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Zinc supplementation improveshemebiosynthesis
in rats exposed to lead
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ABSTRACT

BACKGROUND

Lead acetate (Pb) inhibits heme biosynthesis through inhibition of 5-
aminolevulinic acid dehydrogenase (5-ALAD), copro porphyrinogen
oxidase, and ferro chelatase. Zinc supplementation increases|ead-binding
metallothionein proteins. The purpose of this study was to find evidence
that zinc supplementation prior to lead exposure improves heme
biosynthesis in rats.

METHODS

Thiswasarandomized post-test only control-group design study involving
28 rats assigned to 4 groups (1 control and 3 treatment groups). The
treatment groups were supplemented with zinc at doses of 0.2, 0.4, and
0.8 mg daily by gavage for 3 weeks. From week 4 to 13, all groups were
exposed to lead 0.5 g/lkg BW/day by gavage. At the end of week 13, 8-
ALAD, erythrocyte protoporphyrin (EPP), and heme concentrationswere
determined by means of ELISA. One-way ANOVA, followed by
Bonferroni’s test was used to analyse the data.

RESULTS

Mean &-ALAD concentrations decreased from the control group down to
treatment group 3 (0.24 + 0.20; 0.15 + 0.15; 0.12 + 0.11; 0.05 + 0.06 ng/
mean per unit). Mean EPP concentrations decreased from the control
group down to treatment group 3 (1.96 + 0.50; 1.24 + 0.24; 1.03 + 0.05;
0.62 + 0.16 ng/mL ). M ean heme concentrationsincreased from the control
group up to treatment group 3 (8.07 £ 2.64; 10.11 + 2.27; 10.04 + 1.65;
11.41 + 2.58 uM). ANOVA followed by Bonferroni showed that EPP
concentrations differed significantly between the control group and
treatment group 3 (p=0.00).

CONCLUSION

Zinc supplementation prior to lead exposure improves heme biosynthesis
in rats exposed to lead.
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Suplementasi seng memperbaiki biosintesis heme
pada tikus yang terpajan Pb

ABSTRAK

LATAR BELAKANG

Plumbum (Pb) asetat menghambat proses biosintesis heme melalui inhibisi enzim §-ALAD, coproporfirinogen
oksidase, ferrokhelatase. Suplementasi seng meningkatkan protein metallothionein yang mengikat Pb. Tujuan
penelitian ini untuk membuktikan suplementasi seng sebelum pajanan Pb memperbaiki proses biosintesis heme
pada tikus.

METODA

Penelitian eksperimental dengan rancangan pra-pasca dengan menggunakan kontrol dilakukan pada 28 ekor
tikus yang secara acak sederhana dibagi menjadi 4 kelompok yaitu 1 kelompok kontrol dan 3 kelompok perlakuan.
Pada kelompok perlakuan disuplementasi seng 0,2; 0,4; 0,8 mg setiap hari melalui sonde sampai minggu ke-3,
awal minggui ke-4 kelompok kontrol dan perlakuan dipajan Pb 0,5 gr/kg BB/hari melalui sonde sampai minggu
ke-13. Akhir minggu ke-13 diperiksa 5-ALAD, EPP, heme menggunakan ELISA. Analisa data menggunakan Kruskal
Wallis, kadar EPP dan heme dengan uji one way ANOVA, dilanjutkan Bonferroni.

HASIL

Rerata 5-ALAD menurun mulai kelompok kontrol sampai perlakuan ke-3 (0,24 + 0,20; 0,15 + 0,15; 0,12 + 0,11;
0,05 + 0,06 ng rerata per unit). Rerata EPP menurun dari kelompok kontrol sampai perlakuan ke-3 (1,96 + 0,50;
1,24 + 0,24, 1,03 + 0,05; 0,62 + 0,16 ng/mL). Rerata heme meningkat dari kelompok kontrol sampai perlakuan ke-
3(8,07+ 2,64; 10,11 + 2,27; 10,04 + 1,65; 11,41 + 2,58 uM). Uji ANOVA diteruskan Bonferroni menunjukkan EPP

~

KESIMPULAN

Kata kunci: Seng, 6—ALAD, EPP, dan heme

\_

berbeda bermakna antara kelompok kontrol dengan ke-3 kelompok perlakuan (p=0,00).

