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Abstract: Background: Alkylresorcinols (ARs) are polyphenolic compounds with a wide spectrum of
biological activities and potentially implicated in the regulation of host metabolism. The present
study is aimed to establish whether ARs can be produced by human gut microbiota and to evaluate
alterations in the content of ARs in stool samples of C57BL and db/db and LDLR (-/-) mice in
dependence on diet specifications and olivetol (5-n-pentylresorcinol) supplementation in order to
estimate a regulatory potential of ARs. Methods: The quantitative analysis of ARs levels in mice stool
samples was performed using gas chromatography with mass spectrometric detection; fecal
microbiota transplantation (FMT) from human donor to germ-free mice was performed to explore
whether the intestinal microbiota could produce ARs molecules. Results: A significant increase in
the amounts of individual members of ARs homologues in stool samples was revealed in 14 days
after FMT. 5-n-Pentylresorcinol supplementation to a regular-chow diet influences the amounts of
several ARs in stool of C57BL/6 and LDLR (-/-), but not db/db mice. Conclusions: For the first time,
we have shown that several ARs can be produced by the intestinal microbiota. Taking into account,
that AR concentrations in human serum are correlated with LPS levels and with microbiota
diversity indexes in human stool samples, it can be assumed that ARs may serve as quorum-sensing
molecules, influencing gut microbiota composition and host metabolism as well.

Keywords: alkylresorcinols; olivetol; gut microbiota; fecal microbiota transplantation;
endocannabinoid system

1. Introduction

In recent years, we observe an increasing interest in "host — gut microbiota' relationship research.
The microbiota is a collection of various microorganisms (mainly bacteria) that normally reside in
host tissues [1]. The major microbiota community inhabits the gastrointestinal tract, where it plays a
barrier role, as well as acts as a regulator of host immunity and metabolism, that is confirmed by the
strong correlations between the intestinal dysbiosis and certain inflammatory and metabolic diseases,
such as obesity, diabetes mellitus, inflammatory bowel disease, etc.[2]. A large variety of bacterial
metabolites are implicated in host-microbiota interactions through their signaling and regulatory
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capabilities. Alkylresorcinols (ARs) are highly lipophilic polyphenols synthesized by bacteria, fungi,
some animals, and higher plants [3] through the activity of type III polyketide synthase (PKS) [4].

Humans receive ARs mainly from grain meal, as well as components of food preservatives,
drugs, or cosmetics [5]. However, it should be considered that ARs potentially can be synthesized by
many Bacteria, including those that constitute human gut microbiota although, to our knowledge,
there is no strict evidence of bacterial origin of ARs in humans. According to the results of the
investigation of the 'sequence-function relationship', 45% of the Bacteria phyla possess at least one
type III PKS gene [4]. In the study of Funabashi M. [6] srs-like operon structures coding for type III
PKS were found among many Gram-positive and Gram-negative bacteria, indicating that ARs
production is a common feature of different prokaryotes. Experimentally it has been characterized
seventeen bacterial type III PKSs from Actinobacteria, Proteobacteria, Firmicutes, and Cyanobacteria
[4]. In bacteria, phenolic lipids serve as precursors for antibiotics, substances that confer antibiotic
resistance, or regulators of antibiotic production [7], as well as UV-protective pigments [8], and
alternative electron carriers [9]. However, entering the human body ARs possess many regulatory
functions including anticancer, anti-inflammatory, antimicrobial, antiparasitics, antioxidant,
genotoxic activities[3,10,11]. In this context, alkylresorcinols (ARs) can be considered as a connecting
link between diet, gut microbiome, and host metabolism, as well as potential quorum sensing (QS)
molecules.

