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Sex differences of inflammatory 
and immune response in pups 
of Wistar rats with SIRS
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Natalia A. Zolotova1, Marina A. Diatroptova1, Elena A. Ponomarenko1, 
Vladimir A. Mkhitarov1, Dmitriy N. Khochanskiy1 & Liliya P. Mikhailova1

It is a common fact, that the content of sex hormones in humans and animals varies in different age 
periods. The functional state of the immune system also changes with age. However, sex differences 
studies of inflammatory and immune responses during puberty prevail in literature. Investigation 
of immune responses to LPS peculiarities in prepubertal females and males may contribute to the 
development of more effective immunotherapy and minimize side effects of children vaccination. 
Therefore, the aim of this work was to investigate the LPS-induced SIRS sex differences in 
prepubertal Wistar rats. Despite the absence of sex differences in estradiol and testosterone levels, 
LPS-induced inflammatory changes in liver and lungs are more pronounced among males. Males 
demonstrate the increasing neopterin, corticosterone levels and alanine aminotransferase (ALT) 
and aspartate aminotransferase (AST) activity. Not less important is that in females, demonstrating 
less morphological changes in liver and lungs, endotoxin level is tenfold higher, and corticosterone 
level decreases. Thus, endotoxin cannot be used as a marker of the severity of multiple organ failure 
in prepubertal period. The LPS-induced immune reactions in females and males are similar and 
are characterized by immunosuppression. Both females and males have decreased production of 
cytokines (IL-2, IL-4, TNF-α, TGF-β) and the absolute number of CD3 + and CD3 + CD8 + lymphocytes 
in blood. The acute atrophy of thymus and apoptosis of thymic cells are revealed in animals of both 
sexes. However, the number of CD3 + CD4 + T-helpers and CD4 + CD25 + Foxp3 + T-cells decreases only 
in females with SIRS, and in males there was a decrease of CD45R + B-cells. The least expressed sex 
differences in immune responses in the prepubertal period can be determined by the low levels of sex 
steroids and the absence of their immunomodulatory effect. Further studies require the identification 
of mechanisms, determining the sex differences in the inflammatory and immune responses in 
prepubertal animals.

Systemic inflammatory response syndrome (SIRS) is a severe state triggered by infectious agents (viruses, bac-
teria, fungi) and extensive tissue damage. According to numerous studies in puberty, the severity and mortality 
from infectious and inflammatory diseases, including SIRS and sepsis, are determined by  sex1–4. Immune reac-
tions to pathogens depend on the karyotype and sex  steroids5,6. Females are usually considered to have more 
active immune system with higher rate of autoimmune diseases, more pronounced response to vaccination, and 
some extent of protection from severe infection diseases like  sepsis5,7–9. In our previous work we revealed that 
LPS induced in adult males more pronounced inflammatory response than in females, but females demonstrated 
more effective cellular and humoral immunity reactions during  SIRS10.

In comparison to adults, which are characterized by strongly detected differences in sex hormones concen-
tration, the prepubertal period individuals demonstrate low levels of estradiol and testosterone and they do not 
differ between the  sexes11. However, it was shown that the severity of acute and chronic inflammatory diseases 
varied in boys and girls of prepubertal  age6,12. L. Bindl et al.13 showed that among children 1–12 months of age 
sepsis occurs in boys 2.8 times more often than in girls. During the age from 1 to 8 years, the frequency of sepsis 
decreases in boys, and the rates do not differ from those in 8 year-old girls.
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Apparently, sex differences in the severity and mortality of infectious and inflammatory diseases in prepu-
bertal children are determined not by sex hormones, but mostly by the karyotype. Some proteins of immune 
responses, including members of NF-kB signaling pathway, are encoded on the X  chromosome6,14. Polymor-
phisms of X-linked genes and cellular mosaicism in females obviously could be a reason of sex differences in 
inflammatory and immune reactions that determine the course and outcome of the infectious diseases in pre-
pubertal individuals. Nonetheless, A.K. Ghuman et al.15 didn’t reveal gender differences of severity and sepsis 
mortality rates in prepubertal individuals.

In order to find out whether there are differences in the immune and inflammatory response to SIRS in the 
prepubertal period we investigated morphological changes in the target organs to LPS, cytokines production 
and shift of lymphocytes subpopulations in pups of Wistar rats.

Results
Sex differences of hormonal changes in pups with SIRS. No differences in steroid sex hormone level 
were detected among female and male rats of the control groups. However, the concentration of corticosterone 
was higher in females than in males (Table 1).

After LPS injection the concentration of estradiol and total testosterone increased only in males, when in 
females it was not detected. The content of corticosterone increased in males and decreased in females, so there 
were no sex differences between male and female corticosterone level with SIRS. The concentration of free tes-
tosterone in both females and males did not change after LPS injection.

Sex differences of inflammatory response in pups with SIRS. Inflammatory changes in the lungs in 
female and male pups of Wistar rats with SIRS. A day after the LPS injection local intraalveolar edema in the 
lung developed in 100% of females (in 10 pups out of 10) and in 80% of males (in 8 pups out of 10). Number 
of neutrophils in interalveolar septa significantly increased both in females and males. However, in males the 
number of neutrophils was 1.5 times higher than in females (Fig. 1).

