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Abstract—The intestinal barrier (IB) is a system of diffusion barriers separating the intestinal chyme and
blood. The aim of the review is to identify the role of IB dysfunction in the formation of critical states of the
body and to substantiate ways to prevent these states. Toxic substances produced by normal intestinal micro-
flora are characterized. The involvement of endotoxin and ammonia in the pathogenesis of sepsis, acute cir-
culatory disorders, secondary acute pulmonary lesions, and acute cerebral insufficiency is shown.
Approaches to protect the IB in critical states of the body are proposed.
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INTRODUCTION

Legal analysis of the cause of death of a patient
gives a choice of four possibilities: untimely, incorrect,
insufficient provision of medical care, or a lack of con-
nection with the outcome of the disease (Grishin,
2018). One source of error in this choice is the unpre-
dictability of complications of acute diseases, which
became evident during the COVID-19 epidemic
(Ponti et al., 2020). The unpredictability is manifested
by the sudden development of critical states of the
body: sepsis, acute circulatory disorders, secondary
acute pulmonary lesions, and acute cerebral insuffi-
ciency. They do not occur in all patients and are vari-
able in manifestation. The causes for this variability
must be detailed

Previously, we showed (Ivnitsky et al., 2020) that in
acute poisoning, the probability of lethal complica-
tions increases in accordance with the initial level of
vascular endothelial dysfunction. Some of the
humoral factors that cause it are waste products of the
normal intestinal microflora (Liu et al., 2017). In a
healthy person, the ability of these products to over-
come the intestinal barrier (IB), the system of struc-
tures that separate intestinal chyme and blood, is
insignificant. The leakage of waste products of the
intestinal microflora into the blood is involved in the
pathogenesis of a number of chronic diseases (Tang
et al., 2017). The consequences of a massive single
intake of such substances into the blood against the
action of an exogenous toxicant are little studied.

It can be assumed that in acute diseases, direct or
indirect damage to the IB causes secondary IB dys-

function and creates the prerequisites for the entry of
metabolites and cellular components of bacteria into
the blood at doses that affect the outcome of diseases.
A priori, the composition of the mixture of these sub-
stances depends on the composition of the intestinal
microflora, which is individually variable (Role of Gut
Bacteria..., 2005), and, according to some, unique
(Choi et al., 2020). This variability may determine the
unpredictability of complications of acute diseases.
The subject of this review is the data that allow one to
test these hypotheses and trace the relationship
between some critical states of the body and changes in
the IB state that occur during these states.

The aim of the review is to identify the role of IB
dysfunction in the formation of critical states of the
body and to substantiate approaches for their preven-
tion.

ESSENTIAL INFORMATION
ABOUT THE STRUCTURE
AND FUNCTION OF THE IB

Even 10 years ago, the term “IB” was used to mean
intestinal mucosal epithelium (Rao and Wang, 2011,
p. 4). Today, the term “IB” also includes the symbiotic
bacteria associated with the epithelium, mucin, and
endothelium of the blood and lymphatic capillaries of
the submucosal layer (Liu et al., 2021). Substances
that have escaped absorption by the capillary network
of the intestinal wall must overcome additional 1B ele-
ments on their way into the blood, these are: the
smooth muscles of the intestine, two layers of perito-
neal mesothelium (visceral, parietal), a layer of perito-
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neal fluid with an average thickness of 0.5 mm, and
the endothelium of the hemo- and lymphocapillaries
of the parietal peritoneum.

The layer of mucin with a thickness of 150 um,
consisting of hydrated glycoproteins, separates epithe-
lial cells from the aggressive environment, chyme. The
formation of mucin is impaired during mucosal isch-
emia, which is most dangerous for the large intestine
with its high density of microbial colonization. Nor-
mally, symbiotic aerobic bacteria displace pathogenic
microflora from the apical surface of entero- and
colonocytes and provide the latter with the necessary
substrates (Role of Gut Bacteria..., 2005). The main
function of the monolayer of epitheliocytes with a
thickness of 20 um is selective absorption of sub-
stances from the chyme.

Due to the presence of villi in the small intestine
and crypts in the large intestine, the absorption surface
area of the mucous membrane of the gastrointestinal
tract (GIT) is close to 200 m? (Lopetuso et al., 2015).
Normally, absorption of substances into the GIT
occurs mainly through the transcellular route. The
percentage of paracellular transport is presumably
proportional to the percentage of the surface area of
the mucous membrane, which is composed of inter-
cellular contacts, that is: 0.1% (Toxicology..., 2007).
Intercellular contacts of two types, tight and adhesive,
consist of actin and provide strength to the epithelium
by linking the plasma membrane of adjacent cells with
their cytoskeleton (Lopetuso et al., 2015). Intercellular
contacts are a biotarget for a number of xenobiotics
(Lechuga et al., 2020), the importance of paracellular
transport increases with the damaging effect of these
xenobiotics.

The IB of a healthy person is impenetrable for bac-
teria living in the intestine. Intestinal microflora
(Escherichia coli, Bacteroides) DNA is found in the
blood plasma only when the 1B is damaged (Shi et al.,
2014). Substances to be removed from the body pene-
trate from the gastrointestinal chyme into the blood by
passive diffusion. Their absorption is approximately
described by Fick’s first law of diffusion for mem-
branes: J = D(C; — C,), where J is the density of the
substance flux, mol m2 s™!; D is the membrane per-
meability coefficient, ms™!; and C;and C, are the con-
centration of the substance from the epithelial and
endothelial sides of the membrane, mol m 3. The bio-
availability of toxic waste products of the intestinal
microflora increases with an increase in the factors (C; —
C,) or D. The first of which is limited by the content of
these substances in the chyme, and the second by the
state of the epithelium and the vascular endothelium
of the GIT. Presumably, absorption increases with an
increase in the hydrostatic pressure of the chyme as a
result of increased gas formation or smooth muscle
spasm (Lin and Pimentel, 2005).