Furthermore, according to published data, most dietary polyphenols are transformed into the
colon by the intestinal microbiota before absorption [12]. This conversion is often essential for
nutrients absorption and modulates the biological activity of these dietary compounds [13]. Gut
bacteria can hydrolyse glycosides, glucuronides, sulphates, amides, esters, and lactones [12]. They
also carry out ring cleavage, reduction, decarboxylation, demethylation, and dehydroxylation
reactions [14,15]. Selma et al. perfectly reviewed the variety of species of gut microbiome, including
Bifidobacterium sp., Lactobacillus sp., Clostridium sp., Eubacterium sp., etc., and observed their ability to
metabolize different polyphenolic structures, converting them to low-absorbable and biologically
active compounds [16]. It seems possible that ARs of complex structure ingested with food or
originating in the gut might be converted to metabolites with a simpler structure, which are then
absorbed in host circulation and influence its metabolism. On the other hand, phenolic compounds
also have antimicrobial properties and can interact with the gut microbiota, thus modulating the
microbial population of the gastrointestinal tract (GI), affecting both the health of the GI tract and the
metabolism of dietary phenolic compounds. For example, in the study of Nikolaev et al.,, AR (in
particular, 4-hexylresorcinol) in combination with antibiotics was shown to significantly decrease the
number of germinating B. cereus spores in liquid medium, as well as in agar medium, in contrast to
treatment with antibiotics alone [17]. This observation coincides with other studies showing the
autoregulation potential of ARs [18]. As reported by Oishi et al. [19], ARs significantly increased the
amount of Prevotella and reduced the amount of Enterococcus in the fecal microbiota of mice. Besides,
it is known that some polyphenols from beverages, fruits, and vegetables can either promote or
inhibit gut bacterial growth [20].

ARs regulatory activity may be mediated by its binding with endocannabinoid CB1 and CB2
receptors [21]. The CB1 receptors are expressed primarily in the central nervous system, neuronal
tissues, and gastrointestinal (GI) tract, while the CB2 receptors are present predominantly in
peripheral immune cells, such as B lymphocytes, macrophages, mast cells, natural killer cells,
lymphatic organs, spleen, tonsils, and thymus [22]. Notable that almost all tissues can express
endocannabinoid receptors, therefore endocannabinoid signaling system (or endocannabinoidome)
is a critical homeostasis supportive system. The endocannabinoid (eCB) system of the GI tract is of
particular importance in the context of the 'host-microbiota-environment' interrelationship. Extensive
studying of eCB system functioning has led to the discovery of a bunch of lipophilic molecules —
ligands of CB receptors with different and often antagonistic properties [21,23]. It has become clear
that eCB plays a principal role in the maintenance of gut homeostasis, and its barrier function [24]
and also is implicated in modulation of gut microbiota composition [25,26]. Olivetol (5-n-
pentylresorcinol) is a resorcinol with a short-length alkyl chain and is one of the end-products of type
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III PKS that is responsible for cannabinoids synthesis in plants of Cannabis genus [27]. Olivetol and
its derivatives are known to exhibit properties of antagonists (or competitive inhibitors) of CB1 and
CB2 receptors [21,28,29]. In recent years, many intriguing effects of olivetol were revealed, such as
anticancer activity in breast adenocarcinoma cells [30], and obesoprotective capabilities in diet-
induced obesity in mice [31]. The authors claim that the effects of 5-pentylresorcinol are associated
with specifically activated PGC-1a deacetylation, increased mitochondrial numbers, and accelerated
fat burning through the induction of olivetol-related lipid metabolism genes [31].

In the way of studying ARs potential as signaling and regulatory molecules we hypothesized
the existence of ARs synthesis in human gut by microbiota. Thus, the objectives of our study were 1)
to show the possibility of synthesis of ARs by bacteria in the human gut and 2) to estimate the
influence of olivetol supplementation on the ARs profile in the gut of mice in dependence on diet or
genetic background to evaluate the regulatory potential of ARs and their contribution to the QS
process of the microbiome.

2. Results

2.1. Estimation of AR content in germ-free mouse faeces after FMT

To investigate whether ARs have gut microbiota’s origin or come from a diet we carried out fecal
microbiota transplantation (FMT) from three human adult donors to germ-free mice of Balb/c lineage.
A significant increase in the amounts of individual members of the homologous series of ARs in stool
samples was revealed in 14 days after FMT (Figure 1).

Taking into account, that the animals were on the same diet and consumed almost the same
amount of food, and that mouse cells are not able to synthesize any ARs molecules, a significant
increase in the content of C3, C12, and C15 (p< 0,01) in the feces indicates a high probability of
synthesis of these ARs by the human gut microbiota representatives transplanted into gnotobiotic
mice.
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Figure 1. Amounts (nmol/g) of (a) propylresorcinol (C3), (b) dodecylresorcinol (C12) and (c)
pentadecylresorcinol (C15) in stool samples from mice after the fecal microbiota transplantation from
human donors (Donor 1 - Donor 3) compared to the control group (Control) (p value < 0,05).

