lek. Maksymilian Marek Onyszkiewicz

tytul rozprawy

Wplyw kwasu mastowego oraz kwasu walerianowego na regulacje

ciSnienia tetniczego.

The effect of butyric acid and valeric acid on the regulation of arterial blood

pressure.
Rozprawa na stopien doktora nauk medycznych i nauk o zdrowiu

w dyscyplinie nauki medyczne
Promotor: Prof. dr hab. n. med. Marcin Ufnal
Zaktad Fizjologii 1 Patofizjologii Eksperymentalne;
Wydzial Lekarsko-Stomatologiczny

Warszawski Uniwersytet Medyczny

Q\'\\\Y Na"é

0

(73

da D
Q2 )’s(}

*

* wum

Obrona rozprawy doktorskiej przed Rada Dyscypliny Nauk Medycznych

Warszawskiego Uniwersytetu Medycznego

Warszawa 2020



Stowa kluczowe

Metabolity bakterii jelitowych, kwas mastowy, ci$nienie t¢tnicze krwi, choroby uktadu
krazenia, trimetyloamina, tlenek trimetyloaminy, kwas walerianowy, krétkotancuchowe

kwasy ttuszczowe

Key words

Bacterial metabolites, butyric acid, blood pressure, cardiovascular diseases, trimethylamine,

trimethylamine oxide, valeric acid, short chain fatty acids

2|Strona



Dedykacje

Szczegolne wyrazy wdziecznosci sktadam
Panu Profesorowi Marcinowi Ufnalowi za wielokrotnie okazane

wsparcie, serdecznos¢, motywacje oraz ogromne zaangazowanie i pomoc w badaniach

naukowych, ktorych efektem jest niniejsza praca.
Wspotpracownikom z Zaktadu Fizjologii i Patofizjologii Eksperymentalnej
sktadam podziekowania za przyjazng atmosfere i zyczliwosé

oraz nieoceniong pomoc w prowadzeniu badan doswiadczalnych.

Dzigkuje rowniez swoim Bliskim, szczegolnie Narzeczonej i Mamie za Ich rady,

wyrozumiatosé, cierpliwosc oraz wsparcie.

3|Strona



Wykaz publikacji stanowiacych prace¢ doktorska

1. Onyszkiewicz, M., Jaworska, K., Utnal, M. Short chain fatty acids and methylamines
produced by gut microbiota as mediators and markers in the circulatory system.
Experimental Biology and Medicine 2020, volume: 245, pages: 166-175.

DOI: 10.1177/1535370219900898
IF: 3.005, Punkty MNiSW: 70

2. Onyszkiewicz, M., Gawrys-Kopczynska, M., Konopelski, P., Aleksandrowicz, M.,
Sawicka, A., Kozniewska, E., Samborowska, E., Ufnal, M. Butyric acid, a gut bacteria
metabolite, lowers arterial blood pressure via colon-vagus nerve signaling and
GPR41/43 receptors. Pflugers Archiv - European Journal of Physiology 2019,
volume: 471, pages: 1441-1453.

DOI: 10.1007/s00424-019-02322-y
IF: 3.377, Punkty MNiSW: 100

3. Onyszkiewicz M, Gawrys-Kopczynska M, Satagaj M, Aleksandrowicz M, Sawicka
A, Kozniewska E, Samborowska E, Ufnal M. Valeric acid lowers arterial blood
pressure in rats. European Journal of Pharmacology 2020, volume: 877.

DOI: 10.1016/j.ejphar.2020.173086
IF: 3.170, Punkty MNiSW: 100

Wszystkie prace zostaty opublikowane i1 s3 zamieszczone w rozprawie doktorskiej w wersji

oryginalnej (format PDF)

4|Strona



Spis tresci

STOWA KIUCZOWE ...ttt ettt st 2
K@Y WOTAS .ttt ettt e et et e et eeat e e bt e beeeabeeeateenbeenateenneen 2
DIEAYKACTE ..ttt ettt ettt e ettt et eeateenb e e seeeateesateenbeenaeeenneen 3
Wykaz publikacji stanowigcych pracg doktorskag ..........coceeveriiniiiiniiniiiiniinecceicecee 4
Wykaz stoSOWaANYCh SKIOTOW .......ccouiiiiiiiiiiiieeie ettt ettt e eae e 7
Streszczenie W JeZYKU POISKIM .......oouiiiiiiiiiiiee e e 9
Streszczenie W jezyku angielSKim .........c.oooiiiiiiiiiiiiiie e 12
Wstep uzasadniajacy polaczenie wskazanych publikacji w jeden cykl..........cocceeiiiniinnnen. 14
Zat0ZEN1A 1 CEL PIACY ..eeuviieiiieiieiie ettt ettt ettt e et e s eae et esaaeenbeenneas 15
PUDIIKACIA NI T .ottt ettt ettt e et e st e et e e s aeeenbeenneas 16

Onyszkiewicz, M., Jaworska, K., Ufnal, M.

Short chain fatty acids and methylamines produced by gut microbiota as mediators and
markers in the circulatory system. Experimental Biology and Medicine 2020, volume: 245,

pages: 166-175. DOI: 10.1177/1535370219900898

PUDIKACIA NI 2 ..ottt ettt et e st e et e st e et e e s aeeenbeenneas 27

Onyszkiewicz, M., Gawrys-Kopczynska, M., Konopelski, P., Aleksandrowicz, M., Sawicka,
A., Kozniewska, E., Samborowska, E., Ufnal, M.

Butyric acid, a gut bacteria metabolite, lowers arterial blood pressure via colon-vagus nerve
signaling and GPR41/43 receptors. Pflugers Archiv - European Journal of Physiology 2019,
volume: 471, pages: 1441-1453. DOI: 10.1007/s00424-019-02322-y

5/|Strona



PUDIIKACIA NI 3 -ttt et sttt e st e et e st e et e e s aeeenbeenneas 41

Onyszkiewicz M, Gawrys-Kopczynska M, Salagaj M, Aleksandrowicz M, Sawicka A,
Kozniewska E, Samborowska E, Ufnal M.
Valeric acid lowers arterial blood pressure in rats. European Journal of Pharmacology 2020,

volume: 877. DOI: 10.1016/j.ejphar.2020.173086

PodSUmMOWANIe 1 WIIOSKI ....cccueiiiiiiiieiieiie ettt ettt et e e et e e enneas 51
Opinia Komisji BEYCZNE].....couiiiiiiiiiiieeeee ettt e et 53
Oswiadczenia wszystkich wspotautordw publikaci........ccceeeeieiieiiiiiiieniieiee e, 57

6/Strona



Wykaz stosowanych skrotow

(MRM)-Monitorowanie reakcji nastepczych

3-NPH-3-nitrofenylohydrazyna

AA-Kwas octowy

ACH-Acetylocholina

ANT (3-hydroxybutyrate)-3-hydroksymaslan

BA-Kwas mastowy

BP-Cisnienie t¢tnicze krwi

BSA-Surowicza albumina wotowa

Ca2+-free PSS (PSS containing 3 mM EGTA)-polistyrenosulfonian wolny od jonow
wapnia (PSS) zawierajacy 3 mM kwas etylenoglikol-O-O'-bis(2-aminoetyl)-N,N,N',N'
tetraoctowy (EGTA)

DMSO-Dimetylosulfotlenek

ECG-Elektrokardiogram

EDC-HCI-N (3-dimethylaminopropyl)-N'-ethylcarbodiimide-chlorowodorek N-(3-
dimetyloaminopropylo)-N"-etylokarbodiimidu

EDTA-Kwas wersenowy

Foley catheter (10F)-Cewnik Foleya o $rednicy 10F

GMA-Tetnica wyizolowana z migénia smuktego

HCI-Chlorowodor

HPLC-Wysokosprawna chromatografia cieczowa

HR-Czestos¢ rytmu serca

IBA-Kwas izomastowy

IC-Podanie dookreznicze

IVA-Kwas izowalerianowy

LC/MS-Chromatografia cieczowa sprz¢zona ze spektrometrig mas
LQQ-Granica oznaczalno$ci ilo§ciowej

MA-Tetnica krezkowa

MOPS-PSS-polistyrenosulfonian (PSS) w roztworach buforowych kwasu 3-(NV-
morfolino) propanosulfonowego (MOPS)

PA-Kwas propionowy

PE-Fenylefryna

RR interval-Odstep pomigdzy dwoma kolejnymi zatamkami R w zapisie EKG
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SCFA-Krotkotancuchowe kwasy thuszczowe
SEM- Btad standardowy
VA-Kwas walerianowy

VA-D9-Znakowany izotop D9 kwasu walerianowego
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Streszczenie w jezyku polskim

Wstep

Rosnaca liczba badan wskazuje, ze zwigzki wytwarzane przez bakterie jelitowe moga
wplywac na funkcjonowanie uktadu krazenia w zdrowiu i chorobie. Krotkotancuchowe
kwasy tluszczowe, takie jak kwas mastowy i1 kwas walerianowy, powstaja w jelicie grubym
podczas bakteryjnej fermentacji blonnika pokarmowego. Zwiazki te moga wywiera¢ zardwno
dzialanie lokalne w jelicie, jak rowniez dziatanie ogélnoustrojowe, po przekroczeniu bariery
jelito-krew. Istnieja pojedyncze prace $wiadczace o wptywie kwasu mastowego na uktad
krazenia, jednak mechanizmy dziatania tego zwigzku nie sa poznane. Brak jest badan
dotyczacych wplywu kwasu walerianowego pochodzacego od bakterii jelitowych na uktad
krazenia. Celem pracy doktorskiej byla ocena wplywu kwasu mastowego i kwasu
walerianowego na regulacje ci$nienia t¢tniczego oraz zbadanie mechanizméw zwigzanych z

oddziatywaniem tych zwigzkéw na uktad krazenia.

Publikacja 1

W publikacji zostat przedstawiony przeglad pismiennictwa dotyczacy wptywu
krotkotancuchowych kwaséw ttuszczowych 1 metyloamin, wytwarzanych przez bakterie
jelitowe, na uktad krazenia. Krotkotancuchowe kwasy tlhuszczowe, takie jak kwas octowy,
propionowy oraz mastowy sa wytwarzane podczas bakteryjnej fermentacji btonnika
pokarmowego. Rosnaca liczba badan wskazuje, Zze krotkotancuchowe kwasy ttuszczowe
moga rozszerza¢ naczynia krwionosne i obniza¢ ci$nienie tetnicze. Zmiany w stezeniu
zwigzkow produkowanych przez bakterie jelitowe obserwowane we krwi, wynikajace z
réznic w ich wytwarzaniu oraz zwigkszonej przepuszczalno$ci bariery jelito-krew, moga
istotnie wptywac¢ na funkcjonowanie uktadu krazenia. W zwiazku z tym produkty
metabolizmu bakterii jelitowych moga by¢ traktowane zaréwno jako mediatory jak i markery

w chorobach uktadu krazenia.

Publikacja 2

Kwas mastowy jest jednym z krétkotancuchowym kwasow tluszczowych wytwarzanych
przez bakterie jelitowe. Przeprowadzone przeze mnie badania wykazaty, Ze st¢zenie kwasu
mastowego jest o trzy rzedy wielkosci wigksze w jelicie niz we krwi obwodowe;.
Zwigkszenie stezenia kwasu mastowego w jelicie grubym, uzyskane poprzez podanie

egzogennego roztworu kwasu mastowego, prowadzito do istotnego spadku ci$nienia
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tetniczego 1 zmniejszenia czgstosci skurczow serca. W badaniu wykazatem rowniez, ze efekt
hipotensyjny byt hamowany przez wykonanie podprzeponowej wagotomii, dozylne podanie
heksametonium, dookr¢znicze podanie 3-hydroksymaslanu, ale nie przez dozylne podanie
atropiny. W doswiadczeniach ex vivo kwas mastowy wykazatl dzialanie wazodylatacyjne
zaré6wno w stosunku do tetnicy krezkowej, jak i do tetnicy wyizolowanej z mig¢snia smuklego.
W kolejnych doswiadczeniach, w ktorych kwas mastowy byt podawany dozylnie,
obserwowatem efekt hipotensyjny, ktory utrzymywat si¢ krocej niz po podaniu
dookrezniczym i nie wptywal na czestos¢ skurczow serca. Opierajac si¢ na powyzszych
obserwacjach wydaje sie, ze jelito grube jest najwazniejszym miejscem oddziatywania kwasu
mastowego. 2-3 krotne zwigkszenie stezenia kwasu mastowego w jelicie grubym znaczaco
obniza ci$nienie tetnicze za posrednictwem receptorow GPR41/43 oraz aferentnej impulsacji

z jelita za posrednictwem nerwu blednego.

Publikacja 3

Kwas walerianowy jest krotkotancuchowym kwasem thuszczowym produkowanym przez
bakterie jelitowe podczas fermentacji blonnika pokarmowego. Mozna go rowniez znalez¢ w
ziotach, takich jak koztek lekarski (Valeriana officinalis). Ponadto, dzigki endogennym
esterazom, jest uwalniany z niektorych lekow, takich jak walerian estradiolu. Przeprowadzone
przeze mnie badania wykazaty, ze stezenie kwasu walerianowego jest o 4 rzedy wielkos$ci
wigksze w jelicie grubym, niz we krwi obwodowej. Po 5 minutach od podania
dookrezniczego egzogennego, znakowanego izotopowo (VA-D9) kwasu walerianowego
stwierdzono obecno$¢ kwasu w tkankach takich jak mézg, watroba, nerki oraz serce.
Zwigkszenie stezenia kwasu walerianowego w jelicie grubym, uzyskane poprzez podanie
egzogennego roztworu kwasu walerianowego, prowadzito do krétkotrwalego, istotnego
spadku ci$nienia t¢tniczego, potaczonego ze spadkiem czestosci skurczow serca. Efekt ten byt
hamowany przez dookr¢znicze podanie 3-hydroksymaslanu, ale nie przez dozylne podanie
atropiny oraz wykonanie podprzeponowej wagotomii. Efekt hipotensyjny uzyskany przez
dookreznicze podanie roztworu kwasu walerianowego zostal znaczaco wydtuzony dzigki
dozylnemu podaniu heksametonium. W do$swiadczeniach ex vivo kwas walerianowy wykazat
dzialanie naczyniorozszerzajace w stosunku do tetnicy krezkowej, jak rowniez tetnicy
wyizolowanej z mig$nia smuktego. Dozylne podanie kwasu walerianowego u szczuro6w
prowadzito do krétkotrwalego dziatania hipotensyjnego, jednocze$nie nie wywierajac
istotnego wptywu na czesto$¢ skurczow serca. Efekt hipotensyjny uzyskany przy podaniu

tego rodzaju zostal znaczaco wydtuzony poprzez zastosowanie dozylnego wlewu kwasu
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walerianowego w infuzji ciaglej. Niniejsze badanie po raz pierwszy wykazalo, ze kwas
walerianowy szybko przenika przez barierg jelito-krew 1 docierajac do organow

zaangazowanych w regulacj¢ cisnienia tetniczego wywoluje istotny efekt hipotensyjny.

Podsumowanie

Wyniki przeprowadzonych prac wskazuja, ze warunkach fizjologicznych st¢zenie kwasu
mastowego 1 kwasu walerianowego jest najwyzsze w jelicie grubym, ktore jest glownym
habitatem mikrobioty. Kwas mastowy i kwas walerianowy przedostaja si¢ z jelita grubego do
uktadu krazenia powodujac istotny efekt hipotensyjny, oddziatujac zaréwno poprzez uktad

nerwowy, jak rowniez bezposrednio na naczynia.
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Streszczenie w jezyku angielskim

Background

Increasing evidence suggests that molecules produced by gut bacteria affect the health of the
host. Short chain fatty acids (SCFAs) such as butyric acid (BA) and valeric acid (VA) are
produced by bacterial fermentation of dietary fiber in colon. SCFAs exert local effects on
intestines as well as systemic effects after crossing the gut-blood barrier. Several studies
suggest that BA affects the circulatory system, however, the mechanisms are not clear. To the
best of my knowledge, hemodynamic effects of VA, have not yet been reported. The aim of
the study was to assess the effect of two metabolites of gut bacteria i.e. butyric acid and

valeric acid on the circulatory system.

Publication No. 1

This paper reviews research on the cardiovascular effects of microbiota-produced short chain
fatty acids and methylamines. Short chain fatty acids such as acetic, propionic, butyric and
valeric acids are mainly produced during bacterial fermentation of dietary fiber. SCFAs have
been found to dilate blood vessels and lower blood pressure. Changes in plasma levels of gut
microbiota-derived products may result from alterations in bacterial metabolism and changes
in gut-to-blood penetration of the molecules. Gut microbiota-derived products may serve as

mediators and markers in cardiovascular diseases.

Publication No. 2

BA is one of several short chain fatty acids produced by gut microbiota. The study showed
that the concentration of BA in the colon was approximately three orders of magnitude higher
than the concentration of BA in the systemic blood. BA administered into the colon (IC)
produced a prolonged decrease in arterial blood pressure (BP) and heart rate (HR).
Subphrenic vagotomy and IC pretreatment with the antagonist of GPR41/43 receptors (ANT)
significantly reduced the hypotensive effect of IC BA. The hypotensive effect was also
reduced by IV administered hexamethonium but not by atropine. In ex vivo conditions, BA
dilated mesenteric (MA) and gracilis muscle (GMA) arteries. Furthermore, I performed
analogical series of experiments using intravenous administration. BA administered [V
produced shorter decrease in BP than BA administered IC and did not affect HR. In

conclusion, the colon appears the most likely site of BA action at physiological
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concentrations. A 2-3-fold increase in the concentration of colonic BA lowers BP which

seems to be mediated by GPR41/43 and afferent vagal signaling.

