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PATHOMORPHOLOGICAL CHANGES IN INTERNAL ORGANS TISSUES
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Given wide spread of nanomaterials, it seems vital to estimate and predict changes in internal organs tissues under
exposure to metal-containing nanoparticles that are risk factors causing negative effects occurring in critical organs and
systems. It requires revealing objective procedures that can be used to quantitatively assess risks of pathologic changes in
tissues that at present have only qualitative properties.

Our research goal was to quantitatively assess risks of lung diseases occurrence in rats exposed to metal-containing
nanoparticles (exemplified by nano-sized CuQ) using image analyzing procedures.

We examined toxic effects produced by nano-disperse CuO (45.86 nm) under inhalation (a single and 14-day multiple)
exposure and oral exposure (for 20 days); the experiment was performed on male Wistar rats (60 animals). Exposed animals
were divided into 5 groups, 12 animals in each (group 1, a single inhalation exposure; group 2, multiple inhalation expo-
sure; group 3, oral exposure; groups 4 and 5 were exposed to bi-distilled water in a similar way, via inhalation and orally).
When analyzing tissue images, we estimated first-, second- and third-order elements. Statistical significance of differences
was estimated with Mann — Whitney U-test. Quantitative risk assessment (R) was performed taking into account probability (p) and
severity (q) of pathomorphological changesin tissues.

We established that pathomorphological disorders might occur in lung tissue taking into account identification of all
elementsin all ima%es for all experimental groups; the probability varied from 0.16 to 1.2. The total risk of lung diseases
amounted to 1.0-10 (average risk) under single inhalation exposure to a concentration equal to 0.001CL50; multiple inha-
lation exposure, 8.1-10°% (high risk, oral exposure to a dose equal to 0.1LDs,, 2.5-10" %(high risk).

Therefore, image analysis allows quantitatively assessing risks of diseases in critical organs and systems caused by
exposure to metal-containing nanoparticles.

Key words: metal-containing nanoparticles, health risk factors, copper oxide, inhalation exposure, target organs, al-
veolar pattern, dendrite geometry, damage to lungs, microscopy, image analysis.

Nanomaterials are widely used in multiple
technologies and many industrial branches on
the international and national levels; their use
exerts significant influence on various spheres
of economic activity and makes for their de-
velopment [1]. Nanomaterials, including metal-

containing ones, are in high demand due to
unique physical and chemical properties of
nanoparticles related to their small size, big
surface area, shape, surface charge, etc. At the
same time these properties that are typical for
nanomaterials also result in their great pene-
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trability and it, in its turn, can lead to their
greater toxicity when they are introduced into
a human body at any stage in production and
consumption [2]. Volumes of metal-containing
nanoparticles consumption are only growing
and it causes their active introduction into en-
vironmental objects and, consequently, results
in elevated health risks.

Nano-sized copper oxide (nano-CuQO) is a
widespread metal-containing nanomaterial; it
is used in various production spheres as a
component in sensors (49 %), catalysts (20 %),
surfactants (6 %), anti-microbial substances
(4 %), specific dyes (21 %), and other products
[3-8]. The research work [9] revealed that
copper oxide nanoparticles penetrated a human
body predominantly via inhalation or oral in-
troduction (with drinking water). Negative ef-
fects produced on critical organs and systems
by exposure to ultra small copper oxide
nanoparticles were described in the papers
[10-14]. Available data indicate that exposure
to copper oxide nanoparticles produces toxic and
genotoxic effects, both under acute single expo-
sure and multiple one. Significant changes oc-
cur in lung tissues both under inhalation and
oral exposure [15]. Micro-sized copper oxide
particles belong to moderately toxic sub-
stances (the 3™ hazard degree) regarding their
hazards for human health [13] and it provides
some understanding on maximum permissible
no-effect concentrations; still, it is not enough
for predicting risks of morphofucntional disor-
ders in critical organs and systems, primarily
the lungs.