2.2. Estimation of ARs content in C57BL/6 and db/db and Ldlr (-/-) mice’s feces in dependence on diet
content

The fact that ARs can be synthesized in the gut led us to investigation of regulatory properties
of one of the short alkyl chain-length resorcinol — olivetol (C5), which is known to possess inhibitory
effects on some enzymes [30] and receptors [21] as well as acts as a regulator of gene transcription
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[31]. Mice of C57BL/6 line were feeding regular chow diet (RCD) with or without C5 supplementation
and high fat diet (HFD) with or without C5 supplementation, whereas LDLR (-/-) and db/dbmice (that
were used for modulating of atherosclerosis and obesity) were feeding RCD with or without C5
supplementation only (Figure 2).
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Figure 2. Mice of three lines (C57BL/6, LDLR (-/-), db/db) were feeding by regular chow diet (RCD) or
high fat diet (HFD) with or without olivetol (C5) supplementation. Stool samples from all mice were
collected for the following GC-MS analysis of the ARs content.

We detected significant differences (p<0.05) in the ARs profile in stool samples from C57BL/6
mice that received RCD in dependence on C5 supplementation of C5 (Figure 3).
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Figure 3. Differences in ARs content in stool samples of C57BL/6 mice after feeding with regular diet
without or with C5 (sign “+”) supplementation. CO — resorcinol, C1 — methylresorcinol, C2 -
ethylresorcinol, C3 — propylresorcinol, C12 — dodecylresorcinol, C15 — pentadecylresorcinol.
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The amounts of C1, C2, C3, C12 and C15 in stool samples of mice nourished with C5 were
significantly lower than those of mice nourished without C5, whereas the amount of CO in contrast
was notably increased after C5 supplementation.

We also have compared stool ARs profiles of C57BL/6 mice nourished by HFD and HFD with
C5 and established that mice received high fat chow had lower levels of C5 and C15 and higher levels
of CO (Figure 4). Multiple tests also showed significant (p<0,05) differences between C0, C1, C12 and
C15 amounts in mice on HFD (w or w/o C5) and RCD (w or w/o C5) (Figure 4).
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Figure 4. Differences in ARs content (nmol/g) in stool samples of C57BL/6 mice after feeding with
regular (RCD) or hig fat (FHD) diet without or with C5 (sign “+”) supplementation. (a) Comparison
of stool samples after HFD and RCD w/o C5 supplementation; (b) multiple comparison of stool
samples after HFD and RCD w and w/o C5 supplementation. CO —resorcinol, C1 - 5-methylresorcinol,
C5 - 5-n-pentylresorcinol, C12 — 5-n-dodecylresorcinol, C15 — 5-n-pentadecylresorcinol.

It should be noted that only the amount of C12 increased after HFD supplementation with C5,
while in other cases the amounts of ARs decreased in the HFD + C5 diet.

Analysis of db/db mice stool samples haven’t revealed any significant differences between ARs
content in stool after RCD or RCD+C5 nutrition. However, LDLR (-/-) mice showed significant
differences in content of C6, C12 and C15. Again, amounts of these ARs in stool decreased after using
C5 supplementation (Figure 5).
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Figure 5. Differences in ARs content in stool samples of LDLR (-/-) mice after feeding with RCD
without or with C5 (sign '+') supplementation. C6 — hexylresorcinol, C12 — dodecylresorcinol, C15 -
pentadecylresorcinol.
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3. Discussion

During the last decades, interest to phenolic lipids studied significantly increased. Polyphenols,
including ARs, constitute a large group of bioactive molecules that are known to confer health
benefits, as well as may have an impact on the composition and functioning of the gut microbiome
[32]. Several homologues of the AR family have been shown to possess anticancerogenic,
obesoprotective, anti-inflammatory, antioxidant, and some other effects [10,11,32,33]. For example, 5-
n-pentylresorcinol may be involved in the induction of genes for lipid metabolism, thus accelerating
fat burning and protecting against diet-induced obesity [31]. However, ARs as metabolites of bacteria
may be synthesised in the human gut, thus influencing the metabolic activity of the gut microbiota,
and acting as signaling molecules for the host organism as well.

