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Morphofunctional features in mice
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At C

Aim. We sought to assess the effects of exogenous Hsp70 (single subcutaneous low- and high-dose injections) on
organ structure and functions in adult mice.

Materials and methods. We randomized CD1 90-day-old male mice (n = 30) to three groups (10 mice per group).
We injected the animals with single subcutaneous saline solution for Group 1 (control), low dose (500 pg/kg) of re-
combinant human Hsp70 (HspATA) for Group 2, and high dose (5000 pg/kg) of the Hsp70 for Group 3. We examined
the behavior of the mice on Day 3 after the injections (distance traveled, velocity, and bowel movement number). We
lethalized the mice on Day 5 with further histological study and morphometrics of cerebral cortex, thymus, spleen,
and liver. The statistics included one-factor ANOVA test with post hoc Tukey test.

Results. All study groups exhibited no significant difference of behavioral parameters. Some liver sinusoids were
wider in control group and Hsp70 500 pg/kg group comparing to Hsp70 5000 pg/kg group. We obtained also data for
morphometrics: no difference was found for the number of neurons in ganglionic cerebral cortex, the lymphocytic
cellularity difference between thymic cortex and medulla, the number of lymphocytes in white splenic pulp, and
the number of hepatocyte nuclei in the liver. Red splenic pulp exhibited 1774,5 + 24,8, 1623,0 + 26,7, 1553,6 + 47,0
macrophages for control, low-dose and high-dose groups, respectively (p < 0,0001). Tukey test showed a significant
difference between control group and each of Hsp70 groups 500 pg/kg (p = 0,012) and 5000 pg/kg (p < 0,0007).
Conclusion. Our study revealed no negative impact of subcutaneous Hsp70 administration at low and high doses on
organ structure and functions in mice.
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MopdodyHKLUOHaNBbHbIE UISMEHEHUS Y MbILLEN
nocre oAHOKpaTHOro BBefleHUs1 BbICOKUX U HU3KUx o3 Hsp70

I.A. IIbaBuenko, A.A. Benegukros™, E.A. Kysbmun, C.JI. Kysueros
®@I'AOY BO «Ilepswiti Mockosckuti zocydapcmeentsiii meduuuHckull ynugepcumem umernu U.M. Ceuenosa»
Munszdpasa Poccuu (Ceuenosckuti Ynugepcumem)
ya. Tpy6eukas, 0. 8, cmp. 2, Mockea, 119048, Poccus
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Lenb. OueHnTb BRusHe ak3oreHHoro Hsp70 (heat shock protein, 6enok TennoBoro woka maccoit 70 k[a) Ha Mop-
(GOdYHKLMOHaNbHOE COCTOSIHME B3POCIbIX MbILLEN NpK ero 0AHOKPATHOM MOAKOXHOM BBEAEHUM B BbICOKMX W HIA3-
KUX J03ax.

Marepuanbl U MmeTogbl. /13ydanuch camubl Mbitleit iuHun CD1 (n = 30) Bo3pacTom 90 + 3 cyTOK, paHAOMN3MPO-
BaHHble Ha Tpu rpynnbl No 10 XUBOTHbIX B KaA0. BBOAMAN OAHOKPATHO MOAKOXHO: 1-it rpynne (KOHTPONb) —
Gu3nonornyeckuit pacteop, 2-i rpynne — HU3Kyo Ao3y Hsp70 (500 MKr/Kr) v 3-i rpynne — BbICOKYO 403y Hsp70
(5000 MKr/Kr) pekoM6UHaHTHOro Yenoseyeckoro HSpATA. Ha 3-ii ieHb perucTpupoBani noBeaeHYEecKy akTuB-
HOCTb: CKOPOCTb MepeMelleHus, NPONLEHHbIA NyTb U KOMUYECTBO Aedekaluunii. Ha 57 [eHb Mbilei BbIBOAWUIN
W3 9KCMEPUMEHTA C NOCNeaYHOLLMM TMCTONOMMYECKM UCCNeJOBaHNEM 1 MOPDOMETPHEN CPE30B KOPbI MONI0BHOO
MO3ra, TUMYyCa, Cene3eHkn 1 neyeHn. CTaTucTuyeckas 06paboTka aHHbIX OCYLIECTBASNACh NPY MOMOLLM OfHO-
(aKTOPHOro AMCMEePCUOHHOIO aHanu3a 1 anocTepMOPHOro TecTa ThoKM.

