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Purpose: The aim of the study was to characterize the severity of the systemic inflammatory
response induced by lipopolysaccharide (LPS) in animals with different resistance levels to
hypoxia.
Materials and methods: Two to three months old male Wistar rats (220–240 g) were divided
according to hypoxia tolerance in a hypobaric chamber. After a month, they were injected intraperitoneally with Escherichia coli LPS at a dose of 1.5 mg/kg. After 3, 6 and 24 hours of LPS
injection, we studied the levels of IL-1β, C-reactive protein (CRP) and TGF-β in the serum, the
expression of Hif-1α and Nf-kb in the liver, morphological disorders in the lung and ex vivo
production of IL-10 by splenic cells activated by ConA.
Results: In the early periods after the injection of LPS, increase in Nf-kb expression in the
liver was observed only in the rats susceptible to hypoxia. After 6 hours of LPS injection, the
number of neutrophils in the interalveolar septa of the lungs of rats susceptible to hypoxia was
higher than in tolerant rats. This points to the development of more pronounced LPS-induced
inflammation in the rats susceptible to hypoxia and is accompanied by increased expression of
Hif-1α in the liver after 6 hours of LPS administration, serum IL-1β level after 3 hours and CRP
level after 24 hours. The production of the anti-inflammatory cytokine IL-10 by the spleen was
significantly decreased after 6 hours of LPS injection only in the animals tolerant to hypoxia.
After 24 hours of LPS injection, a significant decrease in serum TGF-β level occurred in the
rats tolerant to hypoxia in comparison with the control group, which improved the survival
rates of the animals.
Conclusion: We have demonstrated the differences in the severity of the LPS-induced inflammatory response in male Wistar rats with different resistance levels to hypoxia. Rats susceptible
to hypoxia are characterized by a more pronounced inflammatory response induced by LPS.
Keywords: tolerant, susceptible, hypoxia, inflammation, SIRS, lipopolysaccharide, Hif-1a, Nf-kb
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It is known that the severity of infectious and inflammatory diseases, including
sepsis, mortality and survival rates depend on many patient-specific factors, in
particular, ethnicity, age and sex.1–3 However, it remains unclear why the severity of
the course, the outcome of the disease and the likelihood of secondary infections in
a homogeneous population of people of the same age and sex differ.3 Perhaps, one
of the factors determining these differences may be the individual characteristics
of resistance to the lack of oxygen, since it is known that hypoxia develops during
inflammation.
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Hypoxia is an important physiological stimulus for organisms. During adaptation to low oxygen content in cells and
tissues, genes that participate in the metabolism of glucose
and iron, angiogenesis and cell proliferation are activated.
In eukaryotic cells, the key component responsible for the
regulation of the molecular response to hypoxia is the transcription factor hypoxia-inducible factor 1 (HIF-1).4 HIF-1
is a heterodimeric complex consisting of two subunits,
HIF-1α and HIF-1β. HIF-1β is constitutively present in the
cells, but HIF-1α is targeted for proteasomal degradation by
a set of oxygen-sensing prolyl-hydroxylases (PHDs) during
normoxic conditions. Due to the fact that oxygen is required
as a cofactor for PHD-mediated hydroxylation of HIF-1α,
hypoxia causes a functional inhibition of PHDs, leading to
stabilization of HIF-1α. Under hypoxic conditions, HIF-1α
accumulates in the cytoplasm, translocates into the nucleus,
forming a complex with HIF-1β, and binds the hypoxiaresponse elements on the promoters of hypoxia-responsive
genes, inducing their expression.5,6
Inflammation in various tissues develops local hypoxia
due to microcirculatory disturbances, as well as an increase
in oxygen demand of the immune cells during their infiltration into the inflammatory focus.7 Earlier, the relationship
between the molecular pathways of hypoxia and inflammation
was revealed. NF-κB influences the expression of HIF-1α in
both hypoxia and in response to inflammatory stimuli. The
proximal part of the promoter of the HIF-1a gene contains
an NF-κB–binding site.8–10 In 2006, Frede et al showed that
lipopolysaccharide (LPS) can induce toll-like receptor 4
(TLR‑4)– and NF-κB–dependent increase in mRNA and
HIF-1α protein levels.11 It has also been demonstrated that
HIF-1α is stabilized by active forms of oxygen and the proinflammatory cytokine IL-1β.12,13 HIF-1α, in turn, can activate
NF-κB: it is known that inhibitors promoting the ubiquitindependent destruction of HIF-1α also control the activity of
the kinase complex I kappa B kinase (IKK), responsible for
the regulation of NF-κB.14,15
The result of HIF-1 activation depends on the context in
which it was activated (hypoxia or inflammation). If HIF-1
is elevated by hypoxia, the transcription of various targeted
genes is enhanced, which makes it possible to adapt to the
lack of oxygen. Being initiated by the TLR-4– and NF-κB–
dependent pathways, the genes of proinflammatory cytokines
become active.16 According to the literature, HIF can play
both anti-inflammatory and proinflammatory roles under
conditions of inflammation.17 In mice, HIF-1 was described
as a protective factor in the acute colitis model: deficiency of
HIF-1α in animals with colitis resulted in high mortality, and
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in surviving mice, to more severe clinical manifestations.18 In
contrast, in systemic infections such as sepsis, the increase in
HIF-1α levels results in greater mortality and elevated levels
of proinflammatory cytokines (IL-1β, TNF-α) in the blood
serum and decrease in levels of anti-inflammatory cytokine
IL-10, which promotes activation of the immune response.19
The activation of HIF-1 as a potential prognostic marker of
sepsis is being discussed.20
Human population, as well as other species of animals, is
heterogeneous in hypoxia tolerance.21,22 The genetic polymorphism of the HIF1α gene affects the severity and outcome
of infectious and inflammatory diseases. For example, it
is established that the polymorphism of the gene HIF1α
(1772T allele), which determines its high level of expression, is a risk factor for the development of abdominal aortic
aneurysm and oral lichen planus.23,24 The other polymorphic
HIF-1α rs12434439 GG genotype plays a protective role for
rheumatoid arthritis development,25 but gene polymorphism
HIF-1α rs11549467 is associated with the risk of COPD.26
It is known that laboratory animals are divided by their
resistance to hypoxia.27–30 Animals that are tolerant and
susceptible to hypoxia differ by many parameters (such
as antioxidant activity, mitochondrial enzyme complex I
activity, etc),31 including the content of HIF-1α. It has been
demonstrated that in rats susceptible to hypoxia, under normal
conditions, the level of HIF-1α in the neocortex is 1.7 times
higher than in tolerant rats.27 Earlier, we demonstrated that at
different periods after acute hypoxic exposure, rats tolerant
and susceptible to hypoxia are characterized by the variability
in expression of Nf-kb and TGF-β cytokine content, modulating inflammatory responses.32 This may cause the distinctive
features of the development of inflammation. The obtained
data indicate that animals with different tolerance levels to
hypoxia have various adaptive capabilities and predisposition to the development of inflammatory diseases: in the
susceptible animals, the oxidative stress marker 8-isoprostane
increases after hypoxic exposure, which is associated with
the damage to cellular macromolecules and increase in the
level of TGF-β.32
In experimental researches, one of the widespread models of inflammation is LPS-induced systemic inflammatory
response syndrome (SIRS). LPS is a cell wall component of
gram-negative bacteria, which is recognized by TLR-4 on
the surface of immunocompetent cells.33,34 LPS is a common
inflammatory stimulus in clinical and laboratory studies, and
its effects on NF-κB and inflammatory mediators have been
well characterized.35,36 Injection of high doses of LPS leads
to the development of severe inflammatory response, which
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manifests itself via hypercoagulation with the development
of disseminated intravascular coagulation (DIC) syndrome,
acute respiratory distress syndrome, vacuolar cell degeneration, dystrophic changes and necrosis in the liver and
endotoxemia.37–39
Hypoxia, resulting from the microcirculatory disorders,
caused by DIC plays a key role in the progression of SIRS
and sepsis.37 The severity of hypoxic damage to tissues and
organs not only depends on the microcirculatory disorders,
but is also mostly determined by individual resistance to
hypoxia, which is not taken into consideration in clinical and
experimental studies.
Therefore, the aim of the study was to determine the
differences in the severity of the systemic inflammatory
response caused by the administration of LPS in male Wistar
rats with different resistance levels to hypoxia.