Pathological changes in the liver in female and male pups of Wistar rats with SIRS. After LPS injection there were 
pathologic changes in the liver of both females and males: focal and widespread necrosis, vacuolar degeneration 
in hepatocytes of various severity (from less pronounced to expressed), hyperemia, stasis and sludge of sinusoid 
capillaries. However, males had larger area of necrosis in the liver than females (Fig. 2).

Activity level of ALT and AST increased in the serum only in males, whereas in females didn’t change (Fig. 3).

Changes of endotoxin level and neopterin, TGFβ, and C‑reactive protein (CRP) concentration in the serum of 
female and male pups of Wistar rats with SIRS. After LPS injection the level of endotoxin both in females and 
males increased, but it was 10 times higher in females than in males (Table 2).

The concentration of C-reactive protein (CRP) in pups of both sexes also increased after LPS injection and 
did not differ between male and female rats (Table 2).

The neopterin concentration in the serum of female pups of control group was higher than in males (Table 2). 
After LPS injection both in males and females, the concentration of neopterin increased, but it also was higher 
in females as compare with males.

The level of TGFβ in the serum of rats of both sexes decreased and did not had any sex differences after LPS 
injection (Table 2).

Table 1.  Concentration of hormones in the blood serum of female and male pups of Wistar rat 1 day after LPS 
injection. Notes:  p1–2—statistical significance of differences between control and SIRS groups of the same sex; 
 pf-m—statistical significance of differences between female and male of the same experimental group. Bold - 
statistically significant difference, p < 0.05.

Hormones Groups

Sex

Pf-mFemale Male

Estradiol, pg/ml

Control1 (n = 8) 87.2 (75.6–93.4) 79.3 (70.4–89.9) 0.8

LPS2 (n = 10) 81.0 (65.6–114.8) 110.6 (88.0–126.1) 0.3

P1–2 0.8 0.01

Free testosterone, pg/ml

Control1 (n = 8) 0.46 (0.26–0.79) 0.24 (0.19–0.39) 0.5

LPS2 (n = 10) 0.43 (0.22–0.71) 0.49 (0.30–0.70) 0.6

P1–2 0.8 0.1

Total testosterone, ng/ml

Control1 (n = 8) 0.80 (0.44–1.02) 0.42 (0.33–0.65) 0.7

LPS2 (n = 10) 0.70 (0.41–1.11) 0.84 (0.60–1.10) 0.5

P1–2 0.9 0.02

Corticosterone, ng/ml

Control1 (n = 8) 623.8 (494.5–692.5) 97.2 (57.9–214.7) 0.0002

LPS2 (n = 10) 231.2 (103.1–279.6) 244.8 (181.2–462.5) 0.2

P1–2 0.0005 0.02



3

Vol.:(0123456789)

Scientific RepoRtS |        (2020) 10:15884  | https://doi.org/10.1038/s41598-020-72537-y

www.nature.com/scientificreports/

Thus, inflammatory reactions in pups with SIRS had the same features in rats of both sexes. They had elevation 
of CRP in blood serum, intraalveolar edema of the lung, vacuolar degeneration of hepatocytes, endotoxemia. 
However, there were sex differences: the mortality rate, severity of the pathological changes in the lung and liver, 
activity level of ALT and AST in the blood serum were higher in males than in females, but females had higher 
level of endotoxin in the blood.

Figure 1.  Absolute number of neutrophils in the intraalveolar septa of the lung of female and male pups of 
Wistar rats 1 day after LPS injection.

Figure 2.  Area of necrosis (μm2 × 103) in the liver of female and male pups of Wistar rat 1 day after LPS 
injection.
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Figure 3.  ALT (A) and AST (B) activity level in the serum blood of female and male pups of Wistar rat 1 day 
after LPS injection.
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Sex differences of immune response after LPS injection. Morphological changes in the thymus of 
female and male pups of Wistar rats with SIRS. One day after the administration of LPS to female and male 
pups Wistar rats, signs of a mild atrophy of the thymus were found (Fig. 4). As in females, in males with SIRS the 
width of the thymic cortex was narrowed compared with their control groups (Table 3).

The relative number of Annexin + apoptotically dying cells in the thymus of female and male pups of Wistar rats with 
SIRS. A day after the administration of LPS, the relative content of apoptotically dying cells in the thymus of 

Table 2.  Level of endotoxin, concentration of CRP, neopterin and TGFβ in the blood serum of female and 
male pups of Wistar rat 1 day after LPS injection. Bold - statistically significant difference, p < 0.05.