For the first we have shown the possibility of ARs synthesis in human gut using FMT from
human donors to germ-free mice. According to our investigation, the human microbiota can produce
5-n-propyl-, 5-n-dodecyl-, and 5-n-pentadecylresorcinol among examined ones (Figure 1). Notably,
indeed these types of ARs were found to positively correlate with LPS concentrations in blood serum
in humans as we have shown in previous study [34].

Considering, that C3, C12 and C15 have bacterial origin, it is especially important to understand
why their amounts decreased after C5 supplementation except of C12, which amount in contrast
increased after C5 supplementation in conditions of HFD.

We can provide several explanations of the observed results. At first, it can be hypothesised that
olivetol, as an end-product in a pathway of AR synthesis, may serve as an allosteric inhibitor of type
III PKS, thus increasing C5 concentration slows the synthesis of ARs by the microbiota. Second, high
concentrations of C5 in the intestine can lead to increased solubility of other lipophilic compounds,
thus improving their absorption in enterocytes. At the same time, an increase in C0 amount may be
associated with ARs metabolism. Potentially, resorcinol CO can accumulate during AR degradation
under bacterial enzyme activity. Bacteria are known to have a wide spectrum of enzymes for
metabolising endogenic or exogenic compounds, including polyphenols and other phenolic lipids,
making them more soluble or increasing their biological activity [35,36].

Thirdly, we consider olivetol may influence gut microbiota composition and its capability to
synthesize ARs molecules. Due to its antagonistic or inhibitory effects on CB1 or CB2 receptors
olivetol influences cannabinoidome functioning thus inducing gut microbiota alterations. In fact, CB1
blockade led to an increase in the relative abundance of Akkermansia muciniphila and a decrease in
Lanchnospiraceae and Erysipelotrichaceae in the gut, as has been shown in the study [26]. In addition,
the authors observed that CB1 blocking improves diet-induced obesity by decreasing macrophage-
mediated inflammatory response, which was associated with lower intestinal permeability and
decreased endotoxemia [26]. In another study some important associations of specific bacterial
genera (i.e,, Barnesiella, Adlercreutzia, Parasutterella, Propionibacterium, Enterococcus, and
Methylobacterium) with local and circulating levels of mediators eCB system (i.e., anandamide and N-
docosahexaenoylethanolamine) independently of changes in body weight were found [25].
Numerous investigations showed that an increase in blood eCB levels, as well as a modulation of
cannabinoid CB1 receptors, occurs in obese individuals [26,37]. In turn, changes in gut eCB system
are associated with dysregulation of lipopolysaccharide (LPS) level, increased gut permeability,
chronic inflammation, and dysbiosis of gut microbiota [38]. Remarcable, that previously we also
demonstrated the existence of correlations between amounts of C0, C3, C5, and C15 and indexes of
microbiota’s diversity in human stool samples (see Table 1) [34].

Table 1. Spearmen correlation coefficients estimated between amounts (nmol/g) of ARs in stool
samples from adults and children and indexes of the diversity of the microbiota according to the study
[34].

Index AR p_value Spearmen correlation

Stool samples of adults

Berger-Parker Dominance C15 0.015 0.26
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Inverse Simpson Index C15 0.045 0.21
Gini-Simpson Index C15 0.045 0.21
Distinct OTUs Co 0.019 0.26
Chaol Richness Co 0.021 0.25
Distinct OTUs C3 0.030 0.24
Chaol Richness C3 0.042 0.22

Stool samples of children

Inverse Simpson Index c5 0.033 0.26
Gini-Simpson Index G5 0.033 0.26

On the other hand, we have demonstrated the absence of influence of C5 supplementation on
AR content in stool samples from db/db mice and the decrease of C6, C12 and C15 levels in stool
samples from LDLR(-/-) mice after C5 supplementation. We use db/db mice as a model of genetically
induced obesity and LDLR(-/-) mice as a model of atherosclerosis to investigate whether ARs are
implicated in lipid metabolism and the development of such lesions. It is known that CB1 are
implicated in the development of obesity, metabolic syndrome, and type 2 diabetes [39]. However,
due to unknown manner C5 influences the levels of ARs in LDLR(-/-) mice only.

Considering, that ARs C3, C12 and C15 can be synthesised by the human gut microbiota, their
serum concentrations are correlated with LPS levels and with microbiota diversity indexes in human
stool samples, it can be assumed that ARs may serve as QS molecules, influencing gut microbiota
composition and host metabolism.