Risks of morphofucntional changes in
critical organs under exposure to metal-con-
taining nano-particles are estimated via experi-
ments performed on laboratory animals that are
used as biological models. Changes in tissues
are estimated in such experiments as per con-
ventional procedures using histological prepara-
tions and these estimations are rather subjective
and lack quantitative estimation parameters; it

makes predicting and ranking risks of patho-
morphological changes more difficult. «Image
analysis» is a set of procedures that allows the
most objective quantitative assessment of
changes in tissues using computer vision.

Given that, it seems vital to develop ap-
proaches to quantitative assessment of risks
that negative effects might be produced on tis-
sues in target organs, notably the lungs, for
different introduction ways and multiplicity of
exposure to nanoparticles; the most efficient
analysis techniques are to be well-grounded.

Our research goal was to reveal and quan-
titatively assess risks of the lung diseases in rats
under exposure to metal-containing nanoparti-
cles (on the example of nano-sized copper oxide
CuO) using image analysis procedure.

Data and methods. Nanodispersed copper
oxide (nano CuO) was used in the studies on
revealing and quantitatively assessing risks of
morphofucntional changes in lung tissues under
inhalation and oral exposure to metal-con-
taining nanoparticles. We used powder nano-
dispersed copper oxide II (CAS 1317-38-0)
with average particle size being 45.86 nanome-
ters and particle sphericity coefficient being
0.59 (Sigma-Aldrich, USA). Particles compo-
sure and morphometric properties were deter-
mined with scanning electronic microscopy
performed on S-3400N high resolution scan-
ning microscope («HITACHI», Japan) and with
x-ray spectral microprobe analysis («Bruker»,
Germany).

Toxic effects produced by nano-sized cop-
per oxide were examined in experiments that
involved inhalation (single and multiple, during
14 days) and oral (20-day) exposure according
to methodical guidelines and guidesl’z. Water
suspensions based on Dbi-distilled water
(TU 6-09-2502-77) were used for introduction.
Prior to exposure, suspensions were preliminar-
ily homogenized using SonopulsHd 3200 (Ban-
delin, Germany) ultrasound device under room
temperature; the procedure was performed for

"MR 1.2.2522-09. Methodical recommendations on revealing nanomaterials that are potentially hazardous for human
health / approved by the RF Chief Sanitary Inspector on July 1, 2009). Bulletin of regulatory and methodical documents issued
by the State Sanitary and Epidemiologic Surveillance Service, 2010, vol. 1, pp. 25-45 (in Russian).

2MU 1.2.2520-09. Toxicological-hygienic assessment of nanomaterials safety: methodical guidelines. Moscow, The Fed-
eral Center for Hygiene and Epidemiology of Rospotrebnadzor, 2009, 35 p. (in Russian).
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2 minutes in uninterrupted pulsation mode with
20 kHz frequency.

Experimental exposure was performed on
male Wistar rats (60 animals overall), aged
8 weeks and with body weight being 180-250 g;
all the experiments were performed in confor-
mity with the requirements fixed by the Euro-
pean Convention for the Protection of Verte-
brate Animals used for Experimental and other
Scientific Purposes (ETS No. 123) and the
Ethical Committee of the federal scientific
Center for Medical and Preventive Health Risk
Management Technologies. Animals were kept
in between the exposure sessions in accordance
with the requirements SR 2.2.1.3218-14" in an
vivarium in polyethylene cages under 22 °C
and relative air humidity being 55 %,
light/dark cycle was 12/12. During the whole
experiment rats were given conventional feed-
stuff (solid extruded granules) and pure water.

Experimental research involved dividing
animals into 5 groups, 12 animals in each; the
test group 1 underwent single inhalation expo-
sure to nano-sized copper oxide; the test group 2,
multiple inhalation exposure to nano-sized cop-
per oxide; the test group 3, multiple oral expo-
sure to nano-sized copper oxide; the reference
groups 4 and 5 were exposed to bi-distilled wa-
ter via inhalation and orally accordingly.