Pesynbrartbl. B 13y4eHHbIX rpynnax He 06HapyXXeHO CTaTUCTUYECKM 3HAUMMON Pa3HMLbl MOBEAEHYECKMX MOKa3aTe-
nen. CuHycouaHble Kanuanapbl nevyeHy B rpynne KoHTpona u rpynne Hsp/70 500 MKr/Kr okasanuchb HEMHOro Lumpe
1 NONHOKPOBHEE Mo cpaBHeHuto ¢ Hsp70 5000 MKr/Kr. Mpyr MOPGOMETPUM KNETOK MOMTyYeHbl CReaytoLme pesyb-
TaTbl: YUCNO HEMPOHOB B FAHIIMOHAPHOM CNIOE KOPbl 60/bLUKMX NOMYLIAPUiA FONOBHOMO MO3ra, pasHnua MMMQoLm-
TapHOM KIIETOYHOCTU MeXJy KOPKOBbIM U MO3rOBbIM BELLECTBAMM TUMYCA, YUCNO TMM(OLUTOB B 6e/0iA Nynbne
CeneseHKu, KONNYeCTBO SAEP renatouMToB B MeYeHr B rpynnax He pasnnyanuch. B KpacHoi nynbne ceneseHku
KONMYecTBO Makpodaros coctaBmno 1774,5 + 24,8,1623,0 + 26,7, 1553,6 + 47,0 B rpynnax KOHTPOAS, HA3KOM W Bbl-
CoKoit 103 Hsp70 cooTBeTcTBEHHO (p < 0,0001). B TecTe ThtoKM CTAaTUCTUYECKM 3HAYMMBIE PA3MYUSA NOYYEeHbI
MEX Ay rpynnoii koHTpons v rpynnamu Hsp70 500 mkr/kr (p = 0,012) 1 5000 mkr/kr (p < 0,0001).

3aknioueHmne. /iccnefjoBaHie He BbISBUIO HEraTUBHOMO BAWUSIHUS NMOAKOXHOTO BBEAEHNSA HUBKMX M BbICOKMX 03
Hsp70 Ha MOPhODYHKLMOHANbHbIE MOKA3aTen y MblLLei.

KnioueBbie cnoBa: 6e/ky TENOBOrO WOKa; PEKOMOUHAHTHbI YenoBeyeckuii Hsp70; WwanepoHbl; MOPHOQYHKLMO-
HaNbHas XxapakTepuCTHKa; aK30reHHblid Hsp70 y Mbiwweit; HSpATA

Py6pukn MeSH:

CTPECC ®M3MO0TMYECKNI

BEJIKW HSP70 TETJ10BOTO LLWOKA - NMPVEM V1 IO3MPOBKA

BENIKW HSP70 TEMJT0BOT O LWOKA — ®APMAKOJOI M

Onsa yutupoBanus: Mbasuerko A, BeHeankToB A.A., KysbMun E.A., KysHeuos C.J1. MophodyHKLMOHANbHbIE 13-
MEHEHMA Y MbILLEN nocne OfHOKPAaTHOIrO BBeeHNs BbICOKUX U HU3KMX J03 Hsp70. CeveHoBCKuA BeCTHUK. 2023;
14(4): 31-41. NMybankauwns oxnaitH 29.11.2023. https://doi.org/10.47093/2218-7332.2023.918.13

! https://rscf.ru/project/23-25-00448/ (accessed: 12.06.2023).
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Abbreviations:
Hsp70 - 70 kilodalton heat shock proteins

The molecular origins of numerous pathological
processes include a disrupted integrity of cellular
proteins (proteome). Therefore, such disorders require
therapeutic approaches to protect protein structure
and/or restore their properties. Among the protectors,
there is a diverse group of compounds called molecular
chaperones. These  macromolecules maintain
proteostasis via a continuous support of a balanced
proteome. Actually, molecular chaperones restore
the proper native structure (tertiary or quaternary)
of proteins, including through the formation of
intermediate protein complexes with them and their
subsequent dissociation. Their key regulation is due to
a group of heat shock proteins weighing 70 kilodaltons
(70 kilodalton heat shock proteins, Hsp70) [1].