Publication No. 3

Valeric acid (VA) is a short chain fatty acid which is produced by gut bacteria during
fermentation of dietary fiber. The acid also can be found in herbs such as Valeriana
officinalis. Furthermore, VA is released from medicines such as estradiol valerate by
esterases. The present study showed that the concentration of VA in the colon was
approximately four orders of magnitude higher than the concentration of VA in the systemic
blood. VA-D9 was detected in the brain, the liver, the kidneys and the heart, 5 min after its
administration into the colon (IC). VA administered IC produced a decrease in arterial blood
pressure (BP) which was accompanied by a decrease in heart rate (HR). The hypotensive
effect of VA was inhibited by the antagonist of GPR41/43 receptors (ANT) but not by the
subphrenic vagotomy. Hexamethonium prolonged the hypotensive effect of VA while
atropine did not influence the hypotensive effect. In ex vivo conditions VA dilated GMA and
MA. Furthermore, I performed analogical series of experiments using intravenous
administrations of VA. Intravenous bolus of VA produced a short-lasting hypotensive effect
with no significant change in HR. The hypotensive effect was significantly prolonged if VA
was administered in the continuous intravenous infusion. In conclusion, the study for the first
time shows that VA rapidly penetrates from the colon to tissues involved in the control of BP

and produces a significant hypotensive effect.

Conclusions

Results of my studies show that the highest concentrations of VA and BA are present in the
colon, a major habitat of gut bacteria. BA and VA penetrate from the colon to the systemic
circulation and exert a hypotensive effect. The hypotensive effect is mediated via the nervous

system and via a direct action of the acids on blood vessels.
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Wstep uzasadniajacy polaczenie wskazanych publikacji w jeden cykl

W ostatnim czasie pojawily si¢ publikacje wskazujace, ze metabolity bakterii jelitowych
moga oddziatywa¢ na uktad krazenia. W grupie zwigzkéw wytwarzanych przez bakterie
jelitowe znajduja si¢ krotkotancuchowe kwasy thuszczowe, ktore sg wytwarzane podczas
bakteryjnej fermentacji blonnika pokarmowego. Nieliczne prace wskazuja, ze
krotkotancuchowe kwasy ttuszczowe, takie jak kwas mastowy, moga rozszerza¢ naczynia

krwiono$ne i1 obniza¢ ci$nienie tetnicze.

Dotychczas nie badano wplywu kwasu walerianowego na uktad krazenia. Pojedyncze prace
opisuja dzialanie hipotensyjne kwasu mastowego, jednak mechanizmy tego dziatania, w

szczegbdlnosci w odniesieniu do kwasu wytwarzanego w jelicie, nie byty badane.

Celem podjetych badan eksperymentalnych byta ocena wptywu metabolitow bakterii
jelitowych: kwasu mastowego i kwasu walerianowego na ci$nienie te¢tnicze oraz poznanie

mechanizmow regulujacych uklad krazenia u szczurow.

Badania przeprowadzone w ramach pracy doktorskiej dostarczyly nowych danych
dotyczacych oddziatywania kwasu mastowego oraz kwasu walerianowego na uktad krazenia,

wykazujac hipotensyjne dziatanie obu kwasdéw oraz mechanizmy zwigzane z tym dzialaniem.

Niniejsza rozprawa doktorska pt. ,,Wptyw kwasu mastowego oraz kwasu walerianowego na
regulacje ci$nienia tetniczego.” (The effect of butyric acid and valeric acid on the regulation
of arterial blood pressure.) tworzy monotematyczny cykl dwoch prac oryginalnych i jednej
pracy przegladowej, opublikowanych w czasopismach anglojezycznych o zasiegu
mig¢dzynarodowym. Doktorant jest pierwszym autorem we wszystkich publikacjach cyklu.
Suma punktow ,,Impact Factor” przedstawionego cyklu prac wynosi 9.552, natomiast suma

punktow MNiSW to 270.
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Zalozenia i cel pracy

Hipoteza badawcza zaktadata, ze kwas mastowy oraz kwas walerianowy, ktore sa

wytwarzane przez bakterie jelitowe, wywieraja istotny wplyw na ci$nienie t¢tnicze.

Gltowne cele pracy:

1. Zbadanie wplywu kwasu mastowego na cis$nienie tetnicze u szczur6w po podaniu
dookrezniczym i1 dozylnym.

2. Zbadanie wptywu kwasu walerianowego na cisnienie t¢tnicze u szczurow po podaniu

dookrezniczym i1 dozylnym.

Cele szczegbdlowe:

1. Zbadanie mechanizmow dziatania hipotensyjnego kwasu mastowego 1 walerianowego.
2. Zbadanie fizjologicznych stezen kwasu mastowego 1 walerianowego w tkankach oraz
ocena stopnia przenikania przez barier¢ jelito-krew badanych zwigzkow.

3. Ocena kardiotoksycznosci kwasu mastowego i walerianowego.
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Impact statement

Despite a progress in the diagnosis and
treatment of cardiovascular diseases,
there are still significant gaps in under-
standing complex mechanisms underlying
cardiovascular pathology. Increasing evi-
dence suggests that gut microbiota prod-
ucts such as short chain fatty acids or
methylamines may affect the circulatory
system in health and disease. Hence, the
microbiota-derived molecules are potential
diagnostic and therapeutic targets in car-
diovascular diseases. Therapeutic options
may include administration of selected
bacterial strains (probiotics) producing
desired metabolites or administration of

Abstract

Ample evidence suggests that gut microbiota-derived products affect the circulatory
system functions. For instance, short chain fatty acids, that are the products of dietary
fiber bacterial fermentation, have been found to dilate blood vessels and lower blood pres-
sure. Trimethylamine, a gut bacteria metabolite of carnitine and choline, has recently
emerged as a potentially toxic molecule for the circulatory system. To enter the blood-
stream, microbiota products cross the gut-blood barrier, a multilayer system of the intes-
tinal wall. Notably, experimental and clinical studies show that cardiovascular diseases may
compromise function of the gut-blood barrier and increase gut-to-blood penetration of
microbiota-derived molecules. Hence, the bacteria products and the gut-blood barrier
may be potential diagnostic and therapeutic targets in cardiovascular diseases. In this
paper, we review research on the cardiovascular effects of microbiota-produced short

direct gut microbiota products.

chain fatty acids and methylamines.

Keywords: SCFA, TMA, TMAO, bacterial metabolites, blood pressure, cardiovascular diseases

Experimental Biology and Medicine 2020; 245: 166-175. DOI: 10.1177/1535370219900898

Gut bacteria in human homeostasis

The mammalian gut and skin is colonized early after birth
by bacteria and fungi."? The number of gut bacteria is at
least equal to the number of human body cells and, at the
same time, the composition of human microbiota is very
unique for each person. The composition of the gut micro-
biota depends on numerous factors including geography,
age, diet, the mode of delivery, and postnatal feeding.>”
For example, it has been shown that vaginal birth
and breastfeeding are associated with more diverse micro-
biota than cesarean birth and formula-feeding.*'® The
most common bacterial phyla in the human gut
include Firmicutes, Bacteroidetes, Actinobacteria, and
Proteobacteria.'*?

Increasing research provides evidence that human
homeostasis depends on reciprocal interaction with gut

ISSN 1535-3702
Copyright © 2020 by the Society for Experimental Biology and Medicine

microbiota. On the one hand, gut microbiota produces
vital compounds for human homeostasis such as
vitamin K or B group (cobalamin, biotin, pyridoxine, thia-
mine, folates, riboflavin and nicotinic acid), and
contributes to the metabolism of bile acids, steroids and xeno-
biotics.>¥® On the other hand, gut bacteria produce toxic
substances such as ammonia or trimethylamine and may
reduce the availability of essential nutrients for the host."” "

Finally, recent research shows that microbiota produced
molecules such as hydrogen sulfide (H,S), indoles, short
chain fatty acids and trimethylamines affect the circulatory
system homeostasis, acting on its humoral and nervous
control.?>? In particular, short chain fatty acids and trime-
thylamines have attracted a lot of attention, which resulted
in the explosion of experimental and clinical papers on the
circulatory effects of the two groups of microbiota

Experimental Biology and Medicine 2020; 245: 166-175
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products. % 1t is also worth noting that some research
reported changes in gut bacteria composition also referred
to as dysbiosis in cardiovascular diseases (CVDs).?*">®

Mechanisms of a crosstalk between gut
microbiota and the circulatory system

The mechanisms underlying the interaction between gut
microbiota and the circulatory system are far from clear.
However, increasing experimental data show that at least
two potential pathways are likely (Figure 1). Firstly, gut
microbiota-derived products may stimulate afferent (sen-
sory) nerves of the enteric nervous system which may mod-
ulate the cardiovascular centers in the brain. The latter
affects the activity of the autonomic nervous system that
controls the function of the heart, vasculature and glands
releasing cardiovascular hormones. Secondly, gut micro-
biota products may enter the bloodstream and thereby
affect the function of organs and tissues that contribute to
the circulatory system homeostasis. As most of the gut-
derived molecules first pass the liver, the systemic effects
of microbiota products may also depend on liver metabo-
lites.?!

It has been well established that biological effects of any
molecule depend on its concentration. In this regard, the
blood concentration of bacterial metabolites depends on
several factors including gut bacteria metabolic activity,
the function of the intestinal wall (gut-to-blood

Autonomic
nervous system

Systemic circulation

Figure 1. Suggested pathways of cardiovascular actions of gut microbiota
products. (A) Gut bacteria products cross the gut-blood barrier, bypass the liver
via rectal plexuses and reach cardiovascular tissues. (B) The liver produces
derivatives of microbiota metabolites that affect the heart and vasculature.

(C) Gut microbiota metabolites stimulate sensory fibers of the enteric nervous
system which project to the brain that controls the circulatory system via the
autonomic nervous system.

permeability) and the function of the liver and the kidneys
(metabolism, detoxification and excretion). Deteriorated
function of the kidneys and the liver in cardiovascular dis-
eases is well established and has been described in numer-
ous papers.**” Recently, the decline of the intestinal
function and a “leaky gut” syndrome in cardiovascular dis-
eases has gained a lot of attention.****’

In short, to enter the circulation, gut bacteria products
need to cross the intestinal wall that forms the gut-blood
barrier (GBB). The GBB is a complex system of several bio-
logical layers, including vascular endothelium, epithelial
cell lining and mucus layer. The integrity and proper func-
tioning of the GBB depend on numerous, not fully under-
stood factors. The GBB enables the absorption of nutrients
and beneficial bacterial metabolites such as SCFAs from
intestinal lumen and, at the same time, reduces the passage
of potentially toxic substances.”’ A pivotal factor for the
proper functioning of the GBB is adequate blood perfusion.
There is some experimental and clinical evidence showing
that CVDs compromise the GBB function by decreasing
intestinal blood flow and disrupting the GBB structure.
A leaky gut has been reported in patients with heart
failure*? and in several experimental models of CVDs.>**?
For example, we have found that hypertension in rats is
accompanied by morphological and hemodynamic altera-
tions in the colon, and increased permeability of the colon
to TMA, a toxic gut bacteria metabolite.*?

Short-chain fatty acids

Various biological effect of short-chain fatty acids (SCFAs)
have been described in medical literature since ancient
times. However, only recently it has been recognized that
gut microbiota is an important source of SCFAs in mamma-
lian organisms. SCFAs are produced chiefly by the colon
microbiota in fermentation process from dietary fiber. This
group of fatty acids consists of aliphatic tail with five or
fewer carbons.***> There is evidence that SCFAs are also
present in intestinal content of germ-free animals, but at
lower concentration than in conventional animals.***” In
addition, a group of dietary products constitutes a direct
source of short chain fatty acids including acetate, propio-
nate and butyrate (Figure 2).

SCFAs play an important role locally in intestines serv-
ing as an energy source for enterocytes and inhibiting the
growth of pathogens by reducing pH. In addition, SCFAs
may affect the local intestinal microcirculation.*®*°
Furthermore, SCFAs originating from gut microbiota
metabolism enter the systemic circulation through the
GBB. Biological effects of SCFAs including metabolic,
hemodynamic and inflammatory effects are thought to be
mediated by GPR41 (also known as Free Fatty Acid
Receptor 3, FFAR3), GPR43 (Free Fatty Acid Receptor 2,
FFAR2), or Olfr78 receptors which are located in the gas-
trointestinal tract, adipose tissue, immune cells, and
peripheral nerves.?***>* Accumulating evidence suggests
that SCFAs may exert blood pressure lowering effect
by decreasing vascular tone.*®>° Furthermore, SCFAs
may change blood pressure by mechanisms related to
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Figure 2. Sources of short chain fatty acids (SCFAs) in human organism. (a) SCFAs are produced during fermentation process from dietary fiber; (b) Dietary products

constitute a direct source of SCFAs including acetate, propionate and butyrate.
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gut-to-brain nervous signaling”™ renal sensory nerves
and renin-angiotensin-aldosterone pathway.>**'-%>

Acetic acid

Acetic acid is a colorless liquid organic compound which
consists of methyl group attached to a carboxyl group. It
possesses acrid smell and sour taste. Liquid containing
5-20% of acetic acid is called vinegar and was used as a
food preservative by Babylonians (c. 5000 BC).** Moreover,
vinegar was used for dressing wounds by Hippocrates
(c. 420 BC) and in American civil war, likely due to its anti-
microbial properties.®® It has also been suggested that acetic
acid prevents osteoporosis by increasing calcium intestinal
absorption and the concentration of calcium in bones.®
Moreover, acetic acid was reported to exert antidiabetic
effects by improving glucose uptake in skeletal
muscles and decreasing fasting and postprandial glucose
levels.®”~° With regard to cardiovascular effects, acetic acid
has been found to lower arterial blood pressure in rats.”"”*
The mechanisms behind the hypotensive effect may
include the inhibition of ACE activity, decrease in plasma
renin activity or increase in tissue level of cAMP.”*” In
vitro studies report that acetic acid produces vasodilatation
in colonic resistance vessels.”® Additionally, acetate might
play a role in flow-mediated vasorelaxation by inducing
eNOS phosphorylation in the endothelium.”” Clinical stud-
ies involving patients regularly undergoing hemodialysis
with dialysate containing acetate showed a significant
decrease in peripheral vascular tone and diminished
myocardial contractility.”®*°

Propionate

Propionic acid is a colorless oily liquid organic compound,
miscible with water, with characteristic unpleasant smell
fairly resembling body odor. Antimicrobial effects of pro-
pionic acid and its salts have been known for a long time.
Propionates are used in the food industry as preservatives
in many products such as bread or cheese.**> Propionic
acid has been found to exert several potentially health-
promoting effects which may lower cardiovascular risk.
Firstly, propionate may inhibit lipid synthesis in
hepatocytes and thereby decrease cholesterol level 5%
Secondly, some evidence suggests that propionic acid
has anti-inflammatory effect®® and improves insulin sensi-
tivity.***® Notably, propionic acid is the strongest ligand
for the SCFAs receptors Gpr41 and Gpr43.%%°

Finally, some studies show that propionic acid exerts
direct cardiovascular effects. A dose-dependent vasodila-
tory effect have been reported in rat mesenteric arteries and
in isolated human colonic resistance arteries.”®"!

Butyric acid

Butyrate is a colorless carboxylic acid produced in the
mammalian gut by bacterial fermentation of dietary fiber.
However, butyric acid is also present in butter and other
dairy products. The taste of butyrate is characterized as
pungent, with a sweetish aftertaste which can be linked
with the taste of ether. The acid is responsible for the obnox-
ious smell of human vomit.

Butyrate has been found to affect numerous
physiological processes including energy homeostasis,
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cardiovascular parameters, immune response, and brain
functions. The underlying mechanisms may range from
metabolic effects of receptor’s signaling to enzymatic inhi-
bition.”>*® Some evidence suggests that butyric acid exerts
anticarcinogenic effect that may be explained by the
Warburg effect. The opposing effect of butyric acid on
normal and cancer cells sometimes is called as butyrate
paradox.”*?

Numerous studies show that butyrate may affect the
regulation of arterial blood pressure. The hypotensive
and bradycardic effect of intravenous administration of
butyric acid was described already in 1957 by Wretlind.”®

Blood pressure lowering effect of butyrate seems to be
dependent on vasodilation. Mortensen et al. showed that
butyric acid and other SCFAs produce a concentration-
dependent dilation of human colonic resistance arteries.”®
Likewise, a weak vasodilatory effect of butyric acid at
concentrations above 5mM was reported in the coronary
arteries.”” The vasodilatory effect of butyric acid was also
demonstrated in rat caudal artery.”® Several mechanisms of
the butyric acid-dependent vasodilation have been pro-
posed including stimulation of the cyclic AMP second mes-
senger system~ and increased synthesis of F2 alpha
prostaglandins.® It has also been suggested that the hypo-
tensive effect of butyric acid may depend on the inhibition
of the intrarenal renin-angiotensin system.®>

Our recent findings suggest that gut-derived butyric
acid affect the circulatory system via the following two
mechanisms. Firstly, butyric acid stimulates afferent fibers
of the vagus nerve which project from the gut to the brain.
This decreases tonic sympathetic activity and thereby
lowers arterial blood pressure. Secondly, gut-derived
butyric acid crosses the GBB, enters the bloodstream and
produces vasodilation acting on GPR41/43 receptors.
Interestingly, our study showed that physiological concen-
tration of butyric acid in the colon is three orders of mag-
nitude higher than that in systemic blood, which makes the
colon a very likely site of butyric acid action under physi-
ological conditions.*

Further indirect evidence for the hypotensive effect of
butyric acid produced by gut microbiota is provided by
studies showing an inverse correlation between arterial
blood pressure and the abundance of bacteria producing
butyrate in rats.”® Similarly, in overweight pregnant
women the abundance of butyrate-producing bacteria
and butyrate production was associated with lower arterial
blood pressure.”

Apart from the hypotensive action, butyric acid have
been suggested to possess a direct antiatherogenic
activity by diminishing vascular smooth muscle cells
proliferation.’®

Trimethylamines: TMAO vs. TMA

Trimethylamine (TMA) is a simple tertiary aliphatic amine
with the formula N(CH3)3. It is synthetized in colon by
several bacterial genera including Clostridium, Collinsella,
Desulfovibrio, Lactobacillus, and Proteus from dietary
L-carnitine, choline, and their derivatives. After absorption
in large intestine TMA passes through the portal vein to the

liver where most of it is oxidized to trimethylamine N-
oxide (TMAO) by the flavin-containing monooxygenase
(FMO3).'"