Materials and methods
Experimental animals
Male Wistar rats (n=60), 2–3 months old and weighing
220–240 g, were purchased from the animal breeding facility
branch “Stolbovaya” of the Federal State Budget Institution of
Science, the “Scientific Center for Biomedical Technologies
of the Federal Medical and Biological Agency”, Russia. Six
rats per cage (18.5×60×38 cm) were housed in a temperatureregulated room under 12:12 hour light–dark cycle and relative
humidity between 40% and 50% and with unlimited access
to water and food (“Char”, JSC “Range-Agro”, Turakovo,
Russia). We obtained permission from the Bioethics Committee of the Science Research Institute of Human Morphology (Protocol No. 16, November 11, 2015) for conducting
the study. 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, and all efforts were
made to minimize the suffering and distress of animals.

Determination of resistance to hypobaric
hypoxia
Hypoxic tolerance was determined by measuring the time
taken for the onset of gasping. According to the literature,
this parameter characterizes the organism’s resistance to
hypoxia.27–30 Adult male Wistar rats were exposed, one at
a time, to simulated hypobaric hypoxia, equivalent to the
altitude of 11,500 m, as described previously27–30,32,40–42 in an
animal decompression chamber coupled to a mercury barometer (equivalent to 180 mmHg). All the decompressions and
recompressions were achieved gradually at the rate of 600 m
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(≈40 mmHg)/min to prevent any tissue injury to the organism
as a result of a sudden fall or rise in ambient pressure. The airflow in the chamber was 2 L/min, while the relative humidity
was maintained at 40%–50%. The time taken for appearance
of the first sign of gasping, a characteristic hyperventilatory
response, was recorded using an electronic stopwatch. Based
on their gasping time, animals were categorized into three
groups: normal (80–240 seconds, n=12), tolerant (>240 seconds, n=25) and susceptible (<80 seconds, n=23). Normal
rats were not used in the experiments. After the experiment,
all rats were found to be alive and to have resumed normal
activity without any evident sign of pathology.