Single and multiple inhalation exposure to
the examined nanomaterial was performed in a
full-body chamber (TSE Systems GmbH, Ger-
many) according to the state standard GOST
32646-2014*. Chamber volume amounted to
0.1 m’. Suspension was fed into the chamber in
concentration equal to 1.25 mg/m’ as an aerosol
via mechanical injection with a spay nozzle. Air
inflow was continuous during each exposure
session and air was fed at a speed equal to
10 dm*/min (oxygen concentration was not
lower than 19 %, and carbon dioxide, 1 %); wa-
ter suspension of nano-CuO was fed at a speed
equal to 0.4 cm’/min; air outflow speed was

10 dm’/min; pressure fluctuation inside the
chamber were equal to 0.4 millibar; tempera-
ture inside the chamber was 22-25 °C. Actual
nano-CuO concentration in the chamber
amounted to 1.17 £ 0.18 mg/m’® (0.001 CL50).
Single inhalation exposure lasted for 4 hours.
Multiple inhalation exposure was performed via
daily sessions, 6 hours each, for 14 days alto-
gether. Multiple oral exposure was performed
with cumulation examination procedure as per
Lim [16] (once a day and every day for
20 days). Initial introduction dose according to
the procedure amounted to 250 mg/kg of body
weight (0.1 LDsg). Every 5 days subsequent
doses were increased by 1.5 times. Total oral
exposure dose introduced over 20 days amounted
to 1,275 mg/kg of body weight a day (0.5 LDsy).
Animals were not given and feedstuff or water
during exposure sessions.

After the experiments were completed,
the lungs were taken out via total evisceration
as per Shore and then fixated in 10 % water
neutral formalin solution; after that, the sam-
ples were dehydrated in spirits with upward
concentration and then saturated with chloro-
form and paraffin and soaked in «Histomix»
homogenized paraffin medium. Slices that
were 4 pm thick were obtained with JUNG
SM 2000R sliding microtome (Leica, Ger-
many), dyed with Ehrlich’s hematoxylin and
eosin. Samples were examined and their im-
ages were taken with Axiostar transmitted-
light microscope (Carl Zeiss, Germany).

To reveal and quantitatively assess mor-
phological changes in tissues, we applied im-
age analysis based on computer vision using
Image J-FiJi universal software (open-code
software developed by Wayne Rasband, Na-
tional Institutes of Health, USA).

Frequency of pathomorphological changes
that didn’t have any apparent specific size pa-
rameters or calculated parameters was assessed
quantitatively using mathematical analysis

SR 2.2.1.3218-14. Sanitary-epidemiologic requirements to layout, equipment, and maintenance of experimental bio-
logical clinics (vivariums). KODEKS: an electronic fund for legal and reference documentation. Available at: https://

docs.cntd.ru/document/420219460 (16.06.2021) (in Russian).

* GOST 32646-2014. Procedures for testing effects produced by exposure to chemicals on a human body. OECD guide-
lines for the testing of chemicals. Acute Inhalation toxicity — acute toxic class (ATC) method. KODEKS: an electronic fund for
legal and reference documentation. Available at: https://docs.cntd.ru/document/1200116047 (16.06.2021) (in Russian).
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procedures. To do that, we determined whether
there were basic components of histological
images in lung tissues:

— first-order elements: negative space, that
is, space that is not filled with tissue compo-
nent; it allows estimating sizes and morphol-
ogy of alveolar spaces; morphological parame-
ters of alveolar spaces might not change in
great details, and at initial stages in pathomor-
phological changes alveolar spaces only de-
crease in size while geometric patterns pa-
rameters remain unchanged [17, 18];

— second-order elements: tissue mass that
was described with plane figures that created
alveolar patterns and were estimated with den-
dritic geometry procedures using the following
parameters: a ratio between an average length
of a branch and a length of the longest branch,
a ratio between a number of intersections and a
number of branches and per cent of triple and
quaternary intersections in the overall number
of intersections. Images were preliminarily
processed with binarization and skeletoniza-
tion techniques [19, 20];

— third-order elements: cell nucleuses
with their positions against each other allow-
ing making a judgment on whether cells were
evenly located in tissue structure, that is, the
more pathologic changes occur, the more fluc-
tuations are detected where cell nucleuses are
located the closest to each other.