TMAO

In terms of cardiovascular effects, TMAO has gained much
more attention than its precursor TMA as recent studies
showed positive correlation between plasma TMAO con-
centration and cardiovascular risk. However, despite hun-
dreds of studies investigating TMAO, it is not clear whether
it is a harmful factor, sign of adaptive response or just a
confounder.”

It has been shown that plasma TMAO may be used in
risk assessment in general population’® and in patients
with heart failure,’®% acute myocardial infarction,*®'%”
coronary artery disease,'” ?eripheral artery disease,'”
stroke,"” and hypertension.""""'? In particular, the associa-
tion between TMAO and atherosclerosis burden has been
observed."®>"® It has also been reported that TMAO con-
tributes to platelet hyperreactivity by increasing intracellu-
lar Ca(2+) release and enhancing thrombotic potential and
it independently predicted incident thrombosis risk."”
However, there are some issues that call into question the
above results. Some research found no evidence linking
TMAO to increased cardiovascular risk."®*'?! Other stud-
ies suggest that increased TMAO is only a manifestation of
decreased kidney function and association with cardiovas-
cular risk become insignificant after adjustment for
eGFR."?7* It is along with the fact that TMAO is excreted
mainly with urine and elevated plasma TMAO level has
been widely reported in chronic kidney disease.'*'>12¢
It was shown that impaired renal function was the main
variable affecting plasma TMAO concentration.” It is also
worth noting that plasma TMAO concentration may be
confounded by the disturbed GBB function** or FMO3
ac:tivity.128 FMO3 is mostly active in liver, however, it was
detected in lung, kidney and other tissues as well. Besides,
its expression is sex- and age-specific,'*** which may fur-
ther interfere with the results. In addition, it has been
shown that the association between TMAO and cardiovas-
cular events may vary depending on race'® or gender.'*
Finally, the connection between TMAO and atherosclerotic
progression in patients has been questioned.'**"13

A lot of experimental studies have been performed to
determine a mechanistic insight into how TMAO potential-
ly promotes cardiovascular diseases. Supplementation of
TMAO™ or its dietary precursors’®*~1* aqugmented
atherosclerotic plaque formation in atherosclerosis-prone
mice, 4gossibly due to toxic effect on endothelial progenitor
cells” or acting by CD36/MAPK/JNK pathway.*®
However, some studies do not support these findings'*!
and surprisingly, Collins et al. suggested even a protective
effect of TMAO precursor against atherosclerotic lesion
development.’*? Diet enriched by TMAO and its precursors
caused a significant increase in heart failure severity in
mice’*® and reduction in TMAO concentration resulted in
improvement in heart failure symptoms induced by myo-
cardial infarction.'** Some studies showed that TMAO may
induce cardiac fibrosis'®®,#¢ and disturb energy
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metabolism in the heart.’*” However, experiments carried
out by Querio et al."*® and in our laboratory’*’ do not sup-
port the damaging effect of TMAO on cardiomyocytes. The
connection between TMAO and aging is controversial as
well. In mouse model, TMAO treatment for 16 weeks
induced vascular aging.” On the other hand, TMAO did
not increase with age in rat plasma and did not affect
smooth muscle cells viability."®! Indirect evidence of dam-
aging effect of TMAO followed from the fact that its pre-
cursors, choline and carnitine, are abundant in red meat
which is known to increase cardiovascular risk. However,
consumption of fish and other seafood, which are linked to
cardio-protective effects, produce substantially greater
increase in circulating TMAO than red meat.’”*'*
Therefore, the causative role of TMAO in cardiovascular
diseases remains under question.

Intriguingly, TMAO has protective functions against
osmotic and hydrostatic pressures. Number of biochemical
studies show that TMAO stabilizes protein structure and
counteracts the effects of urea and other denaturants.’>**>¢
It may be speculated that TMAO is accumulated as a
mechanism of adaptation to hydrostatic pressure or
water-electrolyte imbalances which occur in cardiovascular
diseases.

TMA, a toxic precursor of TMAO

On the other hand, cardiovascular effects of TMA, a TMAO
precursor, have not been sufficiently studied yet. It is rather
surprising because natural occurrence of TMA has been
recognized for a long time and its toxic properties
have been described in medical literature already in
19th century. Nowadays it is mainly known as a compound
responsible for fish odor syndrome i.e. trimethylaminuria.
Genetic FMO3 deficiency causes TMA accumulation
in the body fluids inducing the characteristic smell of

Bacterial formation of TMA from
ﬂ choline, carnitine etc.

TMA

%ion by FMO3

urine, breath, and sweat in patients suffering from this
disease."”

TMA is a pollutant widely present in industry, and sev-
eral guidelines with exposure limit are available, e.g., the
Recommendation from the Scientific Committee on
Occupational Exposure Limits."”® Numerous studies
show toxic effect of TMA at relatively low concentra-
tions.”12 TMA causes eye'® and skin'® irritation,
developmental toxicity,'®" epilepsy and behavioral disor-
ders'® 1% and promotes hepatic encephalopathy.'®’”
Strikingly, to the best of our knowledge, there is no research
evaluating the association between TMA and cardiovascu-
lar risk. Unfortunately, clinical studies focused on TMAO
did not assess TMA concentration but it may be speculated
that increased TMAO levels were accompanied by
increased level of its precursor. Possibly, it is TMA and
not TMAO that contributes to increased mortality. There
is some evidence to support this view. Increased TMA
level has been observed in cardiovascular patients'**'¢
and kidney deterioration seems to play a key role in these
changes as demonstrated by a significant inverse correla-
tion between level of TMA and eGFR. It must be stressed
that TMA has been considered a uremic toxin for almost
40years'®'° contributing to neurotoxicity and uremic
breath in patients with end-stage renal disease.’”’
Moreover, as demonstrated by Srinivasa et al., TMA and
not TMAO is associated with atherosclerotic plaque forma-
tion in HIV patients.133 Recently, we have found that TMA
and not TMAO elevates blood pressure, exerts cytotoxic
effect on cardiomyocytes and vascular smooth muscle
cells as well as disturbs LDH and albumin struc-
ture.**">172 1t is also worth noting that most of experi-
mental studies showing positive effects of reduction in
TMAO level were associated with TMA decrease at the
same time because they targeted precursors of TMA.'7>174

Dietary TMAO (fish, seafood)

Il

TMAO

(trimethylamine)

Elimination
by kidneys
|

NEGATIVE EFFECTS

I Cytotoxic effect I

I Degradation of proteins

\

(trimethylamine N-oxide)
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Figure 3. Dietary sources, metabolism and elimination of trimethylamine (TMA) and trimethylamine N-oxide (TMAO) in humans. Suggested main cardiovascular and
other effects of both methylamines based on currently available data (details in the text). FMO3: flavin-containing monooxygenase 3.
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Formation and major biological effects of TMA and
TMAO are depicted in Figure 3.

Conclusions

Increasing experimental and clinical evidence suggests that
gut microbiota-derived products affect the circulatory
system functions. Both beneficial and toxic effects have
been described. For instance, short chain fatty acids have
been found to lower blood pressure. On the other hand,
trimethylamine has been suggested to increase blood pres-
sure and exert negative effect on the circulatory system.
Hence, the bacteria products may have a therapeutic poten-
tial in cardiovascular diseases. Further studies are needed
to establish the role of gut microbiota products in the cir-
culatory system homeostasis.
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Abstract

Butyric acid (BA) is a short-chain fatty acid (SCFA) produced by gut bacteria in the colon. We hypothesized that colon-derived
BA may affect hemodynamics. Arterial blood pressure (BP) and heart rate (HR) were recorded in anesthetized, male, 14-week-
old Wistar rats. A vehicle, BA, or 3-hydroxybutyrate, an antagonist of SCFA receptors GPR41/43 (ANT) were administered
intravenously (IV) or into the colon (IC). Reactivity of mesenteric (MA) and gracilis muscle (GMA) arteries was tested ex vivo.
The concentration of BA in stools, urine, portal, and systemic blood was measured with liquid chromatography coupled with
mass spectrometry. BA administered IV decreased BP with no significant effect on HR. The ANT reduced, whereas L-NAME, a
nitric oxide synthase inhibitor, did not affect the hypotensive effect of BA. In comparison to BA administered intravenously, BA
administered into the colon produced a significantly longer decrease in BP and a decrease in HR, which was associated with a 2—
3-fold increase in BA colon content. Subphrenic vagotomy and IC pretreatment with the ANT significantly reduced the hypo-
tensive effect. Ex vivo, BA dilated MA and GMA. In conclusion, an increase in the concentration of BA in the colon produces a
significant hypotensive effect which depends on the afferent colonic vagus nerve signaling and GPR41/43 receptors. BA seems
to be one of mediators between gut microbiota and the circulatory system.

Keywords Butyric acid - Blood pressure - SCFA - Bacterial metabolites

Abbreviations BSA Dialyzed bovine serum albumin
ACH Acetylcholine EDC-HCI N-(3-dimethylaminopropyl)
ANT 3-hydroxybutyrate an antagonist of SCFA -N'-ethylcarbodiimide
receptors GPR41/43 GMA Gracilis muscle artery
BA Butyric acid HR Heart rate
BP Arterial blood pressure IC Into the colon
LOQ Limits of quantification
MA Mesenteric artery
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used by intestinal cells as an energy source. However, accumu-
lating data imply that these molecules may also produce sys-
temic effects [8, 19, 25, 29] acting via free fatty acid receptors
GPR41, GPR43, and olfactory receptors 78 [6, 9, 14, 15, 23].

SCFAs include several carboxylic acids produced by bac-
terial fermentation of dietary fibers such as butyric acid
(BA). There are some studies suggesting that BA affects
arterial blood pressure. For example, a biphasic hemody-
namic effect of intravenous administration of tributyrin, a
BA prodrug, was described in 1957 by Wretlind [33].
Recently, a hypotensive effect was reported after administra-
tion of BA into the kidney medulla [31] and intraperitone-
ally [25] in rats. However, those studies did not evaluate BA
blood level and it is difficult to speculate whether the report-
ed effects are of physiological, pharmacological, or
suprapharmacological importance.

Notably, although BA is produced in the gut, the effects of
BA on the gut-circulatory system axis have not been evaluat-
ed. The latter is important as ample research shows that gut
signaling plays a significant role in interactions between gut
microbiota and the host [5, 27].

Finally, the colon, a major site of bacterial metabolism,
expresses receptors for SCFA [13, 24, 28].

Therefore, we evaluated whether BA may exert hemody-
namic effects via gut signaling. Furthermore, we aimed to
establish physiological concentrations of BA in the colon con-
tent (stools), portal blood, systemic blood, and urine in rats.

Methods
Animals

The experiments were performed according to Directive
2010/63 EU on the protection of animals used for sci-
entific purposes and approved by the I Local Bioethical
Committee in Warsaw (permission no 534/2018 and
535/2018). Experiments were performed on 14-16-
week-old, male Wistar rats (Mossakowski Medical
Research Center Polish Academy of Sciences, Warsaw,
Poland) fed a standard laboratory diet (Labofeed B stan-
dard, Kcynia, Poland), food and water ad libitum. Rats
were housed in groups (3—4) in polypropylene cages
with environmental enrichment, 12-h light/12-h dark cy-
cle, temperature 22-23 °C, humidity 45-55%.

Evaluation of BA levels in body fluids

Rats (n = 9) were maintained for 2 days in metabolism
cages to evaluate 24 h water and food balance and to
collect urine for BA analysis. Data from the second day
were analyzed. Next, rats were anaesthetized with 15%
solution of urethane (i.p. 1.5 g/kg bw, Sigma-Aldrich,
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Poznan, Poland) and were implanted with polyurethane
catheters inserted into the portal vein and into the infe-
rior vena cava as we previously described [10]. After
the blood taking (0.25 ml each sample), rats were killed
by decapitation. The evaluation of BA concentration
was performed in portal and systemic blood plasma. A
7-8-cm long segment of the colon (a middle part be-
tween the cecum and the rectum) was closed with su-
tures and removed. A sample of 0.5 ml of stools was
collected from the removed colon, weighted and homog-
enized with 1 ml of 0.9% NaCl in a closed 2-ml labo-
ratory tube by vortexing it for 5 min. Afterwards, the
sample was centrifuged for 5 min at 5000 rpm, and
1 ml of the obtained supernatant was transferred to a
laboratory tube and again centrifuged for 5 min. All
procedures were performed at the temperature of 2-5
°C. The supernatant was collected into Eppendorf tubes
and frozen at — 20 °C. BA concentration in the colon
content was calculated as BA concentration in the su-
pernatant multiplied by a factor of 3 (as described
above, 1 ml of saline was added to 0.5 ml of colon
content to prepare supernatant for analysis).

Hemodynamic studies

The measurements were performed under general anes-
thesia with 15% solution of urethane (i.p. 1.5 g/kg b.w,
Sigma-Aldrich, Poznan, Poland). Before the measure-
ments, rats were implanted with a polyurethane arterial
catheter which was inserted through the femoral artery
into the abdominal aorta and connected to the BP re-
cording system, BIOPAC MP160 (Biopac Systems,
Goleta, USA). For intravenous treatment, a catheter
was implanted into the femoral vein. For electrocardio-
gram (ECG) recordings, standard needle electrodes were
used (Biopac).

The measurements were started 40 min after the induction
of anesthesia, and 10 min after connecting the arterial and
venous catheters.

Hemodynamic studies comprised the following experi-
mental series performed on separate groups of rats:

Intravenous administrations

1. Intravenous administration of a vehicle (saline 0.2 ml/
2 min, n = 5), saline solution of BA at a dose of 0.14 (n
=5),14(n=5),2.8 (n=15) and 5.6 mmol/kg (n =5), and
ANT at a dose of 5.6 mmolkg (n = 5).

2. Intravenous administration of BA at a dose of 1.4
mmol/kg after the pretreatment with the ANT at a dose
of 1.4 mmol/kg (n = 5).

3. Intravenous administration of BA at a dose of 1.4
mmol/kg after the pretreatment with L-NAME, a non-
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specific nitric oxide synthase inhibitor, at a dose of 0.3
mmol/kg (n = 5), and the administration of L-NAME
alone (n = 5).

Administrations into the colon

1. Administration of a vehicle (saline, 0.25 ml/30s, n = 5),
saline solution of BA (Sodium butyrate, Sigma-Aldrich,
Poznan, Poland) at a dose of 1.4 (n =5), 2.8 (n = 5) and
5.6 mmol/kg (n =5) and ANT at a dose of 5.6 mmol/kg (n
=35).

2. Administration of BA at a dose of 5.6 mmol/kg after the
pretreatment with the ANT (3-hydroxybutyrate, Sigma-
Aldrich, Poznan, Poland) at a dose of 5.6 mmol/kg (n =
)

3. Administration of BA at a dose of 5.6 mmol/kg after the
subphrenical vagotomy (n = 5), administration of BA ata
dose of 5.6 mmol/kg after the sham procedure (n = 5) and
vagotomy alone (n = 5).

4. Administration of BA at a dose of 5.6 mmol/kg during the
intravenous treatment with hexamethonium, an autonom-
ic ganglia blocker (Sigma-Aldrich, Poznan, Poland, 15
mg/kg bolus followed by continuous infusion at a rate of
1.5 mg/kg/min, n = 5) or after the intravenous treatment
with atropine (Atropinum Sulfuricum WZF, Polfa
Warszawa, Warsaw, Poland) at a dose of 1 mg/kg (n = 5).

After hemodynamic studies, rats were killed by
decapitation.

Vagotomy

The surgical vagotomy, i.e., bilateral abdominal
(subdiaphragmatic) truncal vagotomy, was performed as pre-
viously described [2] with some modification. In short, after
cutting skin and muscles from the xiphoid to the navel, the
liver was stabilized with ligatures to visualize the
subdiaphragmatic vagus nerves. Saline solution of methylene
blue (0.4%) was applied on tissues for better visualization of
nerves. The nerves were cut with vascular scissors. After the
procedure, the wound was stitched. The sham procedure
followed the same steps except that the nerves were not cut.

It needs to be mentioned that in contrast to humans, in rats,
all the regions of the colon, except the rectum, are innervated
by the branches of the vagus nerve [3].

Intracolonic administrations

The intracolonic infusions were performed by means of a
pediatric Foley catheter (10F) inserted into the colon, 8 cm
from the anus as we previously described [10].

Changes in BA concentration in stools, portal,
and systemic blood after the intracolonic (IC)
administration of BA

BA concentration in the colon content (stools) was evalu-
ated in control rats (n = 5) and rats administered with BA
into the colon at a dose of 2.8 mmol/kg (n = 6), as we
described above. To evaluate portal and systemic blood
plasma concentration of BA, blood samples (0.25 ml) from
the portal vein and vena cava were collected at baseline
and 20 and 60 min after the IC administration of BA at a
dose of 2.8 mmol/kg (n = 6). The selected time points
corresponded to the maximal hypotensive effect and return
of BP to baseline according to our findings from the he-
modynamic part of the study.

Ex vivo reactivity studies

Isolation of mesenteric (MA) and gracilis muscle arteries
(GMA)

Rats (n = 11) were anesthetized with an intraperitoneal
injection of 15% solution of urethane (1.5 g/kg b.w).
The mesenteric and gracilis muscle arterial bed was dissect-
ed and placed in a petri dish filled with cold (4 °C,
pH = 7.4) physiological saline buffered with MOPS
(3-(N-morpholino) propanesulfonic acid) (MOPS-PSS) con-
taining: 3.0 mM MOPS, 144.0 mM NaCl, 3.0 mM KClI,
2.5 mM CaCl,, 1.5 mM MgSO,4, 1.21 mM NaH,PO,,
0.02 mM EDTA, 2.0 mM sodium pyruvate, 5.0 mM glu-
cose, and 1% dialyzed bovine serum albumin (BSA). The
branches of the mesenteric artery (MA, 250-370 pm diam-
eter) and gracilis muscle artery (GMA, 225-280 pm diam-
eter) were carefully cleaned of surrounding tissues under a
dissecting microscope (SZ51, Olympus, Germany) and
transferred to an organ chamber. After cannulation of one
end of the vessel, the blood from the lumen was gently
removed, and then the other end of the vessel was mounted
on the distal pipette, and both ends were secured with a
10-0 nylon suture. The organ chamber was placed on the
stage of an inverted microscope (CKX41, Olympus,
Germany) equipped with a video camera and a monitor.
The transmural pressure was set at 50 mmHg for the MA
and 80 mmHg for the GMA. The experiments were per-
formed without intraluminal flow. The extraluminal fluid
was switched to MOPS-PSS without BSA, slowly heated
to 37 °C and exchanged at a rate of 20 mL/min with the
help of a peristaltic pump (Masterflex, Cole-Parmer, USA).

