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Abstract

The mechanism of lead toxicity in hurian erythroid prezursor cells (EPCs) is the main aim

of this research. Abnormal development of EPCs, the imn .n.’&' red blood cells, may involve with lead

induced anemia. Human EPCs, the model in this study, were preoared by two-phase liquid culture

/2 bstantial numbers of the cells (30.46 *

By using TPLC syste @ early sia EP s ODlained on day 7 of secondary phase

(TPLC) technique. Highly purified EPCs
19.48x10° celis/blood unit)

were cultured in the préSence ad acetale. Morpholog ical S Lay showed that lead could inhibit

,

EPC survival by indug "céll eytolysis and apoplesis. The inhibition was time and dose-
dependent, Marked effe gac ol i S 3l Wais state concentration =1 ppm. Flow
cylometric analysis was uge jete 3 s by nitoring the binding of fluorescence
rane of apoptotic cells. The study showed
that lead could induce apoplos & and dose-dependant manner at lead concentration
21 ppm. These findings suggest asp lead induced anemia besides the impairment of
hemoglobin synthesis and shartened fife
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EPCs resulting in twwﬁ
-

rythrocytes, lead induced apoptosis in human

ism of lead induced anemia.
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CHAPTER |

INTRODUCTION

1. Lead
1.1. Physical and Chemical Properties (Reilly,1991; Lewis,1996; Piomelli,1998)

Lead (Pb) is one-of the heavy metal'With a density of 11.34 and the atomic
weight is 207.19. llsumelting paint is 327.43 °C and beiling point is 1740 °C. It is soluble
in nitric acid and aeetic acid:Oxidatlve states are 0,42, and +4. In inorganic compound
lead is usually insstate’ +2. Lead ﬁas}; a strong affinity for the sulfhydryl groups of
cysteine, the aming‘gradp of lysine, the carboxyl group of glutamic and aspartic acid,
and the hydroxyl groug of tyrqaine!-.‘;-‘Léiad binds to proteins, modifies their tertiary
structure, and inactivates enzyme. pmpégﬁee.

y

1.2. Lead Contamination

Lead is the important toxic metal that — to & public health problem in many
countries includjpg'fﬁéi[énd;:é'im’:a’yi'aadmis a ublquilaeus metal in our environment and is
utilized in many industries including agriculture all over the world, a large number of
articles on this metal and its harmful effect have been being increased around the world.
Recently (1998}, at'Kanjanaburi province of Thafland, high blood lead level (20-40 pg/dl)
was detected in Klity villagers who lived near the creek with lead contamination from
mining. Drawing water and-eating fish fram the creek for years induced lead poisoning

in the villagers.

Nowadays, the use of lead compounds, both organic and inorganic, is
extensively and continuously increasing. These range from an additive in food and drink
to a material for making containers; from a poisonous substance (pesticide) to a

medicinal drug; from a stabilizer for plastics to an antiknock additive in gasoline; from



printing ink to paint manufacturing including glazing of ceramics, etc (Castellino, 1995).
As a result of these maltifarious uses, lead is a ubiguitous environmental contaminant

that causes harmful effect in human.

Lead contamination occurs widely throughout the environment and has been
found in soil, water and air (Stubbs, 1973; Carelli et al., 1995). The major non -industrial
sources of lead contamination for people are food and water (Flegal et al., 1990).
Mowadays, as Thailand has planned for the development and expansion of industries,
there is no doubt that the use of lead, the/basic material in industries, will be increased.
Due to the extensive use of lead, lead coffamination in soil {'LE‘[LI"I‘:'I[T {ITT0LINE, 2535
uaz uNda tnasn, 2536), waler {ﬁmi'l HWIHA, 2534) and air (Supat Wangwongwatana,
1997) have occurred in‘many areas of Thailand, especially in the capital and industry
areas. Lead conlarjr)inatiqn ip environment is one of the major cause of lead in human
diet. From the report.of the department of medical sciences (W3AnG youelafueas uay
Az, 2531), in 563 sa’mpi'es of 5 ki'r%;taa;uf thai foods, lead content higher than 1.00
ma/kg (Thai standard of lead in food: éi}jl,{ﬁuf‘_mnucernent of Ministry of Public Health, No.
98/1986 and CODEX 1985) was .fuunfjn Q? samples. In addition, from the report of

Napawas Buasruang, it was found thati}&?i.@egetative plant from the industrial zone of
Samuthprakan had high lead eontent, tfbé:gge_rage was 29.09 mg/kg dry weight (2.00-
454.00 mg/kg dry weight). Recently, the animals in ;i(!jly creek (lead contamination
creek) were analjrsed and found that all of them hadlead content higher than the
indicated allowance value. The maximum lead content was 451.8 ma/kg (A1 Yus,

2543).

1.3. Lead Taoxicity (Waldron, 1880; Goldfrank et al., 1990; Shibamoto et al., 1993:
G,oyer, 1996)

Lead is a toxic metal without any function in human body. Because of its affinity
for sulfhydryl groups, it damages a multitude of enzymes and essential cellular structure
(such as mitochondria). The organ systems most affected by lead are hematopoietic,
nervous and renal system. Gastrointestinal, cardiovascular and reproductive systems
also be affected. Lead poisoning was defined as a blood lead level greater than or

equal to 10 pg/dl (Table 1). Lead has toxicity at low doses towards neurobehavioral



Table 1 : Lowest observed effect levels for induced health effects and blood

lead concentration (pg/dl) (Goldfrank, 1990; Goyer, 1996).

Impaired-cognitive development-neonate

EFFECT CHILDREN ADULTS
Heme effects
Anemia 80-100 80-100
U-ALA 40 40
B-EPP 15 15
ALA inhibition 10 10
Py-5-N inhibition’ 10 -
Neuro effects
Encephalopathygoved) 80-100 100-112
Hearing deficit 20
IQ deficit 10-15 -
In vivo effects 10-15 -
Peripheral neuropathy 40 40
Possible decreased nerve conduction = 25-50
Renal effects
MNepharopathy 40 60
Blocd pressure (male) - 30
Reproductive effects
Impaired-spermatogenesis and oogenesis - 25-50
C <25

MOTE : U-ALA = Urine aminolaevulinic acid

il

EPP

ALAD

Erythrocyte protoporphyrin

Aminolaevulinic acid dehydratase

Py-5-N = Pyrimidine-5-nucleosidase




development and hematological conditions been recognized. The world health
organization (WHO) provides a guideline value for lead in blood should be below
20pg/dl for adult (WHO, 1987). A blood lzad coricentration of 10 pg/dl is considered the
maximum level not associated with any know adverse effect in children. The blood lead
concentrations actually measured in the general population often exceeds the guideline
value of 10 pg/dl. For occupationally people exposed to lead, blood lead levels were

much higher. B

Lead has a multiplicity of bioghemical and physiological effect especially in
infant and children, The ‘mast common,-theugh not universal, conseguence of lead
poisoning is anemia and {his is pméuced by interfere with heme synthesis (Hernberg
et al, 1970; Rossi et aly*1998), globin synthesis (Kassenaar et al, 1957; Ali et al., 1977)
and the induction civerythrocyte mei;nbrane defects (Waldron, 1964; Valentino et al.,
1982; Grabowska %t{ya’l‘! 1953} The anemia ebserved in chronic lead poisoning is
generally of moderate .Seuérizyi with thg number of red cells very occasionally dropping
and hemoglobin level below 8 gfdl. M%ﬁﬁo?}er, it is usually normocytic and anly slightly

hypochromic. There are increased numﬁ?/rs 'cuf reticulocytes with basophilic stippling.

'T vk ¥ 4
22244

Toxic effect of Iead on the neﬁfﬁ;u”s“;jaﬁtem ocours in both the certrai nervous
system (CNS) and the ;ﬂeﬁphemi nen;?:;::sﬂé;stem (PNS). In the CNS, lead causes
edema and has & direct cytotoxic effect resuit in the symptom of lead encephalophathy.
Lead encephalophathy is rare in adults but it occurs more frequently in children.
Decreased nerve condition, lower 13, increased psychomotor activity and learning
disorders have all been report in children expose ta lead, Peripheral neuropathy of lead

poisoning involves considerable loss of motor function leads to,the symptom of wrist

drop or foot drop.

The kidney represents one of the major target organs in human lead exposure.
Acute lead nephropathy is a reversible tubular defect and produces fanconi syndrome.
Chronic lead nephropathy is a irreversible tubular interstitial nephritis which may follow
an acute and massive lead poisoning or a prolonged moderate lead exposure. This

condition may end in renal failure. It also may be associated with gout and hypertention.



Gastrointestinal problem such as abdominal colic, vomiting and constipation
occur. Liver function abnormalities have been reported and probably present as a toxic
hepatitis. In the héaﬂ, lead causes swelling of the myocardial fibers, which results in
myocarditis and eventual fibrosis. Lead exert spermatotoxic effects on the male resulting
in infertility. Lead does cross the placenta, thereby affecting the fetus. High lead content
in placenta and fetal membranes has been associated with premature rupture of
membranes and preterm delivery. Further, low level exposure of lead is known to induce

inflammatory response and modulates immune functions (Borella and Giardino, 1991)

Inorganic lead cempounds aré €lassified as possibly carcinogenic to human
by the international agency for 'ésearch on cancer (IRAC, 1987). Evidence for
carcinogenicity is adequate ip ani"mal,s bul inadeguate in human. Epidemiological
evidence is nol cca&fﬁs}u’e to meﬁlata lead ‘as a human carcinogen. However, the
findings are not enha&T‘_-,f negah‘vef The genérar opinion at this time is that exposure to
lead compounds’ may be Qﬁmnbute gcr Mhigher incidences of human cancer and that
therefore cannot be ruled caut as a cd:}'.:tn?gen (Cohen et al., 1990; Hartwig, 1994). |
short, studies on lhﬂ*ngEIIC t@xjmmgjr/of lead compounds reach the conclusion that
lead-induced mutation. Lead: may not. bé!au result of direct damage to DNA but may
occur via indirect mechamsmg Includgag; disturbances in enzyme function in DNA

synthesis andmru repair, or in DNA helical stsm:tur&f {Frenkel and Middleton, 1987;

Zelikoff et al. 7998 Beyersmann, 1994). Although Inwgannc lead compounds exhibit

only a weak mutagenic and induce DNA strand breaks only at toxic concentrations
(Hartwig, 1990; Hartwig,1995;-Ariza, Bijur, apd Williams, 1998) possibly via reactive
oxygen spécies (Yang et al, 1999). However Under certdin condition, lead may be
comutagenic and mitogenic (Zelikoff et al., 1988,; Calabrese afnd/Baldwin, 1992 ; Roy
and Rossman, (1992).

