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Abstract:

The accumulation of heavy metals in the body is associated with an increased immune response man-

ifested by pathological changes in white blood cell (WBC) counts. This study aimed to examine the
impact of cadmium (Cd) and lead (Pb) exposure on the WBC kinetics of laboratory ICR albino mice
over a subchronic intoxication period and to assess the efficacy of zeolite administration in modulating
detoxification processes. Five variants of laboratory experiments were performed over 45 days: 1) food
+ water (control); 2) food + (water+Cd(NO,),); 3) food + (water+Pb(NO,),); 4) (food + clinoptilolite) +
(water+Cd(NO,),) and 5) (food + clinoptilolite) + (water+Pb(NO,),). Haematological analyses were con-
ducted on days 0, 15, 30 and 45. Pb and Cd intoxication resulted in pathological alterations of WBC kinet-
ics, with inconsistent effects in different WBC subtypes but more pronounced in granulocyte. We observed
a tendency for a decrease in WBC counts at day 15 and an increase at day 30, followed by normalisation
at day 45 in all experimental groups. Pb — more immunotoxic to mouse WBCs. The study on the effects
of clinoptilolite (hydrated alkali aluminosilicate, one of the most abundant minerals in the zeolite fam-
ily) administration suggests insufficient efficiency on leukopoiesis in ICR albino mice. Further research
is required to elucidate the potential mechanisms of action of clinoptilolite-mediated detoxification in the
context of immune responses to heavy metal poisoning.
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Introduction

Environmental contamination by toxic metals and
other hazardous chemical elements is an ever-pre-
sent hazard for humans and terrestrial biota. Soil,
water and air contamination with heavy metals such
as cadmium, lead, chromium, copper, zinc, mer-
cury and arsenic is of particular concern (Dolanc

"Corresponding author: mnedialkova@gmail.com

et al., 2023). Lead (Pb) and cadmium (Cd) remain
important pollutants globally and in the European
Union (EU) due to their direct toxicity in animals
and plants and their progressive accumulation in
food chains at each level (EEA, 2019). Despite im-
plementing robust measures, the challenge of elimi-
nating toxic substances from soil and water sources
persists. The gradual elimination of these substances
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and their high accumulation rate at higher levels of
food chains is anticipated to present significant chal-
lenges in the coming decades.

Finding suitable sorbents with detoxifying
properties will help address several environmental
and public health risk issues. In recent years, natu-
ral and modified zeolites, especially clinoptilolites,
have found increasing application in this field. The
crystal structure of zeolites, combined with their
porous, rough surface, makes them very suitable as
sorbents for toxic cations such as Cs*, NH,", Cu*,
Zn*, Sr¥, Cd*, Hg**, Cr** and Pb* from aqueous
solutions (Burns et al. 1990, Langella et al. 2000).
There is also a growing interest in studying their
sorption capabilities in solving environmental prob-
lems affecting living organisms not only in Europe
but also globally (Pavelic 2002; Kavak & Ulkii
2015, Cerri et al. 2016, Tomeckova et al. 2016). Bul-
garian clinoptilolite sorbents demonstrated efficacy
against intoxication with lead nitrate (Pb(NO,),) in
laboratory mice (Beltcheva et al. 2012, Topashka-
Ancheva et al. 2012, Beltcheva et al. 2015). Pre-
viously we have established protective effects of
modified natural clinoptilolite from the “Beli Plast”
deposit in ICR laboratory mice subchronically ex-
posed to Cd(NO,), (Beltcheva et. al. 2022).