Modeling of SIRS
One month after the determination of resistance to
hypoxia,30,42 rats in the experimental groups were injected
intraperitoneally with LPS from Escherichia coli O26:B6
(Sigma-Aldrich, St Louis, MO, USA) at a dose of 1.5 mg/
kg, leading to pathological changes in target organs.43 The
animals were euthanized with an overdose of carbon dioxide
gas using a gradual fill (30% chamber volume per minute)
technique after 3, 6 and 24 hours of LPS injection (five or
eight animals for each term). The timing choice was determined by the fact that Nf-kb expression increased after 1-2
and 6 hours, and pronounced pathological changes in the
target organs developed on the first day after the administration of LPS.44,45 In control groups, the rats tolerant (n=5)
and susceptible (n=5) to hypoxia received an intraperitoneal
injection of physiological saline.

Mortality of animals from SIRS
Within a day after the injection of LPS, some of the animals
died. Mortality rates of rats in response to the injection of LPS
were 3 out of 18 (17%) in the susceptible to hypoxia group
and 2 out of 20 (10%) in the tolerant group. The mortality,
caused by development of endotoxin shock, appeared within
6 hours after the injection of LPS. The choice of dose of LPS
was considered and approved by the Bioethics Committee
of the Science Research Institute of Human Morphology
(Protocol No. 16, November 11, 2015).

Real-time PCR (quantitative PCR)
Expression of Hif-1a and Nf-kb in the liver was analyzed
by real-time quantitative reverse transcription PCR. Slices
of tissue from the liver, of about 30 mm3 volume, were
submerged in IntactRNA Reagent (Evrogen JSC, Moscow,
Russia) immediately after harvesting, incubated overnight
at 4°C and stored at –80° until use. Total RNA was isolated
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from the tissue samples using RNeasy Plus Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer’s
protocol. Estimated purified RNA concentration in the eluate was 0.1 g/L; quality of the material was controlled by
electrophoresis.
Reverse transcription of the total RNA to randomly
primed single-stranded cDNA was done using MMLV RT
Kit (Evrogen JSC); the synthesis was carried out at 39°C for
1 hour. After heat inactivation of the enzyme, the reaction
mixture was diluted with 2 volumes of sterile RNase-free
water for further use and storage; final dilution of the mixture
in PCR constituted 1:250. PCRs were set in duplicates on
the basis of qPCRmix-HS SYBR (Evrogen JSC) with oligonucleotide primers (custom-made by SYNTOL, Moscow,
Russia) in 0.2–0.4 µM final concentrations. Primers for PCR
were selected using the online Primer-BLAST program in
accordance with the generally accepted requirements. Structures of the oligonucleotides with symbols and descriptions
of the corresponding targets are given in Table 1. Amplification with detection and digital analysis of fluorescence in
real time was carried out on DT-96 Real-Time PCR Cycler
(DNA-Technology JSC, Moscow, Russia) in a standard mode
at 95°C for 5 minutes followed by the PCR cycle, consisted
of: 95°C for 15 seconds, 62°C for 10 seconds + reading and
72°C for 20 seconds, this was repeated for 45 times. Characteristic values (Cp) were automatically generated by nonlinear
regression analysis, and the relative expression values were
calculated by the approach originally introduced by Pfaffl46
using b2m (see Table 1) as the reference target.

Sample collection
Venous blood from jugular veins47 was centrifuged for 20
minutes at 200×g. The obtained serum was frozen at –70°C
and stored for no more than 2 months. The lungs were fixed
in Carnoy’s solution (60 mL ethanol, 30 mL chloroform and
10 mL glacial acetic acid) for 2 hours and were embedded
in paraffin according to routine procedures. Histological

sections of 4–5 µm thickness were produced and stained with
H&E (BioVitrum, Saint Petersburg, Russia).

Isolation and cultivation of splenic cells
For the isolation of splenic cells, a piece of tissue was aseptically removed from each rat, placed in Potter homogenizer
containing the Roswell Park Memorial Institute (RPMI)1640 medium (PanEco, Moscow, Russia) 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 (ConA) (5 μg/mL) for 20
hours at 37°C and 5% CO2 in 24-well cultured plates. The
culture medium consisted of RPMI-1640, 5% inactivated
FBS, 2 mM glutamine and 50 μg/mL gentamicin.48 The cell
viability was determined by the trypan blue exclusion test.

Enzyme-linked immunosorbent assay
We estimated the concentrations of IL-1β, C-reactive protein
(CRP; Cloud-Clone Corp., Wuhan, China) and TGF-β (eBioscience, San Diego, CA, USA) in the serum by ELISA. In the
culture fluid of splenic cells, we measured the concentrations
of IL-10 by ELISA test systems from Cloud-Clone Corp. For
determination of the intensity of the color reaction, a microplate analyzer ANTHOS 2010 (Anthos Labtec Instruments,
Vienna, Austria) was used.

