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Abstract. Morphofunctional characteristics of remodeling processes in the structural components of the rat spleen

during prolonged exposure to a mixture of food additives. Mamai O.V., Bilash S.M., Pronina O.M.,

Bieliaieva O.M., Pirog-Zakaznikova A.V., Koptev M.M., Bilash V.P., Bilanov O.S., Oliinichenko Ya.O.,
Donchenko S.V., Oleksiienko V.V., Kolomiiets S.V., Mazur B.R. The aim of the study was to determine the morpho-

functional characteristics of spleen remodeling in rats during prolonged oral administration of a mixture of food additives
at subtoxic doses. The study included 70 Wistar rats, with equal numbers of males and females, divided into seven groups of
10 animals each: one week-0 group and six experimental groups. The animals received monosodium glutamate at a dose of
20 mg/kg, Ponceau 4R at a dose of 5 mg/kg, and sodium nitrite at a dose of 0.6 mg/kg and were euthanized after 1, 4, 8, 12,

16, or 20 weeks by sodium thiopental overdose under ether anesthesia. Superoxide dismutase and catalase activities and
malondialdehyde and nitrite concentrations were measured spectrophotometrically in a 10% spleen homogenate; Ki-67-

positive and CD20-positive cells were evaluated immunohistochemically. Data were presented as meantstandard deviation

and analyzed using the Shapiro-Wilk test, Welch analysis of variance, the Kruskal-Wallis test, Holm-adjusted pairwise
comparisons, quadratic regression, and Spearman rank correlation. At week 12, superoxide dismutase and catalase
activities were 58.5% and 57.8% lower than in the week-0 group, respectively, whereas malondialdehyde concentration

increased 7.23-fold. Nitrite concentration peaked at week 8 and was 83.3% above the level in the week-0 group. The number
of Ki-67-positive cells was lowest at week 16, (by 90.7% below that in the week-0 group); the number of CD20-positive cells

increased by 56.6% at week 8 and decreased by 28.1% at week 20, with Holm-adjusted p<0.05 for all reported comparisons.

Thus, prolonged exposure to the mixture of food additives was accompanied by oxidative-nitrosative stress and exposure
duration-dependent changes in proliferative activity and the B-cell component of the spleen.
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20Mo2eHami  cenesinku  CHeKMmpo@DOMOMEMPUYHO  BUHAYAU AKIMUGHICMb  CYNEPOKCUOOUCMYmMA3U U Kamaiasu,
KOHYEeHmpayilo MaioH08020 oianvoecidy ma Himpumis;, kinbkicmo Ki-67- i CD20-no3umusHux KiimuH OyiHIO8a1U
iMyHozicmoximiuno. Jlaui HasedeHo 5K cepeoHetcmanoapmue GiOXuieHHs, 3acmocoeano Kpumepii [llanipo—Binka,
Yenua ma Kpacxena—Yonnica, nonapni nopiensanns 3 nonpaskoro Xoama, Kaopamuury pezpeciio i paneo8y Kopeasyio
Cnipmena. Ha 12-my mudicni akmueHicmb CYnepoKcuoOUCMymasu i Kamanasu 0yia HUdCuoio 3a NOKA3HUK 2pynu
HYIb0B020 MUdICHA 8i0n06ioHo Ha 58,5% i 57,8%, a xonyewmpayis manonogozo dianrvoezioy 3pocia 6 7,23 pasa.
Haiisuwyy konyenmpayiro nimpumis 3apeecmposaro Ha 8-my mudicHi (Ha 83,3% euwe pieHs epynu HYI1b08020 MUNCHSL).
Kinvkicmo Ki-67-nosumuenux xaimun oyna naiinudicuoro na 16-my muowcni (na 90,7% Hnuodicue 3a 2pyny HYI1b08020
muorcHa), kinokicmo CD20-no3umugnux kiimun Ha 8-my mudicHi 3pocaa Ha 56,6%, a na 20-my mudichi 3meHWULACA HA
28,1% (04 ecix nasedeHux nopigusaHs ckopueosate 3a Xonmom p<0,05). Omorce, mpusanuii 6niu8 KOMNIEKCY XaPUOBUX
000a80K Cynpo8oO#CYBABCA OKCUOAMUBHO-HIMPOIAMUBHUM CIPECOM i 3AeHCHUMU 8I0 MPUBATOCTT eKCNO3UYil 3MIHAMU

nponighepamueHol akmueHocmi ma B-KnimunH020 KOMROHEHMA Cele3iHKIL.