Various members of the Hsp 70 family ensure
homeodynamics in most of cells of the body by
proteome quality control (PQC), thereby preventing the
aggregation of misfolded proteins or their components.
The mechanisms of PQC include both protection from
errors in post-translational modifications (folding and
refolding) and activation of proteasomes and autophagy.
Moreover, Hsp70 either prevents apoptosis or directs the
formation of apoptosomes [2].

It is obvious that Hsp70-induced biochemical
reactions concern any cell of the body. However,

the molecular chaperones are crucial for long-living
cell populations, such as those of nervous tissue.
For instance, Hsp70 contributes to the resistance of
neurons to premature degradation [3, 4], mitigating
glial reactions to proinflammatory cytokines [5,
6]. Recently, we have seen a surge of interest in
pharmacological options to induce or modify Hsp70
pathways in nervous tissue [7]. This tendency directed
many research teams to examine the role of Hsp70
in neuronal protection from neurodegeneration,
such as Alzheimer’s disease or cerebral ischemia
[8]. However, most authors focus on easy-to-obtain
therapeutic options only. As a result, no comprehensive
understanding is present for the fundamental machinery
of Hsp70 activation in neurons and glia in vivo [9].
In addition, Hsp70 affects different intracellular
pathways, so its hyperexpression or activity may lead
to some adverse effects. For example, it is possible
in stress that increases the production of molecular
chaperones. Perhaps, a targeted delivery of Hsp70
would be a safer but a more expensive approach.
Its feasibility depends on the possible benefit of
exogenous Hsp70 in neurons and glia compared to the
Hsp70 of nervous tissue.

The study aims to assess morphofunctional changes
in the organs of the nervous and immune systems, as

2 https://rscf.ru/project/23-25-00448/ (accessed: 12.06.2023).
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well as in the liver, upon intake of excessive amounts of
exogenous Hsp70.

MATERIALS AND METHODS

Animal manipulation

All experiments with animals were carried out
in accordance with domestic and international
guidelines®*%, The study included 30 male CD1 mice.
The number of animals corresponded to the standard
rules for experimental design in rodents [10]. We received
the animals from the Scientific Center of Biomedical
Technologies of the Federal Medical and Biological
Agency of Russia. The mice stayed in a vivarium at a
constant room temperature of 20-22 °C and humidity of
50-60% with free access to clean water and granulated
food ad libitum.

On Day 0 of the study, the animals aged 90 * 3 days
with body weight of 33.2 * 2.3 g. The age satisfied a
need to assess changes in the organs of the nervous
and immune systems. Exactly, the cerebral cortex
should be mature and there should be no evidence
of thymic involution. Since male and female mice
got thymic involution at different age, the only sex is
preferred [11, 12].

Day 0/ lenb O

—

Male mice CD1 90+3
days old/
Mbiwm camupl CDT B
BospacTe 9043 cyToK
N =30

FIG. 1. Experimental
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Hsp70 family’s member 1A (HspAlA) is the most
stress-related molecular chaperone [13]. It served to
affect nervous system with the following assessment
by behavior study and histological study with
morphometrics. We also studied the systemic adverse
effects upon administering Hsp70 by a histological
examination of the liver (as it metabolizes exogenous
Hsp70) as well as of the thymus and spleen. The
experimental design is presented in Fig. 1.

After a two-week quarantine, we randomized the
mice using the random number method into 3 groups of
10 rodents. Animals of each group stayed separately, 5
animals per cage, in a separate room of the vivarium. All
individuals received single subcutaneous injections on
Day 0: Group 1 - saline (control), Group 2 - low dose
of Hsp70 (recombinant human HspA 1A, RAS Institute
of Biomedicine, Russia, 500 ug/kg), Group 3 - high
dose of Hsp70 (same medication and manufacturer,
5000 pg/kg).