Experimental protocol

After 60 min equilibration at 37 °C, the arteries were pre-
constricted with phenylephrine (PE, 0.5 uM), and after the
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contraction reached a steady state, acetylcholine (ACh, 1 uM)
was added to MOPS-PSS. Arteries which relaxed in response
to ACh by more than 90% were considered as endothelium
intact vessels.

The responses to increasing concentrations of butyric acid
(BA, starting from 5 uM up to 1 mM) were studied in pre-
constricted GMA and MA branches. The starting point was
equal to a physiological blood concentration of BA in the rat.

In separate series of experiments, the ANT was adminis-
tered in increasing concentrations equimolar to BA (from
5 uM to 1 mM) with BA (5 uM) in the background.

In conclusion of the experiments with ANT, the response to
1 mM BA was studied to verify whether ANT (1 mM) affects
the vasorelaxant effect of BA at this concentration. Only one
experimental protocol was carried out on the same vessel.

The effects of each concentration of the tested substances
on the inner diameter of MA branches and GMA were
assessed 15 min after their administration. At the end of each
experiment, the MOPS-PSS bath solution was replaced with
Ca’*-free PSS (PSS containing 3 mM EGTA) in which the
vessels were incubated for 15 min to determine maximal pas-
sive diameter.

All values are expressed as means + SE. Vasodilatation, as
percent of the maximal diameter, was calculated based on a
formula (Dactive — Dbascline)/(Dpassive — Dpaseline) X 100%,
where D,y is the measured diameter for a given dose of
the tested compound, Dy,gcrine 1S the baseline diameter mea-
sured before administration of the drug, and Dpsive is the
maximal passive diameter.

BA concentration analysis

BA concentration analysis was performed using Waters
Acquity Ultra Performance Liquid Chromatograph

Table1 Basic metabolic parameters, concentration of butyric acid (BA)
in the colon content, portal blood, systemic blood plasma, urine (uM),
and daily urine excretion (umol/24 h) of BA in Wistar rats (n = 9).
Presented data are means + SE

General metabolic data

Body weight (g) 3148 +25.2
Food intake (g) 243+2.6
Water intake (ml) 35.6+43
24-h urine output (ml) 188 +5.0
Stools output (g) 103 +2.1
BA concentrations/excretion
Colon content (uM) 7,992 + 445
Portal blood (uM) 129 + 37
Systemic blood (M) 425+1.26
Urine (uM) 15.6 +3.89
Daily urine excretion (umol/24 h) 0.294 £ 0.073
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Table 2 Baseline mean arterial blood pressure (MABP, mmHg) and
heart rate (HR, beats/min) in Wistar rats. Means + SE are presented

Series MABP HR

Vehicle 100.5+1.3 364 £ 14
ANT 101.8 +2.1 346 + 11
BA 5.6 mmol/kg 100.9+5.2 351+ 11
BA 2.8 mmol/kg 103.2+0.5 331+16
BA 1.4 mmol/kg 95.2+4.7 336 +20
BA 0.14 mmol/kg 107.2+32 385+12
BA + ANT 101.1£1.3 362 £ 11
BA + L-NAME 99.4+73 371 11
L-NAME 99.5+5.6 349 £ 17

coupled with Waters TQ-S triple-quadrupole mass spec-
trometer. For the instrument control and data acquisition,
Waters MassLynx software was used. Waters TargetLynx
was used to processed data. LC/MS/MS analysis was
performed in negative electrospray ionization mode
(ESI). The mass spectrometer operated in multiple-
reaction monitoring (MRM). The analytes were separated
using a Waters BEH C18 column (1.7 pm, 2.1 mm x 50
mm) and Waters BEH C18 guard column (1.7 pm,
2.1 mm X 5 mm). Mobile phase A consisted of 1 mL
of formic acid in 1 L water, and mobile phase B
consisted of 1 mL of formic acid in acetonitrile. The
flow rate of mobile phase was set at 0.6 mL/min.

Sample preparation was as follows: 80 pL methanol (con-
taining internal standards) was added to 40 pL of sample
(plasma, stool extract, urine and calibrators). After vortexing,
20 pL of 3NPH solution and 20 pL of EDC-pyridine solution
were added and the mixture was incubated in room tempera-
ture for 30 min. The solution was diluted to 1 mL with 15%
aqueous acetonitrile, centrifuged, and aliquot was injected into
the apparatus.

To define the relationship between the concentration and
detector response for analytes, calibration points were pre-
pared. Calibration curves for BA were generated by

Fig. 1 a Changes in mean arterial blood pressure (AMABP, mmHg) and P>
b heart rate (AHR, beats/min) in Wistar rats after the intravenous
administration (IV) of either a vehicle (0.9% NaCl) or butyric acid
(BA) at a dose of 0.14, 1.4, 2.8, and 5.6 mmol/kg; *p < 0.05 vs
baseline, *p < 0.05: 1.4, 2.8, and 5.6 mmol/kg BA series vs the vehicle,
$p<0.05: 0.14 mmol/kg BA series vs 2.8 and 5.6 mmol/kg BA series. ¢, d
AMABP and AHR after the intravenous infusions of BA at a dose of 1.4
mmol/kg, (BA) or 3-hydroxybutyrate, a non-specific antagonist of
GPR41/43 receptors at a dose of 1.4 mmol/kg (ANT), or BA after the
pretreatment with ANT (ANT + BA) or a non-specific nitric oxide
synthase inhibitor at a dose of 0.3 mmol/kg (L-NAME) or the
administration of BA after the pretreatment with L-NAME (L-NAME +
BA), or the vehicle. *p < 0.05 vs baseline, *p < 0.05 vs BA series. Means
+ SE are presented
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comparing a ratio of the peak area of the analyzed compound
to the peak of the corresponding internal standard against

known analyte concentrations. The limits of quantification
(LOQ) were 1 uM for BA.
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Table 3 Baseline mean arterial blood pressure (MABP, mmHg) and  fjg 2 a Changes in mean arterial blood pressure (AMABP, mmHg) and P>
heart rate (HR, beats/min) in Wistar rats. Means = SE are presented b heart rate (AHR, beats/min) in Wistar rats after the intracolonic
. administration (IC) of either a vehicle (0.9% NaCl) or butyric acid (BA)
Series MABP HR ata dose of 1.4, 2.8, and 5.6 mmol/kg. *p < 0.05 vs baseline, ”p <0.05-
. 2.8 and 5.6 mmol/’kg BA series vs the vehicle. ¢, d AMABP and AHR
Vehicle 98418 35016 after the IC administration of BA at a dose of 5.6 mmolkg (BA), or 3-
ANT 96.1+1.9 346 £ 13 hydroxybutyrate, a non-specific antagonist of GPR41/43 receptors at a
BA 5.6 mmol/kg 1023 +3.4 352+ 13 dose of 5.6 mmol’kg (ANT) or BA after the pretreatment with ANT
(ANT + BA), or the administration of BA after the sham vagotomy
Ral O = o (SHAM + BA) or the administration of BA after the vagotomy (VAG +
BA 1.4 mmol’kg 98.9£6.3 343£11 BA), or the vehicle. *p < 0.05 vs baseline, Ap < 0.05 vs BA series, 5 <
BA + ANT 993+24 321+17 0.05 vs SHAM + BA series. Means + SE are presented
BA + vagotomy 98.6 £2.2 357 +£31
BA + sham vagotomy ~ 95.5+4.3 313 +37 was used to test normality of the distribution. A value of two-
Vagotomy 97.9+5.4 349 +21 sided p < 0.05 was considered significant. Analyses were con-
BA + Hexamethonium 1003 +4.5/64.8+2.4° 365+ 16/268 +3*  ducted using Dell Statistica, version 13 (Dell Inc, Tulsa, USA).
BA + Atropine 952+2.6/90.7+34° 376 +8/365 +5°

# After the pretreatment with hexamethonium but before administration of
BA

® After the pretreatment with atropine but before administration of BA

Chemicals

Pyridine anhydrous, 3-nitrophenylhydrazine (3NPH-HCI), and
N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide (EDC-HCI)
were acquired from Sigma-Aldrich (St. Louis, MO, USA). LC-
MS grade acetonitrile, HPLC grade acetonitrile, HPLC grade
methanol, and formic acid were obtained from J.T. Baker.
Ultra-pure water (Mili-Q water) was produced by a water purifi-
cation system (Mili-Q, Millipore, Milford, MA, USA).

Urethane, DMSO, BA, MOPS-PSS, BSA, ANT-3-
hydroxybutyrate, hexamethonium, and all reagents used to
study isolated vessels were purchased from Sigma-Aldrich,
Poznan, Poland

Data analysis and statistics

Mean arterial blood pressure (MABP) and heart rate (HR) were
calculated on blood pressure tracing by Acq Knowledge software
(Biopac Systems, Goleta, USA). To evaluate ECG, lead II was
used. The length of QT was manually measured from the onset of
QRS complex to the end of T wave. The average of 10 consec-
utive QT intervals was used for analysis. Corrected QT (QTc)
was calculated according to the following formula: QTc = QT/
(RR/)1/2, where f is the normalization factor according to the
basal RR interval duration in rats (150 ms) [17]. For the evalua-
tion of changes in hemodynamic parameters and SCFA blood
level in response to the treatment, baseline values were compared
with values after the treatment by means of one-way analysis of
variance (ANOVA) for repeated measures, followed by Tukey’s
post hoc test. Differences between the groups/series were evalu-
ated by multivariate ANOVA, followed by Tukey’s post hoc test
or by ¢ test, when appropriate. The Kolmogorov-Smirnov test
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Results
Physiological levels of BA in body fluids in rats

Basic metabolic parameters and concentration of BA in the
colon content, portal blood plasma, systemic blood plasma,
and urine are presented in Table 1. The concentration of BA
was the highest in the colon content ~ 8 mM (Table 1). Portal
blood concentration of BA was approximately two orders of
magnitude lower whereas systemic blood concentration of BA
was approximately three orders of magnitude lower than the
concentration of BA in the colon content.

BA administered intravenously produced a transient
decrease in BP

There were no significant differences in hemodynamic param-
eters between experimental series at baseline (Table 2).

BA at a dose of 1.4, 2.8, and 5.8 mmol/kg produced a
significant, transient decrease in MABP (Fig. 1). The hypo-
tensive response was not associated with significant changes
in HR (Fig. 1). Administration of the vehicle and ANT did not
produce a significant change in MABP and HR (Fig. 1).

Pretreatment with L-NAME did not affect significantly hy-
potensive effect of BA, whereas pretreatment with ANT mod-
erately reduced the hypotensive effect of BA (Fig. 1 and Figs.
S1-S4).

BA administered into the colon produced prolonged
decrease in BP and HR

There were no significant differences in hemodynamic param-
eters between experimental series at baseline (Table 3).

BA administered IC produced a dose-dependent decrease
in MABP, i.e., 1.4 mmol/kg series showed mild and not sig-
nificant decrease, whereas 2.8 and 5.6 mmol series showed a
significant decrease in MABP which lasted throughout the
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Table 4 Electrocardiographic

parameters in rats (n = 5) at ECG parameters Baseline 20 min after IC BA 60 min after IC BA
baseline, 20 and 60 min after the
intracolonic administration of BA ~ RR (ms) 1822 + 14.6 229.3 +20.8* 210.5 + 16.3*
(ICBA)atadoseof 5.6 mmolkg. QT (ms) 89.1+54 100.6 3.2 102.2 £3.7
Means  SE are presented QTc (ms) 80.9£2.5 82.0+37 86.7+ 3.1

PR (ms) 65.8+22 662 +1.7 70.4+ 0.8

QRS width (ms) 17.7+0.6 19.1+0.9 182+0.2

QRS amplitude (mV) 29+03 28403 2803

*p < 0.05 vs baseline

experiment (90 min) for 5.6 mmol/kg series (Fig. 2). This was
associated with a significant decrease in HR in 5.6 mmol/’kg
series (Fig. 2), but no significant change in QTc, a marker of
drug cardiotoxicity (Table 4).

The IC pretreatment with the ANT significantly reduced
the hypotensive effect of BA (Fig. 2 and Fig. S9).

The hypotensive and bradycardic response to BA was sig-
nificantly reduced by subphrenic vagotomy. Namely,
vagotomized rats showed significantly smaller decrease in
MABP and HR than sham series after the IC administration
of BA (Fig. 2 and Figs. S11 and S12). Likewise, the pretreated
with hexamethonium, the autonomic ganglia blocker inhibited
the hypotensive response (Fig. S13). In contrast, the pretreat-
ment with atropine, an antagonist of acetylcholine muscarinic
receptors, did not affect significantly the hypotensive response
to the IC administration of BA (Fig. S10).

The vehicle, the ANT, and vagotomy alone did not affect
MABP significantly (Fig. 2 and Figs. S8 and S10). The ANT
did not affect significantly MABP, but produced a decrease in
HR (Fig. 2 and Fig. S8).

Table 5 BA concentration in portal blood and systemic blood at
baseline, 20 and 60 min after the intracolonic administration (IC) of
BA at a dose of 2.8 mmol/kg (n = 6). The selected time points
correspond to the maximal hypotensive effect and return of BP to
baseline according to our findings from the hemodynamic part of
the study. Means + SE are presented

BA (uM) concentration before (baseline) and after BA administration
into the colon

Stools (colon content)

Colon content 9202 + 1723

20 min after administration 24,128 +2158
Portal vein blood

Baseline 96.9 + 19.4

20 min after administration 528.0+75.2

60 min after administration 296.9 +40.1
Systemic vein blood

Baseline 435+042

20 min after administration 107.5+19.3

60 min after administration 439+ 6.6

@ Springer

Changes in BA level in portal and systemic blood
after administration of BA into the colon

Measurements of the concentration of BA in the colon content
and in the portal and systemic blood showed that the lowest
effective dose of BA which decreased arterial blood pressure
increased colon content of BA by 2-3-fold, portal blood con-
centration of BA by 5-fold, and systemic blood concentration
of BA by 20-fold (Table 5).

BA dilated mesenteric and gracilis muscle arteries
(ex vivo reactivity studies)

At 50 mmHg, the mean internal diameter of MA branches was
305 £ 12 um (n = 10) and at 80 mmHg, the mean internal
diameter of GMA was 245 + 7 um (n = 10). All arteries were
pre-constricted with phenylephrine (0.5 uM), which de-
creased vessels diameter by around 50%.

Effect of BA on MA branches and GMA diameter

Administration of BA at a dose equal to the physiological
concentration of this acid in the systemic blood (5 M) did
not change the diameter of MA or GMA. A significant relax-
ation of MA by 14 + 3% was observed at the threshold con-
centration of 50 puM. The response of the GMA to BA was
shifted to the right, i.e., threshold concentration which resulted
in increase of the GMA diameter by 15 +4% amounted to 100

Fig. 3 Response of the pre-constricted with PE mesenteric artery P>
branches and gracilis muscle arteries to a increasing concentration of
butyric acid (BA, from 5 uM up to 1 mM, » = 10); b increasing
concentration of 3-hydroxybutyrate (ANT, from 5 pM to 1 mM, n =
10) administered concurrently with BA (5 uM), and ¢ the effect of 3-
hydroxybutyrate (ANT, 1 mM) administered concurrently with BA on
vasorelaxant responses of mesenteric artery branches (n = 5) and gracilis
muscle artery (n = 5) to BA (1 mM). Dilation is expressed as a percentage
of maximum diameter (0 Ca>*, EGTA 3 mM). Values are means =+ SE of n
arteries. *p < 0.05, **p < 0.01, ***p, p < 0.001: a significant
vasorelaxation; ##p < 0.01, ###p < 0.001: a significant difference
between the MA vs GMA response to the BA or ANT ; 1{p < 0.001 a
significant effect of ANT (1 mM) on the vasodilation evoked by BA (1
mM)
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puM. There were no significant differences in the BA response
between MA and GMA, except for the last tested dose (1 mM)
at which GMA responded more strongly than MA (49 + 5%
vs 28 + 3%, respectively) (Fig. 3a).

Effect of 3-hydroxybutyrate (ANT) on MA branches and GMA
diameter

ANT regardless of the applied concentration did not affect the
MA and GMA diameters (Fig. 3b). The ANT did not affect the
vasorelaxant effect of BA (1 mM) in MA branches. In contrast,
ANT abolished GMA relaxation produced by BA,(Fig. 3c).

Discussion

A new finding of our study is that BA at a dose which in-
creases the concentration of BA in the colon by 2-3-fold ex-
erts a significant hypotensive effect. The hypotensive effect
seems to involve nervous control of arterial blood pressure
including afferent colonic vagus nerve signaling and SCFA
receptors GPR41/43.

Gut bacteria and their metabolites including hydrogen sul-
fide, indoles, and SCFA may influence the circulatory and the
nervous system functions [10, 11, 14]. The mechanisms of
such interaction are not clear. Nevertheless, the following
two pathways are possible. Firstly, bacterial metabolites may
stimulate sensory fibers of the enteric nervous system which
communicate with the central nervous system [5]. Secondly,
gut bacteria-derived molecules after entering the systemic cir-
culation may reach virtually all organs involved in arterial
blood pressure control.

Our study shows that physiological concentration of BA in
the colon is three orders of magnitude higher than that in
systemic blood, which makes the colon a very likely site of
BA action. Furthermore, BA administered into the colon pro-
duced a significant hypotensive effect which was diminished
by the subphrenic vagotomy and intracolonic pretreatment
with a non-specific antagonist of GPR41/43. These findings
suggest that the afferent arm of the hypotensive response in-
volves colonic afferent vagus nerve signaling and GPR41/43
receptors. In this regard, the afferent fibers of the vagus nerve
are known to modulate the brain centers involved in the con-
trol on the autonomic nervous system activity and blood pres-
sure [7]. Notably, the hypotensive effect of BA administered
into the colon was associated with only 2-3-fold increase in
the colon concentration of BA, suggesting that such effect
may be of physiological importance.