Natural and synthetic food additives are widely
used in modern food production to improve the taste,
color, consistency, shelf life, and commercial ap-
pearance of products [1, 2]. In a usual diet, a person
consumes several foods at the same time, each of
which may contain its own set of technological ingre-
dients. Consequently, the body is exposed not only to
individual compounds, but also to their combinations.

The safety of most food additives is assessed
primarily when they are used separately in regulated
amounts. At the same time, the toxicological effects
of mixtures may differ from those of the individual
components and depend on composition, dose, and
duration of intake [3, 4]. Current reviews and expe-
rimental studies also indicate that some food additives
may affect the intestinal barrier, microbiota, redox
status, and immune response [23, 24]. Prolonged
combined exposure to low doses of additives with
different functional purposes requires particular atten-
tion because gradual metabolic and cellular changes
may develop without signs of acute intoxication.

The spleen is the largest peripheral organ of the
immune system and combines filtration, circulatory,
and immunoregulatory functions. Prolonged meta-
bolic or pro-oxidant load may alter the state of its
lymphoid tissue, cellular proliferative activity, and
tissue redox balance. Oxidative-nitrosative stress is
regarded as one of the universal mechanisms of
cellular injury and impaired immune response [5, 6].

Previous studies using this experimental model
separately established impaired antioxidant defense
in the splenic parenchyma and changes in its
macrophage component [7, 8]. However, it remains
insufficiently understood how biochemical manifes-
tations of oxidative-nitrosative stress are combined
with changes in proliferative activity and the B-cell
component of lymphoid tissue at different durations
of food additive mixture administration.

Therefore, a comprehensive study of biochemical
and immunohistochemical changes in the spleen
during prolonged combined exposure to food additives
is relevant for clarifying the characteristics of remo-
deling in peripheral organs of the immune system.
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The study parameters were selected to permit
simultaneous assessment of the pro-oxidant-anti-
oxidant balance and cellular changes in the spleen.
Superoxide dismutase and catalase activities charac-
terize the enzymatic component of antioxidant
defense, malondialdehyde concentration reflects the
intensity of lipid peroxidation, and nitrite concen-
tration is an integrated indicator of changes in nitric
oxide metabolism [5]. Ki-67 was used to assess the
proliferative activity of cells in the splenic red pulp,
and CD20 to characterize the B-cell component of
lymphoid tissue in the splenic red pulp [20, 21].
Combined measurement of these parameters made it
possible to compare redox changes with the dynamics
of proliferative activity and the B-cell component of
the splenic red pulp.

The aim of this study was to determine the
morphofunctional characteristics of remodeling in the
structural components of the rat spleen during pro-
longed exposure to a mixture of food additives at sub-
toxic doses, based on biochemical parameters and
immunohistochemical expression of Ki-67 and CD20.

MATERIALS AND METHODS OF RESEARCH

The study was conducted on 70 white laboratory
Wistar rats, with equal numbers of both sexes, aged
6 months at the beginning of the experiment and
weighing (190+1.34) g. The animals were kept under
standard conditions in the vivarium of Poltava State
Medical University. The rats were housed four per
standard cage measuring 90x60%120 cm on corn
bedding. Room temperature was maintained at
(22+£2)°C, relative humidity at (50+10)%, and the
light cycle at 12 h light/12 h dark. The study was
conducted from March to September 2024.