2. Lead and Erythropoietic system

All of the blood celis are produced from a single type of cell, the pluripotent
hematopoietic stem cell (PSC), in bone marrow, The processes involved in production of

all the various cell of the blood are collectively called hematopoiesis. A single pluripotent



hematopoietic stem cell now know as the spleen colony-forming unit{CFU-S). The CFU-S
give rise to other progenitor cells that are more committed to a give lineage, myeloid
.and lymphoid progenitor, The myeloid progenitor will develop into erythrocytes,
granulocytes, macrophages and platelets, while the lymphoid progenitor will develop
into B-lymphocytes (plasma cells) and T-lymphocytes (Bagby, 1994; Bondurant and
Koury, 1998). The entire process by which red cells are produced in the bone marrow is
called erythropoiesis (Figure 1). Erythropoiesis is a multistep process involving the
differentiation of PSC through the lineage-committed burst-forming unit-erythroid
(BFU-E) and colony-forming unitaer}rthrnﬁ‘,'I‘QEU-E} progenitor cells, which give rise to a
series of erythroid precursor cells_, eventually leading to the formation of mature
erythrocytes {Dessypm; 1998 ). [ﬁuring this process, the sequential formation of
proerythroblasts, basopi:ﬂﬁc, polycrﬁomamphmc and orthochromatic erythroblasts is
positively regulated 'by eryihropoietin {EPO} a glycoprotein hormone produced by the
kidney in respcnsgy‘[n lissue hygﬂma EF'{ZJI displays multiple positive effects on early
erythroblasts, including, ir;treaaed brﬂif&mﬁnn, progression through maturation,
stimulation of hemﬂglqﬁin synthesis anjé;arqtectiuﬁ from apoptosis (Krantz, 1991; Kelley
et al., 1993; Adamson, 1994). . N
G .C:J:

In human, the most pnmllwa smg!e lineage committed erythroid progenitors are
named BFU-E bgcause in vitro and in the presence { %af graw!h factors, it produces a
burst cons;stmgﬂf thousands of nucleated red Qﬁ As the progenitor cell matures, its
capacity to produce progeny diminishes until it reaches a stage of the CFU-E, at
whichtime it only prodices a small colony consisting of between 30 and 60 nucleated

red cells.

The erythroid precursor cell compartment is a term of erythroid cell including the
five \maturation stages of proenythroblast, basophilic erythroblast, | pelychromatophilic
erythroblast, orthochromatic erythroblast, and reticulocyte. These cells can defined by
morphological criteria. The earliest morphologically recognizable erythroid cell is the
proerythroblast. The cell divides and matures through various stages that involve nuclear
condensation and extrusion and hemoglobin accumulation. During the maturation, 3 to 4

mitotic divisions occur between proerythroblast and polychromatophilic erythroblast.
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Figure 1 : Red blood cell development.



When the cell reaches the orthochromatic erythroblast stage, the nucleus is extremely
condensed and can not synthesize DNA, therefore, cannot divide. After approximately
one more day, the nucleus is extruded. Soon after denucleation, the nucleus is engulfed
by a macrophage. The cell may remain with in the marrow, as a reticulocyte, for 2 to 3
days before it is released into the peripheral blood and develops into mature red blood
cell (erythrocyte) with in 1 to 2 days (Hunter, 1993, Bull and Gorius, 1995; Bondurant
and Koury, 1998).

It has long been known that'lzad poisoning causes adverse effects on the
erythropoietic system. Anemia is the mast Cammon erythrologic effect induced by lead.
Several effects of chmnin;_,lncrganicfjl.aad poisoning on the bone marrow and peripheral
blood have been suspected and proved (Albahary, 1972). Some are as follow.

7l A
2.1. Effect of Lead on Hemoglobin Synthesis

=t

The interfere;'me__bf Hh syntthis is one of the important mechanisms of lead
poisoning anemiaf"ﬁb;,syrﬂhestﬁ Starts":%pq_‘ ends inside the mitochondria ; intermediate
steps take place in-"ihe-:v'c:ytc:’!:;lasm. Aﬂ;ﬁe cellular level lead interacts with sulfhydryl
groups, leading to the intetierence of‘rh_im;nzwne action necessary for Hb synthesis
(Hernberg and Nikkanen, 1970; Gﬂldf?éﬂ‘liﬂ al., 1990; Rossi et al., 1993: Piomelli,
1998). Lead interferes at several points in the heme gﬁnthetic pathway (Figure 2). The
two most important steps aﬂacteci by lead are those catalyzed by 8-aminclaevulinic acid
dehydratase (5-ALAD) and ferrochelatase. 8-ALAD is-a cytosolic enzyme. Direct binding
of lead to the sulfhydryl-groups-of &-ALAD resuits in its inhibition, leading to the &-ALA
accumulation. The last step of heme synthesis is catalyzed by ferrochelatase, located in
the inner matrix of the mitochondria. The inhibition by lead of the-step catalyzed by this
ehzyme, the insertion of iron into the.pratoporphyrin ring, results\in the accumulation of
the latter compound. Since lead limits the intracellular delivery of iron to the site of
ferrochelatase, and the surrogate metal zinc is inserted into protoporphyrin by
ferrochelatase as in iron deficiency so that zinc protoporphyrin accumulate in the
maturing erythrocyte (Labbe et al., 1987). Moreover, lead also inhibits the activity of the

other enzymes rich in sulfhydryl groups in several steps of heme synthesis such as



~ CELL
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Figure 2 : Scheme of heme synthesis showing sites where lead has an effect

Red arrow (—) indicates those enzymes blocked by lead (Goldfrank, 1990:
Goyer,1996).
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d-aminolaevulinic acid synthetase(é-ALAS) and coproporphyrinogen oxidase(COPRO-0)
(Waldron, 1966).

The effects of lead on Hb synthesis are not only limited to an overall decresse in
heme production but are also seen in the synthesis of globin (Kassenaar et al., 1957;
White and Harvey, 1972; Ali and Quinlan, 1977). It inhibits the incorporation of tritiated
leucine into globin chains. A markered decrease occurs in the synthesis of a chain than

+f B chain.
2.2. Effect of Lead on Red Blood Cell Survival

Shortened erythroeyte life span is also another important cause of lead-induced
anemia. Lead interferes With the sodium-potassium ATPase pump mechanism leading to
cellular loss of I*(‘,-"ahd alsorattaches to red bloed cell membranes causing increased
fragility and decre@sed/megmbrane ﬂ;uirEiity thus redueing red cell survival {Karai et al.,
1982: Valentino et.al., 1982: Grabowska and Guminska, 1996). Lead also impairs the
enzyme pyrimidine- §-nuclgotidase aﬁﬂvity resulting in the accumulation of nucleotides
that inhibit pentose phosphate shunt {Lé;z:hant el al., 1984) and promote hemolysis as in
effect of lead on the acyltransferase egzgm';e changed lipid structure of red blood cell
membrane, resulting in énhanced osmotic' résistance_and an increase in hemolysis
(Cook et al., 1987)-Lead is-aise-enhanced-aule-oxidalion of Hb with the production of
free reactive oxygen radicals such as O, and H,O,, giving rise to an increase in the
peroxidation rate of the membrane lipids. Finally, the inhibition of glutathione activity
might also.reduce.red blood cell defenses against oxidative processes and cellular

aging, thus'accelerating-their destruction(Fabri and Castellino, 1995).

2.3. Lead and Bone Marrow Alteration

Another factor is partly responsible for this anemia may be the relative
inefficiency of bone marrow, temporarily unable to renew itself after the loss due to
hemalysis. The toxic effects of lead poisoning appear earlier in bone marrow than in the
blood stream. Nearly fifty times as much lead is found in bone marrow as in peripheral

blood (Waldron,1966). The mitochondria and the ribosomes of erythroblasts and the



"

reticulocytes are known to be damaged, leading to the formation of basophilic stippled
cells and abnormalities of heme synthesis. The hemolysis in lead poisoning appears to
depend chiefly on the fragility of the reticulocytes and the stippled cells, but the other
red cells are involved too. Moreover, the erythroblastic maturation is also altered
(Taketani et al., 1985; Osterode et al., 1999). The bone marrow eventually takes on a
typical hyperstimulated because of high hemolysis or ineffective erythropoiesis
(Waldron, 1966; Berk et al., 1970; Albahary, 1972). Howevr &, ‘th prolonged lead

exposure, erythroid hypoplasia may oceur (Leikin and Eng, 1963).