Morphological study
The evaluation of histological slides was randomized and
blinded. Using the light microscopic method, the number of
neutrophils in the interalveolar septa of the lungs was counted
in ten high-power fields of view (25,000 µm2) per section, and
the average number of neutrophils per slide was determined.49

Statistical analysis
Digital data were tested for normality using the Kolmogorov–Smirnov test in Statistica 8.0. To isolate the group

Table 1 PCR primer structures and targets definition
Target symbol

Direction

Sequence (5′–3′)

NCBI Ref. Seq.

Target definition

B2m

Forward

CTCGCTCGGTGACCGTGAT

NM_012512.2

Rattus norvegicus B2m, mRNA

Reverse

GGACAGATCTGACATCTCGA
NM_024359.1

R. norvegicus Hif1α, mRNA

NM_001276711.1

R. norvegicus Nfkb1, mRNA

Hif-1a
Nf-kb

Forward

GAGCCTTAACCTATCTGTCA

Reverse

CACAATCGTAACTGGTCAGC

Forward

GACGATCCTTTCGGAACTG

Reverse

GCATATGCCGTCCTCACAG

Abbreviations: B2m, beta-2 microglobulin; Hif1α, hypoxia-inducible factor 1 alpha subunit; Nfkb1, nuclear factor kappa B subunit 1.
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or groups that differed from others, we used the nonparametric Mann–Whitney U test and multiple comparison
procedures. In cases when P<0.05, multiple comparison
procedures were performed by the Kruskal–Wallis method.
The median and IQR (Me, Low–High) were calculated for
values of the measured parameters. The differences were
considered statistically significant when P<0.05. At least
five observations 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.

Hif-1α returned to normal levels; but in the susceptible
animals, it remained higher than in tolerant rats.

Determination of cytokine content
Based on the results of the enzyme immunoassay, it was
demonstrated that the significant increase in the level of the
proinflammatory cytokine IL-1β in the blood serum occurred
after 3 hours of LPS administration only in the susceptible
rats, while in the tolerant animals, the differences were not
significant (Figure 3). After 6 hours in the rats susceptible
to hypoxia, the serum levels of IL-1β were normalized; but
after 24 hours, they remained significantly higher than in the
tolerant rats (Table 3).
According to our data, only in the rats susceptible to
hypoxia, the level of CRP (the marker of inflammation) in
the blood was increased from 1,363 (1,128–1,551 pg/mL)
in the control group to 2,421 (1,810–2,844 pg/mL) after 24
hours of LPS administration (P=0.04).
In the animals tolerant to hypoxia, after 6 hours of LPS
injection, the production of anti-inflammatory cytokine IL-10
in the spleen was significantly reduced, and 24 hours later,
it was normalized and was statistically significantly higher
than in the susceptible rats (Figure 4; Table 3).
In comparison with the control group, a significant
decrease in serum TGF-β level was observed after 24 hours
of LPS administration only in the rats tolerant to hypoxia
(Figure 5). In the susceptible rats, this parameter did not
change. There were no statistically significant differences

Results
Expression of Hif-1a and Nf-kb in the
liver
Three and six hours after the administration of LPS, the
expression level of Nf-kb in the liver increased only in the
rats susceptible to hypoxia. In the animals tolerant to hypoxia,
the increase was not significant (Figure 1).
After 24 hours, the level of expression of Nf-kb was
normal, but in the susceptible rats, it was higher than in the
animals tolerant to hypoxia (Table 2).
Expression of Hif-1a in the control group of rats was
significantly higher in the animals susceptible to hypoxia
(Table 2). Six hours after the injection of LPS, Hif-1a expression increased in both tolerant and susceptible rats (Figure 2),
and in susceptible animals, it was two times higher than in
tolerant ones (Table 2). After 24 hours, the expression of

Median

25%–75%

Nf-kb

Non-outlier range

0.0012

Relative expression

0.0010

P=0.0001

P=0.009

0.0008

P=0.038

P=0.038

0.0006
0.0004
0.0002
–0.0000
–0.0002

Control

3 hours LPS
Tolerant

6 hours LPS

24 hours LPS

Control

3 hours LPS

6 hours LPS

24 hours LPS

Susceptible

Figure 1 Expression of Nf-kb in the liver of rats tolerant and susceptible to hypoxia after 3, 6 and 24 hours of LPS administration (Me; 25%–75%).
Notes: In all groups there were 5 observations except the tolerant group after 24 hours of LPS injection, in which were 8. Statistical significance of differences (P-value) is
determined by the Kruskal–Wallis method.
Abbreviation: LPS, lipopolysaccharide.
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0.02

0.004

In all the periods, after LPS injection in its target organ – the
lungs – both in tolerant and susceptible rats, infiltration of
interalveolar septa with neutrophils, hyperemia and intraalveolar edema was observed (Figure 6).
After 6 hours of LPS injection in the rats susceptible to
hypoxia, the number of neutrophils in the interalveolar septa
was significantly higher in comparison with the tolerant ones
(Figure 7).
One day after the administration of LPS in animals of
both groups, the number of neutrophils in the interalveolar
septa did not differ from the control values.
All the results are summarized in Table 5.
Note: Statistical significance of differences (P-value) is determined by the Mann–Whitney U test. Bold font represents statistically significant differences.
Abbreviation: LPS, lipopolysaccharide.