The animals were divided into seven groups of
10 animals each: one week-0 group and six experi-
mental groups. Every morning before the main
feeding, animals in the experimental groups received
0.5 mL of a freshly prepared solution of the food
additive mixture orally through a soft gavage tube for
1-20 weeks. The animals had free access to drinking
water and the standard vivarium diet. The solution
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contained monosodium glutamate (E621) at a dose of
20 mg/kg (Meihua Holdings Group Co., Ltd., China),
Ponceau 4R (E124) at a dose of 5 mg/kg (Ajanta
Chemical Industries, India), and sodium nitrite
(E250) at a dose of 0.6 mg/kg (BASF, Germany).
These substances were selected because they belong
to different functional classes: monosodium gluta-
mate is a flavor enhancer, Ponceau 4R is a synthetic
colorant, and sodium nitrite is a preservative. The
regulatory basis for selecting the initial levels
comprised Order No. 45 of the Ministry of Health of
Ukraine dated 08.01.2024 [13] and the Requirements
for Food Additives approved by this order [14], which
define the general conditions of use, functional
classes, and maximum levels of food additives in
foods. The experimental doses were 50% of the
corresponding initial levels adopted in the approved
study model. Interspecies conversion to rat body
weight was performed using biological activity coef-
ficients according to the Rybolovlev formula:
D _rat=D_human x3.62/0.57=D_human x 6.35 [15].
The animals were euthanized after 0, 1, 4, 8, 12, 16,
or 20 weeks by sodium thiopental overdose under
ether anesthesia. Taking the duration of the expe-
riment into account, age at euthanasia ranged from 6
months in the week-0 group to 10.5 months in the
week-20 group. No separate concurrent age-matched
control groups or gavage control groups receiving
water or saline at the corresponding time points were
formed. After euthanasia, the spleen was removed,
rinsed with saline, and used for biochemical and
immunohistochemical examination.

The experimental studies were conducted in
accordance with the General Ethical Principles for
Experiments on Animals (Kyiv, 2001), Law of
Ukraine No. 3447-1V dated 21.02.2006, On the Pro-
tection of Animals from Cruelty, as amended, and the
Procedure for Conducting Experiments on Animals
by Scientific Institutions, approved by Order No. 249
of the Ministry of Education and Science, Youth and
Sports of Ukraine dated 01.03.2012. The study design
was approved by the Biomedical Ethics Commission
of Poltava State Medical University, protocol
No. 219 dated 21.09.2023.

The following were determined in a 10% spleen
homogenate: superoxide dismutase activity, based on
the ability of the sample to inhibit epinephrine auto-
oxidation in an alkaline medium at 26°C, with the
result expressed in arbitrary units [16]; catalase
activity, based on the amount of hydrogen peroxide
decomposed in the presence of the sample after
reaction with ammonium molybdate at a wavelength
of 405 nm, with the result expressed in pkat/g [17];
malondialdehyde concentration, determined spectro-
photometrically by reaction with 1-methyl-2-pheny-
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lindole at 586 nm, with the result expressed in pmol/g
tissue [18]; nitrite concentration, determined by the
Griess-llosvay reaction with photometry at 530 nm,
with the result expressed in nmol/g tissue [19].

Immunohistochemical examination was perfor-
med on 3-4 um formalin-fixed, paraffin-embedded
spleen sections using a standard indirect immuno-
peroxidase method and antibodies validated by the
manufacturer for immunohistochemistry of paraffin-
embedded rat tissues [20, 21]. After standard prepa-
ration of the sections, recombinant rabbit Anti-
CD20 antibody, clone SP32 (ab64088, Abcam,
Cambridge, UK) [20], and Anti-Ki-67 antibody,
clone SP6 (ab16667, Abcam, Cambridge, UK) [21],
were applied. Visualization was performed using the
Mouse/Rabbit PolyVue™ HRP/DAB polymer
system (Diagnostic BioSystems, USA), and the
sections were counterstained with Mayer's he-
matoxylin (Biognost, Croatia). Microscopy was
performed using an Olympus C 3040-ADU light
microscope with Olympus DP-Soft software. Ki-67-
positive and CD20-positive cells were counted in
10 non-overlapping fields of the red pulp using a
x40 objective. For each animal, the mean number of
positive cells in the red pulp was calculated
in10 fields of view.

Statistical analysis was performed at the level of
the individual rat as the experimental unit using IBM
SPSS Statistics 26.0 (IBM Corp., Armonk, NY, USA,
2020; subscription identifier 515892337). Distri-
bution normality was assessed using the Shapiro-
Wilk test. Data are presented as mean+standard de-
viation (M*SD). Differences between groups were
assessed using Welch analysis of variance for seven
independent groups, and the Kruskal-Wallis test was
used under nonparametric conditions. Pairwise
comparisons of each experimental group with the
week-0 group were performed using Welch's t-test for
two independent samples, with Holm correction of p-
values [22]. To assess the pattern of temporal
dynamics, exposure duration was analyzed as an
ordered quantitative variable (0, 1, 4, 8, 12, 16, and
20 weeks) in models that included linear and
quadratic terms. Exploratory associations between
parameters were assessed using Spearman's rank
correlation coefficient [22]. All statistical tests were
two-sided, and differences were considered statis-
tically significant at p<0.05.