Statistical significance of differences be-
tween group parameters was estimated with
Mann — Whitney U-test with preset signifi-
cance being 0.05 since data obtained via using
the above-listed image analysis procedures
were not distributed evenly and could be inter-
preted only using non-parametric statistics.
Statistical estimation was performed with Bio-
Stat 7.0 (Analyst Soft Inc.).

Quantitative risk assessment (R) was per-
formed taking into account probability (p) and
severity () of pathomorphological disorders
occurring in tissues as per the following for-
mula: R=p-q. Severity of disorders was esti-
mated as per weighted average parameter

ranging from O to 1. Obtained risk values be-
ing lower than 1-10°° meant risk was negligi-
ble; from 1-110% to 110, low risk; from 1-10*
to 1-10°, average risk; higher than 1-107
high risk’. Assessment was performed as per
elements of all the above-mentioned orders
and for all the groups. Risk was characterized
as per the highest parameter detected for each
experimental group as per analyzed first-order,
second-order and third-order elements.

Results and discussion. Accomplished
experimental research on inhalation and oral
exposure to nano-CuO allowed obtaining his-
tological images of rats’ lung tissues. Figure 1
shows lung tissues taken from rats from the
test and reference groups.

According to classic pathomorphological
assessment (Table 1) there are no pathological
changes in lung tissues taken from animals
from reference groups 4 and 5. Pathomor-
phological changes in lung tissues were de-
tected in animals from groups that underwent
single and multiple inhalation exposure
(Groups 1 and 2) and oral exposure (Group
No. 3). Lung tissues taken from animals from
all the test groups excluding reference ones
(Groups 4 and 5) have signs of lymphoid tissue
hyperplasia associated with bronchial walls
with admixture of multiple eosinophils. There
was also additional pigment accumulation in
macrophages and vascular inflammation de-
tected in Groups 2 and 3. Besides, we revealed
certain peculiarities in lung tissues changes in
Group 2 (focal interstitial inflammation and al-
veolitis) and in Group 3 (abscess).

Table 2 contains the results obtained via
analyzing images of lung tissues when assess-
ing first-order image elements.

Studies on first-order elements occurring
in lung tissues allowed revealing that parame-
ters obtained for Groups 2 and 3, that is, mul-
tiple inhalation and oral exposure, we statisti-
cally authentically different from reference
Groups 4 and 5. Parameters obtained for
Group 1 were not different from that contained
for reference groups.

>R 2.1.10.-1920-04. The Guide on assessing health risks caused by exposure to chemicals that pollute the environ-
ment. Moscow, The RF Public Healthcare Ministry Centre for State Sanitary and Epidemiologic Surveillance Publ., 2004,

143 p. (in Russian).
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c d
Figure 1. Rats’ lung tissues under exposure to nano-sized copper oxide particles, x100: a is Group 1
(single inhalation exposure); b is Group 2 (multiple inhalation exposure); ¢ is Group 3 (multiple oral
exposure), d are Groups 4 and 5 (reference)
Table 1

Results obtained via pathomorphological analysis of lung tissues taken from Wistar rats
in experiments on impacts exerted by exposure to nano-CuO

Group Lung tissues

Lymphoid tissue hyperplasia associated with bronchial walls with admixture of multiple
eosinophils

Lymphoid tissue hyperplasia associated with bronchial walls with admixture of multiple
Group 2 (multiple inhalation) |eosinophils. Disseminated vasculitis. Accumulated brown pigment in cytoplasm of multi-
ple macrophages. Focal interstitial inflammation, alveolitis

Lymphoid tissue hyperplasia associated with bronchial walls with admixture of multiple
Group 3 (multiple oral) eosinophils. Disseminated vasculitis. Accumulated brown pigment in cytoplasm of multi-
ple macrophages. Focal suppurative-destructive process

Groups 4 and 5 (reference)  |Without visible morphological changes

Group 1 (single inhalation)

Table 2
Results obtained via using computer vision for analyzing images of Wistar rats’
lung tissues under exposure to nano-CuO as per first-order elements
(significance is 0.05, comparison as per Mann — Whitney, U, < 9)