0.0002
(0.00002–
0.0003)
0.00002
(0.000007–
0.00004)
0.02
0.002 (0.002–
0.003)
0.0003
(0.00002–
0.0004)
0.0006 (0.0001–
0.0009)
0.000009
(0.000002–
0.00002)
Hif-1a

0.02

0.0001
(0.00005–
0.0003)

0.57

0.0009
(0.0001–0.002)

0.0002
(0.00007–
0.0004)
0.00002
(0.000008–
0.00006)
0.02
0.0006
(0.0005–
0.0009)
0.0001
(0.00006–
0.0004)
0.0001
(0.000001–
0.0002)
0.00005
(0.00001–
0.0001)
Nf-kb

0.91

0.0003
(0.0001–0.0006)

0.19

0.0002
(0.00004–
0.0006)

Susceptible (8)
Tolerant (7)

24 hours

P-value
(5–6)
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in the TGF-β level between the tolerant and susceptible
animals (Table 4).

Morphological changes in the lungs

Susceptible
(6)
Tolerant (5)

6 hours

P-value
(3–4)
Susceptible (4)
Tolerant (3)

3 hours

Tolerant (1)

Susceptible (2)

P-value
(1–2)

LPS
Control

Level of relative
expression of
mRNA in the
liver

Table 2 The expression level of mRNA Nf-kb and Hif-1α in the liver of rats tolerant and susceptible to hypoxia after 3, 6 and 24 hours of LPS administration (Me; 25%–75%)

P-value
(7–8)

Dzhalilova et al

Discussion
It is known that with the introduction of endotoxin of gramnegative bacteria LPS, the activation of TLR-4 receptors
occurs, which leads to the initiation of IKK and the destruction of IkB in the proteasome, which causes increase in
the expression of NF-kB and its translocation into the
nucleus.33,37,44,50 NF-kB induces the production of proinflammatory cytokines, IL-1β, TNF-α and IL-6, which stimulate
the liver cells to synthesize acute inflammation proteins,
including CRP, 4–6 hours after the exposure.51,52 In addition,
LPS induces the synthesis of anti-inflammatory cytokines
IL-10 as well as IL-4 and IL-13, which block the activation
of NF-kB by the negative feedback mechanism.53
In our work, it was demonstrated that in the early periods
after the injection of LPS, the increase in Nf-kb expression in
the liver was observed only in rats susceptible to hypoxia. In
tolerant animals, no significant differences from the control
group were found at all the periods after the administration
of LPS, and the expression level of Nf-kb after 6 and 24 hours
of LPS injection was significantly lower than in susceptible
rats. This indicates the development of more pronounced
LPS-induced inflammation in rats susceptible to hypoxia. It
is manifested by an increase of IL-1β in the blood that could
be observed only in susceptible animals 3 hours after the
administration of LPS. After 24 hours, its level was normalized in male rats susceptible to hypoxia, but remained higher
than in animals tolerant to hypoxia.
According to the literature, in response to the administration of LPS, the level of CRP rises significantly after
10–12 hours and reaches a peak after 24–48 hours.54–57
According to our data, a significant increase in CRP level

Journal of Inflammation Research 2019:12

Dovepress

Median

Dzhalilova et al

25%–75%

Non-outlier range

Hif-1α

0.0035

P=0.035

0.0030

P=0.0005

P=0.0007

Relative expression

0.0025
P=0.02
0.0020
0.0015
0.0010
0.0005
–0.0000
–0.0005

Control

3 hours LPS

6 hours LPS

24 hours LPS

Control

3 hours LPS

6 hours LPS

24 hours LPS

Susceptible

Tolerant

Figure 2 Expression of Hif-1α in the liver of rats tolerant and susceptible to hypoxia after 3, 6 and 24 hours of LPS administration (Me; 25%–75%).
Notes: In all groups there were 5 observations except the tolerant group after 24 hours of LPS injection, in which were 8. Statistical significance of differences (P-value) is
determined by the Kruskal–Wallis method.
Abbreviation: LPS, lipopolysaccharide.