Cadmium and lead are highly hazardous met-
als with long-term effects and can potentially cause
organ damage even at low concentrations. Lead has
been demonstrated to exert a deleterious effect on
liver function and haematopoiesis, with the potential
to cause hypochromic anaemia due to blocking the
enzymes aminolevulinic acid dehydratase (ALAD)
and ferrochelatase (Goyer & Rhyne 1973,Zelikoff &
Thomas 1998). Meanwhile, Cd has been shown to
induce gene toxicity and kidney failure (Wlostowski
et al. 2010). It is known that acute or chronic ex-
posure to cadmium and lead results in haematologi-
cal changes in mammals and humans. A common
consequence of chronic poisoning with these two
heavy metals is anaemia, which is regarded as one
of the earliest indications of Cd and Pb poisoning in
animals. In these cases, the white blood cell (WBC)
count is typically within the normal range, whereas
the red blood cell (RBC) count is reduced (Pow-
olny et al. 2023). Moreover, significantly elevated
neutrophil and diminished lymphocyte counts have
been documented in rabbits subjected to intoxica-
tion as compared to control subjects. However, no
notable discrepancy in total WBC counts — observed
between the two groups (Stowe et al. 1972). These
findings indicate that Cd may influence the form
elements in WBCs by disrupting their production
and/or destruction, thereby affecting their transfor-
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mation. This potential mechanism of action for the
two heavy metals — corroborated in the early 1970s
by demonstrating direct stimulation of lympho-
cytes by Cd and Pb in cultured human leukocytes
(Utakoji 1972; Shenker et al. 1977). While there is
experimental evidence on the induction of changes
in WBC pools by Pb and Cd in test animals, it is
contradictory (Zelikoftf & Thomas 1998). For exam-
ple, Ohsawa & Kawai (1981) reported a Cd-induced
increase in lymphocyte production in ICR mice and
Sprague-Dawley rats during subchronic exposure,
while Koller et al. (1976) found a suppression of im-
mune function and antibody production after Pb and
Cd exposure. In any case, most experimental evi-
dence on the effects of Pb and Cd on WBC counts
is at least three decades old and there is no direct
evidence of the impacts of zeolite administration on
leukopoiesis during non-acute exposure of animals
to Pb and Cd, which necessitates the current study.
Our aim — to assess the effects of subchronic expo-
sure to Pb and Cd on leukopoiesis in laboratory mice
and the potential protective effects of clinoptilolite
supplementation on WBC kinetics.

Materials and Methods

Experimental animals

A total of 120 male ICR laboratory mice, aged 6-8
weeks, were randomly and equally assigned to one
of five experimental groups. Animals were placed
in individually ventilated cages following the EU
requirements (Directive 2010/63/EU): at a standard
temperature between 20°C and 22°C, a humidity of
45-60% and a 12-hour day/night cycle. They were
fed on ISO-2000-certified standard rodent food.

In accordance with our objectives, the five var-
iant groups were as follows: 1) control - food + wa-
ter; 2) food + (water + Cd(NO,),); 3) food + (water +
Pb(NO,),); 4) (food + 12.5 wt.% powdered modified
natural clinoptilolite) + (water+Cd(NO,),); 5) (food
+ 12.5 wt.% powdered modified natural clinoptilo-
lite) + (water + Pb(NO,),). The final concentrations
of Cd and Pb nitrate forms were as follows: 0.00125
M for Cd(NO,),) and 0.00250 M for Pb(NO,),. The
mice had access to food and water ad libitum. Each
experiment lasted for 45 days after one week of ac-
climatisation. The blood samples were collected
from each tested group at the beginning, 15", 30t
and 45" experimental days.

All experiments were conducted in accordance
with Ordinance No. 20/01.11.2013 on the protection
and welfare of animals and the Animal Protection
Act of 31 January 2008 of the Republic of Bulgaria.
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Heavy metal bioaccumulation

The Cd and Pb bioaccumulation in the liver and
kidneys of the tested animals — measured using a
Perkin Elmer SCIEX DRCe ICP-MS system with a
cross-flow nebuliser. Todorova et al. (2023) provide
a detailed description of the methodology.