Suplementasi seng sebelum pajanan Pb mampu memperbaiki biosisntesis pada tikus terpajan Ph.

INTRODUCTION

Health problems may have various causes,
oneof these are heavy metalssuch aslead, which
is a hazardous air pollutant. The environment
can be polluted by lead through increased human
acitivities, such asmining, smelting, combustion
of gasoline, and the use of lead for commercial
purposes.) Some of the main sources of lead
poisoning are vegetables, batteries, paints,
cosmetics, jewelry, toys, gasoline, and others.
In West and Central Java the increasing use of
phosphate fertilizers, pesticides, and herbicides

havethe potential to increaselead exposure. The
study conducted by Shah F et al.® showed that
in general anemiaoccursin children between 1-
5 years old, who have higher lead levels as
compared with children without anemia. Among
children with blood lead levels of > 10 ug/dL
there are 2.87-fold more anemia cases in
comparison with children with blood lead levels
of <10 ug/dL.®

Lead intoxication may occur through
inhalation, ingestion of contaminated foods and
drinks, and transdermally.® Lead accumulates
inthe mitochondria, resulting in the predominant
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effectsof lead, i.e. abnormal heme biosynthesis
and hematopoiesis.® Lead bindsand inhibitsthe
sulfhydryl-rich enzymes involved in heme
biosynthesis, i.e. §-aminolevulinic acid
dehydrogenase (3-ALAD) in the cytosol, and
coproporphyrinogen oxidase and ferrochel atase
in the mitochondria.® The inhibition of these
enzymesin heme biosynthesisasaresult of lead
exposure occurs at the starting point, at midpoint,
and at the endpoint of heme biosynthesis. Delta-
ALAD istheinitial enzyme inhibited by lead.
Inhibition of 5-ALAD prevents the conversion
of &-aminolevulinic acid (8-ALA) into
porphobilinogen (PBG), causing increased -
ALA and 3-ALAD concentrationsin the blood.
The enzyme inhibited at midpoint of heme
biosynthesis is coproporphyrinogen oxidase,
resulting in increased coproporphyrinogen
concentrations. Thelast enzymeinhibited by lead
in heme biosynthesisis ferrochelatase, causing
increased protoporphyrin concentrationsin the
erythrocytes (free erythrocyte protoporphyrin/
EPP).™ These abnormalities of heme
biosynthesis result in a reduction in heme
concentrations, leading to decreased hemoglobin
concentrations and anemia.

Various attempts have been made to treat
lead intoxication, such as the use of EDTA as
chelating agent.® A chelating agent binds lead
to form a polar (hydrophilic) complex that is
excreted from the body through the kidneys.
According to studies that have been conducted
on the use of EDTA, this is a therapeutic or
curative agent. However, EDTA treatment isfar
from maximal, and it is administered
intravenously. Therefore preventive agents
should be studied to reduce |ead toxicity, one of
these being metallothionein proteins, since these
play important roles in poisoning by heavy
metals, including lead.® Metallothioneins are
rich in sulfhydryl groups, which form covalent
bonds with heavy metals such as lead. Studies
on metallothioneins have found correlationswith
zinc levelsin the body.“? The study by Santosa
et al.™ showed that zinc supplementation in
stepwiseincreasing doses, i.e. at 0.2 mg, 0.4 mg,
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and 0.8 mg daily to rats (Rattus norvegicus) is
capable of increasing metallothioneins. These
doses have been calculated by taking a
conversion factor from humans to rats into
consideration. Preventive zinc supplementation
has been proven to enhance hematopoesis by
reducing basophilic stippling and hematocrit
valuesin |ead-exposed rats.(?