/s
As the mechanpismeaf lead interfetﬁmf an Ho synthesis is rather clear, but it is

uncertain on how lead ﬁfects the maturation of erythroid cells. Recently studies in

human hematopoit W

erythroid colony f

o call demonstrate-that lead can inhibit both myeloid and

ﬂ‘l @ dose-dependent manner. However, lead influences
gj’(‘lgvﬁf than-that upon the:myeloid cells (Boucher et al., 1998:
' — )

den Heuxah;et al., 1999). The mechanism leading to the

reduction of the nqt‘ clea;r.{.. It may be due to the effect of lead on the

A4 //5‘ ‘
mechanical fragility of cell membrane.@/adlng to cell hemolysis, or the other pathways
add N -

ot & '{1\‘\‘.--
3. Apoptosis | L)
Yy )

3.1. The In-::lﬁptlon of Apoptosis (Thompson, 1995 Israels et al., 1999)

Apaptosis and riecrosis-are two primafyprocesses of cell death. Cell death by
necrosis usually follows majan patholegical acute injury such as hypoxia, hyperthermia,
viral invasion, exposure to various exogenous toxins, or attack by complement. Necrosis
is characterized by\early rmitochondrial swelling and faiEum. dysfunction of the plasma
merribrane with loss of homeostasis, cell swelling, and rupture. The loss of cell
membrane integrity with release of cell contents, including proteases and lysozymes,
induces an inflammatory response are also the characterization of necrosis. Incontras.,
apoptosis, also known as programmed cell death, is the mechanism by which cells are

“silently” removed under normal conditions when they reach the end of their life span.
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The activation of apoptosis is regulated by many different signals that may originate
from both the intracellular and the extracellular milieu. These include lineage information,
deprivation of growth factors or cytokines (e.g..erythropoietin) and cellular damage_' :
inflicted by ionizing radiation , chemotherapeutic drugs, oxidants, free radicals or viral

infection.

Apoptotic cell death characterized by controlled autodigestion of the cell. Cells
appear to initiate their own apoptotic death through the activation of endogenou: *
proteases ( the caspase mechanism) (figure 3). This results in cytoskeletal disruption,
cell shrinkage, and membrane blebbing. Apoptosis also involves characteristic changes
within the nucleus. The nucleus undergoes condensation as endonucleases are
activated and begin to degrade nuclear DNA. Apoptosis is also characterized by a loss

of mitochondrial function. ~The dying cell maintains its plasma membrane integrity.

Activation of Cytotoxic
death receptars Tcells
Growth factor Endonuclease

withdrawal g l / activation

Central cell  ———» Prolease—» Cell surface—» Phagocytosis

death signal T activation alterations
pfi}’ T BCL2 _ {ICE) Cytoskeletal
DNA Metabolic or reorganization

damage cell cycle perturbations

Figure 3: A hypothetical model for the regulation of apoptotic cell death. As
diagrammed, the major end point ‘of apoptotic cell death is removal of the
dying ‘cell 'by. phagocytosis. 'Both the death repressor BCL 2 and ICE
(interleukin converting enzyme) are members of larger gene fémilies

(Thompson, 1995:1457).

However, there is altertions in the plasma membrane of apoptosis cell. The cell is

accompanied by a loss of membrane phospholipid asymmetry, resulting in the exposure
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of phosphatidylserine (PS) at the cell surface. Appearance of PS on the outer leaflet of
the plasma membrane plays an important role in th_e recognition and removeal of
apoptotic cells by phagocytic cells. Finally, there is disruption of the cytoskeletal
architecture, the cell shrinks and then fragments into a cluster of membrane-enclosed
“apoptotic bodies” that are rapidly ingested by adjacent macrophages or other
neighboring phagocytic cells. The rapid phagocytosis of apoptotic cells may prevent the
potential tissue damage resulting from the lysis of these cells. Therefore, this process

progresses without concomitant induction of an inflammatory response.

Apoptotic process may be sel’in“motion by: A) genes responding to DNA
damage; B) death signals received at the cell membrane (Fas ligand); or C) proteolytic
enzymes entering directly-info'the cell (granzymes). The final events, evidenced by the
changes in cell strueture and disassembly, are the work of specific proteases
(caspases). Although the death signal may be regulated by gene expression, the
process can be set in motion by diverse stimuli such as genotoxic damage or cytotoxic
damage.

In gene regulation of apoptesis: cell injury resulting in genotoxic events
activates p53, a transcription regulatory gene. The p53 protein can induce cell cycle
arrest in G1, allowing time for repair. In the event that DNA damage is more severe and
non-reparable, p53 perform its alternate role of moving the cell into apoptosis through
the Bax/Bcl 2 pathway. A high expression of the Bax group promotes apoptosis, while a
high expression of the Bcl 2 group inhibits apoptosis. Upon receipt of the apoptotic
signal, Bax proteins migrate and bind to the mitochondrial membrane, resulting in the
release of Cytechrome cCbindingita Apaf) 1| (apoptotic protease-activating factor) is
necessary for the subsequent activation of caspase mechanism, responsible for the
DNA fragmentation‘and cytological changes tharacteristic of apﬂpinsis.

In cytotoxic regulation of apoptosis: This event is initiated through the granzyme
system and the Fas/Fas ligand system. The granzyme system is operative in removing
pathogen-infected cells and tumor cells. Perforins and granzyme are secretory protein
of cytotoxin lymphocytes and natural killer cells. Upon receptor-mediated binding to a
target cell, these proteins are inserted into the cells and induce the apoptosis process.

Fas-Fas ligand; the alternative non-secretory mechanism of apoptosis is through
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activation of death receptors expressed on the cell membrane. Fas (CD 95), a cell-
surface receptor and a member of the tumor necrosis factor receptor (TNF-R) family, is a
transducer of the apoptotic signal. Fas ligand (FasL) is a member of the TNF family.
FasL, by binding to and cross-linking the Fas receptor, set the apoptotic process in

motion.
3.2. Apoptosis in Erythropoietic System

Both erythropoietic cell praduction and elimination are regulated by apoptosis.
The maintenance of the erythropoietic sjé{ﬂif;gﬂg_{EFU—E and CFU-E) is dependent upan
the presence of erythropoietin (EPQ); wuthdrawa!r of EFO resulls in apoptosis of these
red cell precursors«{Koury and Em.ﬁciuram.. 1990 Kelley et al., 1994}, In addition, the
sequential mrma!!ﬁ‘/ / proawt%mblast& basophilic, polychromatophilic, and
orthochromatic em{p!::,t i3 pnsﬁwe,iy regulated by EPO. EPO also serves to prevent

apoptosis in aaﬂ?r@b!ﬂsli{i‘iﬁﬂey et al, 1993). Circulating EPO will become

attached to its regep r%‘ inlhatmé a2 cascade of cytoplasmic phosphorylation

terminating in a gene- 'ugﬁtmg.,mgnali’ﬁoussouran et al., 1993; Haseyama et al., 1999).

This signal may promg!e cg}ﬂar malﬁﬂicatlnn or merely act as a survival factor

preventing apoptosis of ne‘ﬁﬂladarmedmémmr cells and proerythroblast (Koury and
Bondurant, 199{]&; Gregoli and’ BGMﬁlﬁm,ﬂ‘QQ?}. Be?ause of the low expression of

jalrh.,.r vulnerable in the absence

of EPO, which haSibeen shown 10 fepress apoptosisthrough the induction of Bel-XL, a
member of the BJJQ family involved in protection fror;.cell. death in a number of systems
(Gregoli and Bondurant, 1997, Chao.and Korsmeyer, 1998)..Released Bcl-XL may then
suppress cell death ‘pathway-that involve the activity' of APO 1, cytochrome ¢ and the

caspaseprotease caseade-(Downward, 1998).

By analyzing the DNA cleavage of highly purified human colony-forming unit-
erythroids (CFU-Es) generate from purified peripheral blood burst forming unit-
erythroids (BFU-Es), it was shown that EPO, insulin-like growth factor-l (IGF-1) and stem

cell factor (SCF), each reduced apoptosis of these cells (Muta and Krantz, 1993).
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Several other regulatory systems, including the interaction of death receptors
with their ligands, may be also involved in the physiological inhibition of erythropoiesis.
There are the reports concerning the involvement of Fas and FasL in the apoptosis
during erythroid differentiation (Dai et al., 1998; Maria, 1999). Fas is a major member of
death receptors family. Fas is rapidly upregulated in early erythroblasts and expressed
at high levels through terminal maturation. Molecular crosslinking of Fas by its ligand
(FasL) or by agonistic antibodies results in the sequential triggering of caspases

responsible for induction apoptatic cell death.

Cytokines or inflammatory factors able to increase Fas sensitivity in immature
erythroblasts are likely to alter the b:élance between EPO and Fas/FasL, with deleterious
effects on erythropoigsis. This may account for the potent erythroid suppression induced
by tumor necrosis factoret (TNF-ct) and interferon- y (IFN-y), which has been shown to
upregulate both Fas anc_leits.apnptatimﬁachinary (Maciejewski et al., 1995; Ossina et al.,
1997).

'

Furthermore, regent ‘study (Magata and Todokoro, 1999) indicates that
apoptosis during erythroid ri,ifférent'ratio&—fﬁwfrp]vas in C-Jun amino terminal kinase/stress-

activated protein kinase (JNEI/SAPK] aﬁngB. The p38 and JNIW/SAPK cascades are

o s

primarily activated by various environmental streéss.; osmotic shock, UV radiation, heat
shock, X-ray radiation, hydrogen peroxide, and protein synthesis inhibitors and by the
proinflammatory eytokines, TNF-ctand IL-1. These cellular stresses and proinflammatory
cytokines induce apoptotic cell death (Verheij et al., 1996). Stimulation of Fas also
induces activation of )p38 and JNKISARK (Gaillot et"al -1997; Juo et al., 1997). In
erythroid differentiation, activation of p38 and JNK/SAPK is _required for both cell
differentiation and, apoptosis, @nd the duration of their activation.may determine the cell
fate; cell differentiation and apoptosis. Activation for a short time cause erythroid
differentiation Ialthough its prolonged activation induced apoptosis (Nagata and
Todokoro, 1999).