Median

25%–75%

Non-outlier range

IL-1β

80
70
60

P=0.02

P=0.03

pg/mL

50
40
30
20
10
0
–10

Control

3 hours LPS

6 hours LPS

24 hours LPS

Tolerant

Control

3 hours LPS

6 hours LPS

24 hours LPS

Susceptible

Figure 3 Serum IL-1β levels in rats tolerant and susceptible to hypoxia after 3, 6 and 24 hours of LPS administration (Me; 25%–75%).
Notes: In all groups there were 5 observations except the tolerant group after 24 hours of LPS injection, in which were 8. Statistical significance of differences (P-value) is
determined by the Kruskal–Wallis method.
Abbreviation: LPS, lipopolysaccharide.

occurred in the blood serum after 24 hours only in rats susceptible to hypoxia. Probably, it was possible due to the activation
of proinflammatory responses, indicated by increase in the
level of IL-1β after 3 hours of LPS administration in these
rats, since it is known that IL-1β promotes the synthesis of
acute inflammation proteins.57,58 As the level of CRP synthesis
reflects the intensity of the inflammatory process, it is used
as one of the clinical markers of infectious and inflammatory diseases, including sepsis.59,60 It was demonstrated that
high concentrations of CRP in the development of sepsis

Journal of Inflammation Research 2019:12

indicate unfavorable prognosis.61 Therefore, rats susceptible
to hypoxia are characterized by more pronounced inflammatory reaction in response to the administration of the LPS.
Apparently, greater sensitivity to the development of a
systemic inflammatory response in animals susceptible to
hypoxia is due to a high level of oxidative stress,28,32 since it
is known that it plays an important role in the development
of systemic inflammatory response.62 However, HIF-1α may
also participate in the development of a systemic inflammatory response and can be connected to its greater sensitivity to
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0.04
26.8 (20.1–31.2)
41.3
(29.0–44.9)
Note: Statistical significance of differences (P-value) is determined by the Mann–Whitney U test. Bold font represents statistically significant differences.
Abbreviation: LPS, lipopolysaccharide.

0.07
45.6
(34.1–47.1)
32.6
(31.2–34.1)
0.46
41.3
(39.9–48.5)
50.0
(47.1–51.4)
32.6
(31.2–38.4)
44.2
(44.2–45.6)
IL-10 in the culture fluid
of splenic cells, pg/mL

0.07

0.04
15.7 (7.5–18.3)
2.6 (0.0–7.1)
0.81
6.0 (1.1–10.5)
3.2 (1.7–15.2)
0.05
40.0
(21.7–49.4)
14.2
(10.3–22.1)
3.0 (0.9–8.2)
1.7
(0.8–8.8)
IL-1β in serum, pg/mL

0.77

24 hours

Tolerant (7)
P-value
(5–6)
Susceptible
(6)

6 hours

Tolerant
(5)
P-value
(3–4)

3 hours

Tolerant (3) Susceptible
(4)
Susceptible
(2)
Tolerant
(1)

P-value
(1–2)

LPS
Control
Cytokines

Table 3 The serum IL-1β and spleen IL-10 levels in rats tolerant and susceptible to hypoxia after 3, 6 and 24 hours of LPS administration (Me; 25%–75%)

Susceptible
(8)

P-value
(7–8)
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rats susceptible to hypoxia. Hyperactivation of the production
of inflammatory molecules leads to a disturbance of hemodynamics, activation of coagulation with the increase of NO
synthesis, vasoconstriction and the development of hypoxia,
which also affects the immune cells.63 In 2006, Frede et al
demonstrated that LPS can induce the NF-kB–dependent
increase in mRNA and HIF-1α protein levels.11 As it was
mentioned before, in systemic infections such as sepsis, the
increase in HIF-1α levels results in greater mortality and
enhancement in the levels of proinflammatory cytokines
(IL-1β, TNFα) in the serum.19 In our study, the level of
Hif-1α expression was statistically significantly higher in
rats susceptible to hypoxia from the control group than in rats
tolerant to hypoxia, consistent with previous studies.27 This
may indicate that animals susceptible to hypoxia are more
predisposed to the development of inflammatory diseases.
As it was discussed earlier, the situation in which HIF-1 is
activated (hypoxia or inflammation) influences the result
of this process. If HIF-1 is activated due to hypoxia, the
transcription of various targeted genes is enhanced, which
facilitates adaptation to the lack of oxygen. Being influenced
by the TLR-4– and NF-κB–dependent pathways, the genes
of proinflammatory cytokines become active.16 In our study,
after 6 hours of LPS injection, the level of liver Hif-1α expression increased significantly in both the rats susceptible and
tolerant to hypoxia; however, the increase was twice higher
in susceptible rats than in tolerant rats. Nevertheless, in tolerant rats, there was no increase in the level of expression of
Nf-kb, which indicates that in these animals, HIF is activated
independently from the NF-κB pathway and does not lead to
a pronounced inflammatory reaction.
It is known that anti-inflammatory cytokines, such as
IL-10 and TGF-β, produced by macrophages and peripheral
mononuclear cells under the influence of LPS, regulate the
development of the inflammatory response. IL-10 limits the
inflammatory response, and TGF-β plays an important role
in suppressing the functional activity of immune cells. Antiinflammatory cytokines are able to inhibit the production of
IL-1 and TNFα.64,65 However, their excessive secretion can
contribute to immunodeficiency, increased sensitivity to
infections, subsequent development of secondary infections
and chronic inflammation.66–68 We demonstrated that in rats
tolerant to hypoxia, there was a significant decrease in the
level of IL-10 after 6 hours and TGF-β after 24 hours of LPS
administration. According to the literature, the neutralization
of IL-10 activity increases the survival rate of animals in
the model of sepsis that developed against the background
of pneumonias.69 A higher level of IL-10 is also observed
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Figure 4 IL-10 production by spleen cells activated by Concanavalin A in rats tolerant and susceptible to hypoxia after 3, 6 and 24 hours of LPS administration (Me; 25%–75%).
Notes: In all groups there were 5 observations except the tolerant group after 24 hours of LPS injection, in which were 8. Statistical significance of differences (P-value) is
determined by the Kruskal–Wallis method.
Abbreviation: LPS, lipopolysaccharide.