Groups

Sex

Pf-mFemale Male

Endotoxin, EU/ml

Control1 (n = 8) 2.6 (1.3–4.8) 2.3 (0.7–3.8) 0.6

LPS2 (n = 10) 430 (417.5–451.3) 42.3 (9.6–188.8) 0.03

P1–2 0.00008 0.03

CRP, ng/ml

Control1 (n = 8) 3036 (2917–4239) 2507 (2249–2765) 0.06

LPS2 (n = 10) 4594 (3207–4673) 3107 (3037–3646) 0.1

P1–2 0.03 0.04

Neopterin, nmol/l

Control1 (n = 8) 2.8 (2.4–4.6) 2.1 (1.9–2.3) 0.01

LPS2 (n = 10) 4.6 (3.7–5.8) 3.2 (2.0–4.0) 0.02

P1–2 0.05 0.02

TGFβ, ng/ml

Control1 (n = 8) 41.3 (31.1–52.1) 57.3 (45.0–63,49) 0.1

LPS2 (n = 10) 18.0 (13.8–26.6) 20.9 (17.4–31.3) 0.3

P1–2 0.01 0.001

Figure 4.  Morphological changes in the thymus of female (A,C) and male (B,D) pups of Wistar rats of control 
group (A,B) and 1 day after LPS injection (C,D). After LPS injection the ‘holes’ in the cortex are seen, these 
‘holes’ had formed at the place of dying lymphocytes.
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ten-day-old female and male Wistar rats increased in comparison with the corresponding control group (Fig. 5). 
Sex differences in the number of Annexin + thymic cells were not found (Fig. 5).

Peripheral blood lymphocytes subpopulations in female and male pups of Wistar rats. Males and females of the 
control groups had similar content of lymphocytes subpopulations, except absolute number of T-regulatory 
cells, that concentration was higher in females (Table 4).

Table 3.  Width of the cortex in the thymus of female and male pups of Wistar rat 1 day after LPS injection. 
Bold - statistically significant difference, p < 0.05.

Groups

Sex

Pf-mFemale Male

Control1 (n = 8) 74.4 (68.5–75.6) 81.6 (80.7–86.2) 0.5

LPS2 (n = 10) 62.4 (44.8–70.0) 76.8 (71.4–80.3) 0.6

P1–2 0.006 0.03

Figure 5.  Relative number of Annexin + apoptotic dying cells in the thymus of female and male pups of Wistar 
rat 1 day after LPS injection.

Table 4.  Absolute number of main subpopulations of lymphocytes in the peripheral blood of female and male 
pups of Wistar rat 1 day after LPS injection. Bold - statistically significant difference, p < 0.05.

106/ml Groups

Sex

Pf-mFemale Male

CD3 + T cells

Control1 (n = 8) 4.3 (3.5–7.0) 4.4 (2.3–5.3) 0.6

LPS2 (n = 10) 1.7 (1.4–1.9) 2.2 (2.0–2.5) 0.03

P1–2 0.008 0.1

CD3 + CD4 + helpers T cells

Control1 (n = 8) 3.4 (2.8–5.4) 3.0 (1.6–4.1) 0.5

LPS2 (n = 10) 1.5 (1.0–1.7) 1.9 (1.8–2.0) 0.04

P1–2 0.006 0.1

CD3 + CD8 + cytotoxic T cells

Control1 (n = 8) 1.2 (1.0–2.2) 1.2 (0.8–1.7) 0.5

LPS2 (n = 10) 0.4 (0.2–0.5) 0.5 (0.4–0.5) 0.07

P1–2 0.006 0.006

CD3-CD45R + B cells

Control1 (n = 8) 3.0 (2.2–3.6) 2.3 (1.2–3.8) 0.4

LPS2 (n = 10) 1.8 (0.9–3.1) 0.3 (0.2–1.0) 0.07

P1–2 0.1 0.04

CD4 + CD25 + Foxp3 + regulatory T cells

Control1 (n = 8) 1.1 (0.95–1.1) 0.4 (0.2–0.4) 0.005

LPS2 (n = 10) 0.07 (0.02–0.3) 0.3 (0.2–0.4) 0.2

P1–2 0.002 0.3
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After the LPS injection to males and females, subpopulations of B- and T-cells, including T-helpers, 
T-cytotoxic lymphocytes, mostly decreased (Table 4). However significant decrease of CD3 + , CD3 + CD4 + , 
CD3 + CD8 + cells was revealed in females. When in males only CD3 + CD8 + lymphocytes decreased. Besides 
in males the absolute numbers of B-cells also significantly decreased, when in females did not change (Table 4). 
The number of T-regulatory cells decreased only in females. Thus, on the first day after LPS injection a decrease 
of T-cells in peripheral blood was more pronounced in females of pups Wistar rats, but in males the number of 
B-cells decreased (Table 4).

Cytokines production level by ConA activated spleen cells in female and male pups of Wistar rats. The level of IL-2 
spleen cells production in female of control group was higher than in males (Table 5). After the administration of 
LPS in both female and male pups the production levels of IL-2, IL-4 and TNF-α decreased (Table 5).

Consequently, immune reactions in male and female pups at SIRS have similar features. We noticed the 
atrophy of the thymus and increase in Annexin + dying thymic cells, suppression of IL-2, IL-4 and TNF-α produc-
tion by splenic cells, raising of neopterin concentration in the blood serum at both sexes. However, the level of 
neopterin was higher in females with SIRS than males, and only in females there was decrease in T-lymphocytes, 
T-helpers, T-regulatory cells, that can be reflection of immunosuppression state.