3.3. Induction of Apoptosis by Lead
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The review summarizes current studies have been found that lead can induce
apoptosis in various cells, such as human lung epithelial cells (Singh et al., 1999),
human neuronal and glial cells (Scortegana and Hanbauer, 1997), rat cerebellar
neurons (Oberto et al.,, 1996) rat rod and bipolar cells (Fox et al., 1997 ; He et al.,
2000), and rat liver cells (Dini et al.,1999; Ruzittu et al., 1999),

There are many reports indicate that lead can generate reactive oxygen
species and oxidative damage resulting in the induction of oxidative stress and
stimulation of mitogenic signals (Stohs and Bagchi, 1995; Bondy and Guo, 1996;
Skoczylnska, 1997; Sieg and Billings, 1997, Adonaylo and Oteiza, 1999). In addition,
recent study (Ramesh et al., 1999) have shown that lead is also found to upregulate the
related kinase such'as mitogen activated protein kinase (MEK) and JNK (also known as
stress-activated protein kinase) in a dose and time-dependent manner. Therefore, it is
possible that lead may be able to induce apoptosis in erythropoietic system by the
activation of apoptotic caspase mechanism through the stimulation of mitogenic signals

or death signals.
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THE AIMS

Lead toxicity on erythropoietic system is one of the major causes of anemia in
lead-exposed people. Previous studies of lead toxicity on erythropoietic system were
performed in animal and human bone marrow or human erythrocytes. However it is
difficult and dangerous to aspirate the bone marrow from human. Moreover,
erythrocytes are not an appropriate model in this study because they cannot synthesize
hemoglobin. Lead toxicity study in this rs.‘s:;rch was thus performed on hemoglobin
synthesizing erythroid precursor .Gelis,*f};e%/pared from erythroid progenitor cells (BFU-Es)
in human peripheral blood munanuc]ééﬁmﬁ_py the two phase liquid culture (TPLC)

procedure (Fibach et al,, 1891). fherafare_. ﬂje"ﬁrst aim of this research is to prepare

=
.-

human erythroid ?ﬁ;elis by in witro technigue in sufficient amount, to use as the

model for the studyef |gédaxicity |

s are responsible for the continuous production of

: ;Hes:is. any effects on erythroid precursor cell
development may jal
resulling in anemia.
is relatively higher cnr‘{:entraﬁﬂﬁ mM marrow than peripheral bicod (Westerman

\ ‘--

et al.,1965; Waldrnn 1966 Berryﬂﬂ?g\) and this rpﬁ’y’ result in the exposure of the

: vl"lf} “of this metal, thereby leading to a

deleterious effef} of lead on these cells. Finally, the second aim of this research is to
study the effect of lead on the development of human erythroid precursor cells and its
involvement mﬂﬂqpmsisﬂf tha ﬂeu:s,_‘Tme resutrmay helpelucidating the mechanism of
lead toxicity on erythroid precursor cell and ﬁn‘alty give a better understanding on lead

induced anemia.
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RESEARCH METHODOLOGY

1. Preparation of Human Erythroid Precursor Cells

Human erythroid precursor cells serving as the model throughout this study
were prepared by two-phase liquid culture (TPLC) system from human erythroid
progenitor cells (BFU-Es) in the peripheral blood (Fibach et al, 1991). The procedure
was divided into two phase. The first phase, in the presence of a " ~itioned medium
containing burst-promoting activity, allowed the BFU-Es to proliferate and differentiate to
CFU-Es. In the second phase, CFU-Es undgrgone partial erythroid maturation by the
stimulation of specifie-growth factor, EPO. This procedure provided substantial numbers

of erythroid precursor cells jor the following studies.
2. The Study of Lead Toxicity 6n)_Human Erythroid Precursor Cells.

To understgﬁd _Ihgfﬂ}&{:h&ﬂi_%ﬁ ‘of lead toxicity, morphological assessing under
light microscope and flow qy;ametﬁc;jq{wa&ys‘ss were used to examine cell development
and apoptosis of erﬁélhrdid precursorli‘;;gll‘si after lead exposure. The combination of flow
cytometry which is a very powerful tecﬁnfﬁy:e in analytical cytology and the development
of menoclonal antibodies provides us !;#;ﬂuhe excellent tools for the analysis of human

hemopoietic cells.
2.1. Study Effect of Lead on Erythroid Precursor Cell Development

After early stage of erythroid precursor cell development, the cells were
continuedoto tulturelin the) s@me ‘medium’ with! or without lead acetate at various
concentrations. for, different _times, Two. cell surface. markers, glycophorin A and
transierrin receptor, were (sed to-define the matdration of-erythréid precursor cells. Flow
cytomelry was used to determine the expression of these cell surface markers. The cells
expressed both glycophorin A and transferrin receptor were identified as erythroid
precursor cells. Morphological observation under light microscope was also used to

identify erythroid precursor cell maturation. The viability of cells was determined by
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trypan blue exclusion assay using a hemocytometer and observed under phase contrast

microscope.

2.2. Evaluation of Lead Induced Apoptosis in Erythroid Precursor Cells

After cultured the cells in the medium with or without lead, the apoptosis of
erythroid precursor cells could be detected by monitoring the binding of fluorescein-
labeled annexin V to phosphatidyiserine (PS) on the outer leaflet of apoptotic cell
membrane by using flow cytometric analysis. Annexin V for flow cytometric detection of
PS expression is the simple and ragid method for apoptotic detection. The method uses
the binding of fluareseein isothiocyanate-labeled annexin V to PS, which is exposed on
the surface of apeptolic’ cells but not on viable cells. The method allows for easy

\ :
quantification of apoplesis. Since, annexin V binds te PS with high specificity, staining

¢

with annexin V ca_ufbe',usad as a'sp@iﬁc marker for apoptosis in the early phase where

the cell membrane is still infact. =
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THE EXPECTED OUTCOME |

rdr)

1. The method of human erythroid precursor cells preparation by in vitro technique.

The cells obtained serve as the model to study the mechanism of lead toxicity.

2. A better understanding on. the mechanism of lead toxicity on human erythroid
precurser cell developmentin orger lo educidate the effect of lead on erythropoietic
system

3.\ The knowledge from this research may further give a clear picture on lead induced

anemia.



CHAPTER IlI
METHODS

1. Erythroid Precursor Cells Cultures

Based on the finding of Clarke and Housman (1977) that the peripheral blood of
normal human contained a significant number-ef committed erythroid stem cells of high
proliferative capacity,-the cultures of human erythroid precursor cells prepared in this
study were derivedfrom the committed erythroid stem cells isolated from normal human

peripheral blood by the fwo-phase liquid culture procedure (Fibach et al., 1991).
1. Reagent'Prgparaﬁbn
1.1.1. Alpha-mineral essential medium (c=MEM), pH 7.4

o-MEM, pH 7.4 was f::repare;:l by dissolving 10.1 g «-MEM and 2.2 g.
NaHCO, in 1 liter of distilled water aﬂdﬁrﬁil‘gtﬂing to a desired volume. The pH of the
medium was adjusted to 0.2-0.3 below the final working pH (pH 7.4). The solution was

immediately sterilized by membrane filtration.
1.1.2. 45% Percoll solution

Fourty five percent of Percoll solution was prepared by mixing Percoll

reagent (containing 10% of 10xPBS) with 1xPBS in the ratio of 1:1(wiv).
1.1.3.-200 U Recombinant-human erythropoietin-(r-HUEPO)

Two hundred unit per milliliter of r-HUEPO was prepared by diluting 0.5
ml 2000 IU r-HUEPO with 10 ml a-MEM containing 5% BSA and sterilizing immediately

by membrane filtration.

1.1.4. 1 mg/ml Cyclosporin A
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One milligram per milliliter of Cyclosporin A was prepared by diluting 0.2
ml Cyclosporin A 50 mg/ml with 10 ml 2% FBS in a-MEM.

1.1.5. 0.15 M L-glutamine

One hundred and fifty mM of L-glutamine was prepared by dissolving
2.19 g. L-glutamine in 100 ml distilled water and sterilizing immediately by membrane

filtration.
1.1.6. 1X10° M Dexamethasone

One_mM of Dexamethasorie was prepared by dissolving 51.64 g.
dexamethasone with™ 100 mi absoluted ethanol and sterilizing immediately by membrane

filtration,
1.1.7. 10° M B-Mercaptoethanol

Ten mME of E-Mercaptoé'thancl was prepared by diluting 0.0697 ml

B-Mercaptoethanol in 100 mi oe-MEM and sterilizing immediately by membrane filtration.
1.2. Blood Sample Preparation

Platelet-rich buffy coats were prepared from freshly collected whole blood units
from normal doners at Thai Red Cross Society (TRCS), The ccllection bag of whole
blood was centrifuged at 5,108 xg for 10 minutes. All blood units were screened for Anti-
HIV, HIV-Ag, Anti-HCV, VDRL and HBsAg.

1.3. Two-Phase Liquid Culture

Before, isolation of\mononuclear cells, the ‘platelets suspended in platelet-rich
buffy coat were removed by centrifugation with two volumes of 1xPBS at 400 xg for 5
minutes. After removal of the upper layer containing platelets, the lower layer containing
buffy coat was transferred and layered on a gradient of Ficoll-Hypaque (density = 1.077
g/ml) in 50 ml tube. Equal volume of ficoll and buffy coat was used to optimize
mononuclear cells recovery. The solution was then centrifuged at 600 xg for 30 minutes,

afterwhich the interphase layer of mononuclear cells was collected (Figure 4). The
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mononuclear cells fraction containing lymphocytes, committed erythroid stem cells, and
other stem cells were washed with a-MEM at low speed (250 xg) for 5 minutes to
remove the remained platelet. After that, the cells were cultured into three 75 cm’ flasks
at a density of 5x10° MNC/ml, in primary liquid medium containing o-MEM
supplemented with 10% FBS, 1 pg/ml cyclosporin A and 10% conditioned medium (CM)
collected from culture of the 5637 bladder-carcinoma cell line. This CM contains a
variety of hemopoietic growth factors, not including erythropoietin (EPO). The culture

was incubated at 37°C in an atmesphere of 5% CO, in air with extrahumidity.

Following seven days in this pfimary culture, the nonadherent cells were
harvested and washed with a-MEM, After that, the cells were recultured in secondary
liquid medium compeséd of a-MEM, 30% FBS, 10% BSA, 1x10° M B-ME, 1.5 mM
L-glutamine, 1x10° M dexamethasone, 1 pgiml cyclosporin A and 1 U/ml r-HUEPO.
This secondary culturé was also incubated at 37°C in an atmosphere of 5% CO, in air

with extrahumidity.

