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The article presents information on the study conducted, the purpose of which was a comprehensive study of
morphofunctional changes in the mesenteric lymph nodes under the combined effects of hypoxia and infection, as well as
compensatory-adaptive processes formed in the lymphoid tissue. The study was conducted on mesenteric lymph nodes of white
rats weighing 180-200 grams, using histological, electron microscopic, and morphometric methods. On the 15th day of the study,
acute destruction and necrosis of cells, a significant decrease in morphometric parameters, vacuolization of most organelles were
observed. At a later stage of the study (day 30), depletion and atrophy of follicles, as well as, conversely, an increase in connective
tissue were revealed. These findings suggest pathological remodeling of the lymph nodes, reflecting both a structural response and
an adaptive reaction to the combined effects of hypoxia and infection.
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MOP®O®YHKIIOHAJIBHA XAPAKTEPUCTHKA BPUKOBUX TIMPATUYHHUX BY3/11B
IIPU NIOEJHAHOMY BIIJIUBI I'INIOKCII TA IHOEKIII

Y crarti momaHo iHQopMaLild TPO MPOBENEHE NOCTIHKEHHS, METOI SKOTO Oyl0 KOMIUIEKCHE BHBYCHHS
MOphHODYHKIIOHAIBHUAX 3MiH Yy ME3eHTepialbHUX JTiMGaTHIHUX By3/ax IiJ] CIHUIBHUM BIUTMBOM TiHOKCii Ta iH(EKIil, a Takox
KOMIICHCAaTOPHO-aJaNTaiHHIX TpoleciB, mo (opMyroTsess B miM¢poinHii TkanuHI. OO0'€KTOM MOCIIDKEHHS CTannd OpHXKOBi
mimdaruyHi By3nH O0imux mrypiB Baroto 180-200 rpaM. Y xomi JOCHIIKEHHS BHKOPHUCTOBYBAJHCS TiCTOJOTIUHI, €NEKTPOHHO-
MikpockomiuHi Ta Mopdomerpuuni metonu. Ha 15-if neHp 1OCHiIKeHHsI CriocTepiraaucs roctpa JecTPYKIis Ta HEeKpo3 KIITHH,
3HAYHE 3HIDKCHHS MOP(HOMETPUIHHUX OKa3HUKIB, BaKyoii3awis O6iipmrocti opranen. Ha 6insnr misasoMy etari gociimxeHss (30-
i ICHB) BUSIBJICHO BICHAKEHHS Ta aTpo(ito QOTIKyIiB, a TAKOXK, HABIAKH, 30UIBIICHHS CIIONYYHOI TKaHHHU. OTpHMaHi pe3ynbTaTi
MOXYTh OyTH PO3LIHEHI SIK MaTOJIOTiYHa PEKOHCTPYKIis JIiM(AaTHUHKUX By31iB, a TAKOXK SIK 3arajbHa peakilis Ha aganTaliioo 10
HOBOTO CTaHy Ta CIUIBHOTO BIUIUBY TiNOKCIT Ta iHdeKmii.

KurouoBi cjioBa: rimokcis, iHQeKIIist, OprrKOBi IiM(paTHIHI By3ITH.

Hypoxia and infection as an irritating factor have a damaging effect on the tissues and cells of the
immune system, along with the respiratory, cardiovascular, and endocrine systems, and accelerate the
development of inflammation in the body. Basically, the combined effect of hypoxia and infection causes
tissue alteration, inflammation, or exposure to ischemia, as well as the progression of diseases and the
emergence of autoimmunity in the body. At the same time, as a result of the combined effect of vascular
pathology and microthrombosis, chronic hypoxia caused by a long-term infection leads to disruption of the
blood supply of tissues and cells, exacerbation of existing pathological processes in the body [2, 3, 5, 8].

Any hypoxia and infection-causing irritating factor on the body is accompanied by the occurrence of
adaptation processes aimed at preventing or eliminating hypoxia and infection, as well as maintaining
homeostasis [4, 6]. The interaction of various mechanisms in different directions carries out the adaptation
processes to the combined effect of hypoxia and infection. In this regard, it is important to evaluate the body's
response to hypoxia and infection in order to predict and prevent the severity of both factors in time [7, 9].

The purpose of the study was to comprehensively determine the pathogenetic and morphogenetic
mechanisms of structural changes in mesenteric lymph nodes in the combined effect of hypoxia and
infection, as well as the basic principles of compensatory-adaptive processes in lymphoid tissue.