. Grou
Estimated parameter 1 2 3 Aands
49.97 +7.55 27.62+7.86 15.54 +2.48
Negative space square (Sys), % U=125;p=0.001| *U=3;p=0.007 | *U=1;p=0.009 56 +£5.33
***U=4;,p=0.01| ***U=6;p=0.02 | **U=1,p=0.011
Tissue component square
(100 — S, % 50.03+12.3 72.38 £5.59 85.46 £5.55 63.06 £10.93
Total coefficient of first-order elements *0.47 £ 0.04 *0.17 £0.08
+ +
Sws/ (100— S 1.39£0.22 =002 D=0.009 1.55+£0.13
Probablh.ty Qf pathomorphological 0.08 025 0.50 B
changes in tissue (p)
Risk of a disease occurrence (R) 8107 25107 510" —

Note: * means authentic difference from reference groups; ** means authentic difference from Group 1;
*** means authentic difference from Group 2; **** means authentic difference from Group 3.
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Table 3

Results obtained via using computer vision for analyzing images of Wistar rats’ lung tissues
under exposure to nano-CuO as per second-order elements (significance is 0.05, comparison as

per Mann — Whitney, U, < 9)

. Group

Estimated parameter I 3 3 Aand s
Ratto of a total number ofnter- |- 49.+ 0,09 0.48 +0.05 0.54+0.03 038008
b *U=7,p=0.002 | *U=7;p=0.003 *U=28; p=0.006 DA

runches

Ratio of an average length of a 0.19£0.08 0.25+0.09 0.16 £0.04 0.54 +0.01
brunch to the maximum length | *U=1; p=0.003 *U=2;p=0.001 *U=1;p=0.001 T
A share of triple intersec- 25.56 £5.23 2342 +6.27
tions, % *U=5:p=0009 | *U=5:p=0004 61.60+5.74 48.92 +3.47
A share of quadrupole intersec- 8.56+6.11 10.5+£7.43
tions, % *U = 4: p=0.003 *U = 4: p=0.006 18.08 +4.26 14.00 +5.86
Probability of pathomor-
phological changes developing 0.08 0.66 - -
in tissue (p)
Risk of a disease occurrence (R) 8.0-10* 6.6:10° — —

Note: * means authentic difference from reference groups; ** means authentic difference from Group 1;
*** means authentic difference from Group 2; **** means authentic difference from Group 3.

Total coefficient of first-order elements
(integral parameter) amounted to 0.47 = 0.04
and 0.17 £ 0.08 in Groups that underwent mul-
tiple inhalation and oral exposure accordingly
and it was by 3.3-9.2 times lower than the ref-
erence value. The detected trend indicates that
frequency and intensity of damage to lung tis-
sues is by 2.0 and 2.8 times higher accordingly
under oral exposure than under inhalation one.
Risk of diseases occurrence caused by disor-
ders in lung tissues detected via image analysis
amounted to 8-10° and 2.5-10* under inhala-
tion exposure and it meant low and average
risk accordingly; it amounted to 5-10°* under
oral exposure (average risk).

Table 3 contains the results obtained via
analyzing images of lung tissues when second-
order elements were assessed.

Computer vision used for analyzing lung
tissues and detecting second-order elements
provided an opportunity to establish that ratios
between the total number of intersections and
total number of brunches and between an av-
erage brunch length and the maximum brunch
length differed in Groups 1, 2, and 3 from
groups 4 and 5, but there were no difference
between the three former groups. Shares of
triple and quadrupole intersections were

ISSN (Print) 2308-1155 ISSN (Online) 2308-1163

1.8 times lower than the reference parameter
only in Groups 1 and 2 (inhalation exposure).
Values were not different between these two
groups but changes parameters were regis-
tered 2 times more frequently under multiple
inhalation exposure than under single one.
Risk of diseases that might occur in lung tis-
sues was determined via image analysis pro-
cedure and varied from 8.0-10 to 6.6-10 in
Groups 1 and 2, or under inhalation exposure,
and it indicated there was an average and high
risk accordingly.

Table 4 contains the results obtained via
analyzing images of lung tissue when third-
order elements were analyzed.