Median

25%–75%

Non-outlier range

TGF-

90,000
P=0.008

80,000
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Figure 5 TGF-β serum levels in rats tolerant and susceptible to hypoxia after 3, 6 and 24 hours of LPS administration (Me; 25%–75%).
Notes: In all groups there were 5 observations except the tolerant group after 24 hours of LPS injection, in which were 8. Statistical significance of differences (P-value) is
determined by the Kruskal–Wallis method.
Abbreviation: LPS, lipopolysaccharide.

in patients with post-burn sepsis and a fatal outcome.70
Apparently, in rats tolerant to hypoxia, decrease in serum
IL-10 levels after 6 hours and TGF-β after 24 hours of LPS
administration prevents immunosuppression and increases
the survival rate of animals. In rats susceptible to hypoxia,
the level of anti-inflammatory cytokines did not change,
which indicates development of the intensive inflammatory
reaction in response to the administration of LPS.
According to the literature, myeloid cells, including neutrophils and monocytes/macrophages, contain a

Journal of Inflammation Research 2019:12

variety of proteolytic enzymes and are able to rapidly
generate the ROS to destroy pathogens. Thus, although
neutrophils are important for the destruction of pathogens,
their activation can cause a hyperimmune response and
cellular damage during sepsis and other inflammatory
diseases.39,71 Neutrophil-mediated damage to lung, liver
and other organs has been manifested in sepsis.72,73 In our
study, in comparison with rats tolerant to hypoxia, a higher
number of neutrophils was observed in the interalveolar
septa of the lungs in susceptible animals after 6 hours of
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0.06
38,352.3
(31,250.0–
48,295.5)
27,343.8
(22,135.4–
31,250.0)
0.09
24,739.6
(22,135.4–
31,250.0)
35,511.4
(28,645.8–
48,295.5)
Note: Statistical significance of differences (P-value) is determined by the Mann–Whitney U test.
Abbreviation: LPS, lipopolysaccharide.

0.90
44,744.4
(29,474.5–
57,528.4)
44,034.1
(41,193.2–
49,715.9)
49,715.9
(45,454.5–
52,556.8)
TGF-β,
pg/mL

58,238.6
(48,295.5–
69,602.3)

0.29

Tolerant
(7)
P-value
(5–6)
Susceptible
(6)
Tolerant
(5)

6 hours

P-value
(3–4)
Susceptible
(4)
3 hours

Tolerant
(3)
Susceptible
(2)
Tolerant (1)

P-value
(1–2)

LPS
Control

Table 4 Serum TGF-β level in rats tolerant and susceptible to hypoxia after 3, 6 and 24 hours of LPS administration (Me; 25%–75%)

24 hours

Susceptible
(8)