On Day 3, all mice underwent a physiological “open
field” test for two minutes at the time range 8:00 am -
8:30 am at 40 Ix (“Open field for mice”, NPK Open
Science LLC, Russia). An hour before the test, the mice
stayed calm. We recorded parameters of behavioral
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N &
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5 https://grants.nih.gov/grants/olaw/guide-for-the-care-and-use-of-laboratory-animals.pdf (accessed: 12.06.2023).
4 https://www.internet-law.ru/gosts/gost/61242/ (accessed: 12.06.2023).
5 https://www.internet-law.ru/gosts/gost/62388/ (accessed: 12.06.2023).
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activity: movement speed, distance traveled and bowel
movements.

On Day 5, the animals used in the experiment were
killed by increasing the concentration of carbon dioxide
in inhaled air [14].

Morphological study

The brain, thymus, spleen, and liver were
collected. After fixation in 10% buffered formalin
(ErgoProduction LLC, Russia) and standard
processing through isopropyl alcohol of increasing
concentrations, we prepared histological 5 pym slides
with following hematoxylin and eosin staining [15].
We analyzed six fields of view on each slide using
an Axiolmager.A1 microscope with an Axiocam 305
color camera and Zen 3.3 software (all manufactured
by Zeiss, Germany).

Morphometrics

For cell and nuclei identification, we used an open-
sourced software QuPath 0.3.2 (Queen’s University
Belfast, UK), which was trained as part of ongoing
research to recognize various structures in organs and
tissues of interest [16].

In the brain, we counted the number of neurons in the
ganglionic layer of cerebral hemispheres.

In the thymus, we assessed the quality of T-cell
selection. For this, we separately counted the number
of lymphocytes in the cortex and medulla to calculate
the difference further with neither endothelial or
reticuloepithelial cells counted.

In the spleen, we recorded the number of lymphocytes
in the periarteriolar lymphatic sheaths for the white pulp
and the number of macrophages in the red pulp.

In the liver, we assessed the number of hepatocyte
nuclei in the parenchyma of the hepatic lobules without
central veins and triads. For the liver morphometrics,
we only considered rounded contrasted nuclei.
Since individual hepatocytes are polyploid, directly
determining cell count was not feasible.

Statistical analysis

We tested the normality of distribution with
Kolmogorov-Smirnov test. All obtained data are given as
the median and interquartile range (25%; 75% percentiles),
as well as the mean with its standard error. We employed
one-way analysis of variance (ANOVA) to compare
groups. In case of significant differences, we provided
pairwise comparisons with post hoc Tukey’s test, p <
0.05. We used Microsoft Excel (Microsoft, USA) and
OriginPro (OriginLab, USA) software packages.

KJIETOYHASA BUOJIOT UA, LLUTOJIOI U4, TMCTONOT A

RESULTS

Open field test

Analysis of motor activity showed that the rodents
moved with an average speed of 8.9 = 1.0 cm/s in control
group, 8.4 * 0.6 cm/s - in 500 pug/kg Hsp70 group, and
8.4 £ 0.7 cm/s in 5000 pg/kg Hsp70 group (Fig. 2A).
For the distance traveled, mice did 2671.7 £ 292.1 cm
in control group, in 500 pug/kg Hsp70 group - 2507.8 *
167.0 cm, in 5000 pg/kg Hsp70 group - 2524.7 + 222.7
cm (Fig. 2B). In control group, mice had 1.7 = 0.5 bowel
movements during the test time, in 500 pg/kg Hsp70
group - 2.5 £ 0.5, and in 5000 pg/kg Hsp70 group -
2.2 £ 0.7 bowel movements (Fig. 2C). The number of
boluses per bowel movement varied within 1-3 pieces in
all groups. No statistically significant differences for all
studied parameters were found between the groups in the
open field test.

Histological study of the brain revealed intact
cyto- and myeloarchitectonic features. Neuronal and
glial distribution stayed similar in mice of all groups
(Fig. 3). The histological imaging of all groups
remained normal.

The visualization of cortical and medullar structure
was appropriate with no signs of structural changes and
no visual differences between the groups (Fig. 3).