Computer vision used for identifying
third-order elements in lung tissue allowed
establishing that a number of neighboring
cells were authentically different in Groups 2
and 3 from the reference Groups 4 and 5. This
parameter was 1.5 times higher in Group 3
(multiple oral exposure) than in the reference
groups, and 1.7 times higher in Group 2 (mul-
tiple inhalation exposure). Disorders in lung
tissues were registered 2 times more fre-
quently after multiple oral exposure (Group 3)
than after multiple inhalation exposure
(Group 2).
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Table 4

Results obtained via using computer vision for analyzing images of Wistar rats’ lung tissues
under exposure to nano-CuO as per third-order elements (significance is 0.05, comparison
as per Mann — Whitney, U, <9)

. Group
Estimated parameter 1 2 3 Zands
Average number of neighboring 9.6+1.43 19.0+£2.75 A= 112);) ;_r ?39:80 087 11,66 +2.18
cells, units/cell U=368;p=0.11 | *U=117;p=0.099 | .. o . R
’ ’ U =128; p=0.088

Probability of pathomor-
phological changes developing - 0.25 0.5 -
in tissue (p)
Risk of a di _ _

isk of a disease B 1210 251072 B

occurrence (R)

Note: * means authentic difference from reference groups; ** means authentic difference from Group 1;
*** means authentic difference from Group 2; **** means authentic difference from Group 3.

Use of image analysis procedure to
identify first-, second- and third-order ele-
ments revealed there was a possibility that
pathomorphological disorders might occur in
lung tissues in all three test groups but fre-
quency of detected disorders was different
under inhalation and oral exposure. Thus,
damage to lung tissue was registered 1.2
times more frequently under oral exposure to
nano-CuO than under multiple inhalation
exposure to it. Overall, disorders in lung tis-
sues were registered 7.2 times more fre-
quently under multiple inhalation exposure
than under single one. As a result, identifica-
tion of all elements in images taken into ac-
count, probability of disorders occurrence
varied from 0.16 to 1.2. The total risk of
lung diseases, taking into account severity of
identified elements, amounted to 1.0-10°
under single inhalation exposure (average
risk); 8.1-10'3, under multiple inhalation ex-
posure (high risk); 2.5-107%, under multiple
oral exposure (high risk).

We comparatively analyzed results ob-
tained via image analysis procedure and
classic pathomorphological assessment of
lung tissues that showed morphofunctional
changes in lung tissue and risk of diseases
caused by exposure to nano-CuO. The analy-
sis revealed that single inhalation exposure
resulted in average risk of lung diseases and

120

it corresponded to such pathomorphological
changes in lung tissue as lymphoid tissue
hyperplasia in the bronchial wall combined
with eosinophilia. Multiple inhalation and
oral exposure caused high risks of disease
occurrence and this risk was 3 times higher
under oral exposure than under inhalation
one. It corresponded to the following patho-
morphological changes in lung tissue: focal
interstitial inflammation and alveolitis under
multiple inhalation exposure and focal sup-
purative-destructive processes under multi-
ple oral exposure.

Conclusion. Use of image analysis pro-
cedure for examining consequences caused
by exposure to metal-containing nano-
particles allows identifying elements of mor-
phofunctional changes in lung tissues that
belong to different orders. This identification
provides an opportunity to quantitatively as-
sess risks of diseases in critical organs and
systems. Quantitative assessment of risks
related to disease occurrence was accom-
plished in the present research with image
analysis procedure for exposure that was dif-
ferent either as per duration or a way of
metal-containing particles introduction into a
body (on the example of nano-CuO). This
assessment allowed establishing that single
inhalation exposure to the examined nano-
material in concentration equal to 1.2 mg/m’

Health Risk Analysis. 2021. no. 2
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(0.001CL50) caused average risk of lung
diseases occurrence; multiple inhalation ex-
posure in the same concentration that lasted
for 14 days resulted in high risk. Oral expo-
sure to a dose equal to 250 mg/kg of a body
weight (0.1 LDs) that lasted for 20 days also
caused high risk of lung diseases occurrence

and this risk was 3.1 times higher than that
caused by multiple inhalation exposure.
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