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Antiphospholipid syndrome (APS) is an autoimmune disease characterized by damage to the intima 
of the microcirculatory blood vessels as a result of the formation of autoimmune antibodies to phospholipids 
of cell membranes. Recent data indicate a possible link between the occurrence of autoimmune diseases and 
endoplasmic reticulum (ER) stress, impaired nitric oxide availability, high plasma D-dimer level. The aim 
of the study was to estimate the effect of nitric oxide synthesis modulators L-arginine and aminoguanidine, 
and mesenchymal stem cells (MSCs) on the level of inositol-requiring enzyme-1a (IRE-1a), glucose-regulated 
protein 78 (GRP-78) as ER stress markers, and the level of D-dimer in the lung tissue of female BALB/c line 
mice with experimental APS induced with cardiolipin administration. 30 experimental animals were divided 
into five groups: 1 – control animals; 2 – mice with APS; 3 – mice with APS, injected intraperitoneally with 
L-arginine hydrochloride (25 mg/kg) and aminoguanidine (10 mg/kg); 4 – mice with APS, injected intraperito-
neally with stem cells (5×106/kg); 5 – mice with APS, injected with L-arginine hydrochloride, aminoguanidine 
and stem cells in combination. After 10 days post APS formation animals were removed from the experiment, 
proteins were extracted from the lung tissue and their level was determined with Western blotting. It was 
established that in group  with APS the levels of IRE-1, GRP-78 and D-dimer were substantially increased 
as compared to the control group. After separate administration of both arginine with aminoguanidine and 
MSCs, as well as with their combined use, the level  of IRE-1, GRP-78 and D-dimer decreased compared to 
the indices in animals with induced APS. The obtained data indicated that this effect is probably due to the 
reduction of ER stress through iNOS inhibition and the anti-inflammatory action of MSCs. 

K e y w o r d s: antiphospholipid syndrome, lung, endoplasmic reticulume stress, L-arginine, aminoguanidine, 
mesenchymal stem cells, IRE-1, GRP-78, D-dimer. 

Antiphospholipid syndrome (APS) is a com-
plex autoimmune disease that includes re-
current venous and/or arterial thrombosis 

and pregnancy complications in the presence of an-
tiphospholipid antibodies (aPL), including anticardi-
olipin antibodies (aCL), anti-β2-glycoprotein I (anti-
β2GPI) antibodies and lupus anticoagulant (LA) [1].

The binding of aPL with β2GPI on cell surfaces 
activates endothelial cells, monocytes, and platelets, 

leading to a proinflammatory and prothrombotic re-
sponse and complement activation. [2].

Endothelial dysfunction is characterized by a 
violation of the availability of nitric oxide (NO) and 
a concomitant increase in the formation of reactive 
oxygen species (ROS). The key mechanism of en-
dothelial dysfunction involves the production of ROS 
by blood vessels, in particular O2

•-, which quickly 
reacts with NO and inactivates it [3]. It is known that 
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inflammatory reactions in the endothelium, induced 
by circulating autoantibodies and other inflam-
matory mediators, contribute to the pathogenesis 
of endothelial dysfunction, and numerous studies 
indicated that the release of cytokines was responsi-
ble for the progression of systemic lupus (SLE) ery-
thematosus. It was established that proinflammatory 
cytokines increase the ROS production in endothe-
lial cells [3, 4].

As in any other autoimmune diseases, APS 
causes increasing levels of autoantibodies, proin-
flammatory cytokines, and autoreactive T cells. The 
triggers for the development of any autoimmune 
disease include environmental factors, such as mi-
crobial infection, exposure to chemicals, and free 
radicals. All these factors are also known to induce 
stress on the endoplasmic reticulum (ER) [5], indi-
cating a possible link between the ER stress and the 
occurrence of autoimmune diseases. ER stress pre-
cedes the progression of autoimmune diseases and 
can lead to the upregulation of many proinflamma-
tory cytokines, including TNFα, IL-1β, IFN-γ, IL-6, 
and IL-23, which are the hallmarks of the autoim-
mune diseases. [6].