Clinoptilolite

The modified clinoptilolite used in this study — col-
lected from the volcanogenic sedimentary clinop-
tilolite-rich tuff deposit “Beli Plast” in the Eastern
Rhodopes, Bulgaria. The clinoptilolite — ground
and sieved and the fraction below 0.15 mm — sepa-
rated for treatment. Clinoptilolite — exchanged into
its sodium form by stirring 100 g of the natural
sample and 1000 ml of 1 M NaNO, solution at 500
rpm. The treatment — performed in a closed bottle
in an oven heated at 80°C. The NaNO, solution —
replaced daily by a fresh one. This procedure — re-
peated 12 times. The sample — — hed with deion-
ised water to remove the occluded salt and dried at
60°C in an oven. The mineral composition of the
zeolitised tuff — determined by powder X-ray dif-
fraction (PXRD). The chemical composition of the
major elements in wt.% — 71.08 SiO,, 0.12 TiO,,
10.88 ALO,, 0.96 Fe,O.(t), 0.09 MnO, 1.03 MgO,
2.78 Ca0, 0.31 Na,0, 2.76 K,0, 0.15 SO,, while
ignition losses i.e. adsorbed and chemically bonded
water — about 11.61 wt.%. The values of the oxides
of the exchangeable cations CaO, K,O and MgO af-
ter Na-exchange decrease were 1.23, 2.32 and 0.72,

respectively. The Na,O content increased signifi-
cantly and reached 2.57 wt.%.

Haematology

Blood samples were collected from the tail vein in Mi-
croTube EDTA.K3 0.5 mL microtubes and processed
automatically using a MindRay BC-30Vet automated
veterinary haematologyanalyser. Among the param-
eters analysed, the most representative markers for
white blood cells were selected and processed further:
WBC (total white blood cells), LYM (lymphocytes),
GRAN (granulocytes) and MON (monocytes).

Statistics

The statistical significance of mean differences be-
tween the tested parameters — calculated using Prism
software version 9.0 (GraphPad Software, San Die-
go, CA, USA). Both univariate and multivariate
statistical analyses were performed. The haemato-
logical data underwent a normality test (p < 0.001)
and we utilised one-way ANOVA. In case ANOVA
showed significant differences, post hoc analysis —
performed using Tukey’s test. P < 0.05 — considered
to be statistically significant.

Results

Heavy metals bioaccumulation

The heavy metal loadings in the animal’s liver and
kidneys exhibited notable differences (Table 1). The
kidneys were identified as the most sensitive organs,

Table 1.Heavy metals loading in the liver and kidneys (mg/kg dry weight) of tested animals

Cadmium (X + SD) (Cd group) Lead (X + SD) (Pb group)

2 after clinoptilolite after clinoptilolite

= after Cd exposure L. R after Pb exposure . .

a administration administration

Liver Kidneys Liver Kidneys Liver Kidneys Liver Kidneys

0 03+0.1 02+0.1 03+0.1 02+0.1 0.59+0.19 2.5+0.59 0.59+0.19 | 2.5+0.59
15| 562+ 1.1% 53.1+ 1.4 442+1.6* | 39.1+£0.9° | 41.89+1.27*¢ | 1493 +4.52*4 |12.56+1.57*|22.15 + 11.45°
30| 96.0+3.6"4 | 104.0+2.6* | 78.0+2.1°* | 74.6+ 1.8** | 58.37+£2.45%4| 269.66 +4.79*4 | 9.45+0.99* | 17.45+3.49°
451173.0 £ 1.9*2¢41260.0 + 3.122¢4190.0 £ 2.32>¢ | [00.0 & 2.4*>¢| 67.78 £ 3.06*>¢ | 537.1 + 3.89%b<d 1492 + 1.69*° | 10.39 + 1.522>