Slides of the white pulp of spleen also reveal
no structural signs of damage. No accumulation of
specific pigments occurred in the red pulp with some
macrophages clearly visible, and their number lower in
5000 pg/kg Hsp70 group (Fig. 3).

In the liver, the normal structure stayed intact for
all three groups. Sinusoidal capillaries slightly widened
with a stronger blood flow in control group and 500 pg/
kg Hsp70 group compared to 5000 ng/kg Hsp70 group
(Fig. 3).

In the mice that comprised the control group,
morphometrics (Fig. 4A) of ganglionic layer in the
cerebral cortex detected 34.6 * 1.6 neurons per one
field of view, in 500 ug/kg Hsp70 group - 25.2 * 1.4
cells, in 5000 pg/kg Hsp70 group - 27.2 = 1.7 neurons.
On sections of the thymus (Fig. 4B), the difference of
lymphocyte number between the cortex and medulla
for control group was 398.7 = 30.4 cells, for 500 pg/
kg Hsp70 group is 274.9 + 36.1 cells, for 5000 pg/
kg Hsp70 group - 407.6 * 42.8 cells. In periarteriolar
lymphatic sheaths (Fig. 4C), control group had 2091.6 +
33.4 lymphocytes, 500 ug/kg Hsp70 group - 2040.0
15.7 cells, 5000 pg/kg Hsp70 group - 1987.4 = 20.9
cells. Despite individual peaks, the distribution was
normal, and all three samples overlapped. There was no
significant difference between the groups in the number
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FIG. 2. Behavior of adult mice in “open field” test on Day 3 after single injections of Hsp70 at low or high dose.
PUC. 2. lMosenenyeckue mokasaresy B3pOC/IbIX MbIIIEN B TECTE «OTKPHITOE MOJIe» Ha TPETbM CYTKM TIOC/Ie ONHOKPATHOTO BBEMIe-

HIsI HU3KOM MM BbICOKOI f03b1 Hsp70.

of neurons, difference in lymphocyte number between
the cortex and medulla, and number of lymphocytes in
the periarteriolar lymphatic sheaths.

In the red pulp (Fig. 4D), morphometrics revealed
differences between the groups. Thus, control group
had 1774.5 = 24.8 macrophages. In Hsp70 groups, the
number of macrophages decreased in a dose-dependent
manner: 500 pg/kg - 1623.0 £ 26.7 cells, 5000 ug/kg -
1553.6 + 47.0 cells. The differences between the groups
were statistically significant (p < 0.0001). In post hoc
Tukey’s test, the differences were shown between the
control group with both Hsp70 groups, 500 pg/kg
(p < 0.05) and 5000 pg/kg (p < 0.0001).

Liver morphometrics (Fig. 4E) detected 122.5 *
4.2 hepatocytes in control group, 129.5 * 3.6 cells in
500 pg/kg Hsp70 group, 115.7 £ 3.6 cells in 5000 pg/kg
Hsp70 group. The obtained p value crossed the accepted
level (p = 0.053). Tukey’s test revealed the difference
between 500 ng/kg Hsp70 and 5000 ug/kg Hsp70 groups
to be significant.

DISCUSSION

Our results showed that subcutaneous administration
of Hsp70 (recombinant human HspA1A) did not affect
the functional reactions in mice, as they remained within
the values defined for the control group at both low
(500 pg/kg) and high doses (5000 pg/kg) of the drug.
Tolerance of neurons of the Ganglionic (Layer V) of the
cerebral cortex to single high doses of subcutaneously
administered Hsp 70 has also been noted.

Thymus resistance to the possible damaging effects
of exogenous Hsp70 was found, despite the age of
rodents close to the beginning of involution. Indifferent
and mediator cellular elements of the immune system
in periarteriolar lymphatic sheaths were observed upon
the administration of Hsp70. Using the liver tissue, it
was also demonstrated that recombinant human Hsp70
administration had no negative effects in metabolically
active organs. Interestingly, the administration of high
doses of Hsp70 led to a statistically significant reduction
in the number of hepatocytes, while both samples did
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FIG. 3. Histological slides of murine organs on Day 5 after single injections of Hsp70 at low or high dose. Hematoxylin and eosin

staining, ob.x40, oc.x20.