ER stress is a consequence of the mismatch be-
tween the load of unfolded and misfolded proteins 
in the ER and the ability of the cellular machinery 
to cope with this load. Misfolded proteins are stored 
in ER lumen for proper folding or degradation [7]. 
Accumulation of unfolded/misfolded proteins leads 
to the ER stress protein response, also known as un-
folded protein response, (UPR), through three main 
approaches: increasing the ER ability to fold and 
modify proteins; decreasing global mRNA trans-
lation; and activated ER-associated degradation 
(ERAD) and autophagy. When the UPR cannot re-
solve the problem, it becomes chronic and consistent 
until cell death [8-10]. 

RNA-like ER kinase (PERK) - protein kinase, 
which activates transcription factor 6 (ATF6), and 
inositol-requiring enzyme-1a (IRE-1a) are major 
components of the UPR [11].

IRE-1 is an indicator of ER stress. When suf-
ficient protein folding capacity is present in the ER, 
IRE-1 is in its inactive state. The enzyme is bound 
to the ER by the chaperone binding immunoglobulin 
protein (BiP). During ER stress, BiP dissociates to 
allow IRE-1 to fold into large oligomers, but some 
evidence suggests a possible direct interaction be-
tween IRE-1 and misfolding proteins in the ER lu-
men [10-12]

Another multifunctional stress and heat shock 
protein (HSP) of the ER that plays an important role 
in the UPR is a glucose-regulated protein 78 (GRP-
78). GRP-78 production in the lungs is increased 
during various stresses, and high levels of this pro-
tein in the lungs are expressed during chronic ob-
structive pulmonary disease. In addition to its in-
tracellular localization and functions, GRP-78 can 
also be exported to extracellular spaces, whereupon 
it acts as a cytokine through affinity binding to spe-
cific cell surface receptors, which transmit danger 
signals [13].

A variety of pathological conditions can in-
crease protein misfolding, leading to ER stress, 
where GRP-78 initiates signaling cascades that regu
late the UPR. GRP-78 binds hydrophobic surfaces on 
newly synthesized polypeptides and is first in line 
for protein folding. This function is enhanced by the 
misfolding of polypeptides that accumulate in the 
ER as a result of cellular stress. GRP-78 binds to un-
folded proteins in its ATP-bound form and mediates 
their folding by ATP [14]. When GRP-78 functions 
as a chaperone, it dissociates from the ER transmem-
brane stress sensor proteins IRE-1, PERK and ATF6, 
which triggers the UPR [15].

The development of APS is accompanied by in-
creased coagulation ability. Tissue injury increases 
the expression of activated tissue factor (aTF) in the 
endothelium. This activates FVII, which in turn 
activates FX, causing the aTFF-VIIa-FXa complex 
formation. This complex with the thrombin can send 
proinflammatory signals to the cells. On the other 
hand, the protein C complex, which contains throm-
bin, thrombomodulin, and activated protein C, de-
activates FVIIIa and FVa (acceleration factors) and 
slows the clotting process. This anticoagulant path-
way (protein C complex) requires an intact vascular 
endothelium expressing the endothelial cell protein 
C receptor (EPCR). Damaged endothelium releases 
EPCR (soluble EPCR), which actively binds to free 
activated protein C complex, and its loss of the anti-
coagulant moiety leads to hypercoagulation [16]

It was shown previously that such corrective 
action substances as L-arginine and aminoguani-
dine, also known as nitric oxide synthesis modula-
tors, have had a positive impact on cytokine profile 
[17], as well as affected levels of immunoglobulins 
and circulating immune complexes [18], in experi-
mental artificially induced APS in mice.

Research data on the study of the ER stress in 
APS, as well as possible corrective action by L-argi-
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nine, aminoguanidine, and mesenchymal stem cells. 
and its mechanisms are insufficient or even lacking, 
so this topic is relevant for further research.

We aimed to investigate the effect of modula-
tors of nitric oxide synthesis (L-arginine, amino-
guanidine) and mesenchymal stem cells on the level 
of endoplasmic reticulum stress and the level of D-
dimer in the lungs of female BALB/c line mice with 
experimental antiphospholipid syndrome.