Values with a different superscript letter indicate a significant difference between groups at each time point: (a) between
day 0 and days 15, 30 and 45; (b) between day 15 and days 30 and 45; (c) between day 30 and day 45; (d) between
groups before and after clinoptilolite administration. Values with a, b, ¢ and d are significant at p <0.001.
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Fig.1. White blood cell kinetics during the experimental trial. The asterisks indicate the statistical differences between
the control and the experimental groups on day 15 (p < 0.05). The superscript ‘a’ demonstrates the statistically signifi-
cant difference (p < 0.05) between WBC values on days 15 and 30 following Pb exposure, while the superscript ‘b’
illustrates the significant difference (p < 0.01) between days 15 and 45 after Cd + Zeo exposure. The superscript ‘¢’
depicts the significant differences (p < 0.01) between the WBC values at day 15 following Pb exposure and days 30

and 45 after Pb and zeolite exposure.

exhibiting the highest Cd and Pb accumulation
(173.0 = 1.9 mg/kg Cd and 537.1 + 3.89 mg/kg Pb
for groups 2 and 3 on the 45th day, Table 1). Further-
more, the differences in Cd and Pb concentrations
between the experimental and control groups were
statistically significant (p < 0.0001). The admin-
istration of clinoptilolite to subchronically metal-
exposed animals resulted in statistically significant
alterations in the concentrations of the examined
metals. A significant reduction in the levels of Cd
and Pb — observed in both the kidney and the liver
(p <0.001).

Haematology

Cadmium and Pb-induced alterations in the counts
of WBC observed in control and experimental
groups are shown in Fig.1. In comparison with the
control group, the experimental trial revealed that
the leukopenia induced by Cd — observed on days
15 and 30, whereas Pb-induced leukopenia — noted
at the beginning and end of the trial. No statisti-
cally significant differences were observed between
WBC counts on different experimental days in the
animals exposed only to Cd. Their values remained
low in comparison to the control throughout the
experiment. The analysis demonstrated that only
on day 15, the experimental animals administered
Cd(NOs): in the drinking water and clinoptilolite in
the food (group 4) exhibited statistically significant

124

differences (p < 0.05) in comparison to the control
group. A significant increase (p < 0.05) — observed in
the experimental group solely exposed to Pb on day
30 compared to day 15. This — followed by a further
decrease on day 45, which — not statistically signifi-
cantly different from the control values. By the end
of the experimental phase, a tendency towards com-
pensation for the observed changes emerged. Never-
theless, this process — not entirely efficacious.
Following 15 and 30 days of Cd exposure,
GRAN (Fig. 2) exhibited a statistically significant
decline in numbers compared to the control values (p
<0.001). Conversely, a notable increase in the num-
ber of cells — observed on day 45, compared to day
15 (p < 0.05). The alterations in the mean GRAN
counts observed in the Pb-exposed animals were
analogous to those observed in the total WBC data.
In test groups 2 and 3, there — a statistically signifi-
cant reduction in the mean values on the 15th day,
followed by a significant increase on the 30th. After
the experimental period, a tendency towards com-
pensation for the changes — evident on the 45th day.
A similar pattern of GRAN change — observed in the
groups following the administration of the clinop-
tilolite. The number of GRANs decreased on day 15,
exhibited a significant increase on day 30 and on day
45, there — a rise that did not reach control values.
The kinetics of LYM (Fig. 3) demonstrated a
statistically significant difference in comparison to
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Fig.2. Granulocyte kinetics during the experimental trial. The asterisks indicate the statistically significant differences
(p < 0.01) between the control granulocyte counts and those on the other experimental time points after Cd and Pb

exposure.
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Fig.3. Lymphocyte kinetics during the experimental trial. The asterisks indicate the statistical differences between the
control and the experimental groups on day 30 (p < 0.05). The superscript ‘a’ demonstrates the statistically significant
difference (p < 0.05) between lymphocyte values on days 15 and 30 following following Cd + Zeo and Pb exposure.