PUC. 3. Tucronornueckue mpenaparbl OPraHoB MbIIIIE Ha MATbIe CYTKM [TOCIE ONHOKPATHOTO BBEIEHMSI HMU3KOM MJIY BbICOKOA
nmo3bl Hsp70. Okpacka reMaTOKCUIMHOM ¥ 903MHOM, 006.%40, ok.*20.

not differ from those for the control group. Probably,
high doses of Hsp70 have a minor effect on the hepatic
parenchyma, nevertheless, it remains within the normal
variability range.

At the same time, there was a tendency towards a
less prominent blood filling of sinusoidal capillaries
with increasing the dose of Hsp70. This effect may be

due to the interaction of Hsp70 with phagocytic cells in
the red pulp of the spleen. The decrease in the number of
macrophages we observed could contribute to changes
in the metabolism of heme components, which, in
theory, could affect the utilization of heme breakdown
products. This phenomenon requires careful detailed
study in the future.
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FIG. 4. Morphometrics in mice on Day 5 after single injections of Hsp70 at low or high dose, 6 fields of view. Ob.x40, oc.x20.
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We suggest that the changes we observed in the
red pulp of the spleen tending to reduce the number of
macrophages with increasing doses of Hsp70 (despite
the fact that post hoc analysis did not obtain data on the
dose-dependent nature of such changes) may serve as
an adaptive reaction of antigen-presenting cells to the
effect of the marker of the injected exogenous Hsp70

as a stress protein. At the same time, the differences
in the monocyte-macrophage link between the study
groups are consistent with reported data [17]. We
noted that there are data in science literature that have
demonstrated the opposite effect, especially when using
long-term exposure to Hsp70 and with the simultaneous
course of tumors [18, 19].
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The use of Hsp70 for this study required careful
selection of the relevant dosing regimen. The
randomization design for administration of 500 or
5000 pg/kg of recombinant human HspAlA once
subcutaneously as low- and high-dose regimens,
respectively, was developed after reviewing alternatives
described in the literature. Thus, Hsp70 administered
intraperitoneally at 200 pg/kg for 21 days [17] or
subcutaneously at 50 ug/kg for 14 days [20] did not
cause tissue damage. Non-injectable use without
pathologic reactions has been described for intranasal
administration, for example, 2 ug/kg for 9 months
[21]. There are developments on targeted delivery of
recombinant human Hsp70 by encapsulation, which
demonstrated systemic pro-inflammatory properties
of the protein in the form of an effective reduction in
the production of reactive oxygen species and tumor
necrosis factor [22].

We focused on the subcutaneous route of
administration as the least studied, including the
penetration of exogenous Hsp70 across the blood-
brain barrier. Considering the range of Hsp70 doses
according to the sources, we chose the highest possible
dose of 5000 pg/kg of recombinant human HspAlA,
which did not lead to fatal consequences. The same
principle explains the choice of a single exposure,
which can compensate for the excess of administered
Hsp70.
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Limitations of the study

Therange of values for the data obtained is large because
the sample was small. This is a necessary limitation of the
pilot experiment due to ethical considerations.

Directions for further research

Based on the results obtained, it is not entirely clear
whether the blood-brain barrier allows exogenous
Hsp70 to enter the nervous tissue when administered
subcutaneously. This prompts a comparison of different
methods of used to assess the state of nervous tissue
when a given protein is administered.

CONCLUSIONS

Subcutaneous administration of high and low doses
of exogenous Hsp70 to three-month-old mice showed
no statistically significant effect on organs of the
nervous (cerebral cortex) and immune systems (thymus,
spleen), as well as the liver. The obtained functional and
histological results demonstrate the absence of adverse
effects at a single administration of even high (5000 pg/
kg) doses of recombinant human HspA1A. This provides
an opportunity for further developments in the application
of Hsp70 in neurodegenerative diseases, considering
minimal undesirable morphofunctional manifestations.
In addition, the results of the study facilitate a further
dosage of recombinant human Hsp70 when administered
subcutaneously.
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