Materials and methods. The object of the study were 60 adult male white rats weighing 180-200
grams, bred in special conditions, healthy, mobile, and with rhythmic heartbeats. Experimental animals
were divided into two groups: control (20) and main (40). The parameters of the animals included in the
control group were taken as normal. The experimental animals included in the main group were placed in
a barochamber after being infected with S. aureus culture and subjected to the combined effects of
hypobaric hypoxia and staphylococcal infection. On the 15th and 30th days of the study, the mesenteric
lymph nodes of the animals were taken in a complex and studied by histological, electron-microscopic, and
morphometric methods.

Research on animals was conducted in the Department of Pharmacology and Experimental Surgery
of the Scientific Research Center of AMU on the basis of ethical rules specified in Protocol No. 31 of the
Ethics Rules Commission and bioethics committee under the Ministry of health of the Republic of
Azerbaijan on 21.04.2008.
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Results of the study and their discussion. In histological preparations, the connective tissue
capsule surrounding the lymph nodes from the outside and the trabeculae from the capsule to the inside of
the node are observed, and numerous anastomoses exist between the trabeculae. Under the capsule, the
dark cortical substance consisting of follicles, the light-colored medullary substance in the center of the
nodule, and the paracortical zone between the cortical and the medullary substances are clearly visible

(Fig.1).
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Fig. 1. Control group. Normal histotopography of mesenteric lymph nodes. A — stain: hematoxylin and eosin. X10; B — stain:
PAS method. X40.

In the preparations, the follicles of the cortical substance, rich in blood vessels, appear in the form
of nodules. In the central part of the nodule is the germinal center, and in the periphery, the location of
small-sized lymphocytes in the form of a crown is noted. In histological preparations, medullary trabeculae
located in the form of beams entering the medullary substance from the paracortical zone, and nodes are
clearly visible.

58.3 % of the lymph node is the cortical substance, 38.3 % is the medullary substance, and 3.4 %
is the paracortical zone. It is noted that their ratio is 58:38:4 (Table 1).

Table 1
Morphometric parameters of mesenteric lymph nodes in the norm,
and combined effect of hypoxia and infection

Parameters Control erou Duration of the experiment
group Day 15 Day 30
n 10 16 16
M+m 58.2+0.6 52.2+0.7 47.7+0.7
) min-max 55.4-60.5 49.8-54.2 45.5-49.6
Relative volume of Me 583 52.6 481
cortical substance
Q1-Q3 56.7-59.8 50.6-53.5 46.1-48,8
P 0.001 0.001
M+m 38.5+0.5 44.5+0.7 49.240.7
) min-max 36.3-41.2 42.5-46.7 47.1-51.4
Relative volume of Mo 383 24 137
medullary substance
Qi1-Q3 36.9-39.7 43.4-46.3 47.9-51.2
P 0.001 0.001
M=+m 3.35+0.04 3.26+0.09 3.15+0.13
. min-max 3.20-3.60 2.90-3.50 2.70-3.50
Relative volume of Me 3.30 333 3.20
paracortical zone
Q1-Qs3 3.30-3.40 3.10-3.40 2.90-3.40
P 0.619 0.246
M+m 1.51+0.04 1.184+0.03 0.97+0.03
) min-max 1.34-1.66 1.07-1.28 0.88-1.05
Cortical/ medullary Me 152 119 0.99
substances ratio
Q1-Qs3 1.43-1.62 1.09-1.23 0.90-1.02
P 0.001 0.001

Note: n — number of animals; M — average parameter of variation, m — standard error; min (max) — the smallest (biggest)
indicator of the range of variation; Me — average structural parameter; Q1 — I quartile, Qs — III quartile; statistical integrity of the difference
between the parameters of the groups: p — with the parameters of the control group (by the U-Mann-Whitney criterion).
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On microscopic examination, it is notable that the lymph node's parenchyma is pierced by a thick
network of lymphatic sinuses, in which the afferent lymphatic vessels open. It is possible to visualize the
subcapsular sinus, the intermediate sinuses between the nodule and the trabeculae, the medullary sinus
between the medullary trabeculae, and the portal sinus at the hylus of the node.

On the 15th day of the study, most of the lymph nodes appear in the form of islets in histological
preparations. Microscopically, the connective tissue capsule and parenchyma of the lymph nodes, follicles
subjected to atrophic processes, become denser as a result of the proliferation of connective tissue elements
in the stroma. The structure of the lymph nodes is disturbed, the cortical and the medullary substances are
hardly separated from each other, the paracortical zone, trabeculae, as well as medullary trabeculae are
poorly observed.