RESULTS AND DISCUSSION
For all study groups, mean biochemical values and
mean numbers of positive cells in 10 non-overlapping

fields of view in the splenic red pulp were calculated
(Table 1).

Ha ymoeax niyensii CC BY 4.0
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Table 1
Changes in biochemical and immunohistochemical parameters
over the course of the experiment (* — p<0.05 after Holm correction)

Outcome Week 0 Week 1 Week 4 Week 8 Week 12 Week 16 Week 20
SOD, a.u. 10.420.76 8.55+0.71% 6.79+0.45* 7.50+0.51% 4.32+0.24* 5.77+0.35* 5.10+0.90*
Catalase, pkat/g  0.500£0.002  0.487+0.002*%  0.453£0.004*  0.474:0.002%  0.211£0.004*  0.297+0.002%  0.248:0.004*
MDA, pmol/g 0.43+0.14 0.810.14% 1.6620.12* 1.380.16* 3.110.33* 1.7240.16* 2.27+0.17*
Nitrites, nmol/g 0.0420.004  0.069:0.013%  0.054:0.009%  0.077+0.018%  0.071£0.004*  0.050+0.005*  0.061:0.011*
Ki-67+cells in 77.1222.1 38.2+11.8* 30.5£6.5% 18.56.9* 46.5+11.0* 7.242.4% 46.6+10.6*
10 fields of view
CD20+cells in 24.243.5 32.344.2% 27.3+4.5 37.942.8% 30.4£1.7% 21.3£1.9 17.4£2.7%

10 fields of view

Notes: data are presented as M+SD, where M is the mean and SD is the standard deviation; n=10 in each group; SOD — superoxide dismutase; MDA —
malondialdehyde; Ki-67+ - Ki-67-positive cells; CD20+ - CD20-positive cells; * — p<0.05 versus the week-0 group after Holm correction for multiple
comparisons.

The overall between-group effect was statistically
significant for all study parameters according to

Welch analysis of variance and was confirmed by the
Kruskal-Wallis test (Table 2).

Table 2
Overall between-group tests and models of temporal dynamics
Outcome Welch Welch Kruskal- Kruskal- R? B p B p

F p Wallis H Wallis p trend week week week? week?
SOD, a.u. 160.28 <0.001 64.03 <0.001 0.752 -0.5724 <0.001 0.0178 <0.001
Catalase, pkat/g 15590.61 <0.001 67.63 <0.001 0.757 -0.0188 <0.001 0.0002 0.180
MDA, pmol/g 190.75 <0.001 65.49 <0.001 0.653 0.2489 <0.001 -0.0085 <0.001
Nitrites, nmol/g 50.34 <0.001 44.48 <0.001 0.159 0.0032 <0.001 -0.0002 <0.001
Ki-67+ cells 66.36 <0.001 55.25 <0.001 0.354 -6.9477 <0.001 0.3027 <0.001
CD20+ cells 62.95 <0.001 56.37 <0.001 0.585 1.6925 <0.001 -0.1124 <0.001

Notes: F — Welch analysis of variance statistic; H — Kruskal-Wallis statistic; p — significance level; R — coefficient of determination; p— regression

coefficient; week? — quadratic term of the model; p<0.05 — statistically significant result.

All experimental groups showed lower superoxide
dismutase and catalase activities and higher ma-
londialdehyde and nitrite concentrations than the
week-0 group. The most pronounced changes in the
antioxidant system were found at week 12 — super-
oxide dismutase and catalase activities were by
58.5% and 57.8% lower than in the week-0 group,
respectively, and malondialdehyde concentration
increased 7.23-fold. The highest nitrite concentration
was recorded at week 8, 83.3% above the level in the
week-0 group. At weeks 16 and 20, the biochemical
parameters remained significantly altered, indicating
persistent oxidative-nitrosative disturbances.

Immunohistochemical examination revealed di-
vergent dynamics of the two markers. The number of
Ki-67-positive cells was lower than in the week-0
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group at all observation times, and the lowest value
was recorded at week 16 — 90.7% below the value in
the week-0 group.

