug
15. PMID: 27528065.

Zhang WQ, Wang Y], Zhang A, Ding Y], Zhang XN,
Jia QJ, Zhu YP, Li YY, Lv SC, Zhang JP. TMA/TMAO
in Hypertension: Novel Horizons and Potential Ther-
apies. ] Cardiovasc Transl Res. 2021 Mar 11. doi:
10.1007/s12265-021-10115x. Epub ahead of print.
PMID: 33709384.

Ge X, Zheng L, Zhuang R, Yu P, Xu Z, et al. The Gut
Microbial Metabolite Trimethylamine N-Oxide and
Hypertension Risk: A Systematic Review and Dose-Re-
sponse Meta-Analysis. Adv Nutr 2019;00:1-11; doi:
https://doi.org/10.1093/advances/nmz064

Liu Z, LiJ, Liu H, Tang Y, Zhan Q, Lai W, Ao L, Meng
X, Ren H, Xu D, Zeng Q. The intestinal microbio-

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

ta associated with cardiac valve calcification differs
from that of coronary artery disease. Atherosclerosis.
2019 May;284:121-128. doi: 10.1016/j.atherosclero-
sis.2018.11.038. Epub 2018 Dec 4. PMID: 30897381.
Upadrasta A, Madempudi RS. Probiotics and blood
pressure: current insights. Integr Blood Press Control.
2016 Feb 25;9:33-42. doi: 10.2147/IBPC.S73246.
PMID: 26955291; PMCID: PMC4772943.

Million M, Maraninchi M, Henry M, Armougom
F, Richet H, et al. Obesity-associated gut microbiota
is enriched in Lactobacillus reuteri and depleted in
Bifidobacterium animalis and Methanobrevibacter
smithii. Int ] Obes (Lond). 2012 Jun;36(6):817-25.
doi: 10.1038/ij0.2011.153. Epub 2011 Aug 9. PMID:
21829158; PMCID: PMC3374072.

Yamashita T. Intestinal Immunity and Gut Microbio-
ta in Atherogenesis. ] Atheroscler Thromb. 2017 Feb
1;24(2):110-119. doi: 10.5551/jat.38265. Epub 2016
Dec 7. PMID: 27928097; PMCID: PMC5305671.
Kamo T, Akazawa H, Suda W, Saga-Kamo A, Shimizu
Y, et al. Dysbiosis and compositional alterations with
aging in the gut microbiota of patients with heart
failure. PLoS One. 2017 Mar 22;12(3):e0174099. doi:
10.1371/journal.pone.0174099. PMID: 28328981,
PMCID: PMC5362204.

Jie Z, Xia H, Zhong SL, Feng Q, Li S, et al. The gut
microbiome in atherosclerotic cardiovascular disease.
Nat Commun. 2017 Oct 10;8(1):845. doi: 10.1038/
s41467-017-00900-1. PMID: 29018189; PMCID:
PMC5635030.

Holmes E, Loo RL, Stamler ], Bictash M, Yap IK,
Chan Q, Ebbels T, De Iorio M, Brown IJ, Veselkov
KA, Daviglus ML, Kesteloot H, Ueshima H, Zhao L,
Nicholson JK, Elliott P. Human metabolic phenotype
diversity and its association with diet and blood pres-
sure. Nature. 2008 May 15;453(7193):396-400. doi:
10.1038/nature06882. Epub 2008 Apr 20. PMID:
18425110; PMCID: PMC6556779.

Zheng Y, Yu B, Alexander D, Mosley TH, Heiss G,
Nettleton JA, Boerwinkle E. Metabolomics and in-
cident hypertension among blacks: the atheroscle-
rosis risk in communities study. Hypertension. 2013
Aug;62(2):398-403. doi: 10.1161/HYPERTENSION-
AHA.113.01166. Epub 2013 Jun 17. PMID: 23774226;
PMCID: PMC3789066.