Discussion
Immune reactions play an important role in the development of inflammatory diseases, determine their severity 
and outcome. An acute inflammation during SIRS and sepsis differs between males and females, with improved 
clinical course and increased survival rates detected in  females6,16,17. Sex differences between individuals of 
reproductive age are explained by different levels of sex  steroids18. The literature mostly provides information 
on sex differences in the frequency of development, severity, and mortality rates from sepsis in children dur-
ing neonatal and puberty compared with  adults19. However, there is a lack of data about sex differences in the 
morphofunctional state of the immune system in prepubertal period as well as the features of immune and 
inflammatory responses in SIRS both at prepubertal males and females. In this work, we primarily characterized 
the differences in the course of SIRS in 10-day-old male and female rats. It was found that despite the absence 
of differences in the concentration of sex steroid hormones in female and male prepubertal rats, LPS-induced 
inflammatory and immune reactions have some sex differences.

It is well-known that the content of sex steroid hormones in the prepubertal period is low and the concen-
tration of estradiol and testosterone in the serum does not differ in experimental animals of different sexes, as 
well as in children of prepubertal period (3–6 years old)11. We found out absence of sex differences in estradiol 
(p = 0.8) and testosterone (p = 0.7) levels in 10-day-old pups, and their concentrations were low compared to the 
mature  period10. Nevertheless, a day after the LPS injection an increase in the concentration of both estradiol and 
testosterone was observed in males, but not in females. It is possible that sex differences in hormonal changes 
at SIRS are due to LPS-induced damage of the hypothalamus–pituitary–adrenal (HPA) and the hypothalamus-
pituitary-gonads (HPG) axis in males, which led to changes in the metabolism and synthesis of sex steroids 
by the  testes20. According to the literature, an increase in estradiol concentration is an unfavorable factor in 
inflammatory reactions and contributes to the synthesis of LPS—binding protein (LBP)21. The LPS + LBP com-
plex activates TLR4, which leads to the production of pro-inflammatory cytokines and to more pronounced 
inflammatory response in  males22.

Table 5.  Cytokines level production by ConA stimulated spleen cells of female and male pups of Wistar rat 1 
day after LPS injection. Bold - statistically significant difference, p < 0.05.

Cytokine, pg/ml Groups

Sex

Pf-mFemale Male

IL-2

Control1 (n = 8) 8000 (6672–8000) 3214 (1136–3619) 0.02

LPS2 (n = 10) 2865 (636–6138) 459.7 (0–1034) 0.03

P1–2 0.003 0.02

IL-4

Control1 (n = 8) 47.2 (7.2–126.3) 15.6 (12.6–51.2) 0.07

LPS2 (n = 10) 8.3 (0.5–44.5) 8.8 (3.5–14.3) 0.5

P1–2 0.03 0.04

IL-6

Control1 (n = 8) 1992 (1634–2976) 1925 (529–3322) 0.8

LPS2 (n = 10) 2243 (1392–3492) 3173 (1680–3793) 0.9

P1–2 0.8 0.5

TNF-α

Control1 (n = 8) 266.8 (41.6–820.9) 246.5 (134.6–372.6) 0.4

LPS2 (n = 10) 19.1 (0–85.2) 53.2 (42.9–68.2) 0.4

P1–2 0.03 0.02

IFN-γ

Control1 (n = 8) 85.5 (13.7–695.2) 9.8 (5.8–219.8) 0.2

LPS2 (n = 10) 61.4 (7.8–211.3) 9.8 (6.8–21.9) 0.5

P1–2 0.4 0.8
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Unlike sex steroid hormones, the concentration of corticosterone in the control group differed between 
females and males. According to the data of R.D. Romeo et al.23, independently from the breed and sex, the 
corticosterone level in prepubertal rodents is higher than in sexually mature animals, however, the authors did 
not reveal sex differences in the corticosterone level in intact animals. In this work, it was demonstrated that 
in prepubertal female Wistar rats, the concentration of corticosterone is 6 times higher than in males. Perhaps, 
it is due to we have studied 10-day-old rats, while R.D. Romeo et al.23 have used 6 weeks old animals. How-
ever, according to study of Rolfsjord et al.24, salivary cortisol levels in children at 2 years old are higher than in 
infancy, and are higher in girls than in boys at 2 years of age. And during puberty, basal cortisol levels increase 
in girls, but decrease in boys as well as in response to CRH girls’ total cortisol response increases throughout the 
pubertal stages, whereas boys’ total response remains relatively stable across  puberty25. Also well-known that 
corticosterone regulates apoptosis of thymic cells during processes of negative selection of T-lymphocytes26. 
Apoptosis of thymocytes are pronounced in prepubertal period due to the immune system undergoes the func-
tional maturation. Therefore, the revealed in our research higher rates of Annexin + thymic cells in females of 
the control group may be associated with a high content of corticosterone and, probably, more active processes 
of maturation of the immune system.