Materials and Methods

The study was conducted on 30 BALB/c mice 
(females), which were kept on a standard vivarium 
diet. The experiments were performed in compli-
ance with the principles of bioethics in accordance 
with the General Ethical Principles of Animal Ex-
periments, adopted at the First National Congress on 
Bioethics (Kyiv, 2000) and consistent with the provi-
sions of the European Convention on the Protection 
of Vertebrate Animals Used for Research and Other 
Scientific Purposes (Strasbourg, 1986), and Euro-
pean Union Directive 2010/10/63 EU on animal ex-
periments. APS was modeled using cardiolipin (Sig-
ma, USA), which was injected intramuscularly four 
times (30 μg per one injection), with 14-day intervals 
between injections [19]. To increase the efficiency of 
the immune response, cardiolipin was emulsified 
in 75 μl of complete Freund's adjuvant (first injec-
tion); subsequent injections were carried out with 
incomplete Freund's adjuvant. APS developed two 
weeks after the last cardiolipin injection. Reaction 
of microprecipitation with cardiolipin antigen was 
performed to confirm the development of APS. In 
groups of BALB/c mice with APS, the presence of 
anticardiolipin antibodies was established [19]. All 
experimental animals were divided into five groups: 
group 1  – control animals; group 2 – mice with 
APS; group 3 – animals with APS, which were in-
jected with L-arginine hydrochloride (Sigma, USA, 
25 mg/kg) and aminoguanidine (Khimlaborreaktiv, 
Ukraine, 10 mg/kg); group 4 – mice with APS, 
which were injected with stem cells; group 5 – ani-
mals with APS, which were given a combined injec-
tion of L-arginine hydrochloride with aminoguani-
dine and stem cells. L-arginine hydrochloride and 
aminoguanidine were injected intraperitoneally once 
a day for ten consecutive days from the moment of 
APS formation, as described previously [20]. The 
stem cells were injected into mice once intraperito-
neally at a dose of 5×106 cells/kg, and 4 group of 
animals was removed from the experiment on the 7th 

day after correction with sodium thiopental anesthe-
sia. Control group animals were injected with identi-
cal volumes of 0.9% sodium chloride. All animals 
from other group 1, 2, 3, 5 were removed from the 
experiment using sodium thiopental anesthesia after 
10 days after correction (intraperitoneal administra-
tion of 1% solution at the rate of 50 mg/kg of animal 
weight).

Cryopreserved human umbilical cord mesen-
chymal stem cells (MSCs) were kindly provided by 
H. Lavrenchuk (Institute of Experimental Radiolo
gy of the National Scientific Center of Radiation 
Medicine of the National Academy of Sciences of 
Ukraine). Umbilical cord tissue had been acquired 
from a single donor after a standard delivery pro-
cess with donor’s informed consent on record. The 
umbilical cord tissue had been aseptically dissected 
into smaller fragments and  enzymatically processed 
with 0.1% collagenase I (Sigma-Aldrich, USA), 
diluted in DMEM/F12 Advanced culture medium 
(Gibco, USA). Isolated cells were seeded into culture 
flasks and cultivated in controlled conditions at 37°C 
and 5% CO2. MSC passaging was performed before 
cells reached 90-100% confluence using TrypLE 
Express Enzyme (Gibco, USA). Cryopreservation of 
MSCs was done at passage 4 after achieving 80-90% 
cell monolayer. Frozen samples were stored in liquid 
nitrogen at -196°C.

The obtained MSCs underwent immunopheno-
typing using flow cytometry (Accuri™ C6 Plus Per-
sonal Flow Cytometer, Becton Dickinson, USA) and 
mouse anti-human monoclonal antibodies targeting 
CD73, CD90, CD105, CD34, and CD45 (Invitro
gen, USA). Therefore, the MSCs were identified 
as CD73+, CD90+, CD105+, CD34-, CD45- cells. 
Following thawing, the cells were cultured using 
DMEM/F12 Advanced medium, supplemented with 
2% FBS, 1% L-Glutamine–Penicillin–Streptomycin 
solution (Sigma, USA), and heparin (240 μg/l) (Sig-
ma, USA) in a controlled environment (37°C, 5% 
CO2). MSCs in passage 5 were used for experimen-
tal procedures. The mice receiving MSCs injections 
were not simultaneously subjected to immunosup-
pression, as these stem cells typically evoke minimal 
or no immune response [21, 22].

