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Purpose: The aim of our research was to study sex differences and the severity of inflammatory
changes in target organs and the peculiarities of immunological disorders when low and high
doses of lipopolysaccharide (LPS) were administered to rats.

Methods: Male and female 2- to 3-month-old Wistar rats (200-250 g) were injected intraperi-
toneally with Escherichia coli LPS in one of two doses: 1.5 or 15 mg/kg. In a day after the LPS
injection, we studied endotoxin, corticosterone, sex steroids, alanine aminotransferase (ALT),
and aspartate aminotransferase (AST) activity levels in the serum; morphological disorders
in the lung, liver, thymus, and spleen; ex vivo production of IL-2, IL-4, tumor necrosis factor
(TNF), and interferon y (IFNY) by splenic cells activated by ConA; and relative amount of T- and
B-lymphocytes in the peripheral blood.

Results: After the injection of low-dose LPS, the serum endotoxin level increased only in males
and was combined with a more pronounced inflammatory response in the lungs and thymus and
an increase in ALT and AST activity levels without any changes in corticosterone level. After
the injection of high-dose LPS, the inflammatory and pathological changes in the target organs
manifested as severe endotoxemia and sex differences of pathological changes in the lungs and
liver were not revealed. The level of production of IL-2, IL-4, IFNY, and TNF by splenic cells
and the number of T-lymphocytes, including cytotoxic cells, in the peripheral blood, decreased
in males, which is an evidence of a pronounced suppression of the immune response.
Conclusion: We have shown that the morphofunctional changes in the organs of the immune
system in females and males, as well as the intensity of the sex differences of inflammation,
depend on the severity of systemic inflammatory response, induced by different doses of LPS.
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Introduction

Systemic inflammatory response syndrome (SIRS) and sepsis are severe complications
of infectious and inflammatory diseases. In 26% of cases, SIRS leads to the develop-
ment of sepsis, and in 18% to severe sepsis, which includes multiple organ failure,
hypotension, and hypoperfusion. The morbidity of sepsis is very high and reaches 18-20
million cases per year worldwide, and its prevalence is increasing in most countries,
including Russia. The treatment of sepsis in the USA costs up to $17 billion per year.!
Compared with gram-positive sepsis, gram-negative sepsis is developed more often
(gram-negative: 62.2% and gram-positive: 46.8%), and gram-negative bacteremia is
associated with a 2- to 3-fold higher mortality than gram-positive bacteremia.> The
most common bloodstream infection that can cause gram-negative sepsis is infection
with Escherichia coli.?

submit your manuscript
Dove

http:

Journal of Inflammation Research 2018:11 431445 431
© 2018 Kosyreva et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.

TACM php and incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work
you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (ttps://www.dovepress.com/terms.php).


http://www.dovepress.com/permissions.php
www.dovepress.com
www.dovepress.com
www.dovepress.com
https://www.dovepress.com/article_from_submission.php?submission_id=101395

Kosyreva et al

Dove

According to the literature, lipopolysaccharide (LPS), a
membrane component of gram-negative bacteria, is one of
the main initiators of sepsis development.® Injection of high
doses of LPS leads to the development of system inflamma-
tory response, which manifests itself via acute respiratory
distress syndrome, vacuolar cell degeneration, necrosis in the
liver, and endotoxemia.* The key element of signal transmis-
sion in gram-negative infections is the activation of toll-like
receptor (TLR)4 on the surface of mononuclear phagocytes,
neutrophilic granulocytes, dendritic cells (DCs), endothe-
lial cells, hepatocytes, and epithelial cells in the intestinal,
respiratory, and urogenital tracts.> The binding of LPS with
TLR4 triggers an intracellular cascade, which leads to the
activation of I-kB kinase, and further translocation of NF-xB
through the nuclear membrane initiates the transcription of
proinflammatory cytokine genes: /L-1, IL-6, IL-8, and tumor
necrosis factor (TNF).” Activation of NF-kB is necessary
for the full expression of proinflammatory mediators, such
as cytokines, adhesion molecules, and chemokines, and as
a result, their hyperproduction leads to the development of
multiple organ dysfunction associated with inflammation.®

Differences in the functions of cells, tissues, and the whole
organism in males and females are determined by different
levels of sex hormones and genes located on sex chromosomes.
The sex chromosomes contribute to differences between the
sexes at a molecular level, including sex-specific gene expres-
sion and sex-specific impact of genetic variation.” From the
zygote stage, females and males differ in their sex chromo-
some complement that might manifest on as sex differences
from very early stages of the development and throughout the
complete individuals’ life span.'® Polymorphism of X-linked
genes and cellular mosaicism for X-linked parental alleles may
offer additional advantages to women during host responses, in
particular by providing a more adaptive and balanced cellular
machinery during innate immune responses.!!

Gonadal hormones exert specific effects on the male
and female immunocompetence at both the cellular and the
molecular levels.!! Estrogen receptors are expressed in most
cells of the innate and adaptive immune system including T
cells, B cells, neutrophils, macrophages, DCs, and natural killer
(NK) cells.'? Androgen receptors were identified in T and B
lymphocytes. Estrogens affect innate immune cells: estradiol
increases the anti-inflammatory and decreases the chemotac-
tic activity of neutrophils;'? long-term in vivo administration
of estradiol leads to increased secretion of IL-1p, IL-6, and
IL-12p40 after TLR-4 activation;' high level of estradiol pro-
motes the development of conventional IL-12-producing DCs
and the expansion of IFNy-producing killer DCs.!? In innate

immune cells, testosterone decreases while estradiol increases
the expression of TLR4.!3!¢ Both estrogens and androgens
reduce the numbers of immature T lymphocytes, thus enhanc-
ing thymic involution during puberty and pregnancy.'™'8 Also
adaptive immunity differs between men and women: androgens
stimulate the development of Th1 responses and activate CD8+
T cells, whereas estrogens stimulate Th2 responses and activate
antibody production.'>!