A portion of the substances formed in the chyme
that overcome the epithelium enters the hemo- and
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Ilymphocapillary networks of the submucosal layer and
further into the vessels of the v. porfae and ducti tho-
racici basins. Normally, this is the main path. The
other portion, passing through the visceral and pari-
etal layers of the peritoneum, enters the lymphatic ves-
sels of the ducti thoracici basin or the hemocapillary
network of the v. cavae inferioris basin. This process of
transperitoneal diffusion in the large intestine is facil-
itated by the absence of a continuous longitudinal
muscle layer, which is concentrated in narrow faenie
coli and therefore is not an obstacle to diffusion (Mag-
notti et al., 1998). Transperitoneal diffusion of ammo-
nia (Schifer et al., 2011) and bacterial lipopolysaccha-
rides (Manani et al., 2020) has been shown. Sub-
stances involved in transperitoneal diffusion on their
way into the general circulation avoid first pass metab-
olism in the liver. In portal hypertension, the level of
transperitoneal diffusion may increase, since diffusion
of substances from the intestinal lumen into the basin
of v. portae slows down (Mgller et al., 2020). Trans-
peritoneal diffusion is used for detoxification by peri-
toneal dialysis (Komarov et al., 1981).

Thus, the functions of the IB are to maintain the
concentration gradient of substances between the gas-
trointestinal chyme and blood, as well as the selective
absorption of these substances. The movement of sub-
stances along this gradient is schematically shown in
Fig. 1.

NORMAL MICROFLORA
OF THE GASTROINTESTINAL TRACT

Microorganisms of more than 400 species colonize
the GIT of a healthy person. Their total number
exceeds the number of eukaryotic cells, and their mass
is estimated at 0.3% of the host body mass (Sender and
Fuchs, 2016). The density of bacterial colonization of
the distal GIT is higher than that of the proximal GIT
(Table 1).

Fasting samples of gastric contents are normally at
pH < 3.0 and are almost sterile. In the presence of food
or in hypochlorhydria, bacteria in the gastric lumen
are more numerous and are represented mainly by
obligate anaerobes, streptococci, lactobacilli, neisse-
ria, and staphylococci. At pH > 5.0 (in old age, perni-
cious anemia, atrophic gastritis), the microbial com-
position of gastric contents is indistinguishable from
that of the small intestine. On the gastric mucosa of
many clinically healthy people (up to 2/3 of the 51—
60-year-old subpopulation), the ammonia-producing
gram-negative bacterium Helicobacter pylori is detected
in the mucin layer. In people infected with Helico-
bacter pylori for a long time with pangastritis, the pH
value of the gastric contents is increased, and the bac-
tericidal function of the stomach is reduced. As a
result, in helicobacteriosis, the microflora composi-
tion of the GIT structures that are more distal has
unfavorable differences from that in healthy individu-
als (Hunt et al., 2015).
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Fig. 1. Diffusion of substances from the chyme of the large intestine into the blood and lymph. Diffusion directions are indicated

with arrows.

In the duodenum and jejunum, the vegetation of
bacteria is balanced by their active removal as a result
of digestive secretion and motility, as well as the bac-
tericidal action of bile. Gram-positive cocci (Strepto-
cocci, Peptococci) and rods (Lactobacilli, Bifidobacte-
ria) predominate.

The bacterial flora of the terminal ileum is similar
to the microflora of the caecum due to reflux from the
latter (Role of Gut Bacteria..., 2005).

In the chyme of the large intestine, bacteria
account for an average of 27% of its dry mass (Sender
and Fuchs, 2016). Anaerobic bacteria (with predomi-
nance of Escherichia coli, Bacteroides fragilis, Lactoba-
cilli, and Bifidobacteria) in the colon are 1000 times
more common than aerobic bacteria (Role of Gut Bac-
teria..., 2005). Anaerobes are represented by gram-
positive (Bifidobacteria, Eubacteria, Propionibacteria)
and gram-negative (Bacteroides, Fusobacteria, Entero-
bacteria) bacteria. The large intestine mucosa is colo-
nized not only by symbiotic, but also opportunistic
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bacteria (mainly from the Enterobacteriaceae family)
with urease activity (Walker, 2012).

The composition of normal intestinal microflora
depends on diet, age, intake of antibacterial drugs, and
a number of uncontrolled conditions (Role of Gut Bac-
teria..., 2005; Choi et al., 2020). The formation of
toxic substances in the intestine is facilitated by the
predominance of representatives of Proteobacteria and
Fusobacteria over Bacteroidetes, while Lactobacilli and
Bifidobacteria counteract the formation of toxic sub-
stances. The number of microorganisms in the GIT is
limited by its propulsive activity. Normally, the transit
time for the stomach is 10—48 min, for the small intes-
tine 2.5—4 h (O’Grady et al., 2020), and for the large
intestine 25—40 h (Sender and Fuchs, 2016). The dura-
tion of chyme passage through the large intestine is why
it has the greatest contribution of microbiota to the for-
mation of toxic substances, especially in constipation
(Metchnikoff, 1907; Role of Gut Bacteria..., 2005).
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Table 1. Normal content of bacteria in the chyme of the human GIT (according to: Role of Gut Bacteria..., 2005; Sender,

Fuchs, 2016)

Parameters
GIT structure
concentration, mL™! volume, mL number of bacteria
Stomach < 103* 250—900 <107*
Duodenum and jejunum 103=104 400 ~107
Ileum 108 400 ~101
Large intestine ne 400 ~10M4

* At pH < 3.0.