Protein extraction from the lung tissue. Lungs 
were ground up in liquid nitrogen, preparing aliquots 
of the same weight, which were later homogenized 
in tissue lysis buffer with the following composition: 
0.05 M Tris-HCl (pH 7.4), 0.135 M NaCl, 0.1% SDS, 
1% Triton X-100, 0.5% sodium deoxychalate, 0.03% 
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NaN3, with the addition of a cocktail of protease and 
phosphatase inhibitors (Pierce Protease and Phos-
phatase Inhibitor, cat. No. A32959, ThermoFisher 
Scientific, USA). The tissue to buffer ratio was 1:10 
(w/v). After additional ultrasound treatment using 
a Sartorius disintegrator (Germany), the homogen-
ates were centrifuged at 16,000 g for 60 min at 4°C. 
Supernatants were collected in Eppendorf tubes and 
total protein content was determined. Samples were 
prepared for electrophoresis using 2x Laemmli buffer 
with the following composition: 62.5 mM Tris-HCl 
(pH 6.8), 0.1% SDS, 10% β-mercaptoethanol, 10% 
glycerol, 0.001% bromophenol blue. The samples 
were boiled in a water bath for 5 min for solubiliza-
tion and denaturation of proteins.

Determination of total protein content. The 
total protein content in lung tissue lysates was de-
termined spectrophotometrically by measuring the 
absorbance of the sample at 260 nm and 280 nm 
wavelengths. To calculate the protein content, the 
following equation was used [23].

Electrophoresis in a SDS-PAGE was performed 
according to the standard methods [24]. A vertical 
gel electrophoresis chamber manufactured by Bio-
Rad (USA) was used. TEMED and 10% ammonium 
persulfate solution were used for the acrylamide po-
lymerization in gels for concentration (pH 6.8) and 
separation (pH 8.8) of samples. The amount of total 
protein was 100 μg per well/track. A buffer solution 
containing 25 mM Tris-HCl (pH 8.3), 0.19 M glycine 
and 0.1% SDS was used for gel immersion. The con-
centration of samples was carried out at a voltage of 
30-35 V (15-18 mA), while separation - at 70-110 V 
(30-35 mA).

Gels, which were later used for immunoblot-
ting (Western blot analysis), were carefully removed 
from the chamber after electrophoresis and washed 
in a transfer buffer containing 20% methanol.

Western blot analysis. Western blot (immuno-
blotting) was used to determine the levels of marker 
proteins in lung tissue. Immunoblotting was per-
formed according to the standard methods [25] with 
minor modifications. After electrophoretic separa-
tion, proteins from the gel were transferred to a nitro-
cellulose membrane by electroblotting in a buffer so-
lution containing 25 mM Tris-HCl (pH 8.3), 0.19 M 
glycine, and 20% methanol. The voltage during the 
protein transfer was 42-48 V with a current of 220-
240 mA, the duration of the transfer was 120 min. 
After the transfer, the nonspecific binding sites of 
the antibodies on the membrane were blocked with 
a 5% solution of nonfat dry milk proteins dissolved 

in buffered saline containing 0.05% Triton X-100 
(PBST) for 90 min at 37°C. After blocking, the blots 
were incubated with primary antibodies against the 
target proteins, diluted according to the manufac-
turer’s recommendations, in a 3% solution of BSA 
for 16 h at 4°C. Following this, the membranes were 
washed six times for 5 min in PBST to remove non-
specifically bound antibodies and incubated with 
the appropriate anti-species horseradish peroxidase 
(HRP)-conjugated secondary antibodies for 120 min 
at 37°C. After incubation with antibody-conjugates, 
the membranes were washed with PBST according 
to the previously described scheme.

Development of immunostaining was recorded 
by enhanced chemiluminescence (ECL) using 
0.25 M luminol in DMSO, 0.09 M coumaric acid in 
DMSO, 0.1 M Tris-HCl (pH 8.4), and 0.0035% hy-
drogen peroxide solution, during autoradiography on 
X-ray films, as described earlier [26]. Depending on 
the intensity of the chemiluminescence signal, the 
exposure time of the membrane on the film fluctu-
ated between 2 s and 15 min. To develop blots, X-
ray films were treated with commercial developer 
and fixative solutions. The molecular weights of 
proteins in the samples were determined by compar-
ing their migration with the location of PageRuler™ 
Prestained Protein Ladder markers in the range of 
10-250 kDa (cat. no. 26619, ThermoFisher Scientific, 
USA). After developing, the film was scanned, and 
semi-quantitative protein level analysis was per-
formed using TotalLab software (TL120, Nonlinear 
Inc, USA). The level of the immunoreactive zone of 
the target protein was expressed in arbitrary units 
(a.u.) of optical density and normalized by the level 
of tubulin in each sample.