In addition to dystrophic changes in the lymphoid tissue, there is a violation of the relationship
between the cortical and the medullary substance, mainly a decrease in the volume of the cortical substance.
Statistically reliable parameters of atrophy of nodes are revealed in morphometric studies. Thus, the relative
volume of the cortical substance decreases by 9.9 % compared to intact parameters and makes up 52.6 %
of the lymph nodes (p=0.001). 44.2 % of the lymph nodes consisted of medullary substance, which was
15.5 % higher than the control group (p=0.001). The ratio of the cortical and the medullary substance to
each other is 1.19 % (p=0.001) with the increase in the volume of the medullary substance.

In histological preparations, deformation of follicles, sharp reduction in size and lysis of small-
sized follicles are clearly visible. Necrobiotic changes are noted in relatively large follicles. A large number
of necrotic cells and stromal elements are found between the lymphoid follicles. In some preparations,
signs of inflammation and the collection of exudate in the lymphoid tissue of the cortical substance drow
attention (fig. 2, A). More acute dystrophic changes are noticeable in the medullary substance, in this zone,
the depletion of lymphoid cells is noted. The cytoplasm of cells becomes vacuolated, their nuclei undergo
karyopyknosis and karyolysis. The decrease in the number of lymphoid cells and the lysis of lymphocytes
in the local area leads to the disruption of the structure of the medullary substance.
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Fig. 2. Main group: day 15 of the study. A — Histotopography of mesenteric lymph nodes. Stain: Hematoxylin and eosin. X20;
B — Ultrastructure of mesenteric lymph nodes. TEM. Stain: uranyl acetate and pure lead citrate. Scale — 20 um.

Stress factors cause intensification of the extravascular insudation of plasma and increase of intra-
organ progressive vascular changes. In some preparations, although the integrity of the capillar walls is not
disturbed, the narrowing of the lumen is clearly noticeable. The histological examination reveals the
lymphatic sinuses have expanded, include individual lymphocytes, macrophages, and plasmatic cells, and
have dystrophic alterations in their walls.The destruction of macrophages in the medullary sinuses is clearly
visible. Other lymphatic sinuses, especially the portal sinus, are notable for being filled with a necrotic
mass.

Under the combined effect of hypobaric hypoxia and staphylococcal infection, focal damage of the
plasmalemma and dystrophic changes of the organelles are observed in ultrathin sections prepared from
lymph nodes (fig. 2, B). Vacuolation of the cytoplasm, mainly in the medullary substance, the eccentric
location of the nuclei, and the fact that most of the nuclei are shrunken are clearly visible. Heterochromatin
is located along the karyolemma in the form of large balls. Destruction of mitochondria, disintegration of
cristae and fragmentation into separate fragments, degranulation of the Golgi complex, and sharp expansion
of the cisterns of the endoplasmic reticulum are noted; lysosomes are not observed in most cells. Parts of
degranulated organelles are unevenly distributed in the cytoplasm.
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The reduction of exudative processes leads to an increase in the number of fibroblasts and the
development of new connective tissue. This, by squeezing the lymphatic follicles, leads to a decrease in
their size, and the lymph nodes acquire a microfollicular appearance. Despite the reduction in the size of
the follicles, the processes of intrafollicular regeneration and follicular hyperplasia occur in the lymph
nodes as a result of absorption of inflammation in the peritoneal cavity. Along with this, on the background
of hypoxia, newly formed lymphocytes in the lymphoid tissue in quantitative and qualitative terms in
response to infection are noted (Fig. 3, A).

The change in the relationship between the cortical and the medullary substance leads to a sharp
decrease (17.5 %) in the volume of the cortical substance compared to the control group, which leads to
the replacement of the lymphatic parenchyma by the stroma. At the same time, a significant (27.2 %)
increase in the volume of medullary substance of a compensatory nature causes a change in the ratio
between them, and this ratio is 0.99 % (p=0.001). On the other hand, compensatory stromal proliferation
is the result of the next pathological process developing in the parenchyma of the follicles. This process
has been characteristic of both the 15th and subsequent stages of study and continues to grow. Proliferation
of connective tissue not only compensates for the loss of parenchyma, but also creates a certain stability
locally for the remaining follicles and prevents complete atrophy of the follicular epithelium. This is the
result of the combined effect of stress factors hypoxia and infection on lymph01d tissue.
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Fig. 3. Main group: day 30 of the study. A — Histotopography of mesenteric lymph nodes. Stain: Hematoxyhn and eosin, X20;
B — Ultrastructure of mesenteric lymph nodes. TEM. Stain: uranyl acetate and pure lead citrate. Scale — 2 pm.