TOXIC WASTE PRODUCTS OF NORMAL
INTESTINAL MICROFLORA

The normal intestinal microflora produce both
essential substances and those toxic to the host
(Rodriguez-Hernandez et al., 2020). The validity of
the hypothesis formulated more than a century ago
(Metchnikoff, 1907) about the ability of compounds
formed from nutrients by normal intestinal microflora
to cause systemic pathological processes under certain
conditions is fully proven now. Over the past 10 years,
the number of annual publications available with the
keywords gut-liver axis, gut-brain axis, gut microbiota,
gut microbiota and metabolome, gut microflora, and
human gut microbiome has grown exponentially. On
the PubMed.gov website, it increased by 12, 14, 17, 30,
37, and 61 times, respectively, from 2010 to 2019, while
it remained virtually unchanged during the previous
decades. Even the dissonant term fecal volatilome,
denoting a mixture of volatile waste products of the
intestinal microflora, the content of which in exhaled
air is given diagnostic significance in systemic dis-
eases, has appeared (Rodriguez-Hernidndez et al.,
2020). Substances of bacterial origin that possess sys-
temic toxicity, and the degradation products of nitro-
gen-containing nutrients (proteins, amino acids,
amino alcohols, phospholipids) and lipopolysaccha-
rides are considered below.

Ammonia. The GIT accounts for at least 2/3 of the
ammonia produced in the body. In the enterocytes,
the main mechanism of ammonia formation is the
glutaminase reaction, and in the large intestine, it is
the metabolic activity of bacteria: deamination of
amino acids and nitrogenous bases, and hydrolysis of
urea diffusing to the luminal surface of the mucous
membrane from the blood (Ivnitskii et al., 2012). The
ureolytic activity of microorganisms associated with
the colonic mucosa is the source of half of the ammo-
nia produced by the intestinal microflora (Walker,
2012). The content of ammonia in the chyme of the rat
large intestine is three times higher than that of the
small intestine: 45 and 15 mmol/kg, respectively
(Agostini et al., 1972).

From the intestinal chyme, ammonia enters the
general circulation both through the portal vein and
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via transperitoneal diffusion (Schafer et al., 2011).
During a day, in a healthy person, about 4 g of ammo-
nia enters the blood (mainly via the portal vein) from
the intestines (Summerskill and Wolpert, 1970). The
ammonia level in the blood of the hepatic vein
depends on the level in the portal blood (Dobson
et al., 1990), and the latter depends on the content of
ammonia in the chyme (Gips et al., 1973). Due to
neutralization in the liver, the concentration of
ammonia in the blood plasma of the hepatic vein is 2—
3 times lower than in the blood plasma of the portal
vein (Dobson et al., 1990), and an order of magnitude
lower than in the blood of the mesenteric veins drain-
ing the colon (Role of Gut Bacteria..., 2005). In the
plasma of arterial blood, the normal concentration of
ammonia ([NH;] + [NH,"]) is 30 uM (Ali and
Nagalli, 2021). An increase in ammonia concentration
is accompanied by neurotoxicity, as first described in
the laboratory of I.P. Pavlov (Hahn et al., 1893). At
([NH;] + [NH,]) values of 50—100 uM in the blood
plasma, hyperammonemia is asymptomatic; vomit-
ing, ataxia, irritability, and hyperactivity are noted at
100—200 uM; and coma is observed at 200 uM
(Pagana, K.D. and Pagana, T.J., 2014). With an aver-
age volume of the large intestine chyme of 0.4 L
(Metchnikoff, 1907) and ammonia content of 5.7—
39.0 mM (Agostini et al., 1972), the total intestinal
pool of ammonia is 2.3—15.6 mmol. Simultaneous
uniform distribution of this amount of ammonia in the
blood (5 L), lymph (2 L), and chyme of the large
intestine would increase the ammonia content in the
blood to 3112108 uM, that is, to values far exceeding
the coma threshold.

Ammonia enters the cells in the non-ionized form,
NH;. At pH = 7.36, which is typical for normal blood
plasma (taking into account the basicity constant of
ammonia pK, = 9.15 at # = 37°C), the proportion of
the NH; form is 1.6%. In the cytoplasm, pH is lower,
which causes diffusion of ammonia into the cells even
at its normal content in the blood (Ivnitsky et al.,
2012). In metabolic acidosis or gaseous alkalosis, the
pH difference between the blood plasma and cyto-
plasm increases, which intensifies the supply of
ammonia to cells along the NH; concentration gradi-
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ent (Dobson et al., 1990; Scott et al., 2013). In these
cases, toxic effects are possible even in the absence of
hyperammonemia.

In addition to neurotoxicity, ammonia exhibits
endothelial toxicity, shown both in vitro and in vivo. In
cultured endotheliocytes of cerebral capillaries, it
caused oxidative stress, accumulation of NO and ara-
chidonic acid peroxidation products (Skowronska and
Albrecht, 2013), increased the permeability of the
plasma membrane for the fluorescein-isothiocyanate
dextran derivative, and increased expression of the
arginine transporter, a substrate for NO synthesis
(Skowronska et al., 2012 ). The cultivation medium of
endotheliocytes treated with ammonia, when added to
a culture of astrocytes, caused swelling of the latter,
which indicates the possible involvement of the vascu-
lar endothelium in the formation of cerebral edema in
hyperammonemia (Jayakumar and Norenberg, 2018).
Increasing the ammonia concentration in the cultiva-
tion medium destroyed the extracellular matrix and
increased the paracellular permeability of the endo-
theliocyte monolayer (Skowronska et al., 2012).

In the endotheliocytes, ammonia activates Toll-
like receptor 4 responsible for the inflammatory
response to endotoxin, which leads to overproduction
of oxygen and nitrogen free radicals, swelling of the
endotheliocytes, and an increase in their permeability
to substances involved in the pathogenesis of hepatic
encephalopathy (Jayakumar and Norenberg, 2018).
Hyperammonemia caused endothelium-dependent
NO-mediated dilatation of cerebral arterioles, which
could contribute to increased intracranial pressure and
cerebral edema in acute liver failure (Scott et al.,
2013). Intravenous administration of ammonium ace-
tate to rabbits increased the permeability of the blood-
brain barrier (BBB) to polyethylene glycol PEG 400
(McClung et al., 1990). According to positron emis-
sion tomography, BBB permeability is also increased
in patients with chronic hepatic encephalopathy
(Ochoa-Sanchez and Rose, 2018). Thus, the intensifi-
cation of ammonia entry into the endothelial cells of
cerebral vessels causes oxidative stress, inflammatory
damage, increases permeability, and disrupts local
regulation of blood flow.