We would speculate that the hypotensive response to BA
may be mediated by the inhibitory effect of BA on tonic sym-
pathetic activity, as hexamethonium, an autonomic ganglia
blocker, but not atropine, an antagonist of the acetylcholine
receptors reduced the hypotensive effect of BA. The
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hypotensive response may also depend on a direct
vasodilatory action of BA. Namely, in ex vivo studies, we
found that BA produced a significant, dose-dependent vaso-
dilation in MA and GMA.

Interestingly, in GMA, the vasodilatory effect of BA was
reduced by the ANT whereas the ANT did not affect signifi-
cantly the BA-induced vasodilation in MA, suggesting that
the mechanisms of relaxation to BA in these two vessels dif-
fer. Although both MA and GMA are resistance vessels, they
differ in the structure of the internal elastic lamina [16] and in
the response to TRP agonists [30]. Our findings suggest that
BA-induced vasorelaxation is dependent on GPR41/43 recep-
tors in GMA but not in MA. It seems that the vasorelaxant
effect of BA in the latter may be mediated by other than
GPR41/43 receptors or may be dependent on a direct relaxa-
tion of vascular smooth muscles as postulated by Aronson and
collaborators [1]. Although the relaxation of various resistance
blood vessels in response to other SCFA is well documented,
the underlying mechanisms are complex and not fully eluci-
dated. Previously, Mortensen et al. showed that acetic,
propionic, and BA produce a concentration-dependent (0.1—
30 mM) vasorelaxant effects in human colonic resistance ar-
teries [20]. Also, a weak vasodilatory effect of BA at concen-
trations above 5 mM was shown in the coronary arteries [12].
The vasodilatory effect of SCFA was also demonstrated in rat
caudal artery at 0.8 mM and 1.9 mM mean effective concen-
trations for butyrate and propionate, respectively [21]. Several
mechanisms of vasodilatory activity of BA have been pro-
posed including stimulation of the cyclic AMP second mes-
senger system [1] and increased synthesis of F2 alpha prosta-
glandins [18].

In this study, we also found a significant, hypotensive re-
sponse to intravenously administered BA. The hypotensive ef-
fect of intravenously administered BA was reduced by the ANT
but not by the pretreatment with L-NAME. Previously, it has
been shown that BA produces relaxation of rat mesenteric ar-
teries, which was unaffected by endothelial denudation and
inhibition of NO synthase with L-NAME [1]. Altogether, it
seems that hypotensive effect of BA administered intravenous-
ly was produced by vasodilation independent on nitric oxide.
Interestingly, the hypotensive effect of BA in the L-NAME-
treated rats was similar or even higher than in rats treated with
BA alone, which points to the strong vasodilatory and hypo-
tensive actions of BA, and perhaps reduced sympathetic com-
ponent of baroreflex in the L-NAME-treated rats [26].

Notably, the hypotensive response to BA administered in-
travenously was significantly shorter than the response to
intracolonic administration and was not associated with HR
changes. Taking together our findings, we would speculate
that the hypotensive effect of intravenously administered BA
was dependent on the direct BA-mediated vasodilation. In
contrast, the hypotensive effect of BA administered into the
colon involved also decreased sympathetic activity. The latter
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was produced by the afferent vagus nerve signaling from the
colon to the brain (Fig. 4).

Other mechanisms that may be involved in the circulatory
effects of BA but were not the focus of this study include the
effect of BA on kidney [31, 32] and cardiac functions [22]. In
particular, the effect of BA on diuresis needs further
investigation.

A limitation of our study is that we did not evaluate the
effect of Olfr78 receptor blockade, which is also thought to be
involved in SCFA signaling. This is because biologically

Fig. 4 Postulated mechanisms
involved in the hypotensive effect
of colon-derived butyric acid
(BA). 1 BA stimulates the sensory
fibers of the vagus nerve that
project to the brain centers
controlling the circulatory system.
This results in decreased tonic
sympathetic activity producing a
decrease in arterial blood pressure
due to a decrease in HR and
vasodilation. 2 BA crosses the
gut-blood barrier, enters the
bloodstream, and produces a
direct vasodilation

Vasodilation

GPR41/43
ANT
od
=3
E=d

Sympathetic
activity l

Hexamethonium

| BP} |

effective Olfr78 receptor blockers are not yet available.
Finally, chronic interventional studies are needed to assess
the effect of colonic BA on systemic blood pressure.

In conclusion, an increase in the concentration of BA in the
colon by 2-3-fold exerts a significant hypotensive effect,
which seems to be mediated by the colon afferent nervous
signaling and GPR41/43 receptors. It may also involve vaso-
dilation caused by blood-borne BA. Our findings provide ev-
idence that BA is one of the mediators between gut microbiota
and the circulatory system.
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ARTICLE INFO ABSTRACT

Keywords: Valeric acid (VA) is a short-chain fatty acid produced by microbiota and herbs such as Valeriana officinalis.
Valeric acid Moreover, VA is released from medicines such as estradiol valerate by esterases. We evaluated the concentra-
Blood pressure tions of endogenous VA in male, 14-week-old rats in the liver, heart, brain, kidneys, lungs, blood and in the
SCFA

colon, a major site of microbiota metabolism, using liquid chromatography coupled with mass spectrometry. In
addition, the tissue distribution of VA D9-isotope (VA-D9) administered into the colon was assessed. Finally, we
investigated the effect of exogenous VA on arterial blood pressure (BP) and heart rate (HR) in anesthetized rats,
and the reactivity of mesenteric (MA) and gracilis muscle (GMA) arteries ex vivo. Physiological concentration of
VA in the colon content was =650 pM, = 0.1-1 pM in the investigated tissues, and = 0.4 uM in systemic blood.
VA-D9 was detected in the tissues 5 min after the administration into the colon. The vehicle did not affect BP and
HR. VA produced a dose-dependent decrease in BP, and at higher doses lowered HR. The hypotensive effect of
VA was inhibited by 3-hydroxybutyrate, an antagonist of GPR41/43-receptors but not by the subphrenic va-
gotomy. Hexamethonium prolonged the hypotensive effect of VA while atropine did not influence the hypo-
tensive effect. VA dilated GMA and MA. In conclusion, the exogenous VA produces vasodilation and lowers BP.
The colon-derived VA rapidly penetrates to tissues involved in the control of BP. Further studies are needed to
evaluate the effects of endogenous and exogenous VA on the circulatory system.

Bacterial metabolites

1. Introduction et al., 2014; Anderson and Bridges, 1984; Tap et al., 2015). Notably,

there is ample evidence that SCFAs including acetic and butyric acid

Valeric acid (VA), or pentanoic acid is present in Valeriana officinalis
which is commonly used in herbal medicine as sedative, anxiolytic and
blood pressure lowering agent (Caron and Riedlinger, 1999; Chevalier,
1996; Sellappan et al., 2010; Wichtl, 2004). Furthermore, valerate has
been administered as estradiol valerate for many years for various in-
dications showing a hypotensive effect (Hassager et al., 1987; Seely
et al., 1999; Zacharieva et al., 2002). For example, oral administration
of estradiol valerate in postmenopausal women lowered arterial blood
pressure (Cannoletta and Cagnacci, 2014; Davis et al., 2019). Although
the hypotensive effect is likely to be dependent on estradiol (Cannoletta
and Cagnacci, 2014; Davis et al., 2019), the contribution of the released
valerate to the hypotensive action of estradiol valerate cannot be ex-
cluded.

Finally, VA is one of short-chain fatty acids (SCFAs) produced by gut
microbiota as a byproduct of the fermentation of dietary fiber (Adam

exert significant effect on arterial blood pressure by interacting with
host G-protein-coupled receptors (GPCRs), such as Gpr41l and Olfr78
(Brown et al., 2003; Fleischer et al., 2015; Kimura et al., 2011, 2013;
Pluznick et al., 2013; Skrzypecki et al., 2018). However, to the best of
our knowledge, hemodynamic effects of VA have not yet been eval-
uated.

We hypothesized that VA may exert hypotensive effect via GPCRs
receptors and/or gut-vagus nerve signaling as those pathways were
previously described for other SCFAs.

2. Materials and methods
2.1. Animals

The experiments were performed according to Directive 2010/63
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EU on the protection of animals used for scientific purposes and ap-
proved by the I Local Bioethical Committee in Warsaw (permission no
103/2016 and 474/2017). Experiments were performed on 14-16-
week-old, male Wistar rats (300-350 g), (Mossakowski Medical
Research Center Polish Academy of Sciences, Warsaw, Poland) fed a
standard laboratory diet (Labofeed B standard, Kcynia, Poland), food
and water ad libitum. Rats were housed in groups (3-4) in poly-
propylene cages with environmental enrichment, 12 h light/12 h dark
cycle, temperature 22-23 °C, humidity 45-55%. Rats were randomly
taken from cages for experiments, rats from one cage were assigned to
different experimental series. However, there was no specific rando-
mization method.

2.2. VA in body fluids and tissues

2.2.1. Evaluation of VA concentration in body fluids and tissues

Rats (n = 9) were maintained for 2 days in metabolic cages to
evaluate 24 h water and food balance and to collect urine for VA. Data
from the second day were analyzed. Next, rats were anaesthetized with
urethane (i.p. 1.5 g/kg b.w.) and were implanted with polyurethane
catheters inserted into the portal vein and into the inferior vena cava as
we previously described (Huc et al., 2018b). After the blood taking, rats
were killed by decapitation. A 7-8 cm long segment of the colon (a
middle part between the cecum and the rectum) was closed with su-
tures and removed. A sample of 0.5 ml of stools was collected from the
removed colon, weighed and homogenized with 1 ml of 0.9% NaCl in a
closed 2 ml laboratory tube by vortexing it for 5 min Afterwards, the
sample was centrifuged for 5 min at 1800 x g (RCF), and 1 ml of the
obtained supernatant was transferred to a laboratory tube and again
centrifuged for 5 min. All procedures were performed at the tempera-
ture of 2-5 °C. The supernatant was collected into Eppendorf tubes and
frozen at -20 °C. VA concentration in the colon content was calculated
as VA concentration in the supernatant multiplied by a factor of 3 (as
described above, 1 ml of saline was added to 0.5 ml of colon content to
prepare supernatant for analysis).

In a separate series of experiments rats (n = 5) were killed by de-
capitation and tissue samples of the liver, the heart, the brain, kidneys
and lungs were collected. Tissue samples were weighted and 100 mg of
tissue was homogenized in 0.5 ml of homogenizing mixture using
Precellys Cryolys Evolution tissue homogenizer (Bertin Instruments).
All tissues were homogenized using 10% ethanol. After homogenization
samples were stored in -80 °C until analysis. During analysis, samples
were thawed and derivatized as described below.

2.2.2. Distribution of VA after the intracolonic administration
Intracolonic infusions (IC) were performed under general anesthesia
with urethane at a dose of 1.5 g/kg b.w. (n = 6) by means of a pediatric
Foley catheter (10 F) inserted into the colon, 8 cm from the anus as we
previously described (Huc et al., 2018b). Valeric acid-D9 was admini-
strated into colon at a dose of 0.3 mmol/kg. Rats were killed by de-
capitation and tissues were collected 5 min after the treatment. All
homogenates were prepared using 10% ethanol as described above.
After homogenization samples were stored in -80 °C until analysis.

2.2.3. Changes in VA concentration in portal and systemic blood after the
IC administration of VA

In a separate series of experiments blood samples from the portal
vein and vena cava were collected at baseline, 2 and 25 min after the IC
administration of VA at a dose of 0.15 mmol/kg (n = 6). The selected
time points corresponded to the maximal hypotensive effect and return
of blood pressure to baseline according to our findings from the he-
modynamic part of the study.

European Journal of Pharmacology 877 (2020) 173086

2.3. Hemodynamic studies

2.3.1. Surgical preparation of animals

Before the measurements rats were implanted with a polyurethane
arterial catheter which was inserted through the femoral artery into the
abdominal aorta under general anesthesia with urethane at a dose of
1.5 g/kg b.w. For intravenous treatment, a polyurethane catheter was
implanted into the femoral vein. For electrocardiogram (ECG) record-
ings, standard needle electrodes were used.

2.3.1.1. Vagotomy. The surgical bilateral abdominal
(subdiaphragmatic) truncal vagotomy was performed as previously
described (Allen et al., 1985) with modification. In short, after
cutting skin and muscles from the xiphoid to the navel, the liver was
stabilized with ligatures to visualize the subdiaphragmatic vagus
nerves. Saline solution of methylene blue (0.4 %) was applied on
tissues for better visualization of nerves. The nerves were cut with
vascular scissors. After the procedure the wound was stitched.

It needs to be mentioned, that in contrast to humans, in rats all
regions of the colon, except the rectum, are innervated by the branches
of the vagus nerve (Altschuler et al., 1993).

2.3.2. Hemodynamic recordings

Blinding was provided. The investigated compounds were prepared
and labelled with a group code. Unblinding was performed after sta-
tistical analysis. The arterial catheter was connected to the BP and HR
recording system, BIOPAC MP160. Since rats are active during dark
phase and show significant diurnal variation in hemodynamic para-
meters (Lemmer, 2017) the experiments were performed at the same
time (10.00-14.00) in the middle of the dark phase. The measurements
were started 40 min after the induction of anesthesia, and 10 min after
connecting the arterial and venous catheters.

Hemodynamic studies comprised the following experimental series
performed on separate groups of rats:

2.3.3. Experimental series
2.3.3.1. Administrations into the colon

1. Administration of a vehicle (10% DMSO solution, 0.25 ml/30s,
n = 5), 10% DMSO solution of VA at a dose of 0.15 (n = 5), 0.3
(n = 5) and 0.6 mmol/kg (n = 5).

2. Administration of VA at a dose of 0.15 mmol/kg after the pre-
treatment with the 3-hydroxybutyrate (ANT, a nonspecific antago-
nist of SCFA receptors GPR41/43) at a dose of 0.15 mmol/kg
(n = 5) and the ANT alone (n = 5).

3. Administration of VA at a dose of 0.15 mmol/kg after the vagotomy
(n = 5) and vagotomy alone (n = 5).

4. Administration of VA at a dose of 0.15 mmol/kg after the in-
travenous pretreatment with atropine (Atropinum Sulfuricum WZF)
at a dose of 1 mg/kg, (n = 5).

5. Administration of VA at a dose of 0.15 mmol/kg during the treat-
ment with hexamethonium, an autonomic ganglia blocker (bolus
15 mg/kg, followed by continuous infusion at a rate of 1.5 mg/kg/
min), (n = 5).

2.3.3.2. Intravenous administrations

1. Intravenous bolus administration of a vehicle (10% DMSO solution
0.2 ml/2 min, n = 5), 10% DMSO solution of VA at a dose of 0.15
(n = 5), 0.3 (n = 5), and 0.6 mmol/kg (n = 5)

2. Intravenous continuous administration (2ml/60min) of a vehicle
(10% DMSO solution, n = 5), 10% DMSO of VA at a dose of
0.15 mmol/kg (n = 5) with an infusion pump.

After hemodynamic studies rats were killed by decapitation.
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Table 1

Concentration of valeric acid (VA, uM), in body fluids, daily urine excretion
(umoles/24 h) (n 9) and tissues (n 5). Presented data are
means * S.E.M.

VA concentrations/urine excretion

Colon content (uM) 668.58 * 55.98
Portal blood (uM) 8.08 + 0.65
Systemic blood (uM) 0.37 = 0.11
Brain (uM) 0.12 *= 0.02
Liver (uM) 1.01 + 0.11
Kidneys (uM) 0.24 + 0.02
Heart (uM) 0.52 = 0.03
Lungs (uM) 0.22 * 0.03
Urine (uM) 7.07 = 3.76
Daily urine excretion (umoles/24 h) 0.132 = 0.07

blood concentration of VA was approximately three orders of magni-
tude lower, whereas systemic blood concentration of VA was approxi-
mately four orders of magnitude lower than the concentration of VA in
the colon content. The physiological concentration of endogenous VA in
the investigated tissues was in the range of 0.1-1.0 pM.

3.2. Distribution of valeric acid-D9 after intracolonic administration

5 min after the intracolonic administration of VA-D9, the signal of
the tracer was detected in the brain, the liver, the kidneys, the heart and
systemic blood plasma in all investigated animals (n = 6). Exemplary
chromatograms of analyzed samples are presented in Fig. 1. The pre-
sence of exogenous VA (VA-D9) in homogenates confirms that VA pe-
netrated to the tissues from the colon.

3.3. Hemodynamic effects of VA administered into the colon

There were no significant differences in hemodynamic parameters
between experimental series at baseline (Table 2).

The vehicle, vagotomy and the ANT did not affect significantly
MABP and HR (Figs. 2-4).

VA administered IC produced a dose dependent decrease in MABP
which lasted for about 5 min (Fig. 2A). This was associated with a

European Journal of Pharmacology 877 (2020) 173086

significant decrease in HR in 0.6 mmol/kg series (Fig. 2B), but no sig-
nificant change in QTc, a marker of drug cardiotoxicity (Table 3).

The pretreatment with the ANT significantly reduced the hypoten-
sive effect of VA (Fig. 3). In contrast, the size of hypotensive response to
VA was not affected by subphrenic vagotomy (Fig. 4) however, vago-
tomized rats showed longer decrease in MABP.

In comparison to the rats treated with VA alone, the rats pre-treated
with hexamethonium showed longer hypotensive responses which were
accompanied by decreases in HR. (Fig. 5A and B). In contrast, the pre-
treatment with atropine did not affect significantly the hypotensive
response to VA, however, this group showed a stronger rebound of
MABP (Fig. 5A and B).

3.4. Changes in VA level in portal and systemic blood after IC infusion of
VA

Concentration of VA at baseline and after the administration of VA
into the colon are presented in Table 4. In general, systemic blood
concentration of VA was approximately 10-fold lower than in portal
blood. Intracolonic treatment with VA at a dose which produced hy-
potensive response was associated with approximately 15-fold (after
2 min) and 3-fold (after 25 min) increase in systemic plasma VA con-
centration from baseline.