Desvarieux M, Demmer RT, Jacobs DR Jr, Rundek
T, Boden-Albala B, et al
and hypertension: the oral infections and vascu-
lar disease epidemiology study (INVEST). ] Hy-
pertens. 2010 Jul;28(7):1413-21. doi:  10.1097/
HJH.0b013e328338cd36. PMID: 20453665; PMCID:
PMC3403746.

Sun S, Lulla A, Sioda M, Winglee K, Wu MC, et al.
Gut Microbiota Composition and Blood Pressure. Hy-
pertension. 2019 May;73(5):998-1006. doi: 10.1161/
HYPERTENSIONAHA.118.12109. PMID: 30905192;
PMCID: PMC6458072.

Schwenk RW, Vogel H, Schiirmann A. Genetic
and epigenetic control of metabolic health. Mol
Metab. 2013 Sep 25;2(4):337-47. doi: 10.1016/j.

Periodontal bacteria

©The Author(s) 2021



42.

43.

44.

45.

46.

47.

48.

49.

50.

molmet.2013.09.002. PMID: 24327950; PMCID:
PMC3854991.

Tammen SA, Friso S, Choi SW. Epigenetics: the
link between nature and nurture. Mol Aspects
Med. 2013 Jul-Aug;34(4):753-64. doi: 10.1016/j.
mam.2012.07.018. Epub 2012 Aug 10. PMID:
22906839; PMCID: PMC3515707.

Liu Y, Liu P, Yang C, Cowley AW Jr, Liang M. Base-res-
olution maps of 5-methylcytosine and 5-hydroxyme-
thyleytosine in Dahl S rats: effect of salt and genomic
sequence. Hypertension. 2014 Apr;63(4):827-38. doi:
10.1161/HYPERTENSIONAHA.113.02637.  Epub
2014 Jan 13. PMID: 24420542, PMCID: PMC4315612.
Stilling RM, Dinan TG, Cryan JF. Microbial genes,
brain & behaviour - epigenetic regulation of the gut-
brain axis. Genes Brain Behav. 2014 Jan;13(1):69-86.
doi: 10.1111/gbb.12109. Epub 2013 Dec 27. PMID:
24286462.

Banday AA, Lau YS, Lokhandwala MF. Oxidative
stress causes renal dopamine D1 receptor dysfunction
and saltsensitive hypertension in Sprague-Dawley rats.
Hypertension. 2008 Feb;51(2):367-75. doi: 10.1161/
HYPERTENSIONAHA.107.102111. Epub 2007 Dec
24. PMID: 18158345.

Ando K, Matsui H, Fujita M, Fujita T. Protective ef-
fect of dietary potassium against cardiovascular dam-
age in saltsensitive hypertension: possible role of
its antioxidant action. Curr Vasc Pharmacol. 2010
Jan;8(1):59-63. doi: 10.2174/157016110790226561.
PMID: 19485915.

Doyle K, Fitzpatrick FA. Redox signaling, alkylation
(carbonylation) of conserved cysteines inactivates
class 1 histone deacetylases 1, 2, and 3 and antago-
nizes their transcriptional repressor function. ] Biol
Chem. 2010;285:17417-17424. doi: 10.1074/jbc.
M109.089250.

Li Z, Chalazonitis A, Huang YY, Mann JJ, Margolis
KG, Yang QM, Kim DO, Coté¢ F, Mallet J, Gershon
MD. Essential roles of enteric neuronal serotonin in
gastrointestinal motility and the development/sur-
vival of enteric dopaminergic neurons. ] Neurosci.
2011 Jun 15;31(24):8998-9009. doi: 10.1523/JNEU-
ROSCI.6684-10.2011. PMID: 21677183; PMCID:
PMC4442094.

Ridaura V, Belkaid Y. Gut microbiota: the link to your
second brain. Cell. 2015 Apr 9;161(2):193-4. doi:
10.1016/j.cell.2015.03.033. PMID: 25860600.
O’Mahony SM, Clarke G, Borre YE, Dinan TG, Cry-
an JF. Serotonin, tryptophan metabolism and the
brain-gut-microbiome axis. Behav Brain Res. 2015 Jan
15;277:32-48. doi: 10.1016/§.bbr.2014.07.027. Epub
2014 Jul 29. PMID: 25078296.

