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Abstract

The workers in metal industry as well as the people inhabiting industrially polluted regions are Health hazard
groups regarding the development of chronic heavy metal intoxication. Different means could be used to correct, at
least partly, the consequences of such intoxication. However, the best substances for treatment are those that can
prevent the metals entering in the blood. In case, metals enter in the organism through the digestive tract, zeolites
are the most suitable means for trapping of metal ions. The substantial role of the clinoptilolite as a factor essentially
reducing Pb bioaccumulation is considered in an experiment with small mammals chronically exposed to lead.

As a feed additive, clinoptilolites have been used so far in poultry and livestock to positively influence feces
consistency, reduce diarrhea, bound mycotoxins and aflatoxins, and allow better performance of intestinal microflora.
The present work is the first study of the effect of clinoptilolite, used as a food supplement, in conditions of Pb
intoxication.

Modified clinoptilolite KLS-10-MA was prepared and applied as food-additive in laboratory inbred ICR line mice,
chosen as experimental animals. In the experiment the degree of the positive effect of this sorbent in the reduction of
Pb bioaccumulation was explored. Evidences that clinoptilolite is practically non-toxic substance were presented. A
mathematical model of Pb bioaccumulation in exposed and exposed-supplemented animals was proposed.

Such investigations are important for human and veterinary medicine, pharmacy and for the explanation of some
biological and chemical problems. The authors hope that the obtained results could help in further efforts to create
drugs based on clinoptilolite sorbents. An application of such drugs could be of great importance for human and
animals in regions that are industrially polluted with heavy metals, and particularly with Pb, in order to protect the

organisms as well as the quality of the environment.
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Introduction

Zeolites-natural and modified because of their specific structure,
are excellent adsorber and thus can diminish the harmful effect of
heavy metals. Clinoptilolites, due to its structural stability under high
temperatures and acidity, are the most widely used zeolites in animal
studies. The important research data are presented, indicating the
positive influence of the in-feed inclusion of clinoptilolite on animal
health.

Ecotoxicological experiment with laboratory inbred ICR line mice
was carried out, covering 90 days. The mice were chronically exposed
to lead (Pb) in the form of aqueous solution of Pb(NO,),, diluted in
the drinking water, and treated with modified clinoptilolite sorbent
KLS-10-MA. They were allocated into four groups: group 1, (control):
animals fed with conventional food for small rodents and water; group
2: animals fed with conventional food + clinosorbent KLS-10-MA
and water; group 3: animals fed with conventional food and water +
Pb(NO,),; and group 4: animals fed with conventional food + KLS-10-
MA and water + Pb(NO,),. Group 2 was a second control in order to
prove eventual toxicity of the sorbent and influence of clinoptilolite
on growth performance. To assess the detoxification effect of the
clinoptilolite sorbent, the following bioindicator characteristics
were chosen: Pb concentrations in carcass, organs, tissues, and feces,
chromosomal aberrations frequency, mitotic index, erythrocyte
morphology, erythropoesis, and body weight gain of the mice.

The modified clinoptilolite KLS-10-MA (water modification) was
prepared on the base of natural Bulgarian clinoptilolite from the deposit
in East Rhodops, South Bulgaria. As a powder, it was mechanically
mixed at 12.5% concentration with the conventional forage for small
rodents and was administrated as feed supplement for the mice from
groups 2 and 4. A significant reduction of Pb bioaccumulation in the
exposed and supplemented mice (group 4) was observed: the Pb levels
in the mice from group 4 were 84%, 89%, 91%, 77%, and 88% lower
for carcass, liver, kidney, bones, and feces, respectively, compared
to the Pb levels in the mice from group 3. Essential improvement
of the cytogenetical, hematological, and physiological parameters
was noted. On day 90 the following relations were calculated: Pb-
exposed and clinoptilolite-supplemented mice exhibited 2.3-fold lower
chromosome aberrations frequency, 2.5-fold higher mitotic index, 1.5-
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fold higher percentage normal erythrocytes, and 1.3-fold higher body
weight compared to Pb-exposed and unsupplemented animals.

The obtained results support the suggestion of other authors that
clinoptilolite is quite effective in gastric juice medium and could be
suitable for wide application in mammals under conditions of Pb
poisoning.

No data were found about applications of zeolites as feed additive
in animals exposed to heavy metals. The proposed exploratory research
about detoxification capacity of the clinoptilolite is the first step in this
direction.

Adequate mathematical model was constructed to explain the
main regularities in Pb bioaccumulation in the bones. Based on the
experimental data the kinetic parameters of the Pb accumulation
and lead excretion in mouse’s organism were fitted. A value of
gastrointestinal Pb resorption coefficient in KLS-10-MA-supplemented
mice # = 3.53% was calculated versus normal value # = 15%.

The results of the presented study encourage the further efforts for
the finding of reliable drug based on the tested clinoptilolite substance
in cases of chronic lead intoxication in animals and human.

Heavy metals intoxication is a serious social problem. It directly
affects humans or animals health and due to the withdrawal of ill
persons from the active work in companies for processing of nonferrous
metals also the production affects. Heavy metals in the form of aerosols
and dust, especially in industrial areas fall into the water, soil, air, and
plants. It creates unfavorable environmental situation.

In order to minimize risks to life, health and working capacity of the
population, it is necessary to find methods of reducing harmful effect
of heavy metals. Such agents may be sought in three major directions:

1) Decreasing the harmful emissions from the factories by using
special purification filters.

2) Use of appropriate materials with specific properties and
strongly expressed absorptive capacity to cleanse indoor air pollution
in industrial companies, wastewater treatment, soil and fertilizers.

3) Use of suitable substances with strongly expressed absorptive
capacity for internal application in humans and animals in order to
neutralize heavy metals that fell within the organism to minimizing
their resorption from the gastrointestinal tract.

One of the best means suitable in cases 2) and 3) are the zeolites.
Series of ecotoxicological experiments and careful studies have
confirmed their high efficacy as adsorbers of waste products [1-3].
Clinoptilolites are often utilized to draw heavy metals from solutions
[4-6] and to purify deleterious emissions [7]. Diets manipulated by
zeolites have the potentiality to reduce both the excess of N and P in
swine manure, and to minimize the negative effects of odor and other
gaseous emissions such as NH, and H,S from the swine waste [8,9].
As a feed additive, clinoptilolites have been used so far in poultry and
livestock in order to positively influence feces consistency, reduce
diarrhea, bound mycotoxins and aflatoxins, allow better performance
of intestinal microflora [10]. No data were found about applications
of zeolites as feed additive in animals exposed to heavy metals. This
exploratory research was the first step in this direction. Clinoptilolite
was used as food supplement in laboratory mice, in conditions of
chronic Pb-exposure. An effect of essentially diminished Pb toxicity in
experimental animals was established.

Lead is one of the most popular environmental pollutants resulting

from anthropogenic activities. It predominates as a toxic agent in
industry. Lead along with cadmium and mercury is the most toxic
and highly deleterious heavy metal. It causes alterations in growth
and behavior, renal function deficits, hypertension, osteoporosis, lead-
induced anemia, etc. in human and animal organisms. [11-13]. Lead
is also a significant genotoxic agent [14-16]. Therefore, it is of great
importance to take pains for possible reduction of lead toxicity.

Clinoptilolites are minerals with specific crystalline structure, which
makes them a perfect “heavy metals trap” [17-19]. Besides, they are the
most abundant natural zeolites, occurring in volcanic and sedimentary
rocks [1,7] and this fact facilitates their use [20] established that
clinoptilolite retains its structural stability under high temperatures
and acidity. According to there experiments clinoptilolite exhibited
the highest capability in adsorbing Pb?* ion in complex solution with
pH value of 1.2, at 37 °C, achieving the capacity of 7 mg/g, two times
more than that by other zeolites and six times over that by activated
carbon. The authors suggest that a significant part of lead (Pb**) intake
is possible to be neutralized in the stomach by a clinoptilolite sorbent.
Thus, clinoptilolite, which reveal a unique selective adsorption, could
be considered as a reliable means to diminish Pb intoxication.

When clinoptilolite is applied, as a food supplement, the process of
ions exchange occursin the gastrointestinal tract and thus the resorption
of toxic metals through the intestinal mucosa could be prevented in a
great extent. The present information is targeted to explore the degree
of the positive effect of a modified clinoptilolite sorbent KLS-10-MA
(water modification). The sorbent was administrated as feed-additive
in laboratory inbred ICR line mice in condition of chronic poisoning
by Pb. Clinoptilolite is practically a non-toxic substance [21]. This
statement was confirmed also by present results.

Laboratory inbred ICR line mice, were chosen as experimental
animals. Small mammals, and especially rodents, are preferred as
bioindicators in ecotoxicological experiments due to their basic
position in food chain, fast reaching of maturity, high total metabolism
and specific biological reactions (substantial increase of chromosome
aberrations frequency, changes of hematological indices etc.).

In the present study bioaccumulation of Pb in carcass, organs
and tissues, as well as chromosomal aberrations and mitotic index,
erythrocyte morphology and proliferation, and body weight gain of the
mice were chosen as suitable bioindicator characteristics to assess the
detoxification effect of the modified clinoptilolite sorbent KLS-10-MA
administrated as a feed supplement in the mice chronically exposed
to Pb.