After a 5-day of incubation in secendary culture, lymphocytes were removed by
the following steps. The cells‘were harvested, spun down, and the medium was saved.
The cells were suspended in-a smail volume of culture medium and layered on 45%
Percoll solution (density = 1.0585 g/ml) and centrifuged at 600 xg for 20 minutes. The
interphase layer containing proerythroblasts and trace amount of monocytes was
collected, washed with o-MEM, and resuspended in the save medium. The incubation
was continued. During incubation, phase contrast microscope was used to observe the
maturation.of epythroblasts.in the culture flask., In-addition the portion of cell suspension
(0.2 ml) was collected during incubation and transferred to determine cell morphology
under light- microscope.—Flow, cytometry -was- also wsed, to- analyse erythroblast

matudration in this culture.
1.4. Morphological Assessment

The morphology of cells were observed under light microscope after the cells
were stained with Wright's stain, The cell suspension was placed on cytospin chamber

and cytocentrifuged onto a glass slide at 1,000 rpm for 5 minutes using Cytospin 3.
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After cytocentrifugation, the cells were stained with Wright's stain for 5 minutes. Without
removing the stain, an equal volume of distilled water was added to the slide. The two
solutions were mixed and left standing for 4 minutes, afterwhich the slide was rinsed
with distilled water. The stained cells on glass slide were counted and identified for their

characteristic morphological appearance.
1.5. Evaluation of Erythroid Maturation by Flow Cytometry

Since the development of transferrin receptor and glycophorin A corresponded
to erythroid maturation, staining of these'twe markers followed by fluorescent analysis

with flow cytometry (Loken et al, 1987) would define the maturation of the cell.
Flow cytometric analysis

Flow cytemetic analyzer was used to analyse cell surface antigen of erythroid
precursor cells by the technique af immunoflucrescence. The procedure was as
following : At day 8" anmd day 12 of ‘sgéundary culture, the cells were harvested and
washed with 1%FBS// a-MEM, pH 7.4. Then, the cells were resuspended in small
volume of incubation buffer dnd stained with RPE-conjugated monoclonal mouse anti-
human glycopharin A and FtTC—GcniugatﬁEf monocional mouse anti-human transferrin
receptor (CD 74) and then incubated in dark at.4°G-for 15 minutes. After that, the

stained cells were pelleted and washec

that staining volume). Then, the cells were resuspended in the buffer and analysed by
flow cytometry using FACScan (Becton Dickinson) eguipped with 15-mW Argon ion
laser emitting at-488 nm blue Jinefor excitation-of fluorochromes. The emission photon
was detected using appropriate filters for FITC into FL-1 channel and for RPE into FL-2
channel. The data were collected for, 10,000 everts and therm analysed by Cell Quest 3.1
Software (Becton Dickinson). The cells that were positive for both glycophorin A and

transferrin receptor were exclusively of the erythroid precursor cells.
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2. Effect of Lead on Human Erythroid Precursor Cells

2.1. Evaluation of Erythroid Precursor Cell Development

Two cell surface markers, glycophorin A and transferrin receptor, were used to
define the maturation of erythroid precursor cells exposed to lead. Flow cytometry was
used to determine the expression of tese cell surface markers and morphological

.

observation under light microscope was used to identify erythroid precursor cell

maturation.
Flow cytometric analysis

Al day 7 in secondary culture, the cells were subcultured with a concentration of
1x10° cells/ml in10 ml of the same secondary medium supplemented with various
lead acetate coneentrations. After incubation for one and five days, respectively, the
cells were collected, washed to remove cell debris, and stained with RPE-conjugated
monoclonal mouse anti-human glycopherin A and FITC- conjugated monoclonal mouse
anti-human transferrin receptor {CD 71} as previously described (1.4). The expression
of both cell surface markers -were analysed by flow cytometry using FACScan. The
cells expressed both glycopholin A and transferrin receptor were identified as

erythroid precursor cells.
Morphology study and cell counting

After incubation with various lead acetate concentrations for one and five days,
respectively, 0.2 ml of cultured cells were collected and dividedtotwo portions. The first
0 ml portion'was taken to assess cell morphology by the method described in 1.3. The

second portion of 0.1 mil was taken for cell count (the method described in 2.4).
2.2, Evaluation of Apoptosis by Flow Cytometry

A loss of membrane phospholipid asymmetry, resulting in the exposure of

phosphatidylserine (PS) on the surface of the cell is one of apoptotic characteristics. The
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detection of PS on the outer leaflet of apoptotic cell membranes was performed by using
annexin V-biotin in conjugation with streptavindin-fluorescein. Annexin V preferentially
binds to negatively charged phospholipid like PS (Andree, 1990). The apoptosis of

erythroid precursor cells could be quantified with fluorescein-labeled annexin V.
Detection of apoptosis with annexin V-biotin

After ir‘ll:uDi:l "Zn with lead, the cells were collected, washed, and stained for both
cell surface markers as described to identify the erythroid precursor cells. PS on the
outer membrane was also stained with biotin-labeled annexin V. The procedure was as
followes:the culture cells were resuspended with 100 pl incubation buffer supplemented
with annexin V-biotin, RPE-cenjugated monoelonal mouse anti-human glycophorin A and
FITC- conjugated menoclenal mouse anti-human transferrin receptor. The suspension
was incubated in the dark at4°C for 15 minutes. After that, the stained cells were
washed once with ingubation buffer fo femove excess labeling reagent and stained
again with RPE/Cy5-conjugated streptavindin and then incubated in the dark at 4°C for
20 minutes. The cells were subsequently washed and resuspended in 0.3 ml incubation
buffer. The fluorescence stained celis were then analysed by flow cytometry for triple
labelled cells. The controlled sampie without anrexin V-biotin was prepared to set the
background correction. The population of cells labeled with annexin V above
background was determined as annexin V-positive cells: Flow cytometric detection was

performed as deseribed in 6.1,

3. Statistical Analysis

Statistical analysis was psrformad using ANOVA with repeated measurement

and multiple comparison by Bonferroni Test.
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RESULTS

1. Two-Phase Liquid Culture of Erythroid Precursor Cells

1.1. Mononuclear Cells Separation

The isolation-ef mononuclear eells from buffy coat of normal people by
centrifugation on Ficoll-Hypague (density = %077 o/ml) provided high cell number
collection. Using this'progedure, mononuclear cell vield reached 300-500 x10° cells per

blood unit.
1.2. Primary Phase (EPO-independent phase) Culture

After seven days in primary culture, the observation under phase contrast
microscope showed the appearance of olony forming cells (Figure 5A). These colonies
seemed to be CFU-Es, which are present in human bone marrow but are not normally
found in peripheral blood (Ogawa, M. et al, 1977). Since no CFU-Es were present in
the original penipheral-blood cell-population, the appearance of CFU-Es after 1 week in
this culture could be explained by proliferation and differentiation of BFU-Es. In addition,
after the nonadherent cells were harvested, it showed many types of cells adhered to
the plastic surface (Figure 5B.). Most of adherent cells seemed to be monocytes, which
differentiated into macrophages, and endothelial cells. Morphology of the nonadherent
cells at day.7 of primary culture observed under light microscope (Figure 8A) showed
that'the cultured cells composedof many lymphoéytes, macrophages,-myeloblasts, and
unidentified blasts including CFU-Es. The latter could not be identified because they
looked like small lymphocytes. Moreover, small amounts of proerythroblasts, the first
stage of erythroid precursor cells, were also observed (Table 2). Further proliferation

and differentiation of these CFU-E-like progenitors into erythroid precursor cells could

also occur in EPO-dependent phase.
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A : Nonadherent cells (100 X magnification)

B : Adherenticells (400 X magnification)

Figure 5 : Phase contrast microscopy of cultured cells at day 7 in primary culture. A lot
of colony forming cells {arrow) were observed in this culture (A). The

adherent cells consisted of macrophages and endothelial cells (B).



A .day 0 (400 x magnification)

Bl day 8 (400 magnification)

Figure 6 : Phase contrast microscopy of cultured cells at day 0 (A) and day 3 (B) in
secondary culture. At the beginning of secondary phase, many small
lymphocytes (arrow-head) were observed. The cells became dead and
fragmented into cell debris, whereas small amounts of proerythroblasts

{arrow) were also observed and increased considerably



B After lymphotyte separation (400 x magnifigation)

Figure 7 : Phase contrast microscopy of cultured cells at day 5 in secondary culture
before (A) and after (B) removal of lymphocytes. A lot of proerythroblast
colonies {arrow) were observed in this culture but the majority of cultured
cells were lymphocytes(A). After separation, the bulk of cells were

proerythrocytes
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1.3. Secondary Phase (EPO-dependent phase) Culture

After five days in EPO supplemented rhedium, the observation under phase
contrast microscope showed the appearance of many proerythroblast colonies.
However, a lot of small lymphocytes were also present (Figure 7A). Most of the
lymphocytes could be later removed from this population by separation on percoll, with
the basis of lower buoyant density of erythroid precursor cells (proerythroblasts and
early erythroblasts). Figure 7B showed that after the separation, the majority of the

culture consisted of proerythroblasts.

In addition, the obsemvation-of cell morphelogy under light microscope showed
that after three days |'n_ ERPO-supplemented medium, proerythroblast colonies appeared
(Figure 8B) with considerable degree of proliferation. As a consequence, many
proerythroblast colonigs were observed in day & of secondary culture (Figure 9A). After
the removal of lymphocytes, the bulk of Gultured cells consisted of proerythorblasts
which rapidly proliferated and maturated into the next stage of erythroid precursor cells.
As a result, the majority of culiured cells at day 8 were erythroid precursor cells
consisted of proerythroblasts, bas@ﬁ%ﬁlig and polychromatophilic erythroblasts
(Figure 9B). After that, basophilic er;rthrpblésls rapidly proliferated and maturated into
polychromatophilic erythroblasts. So that a lot of polychromatophilic erythroblasts
appeared at day10 in secondary culiure (Figure 10A). Polychromatophilic erythroblasts
continued to proliferate and maturate into the last stage of erythroid precursor cells
which still contained nucleus, orthochromatic erythroblasts. Therefore, many
orthochromatic Enythroblasis were Gbserved at day12'in Secandary culture (Figure 10B).
After 14 days in this medium, the number of cells declined and the erythroid precursor

célls started to'disintegrate-(Figure 141).