Trimethylamine- /V-oxide (TMAOQO) is an ammonia
derivative rudimentary for humans, the useful func-
tion of which (as an osmolyte) was preserved in marine
animals. It is formed in the liver by oxidation of trime-
thylamine, a decomposition product of L-carnitine,
choline, lecithin, or betaine by Clostridium, Esche-
richia, Enterobacter, Acinetobacter and Proteus in the
colon lumen (Zhang and Davis, 2016). The concen-
tration of trimethylamine in the blood plasma is
38 times lower than that of TMAO. Data on the con-
centration of TMAO in the blood plasma of healthy
people vary from 0.17 to 34.62 uM with six-month
daily intake of 1.5 g L-carnitine (Olek et al., 2019). It
also increases with an increase in the proportion of
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Gammaproteobacteria in the intestinal microbiota
(Bonitenko et al., 2010). The content of TMAO in the
blood of mice increases when they are transferred to a
diet enriched with choline. The blood of gnotobiotic
(bacteria free) C57BL/6J mice lacks TMAO even
when they receive a choline-rich diet. The transfer of
such mice to non-sterile conditions leads to the
appearance of TMAO in their blood (Zhu et al., 2016).

The systemic toxicity of TMAO is manifested by
systemic inflammation (MacPherson et al., 2020).
When evaluating the ability of an increased level of
TMAO in the blood to cause oxidative stress in the
endothelium, conflicting data were obtained, with
both the presence (Brunt et al., 2020) and the absence
(Olek et al., 2019) of signs of such found. In vitro, the
ability of TMAO to induce vasospasm was shown
(Restini et al., 2020). Elevated plasma TMAO levels
are associated with cardiovascular diseases (March-
enko and Laryushina, 2017), hepatic steatosis (Tan
et al., 2019), kidney fibrosis (Zhang and Davis, 2016;
Cosolaet al., 2018), and thrombosis (Zhu et al., 2016),
and an increased risk of thromboembolism in atrial
fibrillation (Gong et al., 2019). Some publications
showed an association of circulatory disorders with the
level of trimethylamine, and not with TMAO (Jawor-
ska et al., 2019).

The role of intestinal microflora in the formation
of TMAO-mediated endothelial dysfunction is
described by the third postulate of R. Koch for patho-
gens: the pathogen causes the disease when intro-
duced into a healthy animal. Transplantation of cecal
chyme from nonthrombotic NZW/Lacl] mice into
gnotobiotic mice fed a choline-rich diet did not alter
the blood levels of TMAO, or blood clotting in the
recipients. Transplantation of the chyme from mice of
prothrombotic C57BL/6J line into gnotobiotic mice
caused a significant increase in both TMAO content
and blood clotting (Zhu et al., 2016). Oral antibiotics
blocked the rise in blood TMAO levels after loading
with lecithin (Tang et al., 2013) or carnitine (Koeth
et al., 2013).

Thus, high levels of TMAO and/or trimethylamine
in the blood are associated with an increased risk of
systemic inflammation, vasospasm, thrombus forma-
tion, liver damage, and kidney damage.

Indoxyl sulfate, indoxyl acetate. Indole is a metab-
olite of tryptophan, for which Clostridium sporogenes
that metabolizes it to 3-indole propionic acid, Lacto-
bacillus that metabolizes tryptophan to indole-3-alde-
hyde, and a number of bacteria that express trypto-
phanase but do not metabolize indole, compete in the
large intestine. In the latter case, free indole enters the
liver, where it is acylated to form indoxyl sulfate and
indoxyl acetate. Unlike 3-indole propionate and
indole-3-aldehyde, which exhibit neuroprotective and
immunomodulating properties, respectively (Zhang
and Davis, 2016), indoxyl sulfate and indoxyl acetate
are endotheliotoxic. Their accumulation in the blood
Vol. 12
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is associated with chronic renal failure and the risk of
cardiovascular disease (Zhang and Davis, 2016; Cosola
et al., 2018). The content of indoxyl sulfate in the blood
plasma ranges from 1077 to 2.4 x 107® M under normal
conditions and from 2.5 X 107* to 5.0 x 107* M in
chronic renal failure (Matsumoto et al., 2019).

p-Cresyl sulfate is formed in epithelial cells of the
large intestine and in hepatocytes by sulfation of
p-cresol, a product of deamination and decarboxylation
of the aromatic amino acids tyrosine and phenylala-
nine with the participation of bacteria of the families
Bacteroidaceae, Bifidobacteriaceae, Clostridiaceae,
Enterobacteriaceae, Enterococcaceae, FEubacteria-
ceae, Fusobacteriaceae, Lachnospiraceae, Lactoba-
cillaaceae, Porphyromonaceae Staphylococcaceae,
Ruminococcaceae, and Veillonellaceae. Every day,
50—100 mg of p-cresol is formed in the large intestine
(Role of Gut Bacteria..., 2005). p-Cresyl sulfate pos-
sesses endotheliotoxicity at the plasma levels observed
in chronic renal failure, 116—568 uM, while the nor-
mal level is 15—35 uM (Gryp et al., 2017). The content
of p-cresyl sulfate in the blood of patients with pulmo-
nary edema is increased. Administration of p-cresyl
sulfate to mice increased pulmonary capillary perme-
ability, activated leukocytes, increased the production
of free radical oxygen species, and caused cell death
and interstitial pulmonary edema (Chang et al., 2018).