Sex steroid hormones also modulate B-cell development
and function.?® Estrogens and androgens suppress B lympho-
poiesis in the bone marrow. Estradiol reduces apoptosis of
immature B cells. However, estradiol also increases somatic
hypermutation and class-switch recombination leading to
high-affinity immunoglobulin (Ig)-producing cells. These
effects might contribute to an improved humoral response
in women and explain the increased susceptibility to autoim-
mune diseases.!!

According to the results of experimental studies, survival
rates of gram-negative sepsis are higher in females than in
males;?"?? however, in clinical studies, the data are inconsis-
tent and at times do not agree either with one another or with
the results obtained in experiments.”>* In a clinical trial,
Nachtigall et al*® showed that sepsis develops more often in
women; they have higher mortality rates (23%) than men
(14%). Other authors, in contrast, have found higher survival
rates for sepsis in women, which is associated with a high
level of anti-inflammatory cytokine production.?’ It has been
shown that the risk of mortality from nosocomial infections in
elderly women with acute sepsis is lower than that in men.?
According to Sakr et al*’ in comparison with men, sepsis is
less likely to develop in women, but mortality from sepsis
is higher in women. Perhaps the inconsistency of the data
obtained in clinical studies is linked with the varying severity
of sepsis and the associated inflammatory and pathological
processes. Besides in clinical research, scientists are faced
with challenges, including differences in the medical history
of septic patients, their subclinical status, social factors, and
genetic predisposition, all of which mediate differences in the
innate immune response.? In comparison with men, in healthy
women, the proinflammatory response to the administration
of endotoxin is more pronounced.’® Other researchers have
explained the inconsistencies in clinical studies data by the
effect of sex hormones and genetic polymorphisms in the sex
chromosomes.?*3! We assume that the presence and expres-
sion of sex differences can be determined by the severity of
the course of systemic inflammation.

Inflammatory and pathological changes in systemic
inflammatory response, which develops with the low dose
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of LPS introduction, are probably mediated by the activa-
tion of innate and adaptive immune reactions, which can be
modulated by sex hormones. But the injection of sublethal
dose of LPS leads to the development of endotoxin shock,
primarily due to the direct damaging effect of endotoxin and
the development of syndrome of disseminated intravascular
coagulation, which is one of the causes of multiple organ
dysfunction and mortality.

Therefore, we decided to determine the sex differences
in the severity of inflammatory changes in target organs and
the peculiarities of immunological disorders in the systemic
inflammatory response induced by low-dose LPS, as well
as in its more severe course caused by the administration of
high-dose LPS (sublethal) to Wistar rats.

Materials and methods

Experimental animals

Male and female Wistar rats, 2—-3 months old and weighing
200-250 g, were purchased from the animal breeding facility
of the federal budget institution for science, the “Scientific
Center for Biomedical Technology of the Federal Medical
and Biological Agency”. The study received permission from
the Bioethics Committee of the Science Research Institute of
Human Morphology (Protocol No. 18a, December 22, 2016).
All manipulations with animals were carried out according
to the European convention for the protection of vertebrate
animals used for experimental and other scientific purposes
(etsno. 123), Strasbourg, 2006. Six rats per cages (18.5 X 60 X
38 cm) were housed in a temperature-regulated room at 12:12
hours light—dark cycle, relative humidity, between 55% and
65%, and unlimited access to water and food (“Char”, JSC
“Range-Agro”, Russia). Male and female rats were housed
separately in different rooms.

Determination of the phase of the

estrous cycle

The phase of the estrous cycle in mature female Wistar rats
was determined by vaginal smears stained by Romanowsky-
Giemsa.*? SIRS was modeled in females with a stable 4-day
cycle in the proestrus phase, in which the maximum levels
of estradiol in the serum were observed.?

Modeling of SIRS

Males and females in the experimental groups were injected
intraperitoneally with LPS from E. coli 026:B6 (Sigma-
Aldrich Co., St Louis, MO, USA) in two doses: a low dose of
1.5 mg/kg, leading to pathological changes in target organs,>
and a high dose of 15 mg/kg, which is a sublethal dose for

sexually mature rats and is model of endotoxin shock.?>3¢ The
rats in the control groups received an intraperitoneal injection
of physiological saline. The control groups of both male and
female rats consisted of ten rats; the experimental group of
females included eleven rats with low-dose LPS and 27 with
high-dose LPS, and ten males were injected with low-dose
LPS and 16 with a high dose. A higher quantity of animals
in the groups receiving high-dose LPS is explained by the
high rates of mortality.

Mortality of animals from SIRS
Within a day after the introduction of LPS, some animals died.
Mortality rates of rats in response to the injection of low-dose
LPS were two out of eleven (18%) in females and four out
of ten (25%) in males, and after injection of high-dose LPS,
15 out of 27 (56%) in females and nine out of 16 (56%) in
males. The high mortality rate caused by a high-dose LPS was
associated with the development of endotoxin shock within 6
hours after the injection, and surviving animals showed severe
manifestations of inflammation. The choice of high-dose LPS
was considered and approved by the Bioethics Committee of
the Science Research Institute of Human Morphology (Pro-
tocol No. 18a, December 22, 2016). All manipulations with
animals were carried out according to the European convention
for the protection of vertebrate animals used for experimental
and other scientific purposes (ets no. 123), Strasbourg, 2006.
To withdraw the animals from the experiment, they were
placed in a chamber with 80% CO,, which was used for
anesthesia, and after taking blood from the jugular veins,
the rats were decapitated.

Sample collection

Venous blood from jugular veins*” was centrifuged for 20
minutes at 200 Xg. The obtained serum was frozen at —70°C
and stored for no more than 2 months. The liver, lungs,
thymus, and spleen were fixed in Bouin’s solution (75 mL
picric acid, 25 mL formalin, and 5 mL glacial acetic acid)*®
for 24 hours, and organs were embedded in paraffin accord-
ing to routine procedures. Histological sections of 4-5 um
thickness were produced and stained with hematoxylin and
eosin (“BioVitrum”, Saint-Petersburg, Russia).