A : day 7 in 1° culture
-

e 9
B cday 3in 2% culture

Figure 8 * Light microscopy of cultured cells at day 7 in 1° culture {A) and day 3 in 2°
culture(B). After seven days in 1° phase, the culture consisted of large
amounts of lymphocytes and many blastic cells including CFU-Es. Small
amounts of proerythroblasts (arrow) were also observed. After three days in
EPO supplemented medium, proerythroblast colonies (arrow) appeared

whereas lymphocytes became dead (arrowhead), 400 ., magnification.



B! day 8 in2” culture

Figure 9 : Light-microscopy of cultured cells at day 5 (A) and day 8 (B) in 2° culture. At
day 5 in 2° phase, the culture consisted of many proerythroblast colonies
(arrow). After that, they grewn with high proliferation and maturation.
Therefore, at day 8 in 2° phase, the majority of the culture consisted of
erythroid precursor cells in the stage of proerythroblasts, basophilic (arrow)

and polychromatophilic erythroblasts{arrow head), 1,000 x magnification.



B day 12in 2% culture

Figure 10 Light imicrascopy. of cullured cells at day 10 (A)and day 12 (B) in 2° culture. At
day 10 in 2° phase, the bulk of erylhroid population were polychromatophilic
erythroblasts (arrow head), After that, the cells were rapidly proliferated and maturated
into orthochromatic erythroblasts. Therefore, at day 12 in 2° phase, the majority of the
culture consisted of enythroid precursor cells in the last stage with still contained

nucleus, the orthochromatic erythroblasts (arrow). 1.000 ., magnification.



Figure 11 : Light migroscopy. of cultured cells at day 14 in 2° culture. Many of dead
cells {(arraws) appeared in the cultured after 14 days in this phase,1,000 %

magnifigation.

Table 2 showed the percentage of each cell‘lype in two phase liquid culture.
The data indicated that, in the presence of EPO, the percentage of myeloid and
lymphoid cells ~decreased whereas the percentage of erythroid precursor cells

increased considerably and reached a maximum at day 12 in secondary culture.

Therefore, the cells of day12 incultture supplemerited with EPO were used for
further experimentoAtthis-stage more than 80% of the cells“were proliferating erythroid
precursor cells” and more than 75% of erythroid popllation” were at the stage of
orthochromatic and polychromatophilic erythroblasts. Less than 6% was the
contaminating lymphocytes. The total yield of erythroid precursor cells was 30.46 +

19.48) x10° cells per blood unit,
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Table 2 : Percentage of each type of blood cells in two phase liquid culture at

various days.

EPC-independent phase EPO-dependent phase
Gl types dayOof | day7of | daySof | dayBof | day10of | day12of
1° cultmr:ﬂu' 1°culture | 2° culture 2° culture 2° culture 2° culture
Proerythroblast 0 2 19 28 8 5
Basophilic
0 0 2 37 12 10
erythroblast
Polychromatophilic :
0 0 0 18 47 24
erythroblast
Orthochromatic
0 0 0 0 20 52
erythroblast
Myeloid cell 5 6 3 2 O 0
Macrophage 5 7 T 5 5 4
Lymphocyte and
90 85 69 10 8 5
unidentified blast
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1.4. Flow Cytometric Analysis

Since the maturation of erythroid precursor cells was characterized by the
increase in glycophorin A and relative decrease in transferrin receptor, the concept of

analysis was based on the guantitation of these two surface markers.

Flow cytometric analysis of erythroid maturation at eight and twelve days in
secondary culture was shown in Table 3 and Figure 12. These data showed that -fr.'.ay
B and 12, the expression of transferrm_,,ﬁ/a;epmr decreased slightly (81.17% to 76.83%),
whereas the expression of g_lytﬂpharin“'qj_(ir[ﬁ_fg_gased considerably (45.58% to 75.25%).
The forward light s-c;aiiar {FSC]I, :i_hmﬁnstfa‘li'ﬁg af the cell size (Figure 12 and 13),
showed that the €ells_at-the Jate !stage of maturation (day 12) had smaller FSC as
compared to lhoé‘é// ' :rﬁér-‘sta'ge&day 8). The expression of both glycophorin A and

ﬂé same cell was shown to be specific for erythroid precursor
cells. Using the gémbine ;’(ﬁiet‘:ﬁﬁ transferrin receptor and glycophorin A, the major
' \ 4

transferrin rece

ts ére;pres; t at day 12 of secondary culture representing the

mature nucleated red cell. It iﬁ@;easéé’frdi‘n 41.56% in day 8 to 70.01% in day 12. This

result indicated ,the mast t;rf/f;% papg@g fat day 12 of secondary culture consisted of
P ESTS P 2 ]
erythroid precursor cells. “The fesull Corresponded to that of cell count from
s So? ; \:’j{'..\‘;}‘. -
morphological ebsefvation under light microscope (Table 2).
y“a : J’ y

\7 )

—

|
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Table 3 : Flow cytometric analysis of erythroid precursor cells at day 8 and

day 12 in secondary culture. It showed glycophorin A and/or

transferrin receptor (CD 71) expression.

subject Day in %Erythroid surface markers
numkber 2" culture | Glycophorin A (+) CDT71(+) Glycophorin A (+) / CD 71 (+)
1 8 30.80 65.27 34.50
12 62.44 57.05 55.70
2 8 32.18 86.32 30.97
12 85.61 71.52 65.35
3 8 37.717 73.39 36.64
12 77.07) 86.55 80.36
[« 8 52.00 94.28 35.81
12 77.24 91.42 69.95
5 8 55.60 74.96 53.98
12 66.67 72,02 70.11
6 8 58.03 |5 9447 57.42
12 79.43 90.43 68.63
7 8 52.81 79.52/ 41.86
M2 78.24 68.94 79.99
mean %+ SD 8 4558 £ 11.59 | 81.17 £11.03 41.56 +10.23
mean£tsp | 12 7525+ 7.95 | 76831+ 12.89 70.01 £ 8.52
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Figure 12 : Flow cytometric analysis of erythroid precursor cell maturation.

The expression of erythroid surface markers, transferrin receptor (CD 71)
and glycophorin A, was displayed at day 8 (A,C,E) and day 12 (B,D,F) of
the culture. The more maturation was indicated by higher glycophorin A

expression and lower transferrin receptor expression.
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Figure 13 : Correlation between forward scatter (FSC) and side scatter (SSC)

of the cells at day 8 (A) and day 12 (B) of the culture. The cell size
was detected by FSC and granularity of cell was detected by SSC. At late
stage of maturation (day 12), most of the cells displayed lower FSC as

compared-tothe-early stage-(day 8).



41

2. Effect of Lead on Human Erythroid Precursor Cells

2.1. Effect of Lead on Erythroid Precursor Cells Development

After seven days in secondary medium containing EPO, the culture generated
cells that predominantly consisted of erythroid precursor cells. The cells induced with
EPO were subseqi ﬂ*’rlv cultured for one and five days in the presence of various lead
concentrations. The r1ﬁmber of viable galls ( trypan blue negative cells ) was measured.
As shown in Figure 14, the number of viable cells decreased slightly at 0.5 ppm lead
acetate concentration. The decreased was significant at high concentration of lead
{ 2 1.0 ppm). This indicated that, the survival of erythroid precursor cells was markedly
inhibited by lead in a.dose-dependent manner at |ead acetate concentration = 1.0 ppm

(Table 4).

Percentage of viable gell number which was comparable to the control (0.0ppm
Ph) after lead exposure for ane and five days was shown in Figure 15. The decrease of
cell viability was noted after one day exposure. At lead acetale concentration =2 1.0 ppm,
the percentage of viable cell number was decreased after one day exposure (from
100% to 74.28, 48.27, and 39.84% at lead aceiate concentration ot 1.0, 2.0, and 4.0
ppm, respectively) and the decrease was more pronounced after five days exposure
(from 100% to 40.64, 34.14, and 16.91% at lead acetate concentration of 1.0, 2.0, and
4.0 ppm, respectively). At lower lead acetate concentration (0.5 ppm), the marked
decrease of cell viability-could also be detected but with longer incubation time ( from
100% to 63.52%). This Indicated that, the decrease in erythroid precursor cells viability

by lead was also time-dependent.

The study of cell morphology (Figure 16-21) showed that in the presence of
lead, the cells could still maturate ’and reach the last stage of erythroid precursor cells
which still contained nucleus (orthochromatic erythroblasts). At low lead acetate
concentration (Pb <0.5 ppm), the survival of erythroid precursor cells was not inhibited

by lead, the cultured cells consisted of many viable cells in the stage of proerythroblast



=]

Cell number (x10 cells/ml)

Lead acetate concentration (ppm)

Figure 74 The number of viable cells after exposed to
various concentrations of lead acetate

when compare to the control ([E ) for

one( &l }Jam:l five( .}-::lays.
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Table 4 : Effect of lead on the number of viable cells. Cell viability on day 1 and

day 5 of lead incubation was determined by the trypan blue exclusion

assay.

Pb concentration | Viable cell number ( X10° cells/ml) %Viable cells
” (ppm) Day 1 Day 5 Day 1 Day 5
0.0 (control) | 2.10%1.70 3.45 £3.72 100.00 100.00
0.5 1.86 1 1.40 2.624 3.30 91191592 | 63.52+17.21
1.0 1.14 £ 0.45 1671204 |74.281%40.51 | 40.64 +11.12
2.0 0.82+t 041 1.21 £1.39 |48.27£22.77 | 34141360
4.0 0674030 0.54 X 0.51 39.84 = 14.90 | 16.91 £ 2.87
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BI04 ppm Ph/ day 1

Figure 16 : Light microscopy of cultured cells at day 8 in 2° culture after exposed to
0.0 (A) and 0.1 (B) ppm lead acetate for one day ( 1000 X magnification).
In the absence(A) and presence(B) of lead, the culiure consisted of a large number of
viable cells, most of erythroid population were proerythroblasts (arrow) and basophilic

erythroblasts (arrow head).