Indoxyl sulfate, indoxyl acetate and p-cresyl sulfate
have low renal clearance, so they are accumulated in
the blood in renal failure (Matsumoto et al., 2019).
Normally, the plasma pool of these substances is 95—
97% represented by complexes with albumin. In renal
insufficiency, their content in the free form increases,
which is accompanied by an increase in endothelio-
toxicity. This is manifested by inflammation, vaso-
spasm, ischemia, thrombus formation, the develop-
ment of tissue insulin resistance and multiorgan failure,
and an increased risk of cardiovascular complications of
existing diseases (Cosola et al., 2018).

Monoamines are formed in the intestinal chyme
from amino acids under the action of inducible decar-
boxylases, some of which are pyridoxal phosphate-
dependent. The highest decarboxylase activity is
shown by Enterobacteria (Role of Gut Bacteria...,
2005). In the intestinal chyme of newborns, the con-
tent of monoamines is insignificant, but increases with
bacterial colonization of the GIT (Sudrez et al., 2019).
From L-tyrosine, the microflora forms p-tyramine
and p-octopamine, from L-tryptophan it forms trypt-
amine and serotonin, from histidine it forms hista-
mine. The amount of monoamines entering the portal
system normally does not exceed the ability of the liver
to neutralize them, mainly by conjugation (Role of Gut
Bacteria..., 2005). In IB dysfunction, intensification of
synthesis, and (or) impaired conjugation of mono-
amines in the liver, monoamine content in the blood
is increased (Zhang and Davis, 2016).
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Tyramine, tryptamine, octopamine, and sero-
tonin, when released into the blood, have a vasocon-
strictive effect. Octopamine infusion induced hypox-
emia in pigs with hyperventilation and increased pul-
monary veno-arterial shunting (Nespoli et al., 1983).
The accumulation of serotonin in the blood causes
serotonin syndrome, the symptoms of which are
tachycardia, arterial hypertension, hyperthermia,
increased blood clotting, and in severe cases, rhabdo-
myolysis and multiorgan failure (Volkov, 2014). Hista-
mine causes bronchospasm, is involved in the patho-
genesis of inflammation, increases blood viscosity, and
impairs microcirculation (Zhang and Davis, 2016).

Thus, the systemic biological activity of mono-
amines produced by the intestinal microflora is char-
acterized by their effect on blood circulation, gas
exchange processes in the lungs, blood coagulation,
and (or) inflammation. This determines the possibil-
ity of monoamine involvement in the pathogenesis of
acute poisoning complications, that is: cardiovascular
disorders, sepsis, coagulopathy, and secondary acute
lung lesions.

Bacterial endotoxin. The content of a mixture of
gram-negative bacterial lipopolysaccharides (called
endotoxins) in adult colon chyme is 2.5 g/L (Bested
et al., 2013). In the blood plasma, it is 9 orders of mag-
nitude less: 10 ng/L, which is the threshold for inflam-
matory activation of macrophages and endothelio-
cytes. This value is moderately increased in periodon-
titis, diabetes mellitus, liver cirrhosis, and Alzheimer’s
disease, and reaches 500 ng/L in sepsis (Brown, 2019).
Elevated levels of endotoxin in the blood plasma can
be defined as endotoxemia. Plasma levels of endotoxin
and TMAO are positively correlated (MacPherson
et al., 2020). In the blood plasma, endotoxin is con-
tained both in the biologically active free form and in
the form of complexes with blood proteins, which are
not always detected in laboratory studies (Komarov
et al., 1981).

Endotoxins have pronounced endotheliotoxicity,
which is manifested by oxidative stress, destruction of
the glycocalyx, adhesion of leukocytes, vasospasm and
thrombus formation (Iba et al., 2018), and increased
BBB permeability (Minami et al., 2007). The content
of endotoxin in the blood that is typical for sepsis,
leads to cytokine storm and septic shock (Pfalzgraff
and Weindl, 2019). Chronic exposure at lower concen-
trations is accompanied by chronic systemic inflam-
mation (Morris et al., 2015). Escherichia coli lipopoly-
saccharides have much greater proinflammatory
properties than Bacteroides dorei or Bacteroides vulga-
tus lipopolysaccharides (Yoshida et al., 2020).

Endotoxins cause thromboxane-dependent pul-
monary vasoconstriction, and at higher concentra-
tions, typical for septic shock, cause systemic vasodi-
lation and pulmonary hypertension (Corréa et al.,
2020). Endotoxinemia increases BBB permeability for
both endotoxins and other substances, increases the
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permeability of pulmonary capillaries, causes noncar-
diogenic pulmonary edema (Wang et al., 2019), and
impairs the functions of the liver (Solé et al., 2021) and
kidneys (Nezi¢ et al., 2020).

MECHANISMS OF IB DYSFUNCTION
IN ACUTE DISEASES

Direct damage to IB. Xenobiotics, infectious agents,
and ionizing radiation directly damage IB, disturbing its
barrier function. Enterotoxicity is inherent not only to
chemically aggressive substances that enter the body
orally, but also to many systemically acting toxicants.

The epithelium of the small intestine and, to a
lesser extent, the stomach and large intestine is a typi-
cal system of cell renewal with high proliferative activ-
ity. This makes it highly sensitive to cytostatic drugs,
which cause interphase death of enterocytes and, as a
result, denudation of the epithelium. Differences in
the enterotoxic action of such substances are deter-
mined only by the differentiation level of the predom-
inantly affected cells. Thus, adriamycin causes apop-
tosis of enterocytes mainly in positions 4—5 from the
stem cell located at the lower point of the intervillous
crypt. Under the action of isopropyl methane sulfon-
ate, nitrogen mustard, or actinomycin D, enterocytes
die in an interphase manner at positions 6—7; fluoro-
uracil, myleran, cyclophosphamide, or cyclohexim-
ide, at positions 7—9; and vincristine or hydroxyurea,
at positions 10—11 (Ijiri and Potten, 1983). In rats with
acute intoxication with cyclophosphan, the IB perme-
ability for methylene blue, mannitol, and lactulose is
increased (Schafer et al., 2011). The enterotoxicity of
cytostatics used in hematopoietic stem cell transplan-
tation is one of the factors limiting patient survival
(McMillen et al., 2021).