The number of CD20-positive cells changed in a
phase-dependent manner. It increased at the early time
points, reaching a maximum at week 8 (+56.6%
compared with week 0), and subsequently decreased.
Atweek 20, the value was 28.1% lower than at week 0.

The results of light microscopic analysis of sec-
tions stained for Ki-67 and CD20 were consistent
with the quantitative data. In the series of CD20
micrographs, denser clusters of positive cells were
observed in the red pulp at the early time points
(Fig. 1A, B), whereas their number decreased at the
later time points (Fig. 1C, D).
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A —week 4; B — week 8; C — week 16; D — week 20. Magnification: x10 eyepiece, x40 objective

The series of Ki-67 micrographs showed an At week 20, the number of positive cells was higher
overall decrease in the number of positive nuclei than at week 16, but remained lower than in the
(Fig. 2A, B), most pronounced at week 16 (Fig. 2C).  week-0 group (Fig. 2D).
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Fig. 2. Representative micrographs of Ki-67-positive cells in
A —week 4; B — week 8; C — week 16; D — week 20. Magnification: x10 eyepiece, x40 objective
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Quadratic models of temporal dynamics showed a
statistically significant quadratic component for
superoxide dismutase activity, malondialdehyde and
nitrite concentrations, and the numbers of Ki-67-
positive and CD20-positive cells in the red pulp of the

Week 0

Week 1

Week 4

SOD 1.8

1.0

Catalase

MDA

Nitrites

Ki-67+

CD20+

rat spleen. This confirmed the nonlinear pattern of
changes during the experiment. The heatmap of
standardized mean values reflected the sequential
change in the relationships among the study pa-
rameters (Fig. 3).

Week 8 Week 12 Week 16 Week 20

Z-score

1.9 1.7 1.4 1.2 1.0 0.7 0.5 0.3 0.0

SOD - superoxide dismutase; MDA — malondialdehyde; Ki-67+ - Ki-67-positive cells; CD20+ - CD20-positive cells; Z-score - standardized deviation
of the group mean from the overall mean, expressed in standard deviation units. Positive values indicate a parameter level above the overall mean, and

negative values indicate a level below it.

Fig. 3. Heatmap of standardized group means

Exploratory analysis using Spearman's rank
correlation coefficient at the level of individual
animals revealed direct relationships between the
measures of enzymatic antioxidant defense and inverse
associations between antioxidant enzyme activities,
concentrations of lipid peroxidation products, and
immunohistochemical parameters. Given the nonli-
near temporal dynamics, these correlations were regar-
ded as an additional description of the relationships
rather than independent evidence of causality.

A synthesis of the data made it possible to
provisionally distinguish three consecutive periods of
change. In the early period (weeks 1-8), the develop-
ment of oxidative-nitrosative disturbances was accom-
panied by an increase in the number of CD20-positive
cells. The most pronounced biochemical changes were
observed at week 12. In the late period (weeks 16-20),
antioxidant defense remained reduced, the number of
CD20-positive cells decreased, and proliferative acti-
vity was most markedly suppressed.

The observed decrease in superoxide dismutase
and catalase activities against a background of
increased malondialdehyde concentration is con-
sistent with reports of redox-dependent injury to
lymphoid organs after exposure to monosodium
glutamate. Das etal. showed that four weeks of

26/Tom XXX1/3

monosodium glutamate administration was accom-
panied by oxidative changes and signs of immune
dysfunction in the rat thymus and spleen [9]. The
similar direction of the changes supports the assump-
tion that impairment of enzymatic antioxidant de-
fense is one of the factors involved in remodeling of
the cellular composition of the spleen.

Recent studies of Ponceau 4R also describe biolo-
gical effects associated with impaired cell proliferation
and redox balance. Kara et al. found a decrease in the
mitotic index with increasing Ponceau 4R concen-
tration, whereas signs of genotoxicity were detected
mainly at high concentrations [10]. In an experimental
model using Artemia franciscana, E124 altered the
activity of mitochondrial respiratory chain components
and the redox state [11]. Differences between the
models preclude direct extrapolation of these results to
the rat spleen, although they are consistent with the
combination of redox disturbances and a lower number
of Ki-67-positive cells observed in our study.