P-value
(7–8)
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LPS injection, which may indicate more pronounced lung
damage in these animals.
In studies of the possibility of using HIF-1 as a marker of
inflammatory diseases and as a potential therapeutic target in
humans, its expression level was examined, which may differ
depending on the resistance to hypoxia. These studies were
performed mainly on patients who already developed inflammatory disease, which prevents us from certainly concluding
about the connection between inflammatory reactions and the
initial resistance to hypoxia. In our experimental study, it was
demonstrated that in response to the injection of LPS, HIF-1a
expression was more pronounced in animals susceptible to
hypoxia, and they had a greater severity of the inflammatory
response, as confirmed by higher levels of Nf-kb, CRP and
IL-1β. Therefore, modulation of the expression of HIF-1α
may have therapeutic value, especially in organisms that are
susceptible to hypoxia.
As mentioned above, increased expression of HIF-1 can
be both proinflammatory and anti-inflammatory, depending
on the context of inflammation. Proinflammatory activation of HIF-1α is demonstrated on the LPS-induced sepsis
model,19 and anti-inflammatory activation is demonstrated
on the colitis model.18 We first showed that increased expression of HIF-1α in systemic infections leads to a greater
severity of the inflammatory response in animals susceptible
to hypoxia. However, further studies are essential for the
understanding of the possible protective role of increased
expression of HIF-1α in animals susceptible to hypoxia on
a colitis model.
Along with the main therapy of infectious and inflammatory diseases, antioxidants and antihypoxants are often
used, but their effectiveness varies between patients.74,75
Their effectiveness can also be determined by the variability
in the individual resistance to hypoxia. Considering our
data that rats susceptible to hypoxia have more pronounced
systemic inflammatory response, it can be assumed that
the use of antihypoxants will reduce the severity of the
inflammatory response. Indeed, in experimental studies
it has been demonstrated that antihypoxic drugs, when
used in combination with nonsteroidal anti-inflammatory
drugs, significantly reduce the severity of inflammatory
reactions.76,77 However, the effectiveness of such drugs may
not be the same in individuals with different resistance to
hypoxia. It is likely that the dose and course of treatment
with antihypoxants should be selected taking into consideration the individual’s resistance to hypoxia. In our opinion,
the use of antihypoxants will be more effective in patients
susceptible to hypoxia. Therefore, our data probably will
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Figure 6 Morphological changes in the lungs of male Wistar rats tolerant and susceptible to hypoxia after 3, 6 and 24 hours of LPS administration.
Notes: H&E staining. Original magnification: (A–H) 640×. (A) Rats tolerant to hypoxia, control group – few neutrophils in the field of view. (B) Rats susceptible to hypoxia,
control group – few neutrophils in the field of view. (C) Rats tolerant to hypoxia, 3 hours LPS – thickened interalveolar septa with neutrophils, hyperemia. (D) Rats
susceptible to hypoxia, 3 hours LPS – pronounced neutrophil infiltration in interalveolar septa, hyperemia. (E) Rats tolerant to hypoxia, 6 hours LPS – neutrophil infiltration
in interalveolar septa, hyperemia. (F) Rats susceptible to hypoxia, 6 hours LPS – high number of neutrophils in interalveolar septa, hyperemia. (G) Rats tolerant to hypoxia,
24 hours LPS – interalveolar septa with neutrophils, hyperemia. (H) Rats susceptible to hypoxia, 24 hours LPS – interalveolar septa with neutrophils, hyperemia.
Abbreviation: LPS, lipopolysaccharide.

allow to develop new approaches for personalized medicine,
taking into consideration the individual’s initial resistance
to hypoxia.
Some authors use hypoxic preconditioning in experimental studies to increase the level of HIF-1, which improves
adaptation to hypoxia.41,78 However, given the initially high

Journal of Inflammation Research 2019:12

level of expression of HIF-1 in rats susceptible to hypoxia,
shown in our work and by other authors,27 its additional
increase may, on the contrary, contribute to the predisposition to develop inflammatory processes. Therefore, in such
studies, it is also necessary to take into consideration the
results obtained in our work.
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Figure 7 The average number of neutrophils counted in ten high-power fields of view (25,000 µm2) per section in the interalveolar septa of the lungs of rats tolerant and
susceptible to hypoxia after 3, 6 and 24 hours of LPS administration (Me; 25%–75%).
Notes: In all groups there were 5 observations except the tolerant group after 24 hours of LPS injection, in which were 8. Statistical significance of differences (P-value) is
determined by the Kruskal–Wallis method.
Abbreviation: LPS, lipopolysaccharide.

Table 5 Summary of results
Index

Organ

Tolerant

Susceptible

mRNA Hif-1α

Liver

Increased after 6 hours of LPS injection

Increased after 6 hours of LPS injection
In the control group, after 6 and 24 hours of LPS injection, it
was higher than in tolerant animals

No changes

Increased after 3 and 6 hours of LPS injection. After 6 and 24
hours, it was higher than in tolerant animals

mRNA Nf-kb
IL-1β

Serum

No changes

Increased after 3 hours of LPS injection
After 24 hours, it was higher than in tolerant animals

C-reactive protein

Serum

No changes

Increased after 24 hours of LPS injection

IL-10

Culture fluid of
splenic cells

Decreased after 6 hours of LPS injection
After 24 hours, it was higher than in the
susceptible animals

No changes

TGF-β

Serum

Decreased after 24 hours of LPS injection

No changes

Number of
neutrophils

Lungs

Increased after 3 and 6 hours of LPS
injection

Increased after 3 and 6 hours of LPS injection. After 6 hours,
it was higher than in tolerant animals

Abbreviation: LPS, lipopolysaccharide.

Conclusion
Thus, for the first time, the various expressions of SIRS in
animals with different resistance levels to hypoxia are demonstrated here. Rats susceptible to hypoxia are characterized by
a more pronounced inflammatory response induced by LPS,
which is revealed by increased expression of Nf-kb and Hif-1α
in the liver, a greater number of neutrophils in the interalveolar septa of the lungs and an increased content of IL-1β and
CRP. In tolerant animals, after 6 hours of LPS administration,
the level of the anti-inflammatory cytokine IL-10 produced
by splenic cells was reduced and after 24 hours, its level was
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higher than in susceptible rats. Twenty-four hours after the
administration of LPS, a statistically significant decrease
in serum TGF-β level occurred in rats tolerant to hypoxia,
which prevents immunodeficiency states and increases the
survival rate of animals. The data will be the basis for further
experimental investigations and the development of new
approaches for treating infectious diseases.
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