Figure 17 :
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B 0.3 ppmPb/ day &

Light microscopy of cultured cells at day 12 in 2" culture after exposed to
0.1 (A) and 0.3 (B) ppm lead acetate for five days (1000 X magpnification).
In the absence(A) and presence(B) of lead, the culture consisted of a large number of
viable cells, most of erythroid population were polychromatophiliclarrow) and

orthochromatic enythroblasts {(arrow head).
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- L I

B:1.0ppmPb/day5

Figure 18 : Light microscopy of cultured cells exposed to 1.0 ppm lead acetate for one
and five days (1000 X magnification). In lead containing medium, many
abnomnal erythroid precursor cells with cyltoplasmic blebbing (arrow) were

observed. However, apoptotic cells (arrow head) were also observed.
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B:3.0 ppm Pb/day5

Figure 19 : Light microscopy of cultured cells exposed to 3.0 ppm lead acetate for one

and five days (1000 X magnification}. In lead containing medium, many abnormal

erythroid precursor cells,
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B:20ppmPb/fday5b

Figure 20 : Light microscopy of cultured cells at day 12 in 2" culture after exposed to
0.0 (A) and 2.0 (B) ppm lead acetate for five days(1000 X magnificatior). In
the absence(A) and presence(B) of lead. the late stage of erythroid precursor cells,

polychromatophilic (arow) and orthochromatic erythroblasts(arrow head) were also

observed in the both conditions,



A 2.0 ppm Pb / day 1

B:4.0 ppm Pb/day 1

Figure 21 : Light microscopy of cultured cells at day 8 in 2" culture after exposed to
2.0 (A) and 4.0 (B) ppm lead acetate for one day (1000 X magnification).
In lead containing medium , many dead cells (arrow) were observed wherease the

mitotic cells (arrow head) were also observed.
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and basophilic erythroblast at day 8 of secondary culture (Figure 16) and in the stage of
polychromatophilic and orthochromatic erythroblast at day 12 of secondary culture
(Figure 17). Whereas._.a considerable number of dead cells were detected when |lead
acetate of concentration = 1.0 ppm was added to the medium (Figure 18 - 21). Most of
them were cytolytic cells, apoptotic cells were also observed at a less extent. Therefore,

cytoplasmic damage may be a major cause of cell death caused by lead.

In addition, norr;ﬁumelric analysis detected the expression of glycophorin A
and transferrin receptor on day 8 and day 12 in secondary culture (Table 5). This
showed that during maturation, in the presence or absence of lead, the expression of
transferrin  receptor “decreased slightly (Figure 22), whereas the expression of
glycophorin A increased considerably (Figure 23). Moreover, at the same day, the
percentage of erythroid precurseor cells (the cells expressed both of glycophorin A and
transferrin receptor) in the absence and presence of lead were nearly the same (Figure
24), Although, the inhibition of cell viability by lead was dose-dependent but the

maturation of erythroid precursor cells still proceeded.
2.2. Lead Induced Apoptosis in Erythroid Precursor Cells

Morphological study showed that, eventhbugh the decrease in erythroid
precursor cells viability with lead exposure caused by cytoplasmic damage, the
apoptotic cells were also observed. This implied that an internal suicide program
(apoptosis) may also serve as a mechanism of cell death by lead. Flow cytometric
analysis was used to detect apoptotic cells by-monitoring the binding of fluorescence-
labeled annexin V to phosphatidylserine on the outer, membrane of apoptotic cells.
According to the staining of two erythroid “surface markers, glycophorin A and
transferrin receptor(CD 71}, the cells-expressed both of .enythroid surface markers were
identified as erythroid precursor cells and gated to detect apoptotic cells. Total count
was fixed at 10,000 events, the percent of annexin V-positive cells represented

apoptotic cells (Figure 25).



Table 5 :

a2

Flow cytometric analysis of erythroid precursor cells after lead

exposure for one and five days. It showed percentage of erythroid

apoptosis (mean £ SD) and percentage of erythroid surface marker (mean

+ SD) ; glycophorin A and / or transferrin receptor (CD 71) expression.

Day of [Pb] % Apoptosis Y%Erythroid surface marker
L (ppm) | AnV(+),GlyA(+), GlyA{+) CD71(+) GlyA(+),CD71(+)
exposure CD71(+)
Day1 | 0.0 1596 £ 6.39 | 40.65£10.22 | 84.66 £10.54 | 34.37 £2.96
0.5 17181495 | 4471791 | 869811009 | 37.051+7.03
1.0 22731094 | 46.76%k544 | 8474E 045 | 3761E7.71
2.0 2403+587 | 46991961 | 89.6416.15 | 41301067
4.0 320971473 | 45161539 | 8316+ 1084 | 3533%4.79
Day5 | 0.0 19.394_? 353 | 75.06E£11.80 | 83.16 1037 | 71.89*%7.69
0.5 1961 +452 | 7390%1074 | 82.08+£9.75 | 73.691+9.32
1.0 25471460 | 7544%X7.45 | 83.39+7.70 | 70.20+8.40
2.0 32811663 | 7285+894 | 86.50%t219 | 74.77%3.78
4.0 44.13:!:9@5 71.05+£11.40 | '81.21£4.08 | 75621632
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(A-C) and five (D-F) days.
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(CD 71)

expression on the cultured cells after exposed to 0.0, 1.0, and 2.0 ppm

lead acetate for one (A-C) and five (D-F) days. The cells that were positive

for both glycophorin A and transferrin receptor were identified as erythroid

precursor cells.
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Figure 25 : Flow cytometric analysis of erythroid precursor cells at day 12 of secondary
phase. The erythroid precursor cells positively stained for glycophorin A and
transferrin receptor ( A and C ) were gated and analysed for annexin V-
staining ( B and D).
A and B = The controll sample without annexin V-staining.

C and D = The sample with annexin V-staining.
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The scattergrams of apoptosis in erythroid precursor cells after exposed to
various lead concentrations were shown in Figure 26-27. After lead exposure for one
and five days, the percent of annexin V-positive cells was nearly unchanged at 0.5 ppin
lead acetate concentration but increased considerably at lead acetate concentration =
1.0 ppm (Table3). This indicated that, the apoptosis of erythroid precursor cells was
induced by lead in dose-depentdent manner at lead acetate concentration = 1.0 ppm

(Table 5). o

Time-course of the lead effect on apoptosis in erythroid precursor cells (Figure
28) showed that, after lead acetate exposure-at concentration 0.0 and 0.5 ppm, the
percent of apoptotic cells (annexin V-positive cells) increased slightly with time.
Eventhough the percentof apopiotic cells in 0.0 and 0.5 ppm lead acetate was nearly
the same, after the exposure o lead acetate at concentration = 1.0 ppm, the apoptosis
increased considerably with time and higher than the control. Therefore, the effect of
lead on apoptosis in erythroid precursor cells after lead acetate exposure at

concentration = 1.0ppmwas time and dose-depentdent.

In addition, the gorrelation between the percent of apoptotic cells and viable
cell number was also shown (Figure 29), After exposure to low lead acetate
concentration (0.5 ppm), both the percent of apoptotic cells and viable cell number after
lead exposure for one and five days were nearly the same. However, at higher
concentration of lead acetate (= 1.0 ppm), the percent of apoptotic cells markedly
increased while viable cell number decreased. Therefore, apoptosis of erythroid
precursor cells mwas~induced) by, lead may, becone~of-the-mechanism of cell death

resulting in the decrease of viable cells.
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Figure 26 : Apoptosis of erythroid precursor cells exposed to 0.0 (A), 0.5 (B), 1.0 (C),
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were analysed by flow cytometry. The erythroid precursor cells that
expressed both glycophorin A and transferrin receptor (CD 71) were gated

and analysed for apoptosis by the appearance of annexin V-binding cells.
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Figure 27 : Apoptosis of erythroid precursor cells exposed to 0.0 (A), 0.5 (B), 1.0 (C),

2.0 (D), and 4.0 (E) ppm lead acetate for five days. After staining, the cells

were analysed by flow cytometry. The erythroid precursor cells that

expressed both glycophorin A and transferrin receptor (CD 71) were gated

and analysed for apoptosis by the appearance of annexin V-binding cells.
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Table 6 : Flow cytometric analysis of erythroid precursor cells at day 1 and

day 5 after various lead concentrations exposure. It showed the

percentage of erythroid apoptosis \annexin V-positive cells of CD71 and

glycophorin A ) and the number of viable cells.

Day 1 3 Day 5
[Pb] cell number % Apoptosis cell number % Apoptosis
(ppm) (x10° AnV(+), GlyA(+), | (X10° cells/ml) | AnV(+), GlyA(+),
cells/iml) CD71(+) CD71(+)
0.0 210+ 1.70 15.96 + 6.39 3.45+£3.72 19.89 + 3.53
0.5 1.86. 1740 17.16 £ 4.95 2,62 +3.30 19.61 £ 4.52
1.0 1.14£0.46 22,731+ 0.94 1.67 £ 2.04 25.47 = 4.60
2.0 0.82 £ 0.41 24.93 & 5.87 1.21+£1.39 32.81 £ 6.63
4.0 0.67 +£0.30 32.97% 4.73 0.54 +0.51 44,18 1 9.06
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Figure 23. Time-course of lead effect on apoptosis of erythroid precursor cells.
The exposures were with —e—0.0 ppm, —e—0.5ppm,
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lead acetate for one, three and six days.
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Figure 24: Apoptosis and cell viability of erythroid precursor cells during culture

at various concentrations of lead for one (

) day and
five ( ————) days . After incubation with moderate concentration of
lead (0.5 - 4.0 ppm), the percentage of annexin V-positive cells ( & )
increased with lead concentration whereas the number of viable

cells (trypan blue-negative cells) ( A ) decreased.