Morphological study

The histological slides were randomized and blinded. Using
the light microscopy method, the number of neutrophils
in the intra-alveolar septae of the lungs was counted in 10
high-power fields (25,000 um?) per section, and the average
number of neutrophils per slide was determined.*
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The severity of pathological changes in the liver was
estimated semiquantitatively by the double-blind method in
points by two pathologists according to the following scale:
0 points — the absence of any vacuolar degeneration; 0.5
point — <30% of hepatocytes with vacuolar degeneration; 1
point —31%—60% of hepatocytes with vacuolar degeneration;
2 points — >60% of hepatocytes with vacuolar degeneration;
3 points — 100% of hepatocytes with vacuolar degeneration;
4 points — hepatocytes with vacuolar degeneration and unit
focal necrosis on the slice; and 5 points — hepatocytes with
vacuolar degeneration and widespread necrosis (modified
method).*

In the histological slices of the thymus and spleen, the
volume fraction of the functional zones of immune organs
was determined by the point-count method.* The width of the
subcapsular layer of the thymus was measured in micrometers
at the original magnification 640x.

Isolation and cultivation of splenic cells
For isolation of splenic cells, a piece of spleen was asepti-
cally removed from each rat, placed in Potter homogenizer
containing the Roswell Park Memorial Institute (RPMI)-1640
medium, and single-cell suspensions were prepared. The red
blood cells were lysed with distilled water. To activate
cytokine synthesis and secretion, we cultivated 10%mL
spleen cells in 1 mL of culture medium with concanavalin
A (5 pg/mL) for 20 hours at 37°C and 5% CO, in 24-well
cultured plates. The culture medium consisted of RPMI-
1640 (PanEco, Moscow, Russia), 5% inactivated FBS, 2 mM
glutamine, and 50 pg/mL gentamicin.*? The cell viability was
determined according to trypan blue exclusion.

ELISA

We estimated the concentration of corticosterone (IBL,
Germany), total testosterone (DBC, Canada), estradiol (Cusa-
bio, China), progesterone (DBC, Canada), and transforming
growth factor-f3 (TGF-; (eBioscience, USA) in the serum by
ELISA. The endotoxin level in the serum was estimated by
chromogenic LAL test (HBT, USA). In the culture fluid of
splenic cells, we measured the concentrations of IL-2, [L-4,
TNEF, and IFNy by ELISA test systems from eBioscience.

Biochemical analysis

To estimate the severity of liver damage, the activity of the
indicator enzymes aspartate aminotransferase (AST) and
alanine aminotransferase (ALT) in rat serum was determined
(DiaSys, Germany) using a blood biochemistry semi-auto-
matic analyzer (Clima MC-15; RAL, Spain).

Apoptosis of thymic cells

To determine the number of apoptotic cells in the thymus, a
suspension of cells at a concentration of 10%mL was stained
with antibodies (anti-rat CD3 as marker of T lymphocytes)
conjugated to phycoerythrin (PE). Then, the stained cell sus-
pension was incubated with annexin V (Annexin V FITC Kit;
Beckman Coulter, USA) conjugated to fluorescein isothio-
cyanate (FITC) and propidium iodide (PI). Flow cytometry
evaluation of apoptotic cells (Annexin*PI") was performed
on a Cytomics FC 500 (Beckman Coulter).

Flow cytometry

Absolute and relative numbers of lymphocytes of various
subpopulations in peripheral blood were counted using flow
cytometry (Beckman Coulter). The following antibodies
(eBioscience) were used for immune phenotypic analysis of
the main subpopulations of lymphocytes: anti-rat CD3 (for
T lymphocytes); anti-rat CD4 (for T helpers); anti-rat CD8a
(for cytotoxic T cells); anti-rat CD45R (for B lymphocytes);
anti-rat CD25 (for activated T cells); anti-mouse/rat Foxp3 (for
regulatory T cells); and anti-rat CD3 14 (for NK cells). Eryth-
rocytes were lysed with OptiLyse C solution (eBioscience).

Statistical analysis

Digital data were tested in Statistica 7.0. The nature of the
distribution of data was determined by the Kolmogorov—
Smirnov test. A comparison of the normally distributed data
was made using one-way ANOVA on ranks. In case if data
were non-normally distributed, a nonparametric test was
used to establish the reliability of the differences between
the indicators: Kruskal-Wallis method for multiple compari-
son and Conover’s method as the pair comparison test. The
median (Me) and IQR (low—high) were calculated for values
of the measured parameters. The differences were considered
statistically significant when P<0.05. At least five observa-
tions were presented in each group. Data are represented
graphically using box-and-whisker plots, which demonstrate
the median, IQR, lower extreme (25%), and upper extreme
(75%) of the data.

Results

Sex differences of inflammation induced
by the injection of low-dose LPS

Serum endotoxin levels

After the administration of low-dose LPS, endotoxin levels
increased significantly in the serum of males. In contrast, in
females, the administration of low-dose LPS did not result
in changes in the endotoxin concentration (Table 1).
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Table | The level of sex hormones, corticosterone, and endotoxin in the serum of mature female and male Wistar rats on the first