The ability of C5 to act as CB1/CB2 ligands suggests the connection of ARs regulatory activity
and the functioning of the eCB system. Importantly, the length of the alkyl chain is directly correlated
with the affinity of phenolic lipids to the CB1/2 receptors. In a study conducted in 2011 it was
demonstrated that receptor affinity of different tetrahydrocannabinols analogues decreases linearly
with the shortening of the alkyl chain [40]. That may explain the dependence of gut microbiota’s
diversity and serum LPS levels mainly from C12 and C15 concentartions, which are presumably
regulate CB-dependent signaling pathways in a greater extent compared to other ARs investigated.

4. Materials and Methods

4.1. Experimental animals and study design

C57BL/6SPF mice (n=40, males) (were bred at the Nursery of Laboratory Animals in Puschino,
Russia) and LDLR (-/-) (n=20, males) and db/db (n=20, males) mice (were bred at JAX-East and JAX-
West Nurseries of Laboratory Animals, USA) housed under a 12-h light-dark cycle in a specific-
pathogen-free (SPF) animal facility. All mice were fed with sterile food (Altromin 1324 FORTI,
Germany) and water ad libitum. The alimentary obesity model was reproduced by feeding laboratory
animals a high-fat diet enriched with animal-derived triglycerides and providing up to 30% of total
calories (Altromin C 1090-30, Germany).

For the experiment only clinically healthy prequarantined animals during seven days were
chosen. At the start of the investigation the age of the mice was 8 weeks, mean body weight was
1942¢g. The administration of 5-n-pentylresorcinol (C5) (Hangzhou ROYAL Import & Export Co.,Ltd.,
China) was carried out through an atraumatic intragastric tube at a dosage of 2 mg/day per mouse
for 90 days. The control group of animals was given a placebo according to a similar scheme. Stool
samples were collected from each mouse immediately after excretion, frozen, and stored in liquid
nitrogen.

All animal experiments were approved by the Ethics Committee for Animal Research, .M.
Sechenov First Moscow State Medical University, Russia (protocol number 96 from 02.09.2021).
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4.2. Fecal microbiota transplantation

To explore whether the intestinal microbiota could produce AR molecules, we colonised germ-
free Balb/c mice (8 to 10 weeks old) obtained from «Taconic Biosciences», New York, USA (n = 40)
with the fecal microbiota of adult human donors (n = 3) (see Table 2).

Mice of both sexes were randomly selected for bacterial colonisation; each group was evenly
balanced for male/female ratio. The mice were gavaged with 100 pl of fecal microbiota suspension
obtained from human donors three times a day (100 ul/day). To prepare fecal microbiota samples for
transplantation, a portion of frozen faeces of a donor was homogenised in a ratio of 0.1 g of stool to
1000 pl of saline solution and then filtered through a paper filter. The filtrate was collected for
subsequent administration to mice. Mice in the control group were gavaged with 100 pl of 0.9% NaCl
solution three times a day (100 pl/day). A period of acclimatisation of the animals was at least 4 days.
The mice were housed for 2 weeks after the transplantation in sterilized ventilated cages in the SPF
area of the vivarium of the Testing Laboratory Center on a 12-hour light/12-hour dark cycle with free
access to food and water at a temperature of 20-23 °C and a humidity of 35-75%, with a circulation
of purified air of 10-15 1/h, in groups of 5 animals per cage. Before the start of the experiment, a
clinical examination and weighing of the animals were carried out. All experiments were approved
by Ethics Committee for Animal Research, I.M. Sechenov First Moscow State Medical University,
Russia (protocol number 96 from 02.09.2021).

The criteria for inclusion of human donors in the study were the absence of antibiotics, prebiotic
and probiotic drug uptake for 3 months prior to the study, and a signed informed consent to
participate in the survey. Exclusion criteria for healthy participants were severe somatic diseases, any
disease of the gastrointestinal tract, any acute conditions, depression, alcoholism, smoking and
pregnancy. The study was carried out in accordance with the Declaration of Helsinki and approved
by the Ethics Council at the National Medical Research Centre for Oncology (protocol code Ne 44,
date of approval 20.12.2019). For each of the individuals included in the study, a clinical examination,
an anthropometric assessment, and a questionnaire survey were conducted, as well as stool samples
were taken for laboratory research. Stool samples were freshly collected from each participant within
15 minutes after excretion, were immediately frozen and stored in liquid nitrogen.