Direct enterotoxicity is inherent to ethanol (Bishe-
hsari et al., 2017), a number of mycotoxins, arsenic,
and salts of heavy metals (Kutsenko, 2004). The spe-
cific toxicity of nonsteroidal anti-inflammatory drugs
made them a means of experimental modeling of acute
gastroenteritis (Karadi et al., 2001), and dextran sul-
fate and 2,4,6-trinitrobenzenesulfonate are useful as a
means of experimental modeling of acute colitis (Ish-
isono et al., 2019). Some mycotoxins cause inflamma-
tory damage to the IB by potentiating the effect of
endotoxins on it (Ge et al., 2020). Mycotoxins T-2 and
deoxynivalenol increase IB permeability to polyeth-
ylene glycol PEG 4000 (Semenov et al., 2019).

An increase in IB permeability is not only the result
of direct damage to the epithelium and vascular endo-
thelium of the intestine by a xenobiotic or its meta-
bolic products. The same may be due to the effects of
acute hypoxia, smooth muscle spasm of GIT organs,
and gastrointestinal stasis, often observed in acute
poisoning.

Acute intestinal hypoxia in critical states of the body
is caused by disturbances in external respiration and
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blood circulation. In acute severe poisoning, such
states include exotoxic shock, and in the absence of
respiratory support, depression of the respiratory cen-
ter, neuromuscular block, and broncho-obstructive
syndrome (Bonitenko et al., 2010). As a result of the
blood circulation centralization, the GIT experiences
a deeper hypoxia than the most important organs for
maintaining the vital activity of the body that is, the
brain, lungs, and heart.

The aerobic energy metabolism of enterocytes pre-
disposes them to disruption of oxidative resynthesis of
ATP. This is evidenced by intestinal damage during
high-altitude hypoxia, manifested by inflammation,
ulceration, and bleeding, which are life-threatening
states complicating altitude sickness (Khanna et al.,
2019). Gas hypoxia provoked an increase in the level of
cytokines in the blood and increased IB permeability
in rats when running on the treadmill (Hill et al.,
2020). IB permeability is increased in hemolytic ane-
mia (Abuga et al., 2020) and acute blood loss
(Khazoom et al., 2020).

Some cytotoxicants inhibit enzymes of energy
metabolism or uncouple oxidative phosphorylation
(Kutsenko, 2004), which exacerbates the energy-defi-
cient state of biological tissues in acute poisoning with
these substances. Uncoupling of oxidative phosphory-
lation in colonic epithelial cells disrupts their barrier
function against Escherichia coli (Saxena et al., 2018).
Mice with more active oxidative phosphorylation in
the mucosa of the large intestine are more resistant to
damage by dextran sulfate or trinitrobenzene sulfonate
(Baret al., 2013).

The submucosal hemocapillary plexus is better
developed in the small intestine than in the large intes-
tine (Magnotti et al., 1998), which explains the higher
sensitivity of the latter to ischemic injury (Zvenig-
orodskaya et al., 2010). During hypoxia, the formation
of mucin in the intestine is reduced, which leads to
inflammatory changes in the mucous membrane
(Zvenigorodskaya et al., 2010).

Smooth muscle spasm of GIT organs is one of the
characteristic symptoms of poisoning with cholines-
terase inhibitors and serotonergic drugs (Kutsenko,
2004), but it can also be a reaction to acute hypoxia
caused by blood circulation centralization, or the
result of a spasmogenic effect of serotonin produced
by Enterobacteria on the smooth muscles of the intes-
tine. Serotonergic stimulation of the large intestine is
also accompanied by arterial spasm of the microvascu-
lature in addition to spasm of its own smooth muscles.
A hypothesis about the muscle spasm—ischemia—pain
triad as a factor in increased 1B permeability in irrita-
ble bowel syndrome has been put forward (Uno, 2019).
In acute poisoning, the IB reaction to such changes
may be similar.

Gastrointestinal stasis is a potentially lethal com-
plication in patients of resuscitation and intensive care
departments. This is a toxicity manifestation of opi-
Vol. 12
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oids, cholinergic antagonists, and serotonin agonists
(Toxicology..., 2007). It is typical for severe poisoning
accompanied by coma (Ivnitsky et al., 2006), and for
acute poisoning with alkylating substances (Schéfer,
2015).

In stasis, two prerequisites for the intensification of
diffusion of substances produced by the intestinal
microflora through IB arise: damage and increased
gas formation in the GIT. One of the factors of IB
damage during stasis is a change in the composition of
the intestinal microflora. With a decrease in the pro-
pulsive activity of the GIT, the vegetation of bacteria is
not compensated by their removal, resulting in an
increase in the luminal concentration of toxic sub-
stances, in particular, ammonia. Damage to the colo-
nocytes is determined by an increase not only in the
total concentration of ammonia ([NH;] + [NH,]),
but also in the pH of the chyme, and hence, the pro-
portion of ammonia present in the highly penetrating
form NH; (Agostini et al., 1972); its cytotoxic effect on
colonocytes reduces their life cycle and reduces mucin
production (Zhou et al., 2020).

Thus, in acute severe diseases, secondary IB dys-
function develops: an increase in 1B permeability to
metabolites and cellular components of the intestinal
microflora. The pathogenetic mechanisms of second-
ary IB dysfunction in acute diseases are direct damage,
gastrointestinal stasis, hypoxia, and smooth muscle
spasm of GIT tissues. Secondary IB dysfunction,
increased production of toxic substances by the intes-
tinal microflora, and gas formation are prerequisites
for intensifying the flow of toxic substances from the
intestinal chyme into general circulation with the for-
mation of endotoxemia.