The mathematical model of Pb bioaccumulation in bones, in
exposed-unsupplemented and exposed-supplemented mice, allowed
determining the coeflicient # of absorption of Pb by gastrointestinal
mucosa in the supplemented mice and some kinetic parameters of
the dynamics of Pb bioaccumulation both in unsupplemented and
supplemented animals. The quantitative investigations of the impact of
KLS-10-MA on cell and physiological parameters during a chronic Pb
exposure of small mammals could help in further explorations to use
this sorbent against chronic metal poisoning.

Other aspect is also in the scope. Many authors report the positive
role of zeolites in livestock breading [22-26]. Thus, one of the aims
of the present work is to prove whether a significant change in body
weight would be observed in mice supplemented with clinoptilolite.
For this reason, and in order to examine the reaction of mammal’s
organism to the sorbent, an additional control was used. These were
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healthy animals non-exposed to Pb and fed with conventional forage
mixed with 12.5% KLS-10-MA.

Zeolite structure and the use of zeolites as excellent adsorber
of waste products and heavy metals

Zeolites are an excellent “trapper” of waste products and heavy
metals because of their chemical composition and specific lattice
structure. These minerals are crystalline, hydrated aluminosilicates of
alkali and alkaline earth cations (Na, K and/or Ca cations). Zeolites
have an infinite, open structure [2]. They consist of threedimensional
frameworks of SiO,* and AlO > tetrahedra linked through the shared
oxygen atoms. Both natural and synthetic zeolites are porous materials,
able to adsorb molecules of appropriate cross-sectional diameter and
to exchange their constituent cations without major change of their
structure. Thus, zeolites appear to posses two important properties:
adsorption property and ion-exchange property [17]. The exploitation
of these properties underlies the use of zeolites in a wide range of
industrial and agricultural applications and particularly in animal
nutrition since mid-1960s [2].

The most important of zeolites are: analcime, chabazite,
clinoptilolite, erionite, faujasite, ferrierite, heulandite, laumonitte,
mordenite, phillipsite.

With large size deposits and wide geographic distribution,
clinoptilolites are considered as most abundant members of the 48
minerals in the zeolite group [18,27]. Clinoptilolite usually occurs
in volcanic and sedimentary rocks [1,7]. Due to its abundance, wide
dissemination and ion exchange characteristics, clinoptilolite minerals
are among the most often used zeolites.

As zeolite, clinoptilolite is crystalline, hydrated aluminosilicates
of alkali and alkaline earth cations, consisting of three-dimensional
frameworks of SiO,* and AlO_* tetrahedra linked through the shared
oxygen atoms. The molar Si/Al ratio in clinoptilolites is above 4 [28,29].
Clinoptilolites have a relatively open structure with a total pore volume
of approximately 35% [30], and chemical formula (K, Na, Ca, Mg).
(AlSi,,0,).5H,0 [2]. The structure of clinoptilolites is characterized by
large intersecting open channels of 10- and 8-member tetrahedral rings
[20]. Such structure ensures the clinoptilolite capacity of to absorb and
accumulate heavy metals. Clinoptilolites are often utilized to reduce
them from solutions [3,4,6,31].

Why are clinoptilolites a perfect heavy metal-trap? The Si-block
is neutral, while the Al-block in crystalline unit is negative, thus it
charges the mineral’s lattice negatively. The existence of Na, K and/or
Ca cations determines the neutrality of the minerals. These cations are
exchanged in solutions with cations of certain metals, such as Pb, Cd,
Hg, etc [18,19].

In order to meet increasingly stringent Environmental Quality
Criteria (EQC) clinoptilolites are widely applied for heavy metals
removing from polluted streams and wastewater [4,19,32-37] and
for the elimination of gas pollutants in confinement facilities [7,10].
Besides, this mineral has widespread applications in agriculture [1,2].
According to [38], zeolites also allow better performance of intestinal
microflora.

The effects of clinoptilolites in animals appear to be related to
their high cation-exchange capacity, which affects tissue uptake and
utilization of NH*", Pb*, Cd**, Cu?*, Cs*, and other cations [6,19].
Clinoptilolites have shown antioxydative and anticancer effects [39-
41]. They support the immune activity [20,42,43] note that clinoptilolite

with low toxicity and high adsorption capacity toward Pb**in a strong
acid solution has a potentiality for application in the life sciences.
Clinoptilolites appears to be stable in the gastrointestinal tract [44], and
as unique selective adsorbers, they could adsorb toxins, heavy metals,
and free radicals from the body and excretes [17,45]. It is believed that
the high affinity of clinoptilolite to Pb would significantly reduce the
amount of dietary Pb available for absorption by the intestinal mucosa
[20]. Present results confirmed this suggestion. The lead ions could be
“trapped” by clinoptilolites in the stomach because the obtained Pb
concentrations in exposed and clinoptilolite-supplemented animals
were much lower compared with those in exposed unsupplemented
ones. The sorbent KLS-10-MA (water modification) appeared as high
reliable means for detoxification of animal organisms chronically
poisoned by lead.

Preparation of modified natural clinoptilolite for the
experiment

In Bulgaria, clinoptilolite are of most widespread distribution in the
north-eastern Rhodopa Mountain. For the preparation of the modified
clinoptilolite KLS-10-MA (water modification) natural clinoptilolite
from the deposit in the village Golobradovo was used. Golobradovo
is situated in the region of East Rhodops, South Bulgaria (Figure 1).
The chemical compositions of this clinoptilolite and the modified
clinoptilolite KLS-10-MA are presented in Table 1. The values of
exchangeable alkaline and alkaline earth cations are displayed in Table
2.

The modified clinoptilolite was prepared through a treatment of
natural clinoptilolite (zeolite containing 82% clinoptilolite). The natural
clinoptilolite was heat-treated at 240-250°C and then chemically-
mechanically activated with 10% alkaline salt, addition of 25-weight %
distilled water, and 4 hours processing in ball-crusher (wet activation).
Chemical composition of the clinoptilolite sorbent KLS-10-MA was
determined by common analytical method for silicate materials.
Cations exchange capacity was determined according to the method
of [46].

Clinoptilolites of high quality occur in Bulgaria [47-49]. Table 1
shows that the molar ratio Si/Al was 5.97 in natural clinoptilolite and
6.22 in modified KLS-10-MA based on this clinoptilolite. A rather
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Figure 1: A map of the distribution of natural clinoptilolites in Bulgaria. The
arrow indicates Golobradovo deposit.
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Clinoptilolite chemical composition %

Constituent Natural KLS-10-MA
Sio, 69.3 66.09
ALO, 11.6 10.62
Fe,O, 1.7 0.76
TiO, 0.1 0.12
Ca0O 2.1 3.03
MgO 2.37 0.33
Na,0 0.98 4.49
K,O 1.59 3.1
I. L. 10.32 11.37
Molar Si/Al 5.97 6.22

Table 1: Chemical composition (%) of clinoptilolite samples: natural (Golobradovo,
South-East Rhodops Mountain, Bulgaria) and modified (KLS-10-MA).

Samples Natural KLS-10- MA
Cation exchange capacity 102 139.5
Exchangeable cations
Na* 23.34 133.14
K* 19.14 36.08
Ca* 61.22 24.68
Mg* 1.05 2.41
Total 104.75 196.31

Table 2: Cation exchange capacity (meq/100g, NH,") and exchangeable cations
(meq/100g) of clinoptilolite samples from Golobradovo, South-East Rhodops
Mountain, Bulgaria (natural and modified).

minor ratio (6.02) has the purified natural clinoptilolite used for the
treatment of diarrhea in the form of the drug “Enterex”, approved by
the [48]. A value of 5.98 has the Greek natural clinoptilolite successfully
used for treatment of solutions containing Pb**, Cu** and Zn** [18].

The ratio S§iO,/AL O, in zeolites is a marker of great importance
to determine their acid stability. A greater SiO,/Al O, ratio correlates
with higher acid stability [45]. Thus, the specific structure and high
Si0,/ALO, ratio in clinoptilolite makes it the preferable sorbent in
different acid solutions, including gastric juice [20] investigating
Na-clinoptilolite established that it maintained structure stability in
solution with pH value of 1.2 [20], while [50] indicated a premature
collapse of zeolites NaY and NaA in such strong acid solution [5].

The most important feature of zeolites, which determines their
wide usefulness, is their cation exchangeability [5]. The aluminum ion
is small enough to occupy the position in the center of the tetrahedron
of four oxygen atoms, and the isomorphous replacement of AI** for
Si** raises a negative charge in the lattice [19]. The negatively charged
framework counter-balanced by positive cations (Na, K and Ca), results
inastrong electrostatic field on the internal surface. These cations can be
exchanged to fine-tune the pore size or the adsorption characteristics.
All clinoptilolite modifications are based on these principles. The pore
size has an essential function in the Na*, K*, or Ca** exchange with
certain cations such as Pb**, Cd**, Zn?* etc. in solutions.