day after the administration of low- or high-dose LPS

Sex Group Estradiol, pmol/L Progesterone, | Total testosterone, | Corticosterone, Endotoxin,
ng/mL ng/mL ng/mL eU/mL
Females Control' 134.5 (108.6—170.4)"* | 9.5 (7.4-14.1)"7 0.2 (0.2-0.3)~¢ 58.6 (31.3-65.5)"* 3.1 (2.9-3.2)~"°
LPS 1.5 mg/kg? | 84.1 (80.2-91.2)"8 45 (40.5-48)™¢ 1.3 (0.6—1.6)~ 109.8 (107.3-140.3)¢ | 3.5 (3.1-5.3)"7
LPS 15 mg/kg® | 132.5 (125.9-138.1)° | 12.5 (8.6-31.5)¢ | 0.5 (0.2-0.9)"* 33.2 (21.841.6) 22.1 (33.6-100)~
Males Control* 67.4 (59.1-76.6)"* 4.1 (3.50-4.94) | 3.4 2.74.1)~"° 37.9 (34.841.0—"° 3.3 (29-3.8)
LPS 1.5 mg/kg® | 77.9 (72.7-78.3)"* 6.1 (5.3-9.1)= 0.06 (0.04-0.09)" 26.0 (20.4-30.0)"* 9.4 (7.9-10.8)"*
LPS 15 mg/kg® | 69.8 (56.4-70.4)™° 3.8 (3.3-4.3)"7 1.6 (0.4-3.1) 18.8 (12.0-20.3)*7 110 (105-125)~7
Statistical significance of 0.01'2 0.008'2 0.0006'2 0.04'2 0.001"*
differences (P) 0.006%3 0.005%3 0.0003* 0.004+> 0.001%3
0.04%* 0.015* 0.00025¢ 0.02%* 0.008+*
0.01' 0.003'+# 0.0011'+ 0.015¢ 0.004**
0.005%5 0.0009%* 0.04' 0.001°*
0.01%¢ 0.0002%5 0.005%*
0.01%* 0.005%*
F-value 187 300 49 821 83

Notes: Superscript 1-6 indicates the group number. Superscripts n=# is the number of observations in the group. Data shown as median (interquartile range).

Abbreviations: LPS, lipopolysaccharide; Me, median.

Serum corticosterone concentration

After the injection of low-dose LPS, an increase in serum
corticosterone levels was found only in females, whereas
in males, the concentration of this hormone did not change
(Table 1). On the first day of SIRS development, the serum
corticosterone concentration in females was significantly
higher than that in males.

Sex steroid levels in the serum

After the administration of low-dose LPS, the serum levels
of progesterone and total testosterone in females increased,
whereas the concentration of estradiol was significantly lower
than that in the control group (Table 1). After the injection
of low-dose LPS in males, only the concentration of total
testosterone decreased, but the level of the other studied
steroid hormones did not change (Table 1).

Morphological changes in the lungs

On the first day after the injection of low-dose LPS, 5-13
neutrophils were observed in the thickened alveolar septa of
the lung in the field of vision at the original magnification,
400x (Figure 1E and F). In three out of seven females (43%)
and in seven out of eight males (88%), alveolar edema of
the lung was detected, which was characterized by the pres-
ence of homogeneous eosinophilic masses in the alveoli
that partially or completely filled their lumens (Figure 1A
and B). The number of neutrophils in the alveolar septa
of male lungs was significantly higher than that in female
lungs (Table 2).

Morphological changes in the liver

After the administration of low-dose LPS, pathological
changes in hepatocytes as well as pronounced and widespread
cell degeneration were found, especially at the periphery
of the lobules, in the livers of female and male Wistar rats
(Figure 2A and B). In the livers of one female and one male
of seven rats in the group, foci of necrosis were found. On the
first day after the administration of low-dose LPS, indicators
of cell degeneration and necrotic liver changes in males and
females did not differ significantly (Table 2).

ALT and AST activity levels in the serum
On the first day after the administration of low-dose LPS, the
serum activity levels of ALT and AST in males increased in
comparison with that of their control group, but in contrast,
the activity levels decreased in the serum of females (Table 2;
Figure 3A).

Morphological changes in the thymus

One day after the administration of low-dose LPS to female
and male Wistar rats, signs of a mild involution of the thymus
were found (Figure 4A and B). A morphometric evaluation
of changes in the thymus showed broadening of the cortex
in females on the first day of SIRS development. In the
males, in contrast, there were no significant differences in
the volume fraction of the cortex compared to that of the
control group, and it was combined with the presence of
macrophages and dead lymphocytes in four of ten males
(Figure 4B; Table 3). In females, when low-dose LPS was
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Figure | Morphological changes in the lung of female and male Wistar rats on the first day after LPS injection of one of two doses: I.5 or I5 mg/kg.

Notes: Hematoxylin and eosin staining. (A) Female, 1.5 mg/kg LPS — intra-alveolar edema, enlarged perivascular lymphatic fissure, original magnification: 200x. (B) Male, 1.5
mg/kg LPS — pronounced intra-alveolar edema, foci with acute emphysema, original magnification: 200x. (C) Female, |5 mg/kg LPS — foci of intra-alveolar edema, bronchial
lumen filled with eosinophilic masses, enlarged perivascular lymphatic fissures, original magnification: 200x. (D) Male, |5 mg/kg LPS — pronounced and widespread intra-
alveolar edema, original magnification: 200x. (E) Female, 1.5 mg/kg LPS — thickened inter-alveolar septa with neutrophils, original magnification: 640x. (F) Male, 1.5 mg/kg
LPS — neutrophil infiltration in inter-alveolar septa, original magnification: 640x. (G) Female, |5 mg/kg LPS — high number of neutrophils in inter-alveolar septa, edema, original
magnification: 640x. (H) Male, 15 mg/kg LPS — pronounced neutrophil infiltration in inter-alveolar septa, original magnification: 640x.

Abbreviation: LPS, lipopolysaccharide.

administered, there were no pathological changes in the
thymic cortex. The LPS-induced broadening of the thymic
subcapsular zone, consisting of lymphoblasts, was observed
in rats of both sexes (Table 3).

Relative number of apoptotic thymic cells
(%) and CD3+T lymphocytes

After the administration of low-dose LPS, the relative
number of apoptotic cells in the thymuses of females and
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Table 2 The number of neutrophils in the inter-alveolar septa of the lung, semiquantitative evaluation of pathological changes in the

liver, and ALT and AST enzyme activities in the serum of mature female and male Wistar rats on the first day after the administration