3.5. Reactivity studies

At 50 mmHg, the mean internal diameter of MA branches was
295 * 9pum (n = 10) and at 80 mmHg the mean internal diameter of
GMA was 240 += 3 um (n = 10). All arteries were pre-constricted with
phenylephrine (0.5 uM), which decreased vessels diameter by about
50%.

3.5.1. Effect of VA on MA branches and GMA diameter

VA at the concentration close to physiological one in systemic blood
(1 pM) did not change the diameter of MA and GMA. A significant re-
laxation of MA (by 17 * 2%) was observed at the threshold con-
centration of 5 pM. The response of the GMA to VA was shifted to the
right, i.e. dilation of the GMA by 8 * 2% was observed at the con-
centration of 10 pM. MA showed a tendency to a greater dilation than
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Fig. 1. Chromatograms for valeric acid-D9 of blank sample (A), plasma (B), homogenate samples: liver (C), kidney (D), brain (E), heart (F). After the intracolonic
administration of VA-D9 the signal specific for VA-D9 was present in plasma and investigated tissues homogenates confirming penetration of VA-D9 from the colon to

the tissues.
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Table 2

Baseline mean arterial blood pressure (MABP, mmHg) and heart rate (HR, beats/min) in Wistar rats. Means *+

European Journal of Pharmacology 877 (2020) 173086

S.E.M. are presented. *-

After the pre-treatment with atropine and before administration of VA. ® - After the pre-treatment with hexamethonium and before

administration of VA.

Series MABP HR

Vehicle 95.5 * 5.0 342 + 14

ANT 96.1 + 1.9 346 + 13

VA 0.6 mmol/kg 982 + 4.8 359 + 25

VA 0.3 mmol/kg 101.3 = 0.7 358 + 6

VA 0.15 mmol/kg 99.4 + 3.2 379 + 32

ANT + VA 0.15 mmol/kg 1045 * 6.7 375 + 43
Vagotomy + VA 0.15 mmol/kg 945 + 2.2 330 + 26
Vagotomy 979 = 5.4 349 = 21

Atropine + VA 0.15 mmol/kg 1025 * 5.6/102.1° + 4.14 358 + 21/403* + 18
Hexamethonium + VA 0.15 mmol/kg 99 * 3.9/61.96" = 2 368 + 14/288° + 4

©-VEHICLE  -4-0.15 mmol/kg b.w. 450.3 mmol/kg b.w. 0.6 mmol/kg b.w. Fig. 2. [A] Changes in mean arterial blood
20 IC pressure (AMABP, mmHg) and [B] heart
e # rate (AHR, beats/min) in Wistar rats after
£ the intracolonic administration (IC) of ei-
E 2014 ther a vehicle (10% DMSO solution, (n = 5)
& or valeric acid (VA) at a dose of 0.15
AR 0@ (n =5),0.3(n = 5)and 0.6 (n = 5) mmol/
= kg, *P <005 - vs baseline, * -
=10 4 P < 0.05-0.15, 0.3 and 0.6 mmol/kg VA
2 series vs the vehicle. Means *+ S.E.M. are
£-20 - presented.
[3)
-30 r r r T T T r T T T T T "
0 1 2 3 4 5 6 7 8 9 10 15 20 25 30
TIME (MIN)
©-VEHICLE  -40.15 mmol/kg b.w. 45-0.3 mmol/kg b.w. 0.6 mmol/kg b.w.
39 IC
£ 20 4
o] |
E 10 +
209 W S & d
B) Z-10 - ——
£-20 1 s * * * * * 5 * *
3-30 i * * *
c
5.0 1
© 50 . r — — r x . — . . .
0 1 2 3 4 5 6 7 8 9 10 15 20 25 30
TIME (MIN)
GMA in response to VA, however significant differences between both (Fig. 7 B).

arteries appeared only at concentrations of 100 uM and 500 uM, (Fig. 6
A).

3.5.2. Effect of 3-hydroxybutyrate (ANT) on MA branches and GMA
diameter

ANT regardless of the applied concentration did not affect the MA
and GMA diameters (Fig. 6 B). Studying the influence of the ANT on the
vasodilating effect of VA, it turned out that ANT 1 mM does not affect
the dilation of GMA in response to VA, but partially inhibits the dilation
in MA (Fig. 6 C vs 6 A).

3.6. Hemodynamic effects of VA administered intravenously

There were no significant differences in hemodynamic parameters
between experimental series at baseline (Table 5).

Administration of the vehicle did not produce a significant change
in MABP (Fig. 7 A). VA at a dose of 0.15, 0.3 and 0.6 mmol/kg pro-
duced a significant, transient (4-5 min long) decrease in MABP. The
hypotensive response was not associated with significant changes in HR

Continuous administration of the vehicle did not produce a sig-
nificant change in MABP (Fig. 8 A). In contrast, continuous adminis-
tration of VA at dose of 0.15 mmol/kg/60 min produced hypotensive
response that lasted through the experiment (Fig. 8 B).

4, Discussion

A new finding of our study is that exogenous VA lowers arterial
blood pressure in rats. The hypotensive effect involves vasodilation and
is diminished by an inhibitor of GPR41/43 receptors. Finally, we
showed that VA rapidly penetrates from the colon, a major site of mi-
crobiota metabolism, to vital organs.

VA is a colorless, oily, short-chain fatty acid produced by gut mi-
crobiota and rhizomes of Valeriana officinalis, a sedative herb. Finally,
esterases free VA from estradiol valerate, a hormonal medicine used for
various indications (Caron and Riedlinger, 1999; Chevalier, 1996;
Hassager et al., 1987; Seely et al., 1999; Wichtl, 2004; Zacharieva et al.,
2002).

Notably, treatment with Valeriana officinalis extracts (Rosecrans
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Fig. 3. [A] Changes in mean arterial blood
pressure (AMABP, mmHg) and [B] heart
rate (AHR, beats/min) in Wistar rats after
the intracolonic administration (IC) of va-
leric acid at a dose of 0.15 mmol/kg (VA,
n = 5), or 3-hydroxybutyrate, a non-spe-

A)

Change in MABP (mmHg)
5 4 &

cific antagonist of GPR41/43 receptors at a
dose of 0.15 mmol/kg (ANT, n = 5) or VA

N after the pre-treatment with ANT
(ANT + VA, n = 5). *-P < 0.05 - vs base-
15 line, ¥ - P < 0.05- the VA series vs the
ANT + VA series. Means * S.E.M. are
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Fig. 4. [A] Changes in mean arterial blood pressure (AMABP, mmHg) and [B] heart rate (AHR, beats/min) in intact Wistar rats (n = 5) and in vagotomized rats

(n = 5) after the administration of VA into the colon (IC) at a dose of 0.15 mmol/kg b.w. *-P < 0.05 - vs baseline. Means *+

et al., 1961; ZHOU et al., 2009) and estradiol valerate (Hassager et al.,
1987; Seely et al., 1999; Zacharieva et al., 2002) has been associated
with blood pressure lowering effects. The administration of estradiol
valerate in postmenopausal women lowered arterial blood pressure,
which was suggested to be dependent on the action of estradiol
(Cannoletta and Cagnacci, 2014; Davis et al., 2019; Zacharieva et al.,
2002), however, the contribution of VA to the hypotensive effect cannot
be excluded. Besides, estradiol valerate was found to reduce the hy-
pertensive response to mental stress (Komesaroff et al., 1999), dilate

S.E.M. are presented.

coronary vessels (Enderle et al., 2000) and reduce sympathetic nervous
activity (Sudhir et al., 1997). However, there are also studies showing
no significant effect of estradiol valerate on blood pressure
(Goretzlehner et al., 1996; Mueck et al., 2001).

Nevertheless, to the best of our knowledge, hemodynamic effects of
VA alone, have not yet been reported.

In our study, intravenous bolus administration of VA produced a
short-lasting hypotensive effect, which is comparable to those observed
after the administration of hypotensive agents such as nitric oxide
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Table 3

Electrocardiographic parameters in rats (n = 5) at baseline, 2 and 20 min after
the intracolonic administration of VA (IC VA) at a dose of 0.15 mmol/kg b.w.
*-P < 0.05 - vs baseline. Means * S.E.M. are presented.

ECG parameters Baseline 2 min after IC VA 20 min after IC VA
RR (ms) 177.4 = 13.7 177.1 = 11.6 180.7 = 143
QT (ms) 78 + 7.9 79.4 + 7.3 80.6 + 7.3

QTc (ms) 71.4 + 47 729 * 4.8 733 * 4.2

PR (ms) 63.3 + 2.4 624 * 1.9 62.7 + 2.5

QRS width (ms) 244 * 09 239 * 0.4 227 + 25

QRS amplitude (mV) 2.8 * 0.4 28 * 0.4 28 * 04

donors (Page et al., 1955; Verner, 1974). The transient character of
hemodynamic response to blood pressure lowering agents may be
caused by activation of counteracting nervous and humoral mechanism
or/and a rapid metabolic breakdown of the molecule and relatively
short half-life of VA i.e. 6-12 min (Sampath et al., 2012). The latter
notion is supported by our experiments showing that the continuous
intravenous infusion of VA produced a hypotensive response that lasted
through the whole experiment i.e. 60 min. These findings suggest a
possible long-lasting blood pressure lowering effect of VA which could
be accomplished by developing slow-releasing VA-donors.

Our study shows that at physiological conditions VA is present in
the colon content, portal and systemic blood as well as in vital organs.
Considering that physiological concentration of VA in the colon content
(stool masses) is three orders of magnitude higher than in portal blood,
and four orders of magnitude higher that in systemic blood and tissues,
we think that blood and tissue VA originates from the colon. This is also
supported by the fact that the exogenous VA (VA-D9) administered into
the colon was rapidly distributed to distant tissues including the liver,
kidneys, the heart and the brain. The rapid gut-to-systemic organs pe-
netration of VA suggests that even transient changes in colonic VA level
may be translated to systemic effects. Finally, administration of VA into
the colon produced a significant, dose-dependent decrease in arterial
blood pressure.

Increasing research shows that metabolites produced in the colon by
the microbiota affect the control of arterial blood pressure (Bauer and
Richards, 1928; Skrzypecki et al., 2018; Wang et al., 2017). Firstly,
bacterial metabolites may stimulate sensory fibers of the enteric

European Journal of Pharmacology 877 (2020) 173086

Table 4

A. VA concentration in portal blood and systemic blood at baseline, 2 and
25 min after the intracolonic administration (IC) of VA at a dose of 0.15 mmol/
kg b.w. (n = 6). The selected time points correspond to the maximal hypo-
tensive effect and return of BP to baseline according to our findings from the

hemodynamic part of the study. B. Liver clearance of VA calculated as a CPC‘PC" 2

where CP is concentration of a VA in portal blood, and CH concentration of VA
in systemic blood. Means *+ S.E.M. are presented.

A. VA (uM) concentration before (baseline) and after administration of VA at a dose of

0.15mmol/kg

Portal vein blood

Baseline 219 * 0.22

2 min after administration 23.82 + 3.76

25 min after administration 6.35 = 1.49

Systemic vein blood

Baseline 0.26 = 0.06

2 min after administration 755 * 1.3

25 min after administration 1.28 + 0.22

B. Liver clearance of VA at baseline and after IC administration of VA at a dose of
0.15 mmol/kg

Baseline 0.87 + 0.03

2 min after administration 0.52 + 0.21

25 min after administration 0.84 + 0.04

nervous system which communicate with cardiovascular centers lo-
cated in the brain (Bravo et al., 2011; Onyszkiewicz et al., 2019).
Secondly, bacterial metabolites penetrate through the gut-blood barrier
and as a blood-borne agents may affect function of organs and tissues
involved in the regulation of the circulatory system (Huc et al., 2018a;
Jaworska et al., 2018; Tomasova et al., 2016).

Several papers indicate that metabolites of gut bacteria affect the
host homeostasis via nervous gut-brain axis (Bienenstock et al., 2015;
Cryan and Dinan, 2012; Yang and Zubcevic, 2017). Recently, we found
that colon-derived butyric acid, a SCFA, may affect the circulatory
system via nervous gut-brain signaling (Onyszkiewicz et al., 2019). In
the present study, the subphrenic vagotomy had no significant influ-
ence on the size of hypotensive effect of VA administered into the colon.
This suggests the lack of involvement of the nervous gut signaling in
hemodynamic effects of the colon-derived VA. The rapid gut-to-blood
penetration of VA and the vasodilatory action of VA in ex vivo experi-
ments indicate that the hypotensive effect was dependent on

Fig. 5. [A] Changes in mean arterial blood
pressure (AMABP, mmHg) and [B] heart
rate (AHR, beats/min) in Wistar rats after
the intracolonic administration of VA (VA
IC) at a dose of 0.15 mmol/kg in rats pre-
treated with atropine (atropine IV + VA
IC), (n = 5) or hexamethonium (hexam-
ethonium IV + VA IC), (n = 5). *-P < 0.05
- vs baseline. Means * S.E.M. are pre-
sented.
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Fig. 6. Response of the pre-constricted with PE mesenteric artery branches and
gracilis muscle arteries to: [A] increasing concentration of valeric acid (VA,
from 1 uM up to 1 mM, n = 10); [B] increasing concentration of 3-hydro-
xybutyrate (from 5 pM to 1 mM, n = 10) with VA (1 pM) in the background
[C] the effect of 3-hydroxybutyrate (ANT, 1 mM) on vasorelaxant responses of
mesenteric artery branches (n = 5) and gracilis muscle artery (n = 5) to VA
(1 mM). Dilation is expressed as a percentage of maximum diameter (0 Ca2+,
EGTA 3 mM). Values are means * S.E.M. of n arteries. *-P < 0.05: significant
vasorelaxation; # -P < 0.05: significant difference between the MA vs GMA
response to the VA or ANT; 7P < 0.05 significant effect of ANT (1 mM) on
the vasodilation evoked by VA (1 mM).

vasodilation produced by colon-derived, blood-borne VA.

Specifically, in ex vivo experiments, VA produced a significant, dose-
dependent vasodilation in GMA and MA arteries. Interestingly, the
vasodilatory effect of VA was significantly reduced by the GPR41/43
blocker in MA but not in GMA. In addition, a dose-response relation
revealed greater sensitivity of MA than GMA to VA and a greater re-
laxation of MA than GMA in response to 100 mM and 500 mM VA. This
suggests that relaxation of GMA and MA may be mediated by different

European Journal of Pharmacology 877 (2020) 173086

Table 5
Baseline mean arterial blood pressure (MABP, mmHg) and heart rate (HR,
beats/min) in Wistar rats. Means + S.E.M. are presented.

Series MABP HR

Vehicle (bolus administration) 96.2 * 29 312 + 26
VA 0.6 mmol/kg (bolus administration) 100.3 = 5.2 353 -1
VA 0.3 mmol/kg (bolus administration) 97.9 * 4.4 368 + 12
VA 0.15 mmol/kg (bolus administration) 1044 = 53 371 + 16
Vehicle (continuous infusion) 99.5 + 3.2 338 + 8
VA (continuous infusion) 1048 = 3.0 337 = 15

mechanisms. In this regard, the relaxation of various resistance blood
vessels ex vivo in response to other SCFAs is well documented (Aaronson
et al., 1996; Mortensen et al., 1990). However, the mechanisms seem to
be complex and are not fully elucidated (Aaronson et al., 1996;
Daugirdas and Nawab, 1987; Knock et al., 2002; Mortensen et al., 1990;
Natarajan et al., 2016; Nutting et al., 1991).

A limitation of our study is that we did not evaluate the effect of
Olfr78 receptor blockade, which is also thought to be involved in SCFA
signaling. This is because, biologically effective Olfr78 receptor
blockers are not yet available. Besides, chronic studies are needed to
assess the effect of VA on arterial blood pressure. Regarding hypoten-
sive effect of gut microbiota-produced VA it needs to be stressed that at
physiological conditions VA is produced with many other bacterial
products that may have similar or the opposite hemodynamic effects.

In conclusion, we found that VA produces vasodilatory and hypo-
tensive effects in rats. Under physiological conditions concentration of
VA in the colon is four orders of magnitude higher than that in systemic
blood. VA rapidly penetrates from the colon to distant organs including
the brain. Further studies are needed to evaluate the effects of en-
dogenous and exogenous VA on the circulatory system as it may be an
interesting target for developing blood pressure lowering agents.
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Podsumowanie i wnioski

Wyniki pracy pozytywnie zweryfikowaly hipoteze¢ badawcza zaktadajaca, ze kwas mastowy

oraz kwas walerianowy, ktore sa wytwarzane przez bakterie jelitowe, wywierajg istotny

wplyw na ci$nienie tgtnicze.

Zrealizowano wszystkie zaplanowane cele gtdéwne i szczegotowe, tj. zbadano wptyw kwasu

mastowego oraz kwasu walerianowego na ci$nienie tgtnicze u szczuré6w po podaniu

dookrezniczym i dozylnym. Oznaczono fizjologiczne st¢zenie kwasu mastowego i

walerianowego w tkankach oraz oceniono stopnien przenikania badanych zwigzkow z jelita

do uktadu krazenia. Zbadano takze mechanizmy dzialania hipotensyjnego kwasu mastowego i

walerianowego oraz oceniono kardiotoksyczno$¢ obu zwigzkow.

Najwazniejsze wyniki badania to:

2-3 krotne zwigkszenie stezenia kwasu mastowego w jelicie grubym w stosunku do
warunkow fizjologicznych powoduje dlugotrwale obnizenie ci$nienia t¢tniczego.
Efekt hipotensyjny wywotany przez dookreznicze podanie roztworu kwasu
mastowego zwigzany jest z pobudzeniem receptorow dla krotkotancuchowych
kwasow tluszczowych (GPR41/43) oraz aferentnych wtokien nerwu blednego
unerwiajacych jelito grube.

Dziatanie hipotensyjne kwasu mastowego jest czgsciowo zwigzane z efektem
naczyniorozszerzajacym.

Kwas walerianowy wywotuje krotkotrwaty efekt hipotensyjny po podaniu dozylnym
oraz po podaniu dookrezniczym.

Krotki czas dziatania hipotensyjnego kwasu walerianowego wynika prawdopodobnie
z krétkiego okresu pottrwania kwasu walerianowego we krwi.