©The Author(s) 2021

51.

52.

53.

54.

55.

56.

51.

58.

59.

60.

J Hypertens Res (2021) 7(1):12-17

Chen Y, Asico LD, Zheng S, Villar VA, He D, Zhou L,
Zeng C, Jose PA. Gastrin and D1 dopamine receptor
interact to induce natriuresis and diuresis. Hyperten-
sion. 2013 Nov;62(5):927-33. doi: 10.1161/HYPER-
TENSIONAHA.113.01094. Epub 2013 Sep 9. PMID:
24019399; PMCID: PMC3915294.

Banday AA, Lokhandwala MF. Novel gastro-renal axis
and sodium regulation during hypertension. Hyper-
tension. 2013 Nov;62(5):834-5. doi: 10.1161/HYPER-
TENSIONAHA.113.01799. Epub 2013 Sep 9. PMID:
24019398.

Crumeyrolle-Arias M, Jaglin M, Bruneau A, Vancassel
S, Cardona A, Daugé V, Naudon L, Rabot S. Absence
of the gut microbiota enhances anxiety-like behavior
and neuroendocrine response to acute stress in rats.
Psychoneuroendocrinology. 2014 Apr;42:207-17. doi:
10.1016/j.psyneuen.2014.01.014. Epub 2014 Jan 31.
PMID: 24636517.

Lyte M, Bailey MT. Neuroendocrine-bacterial inter-
actions in a neurotoxin-induced model of trauma. |
Surg Res. 1997 Jul 1;70(2):195-201. doi: 10.1006/
jsre.1997.5130. PMID: 9245571.

Liao TV, Forehand CC, Hess DC, Fagan SC. Minocy-
cline repurposing in critical illness: Focus on stroke.
Curr Top Med Chem. 2013;13:2283-2290. doi:
10.2174/15680266113136660160. PMID: 24059465.
Shi P, DiezFreire C, Jun JY, Qi Y, Katovich M], Li
Q, Sriramula S, Francis ], Sumners C, Raizada MK.
Brain microglial cytokines in neurogenic hyperten-
sion. Hypertension. 2010;56:297-303. doi: 10.1161/
HYPERTENSIONAHA.110.150409. Epub 2010 Jun
14. PMID: 20547972; PMCID: PMC2929640.

Hu P, Thinschmidt ]S, Yan Y, Hazra S, Bhatwadekar A,
et al. CNS inflammation and bone marrow neuropathy
in type 1 diabetes. Am ] Pathol. 2013 Nov;183(5):1608-
20.  doi:  10.1016/j.ajpath.2013.07.009.  PMID:
24160325; PMCID: PMC3814523.

Yang T, Santisteban MM, Rodriguez V, Li E, Ahmari
N, et al. Gut dysbiosis is linked to hypertension. Hy-
pertension. 2015 Jun;65(6):1331-40. doi:10.1161/HY-
PERTENSIONAHA.115.05315. Epub 2015 Apr 13.
PMID: 25870193; PMCID: PMC4433416

Khalesi S, Sun ], Buys N, Jayasinghe R. Effect of probiot-
ics on blood pressure: a systematic review and meta-anal-
ysis of randomized, controlled trials. Hypertension. 2014
Oct;64(4):897-903. doi: 10.1161/HYPERTENSIONA-
HA.114.03469. Epub 2014 Jul 21. PMID: 25047574.
Canani RB, Costanzo MD, Leone L, Bedogni G, Bram-
billa P, et al. Epigenetic mechanisms elicited by nutri-
tion in early life. Nutr Res Rev. 2011 Dec;24(2):198-
205. doi:10.1017/50954422411000102. Epub 2011
Oct 18. PMID: 22008232.

17