of low- or high-dose LPS

Sex Group Number of neutrophils in the Dystrophic and necrotic ALT, UL AST, U/L
inter-alveolar septa of the change index in
lung, 25,000 pm? hepatocytes, points
Females Control' 1.6 (1.4-1.9)~"° 1.5 (1.0-2.5)~"° 57 (54-92)~7 143 (142-180)~
LPS 1.5 mg/kg? 5.7 (4.7-7.6) 3.0 (2.0-3.0)"7 20 (16-31)~° 39 (39-68)~
LPS I5 mg/kg? 23.6 (14.6-28.7)"° 3.0 (3.0-4.0) 736 (96-2141)= 771 (160-2652)
Males Control* 1.4 (1.4-2.0)"8 1.0 (0.5-1.5)"* 38 (3041)= 72 (61-76)"*
LPS 1.5 mg/kg® 10.3 (8.1-13.9) 2.0 (2.0-2.2) 53 (46-69)™¢ 93 (77-116)~
LPS 15 mg/kg® 27.8 (24.0-32.6)"7 3.5 (2.0-4.0)7 297 (145-398)"* 425 (188-604)—°
Statistical significance of 0.00001 -2 0.003'2 0.02'2 0.02'2
differences (P) 0.00001 -3 0.02"3 0.01'3 0.01'3
0.009*3 0.01%3 0.001%3 0.001%3
0.003** 0.005%+5 0.074+> 0.03+*
0.0003**¢ 0.01+¢ 0.02+¢ 0.02+¢
0.0007> 0.015¢ 0.001%¢ 0.001%¢
0.002%*
F-value 170 300 6.5 1.4

Notes: Superscript -6 indicates the group number. Superscripts n=# is the number of observations in the group. Data shown as median (interquartile range).
Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; LPS, lipopolysaccharide; Me, median.

Figure 2 Morphological changes in the livers of female and male Wistar rats on the first day after the injection of one of two doses of LPS.
Notes: Hematoxylin and eosin staining. (A) Female, 1.5 mg/kg LPS — mild hepatocyte cell degeneration, original magnification: 640x. (B) Male, 1.5 mg/kg LPS — severe
hepatocyte cell degenerations, original magnification: 640x. (C, D) Female and male, 15 mg/kg LPS — foci of necrosis, original magnification: 100x.

Abbreviation: LPS, lipopolysaccharide.

males increased in comparison with those of their control
groups (Table 3).

Morphological changes in the spleens
On the first day of SIRS development induced by the
introduction of low-dose LPS, destruction of the white

pulp due to a decrease in the proportion of the periarterial
lymphatic sheaths (PALS) was observed in the spleens of
female and male rats. In the B-zone of lymphatic folliculi,
large germinal centers were found, and marginal zones of
lymphatic folliculi were narrower than those of the control
groups (Table 3).
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Figure 3 Changes in ALT (A) and AST (B) activity levels in female and male Wistar rats on the first day after LPS injection of one of two doses: 1.5 or 15 mg/kg.
Notes: Statistically significant changes are indicated by: *in comparison with the control group and *in comparison with females of the appropriate experimental group.
Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; LPS, lipopolysaccharide.

Subpopulation of lymphocytes in the
peripheral blood

On the first day after the administration of low-dose LPS,
the relative number of NK cells in female and male Wistar
rats increased (Table 4). The relative number of cytotoxic T
lymphocytes decreased in both females and males (Table 4).
The number of T helpers increased in females, whereas it did
not change in males (Table 4).

Serum TGF-f3 and culture fluid cytokine
concentrations of ConA-activated spleen
cells

After the administration of low-dose LPS, the TGF-3 con-
centration decreased in the serum of Wistar rats of both
sexes (Table 5). The multidirectional changes in the level
of Thl cytokine IL-2 by spleen cells in females and males
were revealed; in males, the level of IL-2 increased, and in
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Figure 4 Morphological changes in the thymus of female and male Wistar rats on the first day after LPS injection of one of two doses: 1.5 or |5 mg/kg.

Notes: Hematoxylin and eosin staining. Original magnification: 100x. (A) Female, 1.5 mg/kg LPS — hyperplasia of the thymus, a broad cortex densely populated with
lymphocytes, distinct boundaries between the cortex and medulla. (B) Male, 1.5 mg/kg LPS — mild atrophy of the thymus. (C) Female, |5 mg/kg LPS — severe atrophy of the
thymus, destruction of the cortex. (D) Male, 15 mg/kg LPS — severe atrophy of the thymus, more pronounced compared with that of females (C), inversion of cortex and

medulla, indistinct boundaries between the cortex and medulla.
Abbreviation: LPS, lipopolysaccharide.

females, it decreased (Table 5). The level of Th2 cytokine
IL-4 in spleen cells from males also decreased (Table 5).
In females, the level of IL-4 did not differ from the control
values, and the secretion of TNF increased; however, no
changes in the level of this proinflammatory cytokine were
found in males (Table 5).

Sex differences in inflammation induced
by the injection of high-dose LPS

Serum endotoxin levels

After the injection of high-dose LPS into the blood of males
and females, endotoxin levels were distinctly increased com-
pared with those in the groups of animals administered low-
dose LPS. The endotoxin level in males was >30-fold higher
than that in the control group, and the level was approximately
sevenfold higher in females than in the control group. The
level of endotoxin in the serum of females with SIRS was
lower than that in males (Table 1).

Serum corticosterone concentration
After the administration of high-dose LPS, the concentration
of corticosterone in the serum of males decreased, while

in females, its level did not differ from that of the control
group (Table 1).

Sex steroid levels in the serum
Injection of high-dose LPS did not change the level of any
studied sex steroid in either females or males (Table 1).

Morphological changes in the lungs

After the administration of high-dose LPS, alveolar edema
was scarce and less widespread than after injection of low-
dose LPS: it was detected in the lung of three females out
of ten (30%) and nine males out of 14 (64%) (Figure 1C
and D). Compared with the low dose, a day after the admin-
istration of high-dose LPS, the number of neutrophils in
thickened alveolar septa was greater and amounted to 15-20
polymorphonuclear leukocytes (Figure 1G and H). After the
injection of both low- or high-dose LPS, alveolar edema was
more often detected in males. Inflammatory reactions, char-
acterized by an increase in the number of neutrophils in the
alveolar septa, were more pronounced after the administration
of high-dose LPS, but sex differences in lung inflammation
after high-dose LPS administration were not found (Table 2).
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Notes: Superscript |-6 indicates the group number. Superscripts n=# is the number of observations in the group. Data shown as median (interquartile range).

Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; LPS, lipopolysaccharide; PALS, periarterial lymphatic sheaths; Me, median.

Morphological changes in the liver

After the injection of high-dose LPS, marked and widespread
cell degeneration was revealed in the livers of females and
males. Foci of necrosis were found in four females of ten
(40%) and in seven males of 14 (50%) in the group (Figure
2C and D). Just as with the administration of a low dose, on a
day after the injection of high-dose LPS, the indicators of cell
degeneration and necrotic changes did not differ significantly
between females and males (Table 2).

ALT and AST activity levels in the serum
When high-dose LPS was administered, the indicators of
ALT and AST activities were significantly higher than the
values in control groups in both males and females. Higher
serum AST and ALT activities in rats of both sexes indicate
more pronounced pathological changes in the liver when LPS
was administered at a dose of 15 mg/kg than at a low dose
(Table 2; Figure 3B).

Morphological changes in the thymus

One day after the administration of high-dose LPS in the thy-
mus of both females and males, signs of a severe involution
were found (Figure 4C and D), which were characterized by
the contraction of the cortex and the appearance of macro-
phages phagocytosing the dying lymphocytes. The inversion
of the cortex and medulla was observed in two males out of
eight (25%) (Figure 4D). Using the morphometric evaluation
of changes in the thymus, cortical contraction was found
in both males and females. The subcapsular zone in most
animals of both sexes was not detected (Table 3).

Relative number of apoptotic thymic cells

(%) and CD3+T lymphocytes

One day after the administration of high-dose LPS, the rela-
tive number of apoptotic cells increased only in the thymuses
of males, whereas in females, there was no change (Table 3).

Morphological changes in the spleen

On the first day after the administration of high-dose LPS,
no changes in the volume fraction of white and red pulp in
the spleens of Wistar rats of both sexes were found (Table 3).
However, compared with females, the volume fraction index
of the white pulp of the spleen in males with SIRS was sig-
nificantly lower. On the first day after the administration of
high-dose LPS, the volume fraction of germinal centers of
lymphatic folliculi in males and females was broader, and
the marginal zones were narrower than those in the control
groups (Table 3).
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Table 4 The percentage of major lymphocyte subpopulations in the peripheral blood of mature female and male Wistar rats on the

first day after the administration of low- or high-dose LPS

Lymphocyte Females Males P-value F-value
subpopulation, % Control | LPS 1.5 LPS I5 Control | LPS 1.5 LPS I5
(n=10) mglkg mglkg (n=10) mglkg mgl/kg
(n=9) (n=10) (n=6) (n=10)
T cells (CD3+) 47.8' 4252 39.4° 53.0" 43.7? 23.23 0.0008%3 | 503
(42.3-56.4) | (29.7-47.5) | (30.7-52.7) | (45.5-63.0) | (38.1-53.2) | (18.0-29.0)
T-helper cells (CD3+ CD4+) 47.1* 56.2° 65.2¢ 40.7¢ 44.7° 70.2¢ 0.05%* 692
(29.0-54.9) | (47.9-59.1) | (37.6-67.4) | (33.7-45.0) | (34.6-49.5) | (60.5-73.0) | 0.02¢
Cytotoxic T cells (CD3+ 52.07 40.8° 32.55° 59.97 47.78 28.6° 0.003° 396
CD8a+) (44.0-70.8) | (385-513) | (26.8-463) | (51.8-71.4) | (46.5-63.6) | (26.4-29.5)
B cells (CD45+) 15.3'° 16.8" 18.2'2 19.5'° 25.8" 16.2'2 346
(125-193) | (125-233) | (155-22.4) | (155-21.7) | (19.1-29.1) | (13.0-24.8)
NK cells (CD314+) 4.9 22.4" 26.3'% 5.6 30.8" 28.3'5 165
(3.0-6.1) (189-27.5) | (162-52.2) | (2.9-9.6) (20.9-40.8) | (21.0-38.7)
Activated T-helper cells 7.8 6.4"7 4.1'8 3.3 3.5"7 2.6'® 0.002'¢'¢ | 79
(CD4+ CD25+ Foxp3-) (5.0-112) | (6.0-9.4) (2.8-5.0) (2.4-47) (2.0-4.6) (2.1-3.1) 0.001'7-17
Regulatory T cells (CD4+ 3.8'® 4.2 2.2% 3.7" 4.2% 2.4% 370
CD25+ Foxp3+) (3.4-4.6) (2.3-43) (15-2.7) (3.6-48) (3.3-5.2) (14-3.2)
Statistical significance of 0.03** 0.0002'3-'4 0.042-2! 0.05'- 0.00057-° 0.04'&2!
differences (P) 0.027# 0.0002'3 0.002%3 0.01%° 0.03'7-'8
0.002'&2! 0.025-¢ 0.0002'3"4 0.04%-2!
0.027-# 0.0001 >

Notes: Superscript 1-21 indicates the group number. Superscripts n=# is the number of observations in the group. Data shown as median (interquartile range).

Abbreviations: LPS, lipopolysaccharide; Me, median; NK, natural killer.

Table 5 Serum TGF-f3 level and cytokine production by ConA-activated spleen cells in mature female and male Wistar rats on the first

day after the administration of low- or high-dose LPS

Sex Group TGF-3, ng/mL IL-2, pg/mL IL-4, pg/mL IFNYy, pg/mL TNF, pg/mL

Females | Control' 79.0 (63.2-81.9) | 4,980 (4,700-5,318)" | 300 (284—374)"7 378.9 (259.3—425,8)" | 462.8 (354.8-568.0)"°
LPS 1.5 mg/kg? | 23.0 (13.0-25.7)7 | 1,850 (1,295-2,220)5 | 250 (164-301)"° 371.7 (190.2-501.4)= | 850.2 (785.4-920.1)"°
LPS I5 mg/kg® | 37.2 (17.5-41.0)° | 5,400 (5,100-5,400)=° | 86.8 (46.0-127.1)° | 375.0 (320.3—421.9)~¢ | 172.7 (135.7-202.4)"¢