Results and Discussion

It was established that in the APS group, the 
IRE-1 indicator increased almost 5 times compared 
to the indicators in the control group (Fig. 1). A dra-
matic increase in IRE-1α expression was found in B 
cells from patients with active systemic lupus ery-
thematosus (SLE) compared to those from healthy 
controls [27]. An increase in IRE-1α activity was 
also detected in neutrophils isolated from the blood 
of SLE patients. In several mouse models of SLE, 
inhibition of IRE-1α reduced the release of neutro-
phil extracellular traps (NET) and slowed disease 
progression [28].

Due to their secretory function, immune cells 
have a larger ER with higher protein folding activity 
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Fig. 1. Western blot analysis (a) and tubulin (loading control), densitometry (b) analysis of endoplasmic 
reticulum stress marker protein IRE-1 in the lung tissue of female mice with experimental APS and under 
corrective action substances. Group 1 – control, intact animals; Group 2 – mice with APS, Group 3 – APS 
+ L-arginine hydrochloride + aminoguanidine; Group 4 – APS + stem cells; Group 5 – APS + L-arginine 
hydrochloride + aminoguanidine + stem cells (M ± m, n = 6). *The difference is significant relative to the 
control group; •the difference is significant relative to the APS alone group, (P < 0.005)

and therefore, they are more susceptible to agents 
that cause ER stress during autoimmune diseases. 
This may require the presence of IRE-1α in immune 
cells. In addition to pathophysiological effects, IRE-
1α activation plays an important function in the nor-
mal physiology of immunologically important cell 
types. The role of IRE-1α in immune functions is 
gradually being identified as a possible mechanism 
for many complex immune-related diseases [6].

The level of GRP-78 increased by 2.7 times 
compared to the control group (Fig. 2). ER stress 
plays an important role in the progression of an au-
toimmune disease such as rheumatoid arthritis (RA). 
Some studies have shown that the expression levels 
of the ER stress markers, such as GRP-78 and IRE-
1, were increased in RA. ER-stressed fibroblasts in 
RA showed increased expression of GRP-78, which 
promoted cell survival and proliferation and finally 
promoted synovial proliferation. Indeed, an increase 
in GRP-78 in the ER lumen induced by the ER stress 
promotes the translocation of GRP-78 from the ER 
to the cell surface. Under these circumstances, cell 
surface GRP-78 can be used as an anti-cyclic cit-
rullinated peptide antibody and an autoantigen for 
T and B cells, promoting the development of self-
reactive T cells [29].

The ER lumen is an ideal environment for the 
proper synthesis and folding of proteins destined for 
secretion or display on the cell surface. Homeostasis 
in the ER is maintained through the coordination of 
the UPR and ER-associated degradation; however, a 
variety of perturbations increase protein misfolding, 
leading to the ER stress, where GRP-78 initiates 
signaling cascades that are regulated by the UPR 
[15, 30].

The D-dimer level in the APS alone group in-
creased by 5.3 times compared to the control group 
(Fig. 3). Weinberg et al. reported that patients with 
autoimmune status had higher plasma D-dimer 
levels than patients without autoimmune disease. It 
was also found that the synovial membrane of pa-
tients with RA had higher levels of D-dimer com-
pared to patients with osteoarthritis and traumatic 
joint injury. According to the study, plasma D-dimer 
levels were found to be significantly associated with 
the severity of disease in RA patients [31]. 