During the prepubertal period there are maturation of not only the immune system, but hormonal and neural 
systems too. Exposure to LPS during this period can lead to enduring changes in brain functioning, including 
of HPA and HPG axis  activation22,27,28. In the study of O. Girard-Joyal et al.29 was revealed that LPS treatment 
significantly increased serum corticosterone concentration in all mice regardless of sex and age. The authors 
did not reveal sex differences in the level of corticosterone in prepubertal rats in the early periods (2 h) after the 
injection of 1.5 mg/kg LPS, maybe because the cascade of inflammatory reactions had not yet fully developed. 
We used a higher dose of LPS − 15 mg/kg, evaluated changes in corticosterone after 24 h, and established a multi-
directional change in the corticosterone level in pups: females had decreased level of corticosterone, but males 
had adaptive increasing of ones. It is possible, the LPS-induced activation of HPA axis in females was blocked 
by a high initial corticosterone content, which did not allow developing of an adequate stress response to LPS 
similar to  males30. In rats, it was investigated a sex difference in basal corticosterone levels: females demonstrate 
higher corticosterone concentration than  males31–33. Moreover, to higher hormonal reaction to stress, female 
rats have a delayed return to baseline ACTH and cortisol levels after acute stress, demonstrating sex differences 
in negative feedback regulation of the HPA  axis34–37. Sex differences could be noticed in neural pathways that 
may give an answer to this sex-biased inhibition. In limbic structures known to provide inhibitory effects to 
the HPA axis following acute restraint stress is reduced in females in comparison to  males38. However, during 
the prepubertal period the HPA axis faces active maturation. For instance, the negative feedback process is not 
absolutely developed in prepubertal rats. This inefficient feedback way explains particular age-related differences 
in HPA axis function such as the longer production of corticosterone in prepubertal  rats39. At the same time, 
CRH-responsive cells in the anterior pituitary reach adult levels only on 60 days old rats, whereas they are almost 
all non-responsive to CRH at  birth40.

Considering the immunomodulatory role of sex steroids, we could expect the absence of sex differences in 
the course of inflammatory reactions in prepubertal animals. In our study, the mortality rate from LPS in 10-day-
old males was 56% (13 rats out of 23) and it was higher than in females (17%, 2 rats out of 12). Our results are 
consistent with literature data that revealed high mortality rates from infectious and inflammatory diseases in 
prepubertal  boys19. Probably, high mortality rates in males are associated with the more pronounced inflam-
matory reactions in the target organs that we had identified: the area of necrosis in the liver and the number of 
neutrophils in the lungs were higher in males. In the literature it was shown that in the puberty, LPS causes less 
hypothermia and symptoms of sickness in females than in  males41. The authors explain the revealed sex differ-
ences by the immunomodulatory effect of sex  hormones41. However, in this work, similar results were obtained 
in pups with a low level of sex steroid hormones, that indicates the important role of the genes located in the sex 
chromosomes that take part in the regulation of LPS-induced inflammatory  reactions6,42. One of the mechanisms, 
determining sex differences of inflammation in prepubertal rats, may be the activation of the X chromosome 
genes encoding the main proteins involved in the NF-κB dependent synthesis of pro-inflammatory  mediators14. 
The mosaicism of the cells in females, determined by the inactivation of either the maternal or paternal X chro-
mosome, provides polymorphism in the expression level of pro-inflammatory cytokines and factors which are 
responsible for the development of an effective immune response in infectious and inflammatory  diseases43. In 
addition, it was shown that 15% of X-linked genes in females are not completely inactivated, which increases the 
level of production of factors and proteins involved in the development of  inflammation44. Thus, the polymor-
phism of the X chromosome genes, and the mosaicism of cells in females due to inactivation of the paternal or 
maternal X chromosome, may be one of the causes of the sex differences in the course of inflammatory diseases 
and low mortality from it in females in comparison to males of prepubertal  ages6.

Despite the higher mortality rates and the severity of inflammatory reaction in the target organs in males 
with SIRS, the level of endotoxin in blood serum was 10 times higher in females. Differences in endotoxin levels 
may be due to the distinctions in its speed metabolism and elimination by binding to LPS-binding proteins 
(LBP), chylomicrons, low-affinity antibodies, deacylation, dephosphorylation, acute-phase  proteins45. Sex dif-
ferences of LPS transport have not been studied yet. In the literature are most described LPS transport by LBP 
and  lipoproteins46. Probably, the high level of endotoxin in the blood in females is due to differences in the 
concentration of LBP, which depend on the level of  estrogen21. In prepubertal females, which not sufficiently 
synthesized LBP, elimination of endotoxin possibly occurs predominantly through  lipoproteins47. The paradoxi-
cally high level of endotoxin in the blood of females with SIRS can be associated with a high contamination of 
the intestinal microflora with gram-negative bacteria, so it’s been shown that the number of Bacteroides in the 
intestinal microflora in mature females is 802 times higher than in  males48. Besides, it was shown that myeloper-
oxidase of neutrophils can regulate level and inhibit activity of  endotoxin49, so low endotoxin level in the blood 
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of prepubertal males may be due to inhibition of myeloperoxidase of neutrophils, because of their number were 
higher in the male lungs.