Males Control* 50.8 (43.0-64.0)° | 3,107 (2,216-5,953)"7 | 252 (220-356)"° 421.9 (359.4-1164)~'° | 301.3 (237.8-385.6)"°
LPS 1.5 mg/kg® | 20.5 (13.0-41.8)¢ | 4,934 (4,361-6,950)"¢ | 46 (43-62.9)"¢ 266.1 (228.1-382.4)"¢ | 209.0 (167.6-488.7)"*
LPS 15 mg/kg® | 20.2 (19.3-29.4)° | 1,704 (1,257-2,682) | 17.8 (16.5-17.9)° | 300.1 (206.5-351.6)* | 100.8 (56.5—156.0)"*

Statistical significance of

0.0005'2

0.008'-2

0.06'-3

0.07+*°

0.02'-2

differences (P) 0.009 ' 0.04'-3 0.07%3 0.04+¢ 0.02'-
0.03+° 0.005%3 0.005*° 0.045-¢ 0.01%3
0.009** 0.04+> 0.04+¢ 0.02' 0.02%¢
0.04+¢ 0.00025¢ 0.02%%
0.015¢ 0.01% 0.02'+
0.01%5 0.007%-¢ 0.02%%
0.008%-¢
F-value 198 299 151 24 63

Notes: Superscript -6 indicates the group number. Superscripts n=# is the number of observations in the group. Data shown as median (interquartile range).

Abbreviations: IFNY, interferon v; LPS, lipopolysaccharide; TGF-B, transforming growth factor-3; Me, median.

Subpopulation of lymphocytes in the

Serum TGF-f3 and culture fluid cytokine

peripheral blood

On the first day after the administration of high-dose LPS,
the relative number of NK cells in the peripheral blood of
female and male Wistar rats increased (Table 4). The number
of regulatory T lymphocytes decreased in both females and
males. Both low- and high-dose of LPS led to a decrease in
the number of cytotoxic T lymphocytes in males (Table 4).

concentrations of ConA-activated spleen
cells

In response to the administration of high-dose LPS, the
TGF-B level decreased in the serum of female and male
Wistar rats (Table 5). The level of ex vivo production of IL-4
and TNF decreased in females and males, but the change in
the level of IL-4 in the culture supernatant of spleen cells
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from males was more pronounced than that in females. The
concentration of IL-2 and IFNy did not significantly change
in females in response to the administration of high-dose
LPS, whereas in males, a decrease in these cytokines was
revealed (Table 5).

Discussion

According to the literature data, resistance to the develop-
ment of infectious and inflammatory diseases, the severity
of their clinical course, and survival and mortality depend
on sex.* Unfortunately, many researchers in the majority
of both clinical and experimental studies do not take into
account the features of inflammatory reactions depending
on sex. However, a number of studies have shown that the
incidence of SIRS and sepsis, as well as the mortality from
these diseases, is higher in men than in women, which may
be due to differences in the level of steroid sex hormones that
have an immunomodulatory effect.’ In experimental studies,
intraperitoneal injections of variable doses of E. coli LPS of
different serotypes are frequently used for modeling sepsis
and SIRS.*-*¢ However, in the literature, there are no studies
devoted to the comparison of the features of the SIRS course
depending on the dose of LPS and gender.

On the first day after the injection of low-dose LPS, the
level of endotoxin in the serum increased in males, and this
finding was combined with pronounced inflammation in the
lungs and liver and severe involution in the thymus. Accord-
ing to the literature, high levels of serum endotoxin are an
unfavorable prognostic criterion for septic shock develop-
ment, and its therapeutic elimination increases survival,
reduces the risk of multiple organ dysfunction, reduces serum
C-reactive protein and procalcitonin levels, and increases
blood pressure.*748

The endotoxin level in the blood is determined by the
quantitative and qualitative composition of the intestinal
microbiota, the permeability of the epithelial barrier of the
intestine, and the activity of antiendotoxin immunity (anti-
bodies to LPS), which may differ between the sexes. The gut
microbiota differs in men and women at the bacterial phyla
level, the genus level, and the species level,* and that gut
microbiota may also differ between sexes in animal models.*
It was showed that the abundance for gram-negative species
like the Bacteriodes—Prevotella group (together Bacteroide-
tes phylum) was higher in men.’! The ovarian hormones
modulate gut permeability: estrogen level peak during the
follicular phase correlated with improved epithelial barrier
as shown in the ileum of proestrus rats.> Decreased intestinal
permeability in male rats was also found following estradiol

supplementation. According to literature data, women at
high estrogen levels commonly elicit a stronger humoral
response.!! The data about sex differences of antibody titers to
LPS are absent; however, it can be assumed that antiendotoxin
immunity is also more active in women. Also it is known that
compared with males, female resident macrophages express
higher levels of pathogen-/injury-sensing TLRs and are more
efficient at phagocytosis and bacterial killing. This increased
capacity to detect and eliminate infectious stimuli like LPS
is restrained by proportionally more CD4+ T lymphocytes,
which limit the excessive cytokine production and recruit-
ment of tissue-damaging neutrophils.> Finally, the high
activity of the immune system in females, the high density of
intercellular contacts of the epithelial barrier of the intestine,
and the smaller number of gram-negative bacteria colonizing
the gut apparently determine the absence of changes in the
endotoxin level after low-dose LPS injection.

The concentration of corticosterone in the serum
decreases in males after the administration of LPS at a high
dose, whereas a low dose does not affect the corticosterone
level. But in females the injection of low-dose LPS, in
contrast, causes increase in corticosterone. The absence of
changes of corticosterone level and even its decrease in males
appears to be due to irreversible damage to the adrenal corti-
cal cells caused by high concentrations of endotoxin.>* A low
concentration of the anti-inflammatory hormone corticoste-
rone in the serum of males could be one of the reasons for
more pronounced alterative changes in target organs after the
administration of low- or high-dose LPS. Laboratory studies
in rodents have demonstrated that basal corticosterone con-
centrations are higher in females and increase more rapidly
in females than in males after exposure to stressors.** Females
are reported to exhibit higher adrenocorticotrophic hormone
responses to stress, and increased baseline and stress-
induced glucocorticoid release than males.* In sepsis, high
concentrations of corticosterone limit the hyperproduction
of proinflammatory cytokines, reducing the level of kinase
and NF-kB activation, and thereby reducing proinflamma-
tory cytokine level.”” Thus, a decrease in the concentration
of corticosterone a day after the administration of high-dose
LPS could be one of the factors mediating the development
of more pronounced alterative changes in target organs.