Efekt hipotensyjny wywotany przez dookreznicze podanie roztworu kwasu
walerianowego zwigzany jest z pobudzeniem receptoréw dla krotkotancuchowych
kwasow tluszczowych (GPR41/43).

Odpowiedz hipotensyjna uzyskana po podaniu kwasu walerianowego jest zwigzana z
dziataniem naczyniorozszerzajacym, bez zaangazowania aferentnej impulsacji
przywspotczulnej z jelita grubego.

Efekt hipotensyjny spowodowany przez kwas maslowy 1 walerianowy w

zastosowanych dawkach nie byl zwigzany z dziataniem kardiotoksycznym.
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Najwazniejsze wnioski:

e W warunkach fizjologicznych stezenie kwasu mastowego i kwasu walerianowego jest
najwyzsze w jelicie grubym, ktore jest gtownym habitatem mikrobioty.

e Kwas mastowy i kwas walerianowy przedostajg si¢ z jelita grubego do uktadu
krazenia powodujac istotny efekt hipotensyjny, oddziatujac zarowno poprzez uktad
nerwowy, jak rowniez bezposrednio na naczynia.

e Kwas mastowy i kwas walerianowy sa waznymi mediatorami oddzialywania

pomig¢dzy mikrobiotg przewodu pokarmowego a uktadem krazenia.
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Opinia Komisji Etycznej

UCHWALA NR 535/ 2018
z dnia 21 marca 2018 .

| Lokalnej Komisji Etycznej do spraw do$wiadczen na zwierzgtach w Warszawie

§1

Na podstawie art. 48 pkt. 1 ustawy z dnia 15 stycznia 2015r. o ochronie zwierzat wykorzystywanych
do celéw naukowych lub edukacyjnych (Dz. U. poz. 266) zwanej dalej ,ustawg” po rozpatrzeniu
whniosku pt. Wptyw kwasu mastowego na ciénienie tetnicze u szczuréw z dnia 09.03.2018 r.
ztozonego przez Warszawski Uniwersytet Medyczny, Wydziat Lekarsko-Dentystyczny ul. Banacha
1B, 02-091 Warszawa zaplanowanego przez dr hab. Marcina Ufnala lokalna komisja etyczna

WYRAZA ZGODE
Na przeprowadzenie doswiadczen na zwierzetach w zakresie wniosku.

52
W wyniku rozpatrzenia wniosku o ktorym mowa w §, Lokaina Komisja Etyczna ustalifa, ze:

1. Whniosek nalezy przypisa¢ do kategorii, DGSWIADRCZENIA NA ZWIERZETACH (A)

2. Najwyiszy stopien dotkliwosci proponowanych procedur to: TERMINALNA

3. Doswiadczenia bedg przeprowadzane na getunkach iub grupach gatunkéw:

Szczur, szczep WKY 12 tygodni 81 os.,

Szczur, szczep SHR 12 tygodni 81 os.

Doswiadczenia bedg przeprowadzane przez: Ufnal Marcin, Maksymilian Onyszkiewicz
Doswiadczenie bedzie przeprowadzane w terminie® 01.04.2018 —01.04.2023 .
Doswiadczenie bedzie przeprowadzone w osrodku

Doswiadczenie bedzie przeprowadzone poza osrodkiem w:

Uzyte do procedur zwierzeta dzikie zostang odtowione przez

Doswiadczenie zostanie poddane ocenie retrospektywnej w terminie do 3 miesiecy od dnia
przekazania przez uzytkownika dokumentacji, majacej stanowi¢ podstawe dokonania oceny
retrospektywnej. Uzytkownik jest zobowigzany do przekazania ww. dokumentacji niezwlocznie,
tj. w terminie, o ktorym mowa w art. 52 ust. 2 ustawy.

© XN ”a

! Nie dtuzej niz 5 lat
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§4

Integralng cze$¢ niniejszej uchwaty stanowi kopia wniosku, o ktérym mowaw § 1
I LOKALNA KOMISJA ETYCZNA

ds. Dodwladczer na Zwierzetach
przy Wydzlale Blologii uw
ul. IlJi Mlecznikowa 1, 02-036 Warszawa
tel. 022 5541028, a-mail: Ikelwaw@blol.uw.edu.pl
(Pieczec¢ lokalnej komisji etycznej) Podplsy przewogniczacago komis}

Pouczenie:

Zgodnie z art. 33 ust. 3 i art. 40 ustawy w zw. z art. 127 § 1 i 2 oraz 129 § 2 ustawy z dnia z dnia 14 czerwca 1960 r. Kodeks
postepowania administracyjnego (Dz. U. 2017, poz. 1257 - t.j.; dalej KPA) od uchwaty Lokalnej Komisji Etycznej strona moie whniesc,
za jej posrednictwem, odwotanie do Krajowej Komisji Etycznej do Spraw Doswiadczeri na Zwierzetach w terminie 14 od dnia
doreczenia uchwaly.

Na podstawie art. 127a KPA w trakcie biegu terminu do wniesienia odwolania strona moze zrzec si¢ prawa do jego whniesienia, co
nalezy uczyni¢ wobec Lokalnej Komisji Etycznej, ktéra wydata uchwate. Z dniem dorgczenia Lokalnej Komisji Etycznej o$wiadczenia o
zrzeczeniu sie prawa do wniesienia odwolania przez ostatnia ze stron postapcwania, decyzja staje sig ostateczna i prawomocna.

Otrzymuje:
1) Uiytkownik,
2) Organizacja spofeczna dopuszczona do udziatu w postepowaniu {jesii dotyczy)
3) a/a

Uzytkownik kopie przekazuje:

e Osoba planujaca doswiadczenie
e  Zespot ds. dobrostanu
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UCHWALA NR 474/2017
z dnia 21 lutego 2018 .

| Lokalnej Komisji Etycznej do spraw do$wiadczen na zwierzetach w Warszawie

§1

Na podstawie art. 48 pkt. 1 ustawy z dnia 15 stycznia 2015r. o ochronie zwierzat wykorzystywanych
do celéw naukowych lub edukacyjnych (Dz. U. poz. 266) zwanej dalej ,ustawg” po rozpatrzeniu
whniosku pt. Rola metabolitéw bakterii jelitowych oraz bariery jelito-krew w regulacji ci$nienia
tetniczego oraz rozwoju nadci$nienia tetniczego z dnia 15.02.2018 r. ztozonego przez Warszawski
Uniwersytet Medyczny, Wydziat Lekarsko-Dentystyczny ul. Banacha 1B, 02-091 Warszawa
zaplanowanego przez dr hab. Marcina Ufnala lokalna komisja etyczna

WYRAZA ZGODE
Na przeprowadzenie do$wiadczen na zwierzgtach w zakresie wniosku.

§2

W wyniku rozpatrzenia wniosku o ktérym mowa w &, Lokalna Komisja Etyczna ustalita, ze:

1. Whniosek nalezy przypisac do kategorii: DOSWIADCZENIA NA ZWIERZETACH (A)
Najwyzszy stopieri dotkliwosci proponowanych procedur to: TERMINALNA
Doswiadczenia beda przeprowadzane na gatunkach fub grupach gatunkow:
Szczur, szczep Wistar Kyoto 12 tygodni 135 os.

Doswiadczenia beda przeprowadzane przez: Ufnal Marcin, Artur Nowiriski
Doéwiadczenie bedzie przeprowadzane w terminie? 10.03.2018 - 01.10.2022 r.
Doswiadczenie bedzie przeprowadzone w osrodku

Doswiadczenie bedzie przeprowadzone poza osrodkiem w:

Uzyte do procedur zwierzeta dzikie zostang odtowione przez

Doswiadczenie nie zostanie poddane ocenie retrospektywnej

w N

©®No ;s

! Nie diuzej niz 5 lat
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§4

Integralng cze$é niniejszej uchwaty stanowi kopia wniosku, o ktorym mowa w § 1
I LOKALNA KOMISJA ETYCZNA
ds. Deéwiadczesn na Zwierzetach
przy Wydziale Siologii UW
ul. Ilji Miecznikowz 1, 02-095 Warszawa
tel. 022 5541028, e-mail: Ikelwaw@biol.uw.edu.pl
(Pieczec lokalnej komisji etycznej) Podpisy przewodniczacego komisji

Pouczenie:

Zgodnie z art. 33 ust. 3 i art. 40 ustawy w zw. z art. 127 § 1 i 2 oraz 129 § 2 ustawy z dnia z dnia 14 czerwca 1960 r. Kodeks
postepowania administracyjnego (Dz. U. 2017, poz. 1257 - t.j.; dalej KPA) od uchwaly Lokalnej Komisji Etycznej strona moze whnies¢,
za jej posrednictwem, odwotanie do Krajowej Komisji Etycznej do Spraw Doswiadczer na Zwierzetach w terminie 14 od dnia
doreczenia uchwaty.

Na podstawie art. 127a KPA w trakcie biegu terminu do wniesienia odwotania strona moze zrzec sig prawa do jego wniesienia, co
nalezy uczyni¢ wobec Lokalnej Komisji Etycznej, ktéra wydata uchwate. Z dniem doreczenia Lokalnej Komisji Etycznej o$wiadczenia o
zrzeczeniu sie prawa do wniesienia odwotania przez ostatnig ze stron postepowania, decyzja staje sig ostateczna i prawomocna.

Otrzymuje:
1) Uzytkownik,
2) Organizacja spoleczna dopuszczona do udziatu w postzpowaniu fjasli datyezy)
3) a/a

Uzytkownik kopie przekazuje:

e Osoba planujaca doswiadczenie
e  Zespdi ds. dobrostanu
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Oswiadczenia wszystkich wspolautorow

publikacji

PUBLIKACJA nr 1

Short chain fatty acids and methylamines produced
by gut microbiota as mediators and markers in the

circulatory system

Maksymilian Onyszkiewicz
Kinga Jaworska

Marcin Ufnal
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Lek. Kinga Jaworska Warszawa, 27.04.2020
(Stopien/tytut, imie, nazwisko)

OSWIADCZENIE
Jako wspotautor pracy pt. ,,Short chain fatty acids and methylamines produced by gut
microbiota as mediators and markers in the circulatory system” o§wiadczam iz moj wklad

merytoryczny w formie publikacji to:

Wspotudzial w przygotowaniu manuskryptu. (20%)

Jednocze$nie wyrazam zgode na przedlozenie w/w pracy przez lek. Maksymiliana
Onyszkiewicza jako czgéci rozprawy doktorskiej w formie spéjnego tematycznie zbioru
artykulow opublikowanych w czasopismach naukowych.

Oswiadczam, ze samodzielna i mozliwa do wyodrebnienia cze$¢ niniejszej pracy wykazuje

indywidualny wktad lek. Maksymiliana Onyszkiewicza w opracowaniu koncepcii.

przygotowaniu manuskryptu oraz wykonaniu figur zawartych w pracy. (60%)

’K_i V\ﬁo_ 3(\&»\0 vsh

(podpis wspotautora)
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Prof. dr hab. Marcin Ufnal Warszawa,
(Stopiervtytut, imig, nazwisko)

OSWIADCZENIE
Jako wspdtautor pracy pt. ,,Short chain fatty acids and methylamines produced by gut
microbiota as mediators and markers in the circulatory system” o$wiadczam iz méj wktad

merytoryczny w formie publikacji to:

Wspotudziat w przygotowaniu manuskryptu. (20%)

Jednoczes$nie wyrazam zgodg na przediozenie w/w pracy przez lek. Maksymiliana
Onyszkiewicza jako czg¢$ci rozprawy doktorskiej w formie spdjnego tematycznie zbioru
artykulow opublikowanych w czasopismach naukowych.

Oswiadczam, ze samodzielna i mozliwa do wyodrgbnienia czg$¢ niniejszej pracy wykazuje

indywidualny wklad lek. Maksymiliana Onyszkiewicza w opracowaniu koncepcii.

przygotowaniu manuskryptu oraz wykonaniu figur zawartych w pracy (60%).

(pgdpis wépdladtora)
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PUBLIKACJA nr 2

Butyric acid, a gut bacteria metabolite, lowers
arterial blood pressure via colon-vagus nerve

signaling and GPR41/43 receptors

Maksymilian Onyszkiewicz
Marta Gawry$-Kopczynska
Piotr Konopelski

Marta Aleksandrowicz
Aneta Sawicka

Ewa KozZniewska

Emilia Samborowska

Marcin Ufnal

60|Strona



Mgr inz. Marta Gawrys — Kopczynska Warszawa, '2 71 06' 2020
(Stopien/tytut, imig, nazwisko)

OSWIADCZENIE
Jako wspotautor pracy pt. ,,Butyric acid, a gut bacteria metabolite, lowers arterial blood
pressure via colon-vagus nerve signaling and GPR41/43 receptors” oswiadczam iz moj wktad
merytoryczny w przeprowadzenie badan, opracowanie wynikow oraz ich przedstawienie w

formie publikacji to:

Wspotudziat w przeprowadzeniu czesci eksperymentow. (5%)

Jednoczesnie wyrazam zgode na przediozenie w/w pracy przez lek. Maksymiliana
Onyszkiewicza jako czedci rozprawy doktorskiej w formie spdjnego tematycznie zbioru
artykutow opublikowanych w czasopismach naukowych.

Os$wiadczam, ze samodzielna i mozliwa do wyodrgbnienia cze$é niniejszej pracy wykazuje

indywidualny wktad lek. Maksymiliana Onyszkiewicza w opracowaniu koncepcii,

metodologii badan, formulowaniu wnioskéw, okresleniu stezenia kwasu mastowego w

tkankach, przeprowadzeniu badan hemodynamicznych z uzyciem: kwasu mastowego, 3-

hydroksymaslanu, L-NAME, atropiny oraz hexamethonium. Ponadto lek. Maksymilian

Onyszkiewicz przeprowadzit analize statystyczna wynikéw z badan hemodynamicznych,

wykonat wiekszos¢ wykresdw i figur zawartych w tej pracy. (50%)

Site Yoy~ tgpepinta

(podpis wspotautora)
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Lek. Piotr Konopelski Warszawa, 28.04.2020 r.
(Stopien/tytut, imi¢, nazwisko)

OSWIADCZENIE
Jako wspdtautor pracy pt. ,,Butyric acid, a gut bacteria metabolite, lowers arterial blood
pressure via colon-vagus nerve signaling and GPR41/43 receptors” o$wiadczam, iz méj wkiad
merytoryczny w przeprowadzenie badan, opracowanie wynikoéw oraz ich przedstawienie w

formie publikac;ji to:

Wspdtudziat w przeprowadzeniu czg¢sci eksperymentow. (5%)

Jednoczesnie wyrazam zgod¢ na przedlozenie w/w pracy przez lek. Maksymiliana
Onyszkiewicza jako czesci rozprawy doktorskiej w formie spdjnego tematycznie zbioru
artykuléw opublikowanych w czasopismach naukowych.

Os$wiadczam, ze samodzielna i mozliwa do wyodr¢bnienia cz¢$¢ niniejszej pracy wykazuje
indywidualny wkiad lek. Maksymiliana Onyszkiewicza w opracowaniu koncepcji, metodologii

badan, formulowaniu wnioskéw, okresleniu stezenia kwasu mastowego w tkankach

przeprowadzeniu _badan hemodynamicznych z uzyciem: kwasu mastowego, 3-
hydroksymaslanu, L-NAME, atropiny oraz hexamethonium. Ponadto lek. Maksymilian

Onyszkiewicz przeprowadzil analize statystyc nikow z badan hemodynamicznych

wykonat wigkszo$¢ wykresow i figur zawartych w tej pracy. (50%)

P@Jﬁx 767,.46/%

(podpis wspétautora)
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Dr n. med. Marta Aleksandrowicz Warszawa, 27.04.2020
(Stopien/tytul, imi¢, nazwisko)

OSWIADCZENIE
Jako wspotautor pracy pt. ,,Butyric acid, a gut bacteria metabolite, lowers arterial blood
pressure via colon-vagus nerve signaling and GPR41/43 receptors” o$wiadczam iz moj wklad
merytoryczny w przeprowadzenie badan, opracowanie wynikow oraz ich przedstawienie w

formie publikacji to:

Wspétudzial w przygotowaniu, analizie, interpretacji eksperymentow przeprowadzonych w

warunkach ex vivo oraz przygotowanie manuskryptu. (10%)

Jednoczeénie wyrazam zgode na przedtozenie w/w pracy przez lek. Maksymiliana
Onyszkiewicza jako czesci rozprawy doktorskiej w formie spojnego tematycznie zbioru
artykutow opublikowanych w czasopismach naukowych.

O$wiadczam, ze samodzielna i mozliwa do wyodrebnienia cz¢$¢ niniejszej pracy wykazuje

indywidualny wkiad lek. Maksymiliana Onyszkiewicza w opracowaniu koncepcji,

metodologii badan, formulowaniu wnioskdw. okresleniu stezenia kwasu mastowego w

tkankach, przeprowadzeniu badan hemodynamicznych z uzyciem: kwasu mastowego, 3-

hydroksymaslanu, L-NAME. atropiny oraz hexamethonium. Ponadto lek. Maksymilian

Onyszkiewicz przeprowadzit analize statystyczna wynikéw z badan hemodynamicznych,

wykonal wiekszo$é wykresow i figur zawartych w tej pracy. (50%)

(;M A tla \ﬁlck S and YO(N\‘Q_

(podpis wspotautora)
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mgr Aneta Sawicka Warszawa, Ol O 5 .2020¢
(Stopiery/tytul, imie, nazwisko)

OSWIADCZENIE
Jako wspétautor pracy pt. ,,Butyric acid, a gut bacteria metabolite, lowers arterial blood
pressure via colon-vagus nerve signaling and GPR41/43 receptors” oswiadczam iz moj wklad
merytoryczny w przeprowadzenie badan, opracowanie wynikéw oraz ich przedstawienie w

formie publikacji to:

Wspétudzial w przygotowaniu, analizie i interpretacji eksperymentéw przeprowadzonych w

warunkach ex vivo. (5%)

Jednoczesnie wyrazam zgodg na przediozenie w/w pracy przez lek. Maksymiliana
Onyszkiewicza jako cze$ci rozprawy doktorskiej w formie spéjnego tematycznie zbioru
artykutéw opublikowanych w czasopismach naukowych.