Regarding the selectivity of some metal and other cations towards
the Bulgarian natural clinoptilolite, the following order has been
established [47]:

Cs*>K*>NH_ " > Ba®* > Pb* > Sr** > Se** > Na* > Ca** > Fe’*> Al**
> Hg* > Mg* > Li*

The above relations show that practically, Pb occupies the first
position among the metals encountered in industry and therefore, in
the environment. For this reason the main use of clinoptilolites for
metal adsorption deals on the base of Pb.

The sorbent KLS-10-MA used in the present experiment is a
Na-enriched one [20] established that the structure variations of
Na-clinoptilolite in the acidic solution for 24 h would have a minor
influence [20]. The cation exchange capacity of KLS-10-MA was almost
1.4-fold higher compared to that of the natural clinoptilolite (Table 2).
The exchangeable sodium cations in KLS-10-MA were 5.7-fold more
and the total exchangeable cations were 1.9-fold more than those in
the natural matter. Results of several authors indicate that Na-enriched
form of modified clinoptilolite has highest static ion exchange ability
towards Pb**, Cd*, NH,* etc. [20,49-51]. Thus, the modification KLS-
10-MA could be considered as a successful sorbent for detoxification
purposes.

Experimental Setting

Animals and treatment

The eco-toxicological experiment was conducted according to
approved protocols and in compliance with the requirements of the
European Convention for the Protection of Vertebrate Animals
Used for Experimental and Other Specific Purposes and the current
Bulgarian laws and regulations.

Experimental animals were bread in vivarium and housed in
individually ventilated cages. The physical size of the cages was in
accordance with European standards. The bedding material was
obtained from an ISO-2000 accredited supplier. Mice were acclimatized
for a 7 days period before starting the experiment. A standard
temperature of between 19°C and 23°C, a humidity of 45-60% and a
12-hour light/night cycle were kept all the time. The food was in the
form of pellets and not withheld at any time during the experiment.
All mice were allowed access to food and water ad libitum. The water,
food and bedding material were daily inspected and changed when
necessary. The animals were neither medicated nor vaccinated.

The experiment covered 90 days. Only males, about 6-8 weeks
of age, laboratory mice, inbred ICR strain, were used. The exposure
to Pb was performed as the mice were treated with 0.05 N solution
of lead nitrate diluted 1:10 in the drinking water during all the
investigating period. The clinosorbent KLS-10-MA in form of powder
was mechanically mixed to a 12.5% concentration with conventional
granulated forage for small rodents.

Animals were arranged in four groups each of 60 specimens,
as follows: group 1, (control) animals fed with conventional food
for small rodents and water; group 2 animals fed with conventional
food + clinosorbent KLS-10-MA and water; group 3 animals fed with
conventional food and water + Pb(NO,),; group 4 animals fed with
conventional food + KLS-10-MA and water + Pb(NO,),.

Two variants of the feed mixture were prepared: (1) standard
(conventional food) and 2) standard food treated with 12.5% sorbent
KLS-10-MA. The elements’ composition in the variants 1 and 2 are
presented in Table 3.

The concentrations of Pb in the whole body, liver, kidney,
bones, and feces of the control and experimental animals, as well as
cytogenetical and hematological parameters were determined on days
15, 45, 60, and 90 from the beginning of the experiment.

Elements content analysis

To determine the Pb concentration, after the removal of the
alimentary tract, the tissues and some internal organs were oven dried at
60°C to a constant weight. The dried tissues were dissolved in a mixture
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Elements Na K Ca Mg
Standard food =~ 885 + 45 8164 £245 | 7575 +227 231992
Food + 12.5% | 49,4+ 96 9397 £282 | 84154252 2205 + 88

KLS-10-MA

Fe Zn Cu Mn Pb
4125+ 78 76.99 + 154 209+14 101.9+10.2 225+0.3
3786+ 72 75.22+14.9 15.4+0.9 121.2+11.9 2.76+0.3

Table 3: Quantities of some elements (mg/kg) in the two variants feed mixture of ICR mice.

of concentrated nitric-perhloric acid (4:1) [52]. The concentrations
of Pb and the element composition of the two feed variants were
determined in a certified laboratory by atomic emission spectrometry
with inductively coupled plasma (ICP AES) on a GFAAS-Varian
instrument. The detection limits were 0.002 mg/1for Mn; 0.004 mg/1
for Cd; 0.005 mg/lfor Zn; 0.03 mg/lfor Pb; 0.04 mg/1for Fe; 0.5 mg/1for
Ca, K, Mg, and Na.

The statistical analysis was done using the SPSS Package for
Windows, version 15.0. Differences were considered to be significant
when p values were lower than 0.05 (p < 0.05). Firstly, the data were
processed according to Kolmogorov-Smirnov test for normality in
each group. All groups showed normal distributions. Secondly, the
data were analyzed by analysis of variance and subsequent Tukey high
statistical difference test and Dunnet test, for estimating individual
differences.

Cytogenetical and hematological analyses

Percentages of aberrant mitoses, mitotic indices, and blood samples
were determined on days 15, 45, 60 and 90 of exposure. At each time
point, a subset of eight mice from the four groups was used.

The cytogenetical analysis was performed as described by [53].
Mitomycin C (3.5 mg/kg) (Fluka) was used as a positive control. The
other animals were injected with only 0.2 ml 0.9% NaCl.

To perform bone marrow chromosomal aberration assays, the
animals were injected ip with colchicine at a dose of 40 mg/kg, 1 h
before isolation of bone marrow cells. The bone marrow cells were
flushed from femur with 0.075 M KCI and hypotonized at 37°C for
20 min. Thereafter, the cells were fixed in methanol-acetic acid (3:1),
dropped onto cold slides, and air dried. To examine the chromosomal
aberrations, the slides were stained with 5% Giemsa solution (Sigma
Diagnostic). At least 50 well-spread metaphases were analyzed per
animal at random.

The mitotic indices were determined by counting the number
of dividing cells among 1500 cells per animal. The frequencies of
abnormalities and the mitotic index were determined for each animal.
The mean * SD for each group was calculated, and the data were
statistically evaluated for their significance by analysis of variance using
Student ¢ test.

The hematological analysis was carried out on the same groups
of animals using standard clinical methods. Peripheral blood samples
were collected between 9 and 11 AM from the orbital sinus [54]. The
percentages various form of cells were determined using Giemsa stains.
About 150-200 cells were counted in each stain.

For the statistical analysis, calculation of the mean + SD for each
group was performed, and the data were evaluated for their significance
by analysis of variance using Student ¢ test.

Mathematical model for lead bioaccumulation in mice’s bone

The problems of bioaccumulation of heavy metals and toxic
elements are closely connected to the health and need quantitative
consideration. A mathematical model for the kinetics of lead
accumulation in the mice’s bone in conditions without treatment and

treatment with clinoptilolite sorbent is elaborated in the present study.
The model helps calculate some kinetic parameters characterizing the
Pb bioaccumulation status and the extent of the sorbent effect.

There are not enough studies that suggest quantitative approach
via mathematical modeling of the processes of metals bioaccumulation
in living organisms. Physiologically based kinetic models (PBKM)
for arsenic, chromium, mercury and lead have been proposed with
any degree of completeness [12]. A simple mathematical model for
Pb concentration in the body of mice, fed with a contaminated diet,
was proposed from [55]. Series of PBKM for bone seeking elements
[12,56-60], have developed. Distribution and bioavailability of lead,
chromium and uranium have been considered [61]. For the first time a
mathematical model, describing the time courses of cadmium and zinc
concentrations in liver and kidney of laboratory mice Mus musculus
alba was proposed [62]. It was constructed taking into account
that these metals induct metallothionein synthesis. The model well
explained the observed peculiarities of Cd bioaccumulation pattern in
liver and kidney in conditions of very high exposure to heavy metal
mixture.

The present mathematical model is confined to Pb bioaccumulation
in mouse’s bones. Three “compartments” of Pb movement are
considered: gastrointestinal tract, blood and bones (Figure 2). One
can assume that Pb is distributed evenly into compartments, which
allows the use of differential equation for its kinetics. After entering in
gastrointestinal tract, Pb moves to blood and then to bones. Thus, the
following system of ordinary differential equations takes place:

dx

E:—alx—azx (1)
dy
E Sax—ay—any (2)
dz
“z_, 3
s (3)

under initial conditions:

ty= 0,x(t,)=x,=4, y(t,)= 0, z(t,) =z, (4)

where t is time [days]; x, y, and z are the concentrations [mg/
kg] of Pb at a given time ¢ in the gastrointestinal tract, the blood, and
the bones, respectively; t, is the moment when the experiment starts;
a, ([a,] = [day']) and a, ([a,] = [day']) are the rate constants of Pb
accumulation in blood and bones, respectively; a, ([a,] = [day™]) and
a, ([a,] = [day']) are the rate constants of Pb excretion through the
feces and the urine, respectively; dx/dt, dy/dt, and dz/dt are the rates
of the change in Pb levels with the time in the three compartments,
respectively.

In Chapter 9 the results from this mathematical model, applied to
the dynamics of Pb bioaccumulation in mouse’s bones, are presented,
compared with the experimental data, and discussed.