D-dimer is the end product of cross-linked fi-
brin degradation, formed by plasmin hydrolysis. 
This is the only ideal indicator that directly reflects 
the level of thrombin, and is also a specific marker of 
secondary hyperfibrinolysis. An increased D-dimer 
level can be considered as a sign of hypercoagulation 
and fibrinolysis [32].
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Fig. 2. Western blot (a) and densitometry (b) analysis of the endoplasmic reticulum stress marker protein 
GRP-78 in the lung tissue of female mice with experimental APS and under corrective action substances. 
Group 1 – control, intact animals; Group 2 – mice with APS, Group 3 – APS + L-arginine hydrochloride + 
aminoguanidine; Group 4 – APS + stem cells; Group 5 – APS + L-arginine hydrochloride + aminoguanidine 
+ stem cells (M ± m, n = 6). *The difference is significant relative to the control group; •the difference is sig-
nificant relative to the APS alone group, (P < 0.005)

Fig. 3. Western blot (a) and densitometry (b) analysis of D-dimer in lung tissue of female mice with experimen-
tal APS and under corrective action substances. Group 1 – control, intact animals; Group 2 – mice with APS, 
Group 3 – APS + L-arginine hydrochloride + aminoguanidine; Group 4 – APS + stem cells; Group 5 – APS 
+ L-arginine hydrochloride + aminoguanidine + stem cells (M ± m, n = 6). *The difference is significant rela-
tive to the control group; •the difference is significant relative to the APS alone group, (P < 0.005)
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The level of IRE-1 was 1.4 times lower in the 
group of APS animals with the combined use of 
aminoguanidine and L-arginine for the correction of 
APS in BALB/c female mice, compared to the group 
of animals with experimental APS and no correc-
tive action (Fig. 1). In the group, where corrective 
substances were used, the level of GRP-78 was lower 
by 2 times compared to the indicator in the group of 

animals with experimental APS alone (Fig. 2); and 
the level of D-dimer decreased by 4 times (Fig. 3).

It was shown that enhanced NO generation by 
iNOS may contribute to acute lung injury. The use of 
aminoguanidine (AG) as an iNOS inhibitor promotes 
the elimination of excess nitric oxide, reduces cell 
damage and reduces the production of proinflamma-
tory mediators [33]. AG can reduce the accumulation 
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of glycosylation products, which can lead to endo-
plasmic reticulum stress-induced cell apoptosis [34].

Under the influence of proinflammatory fac-
tors, oxidative stress and L-arginine deficiency, the 
dimeric structure of eNOS is disrupted. Suppression 
of NO production leads to increased inflammation 
and thrombus formation in blood vessels. A high 
concentration of ROS has a cytotoxic and mutagenic 
effect and causes aging and apoptosis of endothelial 
cells [35]. That is, by using the nitrogen oxide do-
nor L-arginine, we activate the antioxidant system, 
which is important for protecting the vascular en-
dothelium and lung tissue as a whole in APS.

The combined use of L-arginine and amino-
guanidine caused an increase in the content of eNOS 
and a decrease in the content of iNOS in blood se-
rum and liver of animals with experimental APS 
[36]. Such data confirm the expediency of using 
these corrective substances because they exhibit 
high antioxidant and anti-inflammatory effects.

NO-induced apoptosis is mediated by mito-
chondrial damage [35]. Bagchi A.K. et al. have pre-
viously shown that iNOS is a critical factor that can 
cause disseminated intravascular coagulation (DIC) 
syndrome. DIC may also be characterized by aber-
rant UPR signaling, leading to inhibition of many 
adaptive responses through increased levels of NO 
and iNOS. These data indicate that iNOS/NO are 
required to promote inflammation after ER stress-
induced apoptosis [37].

In this study, mesenchymal stem cells (MSCs) 
were used in the 4th group of animals to correct 
APS. Against the background of the introduction 
of MSCs, the content of IRE-1 decreased by 17%, 
GRP-78 decreased by 56%, and D-dimer decreased 
by 49% (Fig. 1-3), compared to the parameters of 
animals with pathology alone.

In studies which used MSCs to treat COVID-19 
pneumonia, reductions in leukocyte counts, D-dimer 
levels, and CRP levels, which are predictive indica-
tors of the severity of COVID-19, were observed 
[38]. Due to their properties, MSCs reduce ER stress 
and regulate D-dimer level through immunosuppres-
sive effect in experimental APS. Data on whether 
APAs really cause thrombotic complications in pa-
tients with COVID-19 are controversial [39, 40], as 

hypercoagulability was observed both in APA-posi-
tive, as well as in APA-negative COVID-19 patients.