the control in group 3 (following Pb exposure) and
group 4 (with Pb(NO,), and clinoptilolite supple-
mentation) at day 30. Lead and Cd were observed
to exert indirect immunotoxic effects on LYM, while
Cd exposure resulted in a notable mild lymphopenia
compared to Pb exposure. Administration of zeolite
— associated with an increased lymphocyte count on
day 30 in group 4. The count of MON remained rela-

tively stable throughout the experimental period for
all tested groups compared to the control (Fig. 4).
The results of the haematological parameter
analyses suggested that the subchronic Pb and Cd
exposure can cause varying degrees of inflamma-
tory injury in ICR albino mice. The established
patterns of WBC kinetics demonstrated a tendency
towards a reduction in WBC score values at day 15
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Fig. 4. Monocyte kinetics during the experimental trial.

and an increase at day 30, followed by normalisa-
tion at day 45 for all experimental groups. The white
blood cells and their main subtypes of mice from
groups 4 and 5 with clinoptilolite supplementation
exhibited alterations analogous to those observed in
the mice from the Cd and Pb-exposed groups. This
kinetic pattern indicated that the action of clinoptilo-
lite — not sufficiently efficient.

Discussion

The haematopoietic system is one of the most sen-
sitive systems for assessing the toxicity of envi-
ronmental toxins in humans and animals (Yuan et
al. 2014). Haematological indices can indicate en-
vironmental or toxic stressors, causing significant
alterations in the animal’s haematopoiesis. WBCs
are among the most sensitive indicators of animal
health, such as the immune system status (Powolny
et al. 2023). LYM, the effectors of acquired immu-
nity, proliferate in response to antigenic stimuli and
have a long life span in blood. At the same time,
their numbers decrease (lymphopenia) during im-
munosuppression by glucocorticoids or immuno-
suppressive infections (Stockham & Scott 2002).
Cadmium and Pb are known to cause haema-
tological changes, mainly in the erythropoiesis in
mammals and humans exposed to acute or chron-
ic intoxication (Beltcheva et al. 2022). The higher
number of white blood cells following Cd toxicity
may be due to increased free radicals, decreased an-
tioxidant activity or suppression of nonspecific and
specific immune responses, as well as systemic in-
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flammation (El-Boshy et al. 2015).The in vitro in-
vestigation of the associations of Cd exposure with
peripheral blood cell subtype counts and indices in
Cd-poisoned mice demonstrated that Cd increased
the number of white blood cells and the number of
neutrophils in mice, while reducing the number of
monocytes and the number of lymphocytes (Dong et
al. 2024). Other research demonstrated that Cd ad-
ministration in albino mice suppressed humoral im-
munity and total WBC count (Rehman et al. 2017).
Conversely, Cd exposure induces a small and statis-
tically insignificant reduction in circulating WBCs
(Huang et al. 2022).

In mammals, significant Pb exposure in blood
concentrations exceeding 1 mg/L induces statistical-
ly substantial and dose-dependent association with a
high WBC count, indicating an initiated inflamma-
tory response. Moreover, increases in WBC counts
have also been documented in Pb-exposed mice,
indicating that Pb — more immunotoxic to WBCs
of mice. Classic experimental evidence has demon-
strated that Pb exposure is immunotoxic, particular-
ly reducing the ability of mice to resist bacterial and
virus infections (Hemphill et al. 1971; Gainer 1974).
This immunotoxicity is due to decreased humoral
immunity, even though Pb induces pro-inflammato-
ry cytokine signalling (Metryka et al. 2018). Various
studies showed that Pb intoxication leads to neutro-
philia and monocytosis, probably due to possible in-
flammations caused by this heavy metal (Hogan &
Adams 1979).