Lead - toxic effects on animals and humans

The distribution, accumulation and transfer of heavy metals,

J Bioequiv Availab
ISSN: 0975-0851 JBB, an open access journal

Volume 7(1): 012-029 (2015) - 16



Citation: Beltcheva M, Metcheva R, Topashka-Ancheva M, Popov N, Teodorova S, et al. (2015) Zeolites versus Lead Toxicity. J Bioequiv Availab 7:

012-029. doi:10.4172/jbb.1000209

Gastrointestinal GIT - Blood Bones
Tract (GIT) Mucosa
x(?) O} 1)
ai as
GI Pb » MPb » BloodPb____| | BonePb
az ‘ ay
Feces Urine

Figure 2: Scheme of the compartments, pathways, and rate constants. x(f),
y(t), and z(t) are the Pb concentrations [mg/kg] (varied with the time f) in the
gastrointestinal tract, blood, and bones, respectively.

especially zinc, copper, lead, and cadmium in living organisms have
been studied in detail [63] established that zinc does not accumulate
with continued exposure, because body content is modulated by
homeostatic mechanisms. Copper distribution has been estimated in
human tissues [64], and transport mechanisms and serum levels of
copper have been well studied [65]. The main storage sites of cadmium
are liver and kidney [11,66-69]. Cadmium accumulation, as well as
the decreasing cadmium kidney/liver ratio as the total body burden of
cadmium increases, has been studied [62,66-70]. The lead absorption
in mammalian organism is affected by the specific exposure pathway
and dietary factors; thus, the absorption rates of lead in mammals may
vary from 10 to 50% for inhalation and from 2 to 20% for ingestion
[71]. The following order of Pb bioaccumulation was established in
mammals: bone > kidneys > liver > brain > muscle [71,72]. Kidneys are
known as the usually way for Pb excretion [73].

The toxic action of heavy metals has also been studied. Mechanisms
of lead toxicity have been studied at the cellular and subcellular
levels [74,75] evaluated the carcinogenic activity of cadmium [73]
have published on the distribution, lethal doses, toxicokinetics, and
toxicity mechanism of metals and other inorganic compounds. Also,
[11] has presented a detailed view on the toxicokinetics, toxicity and
pathological effects of the metals.

Lead, as ubiquitous environmental pollutant, is of particular
interest as a toxicant and a contaminant. It is widely distributed and
represents a significant toxicological and ecotoxicological risk factor.
Its distribution is closely connected with human activities. Because
of that chronic Pb intoxication in workers engaged in the respective
activities is a serious health and social problem.

Lead has long been recognized as a potential hazard to human
health [74,76-78]. A significant ecotoxicological risk for a wild
population, associated with high Pb tissues concentration has been
estimated [79]. Lead affects a wide range of physiological systems
and organs, including the central and peripheral nervous system, the
cardiovascular system etc [71]. Lead produces an excessive amount of
reactive oxygen species resulting in oxidative stress, thereby resulting
in hypertension [13] and chronic kidney disease [80]. Lead has also
multiple hematological effects as well as genotoxic effects [76].

Lead encephalopathy may occur in children with high exposure
to Pb. Symptoms of Pb encephalopathy begin with lethargy, vomiting,
irritability, loss of appetite, and dizziness, progressing to obvious
ataxia, a reduced level of consciousness which may progress to coma
and death. Peripheral neuropathy is a classic manifestation of Pb
toxicity, particularly the footdrop and wristdrop that characterizes the

house painter and other workers with excessive occupational exposure
to Pb [11].

Lead may affect blood pressure by altering sensitivity of vascular
smooth muscle to vasoactive stimuli via the following mechanism:
Pb alters calcium-activated functions of vascular smooth muscle cells
including contractility by decreasing Na*/K*-ATPase activity and
stimulation of the Na/Ca pump. Lead acts also indirectly by altering
neuroendocrine input to vascular smooth muscle [11].

Lead has a harmful effect on bones. It is known that the total body
burden of lead is divided into two pools, which have different rates
of turnover. The largest and kinetically slowest pool is the skeleton,
with a half-life of more than 20 years, and a much more labile (about
20 days) is the soft tissue pool [11,73]. Lead occurs in bone in much
higher concentration than in other organs [60,72,73,81] because it is a
strongly bone-seeking element [82,83]. Our data support this concept
[62]. Well-defined age dependence was found among total bone lead
turnover, bone formation rate, and Pb accumulation in bone [59].
[84] note that hair and epidermal compartments (nails etc.) can also
accumulate Pb. Much higher concentrations of lead have been observed
in the shells than in the soft tissues of some marine shellfish and
crustaceans [85]. Obviously, these facts are connected to the behavior
of lead as bone-seeking (or more generally, as calcium-formations-
seeking) element. The accumulation of lead in metabolically inactive
tissues, mainly in bone, may be considered to a certain extent a
protective mechanism for organisms. But O’Flaherty and coauthors
showed that lead sequestered in bone can become bioavailable in
some conditions, related to physiological states or aging [12,86]. A
substantial transplacental transfer of endogenous Pb from maternal
bone during pregnancy was observed in primates [86] modeled the
process of osteoporotic bone loss in aging as a result from the return of
biologically significant amounts of Pb to the blood. In agreement with
experimental observations, an increase of blood Pb, previously stored
in bone, was modeled after menopause. The model predicts a blood Pb
concentration of 17.6 g/dl in a 50-year-old US woman and 18.5 pg/dl
in a 60-year-old US woman in the period 1976-1978. Lead adversely
influences bone development through disruption of mineralization
during growth [82]. The trends for the accumulation of Pb in cortical
bone and the release of Pb from bone stores are well predicted by the
O’Flaherty model of Pb kinetics and model results are consistent with
the hypothesis that a polymorphism in the delta-aminolevulinate
dehydratase enzyme modifies the kinetics of Pb in humans [87].

Lead nephropathy is one of the oldest recognized health effects
of Pb. Lead nephropathy appears as acute (reversible) or chronic
(reversible) [11].

Acute Pb nephropathy is limited to functional and morphologic
changes in proximal tubular cells. The functional changes are
thought to be related to a Pb effect on mitochondrial respiration and
phosphorilation. A characteristic microscopic change is the formation
of a lead-protein complex, which appears in renal tubular cells as
inclusion bodies. Formation of such a complex was also found to
occur in renal tubular cells by [88,89]. Also, the primary renal toxicity
of cadmium affects proximal renal tubular function and is manifested
by increased Cd in the urine. It was supposed [62] that the increased
urinary leak (the polyuric stage of nephropathy [90] is the reason for
the essential change of the pattern of the Cd kidney/liver ratio (Cd,_, /

kidne:

Cd, ). There is a strong relation between the intake of Cd in the diet
and the levels of this element in the kidney and liver, both responding
by accumulating and storing the cadmium [91]. Usually in human Cd

concentration in kidney is greater than in liver. Cd, ., /Cd,  is well

kidney' liver
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above one (about 5) [11]. The same is valid also for rodents [68,91].
However, an essential decrease, even to inversion (well below one) in
this ratio has been observed in the conditions of very high Cd exposure
[62,91]. Thus, the ratio Cd,, dney/ Cd,,,, decreases with the increase of Cd
contamination degree.

Lead may produce a chronic intersticial nephropathy, most
commonly with blood Pb levels greater than 60 pg/dL [92]. However,
depressed glomerular filtration rates have been reported in a group
of lead-exposed workers whose blood Pb levels were as low as 40 ug/
dL [92]. The risk of death from renal disease increases with increasing
duration of employment [92]. It was reported that of 4519 battery plant
workers and 2300 lead production workers there was excess mortality
from chronic nephritis [92] have established that Pb nephropathy,
characterized functionally by depression of effective renal plasma flow,
glomerular filtration rate, and maximum glucose reabsorption rate,
is associated with prolonged occupational exposure to Pb. There is a
relationship between chronic Pb exposure and gouty nephropathy.
Gout patients with renal disease have a greater chelate-provoked Pb
excretion then do renal patients without gout. Lead reduces uric acid
excretion. Elevated blood uric acid has been demonstrated in rats with
chronic Pb nephropathy [93].

Severe Pb-exposure effects on health are typically related also
to blood pathology. Reticulocytosis, microcytosis, hypochromy,
basophilic erythrocytic granulation and hemoglobin decrease indicate a
lead-induced anemia, a well-known symptom of chronic Pb poisoning.
More than 90% of Pb in blood is in red blood cells (RBC) and there are
at least two major compartments for Pb in RBC: one associated with the
membrane and the other with hemoglobin [11]. The anemia is caused
by two basic defects: shortened erythrocyte lifespan and impairment of
heme synthesis. Shortened lifespan of the RBC is thought to be due to
increased mechanical fragility of the cell membrane [11]. The shortened
lifespan of RBC results in reticulocyte production as a compensatory
reaction. The basophilic stippling occurred in the reticulocytes results
from inhibition of the enzyme pyrimidine-5-nucleosidase (Py-5-N)
[94]. There is an inverse relationship between Py-5-N inhibition and
blood Pb concentration. The depression of the heme synthesis is due
to the inhibition of SH-containing enzymes by Pb [73]. Besides, iron
in the form of apoferritin and ferruginous micelles may accumulate
in mitochondria of bone marrow reticulocytes in conditions of
Pb poisoning Failure to insert iron into protoporphyrin results in
depressed heme formation [11].