ENDOTOXEMIA AND ENDOTOXICOSIS
IN CRITICAL STATES OF THE BODY

Endotoxemia is the accumulation in the blood of
biologically active substances formed in the body.
Endotoxicosis is a set of clinical manifestations of
endotoxemia. Based on the idea of the body as an eco-
system, of which the intestinal microbiota is an inte-
gral part (Role of Gut Bacteria..., 2005; Tang et al.,
2017), compounds produced by the normal intestinal
microflora are classified as endogenous substances.
Such substances contribute to the development of crit-
ical states of the body, complicating acute diseases.
These conditions can be considered as endotoxicosis,
a set of clinical manifestations of endotoxemia.

Acute circulatory disorders. Severe endotoxinemia
and hyperammonemia are typical for shock. An
increased level of endotoxin in the blood was observed
in septic (Luna et al., 2021), traumatic, and hemor-
rhagic (Hu et al., 2019) shock. Experimentally, septic
shock is reproduced by the administration of endotox-
ins to animals (Fujivara et al., 2020).
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The concentration of ammonia in the blood
plasma of patients admitted to the intensive care
department due to cardiac arrest is 4.8 times higher
than in patients with spontaneous circulation (Lin
et al., 2013). The content of ammonia in the blood
plasma and brain tissue of dogs and rabbits is increased
many times during insulin and heat shock. The main
symptoms of both insulin and heat shock are repro-
duced by the administration of ammonium salts to
animals (Kozlov, 1971).

In hemorrhagic shock, the source of endotoxemia
is the intestine. Endotoxemia proceeds in three stages:
(1) an increase in the content of substances of low and
medium molecular weight in tissues of the intestine
and the blood of the portal vein; (2) the beginning of
the increase in their content in the systemic circula-
tion; (3) achieving equally high blood toxicity of the
portal vein and carotid artery (Khramikh and Dol-
gikh, 2007).

Sepsis is a systemic inflammatory response to
endotoxinemia and bacteremia most frequently com-
plicating acute poisoning in alcohol dependent indi-
viduals (Chaung et al., 2019). In massive acute meth-
anol poisoning, sepsis developed in 6.4% of victims
(Kumar et al., 2019). In 33% of patients with sepsis,
infectious agents were not detected in the blood
(Novosad et al., 2016). However, sepsis is character-
ized by endotoxinemia. The leading mechanism of
development of which is IB dysfunction caused by the
activation of one of the DNA repair enzymes, poly
(ADP-ribose) polymerase-1, in enterocytes. This
depletes their NAD™ pool, which leads to the disrup-
tion of oxidative phosphorylation, death of the entero-
cytes, and increased permeability of the intestinal epi-
thelium (Fink, 2002).

Experimentally, sepsis is well reproduced by the
administration of endotoxins to animals (Chen et al.,
2020). Endotoxins at blood levels typical for sepsis
damages the kidneys, heart, and liver and is the main
etiological factor in multiorgan failure (Luna et al.,
2021). Under the influence of endotoxins in sepsis, the
blood coagulation cascade is activated and microvas-
cular thrombosis occurs. Perivascular edema and
coagulopathy in sepsis impede tissue perfusion, lead-
ing to tissue hypoxia, multiorgan failure, pulmonary
edema, and shock (Pool et al., 2018).

Ammonia is also involved in the pathogenesis of
multiorgan failure in sepsis. The concentration of
ammonia in the blood plasma of patients diagnosed
with sepsis upon admission to the intensive care
department is increased and positively correlates with
the likelihood of developing multiorgan failure over
the next 28 days (Zhao et al., 2020). In patients with
positive test for bacteremia, the plasma levels of
ammonia are twice as high as those with negative test
(Numan et al., 2018).

Secondary acute lung lesions are noncardiogenic
pulmonary edema, shock and wet lung syndromes
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(Bonitenko et al., 2010). The involvement of endotox-
ins in the pathogenesis of increased permeability of
the alveolar-capillary barrier is evidenced by endotox-
emia in patients with this condition (Maniatis et al.,
2008) and the ability to simulate it by exposure to
endotoxins both in vitro and in vivo (Wang et al.,
2018). Endotoxins also cause hemodynamic distur-
bances in the lungs, leading to the development of
edema: injection of Escherichia coli endotoxins into
the cavity of the right atrium of pigs increased blood
pressure in the pulmonary artery (Corréa et al., 2020).
Hyperammonemia precedes the development of pul-
monary hypertension and is the best laboratory indi-
cator for its prediction in patients with a portocaval
shunt (Bloom et al., 2020).

Acute cerebral insufficiency (ACI) is a set of syn-
dromes and conditions resulting from acute CNS dys-
function caused by diffuse brain damage. It occurs in
severe poisoning with substances with different mech-
anisms of action. It is clinically manifested by syn-
dromes of impaired and clouded consciousness,
movement disorders, accelerated catabolism, and
acute respiratory and circulatory disorders of central
origin. It is characterized by a lack of specificity of
both clinical and morphological features. It is a critical
state of the body, since it is characterized by a gross
disturbance of vital functions. ACI pathogenesis is
poorly understood. It is thought to involve acute
hypoxia and, later, mediator chaos (Shilov et al.,
2010).

The biological activity of representatives of the
bacterial metabolome suggests their involvement in
ACI pathogenesis as factors aggravating the effect of
exogenous toxicant and hypoxia. Hyperammonemia
is typical for acute liver failure complicated by cerebral
edema and increased intracranial pressure (Sheikh
et al., 2018). Intracranial pressure, neurological disor-
ders, and mortality are positively associated with
serum ammonia levels in patients with nonhepatic
hyperammonemia (Bested et al., 2013). The content
of ammonia in the blood plasma and brain tissue was
repeatedly increased when diabetic coma was simu-
lated in dogs and rats (Kozlov, 1971). In rats with acute
cyclophosphamide intoxication (600 mg/kg), the
aggravation of hyperammonemia by intragastric
administration of ammonium acetate intensified the
accumulation of ammonia and glutamine in the blood
and brain, depleted the tissue pool of pyruvate
(Ivnitsky et al., 2019), accelerated the development of
neurological disorders that are clearly similar to symp-
toms of acute poisoning with ammonium salts, and
reduced the life span of animals (Ivnitsky et al., 2011).
Neurological manifestations of acute poisoning with
ammonium salts correspond to the definition of ACI
(Kozlov, 1971).