A high level of endotoxin in females may be due to the increased permeability of the intestinal barrier to the 
endogenous endotoxin. Corticosterone is known to increase the permeability of the small intestine epithelial 
barrier. According to Zheng et al.50 subcutaneous injections of corticosterone lead to a decrease in the expression 
of genes encoding the proteins of tight contacts of the intestinal epithelium, the development of inflammatory 
reactions in the mucous membrane, and, ultimately, to increase the permeability of the intestinal epithelium. 
Thus, a high concentration of corticosterone in intact females could mediate sex differences in the permeability 
of the intestinal barrier for endotoxins of obligate intestinal microflora, and also, on the other hand, reduce the 
damaging effect of LPS on liver and lung cells.

But in comparison with females, pathological changes in the liver and inflammation in the lung as well as 
mortality rates were higher in males with lower endotoxin levels. Probably, less pronounced alterative and inflam-
matory changes in the target organs in females against the background of severe endotoxemia are associated 
with the high content of the anti-inflammatory corticosterone in the blood serum. It was shown that cortisol 
reduces the degradation of IκBα and phosphorylation of IκB α in a dose-dependent manner, so as inhibits MAPK 
phosphorylation in LPS-induced RAW264.7 cells, demonstrating a significant inhibitory effect on NF-κB activity 
and as result decrease in production of PGE2, IL1β by macrophages of RAW 264.7 cell  line51.

LPS, which is derived from the cell wall of Gram-negative bacteria, is commonly used as an immune chal-
lenge in laboratory  rodents52. It binds to TLR-4 and activates an intracellular signaling pathway via NF-kB53 
resulting in the transcription and translation of immune regulated proteins called  cytokines53,54. In response to 
the LPS injection in both prepubertal females and males, a disturbance of the balance between pro- and anti-
inflammatory response was observed. That was characterized by a decrease in the production of pro- and anti-
inflammatory cytokines (IL-2, IL-4, TNF-α, TGFβ), the number of CD3 + T-cells, CD3 + CD8 + lymphocytes, 
atrophy of the thymus with apoptotic death of cortex lymphocytes. According to the literature, the immune 
response in prepubertal mice is not expressed during abdominal sepsis, which is apparently associated with 
reduced expression of genes (Mhc II, Cd40, Btla il1β, Arg2), responsible for the proliferation of immune cells, 
differentiation of T- lymphocytes, development and maturation of blood cells and white blood  cells55. Apparently, 
due to the functional immaturity of the immune system in prepubertal animals of both sexes, adaptive activation 
of the immune response does not occur after the injection of LPS, and the immune reactions shift towards CARS 
(compensatory anti-inflammatory response syndrome).

The severity of SIRS and the development of immunosuppression in prepubertal females and males is evi-
denced by a decrease in CD4 + CD8 + lymphocytes. The severity of experimental abdominal sepsis is accompa-
nied with the decrease in the number of cytotoxic T-lymphocytes56. In clinical studies the decrease of cytotoxic 
T-lymphocytes in septic patients is considered as the evidence of  immunosuppression57.

Severe apoptosis of thymic cells in prepubertal females and males is also an unfavorable factor in the develop-
ment and course of SIRS. One of the possible mechanisms mediating activation of apoptosis of thymus cells is 
the increase in serum glucocorticoid  levels58, receptors for which are expressed on the surface of  thymocytes59. 
Double positive lymphocytes (CD4 + CD8 +) are most sensitive to glucocorticoids, that activated in thymic cells 
a caspase-dependent intracellular cascade, leading to their  apoptosis60. Mature T-lymphocytes (CD4 + or CD8 +) 
are more resistant to glucocorticoids, due to the activation of the CD28-dependent intracellular cascade, which 
inhibits the transcription of apoptosis genes Bcl-X (L)26. In addition to corticosterone-dependent apoptosis of 
thymocytes, an important role in this process is played by pro-inflammatory cytokines (TNF-α and IFN-γ), whose 
production level increases with SIRS, infectious and inflammatory  diseases61. LPS also has a direct negative effect 
on thymic cells by activating TLR4 receptors on  thymocytes62. It is possible that both mechanisms are involved 
in the induction of apoptosis of thymus cells in females and males: in males, an increase in the concentration of 
corticosterone plays a large role in the mechanisms of thymocyte death, and in females—endotoxin.

However, we also identified sex differences in immune responses in SIRS. In comparison to males, ex vivo 
production of IL-2 was higher in females of both control group and with LPS. One of the functions of IL-2 is 
to maintain the differentiation and maturation of regulatory T cells in normal  conditions63. A high level of IL-2 
production in females of the control group was combined with a large number of T-regulatory (Treg) cells in the 
blood, while in males, IL-2 production and Treg content were lower than in females. The content of other stud-
ied lymphocyte subpopulations and the production of cytokines in females and males of this age did not differ. 
According to the literature in the reproductive period in  humans64 and experimental  animals10,65, the number 
of CD3 + CD4 + lymphocytes is higher in females, and CD3 + CD8 + – in males, which is most likely determined 
by differences in the content of sex steroid hormones.