Lead bioaccumulation caused essential reduction of the percentage
normal erythrocytes and respectively significant increase of the
percentage pathological erythrocytes in the peripheral blood [95]. This
finding confirms the study of [94] that has been shown that Pb causes
morphological changes in erythropoietic bone marrow cells, leading
to production of microcytic and hypochromic erythrocytes. Significant
decreases in RBC and mean corpuscular hemoglobin and significant
increase in the frequency of micronucleated polychromatic bone
marrow erythrocytes have been found in Algerian mice (Mus spretus)
exposed to Pb [96].

In addition, lead is a genotoxic factor. It damages the chromosomal
structure in mammalian cells [15,16,97-101]. Mutagenicity and
carcinogenicity of Pb have been reported by [102] as well as by [103].
At toxic doses, lead acetate and lead nitrate have induced DNA
breaks determined by nick translation [104]. Lead essentially reduces
the proliferative activity of the bone marrow cells [105]. [99] noted
that lead and cadmium cause DNA strand breaks and chromosomal
aberrations (CA) only after treatment with high, toxic doses, however,

both metals exert pronounced indirect genotoxic effects, which may
be due to an interaction with DNA repair processes. The inhibition of
DNA repair could play a role in the accumulation and stability of DNA
damage, resulting in initiation of carcinogenic process.

Chromosomal aberrations (CA) are changes in normal
chromosome structure or number. The structural CA are two main
types: breaks and exchanges. The numerical CA are aneuploidy and
polyploidy. CA can be formed also spontaneously e.g. from double-
strand breaks, generated by cellular events such as topoisomerase
action, DNA replication, transposable elements, and fragile sites, and
in excision repair of oxidative DNA damage [106]. The comparison of
chromosome aberration frequency (CAF) in spontaneous and agent-
induced cases allows assessing the extent of harm of the respective
agent.

The numerous and various adverse health effects caused by
exposure to lead have motivated an earnest quest to find an effective
agent that could, albeit partially, prevent the harmful influence of lead
on humans and animals. Zeolites have proven to be such suitable agent.

Toxicity test for clinoptilolite

To calculate the mean Lethal Dose (LD, ) of any toxicant, the
Karber-method was used as the most punctual method, allowing
determination of reliability interval. This method requires an equal
number of animals in each group. LD, is calculated by the formula:

LDy, = LD,y : ((zd) :m)

where m = const is the number of animals in a given group; z (z,»
z,, etc.) is the number of dead animals from two neighboring groups
divided in two; d (d,, d,, etc.) is the dose in mg (mL) between two
neighboring doses:

zd =z.d +z,d,+z3d, +z,.d, + z,.d; ...

The test was conducted in order to establish the Lethal Dose (LD, )
of the clinoptilolite sorbent administrated to the mice. The data of the
investigation on chromosome aberrations, some blood parameters and
body weight gain suggested that the used clinoptilolite sorbent was
practically non-toxic. A lack of toxic effects of clinoptilolite has been
also demonstrated by other authors: [2,45,107-109].

The LD, test and its variants were often undertaken because
of legislative requirements. These tests are considered obsolete and
nowadays they are rarely but still performed in many countries.
Internationally accepted alternative tests have been developed. They
use fewer animals and “absence of evident toxicity”, rather than death,
as their criterion. They have been accepted by most regulators as valid
alternatives to LD, testing. Nonetheless, LD, values are still quoted
and enquiries received by the Royal Society of Chemistry suggest that
there is still a need for information about their meaning [110]. This was
the reason the examination of KLS-10-MA for toxicity to be reported
based on LD, test.

The experimental results indicated that all animals from group 2
(healthy and clinoptilolite-supplemented mice) survived up to the end
of experiment, gained in body weight, and exhibited a good activity
and life condition. No symptoms of an increased toxicity regarding
the physiological status were recorded during the experiment.
Unfavorable pharmacological effects were not established. In addition,
an unusual behavior was not observed. Moreover, the Pb-exposed
and supplemented mice demonstrated a significant improvement of
the vital parameters. Therefore, due to the lack of any acute toxicity
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at the applied dose of the clinoptilolite sorbent, it was impossible to
determine LD, of this substance and the sorbent KLS-10-MA was
assumed practically nontoxic. However, it is important to note that an
increase of sorbent concentration would be wrong because it would
worsen the nutrition quality of the animal food.

Lead bioaccumulation in clinoptilolite unsupplemented and
clinoptilolite supplemented mice.

Experimental data and model results: The comparative analysis
of lead bioaccumulation between clinoptilolite unsupplemented and
clinoptilolite supplemented experimental animals showed substantial
differences in these groups (Table 4, Figures 3-6). This fact confirms
the usefulness of the clinoptilolite sorbent as a reliable means versus
lead intoxication. Below the experimental and modeling results of the
investigation is presented and discussed.

The concentration of Pb [mg/kg] in the whole body, liver, and
kidneys measured in mice from groups 3 and 4 are presented in Figure
3. The concentration of Pb in bones and feces are displayed in Figures
4 and 5, respectively. Point “0” of the time axis in all of these figures
corresponds to the concentration measured in the control group.

The highest Pb concentrations were established in feces, followed
by those in bones in the mice from group 3. The background Pb level
in carcass, liver, kidney, bones, and feces of the control mice were
0.22 + 0.06, 0.51 + 0.07, 0.44 £ 0.08, 0.99 + 0.15, and 23.6 + 6.7 mg/
kg, respectively. On day 90 the Pb concentrations in carcass, liver,
kidney, bones, and feces of the mice from group 3 were 1440-fold, 134-
fold, 1355-fold, 1518-fold, and 406-fold higher compared to those in
the control group. In group 4 these Pb concentrations were 237-fold,
17-fold, 125-fold, 357-fold, and 51-fold higher compared to those in
the control group. Significant differences (p > 0.001) were established
in carcass, kidney, bone, and feces between groups 3 and 4 after day
45. The reduction in Pb levels in the exposed and supplemented mice
compared to exposed unsupplemented ones was as follows: 84%,
89%, 91%, 77%, and 88% for carcass, liver, kidney, bones, and feces,
respectively.

The progressive accumulation of Pb in the bones is due to the
inert character of bone tissue making the reverse resorption almost
impossible. The obtained data confirm this state (Figs. 3 and 4). On day
90, Pb, /Pb =5in group 3and Pb, /Pb =6.9 in group 4.

Carcass Carcass

Significant differences (p<0.001) were established between Pb
bioaccumulations in carcass, kidney, and bones at the time points 15,
45, 60, and 90 and between Pb contents in feces at the time points 15,
45, and 60 in group 3. The following ratios Pb, /Pb . were calculated
for carcass, liver, kidney, bones, and feces - in group 3: 7.68, 7.89, 3.85,
7.43, 2.85, and in group 4: 2.83, 0.7, 1.02, 4.27, 1.3, respectively (Figure
6).

When denote (Pb, /Pb,,) =R, and (Pb,/Pb ) =R, the

Group 3 Group 4

following relations take place:

(R/R) =27 (R/R),.. = 2.19 (5)

Carcass

(R/R),,..= 1127 (R/R), =3.77;(R/R) 1.74 (6)

Liver Kidney Bone

The ratio Pb, /Pb , could be denoted as bioaccumulation coefficient.
It is clear (Fig. 6) that the bioaccumulation coefficients in exposed
and unsupplemented mice are much higher than in exposed and
supplemented ones. The relations (5) and (6) exhibit the significant
reduction of this coefficient in group 4, especially for the liver. It is
once again an evidence for the significant drop of Pb bioaccumulation
caused by the ion exchange capacity of the sorbent KLS-10-MA. Thus,
the high effectiveness of the clinoptilolite in conditions of lead toxicity
is confirmed.

To consider the bioaccumulation differences in the different tissues
resulting from the sorbent supplementation more accurately, the
following ratios were calculated for day 90:

group3Pb, /Pb . =19; Pb, /Pb. dney = 2.5;
Pby./Pby, =76 (7a)

group4: Pb, /Pb = 40; Pby, /Pbyy, =64 Pby, /
Pb. =63 (7b)

Liver

The ratios (7a) and (7b) show that kidney/liver Pb ratio was almost
not influenced by the supplementation. Obviously, this fact is related
to a strong relationship between liver and kidney Pb levels. In group 4
bone/liver Pb ratio was 2.1-fold higher and bone/kidney Pb ratio was
2.56-fold higher compared to group 3. This fact clearly indicates that
the clinoptilolite sorbent exerts a significant detoxification effect in the
soft tissues.

Another ratio, calculated also for day 90 could help to estimate the
significant decreasing of Pb bioaccumulation in the conditions of the
sorbent supplementation:

Bone Pmeup S Pmeup =43 (8a)
Liver Group ,/Pb Group = (8b)
Kidney PmeuP ,/Pb Groups = 11 (8¢c)

The equations 8a, 8b, and 8c showed a highest reduction of Pb
bioaccumulation, due to the supplement, in the liver and kidney. This
means that KLS-10-MA sharply decreases the Pb level in the blood. In
fact, the sorbent acts in the gastrointestinal tract and significantly lowers
the Pb-resorption by the mucosa. Thus, the present study confirms the
assumptions of other authors that clinoptilolite sorbents can be reliable
potential candidates for application in conditions of gastric juice [20].