The mechanism of the prevention of lead
intoxication by zinc through heme biosynthesis
is by blocking enzyme action, competition
between lead and zinc, and covalent bonding.
The blocking mechanism is due to the binding
of lead to enzyme/protein active groups, thus
inactivating the enzyme. Competition between
lead and zinc atoms may occur for the
metallothionein sulfhydryl groups. For each
bond, the higher the cationic charge of the metal,
the stronger the bond. The nearer the metal isto
the noble metals the stronger its affinity. In the
periodic system of elements, lead belongs to
period VIl and zinc to period I V. Therefore, the
cationic charge of lead is greater than that of
zinc, favoring lead in the competition for the
metallothionein sulfhydryl groups.®® The
covaent bonding of Pb?* with the metallothionein
sulfhydryl groupsisstableandirreversible. The
formation of irreversible covalent bonds between
lead and metallothionein causes heme
biosynthesis to be disturbed by lead exposure.
Therefore zinc supplementation should be
studied as a preventive alternative against
inhibition of hemebiosynthesisby lead exposure.
The aim of this study wasto evaluate the effect
of zinc supplementation on heme biosynthesis
in lead-exposed rats.

METHODS

Sudy design

The present study was carried out according
to an experimental randomized post- test only
control-group design. The time period from
selection of experimental animals and their
housing up to the interventions was 100 days,
the study being conducted between December
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2012 and March 2013. The study took placein
the Integrated Research and Testing L aboratory
(Laboratorium Penelitian dan Pengujian
Terpadu, LPPT), Gadjah Mada University,
Yogyakarta.

Experimental animals

The experimental animalsused were 28 15-
week old male black rats (Rattus norvegicus. The
sampled size was determined by means of the
formula:

Samplesize=(t—1) (r—1) > 15
where t = number of groups, r = number of
experimental animals per treatment group. The
study used 3 treatment groups and and 1 control
group, so that t=4, (4-1) (r-1) > 15,r > 6. The
number of rats used was 6 per group (3 treatment
groupsand 1 control group) so that total sample
size to be used in this study was 24. To the
number of rats per group, one animal was added
asreserve, in anticipation of deaths, so that the
total sample size comprised 28 rats.

Zinc supplementation

Zinc supplementtion was administered to
the treatment groupsin stepwiseincreasing doses
of 0.2, 0.4, and 0.8 mg/day by gavage, whereas
the control group did not receive zinc
supplementation. The supplementation period
was from thefirst week to the third week. The 7
animals per group were assigned by simple
random sampling.*®

L ead exposure

Lead exposure was by administration of
0.5g/kgBW/day (acute dose) for 10 weeks, from
thethird week to the thirteenth week. The amount
of lead exposure was based on a previous study
on the effect of lead acetate administration to
Rattus norvegicus.*¥ Lead exposure was given
in the form of a solution of 0.5 g/mL.

M easur ement of blood parameters

For determination of heme biosynthesis, the
parameters investigated were serum 3-ALAD,
EPP, and heme concentrations. This was

Zinc improves heme biosynthesis

performed by means of the ELISA assay in the
GAKI laboratory, Diponegoro University,
Semarang, for all experimental animals of the
control and treatment groups on the last day of
the thirteenth week.

Dataanalysis

Differences in 8-ALAD concentrations
between control and treatment groups were
analyzed by the Kruskal-Wallis test, whereas
differencesin EPPand heme concentrationswere
tested by one way ANOVA, followed by
Bonferroni’stest.

Ethical clearance

We conducted this study after receiving
ethical clearance from the Ethics Commission,
Faculty of Medicine, Diponegoro University/DR.
Kariadi Hospital, Semarang, under No. 339/EC/
FK/RSDK/2012. The Head of the Integrated
Research and Testing L aboratory, Gadjah Mada
University, Yogyakarta, permitted the study to
be carried out after having received
communicationsregarding the ethical clearance.

RESULTS

Improvement of heme biosynthesis was
determined from 3-ALAD, EPP, and heme
concentrations. The concentrations of 3-ALAD
and EPP were decreased with zinc
supplementation, in comparison with the control
group, whereas the heme concentrations were
increased. The details of the mean differences
and statistical test resultsfor 3-ALAD, EPP, and
heme concentrations after the thirteenth week by
treatment group are presented in Tables 1 and 2
below.