On the first day after the injection of low-dose LPS, mild
atrophy of the thymus in males is more pronounced than
that in females. In males, the morphological manifestations
are more severe and are combined with a higher number of
apoptotic thymocytes than those in females. It is known that
LPS, along with corticosterone and TNF, has a direct nega-
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tive effect on thymic cells, particularly on the double-positive
lymphocytes (CD4*CD8*) inhabiting the cortex.” The high
level of endotoxin detected by us in the serum of male Wistar
rats after the administration of low- and high-dose LPS could
be one of the mechanisms causing a more pronounced thymic
atrophy than that observed in females. The sex differences in
pathological changes in the thymus after the administration
of high-dose LPS appear to be primarily due to a higher level
of endotoxin in the serum of males than due to the immuno-
modulatory action of sex steroids and corticosterone, whose
concentrations do not change in response to the administra-
tion of high-dose LPS.

After the injection of low-dose LPS, the level of IL-2 in
females was decreased, but TNF increased. In males, the level
of IL-2, in contrast, was increased, and IL-4 was decreased.
When high-dose LPS was administered, the males showed a
marked decrease in the production of all cytokines, whereas
in females, only the levels of IL-4 and TNF decreased.
According to the literature, the spleen cells of people who
die of sepsis produce low amounts of both proinflammatory
and anti-inflammatory cytokines.” Low concentrations of
the cytokines measured by us in the culture fluid of spleen
cells from males treated with a high dose of LPS indicate
pronounced immunosuppression.

After the injection of either low- or high-dose LPS, a more
pronounced decrease in the number of T lymphocytes, namely
cytotoxic and regulatory T cells, in the peripheral blood of
males is revealed in comparison with females. A decrease
in the number of T lymphocytes in the peripheral blood of
patients with sepsis and septic shock indicates immunosup-
pression.®® A more pronounced decrease in the number of
T lymphocytes in the early stages of sepsis and septic shock
is correlated with an unfavorable prognosis.®!

Compared with rats injected with low-dose LPS, on
the first day after the administration of high-dose LPS to
males and females, the severity of inflammatory changes
and immunological disorders are more pronounced, and
the sex differences are less pronounced. High-dose LPS
did not cause changes in the sex steroid levels in the serum
in either males or females, whereas the administration of
low-dose LPS resulted in a decrease in estradiol in females
and testosterone in males. The main organ that metabolizes
sex steroid hormones is the liver.” With the introduction
of high doses of LPS, extensive necrosis and pronounced
hepatocyte dystrophy are revealed in the liver, which lead to
disruption of the synthetic processes in liver cells and, cor-
respondingly, to reduced steroid metabolism. The absence
of sex differences in pathological changes in target organs

after the administration of high-dose LPS could be associated
with impaired synthesis and metabolism of sex steroids and,
as a consequence, a decrease in the ability of sex steroids to
modulate the development of the immune response after the
introduction of LPS.

Conclusion

On the first day after the injection of low-dose LPS, the
level of endotoxin in the serum increases only in males, and
this finding is combined with a more pronounced inflam-
matory response in the lungs and an increase in ALT and
AST activities. The introduction of low-dose LPS does not
lead to changes in serum corticosterone in males, whereas
in females, its concentration increases.

After the administration of low-dose LPS, a mild acci-
dental involution was revealed in the thymuses of females,
whereas in males, thymic atrophy was more pronounced.
Morphological changes in the thymuses of females and
males were accompanied by an increase in the apoptosis
of thymocytes. In the spleens of both males and females,
the white pulp, notably the PALS, was destroyed and the
germinative centers of lymphoid folliculi were widened, but
the marginal zones were narrowed. These splenic changes
were more pronounced in females than in males. After the
injection of low-dose LPS, production of the Th1-cytokine
IL-2 by splenic cells from males was increased. In contrast,
the production level of IL-2 was decreased in females. In the
peripheral blood of both males and females with SIRS, the
number of NK cells increased, and the number of cytotoxic
T lymphocytes decreased. However, males also showed a
decrease in the absolute number of T-regulatory lymphocytes
and T helpers, whereas in females, these parameters remained
unchanged.

One day after the injection of high-dose LPS, inflamma-
tory and pathological changes in the target organs as a result
of severe endotoxemia are more pronounced in males. In the
thymus, in both sexes of rats, thymic involution is severe; the
thymic cortex is destroyed by an increase in the number of
apoptotic lymphocytes and phagocytic macrophages. How-
ever, more pronounced immunological disorders in the thymus
were detected in males. On the first day after the adminis-
tration of LPS, no morphological changes in T-dependent
PALS were found in the spleen of either males or females,
whereas the marginal zone of B-zone lymphoid folliculi was
narrow, and their germinative centers were widened. These
morphological changes were more pronounced in females. In
females, SIRS production of IL-2 by splenic cells increased,
and IL-4 and TNF decreased. In males, the concentrations
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of IL-2, IL-4, IFNYy, and TNF in the culture of spleen cells
decreased. In the peripheral blood of males, the number of T
lymphocytes, including cytotoxic cells, decreased compared
to that in females, which is an evidence of more pronounced
suppression of the immune response in males.

Thus, the injection of high-dose LPS in female and male
Wistar rats results in the development of a more severe form
of SIRS, which is primarily associated with an increase in
the serum endotoxin levels in both male and female rats and
the development of innate immune responses. However, after
the administration of low-dose LPS, the level of endotoxin
in the serum increases only in males, in combination with
a more pronounced inflammatory response in the lungs and
an increase in ALT and AST activities.
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