MSCs have a noticeable immunoregulatory 
effect against autoimmune disorders. For example, 
MSCs are able to inhibit not only the proliferation 
and activity of natural killer (NK) cells, but also 
the proliferation of T/B cells and the maturation of 
dendritic cells (DC). MSC-based therapy for many 
diseases, including autoimmune disorders, can be 
linked to the production of a wide range of biomole
cules, such as proteins, mRNAs and miRNAs, 
through the release of secretory growth factors or 
extracellular vesicles (EVs) [41].

To summarize, with the combined use of ar-
ginine, aminoguanidine and MSC as corrective ac-
tion substances in APS, the following results were 
obtained: a 26% decrease in IRE-1 content, a 63% 
decrease in GRP-78, and a 78% decrease in D-dimer 
levels (Fig. 1-3). The most effective interference for 
reducing the D-dimer level was the combined use 
of MSC with L-arginine and aminoguanidine. This 
effect is probably due to the anti-inflammatory effect 
of MSCs[38] and the reduction of ER stress through 
iNOS inhibition [37].

Conclusion. During experimental APS in fe-
male ВАLB/c line mice, clear signs of endoplasmic 
reticulum stress of the lung tissue and an increase 
in D-dimer levels were observed. With the com-
bined administration of arginine and aminoguani-
dine, separately MSCs, and their simultaneous use, 
the investigated indicators of IRE-1, GRP-78 and 
D-dimer decreased compared to the indicators in 
animals with induced APS. This indicates that cor-
rective substances reduce autoimmune proinflam-
matory, prothrombotic processes and reduce signs 
of ER stress in experimental APS.
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L-аргінін, аміногуанідин та 
мезенхімальні стовбурові 
клітини знижують 
рівень маркерів стресу 
ендоплазматичного 
ретикулума та D-димеру 
у легенях мишей з 
антифосфоліпідним 
синдромом
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Антифосфоліпідний синдром (АФС) – 
аутоімунне захворювання, що характеризується 
ураженням інтими мікроциркуляторного русла 
внаслідок утворення аутоімунних антитіл до 
фосфоліпідів клітинних мембран. Попередні 
дослідження вказують на можливий зв’язок між 
виникненням аутоімунних захворювань і стре-
сом ендоплазматичного ретикулума (ЕР), пору-
шенням доступності оксиду азоту та високим 
рівнем D-димеру в плазмі крові. Метою роботи 
було дослідження впливу модуляторів синте-
зу оксиду азоту (L-аргініну, аміногуанідину) 
та мезенхімальних стовбурових клітин (МСК) 
на рівень інозитол-залежного ензиму 1а (IRE-
1a) та глюкозо-залежного протеїну 78 (GRP-78), 
як маркерів стресу ендоплазматичного рети-
кулума, на рівень D-димеру в легенях самок 
мишей лінії BALB/c із антифосфоліпідним 
синдромом, спровокованим кардіоліпіном. 
Тридцять піддослідних тварин розділили на 
п’ять груп: 1 – контрольні тварини; 2 – миші з 
АФС; 3 – миші з АФС, яким внутрішньочеревно 
вводили L-аргініну гідрохлорид (25 мг/кг) 
і аміногуанідин (10 мг/кг); 4 – миші з АФС, 
яким внутрішньочеревно вводили МСК (5×106/
кг); 5 – миші з АФС, яким вводили L-аргініну 
гідрохлорид, аміногуанідин та МСК. Усіх тварин 
виводили з досліду на десятий день з подальшим 
екстрагуванням протеїнів легеневої тканини. 
Рівень окремих протеїнів визначали за допомо-
гою Вестерн-блоту. Встановлено, що в групі з 
АФС рівні IRE-1, GRP-78 і D-димеру були знач-

но підвищені порівняно з контрольною групою. 
Після застосування аргініну з аміногуанідином, 
а також МСК, як окремо, так і при їх спільному 
застосуванні, рівень ІРЕ-1, GRP-78 та D-димеру 
знижувався порівняно з показниками у тварин із 
індукованим АФС. Отримані дані свідчать про 
те, що цей ефект, ймовірно, зумовлений знижен-
ням стресу ЕР через інгібування iNOS і протиза-
пальну дію МСК.

К л ю ч о в і  с л о в а: антифосфоліпідний 
синдром, легені, стрес ендоплазматичного рети-
кулума, L-аргінін, аміногуанідин, мезенхімальні 
стовбурові клітини, IRE-1, GRP-78, D-димер. 
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