At this stage of the study, vascular pathologies are non-specific. Vascular changes are mainly
manifested in the form of stasis, micro-thrombosis and fibrinoid necrosis. Relative expansion of lymphatic
sinuses, collection and aggregation of individual mono- (macrophages and lymphocytes) and polynuclear
cells are observed in their walls, lumen, especially in the lumen of the subcapsular sinus.

At the end of the experiment, electron-microscopic changes in the lymph nodes reach a maximum.
Ultrastructural manifestations of stress effects are characterized by depletion of parenchyma, disruption of
intercellular contacts, decrease in the number of secretory vesicles, and strengthening of autophagocytosis
(Fig. 3, B).

Depletion of parenchyma is manifested by necrosis and atrophy of cells. Electrograms show a clear
expansion of the endoplasmic reticulum, which occupies almost the entire intracellular area. Reduction in
the number of mitochondria, smoothing of their cristae, complete change of shape in some cells is clearly
noticeable.

Conducted studies show that hypoxia and infection, which are stress factors, have a significant
effect on the organs of the immune system, including the structure and functional activity of the lymph
nodes, and serious pathomorphological changes related to each other are found in all zones of the lymph
nodes [1, 10, 12]. These changes have a dual character. So, at this time, along with proliferative processes,
the exhaustion and atrophy of follicles is observed. During the combined effect of hypoxia and infection,
the changes in the lymph nodes lead to pathological reconstruction of the tissue, as well as adaptation to
the new environment [2, 3, 4, 7, 8].

Conclusion

The obtained results can be considered as a pathological remodeling of the lymph nodes, as well
as their adaptation to a new condition and a general response to the combined effects of hypoxia and
infection. The response of lymphoid tissue to hypoxia and staphylococcal infection was not homogeneous,
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the nature of these reactions mainly depends on the type and pathogenicity of the microflora in the
abdominal cavity in the experimental peritonitis, as well as the nature and development of the destructive
processes occurring in the peritoneum, as well as the duration of hypoxia.

References

1. Alotiby A. Immunology of Stress: A Review Article. J Clin Med. 2024 Oct 25;13(21):6394. doi: 10.3390/jcm13216394.

2. Bartels K, Grenz A, Eltzschig HK. Hypoxia and inflammation are two sides of the same coin. Proc Natl Acad Sci U S A. 2013
Nov 12;110(46):18351-2. doi: 10.1073/pnas.1318345110.

3. Biddlestone J, Bandarra D, Rocha S. The role of hypoxia in inflammatory disease (Review). International Journal of Molecular
Medicine, 2015, 35, 859-869. https://doi.org/10.3892/ijmm.2015.2079.

4. Courvan EMC, Parker RR. Hypoxia and inflammation induce synergistic transcriptome turnover in macrophages. Cell Rep.
2024 Jul 23;43(7):114452. doi: 10.1016/j.celrep.2024.114452.

5. Dzyubanovsky I'Ya, Kovalchuk AA, Prodan AM, Dzhyvak VH, Badiuk NS. Endogenous mtoxication in simulated experimental
fecal peritonitis. J.PharmacologyOnLine, Ukraine, Archives, 2021, vol.3, 1458-1462.

6. Eltzschig HK, Carmeliet P. Hypoxia and inflammation. N Engl J Med. 2011, 17;364(7):656-65. doi: 10.1056/NEJMra0910283.
7. Emily R. Watts, Sarah R. Walmsley, Inflammation and Hypoxia: HIF and PHD Isoform Selectivity, Trends in Molecular
Medicine, Volume 25, Issue 1, 2019, p. 33-46, https://doi.org/10.1016/j.molmed.2018.10.006.

8. Pham K, Parikh K, Heinrich EC. Hypoxia and Inflammation: Insights From High-Altitude Physiology. Front Physiol. 2021,
26;12:676782. doi: 10.3389/fphys.2021.676782.

9. Rubingh J. The Role of Thyroid Hormone in the Innate and Adaptive Immune Response during Infection. Compr Physiol. 2020.
10(4). p. 1277-1287.

10. Saas P, Fan GC. Editorial: Hypoxia and inflammation: A two-way street. Front Immunol. 2023 Mar §; 14:1171116.
doi:10.3389/fimmu.2023.1171116.

11. Schédel J, Ratcliffe PJ. Mechanisms of hypoxia signalling: new implications for nephrology. Nat Rev Nephrol. 2019
Oct;15(10):641-659. doi: 10.1038/s41581-019-0182-z.

12. Taylor CT, Colgan SP. Regulation of immunity and inflammation by hypoxia in immunological niches. Nat Rev Immunol.
2017 Dec;17(12):774-785. doi: 10.1038/nri.2017.103.

Crarrs Hagiiinoa 11.03.2024 p.

211