All the calculated relations clearly demonstrate that KLS-10-
MA sorbent significantly reduces Pb bioaccumulation in carcass,

Points of Pb concentrations
analyses Carcass Liver Kidney Bone Excreta
(days) Group 3 Group 4 Group 3 Group 4 Group 3 Group 4 Group 3 Group 4 Group 3 Group 4

15 41.2+84 18.+3.6 9.9+38 123123 155 + 20 53.8+12 202+ 19 82.6+13 3361 + 302 922 + 119
45 158.6 + 31 29.4+6.0 38.4+97 6.7+1.5 308 + 30 454 +9.0 1020 + 98 216 + 31 7802 + 402 1027 + 134
60 238.3+32 39.8+7.3 58.6 + 15 6.4+17 480 + 33 52.6+75 1220 + 106 284 + 43 9150 + 450 1111+ 139
90 317 £ 38 51.1+9.6 68.5+ 18 8719 596 + 46 54.8 + 11 1503 + 126 352 + 54 9570 + 467 1194 + 155

Control 0.22 +0.07 0.51+0.07 0.44 +0.09 0.99+0.15 236+6.7

Table 4: Mean lead concentrations + SD (mg/kg) in carcass, liver, kidney, bone, and excreta of the ICR laboratory mice from groups 1 (control), 3 (Pb-exposed), and 4

(Pb-exposed and clinoptilolite-supplemented).
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Figure 3: Lead concentrations in carcass, liver and kidneys of ICR mice
from groups 3 and 4 during the ecotoxicological experiment. Time point “0”
corresponds to the concentrations in the control group.
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Figure 4: Lead concentration in bones of ICR mice from groups 3 and 4 during
the ecotoxicological experiment — model solutions and experimental points.
Time point “0” corresponds to the concentrations in the control group.
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Figure 5: Lead concentration in feces of ICR mice from groups 3 and 4
during the ecotoxicologicval experiment. Time point “0” corresponds to the
concentrations in the control group.
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Figure 6: The Pb,/Pb, ratio for carcass, liver, kidney, bones, and feces,

indicating the significant reduction of Pb bioaccumulation in group 4 versus
group 3 due to the clinoptilolite sorbent supplement.
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tissues, and feces in the exposed and supplemented animals (group
4). The reduction of 88% of Pb content in the feces of the mice
from this group compared to the mice from group 3 indicates that
clinoptilolite supplementation can also prevent the contamination of
the environment.

The results of the mathematical model are in a good agreement with
the experimental data for Pb concentration in bones (Figure 4) and
allow determining some parameters of lead-bioaccumulation kinetics.

For the equation (3) under conditions (4) the following analytical
solution was obtained:

1 1
2(t) = z, + Aa@’ (—— - e™

e™) ©)
blbz bl (bz _bl)

bz(bz _bl)
where b, =a, +a,and b, =a, +a,.

The solution z(t) represents the process of Pb bioaccumulation in
the mouse’s bones. Graphically, the time course of bone Pb is presented
in Figure 4. The initial condition z(#)) = z, corresponds to the bone Pb
concentration in the control group, z, = 1 mg/kg. The concentration of
Pb in the drinking water of the experimental animals was 620 mg/] =
620 mg/kg. The daily water consumption per animal was about 7 ml/
day and therefore, the daily Pb dose per animal could be approximately
B = 4.34 mg/day. Extrapolating over the experiment, and taking into
account the value of gastrointestinal resorption coeflicient # = 15% [73]
it was calculated that in group 3 the entire quantity of Pb absorbed
by the gastrointestinal mucosa and entering into the blood during the
experiment, might be A, . = 58.6 mg. Coeflicient 7 (0 = 7 = 1) is
a dimensionless coefficient indicating what fraction of ingested metal
dose is resorbed by the digestive tract. Converted to concentration
in mg/kg, and taking into account that the mean mouse body weight
during the experiment was about 30 g, the value A, | . = x () = 1953
mg/kg was obtained. The parameters were fitted by minimization of x?
by the use of an iterative Gauss-Newton procedure [111,112]. Thus, the
following values were found - for group 3: a, = 0.022 day”, a, = 0.001
day,a, = 0.099 day",and a, = 0.004 day'; for group 4: A, .= x (t))
= 459.6 mg/kg, a, = 0.022day", a, = 0.002 day',a, = 0.099 day’,and a,
=0.004 day™.

The model shows that the rate constants of Pb excretion by the
fecesa, . ,is 2-fold higher thana, . .. This is in accord with the real
situation. The clinoptilolite sorbent accelerates the intestine passage, as

a ballast matter.

This model allowed determining the coefficient of Pb
gastrointestinal absorption in the experimental animals from group 4,
using the formula:

A P

— Group4 (10)
1000BT
where A, = x(t)q,,,,, mg/kg, for the mice of group 4, is the

concentration of lead, absorbed in the digestive tract and entering the
blood extrapolating over the experiment, P is the mean mouse body
weight during the experiment, B is the daily dose of Pb per animal,
and T is the duration of the experiment. The absorption coefficient
n = 3.53% was calculated for the clinoptilolite supplemented mice
(group 4). The value # = 3.53% is 4.25-fold lower compared with # =
15% in unsupplemented animals. Therefore, KLS-10-MA diminishes
the Pb absorption more than four times. The obtained result is very
important! It shows a reduction of 76% in Pb quantity entering from
the digestive tract to the blood of the mouse organism! This result
allows prognosticate an excellent perspective for the application of the
clinoptilolite sorbent in mammals.

Genotoxic effects in clinoptilolite unsupplemented and
clinoptilolite supplemented mice

Chromosomal aberrations, involving gross alterations of genetic
material, have been considered as a sensitive endpoint for detecting
genotoxic effects induced by heavy metal and toxic chemicals. Thus,
the study of cytogenetical status is considered highly relevant in the
human context [113,114].

The chromosome aberration frequency (CAF) in the analyzed
metaphases of bone marrow cells of ICR mice in our experiment is
presented in Figure 7. The percentages aberrant metaphases in the
control group were within the range of spontaneous frequencies. No
statistically significant differences (p < 0.1) were observed between
CAF in groups 1 and 2 except on day 90 (p < 0.05). No statistically
significant differences were observed between CAF in groups 4 and 2
except on day 60 (p < 0.05). Significant differences (p < 0.001) were
recorded between group 3 and other groups at each time points. CAF
in group 3 (CAF,) exhibited on average 2-fold higher level compared
to group 4 and 3.5-fold higher level compared to the control group. The
maximum CAF in groups 3 and 4 were observed on day 60. For day 60
the following relations were established:

CAF, | CAF, = 4.56; CAF, | CAF, = 2; CAF, | CAF,= 23 (1)

The distribution of the different type chromosome aberrations (CA)
is displayed in Fig. 8. Chromosome breaks (CrB) and Robertsonian
translocations or ¢/c fusions (C) in group 3 had their maximum values
on day 15 (4.7% and 5%, respectively). Chromosome breaks in group 4
were almost equal on days 15 and 90, where they had maximum values
(1.75% and 1.5%, respectively). Robertsonian translocations in group
4 had maximum value on day 60 and at this time point groups 3 and
4 showed equal values (4.5%). In all, fragments (F) were found below
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Figure 7: Frequency of chromosome aberrations in ICR mice.
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1.5%. Only in group 3 on day 60 F showed a relatively higher value
(3%).

The following ratios were established about chromosome breaks,
Robertsonian translocations, and fragments between groups 3 and 4
(the time points are given in brackets):

CrBy/CrB, = 2.7 (15), CrB, /
CrB, = 7.46 (45), CrB,/ CrB, = 12 (60)’

CrB,/CrB, = 2 (90) 2)
C,/C,= 1.8 (15), C,/C, = 132 (90) (3)
F,/F,= 12 (60) (4)

The following ratios were calculated regarding the chromatide
breaks in a comparison of the experimental groups with the control
group (group 1):

CrB,/CrB = 4.7 (15), CrB,/ CrB, = 3.2 (45),
CrB,/ CrB, = 3 (60)

>

CrB, / CrB, = 3 (90) (5)

CrB,/ CrB = 1.8 (15), CrB,/ CrB, = 0.43 (45),
CrB,/ CrB, = 0.25 (60)

>

CrB,/CrB, = 1.5 (90) (6)

To study the proliferative activity of the bone marrow cells during
the experiment, mitotic indices were determined in ICR mice (Figure
9). The observed mitotic indices exhibited no statistically significant
differences (p > 0.1) between the control and second control groups
(groups 1 and 2). Significant differences (p < 0.05 - p < 0.001) were
found between groups 3 and 4, between the control group and group
4 (p < 0.002), and especially between the control group and group 3 (p
< 0.001). A trend of continuous decrease of the mitotic index during
the experiment was established in the exposed-unsupplemented mice.
Contrariwise, in the exposed-supplemented mice, the level of the
mitotic index decreased up to day 45 but then increased steadily. The
following comparisons between the groups were made and respective
ratios calculated regarding the mitotic indices (M) (the time points are
given in brackets):

M, /M;= 18 (15) M,/ M, = 2.5 (45)

7
M, /M= 2.7 (60) M,/ M;= 29 (90) 7
M, /M, =14 (15) M,/ M,= 15 (45) ®
M,/ M, =13 (60) M,/ M,= 12 (90)
M,/ M= 13 (15) M,/ M= 1.6 (45) ©)

M,/ M= 21(60) M,/ M;= 2.5 (90)

In our experiment, the increased percentage aberrant bone marrow
cells in the mice from group 3 most probably is due to the very high
Pb concentration in bones (over 1500 mg/kg on day 90), as seen in
Table 4. Lead concentration in bone marrow is proportional to that in
bones [115]. Lead is well studied as a factor damaging the chromosome
structure in mammalian cells [97,99,115].