There was a difference in mean 8-ALAD
concentrations between control and treatment
groups. The highest mean was in the control
groups (0.24 + 0.20 ng/mL) and the lowest in
the Zinc |11 treatment group (0.05 £ 0.06 ng/
mL). The Kruskal-Wallis test did not find any
significant differences between control and
treatment groups (p=0.16).
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Table 1. Mean 3-ALAD, EPP, and heme concentrations after
the thirteenth week by treatment group

Variahle Treaiment P
Control (n=7) Zincl (m=7) ZincIl(n=7) Zinc I (n=T7)
&AL AD (ngml) 024+020 015 £0.15 0.12 £0.11 005 £0.06 0.162
EPF (ngml) 19a£050 1.24 024 1.03 £0.05 062 £0.16 0.000
Heme (phd) 207 £2464 1011227 10041685 11,41 £258 0.134

There were differences in mean EPP
concentrations between the control and treatment
groups. The highest mean (1.96 £ 0.50 ng/mL)
was in the control group without zinc
supplementation, and the lowest mean (0.62 +
0.16 ng/mL) wasin thetreatment group receiving
zinc supplementation at a dose of 0.8 mg.
ANOVA test results showed significant
differencesbetween control and treatment groups
(p=0.00). Therewas no significant differencein
mean heme concentrations (p=0.13).

The results of Bonferroni’s muliple
comparison test showed significant differences
in mean EPP concentrations between the control
group versus the Zinc I, Zinc Il and Zinc 1l
treatment groups (Table 2).

DISCUSSION

From the results of this study, there was a
reduction in 3-ALAD concentrations in the
treatment groupsreceiving zinc supplementation.
However, laboratory investigations showed a
downward trend in 8-ALAD concentrations,
starting from the control group to the treatment
groups of the lead-exposed rats. Higher zinc
dosesresulted in lower 3-ALAD concentrations

Table 2. Results of Bonferroni’s test for EPP
after thirteenth week by treatment group

Mean
prutirfr?;;;:!::fEPP differences P
(mgimL)
Control ws Sine I 0.69 nns
Control ws Sine I 0.90 o.0n
Control ws Sine I 1.32 o.0n
Anclvs fine II 0.20 1.00
Anclws Zine 1T 0.a2 n.1a
Anell ws Zine 111 0.41 ni4

in the lead-exposed rats. Lead can inhibit
precursors of heme biosynthesis, such as o-
ALAD. Theactivity of 3-ALAD isdisturbed by
lead, causing 5-ALA not to be converted into
porphobilinogen so that there is an increase in
d-ALAD concentrations. These changes due to
|ead exposure are acute or toxic. Further studies
are needed on the possibility of compensatory
mechanisms of the body intheform of increases
in3-ALAD concentrationsto convert 3-ALA into
porphobilinogen. The ELISA assay used in the
present study was capable of measuring al d-
ALAD concentrations, both those from lead
inhibition aswell asthose excreted by the body
asacompensatory mechanism, so that 3-ALAD
concentrations increased after lead exposure.
Lead exposure of rats that have previously
received zinc supplementation resulted in
decreased 5-ALAD concentrations. Thismay be
because the metall othioneinsthat are formed will
bind the lead, while the metall othi onei n-bound
zincisreleased and activates 5-ALAD. Because
of activation, 3-ALAD again functionsnormally,
being capable of converting 5-ALA into
porphobilinogen, so that the body doesno longer
increase O-ALAD concentrations in
compensation, so decreasing its concentrations.
This 3-ALAD activation improves heme
biosynthesis. Several studies support our results
stating that lead is capable of increasing 3-ALAD
and some of these studies have been conducted
on zinc and 5-ALAD.(419)