In comparison to males, in females with SIRS the absolute number of CD3 + CD4 + T-helpers and 
CD4 + CD25 + Foxp3 + Treg cells in the blood decreased, while the content of CD3-CD45R + B-lymphocytes 
did not differ from the control group. In prepubertal females with SIRS, the concentration of neopterin, a marker 
of the activation of cellular immunity, did not change. That’s all reflect the predominant activation of humoral 
immune reactions. A decrease in CD3 + CD4 + lymphocytes in the peripheral blood in the early stages of the dis-
ease in patients with sepsis is noted both in reproductive age and in children aged 1 to 18 years, and the number of 
T-lymphocytes negatively correlates with the severity of  sepsis66–70. In experimental models of sepsis at the early 
stages of its development, a decrease in the number of Treg in the blood is combined with high mortality  rates71.

In contrast to females, we observed a decrease in the absolute number of B-cells in males with SIRS. It was 
combined with an increase in the concentration of neopterin in the blood serum and the absence of a changes 
in the number of T-helpers and Treg. Apparently, in males, the acute LPS-induced inflammatory reaction occurs 
with the predominant activation of cellular immunity reactions. Pronounced pathological changes in the tar-
get organs found in prepubertal males with SIRS may be the result of a polarization of the cellular immune 
 reactions72.
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Thus, we showed first that the course of the inflammatory response in the liver and lungs is more pronounced 
in males, while immunosuppressive reactions, such as thymic atrophy, decrease in production pro- and anti-
inflammatory cytokines, the number of T-lymphocytes, in particular, cytotoxic T-lymphocytes, in prepubertal 
animals of both sexes are equally expressed. Moreover, in animals with SIRS in the prepubertal period, sex dif-
ferences in the immune response are observed: suppression of the cellular immune response was observed in 
females, and on the contrary, suppression of the adaptive immunity was observed in males (Fig. 6).

Conclusions
To sum up, despite the absence of sex differences in estradiol and testosterone levels, LPS-induced inflammatory 
changes in liver and lungs are more pronounced among males. On the contrary to inflammatory changes, the 
LPS-induced immune reactions in females and males are similar and are characterized by immunosuppression. 
Apparently, sex differences of inflammatory reactions depend on X/Y chromosomes gene expression, but not 
sex hormones. However, the least expressed sex differences in immune responses in the prepubertal period can 
be determined by the low levels of sex steroids and the absence of their immunomodulatory effect.

Also in males, endotoxin level after LPS injection is tenfold lower than in females. Thus, endotoxin cannot 
be used as a marker of the severity of multiple organ failure in prepubertal period.

Thus, there is a lack of literature data about animals and humans’ immune system sex differences during the 
prepubertal period. In our work we firstly revealed existence of sex differences of pups’ inflammatory reactions. 
Further studies require the identification of mechanisms, determining the sex differences in the inflammatory 
and immune responses in prepubertal animals in order to develop more effective immunotherapy and minimize 
side effects of children vaccination.

Figure 6.  Sex differences of LPS-induced changes in hormonal levels, immune and inflammatory reactions 
in prepubertal rats. Hormonal changes: In contrast to females in males with SIRS, there is an increase in the 
concentration of hormones—corticosterone, estradiol and total testosterone. And in females there is only a 
decrease in the corticosterone content. Inflammatory changes: there are SIRS symptoms in both males and 
females with SIRS—inflammatory changes in target organs, endotoxemia, and increased endotoxin levels. But 
there are sex differences—the morphological manifestations of SIRS were more pronounced in males. They have 
higher number of neutrophils in the lung, area of necrosis in the liver, activity of ALT and AST and neopterin 
content. Nevertheless, the endotoxin level is higher in females with SIRS than in males. Immune reactions: 
in males and females, there are a suppression of the production of pro- and anti-inflammatory cytokines 
(IL-2, IL-4, TNF-α, TGF-β) and a decrease in the number of CD3 + cells, including CD3 + CD8 + cytotoxic 
T-lymphocytes. However, the peculiarities of immune reactions are revealed in animals of different sexes after 
the LPS injection: IL-2 production in males is lower than in females, and the number of CD45R + B-lymphocytes 
in the male blood significantly decreases, while in females the number of CD3 + CD4 + T-helpers and 
CD4 + CD25 + Foxp3 + Treg cells decreases.
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Methods
Experimental animals. In the study 10  days old female (n = 21) and male (n = 30) pups of Wistar rats 
and weighting 20–25 g were used. To obtain 10 days old pups we used 15 mature Wistar rats (10 females and 5 
males). The durations of pregnancy in females were 21–23 days. The offspring of one female was represented by 
6–12 individuals. 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 Centre 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 (ets no. 123), Strasbourg, 2006. Three 
rats (2 females and 1 male) per cages (18.5 × 60x38 cm) were housed in temperature-regulated room at 12:12 h 
light–dark cycle, relative humidity, between 55 and 65%; and unlimited access to water and food (“Char”, JSC 
“Range-Agro”, Russia).

Modelling of systemic inflammatory response syndrome (SIRS). Male and female pups in the 
experimental groups were injected intraperitoneally with dissolved in 9% NaCl lipopolysaccharide (LPS) from 
E. coli O26:B6 (Sigma, USA) in dose of 15 mg/kg, which is a model of endotoxin shock and sublethal for adults 
mature  rats10. The pups in the control groups received an intraperitoneal injection of physiological saline. Both 
control groups of male and female rats consisted of 8 rats, the experimental group of females included 12 rats, 
and of males—23. A higher quantity of animals in the groups, especially males, receiving high-dose LPS is 
explained by the high rates of mortality. Some animals were dying during 6 h after LPS injection. Mortality rates 
of pups in response to the injection of LPS were 2 out of 12 (17%) in females and 13 out of 23 (56%) in males.