In the current study, the leukogram revealed
that exposure to Cd and Pb resulted in absolute
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grano-philia with lymphopenia. At the same time,
there — no change in the monocytes. The observed
mild leukopenia — probably due to a drop in the
neutrophils count, a significant part of granulocytes
and the most common leukocytes. This is in accord-
ance with several studies that established that Cd
induces neutrophilia and lymphopenia in rats intoxi-
cated with Cd (Djokic et al. 2014, Kataranovski et al
2009). The observed decrease in lymphocyte counts
could be explained by heavy metals’ indirect in vitro
toxicity to lymphocytes. It may involve a reduction
in proliferative ability (Dethloff & Bailey 1998), an
impairment of antigen binding, a decrease in anti-
body production and an impairment of the cellular
response (Niu et al. 2007). The observed neutrophil-
ia and lymphopenia may be attributed to elevated
serum cytokines-induced bone marrow neutrophil
release and mobilisation and redistribution from
tissues (marginal pool) into circulating neutrophils
under basal and inflammatory conditions (El-Boshy
et al. 2015). The observed increase in the absolute
lymphocyte count may also be attributed to en-
hanced lymphocyte proliferation under the stimula-
tory effect of interferons (Niu et al. 2007).

In general, the WBC count is often the subject
of debate and controversy regarding its interpre-
tation. A high value has been identified as an in-
dicator of optimal health status (Gustafsson et al.
1994). For example, Snoeijs et al. (2004) observed
a heightened immunological response, including
an elevated WBC count, in birds residing in rela-
tively unpolluted sites along a metal contamination
gradient. Téte et al. (2015) likewise documented a
reduction in leukocytes with increasing Cd concen-
trations in the organs of wood mice. Furthermore,
elevated WBC levels may indicate increased circu-
lating granulocytes under stressful conditions, as
observed in avian and mammalian species (Apa-
nius 1998, Beldomenico et al. 2008). A reduction in
WBC count indicates a decline in circulating granu-
locytes and a decrease in lymphocytes. This reduc-
tion could indicate a lower incidence of infection
(Norris & Evans 2000).

In summary, the studied heavy metals caused
damage to white blood cells, albeit with inconsistent
effects across different WBC subtypes. One poten-
tial explanation for this outcome is that Cd and Pb
impair the production of blood cells, prompting the
body to mount defensive mechanisms.

The use of zeolites is becoming increasingly
regarded as an effective method in the fight against
the toxicological impact of heavy metal contami-
nation (Dolanc et al. 2023). Clinoptilolites possess
distinctive physicochemical characteristics, notably

ion exchange and adsorption properties, which af-
ford remarkable decontamination capabilities and
reduce heavy metal burdens in industrial applica-
tions, animals and humans (Beltcheva et al. 2012).

The current results indicate that clinoptilolite
materials benefit the concentration profile of metals
in laboratory mice supplemented with the modified
natural clinoptilolite. The observed decrease in the
measured toxicants in the kidney and liver after 45
days of oral intake suggests a detoxification process,
which may be attributable to the increase in particle
size and active surface area of the zeolite material.
This phenomenon has also been observed after long-
term clinoptilolite administration in rats exposed to
various heavy metals (Dolanc et al. 2023). The stud-
ies on haematopoiesis after clinoptilolite adminis-
tration in mammals are rare. Beltcheva et al. (2022)
and Topashka-Ancheva et al. (2012) demonstrated
the positive effect of zeolite on the red blood cell
kinetics, where the erythrocytes increased signifi-
cantly. Studies on the clinoptilolite impact on small
mammals’ leukopoiesis are lacking. Martin-Kleiner
et al. (2001) suggested the increased WBC count
due to zeolite supplementation due to intestinal ir-
ritation and inflammation processes, which aligns
with current research conclusions.

Conclusion

The results confirm the indirect Pb and Cd immu-
notoxicity. We found that Pb and Cd intoxication
resulted in pathological alterations of WBC kinet-
ics in mice, with inconsistent effects across differ-
ent WBC subtypes but more pronounced in GRAN.
Lead — more immunotoxic to mouse WBCs. The
study on the effects of clinoptilolite administration
suggested insufficient efficiency on leukopoiesis in
ICR albino mice. Further investigations are needed
to clarify the potential mechanisms of the clinoptilo-
lite detoxification on the immune response to heavy
metal poisoning.
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