The EPP concentrationswerereduced in the
treatment groups receiving zinc supplementation
in comparison with the control group that were
only exposed to lead. This may be explained by
the fact that the last enzyme to be inhibited by
lead in heme biosynthesisisferrochelatase. This
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enzymeispresent in the mitochondriaand plays
a role in the complexing of Fe to the
protoporphyrin ring.®” Inhibition of
ferrochelatase increases erythrocyte
protoporphyrin/EPP. Several studies havefound
evidencefor acorrel ation between |lead exposure
and erythrocyte protoporphyrin. Lowry et al.*®
studied the effects of lead exposure on
cytochrome 450 (CYP) and found that low-
intensity lead exposure had no effects on
cytochrome 450 metabolism, but affected several
pathways in hemoglobin synthesis. The EPP
concentrationsincreased on exposureto lead of
>10 ug/dl. EPP concentrations increased
significantly in the exposed group (battery
factory workers) as compared with controls.®®
Shah F et a. studied blood lead levels and the
prevalence of iron deficiency anemiain children
aged between 1 to 5 years, and found that
children with severeiron deficiency anemiahad
higher lead levelsin the blood as compared with
children with mild iron deficiency anemia. There
was a significant negative correlation between
blood lead levels and iron deficiency anemia.
These results are similar to those of zinc
supplementation, but are based on different
mechanisms. Iron complexes with porphyrin to
form heme, whereas zinc supplementation
competeswith lead for metall othionein sulfhydryl
groups so that there is no accumulation of EPP.

In the present study, heme concentrations
were low after lead exposure without zinc
supplementation, whereas heme concentrations
increased, although not significantly, after lead
exposurewith zinc supplementation. Thisproves
that zinc supplementation is capable of
increasing heme synthesisin |ead-exposed rats.
Toincrease heme concentrationssignificantly in
|ead-exposed rats, the zinc supplementation dose
should be increased. Zinc is an important
micromineral in biological processesin the body.
The role of zinc in heme biosynthesis is with
regard to ALAD, which is a zinc-containing
enzyme that plays a role in catalyzing the
condensation of two moleculesof ALA into two
molecules of water and one molecule of

Zinc improves heme biosynthesis

porphobilinogen (PBG). Zinc deficiency inhibits
this reaction and influences heme formation.®
In heme synthesis, the second enzymethat plays
aroleisd-ALAD. Thisenzymeis exceedingly
richin sulfhydryl groupswith astronger affinity
for lead in comparison with zinc. Full enzyme
activity requires intact or complete sulfhydryl
groups and one zinc atom for each subunit.
Enzymeactivity isinhibitedif the zincisreplaced
by other metals, such aslead.® Addition of zinc
may reverse the inhibition of 3-ALAD, but this
requires higher zinc concentrations.®® According
to Santosa et al.*? zinc supplementation may
increase metallothioneins that are rich in
sulfhydryl groups capable of binding lead,
causing no interference with deltaALAD ©® and
no inhibition of heme biosynthesis. Various
studies of the effect of lead exposure on heme
biosynthesis have supported the results of the
present study. Several studies on lead exposure
in battery factory workers showed increasesin
the heme biosynthesis parameters 5-ALAD and
EPP, but showed decreases in heme and
hemogl obin concentrations.®® Lead exposurein
30 automobile workers caused increases in 4-
ALAD, EPP, porphobilinogen and decreasesin
heme and hemogl obin concentrations.*® Heme
isanintegral part of proteinsinvolved in several
electron transport chainsfor energy renewal that
arefoundin nearly all formsof life. In addition,
heme is a cofactor of enzymes, including
catal ase, peroxidase, cytochrome P450, andisa
part of sensor molecules.®

One limitation of this study was that the
ELISA assay for assessment of §-ALAD
concentrations will measure all forms of the
enzyme, and cannot distinguish between |lead-
inhibited and noninhibited forms. The clinical
implication of this study is that zinc
supplementation has been proved to reduce §-
ALAD and EPP concentrations and to increase
heme concentrations, indicating that zinc is
capable of repairing heme biosynthesis in rats
exposed to lead, so that further studies are
necessary to apply these findings to humans.
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CONCLUSION

Zinc supplementation at doses of 0.4 mg

and 0.8 mg significantly improves heme
biosynthesis, marked by reduced 3-ALAD and
EPP concentratioins and increased heme
concentrations.
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