Sample collection. We used Zoletil at a dose of 15 mg/kg body weight for anaesthesia (Virbac Sante Ani-
male, France). The animals were euthanized after 24 h of LPS injection. Venous blood from jugular  veins73 was 
centrifuged for 20 min at 200 g. The obtained serum was frozen at -70ºC and stored for no more than 2 months. 
The thymus, liver and lungs were fixed in Bouin’s solution (75 ml picric acid, 25 ml formalin, 5 ml glacial acetic 
acid)74 for 24 h, and organs were embedded in paraffin according to routine procedures. Histological sections of 
4–5 µm thick were produced and stained with haematoxylin and eosin (“BioVitrum”, Russia).

Morphological study. The histological slides were randomized and blinded. Using the light microscopic 
method, the number of neutrophils in the intra-alveolar septae of the lungs was counted in 10 high-power fields 
(25,000 μm2) per section, and the average number of neutrophils per slide was determined.

The area of necrosis in the liver was estimated using the Image Scope M program interactively using a Leica 
DFC290 camera. The measurements were carried out on the entire area of histological slice, the results were 
showed in μm2.

In the histological slices of the thymus, the volume fraction of the functional zones of immune organ was 
determined by the point-count method.

Biochemical analysis. To estimate the severity of liver damage, the activity of the indicator enzymes aspar-
tate aminotransferase (AST) and alanine aminotransferase (ALT) in rat serum was determined (DiaSys, Ger-
many) using a blood biochemistry semi-automatic analyser (Clima MC-15; RAL, Spain).

Isolation and cultivation of splenic cells. Isolation and cultivation of splenic cells were carried out as 
describe  in10. For isolation of splenic cells, a piece of spleen was aseptically remove from each rat, placed in Potter 
homogenizer containing the Roswell Park Memorial Institute (RPMI) 1,640 medium and single-cell suspensions 
were prepared. The red blood cells were lysed by distilled water. To activate cytokine synthesis and secretion, we 
cultivated  106/ml spleen cells in 1 ml of culture medium with concanavalin A (5 µg/ml) for 20 h at 37 °C and 5% 
 CO2 in 24-well cultured plates. The culture medium consisted of RPMI-1640 (PanEco, Russia), 5% inactivated 
foetal bovine serum (FBS), 2  mM glutamine and 50  µg /ml  gentamicin75. The cell viability was determined 
according to trypan blue  exclusion6.

ELISA. We estimated the concentration of corticosterone (IBL, Germany), total and free testosterone (DBC, 
Canada), estradiol (DBC, Canada), neopterine (IBL, Germany), C-reactive protein—CRP (Clone-Cloud Corp., 
China) and TGF-β (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, IL-4, IL-6, TNF-α, and IFN-γ by ELISA test systems from eBioscience (USA).

Apoptosis of thymic cells. As it had been described  previously6, to determine the number of apoptotic 
cells in the thymus, a suspension of cells at a concentration of  106/ml was stained with antibodies (anti-rat CD3 
as marker of T-lymphocytes) conjugated to PE (phycoerythrin). Then, the stained cell suspension was incubated 
with annexin V (Annexin V FITC Kit, Beckman Coulter, USA) conjugated to FITC (fluorescein isothiocyanate) 
and with propidium iodide (PI). Flow cytometry evaluation of apoptotic cells (Annexin + PI-) was performed on 
a Cytomics FC 500 (Beckman Coulter, USA).

Flow Cytometry. Absolute and relative numbers of lymphocytes of T- and B-cells subpopulations in periph-
eral blood were counted using flow cytometry (Beckman Coulter, USA). The following antibodies (eBioscience) 
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were used for immune phenotypic analysis of the main subpopulations of lymphocytes: anti-rat CD3  (CD3+ 
T-lymphocytes); anti-rat CD4  (CD3+CD4+ T-helpers); anti-rat CD8a  (CD3+CD8+ cytotoxic T cells); anti-rat 
CD45R  (CD3-CD45R+ B-lymphocytes); anti-rat CD25 and anti-mouse/rat Foxp3  (CD4+CD25+Foxp3+ regula-
tory T cells). Erythrocytes were lysed with OptiLyse C solution (“eBioscience”, USA).

Statistical analysis. Digital data were tested for normality using the Kolmogorov–Smirnov test in Statistica 
8.0. In case if data were distributed not normally, a nonparametric test were used to establish the reliability of 
the differences between the indicators: Kruskal–Wallis’s method for multiple comparison. A comparison of the 
normally distributed data was made using one-way analysis of variance (ANOVA) on ranks. The median and 
interquartile range (Me; Low–High) were calculated for values of the measured parameters. The differences were 
considered statistically significant when p < 0.05. At least 8 observations were presented in each group. Data are 
represented graphically using box-and-whisker plots, which demonstrate the median, interquartile range, lower 
extreme (25%), and upper extreme (75%) of the data.
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