Table 2. Characteristics of groups of germ-free mice and donors of stool samples for fecal microbiota
transplantation. N/A - not applicable, yo - years old.

Group of | Number of | Material for | Route of | Microbiota
animals animals transplantation | administration | donor
1 (control) 10 0,9% NaCl | Intragastric N/A
solution
2 10 Fecal microbiota | Intragastric Donor 1. Male,
sample from 42 yo
Donor 1
3 10 Fecal microbiota | Intragastric Donor 2. Male,
sample from 36 yo
Donor 2
4 10 Fecal microbiota | Intragastric Donor 3. Female,
sample from 28 yo
Donor 3



https://doi.org/10.20944/preprints202307.1458.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 July 2023 do0i:10.20944/preprints202307.1458.v1

4.3. Quantitative analysis of ARs

The quantitative analysis of ARs levels in stool samples was performed using gas
chromatography with mass spectrometric detection (GC-MS). For quantitative determination of the
compounds, a calibration was performed using an artificial matrix containing bovine serum albumin
and sodium chloride. The calibration was based on the response of the internal standard (4-
(benzyloxy)-phenol) introduced into the test samples in order to normalize the derivatization
processes and smooth out the errors in determining the concentrations of the test substances. The
study was carried out using an Agilent 6890 gas chromatograph (Agilent Inc., United States) with an
automatic sample introduction system coupled to an Agilent 5850 mass spectrometric detector
(Agilent Inc., United States) with electron impact ionisation. Chromatography was performed using
the Restek Rtx 5 Sil-MS column (Restek Corporation, Bellefonte, USA) with the following column
parameters: length - 30 m, cross-sectional diameter - 250 um, particle size - 0.25 pm. Chromatography
parameters were as follows: sample injection with a flow division of 5:1, carrier gas - helium, gas
supply mode - constant flow, flow rate - 1 ml/min, inlet temperature - 290°C. Thermostat was set at
the initial temperature of 80°C, holding time - 1 min, then - rising temperature to 320°C at a rate of
25°C/min, holding time - 4 min.

The stool samples were lyophilised, then the internal standard (4- (benzyloxy)-phenol) and 300
uL of diethyl ether were added to approximately 5 mg of the sample, the mixture was stirred on a
shaker and then centrifuged at 2000 rpm. Liquid-liquid extraction was repeated twice. The organic
phase was transferred to disposable tubes and evaporated in a stream of nitrogen, following by
derivatization carried out with a silylating agent, methyl-silyl-trifluoroacetamide (MSTFA), for 30
min at 60°C. After the derivatization procedure, the samples were analysed by GC-MS. The technique
was validated in terms of selectivity, linearity, accuracy, reproducibility, matrix effect, and analyte
stability. Validation was carried out in accordance with the FDA Bioanalytical Method Validation
Guidelines.

Feces samples were collected in ethanol and stored in Biobank at -80°C until testing.

4.4. Statistical data analysis

Statistical processing of the data was carried out using the method of nonparametric statistics
using the Prism 9 statistical software package. The statistical significance of the differences in the
mean values of independent samples was assessed using nonparametric analysis after checking the
distribution of data for normality. Correlation analysis according to Spearman was carried out with
an assessment of the statistical significance of the correlation coefficient.

5. Conclusions

For the first time, we have shown that such ARs as 5-n-propylresorcinol, 5-n-dodecylresorcinol
and 5-n-pentadecylresorcinol can be produced by the intestinal microbiota in human gut. We have
also investigated the influence of 5-n-pentylresorcinol dietary supplementation on ARs profiles in
C57BL/6, LDLR (-/-), and db/db mice. According to our study olivetol supplementation led to
changing in ARs content in stool samples of C57BL/6 and LDLR (-/-) mice, but not db/db mice. We
hypothesise that olivetol's effects can be mediated through its interactions with intestinal
endocannabinoid signaling system. Taking into account, that AR concentrations in human serum are
correlated with LPS levels and with microbiota diversity indexes in human stool samples, it can be
assumed that ARs may serve as quorum-sensing molecules, influencing gut microbiota composition
and host metabolism as well.
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