Structural chromosome aberrations (CA) may be induced mainly
by direct DNA breakage, by replication on a damaged DNA template,

and by inhibition of DNA synthesis [116,117]. They can be divided
into two main classes: chromosome-type aberrations (CSA) involving
both chromatids of one or multiple chromosomes and chromatid-type
aberrations (CTA) involving only one of the two chromatids [117,118].
Metaphase analysis provides information on the timing of DNA lesions
relative to DNA replication [119]. CSA result from double-strand
breaks (DSB), incompletely- or non-repaired, formed in G /G, phase of
the cell cycle or from DSB generated before replication in early S phase.
In this case, in metaphase are seen chromosome-type breaks, dicentric
and ring chromosomes, fragments. DSB generated in postreplicative
DNA in later S phase and in G, phase give rise to CTA, i.e. chromatid
type breaks and exchanges [118]. CTA may arise also, in response to
single-strand breaks (SSB) induced in early S phase. CTA are usually
generated by S-phase-dependent clastogens (e.g. chemicals) [120]. SSB
resulting from Pb influence were reported by [101,121]. Chromatide
breaks observed in metaphase would result from incomplete or failed
repair [106]. The high presence of chromatide breaks and Robertsonian
translocations in the examined laboratory mice suggested an essential
prevalence of CTA. Thus, the data of our experiments, compared with
the data of other authors, provide evidence that Pb is mainly S-phase-
dependent clastogen.

In Figure 8 it is seen that among the spontaneous CA in mice,
centromere-centromeric fusions (c/c fusions) predominate. The mouse
karyotype is a special one in some extent because of the acrocentric
nature of mouse’s chromosomes. Robertsonian translocations cause
structure forms as meta- and submeta-centric chromosomes through
centric exchanges of two acrocentrics due to the single strand’s breaks
in the minor SAT DNA located in the centromeric regions of mice
chromosomes. Thus, the rate of exchanges between non-homologous
chromosomes in the mouse is particularly high [121].

There is a lack of data about the behavior and adsorption capacity
of zeolites in animal organism as well as about the influence of these
minerals on genetic apparatus [122] have established that erionite fibers
could cause cytogenetic changes similar to those caused by asbestiform
mineral dusts but like asbestos minerals do not induce mutations in
human lymphoblastoid cells.

Our finding (Figures 7 and 8) showed that clinoptilolite did not give
rise to injury of chromosomal structure. The CAF and the percentages
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Figure 9: Mitotic indices in ICR mice.

several chromosome aberrations in group 2 exhibited no significant
changes compared to those in the control group (p < 0.1). The slight
increase of CAF on day 90 was almost within the range of spontaneous
frequencies. There were no statistically significant differences (p
> 0.1) in the mitotic indices of the control mice and healthy mice
supplemented with clinoptilolite.

The excellent quality end effective influence of KLS-10-MA as a Pb-
adsorber in the mouse’s organism is seen from equations (1) - (6) for
the chromosome aberrations and (7) - (9) for the mitotic indices. The
CAFs in group 4 were 2-2.3-folds lower than those in group 3. The
chromatide breaks and fragments in group 4, especially on day 60, were
12-fold lower than those in group 3. On day 90, the mitotic index in
group 4 was 2.5-fold higher compared to that in group 3. On the same
day the mitotic index in control group was almost 3-folds higher than
that in group 3, and only 1.2-fold higher than that in group 4.

These results perfectly conform to the data of Pb bioaccumulation
(Table 1). Lead concentration in kidney gives information concerning
the level of blood Pb. On day 90, the mean kidney Pb concentration in
group 4 was 11-fold lower than that in group 3. Respectively, on day 90
the Pb concentration in bones of the mice from group 4 was 4.3-fold
lower compared to Pb bone concentration in mice from group 3. This
means that the lead entering into the blood, organs, and bone marrow
of the sorbent-supplemented mice was significantly reduced due to the
high ion exchange capacity of clinoptilolite in the animal’s digestive
tract.

Pathology in the
in clinoptilolite
supplemented mice

erythrocytes and
unsupplemented and

erythropoesis
clinoptilolite

Lead influence on erythropoietic bone marrow cells causes

morphological changes, which lead to production of microcytic
and hypochromic erythrocytes [94]. More than 90% of Pb in
blood accumulates in erythrocytes and there are at least two major
compartments for Pb in red blood cell: one associated with the
membrane and the other with hemoglobin [11]. The increased
mechanical fragility of cell membrane shortens the erythrocyte
lifespan. Depression of the hemosynthesis by Pb is due to the inhibition
of SH-containing enzymes controlling it in bone marrow [11,73]. In
addition, the decrease of the hemoglobin level is due to the decrease of
the number of dividing erythroblasts and consequently newly-formed
erythrocytes. All these features indicate a lead-induced anemia, a well-
known symptom of chronic Pb poisoning. In our experiment, a drop
in the proliferative activity of the bone marrow stem cells and well-
expressed anemia were clearly observed in the Pb-exposed mice from
group 3.

The hemoglobin level and erythrocyte number are most often
investigated. Our attention here was focused mainly on the changes
of the erythrocyte morphology because of its usefulness as a clear
indicator for Pb intoxication.

The data of the quantitative erythrocyte morphological analysis
are presented in Figure 10. Lead bioaccumulation caused statistically
significant reduction of the percentage normal erythrocytes and
respectively significant increase of the percentage pathological
erythrocytes in the peripheral blood of the mice from group 3,
compared to the control group (p < 0.001). The normal and pathological
erythrocytes decreased and increased, respectively, also in group 4,
but the normal red blood cells were at significantly higher level and
the pathological ones were at significantly lower level compared with
group 3 (p < 0.01). Besides, within group 4 the normal erythrocytes
remained significantly higher than pathological ones (p < 0.001) up to
the end of experiment.
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Figure 10: Percentage of normal erythrocytes and erythrocytes with
pathological changes in ICR mice.

J Bioequiv Availab
ISSN: 0975-0851 JBB, an open access journal

Volume 7(1): 012-029 (2015) - 23



Citation: Beltcheva M, Metcheva R, Topashka-Ancheva M, Popov N, Teodorova S, et al. (2015) Zeolites versus Lead Toxicity. J Bioequiv Availab 7:

012-029. doi:10.4172/jbb.1000209

The following ratios were calculated between the normal (N) and
pathological (P) erythrocytes within groups 3 and 4, on days 15 and 90,
respectively:

group 3: N,/ P, = 1.9 (15), N,/ B, = 0.7 (90) (10)
group4: N,/ P, = 3.1 (15), N,/ P, = 1.3 (90) (11)

Between groups 3 and 4, and the control group, on day 90, the
following ratios were established regarding the normal and pathological
erythrocytes, respectively:

N,/N,= 2,N,/N,= 135 (12)
P/P,= 043, P/P,= 0.53 (13)

Equations (12) and (13) demonstrate a well-expressed toxicological
stress in the animals exposed to Pb and a reliable detoxification
effect of the clinoptilolite sorbent taken as a food supplement. In the
supplemented mice from group 4 pathological erythrocytes were
reduced and the normal ones were enhanced so that their levels came
near to that in the control group.

Between groups 3 and 4 the following ratios were determined:
normal Er: N, / Ny = 1.2 (15), N,/ N, = 1.5 (90) (14)
pathological Er: P,/ P, = 1.4 (15), P,/ P,= 1.2 (90) (15)

Equations (14) and (15) confirm the essential effect of the sorbent
on the decrease of harmful effect of Pb on cell level.

A significant drop in the erythropoesis rate was recorded in the
Pb-exposed mice. The time course of the proliferating erythrocytes
(PE) is presented in Figure 11. Statistically significant differences
(p < 0.05) were observed on days 15 and 90 between groups 3 and
4. The percentages proliferating erythrocytes in Pb-exposed and
supplemented mice were higher than those in Pb-exposed mice without
clinoptilolite supplement. The differences between groups 3 and 4, and
control group 1, especially on day 90 were quite significant (p < 0.001).
Comparing PE in the control mice to that in mice from groups 3 and 4
on day 90 the following ratios were obtained:

PE, | PE, = 10, PE,/ PE, = 32 (16)

The following ratios between PE in group 4 and PE in group 3 taken
place:

PE, | PE, = 122 (15), PE,/ PE, = 3.14 (90) (17)

A 10-fold drop was observed in the number of dividing
erythroblasts in group 3 compared with the control group (equation
(16). The supplementation with KLS-10-MA reduced the respective
ratio in group 4 almost by three times. The greatest differences between
groups 3 and 4 were established on day 90, equation (17). The result
indicates that the sorbent improved the erythropoietic function after
day 60.