Oswiadczam, ze samodzielna i mozliwa do wyodrebnienia czesé niniejszej pracy wykazuje

indywidualny wkiad lek. Maksymiliana Onyszkiewicza w opracowaniu koncepciji,

metodologii badan. formutowaniu wnioskéw, okresleniu stezenia kwasu mastowego w
tkankach, przeprowadzeniu badarn hemodynamicznych z uzyciem: kwasu mastowego, 3-
hydroksymaslanu, L-NAME, atropiny oraz hexamethonium. Ponadto lek. Maksymilian

Onyszkiewicz przeprowadzit analize statystyczng wynikdéw z badan hemodxnamicznzch,
wykonat wiekszosé wykreséw i figur zawartych w tej pracy. (50%)

d}me}m Covtni cka

(podpis wspétautora)

64|Strona



Prof. dr hab. Ewa KoZniewska Warszawa, 27.04.2020 r.
Instytut Medycyny Doswiadczalnej i Klinicznej
im. M. Mossakowskiego PAN

OSWIADCZENIE

Jako wspoétautor pracy pt. ,,Butyric acid, a gut bacteria metabolite, lowers arterial blood
pressure via colon-vagus nerve signaling and GPR41/43 receptors” o§wiadczam iz mdj wktad
merytoryczny w przeprowadzenie badan, opracowanie wynikéw oraz ich przedstawienie w
formie publikac;ji to:

Wspoétudziat w przygotowaniu, analizie i interpretacji eksperymentdw przeprowadzonych w

warunkach ex vivo. (5%)

Jednoczesénie wyrazam zgode na przedlozenie w/w pracy przez lek. Maksymiliana
Onyszkiewicza jako czg$ci rozprawy doktorskiej w formie spdjnego tematycznie zbioru
artykuléw opublikowanych w czasopismach naukowych.
Oswiadczam, ze samodzielna i mozliwa do wyodrgbnienia czg$¢ niniejszej pracy wykazuje

indywidualny wktad lek. Maksymiliana Onyszkiewicza w opracowaniu koncepcji,

metodologii badan, formulowaniu wnioskdéw, okresleniu stezenia kwasu mastowego w

tkankach, przeprowadzeniu badan hemodynamicznych z uzyciem: kwasu mastowego, 3-

hydroksymaslanu, L-NAME, atropiny oraz hexamethonium. Ponadto lek. Maksymilian

Onyszkiewicz przeprowadzil analize statystyczna wynikow z badan hemodynamicznych,

wykonat wiekszo§¢ wykresOw 1 rycin zawartych w tej pracy. (50%)

%1:-.. \ A ;l\"e"’g—t
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Mgr Emilia Samborowska Warszawa, 20.04. 2020

(Stopien/tytul, imie, nazwisko)

OSWIADCZENIE
Jako wspotautor pracy pt. ,,Butyric acid, a gut bacteria metabolite, lowers arterial blood
pressure via colon-vagus nerve signaling and GPR41/43 receptors” o§wiadczam iz mdj wkiad
merytoryczny w przeprowadzenie badan, opracowanie wynikéw oraz ich przedstawienie w

formie publikacji to:

Wspoétudziat w przygotowaniu, analizie i interpretacji eksperymentéw spektrometrycznych

oraz przygotowanie manuskryptu. (5%)

Jednoczes$nie wyrazam zgode na przedtozenie w/w pracy przez lek. Maksymiliana
Onyszkiewicza jako czesci rozprawy doktorskiej w formie spdjnego tematycznie zbioru
artykutoéw opublikowanych w czasopismach naukowych.

Oswiadczam, ze samodzielna i mozliwa do wyodr¢bnienia cz¢$¢ niniejszej pracy wykazuje

indywidualny wklad lek. Maksymiliana Onyszkiewicza w opracowaniu koncepcji.

metodologii badani, formulowaniu wnioskow. okresleniu stezenia kwasu mastowego w

tkankach, przeprowadzeniu badafi hemodynamicznych z uzyciem: kwasu mastowego. 3-

hydroksymaslanu. L-NAME, atropiny oraz hexamethonium. Ponadto lek. Maksymilian

Onyszkiewicz przeprowadzil analize statystvezng wynikow z badan hemodynamicznych.

konal wiekszo$¢ wykreséw i figur zawartych w tej pracy. (50%

(podpis wspotautora)
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Prof. dr hab. Marcin Ufnal Warszawa,
(Stopief/tytut, imig, nazwisko)

OSWIADCZENIE
Jako wspdtautor pracy pt. ,,Butyric acid, a gut bacteria metabolite, lowers arterial blood
pressure via colon-vagus nerve signaling and GPR41/43 receptors” o$wiadczam iz mdj wkiad
merytoryczny w przeprowadzenie badan, opracowanie wynikow oraz ich przedstawienie w

formie publikacji to:

Wspétudziat w planowaniu do$wiadczen, metodologii badan, formutowaniu wnioskéw oraz
przygotowanie manuskryptu. Wspotudziat w przygotowaniu, analizie i interpretacji

eksperymentdw spektrometrycznych. (15%)

Jednoczes$nie wyrazam zgodg na przedtozenie w/w pracy przez lek. Maksymiliana
Onyszkiewicza jako czg$ci rozprawy doktorskiej w formie spojnego tematycznie zbioru
artykuléw opublikowanych w czasopismach naukowych.

Oswiadczam, Ze samodzielna i mozliwa do wyodrebnienia cz¢$¢ niniejszej pracy wykazuje

indywidualny wkiad lek. Maksymiliana Onyszkiewicza w opracowaniu koncepcii,

metodologii badan, formulowaniu wnioskow, okresleniu stezenia kwasu mastowego w

tkankach, przeprowadzeniu badan hemodynamicznych z uzyciem: kwasu mastowego, 3-

hydroksymaslanu, L-NAME, atropiny oraz hexamethonium. Ponadto lek. Maksymilian

Onyszkiewicz przeprowadzit analize statystyczna wynikow z badan hemodynamicznych,

wykonal wiekszo$¢ wykreséw i figur zawartych w tej pracy (50%).

odpis wspdiautora)
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PUBLIKACJA nr 3

Valeric acid lowers arterial blood pressure in rats

Maksymilian Onyszkiewicz
Marta Gawry$-Kopczynska
Maciej Satagaj

Marta Aleksandrowicz
Aneta Sawicka

Ewa KozZniewska

Emilia Samborowska

Marcin Ufnal
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2 04 2022

Mgr inz. Marta Gawrys$ — Kopezynska Warszawa,
(Stopien/tytut, imig, nazwisko)

OSWIADCZENIE
Jako wspotautor pracy pt. ,,Valeric acid lowers arterial blood pressure in rats.” o§wiadczam iz
mdj wkiad merytoryczny w przeprowadzenie badan, opracowanie wynikow oraz ich

przedstawienie w formie publikacji to:

Wspotudzial w przeprowadzeniu czgsci eksperymentow. (5%)

Jednoczesnie wyrazam zgode na przedtozenie w/w pracy przez lek. Maksymiliana
Onyszkiewicza jako czgsci rozprawy doktorskiej w formie spjnego tematycznie zbioru
artykutéw opublikowanych w czasopismach naukowych.

Oswiadczam, ze samodzielna i mozliwa do wyodrgbnienia czgs$¢ niniejszej pracy wykazuje

indywidualny wktad lek. Maksymiliana Onyszkiewicza w opracowaniu koncepcji,

metodologii badan, formutowaniu wnioskdw, okresleniu stezenia kwasu walerianowego w

tkankach, okresleniu dystrybucji kwasu walerianowego po podaniu dookrezniczym,

przeprowadzeniu badan hemodynamicznych z uzyciem: kwasu walerianowego, 3-

hydroksymaslanu, atropiny oraz hexamethonium. Ponadto lek. Maksymilian Onyszkiewicz

przeprowadzil analize statystyczna wynikow z badan hemodynamicznych oraz wykonat

wiekszo$é wykresédw i figur zawartych w tej pracy. (50%)

Made g1~ byt

(podpis wspotautora)
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Maciej Satagaj-student Warszawa, Z?{ (/\’ 9 fu’? <o,
(Stopien/tytul, imig, nazwisko)

OSWIADCZENIE
Jako wspotautor pracy pt. ,,Valeric acid lowers arterial blood pressure in rats.” o§wiadczam iz
moj wktad merytoryczny w przeprowadzenie badan, opracowanie wynikow oraz ich

przedstawienie w formie publikacji to:
Wspotudzial w przeprowadzeniu czg¢scei eksperymentdw. (5%)

Jednoczesnie wyrazam zgode na przedtozenie w/w pracy przez lek. Maksymiliana
Onyszkiewicza jako czg¢sci rozprawy doktorskiej w formie spojnego tematycznie zbioru
artykulow opublikowanych w czasopismach naukowych.

Oswiadczam, ze samodzielna i mozliwa do wyodr¢bnienia cz¢$¢ niniejszej pracy wykazuje

indywidualny wktad lek. Maksymiliana Onyszkiewicza w opracowaniu koncepcii,

metodologii badan, formulowaniu wnioskow, okresleniu stezenia kwasu walerianowego w

tkankach, okresleniu dystrybucji kwasu walerianowego po podaniu dookrezniczym,

przeprowadzeniu badan hemodynamicznych z uzyciem: kwasu walerianowego. 3-

hydroksymaslanu, atropiny oraz hexamethonium. Ponadto lek. Maksymilian Onyszkiewicz

przeprowadzil analize statystyczna wynikow z badan hemodynamicznych oraz wykonatl

wiekszos$¢ wykresOw i figur zawartych w tej pracy. (50%)

(/L/(M)I g,l( g(M/ {

(podpis wspotautora)
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Dr n. med. Marta Aleksandrowicz Warszawa, 27.04.2020
(Stopien/tytul, imig, nazwisko)

OSWIADCZENIE
Jako wspotautor pracy pt. ,,Valeric acid lowers arterial blood pressure in rats.” o§wiadczam iz
moj wktad merytoryczny w przeprowadzenie badan, opracowanie wynikéw oraz ich

przedstawienie w formie publikacji to:

Wspétudzial w przygotowaniu, analizie, interpretacji eksperymentow przeprowadzonych w

warunkach ex vivo oraz przygotowanie manuskryptu. (10%)

Jednoczesnie wyrazam zgode na przedtozenie w/w pracy przez lek. Maksymiliana
Onyszkiewicza jako czesci rozprawy doktorskiej w formie spdjnego tematycznie zbioru
artykuldw opublikowanych w czasopismach naukowych.

Oswiadczam, ze samodzielna i mozliwa do wyodrebnienia czes$¢ niniejszej pracy wykazuje

indywidualny wktad lek. Maksymiliana Onyszkiewicza w opracowaniu koncepcji,

metodologii badan, formulowaniu wnioskéw. okresleniu stezenia kwasu walerianowego w

tkankach, okresleniu dystrybuciji kwasu walerianowego po podaniu dookrezniczym,

przeprowadzeniu badan hemodynamicznych z uzyciem: kwasu walerianowego, 3-

hydroksymaslanu, atropiny oraz hexamethonium. Ponadto lek. Maksymilian Onyszkiewicz

przeprowadzil analize statystyczna wynikow z badah hemodynamicznych oraz wykonat

wiekszos¢ wykreséw i figur zawartych w tej pracy. (50%)

Maxtor  Heks amdvooriq

(podpis wspotautora)
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mgr Aneta Sawicka Warszawa, O4 .05 200,00
(Stopier/tytut, imi¢, nazwisko)

OSWIADCZENIE
Jako wspétautor pracy pt. ,,Valeric acid lowers arterial blood pressure in rats.” oswiadczam iz

m6j wkiad merytoryczny w przeprowadzenie badan, opracowanie wynikéw oraz ich

przedstawienie w formie publikacji to:

Wspéhudziat w przygotowaniu, analizie i interpretacji eksperymentéw przeprowadzonych w

warunkach ex vivo. (5%)

Jednoczesnie wyrazam zgode na przediozenie w/w pracy przez lek. Maksymiliana
Onyszkiewicza jako czgsci rozprawy doktorskiej w formie spojnego tematycznie zbioru
artykutéw opublikowanych w czasopismach naukowych.

Oswiadczam, ze samodzielna i mozliwa do wyodrgbnienia czg$é niniejszej pracy wykazuje

indywidualny wkiad lek. Maksymiliana Onyszkiewicza w opracowaniu koncepcii,

metodologii badan, formutowaniu wniosk6w, okresleniu stezenia kwasu walerianowego w

tkankach, okresleniu dystrybucji kwasu walerianowego po podaniu dookrezniczym,
przeprowadzeniu badan hemodynamicznych z uzy ciem: kwasu walerianowego, 3-

hydroksymaslanu, atropiny oraz hexamethonium. Ponadto lek. Maksymilian Onyszkiewicz

rzeprowadzil analize statystyczn nikéw z badan hemodynamicznych oraz wykonat

wiekszosé wykresdw i figur zawartych w tej pracy. (50%

Ameta Zuucka

(podpis wspétautora)
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Prof. dr hab. Ewa Kozniewska Warszawa, 27.04.2020 r.
Instytut Medycyny Doswiadczalnej i Kliniczne;j
im. M. Mossakowskiego PAN

OSWIADCZENIE

Jako wspotautor pracy pt. ,,Valeric acid lowers arterial blood pressure in rats.” o§wiadczam iz
moj wklad merytoryczny w przeprowadzenie badan, opracowanie wynikow oraz ich
przedstawienie w formie publikacji to:

Wspoétudziat w przygotowaniu, analizie i interpretacji eksperymentéw przeprowadzonych w

warunkach ex vivo. (5%)

Jednocze$nie wyrazam zgode na przedtozenie w/w pracy przez lek. Maksymiliana
Onyszkiewicza jako czgéci rozprawy doktorskiej w formie spdjnego tematycznie zbioru
artykutéw opublikowanych w czasopismach naukowych.
Os$wiadczam, ze samodzielna i mozliwa do wyodrebnienia czg§¢ niniejszej pracy wykazuje

indywidualny wktad lek. Maksymiliana Onyszkiewicza w opracowaniu koncepcji,

metodologii badan, formutowaniu wnioskow, okreSleniu stezenia kwasu walerianowego w

tkankach, okres$leniu dystrybucji kwasu walerianowego po podaniu dookrezniczym,

przeprowadzeniu badan hemodynamicznych z uzyciem: kwasu walerianowego, 3-

hydroksymaslanu, atropiny oraz hexamethonium. Ponadto lek. Maksymilian Onyszkiewicz

przeprowadzil analize statystyczna wynikow z badan hemodynamicznych oraz wykonat

wiekszo$§¢ wykresOw 1 rycin zawartych w tej pracy. (50%)

gc.n_. \ A ?:Nq"’gt
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Mgr Emilia Samborowska Warszawa,
(Stopied/tytul, imi¢, nazwisko)

OSWIADCZENIE
Jako wspdtautor pracy pt. ,, Valeric acid lowers arterial blood pressure in rats.” oswiadczam iz
mdj wklad merytoryczny w przeprowadzenie badan, opracowanie wynikéw oraz ich

przedstawienie w formie publikacji to:

Wsp6hudzial w przygotowaniu, analizie i interpretacji eksperymentow spektrometrycznych

oraz przygotowanie manuskryptu. (5%)

Jednoczes$nie wyrazam zgode na przedtozenie w/w pracy przez lek. Maksymiliana
Onyszkiewicza jako cze$ci rozprawy doktorskiej w formie spéjnego tematycznie zbioru
artykutéw opublikowanych w czasopismach naukowych.

Oswiadczam, ze samodzielna i mozliwa do wyodrebnienia cz¢s$¢ niniejszej pracy wykazuje

indywidualny wktad lek. Maksymiliana Onyszkiewicza w opracowaniu koncepcii.

metodologii badan. formulowaniu wnioskéw. okreéleniu stezenia kwasu walerianowego w

tkankach. okres$leniu dystrybucii kwasu walerianowego po podaniu dookrezniczym.

przeprowadzeniu badah hemodynamicznych z uzyciem: kwasu walerianowego. 3-

hvdroksymaslanu. atropiny oraz hexamethonium. Ponadto lek. Maksymilian Onyszkiewicz

przeprowadzil analize statystyczna wynikow z badah hemodynamicznych oraz wykonat

wiekszo$¢ wykresOw i figur zawartych w tej pracy. (50%)

(podpis wspdtautora)
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Prof. dr hab. Marcin Ufnal Warszawa,
(Stopierfv/tytut, imig, nazwisko)

OSWIADCZENIE
Jako wspoétautor pracy pt. ,,Valeric acid lowers arterial blood pressure in rats.” o§wiadczam iz
moj wkiad merytoryczny w przeprowadzenie badan, opracowanie wynikoéw oraz ich

przedstawienie w formie publikacji to:

Wspétudzial w planowaniu doswiadczen, metodologii badar, formutowaniu wnioskéw oraz
przygotowanie manuskryptu. Wspotudziat w przygotowaniu, analizie i interpretacji

eksperymentéw spektrometrycznych. (15%)

Jednocze$nie wyrazam zgodg na przedtozenie w/w pracy przez lek. Maksymiliana
Onyszkiewicza jako czgsci rozprawy doktorskiej w formie spdjnego tematycznie zbioru
artykutéw opublikowanych w czasopismach naukowych.

Os$wiadczam, Ze samodzielna i mozliwa do wyodrebnienia cz¢$¢ niniejszej pracy wykazuje
indywidualny wklad lek. Maksymiliana Onyszkiewicza w opracowaniu koncepcii,

metodologii badan, formulowaniu wnioskéw, okresleniu stezenia kwasu walerianowego w

tkankach, okresleniu dystrybucii kwasu walerianowego po podaniu dookrezniczym.,

przeprowadzeniu badafi hemodynamicznych z uzyciem: kwasu walerianowego. 3-

hydroksymaslanu, atropiny oraz hexamethonium. Ponadto lek. Maksymilian Onyszkiewicz

przeprowadzit analize statystyczng wynikéw z badan hemodynamicznych oraz wykonat

wiekszo$¢ wykresow i figur zawartych w tej pracy. (50%)

dp)y wspotauto
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