Endotoxins sensitized animals to acute cerebral
hypoxia. Administration of Escherichia coli endotox-
ins to piglets potentiated neuronal loss, metabolic dis-
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orders, and increased the likelihood of brain death
under subsequent carotid artery occlusion (Pang et al.,
2020). Administration of endotoxins to ferrets aggra-
vated their brain damage under carotid artery occlu-
sion (Wood et al., 2019). Endotoxin potentiated cere-
bral edema during high-altitude hypoxia (Zhou et al.,
2017).

Thus, the data available in the literature indicate
the involvement of endotoxins and ammonia pro-
duced by normal intestinal microflora in the patho-
genesis of a number of pathological conditions that
can complicate acute poisoning, such as sepsis, acute
circulatory disorders, secondary acute lung lesions,
and acute cerebral insufficiency.

PROSPECTS FOR 1B PROTECTION
IN CRITICAL STATES OF THE BODY

Means for systematic IB protection. Normal intes-
tinal microflora is the main factor of protection
against colonization by pathogenic microorganisms.
In the small intestine, it activates glycosyltransferases,
which are responsible for the formation of brush bor-
der glycoconjugates. Bacteria adhering to the mucosa
form a mechanical barrier separating it from the
chyme. Symbiotic anaerobic gram-positive bacteria:
Lactobacilli, Bifidobacteria, and Propionobacteria,
suppress the development of opportunistic intestinal
microflora: Escherichia coli, Clostridium botulinum,
and Clostridium dificile (Role of Gut Bacteria..., 2005).
The mechanisms of the protective effect of probiotics
on IB include (Bested et al., 2013) normalization of
the composition of the intestinal microflora, suppres-
sion of the formation of ammonia, amines, and ure-
mic toxins, inhibition of the production of inflamma-
tory cytokines, synthesis of neurotrophic factors,
improved absorption of carbohydrates and essential
nutrients, and an increase in the pain threshold. For
systematic IB protection, probiotics, prebiotics and
other low toxicity drugs designed for long-term use are
applicable. Thus, the possibility of using of the plan-
tain juice to correct the hyperammoniemic and neuro-
toxic effects of cyclophosphamide was experimentally
shown (Schifer et al., 2015).

Means of emergency IB protection. The beneficial
effect of prebiotics on IB has been reviewed in a num-
ber of detailed reviews (Role of Gut Bacteria..., 2005;
Bested et al., 2013; Liu et al., 2017; Tang et al., 2017).
As a means of emergency prevention of damage, those
that are able to form a shielding film on the mucous
membrane are promising. When pectin is adminis-
tered orally, a protective film of calcium pectinates is
formed on the mucous membranes (Ishisono et al.,
2019). This prevents the entry of substances formed by
the microflora from the chyme into the blood. Gelatin
tannate also has a similar property (Cagan et al., 2017).
The protective effect due to the shielding action is
expected during the period of enterosorbent transit in the
Vol. 12
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small intestine, that is, from 10—48 to 160—288 minutes
after administration.

In critical states of the body, information about
their etiological factor is usually not enough, so treat-
ment is aimed at correcting the general mechanisms of
the pathogenesis. These include acute hypoxia of the
GIT, so early oxygen therapy may be useful for the
prevention of endotoxicosis. This is consistent with
the data on the potentiation of the toxic effect of
ammonia by acute hypoxia (Kozlov, 1971) and the
anti-inflammatory effect of hyperbaric oxygen ther-
apy in sepsis (Rinaldi et al., 2011).

A valuable addition to oxygen therapy of hypoxic
states of the body is antihypoxants (Ivanov et al.,
2020). These include gas mixtures containing inert
gases at low concentrations, nitric oxide (II), hydro-
gen, and hydrogen sulfide. Xenon, nitric oxide (II),
and hydrogen have neuroprotective and cardiotonic
properties, while argon and hydrogen sulfide have
only neuroprotective properties (Alshami et al., 2020).
An important element of the treatment is the elimina-
tion of inflammation. Hydrocortisone at a dose of
2.8 mg/kg prevented IB dysfunction and endotoxemia
in rats in a model of sepsis by ligation and cecal punc-
ture (Assimakoppoulos et al., 2021).

CONCLUSIONS

The normal intestinal microflora produces sub-
stances whose systemic toxicity profile, when admin-
istered at high doses, corresponds to a number of crit-
ical states of the body: acute circulatory disorders, sep-
sis, secondary acute lung lesions, and acute cerebral
insufficiency. The amount of these substances con-
tained in the intestinal chyme of a healthy person pro-
vides the occurrence of the listed pathological states
when there is complete or significant loss of their con-
centration gradients between the chyme and blood.
The IB is a system of diffusion barriers that separate
intestinal chyme and blood, maintaining the concen-
tration gradients of toxic substances reaching up to
10°. In severe acute diseases, there are prerequisites for
damage to the IB and its secondary dysfunction, lead-
ing to the development of endotoxemia and endotoxi-
cosis.

Both IB dysfunction and endotoxemia in a number
of critical states of the body are documented by the
data of experimental and clinical studies. The involve-
ment of bacterial endotoxins and ammonia of intesti-
nal origin in the pathogenesis of sepsis, acute circula-
tory disorders, secondary acute lung lesions, and acute
cerebral insufficiency, which complicate such poison-
ing, has been shown.

Measures of systematic IB protection from damage
include correction of the composition of the intestinal
microflora, aimed at suppressing its formation of
cytotoxic substances and suppressing the production
of inflammatory cytokines. Emergency prevention of
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secondary IB dysfunction involves elimination of
hypoxia and inflammation of the GIT organs, and
protection of the mucous membrane using drugs that
shield it from the chyme.
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