No many echinocytes were found and this could be due to the
relatively low PD level in the liver (compared to other tissues); on day
90. In group 3 it was 68.5+18 mg/kg (Table 1). The echinocytes presence
mainly in group 3 suggests that the potassium (K) in the mouse’s
organism is replaced in high degree by Pb. The lack of echinocytes in
the mice from group 4 indicates a normal K level. In fact, on day 90 the
mean liver Pb concentration in group 4 was almost 8-fold lower than
in group 3 (Table 4) and therefore, the amount of replaced K in group
4 was insignificant. Moreover, the supplemented mice have received
additional K from the sorbent. The observed data are in accord with

the finding of [123] who detected a 20% elevation of serum K in healthy
laboratory mice receiving a zeolite-rich diet.

Micronuclei in erythrocytes in peripheral blood were observed
in the specimens from group 3 and 4. In group 4 they appeared
sporadically mainly before day 45. This fact indicates again that the
main part of Pb entering in the mouse organism via drinking water
was captured by the clinoptilolite sorbent and thus the Pb quantity
absorbed by the intestine mucosa and utilized by the organism at cell
level was significantly reduced.

Growth pattern in clinoptilolite unsupplemented and
clinoptilolite supplemented mice

Body weight gain in experimental animals is a reliable indicator for
their healthy status. It is an integral characteristic of the physiology of
the organism. In the experiment here presented the body weight gain of
the mice was determined at the same time points, in which the samples
for the cytogenetical and hematological analyses were taken: on days
15, 45, 60, and 90.

The changes in the body weight of the mice are presented in Fig.
12. Statistically significant differences were found among groups 3 and
4 (p < 0.01) on days 15, 45, 60 and 90 (p < 0.01). A sharp decrease
of body weight was established in the Pb-exposed mice from group 3
after day 60. On day 90 these mice exhibited a body weight reduced
with 24% compared to the control mice. On day 90 the body weight in
the exposed and supplemented mice was 21% higher compared to that
in the exposed and unsupplemented ones. No statistically significant
difference was found between group 4 and the control group during
the experiment.

When compared the body weight (W, ) on day 90 to the body
weight (W) on day 90 in the mice from groups 3, 4 and 1 (control) the
following ratios were calculated:
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Figure 11: Percentage of proliferating erythrocytes in ICR mice.
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group 3: W, / W3 = 1.07 (18)
group 4: W,, / W,; = 1.28 (19)
group L: Wy, / W5 = 1.3 (20)

As seen from the relations (18), (19), and (20), the decrease of the
body weight gain in the Pb-exposed and sorbent-unsupplemented mice
was so strong, that the body weight of the animals on the third month
of their growth was almost equal to the body weight at their 15-day age.
In contrast, the body weight of Pb-exposed and sorbent-supplemented
mice on the third month of their growth was almost equal to the body
weight in the mice from the control group.

When compared the body weights of the animals between the
control group, and groups 3 and 4 on day 90, we obtained the following
result:

W,/ W, = 0.79 (1)
W,/ W, = 0.76 (22)
W,/ W,= 097 (23)

The relations (21), (22), and (23) show the significant difference
between the group 3, on the one hand, and groups 1 and 4, on the other
hand. The measurement of the body weight of the experimental animals
once more confirms the establishment that the used clinoptilolite
sorbent KLS-10-MA plays an important role in prevention of a severe
Pb intoxication in mammals.

Influence of clinoptilolite supplementation on the body
weight gain of healthy animals

Many researchers have proved that the dietary inclusion of zeolites
improves average daily gain and/or feed conversion in pigs, calves,
sheep and broilers. Zeolites also enhance the reproductive performance
of sows, increase the milk yield of dairy cows and the egg production
of laying hens. They have also beneficial effects on egg weight and the
interior egg characteristics [17]. However, the extent of performance
enhancement effects is related to the type of the used zeolite, its purity
and physicochemical properties, as well as to the supplementation
level used in the diets. Besides, the particle size of the zeolitic material,
crystallite size and the degree of aggregation, as well as the porosity of
individual particles determine the access of ingested fluids to the zeolitic
surface during passage across gastrointestinal tract and strongly affect
its ion exchange, adsorption and catalytic properties. Apart from the
positive effects on animal’s performance, dietary supplementation of
zeolites appears to represent an efficacious, complementary, supportive
strategy in the prevention of certain diseases and the improvement of
animal’s health status.

In our study, a weak acceleration of body weight gain in the
conditions of clinoptilolite supplementation was established. A 5%
higher body weight was recorded in the healthy supplemented mice
compared with the control ones. Thus, the mice from group 2 presented
the highest body weight in contrast to the other groups.

The positive effect of the clinoptilolite sorbent KLS-10-MA on
the supplemented mice confirms the numerous data of other authors
who have observed essential positive results, such as toxin elimination,
conversion nutrition improvement, growth increase, mortality
reduction, as well as improvement of common state of animal health
using clinoptilolites as a feed additive in poultry, pigs and ruminants
nutrition [17].

Studies illustrate that clinoptilolite supplementation to the
diet of swine, poultry and ruminants improved body mass and feed
conversion ratios [107,124,125]. In addition, milk yields have improved
in dairy herds and the incidence of scours, enteritis and other intestinal
diseases has decreased substantially [107]. The use of 3%, 5% and 10%
clinoptilolite as a feed supplement for Leghorn chickens, indicated that
at all levels, feed efficiency ratios have increased comparing with the
control diet. No adverse effects on the health or vitality of the birds have
been observed [107]. Clinoptilolite at 2% supplement level by weight in
a hog diet increased daily feed intake [126,127]. A significant daily gain
of newborn lambs was established in the conditions of basal diet with
3% clinoptilolite [128]. A greater weight gain has been reported of 17%
and 3.6% in young beef cattle and broilers when clinoptilolite at 4.3%
and, 0.5%, 1% and 1.5% by weight was added to cattle’s and chickens’
regular diet, respectively [129]. In comparison to a regular diet, the
clinoptilolite at 5% and 10% levels by weight in hog’s diet resulted in a
weight gain of 27% [130-134] and 8% [129], respectively.

In the present experiment the modified clinoptilolite KL-10-MA was
mixed at 12.5% concentration with the conventional forage. Therefore,
approximately about 9% by weight was added to the mice’s daily diet.
The data showed a 5% rise (Figure 12) in body weight of the healthy
supplemented animals (group 2) compared with the healthy non-
supplemented ones (control group). Comparing the obtained results
with the data of other authors, the optimal quantity of clinoptilolite
supplement ensuring the maximal body weight gain could be specified.
Perhaps there should be doses of about 5% by animal weight.

Conclusion

The chromosome aberrations, lowered mitotic index, pathologically
changed erythrocytes, diminished erythropoesis, and reduced body
weight gain observed here in the Pb-exposed laboratory mice,
demonstrated a well-expressed toxicological stress due to the chronic
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Figure 12: Mean body weight of ICR mice.
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Pb intoxication. The structure of chromosomes and red blood cells as
well as mitotic index and erythropoesis were significantly improved
by the supplementation of the animals with modified clinoptilolite
sorbent KLS-10-MA, a Na-enriched alkali earth clinoptilolite based
on natural Bulgarian clinoptilolite. The mice exposed to Pb and
supplemented with KLS-10-MA exhibited a reduction in Pb levels in
several samples of about 77 — 90%. The bioaccumulation coefficients
Pb%/Pb15 for carcass, liver, kidney, bones, and feces in supplemented
animals were significantly lower compared to those in unsupplemented
ones. Thus, the obtained results showed that the sorbent KLS-10-MA
strongly decreases the absorption of lead in animals” digestive tract
and therefore limits Pb quantity entering the blood. The time course of
the body weight in the supplemented animals differed not significantly
from that in the control mice. The supplemented animals survived and
appeared active and healthy. A weak rise of the body weight gain was
established in healthy clinoptilolite-supplemented animals.

The mathematical model of Pb bioaccumulation in bones can
predict the time course of Pb concentrations in conditions of chronic
exposure to Pb with/without sorbent supplementation. The aim of the
model is to indicate the main tendencies of Pb bioaccumulation in
bones, taking into account the basic factors determining this process.
The model allows determining some kinetic parameters, especially; it
was useful to calculate the coefficient of Pb gastrointestinal absorption
in the case of sorbent-supplemented animals. This coefficient was 4
times lower compared to the established coeflicient for Pb absorption.

The findings allow conclude that the clinoptilolite sorbent KLS-10-
MA exerts a significant favorable effect and thus it appears as a reliable
means for detoxification of human and animal organisms chronically
poisoned by heavy metals, particularly lead. This work gives ground to
create a drug based on the clinoptilolite sorbent for supplementation
of animals in regions that are industrially polluted with heavy metals,
and particularly with Pb, in order to protect the animals” health and
the quality of the environment. The use of a drug based on this sorbent
could be valuable in agriculture and livestock as well as in human
medicine in cases of chronic lead intoxication.
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