Sodium nitrite can enhance the formation of
reactive nitrogen species and secondary lipid pero-
xidation. In the study by Ahmed et al., its admini-
stration to rats was accompanied by an increase in
malondialdehyde concentration and a decrease in
antioxidant enzyme activities in the tissues examined

9
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[12]. In our study, the peak nitrite concentration at
week 8 preceded the maximum increase in
malondialdehyde at week 12, which may reflect a
temporal sequence of nitrosative and lipid
peroxidation changes.

The time difference between the maximum
manifestations of oxidative-nitrosative stress at
week 12 and the lowest number of Ki-67-positive
cells at week 16 may reflect delayed suppression of
proliferation due to accumulated redox-dependent
injury. The increase in this parameter at week 20 was
probably associated with compensatory and adaptive
renewal of cell populations [9].

The effect of the mixture should not be regarded
as a simple sum of the effects of its components.
Studies of food additives in combination show that
the cellular response to a mixture may differ from the
response to individual substances [3], and combined
intake of common additives in an animal model was
accompanied by simultaneous changes in oxidative
status, the inflammatory response, and immune cells
[4]. Reviews of the effects of food additives on
intestinal microecology and experimental data on
interactions between the intestinal barrier and the
immune system confirm that the effects of some
technological ingredients may extend beyond the
organ of initial contact [23, 24]. The results of this
study complement previously established changes in
antioxidant defense [7] and the macrophage compo-
nent of the spleen [8] in the same experimental model
by linking them to the dynamics of Ki-67-positive
and CD20-positive cells.

The combination of reduced proliferative activity
and a late decrease in the number of CD20-positive
cells may indicate functional suppression and remo-
deling of the B-cell component of the spleen. These
dynamics may be associated with disruption of the
stromal-follicular microenvironment that supports the
organization of B-cell follicles [25]. At the same time,
lower CD20 expression may reflect not only a
decrease in the number of mature B cells, but also
altered marker expression or their differentiation into
CD20-negative plasma cells [26].

A separate limitation of this study is the absence
of daily gavage control groups. Because animals of
the same initial age were euthanized at different time
points, their age at euthanasia differed. All study time
points fell within the adult period of the rats' lifespan;
however, in the absence of concurrent age-matched
control groups, the contribution of age to the observed
biochemical and immunohistochemical changes
cannot be fully excluded.

Repeated restraint and gavage administration of
the solution may potentially induce a short-term stress
response, the magnitude of which depends on the
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technical performance of the procedure and the
volume and properties of the solution. In a separate
study in male Sprague-Dawley rats acclimated to
handling, daily orogastric administration of water at a
volume of 5 mL/kg for 28 days, when the procedure
was performed properly, was not accompanied by
signs of chronic stress [27]. In our study, the initial
dosing volume was 2.6 mL/kg; however, exposure
lasted up to 20 weeks, and specific markers of the
stress response were not measured. Therefore, the
contribution of repeated gavage and associated hand-
ling stress cannot be qualitatively or quantitatively
separated from other factors.

CONCLUSIONS

1. Prolonged oral administration of a mixture of
food additives (monosodium glutamate, Ponceau 4R,
and sodium nitrite) at subtoxic doses was accompanied
by the development of persistent oxidative-nitrosative
stress in rat spleen tissue, manifested by lower
superoxide dismutase and catalase activities and higher
malondialdehyde and nitrite concentrations.

2. The most pronounced changes in free radical
oxidation and lipid peroxidation were observed at
week 12 of administration of the food additive
mixture, whereas the highest nitrite concentration was
recorded at week 8.

3. The number of cells representing the B-cell com-
ponent changed in a phase-dependent manner: the inc-
rease at the early time points was followed by a sub-
sequent decrease, most pronounced at week 20, which
may indicate functional suppression or reduced marker
expression during differentiation into plasma cells.

4. The number of proliferatively active cells was
lower than the control value at all time points of the
experiment; the most pronounced decrease in proli-
ferative activity was observed at week 16 as a result
of delayed redox-dependent injury, with partial
compensatory and adaptive recovery at week 20.

5. Splenic remodeling during prolonged exposure
to the food additive mixture followed a nonlinear
pattern dependent on exposure duration and com-
bined early reactive changes with a subsequent
decrease in proliferative activity and the B-cell com-
ponent at the later time points.
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