62



CHAPTER V

DISCUSSION
1. Development of Human Erythroid Precursor Cells in TPLC
a

Since the peripheral blood of nermal human contained homogeneous population
of early erythroid progenitor cells, BFU-Es (Claike.and Housman, 1977), the white blood
cell fraction (buffy coat) separated from whole bloed unit of normal donor at TRCS was
used as the starting malerial in this study. The development of human erythroid
precursor cells from BFU-Es‘cotild be accomplished in TPLC. BFU-Es were easily
separated from the iuiffy sCoat by ficoll-hypague density gradient centrifugation.
Because of their lower buoyant dEI_'_If.i.i-l}F. lymphocyies, monocytes and other
mononuclear cells were packed on .t!ae' ficoll  selution while granulocytes and
erythrocytes, the higher buoyant density cells, were sedimented through the solution.
Therefore, the harvested mononuclear cell fraction contained a high proportion of

lymphocytes, monocytes and also BFU-Es which looked like small lymphocytes.

In primary phase. mononuclear cells were cultured.in the medium supplemented
with FBS and conditioned medium derived from the 5637 human bladder carcinoma ceil
line cultures. The conditioned medium provided erythroid burst-promoting activity (BPA),
the important growth factorfor erythroid progenitor development (Iscove,1977; Mayers,
et al., 1984: Lipton and Nathan, 1987). Therefore, during primary phase, early erythroid
progenitor cells (BFU-Es) proliferated-and differentiated into late erythroid progenitor
cells (GFU-Es). Mareover, the growth factors presented in conditioned medium, such as
granulogyte-monocyte colony stimulating factor (Gh.'CSF), could stimulate myeloid
progenitors (Burgess and Metcalf, 1980). So that, granulocytes and macrophages were

also developed. However, EPO was absent in the conditioned medium.

Under one week in EPO-independent phase, many colonies of CFU-Es were

developed from BFU-Es by the stimulation of specific growth factors from the



conditioned medium. However, small amounts of early erythroid precursor cells,
proerythroblasts, could develope from CFU-Es in this phase. These cells may be
stimulatec by tiace amounts of EPO in FBS that were supplemented in primary medium.
Since monocytes and macrophages were adherent cells, they were easily separated
from the non-adherent CFU-Es by harvesting. Lymphocytes, the interference of erythroid
precursor cell development, were depleted by addition of the lymphotoxic drug
(cyelosporin A) 4 s drug could inhibit the activation and proliferation of lymphoid cells
(Borel and Ryffel, 1985). After seven days in primary phase, the non-adherent cells
containing a high proportion of CFU-Es apd lymphocytes were harvested leaving the
monocytes and macrophages behind, Hemopaoietic growth factors from primary medium

were removed by the washing proacess before reculiured in secondary medium.

In secondary phase, CFU-Es were cultured in the medium supplemented with
the specific growth faetor for erythroid precursor cell development, EPO (Liboi et al.,
1993; Adamson, 1994; Kirby et al., 1996). Since the development of CEU-Es into
erythroid precursor cells required EPO (Eaves, 1978), during EPO-dependent phase,
erythroid progenitor cells (CFU-Es) could proliferate and mature into erythroid precursor
cells. The colonies of proerythroblast, the first stage of erythroid precursor cell, were
developed after three days in this phase. By the stimulation of EPO, proerythroblasts
continued to proliferate and mature into the next stage of erythroid precursor cells

(Craber and Kraniz, 1978).

Although lymphotoxic drug was added, the culture still contained large amounts
of lymphocytes.«In order toidecrease the interference of lymphocytes and collect pure
population of erythroid precursor cells at early maturation stage, 45% percoll was used
to separate lymphocytes. After the development of large amounts of proerythroblasts,
most.of the lymphocytes were removed by percoll density gradient centrifugation.
Lymphocytes, the higher buoyant density cells, were sedimented through the solution
leaving the lower buoyant density proerythroblasts on the percoll solution. Without the
interference of lymphocytes, erythroid precursor cells could develop with high
proliferation and maturation. After twelve days in secondary phase, by the stimulation of

EPO, the cells reached maximum number and maturation of the last stage of erythroid
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precursor cells which still contained nucleus (orthochromatic erythroblasts). In the
absence of the appropriate growth factors, myeloid progenitors largely disappeared.
Therefore, at day 12 of secondary phase, more than 90% of the cell population were

erythroid precursor cells,

Human erythroid precursor cell development in TPLC could be demonstrated
with flow cytometry by analyzing the expression of two cell surface mp‘:cers. glycophorin
A and transferrin receptor. In the stage of erythroid precursor cell, the cell expressed
both of glycophorin A and transferrin receptor. Glycophorin A appeared only on the
erythroid lineage (Langlois et al.,1985; Loken et al.,1987). This antigen appeared at the
early stage of erythroid precursor cell (proerythroblast) just after the late erythroid
progenitor cell (CFU-E) and rapidly reached maximum expression by the intermediate
stage of erythroid precursor cell. During further maturation, the amount remained
constant (Figure 2)./Transferfin receptor began to express at the early erythroid
progenitor cell (BFU-E) and reached maximum before glycophorin A expression. The
expression of tranaferrin receptor progressively declined during further maturation and

disappeared at the late reticulocyte stage (Loken et al., 1987).

With cell surface antigen expression and light scattering characteristic, one
could demonstrate the progressive change during cell'maturation. This study showed
that, after eight ‘days in EPO-dependent phase (Figuie 12 and 13), most of cells
displayed anti-glycophorin A from intermediate to dim, CD 71 bright, and forward light
scattering (FSC) from intermediate to large. This indicated that, the culture contained
predominantly «€arly, erythroid ~precursor! cellsIn this stage, the cells were larger
compared to the later stages and expressed intermediate to high levels of glycophorin A
and" high “level’| of transferrin| receptor.” This result corresponded to that from
morphological analysis, which demonstrated that most of the cells in this population
were proerythroblasts and basophilic erythroblasts (Table 2). After twelve days, most of
the cells displayed anti-glycophorin A bright, CD 71 from intermediate to bright, and
FSC from low to intermediate. This indicated that, after twelve days, the culture
contained predominantly late erythroid precursor cells. These cells expressed high

levels of glycophorin A and transferrin receptor. However, during maturation, the



expression of transferrin receptor decresed gradually while glycophorin A expression
increased markedly. Since the cell size in late erythroid precursor cell was smaller than
the early erythroid precursor cell, the Ceils in the late stage displayed lower FSC. This
result corresponded to the morphological analysis which demonstrated that most of
cells in this population were polychromatophilic and orthochromatic erythroblasts

(Table 2).

i
Therefore, after cultured in EPC-oependent phase, the cells could develop from

the early to the late erythroid precursaor cells. Glycophorin A expression served as a
good marker in monitoring the developmentof enythroid precursor cell. However, since
the cultured cells could not-be developed to reticulocytes in this culture, most of the
cells at day 12 of the secondary phase siill contained a high level of transferrin receptor

and was suitable for.the consequent study on the uptake of lead.
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2. an E roi Cells

2.1. Effect of Lead on Erythroid Precursor Cell Development

It has long been known that lead disturbs the Hb synthesis in erythroid
precursor cells which leads to anemia but it is unclear that how lead affects the cell
development. By using human erythroid precursor cell cultured in vitro, it was found that
although lead caused the decrease of erythroid precursor cell survival, the cells coula
still mature to the stage of orthochrematic erythroblast. The result is similar to the effect
of lead on Friend leukemia cells and rat bone marrow cells (Taketani et al., 1985). It is
possible that, at lead acetate concentrations used in this experiment (0.1-4.0ppm), the
inhibition of Ho synthesis s incomplete and the amount of Hb remained is sufficient to

allow cells undergo'the maturation process.

However, the viable cell number of human erythroid precursor cells in lead
contained medium was markedly reduced at lead acetate concentration = 1.0 ppm and
the inhibition was dose and time-dependent. The suppressive effects of lead on
erythroid precursor cell survival may be explained, at least in part, by the effect of this
metal on the amino acid sulfiydryl (SH) groups. These groups are found in many
enzymes involved in the maintenance of membrane related function including osmotic
resistance and mechanical fragility of cells. There are many reports indicate that lead
can produce membrane damage in immature and mature red blood cells both in the
marrow and in the peripheral blood resulting in the cell cytolysis or hemolysis
(Westerman et al., 1985, Waldron, 1966; Albahary, 1972; White and Selhi, 1975;

Lachant, Tomoda and Tanaka, 1984).

The morphelogical study in this experment indicated the presence of many
cytolytic cells in erythroid precursor cell culture after lead exposure at lead acetate
concentration = 1.0 ppm (Figure 18-21). The mechanism of lead induced cytolysis on
these cells may be due to its effect on the inhibition of ATPase, leading to cellular loss of
K" (White and Selhi, 1975). The second possible mechanism may be the impairment of

pyrimidine 5 nucleotidase activity which causes accumulation of nuclectides leading to

o
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the inhibition of the pentose phosphate shunt (Lachant et al,1984) and promote cytolysis
{Paglia et al., 1977). Other pathways which decrease osmotic resistance or increase

mechanical fragility of the cells may also be responsible the cytolysis.
6.2. Lead Induced Apoptosis in Erythroid Precursor Cells

The morphological study in this experiment also observed apoptotic cells in
erythroid precursor cell culture after lead exposure. In aduuﬁ..:, flow cytometric study
could also detect apoptotic cells in the erythroid population. The apoptosis of erythroid
precursor cells was induced by lead in _lime and dose dependent at lead acetate
concentration 2 1.0 ppm (Figure 28). These finding leads to the conclusion that lead
induced apoptosis may beapether supressive effect of lead on erythroid precursor cell
survival. Although the molecular mechanisms underlying the apoptosis induced by lead
in these cells are wncertain, three possible triggering mechanisms have been

suggested.

The first mechanism may be the genotoxicity of lead. Genotoxic damage
including DNA single or doublé-strand Breaks or nuclectide deprivation can activate a
cascade beginning with the-DNA-binding transcription factor p53 whose targets induce
either growth arrest or entry of the cell into the apoptotic pathway. Since, lead can
induce genotoxic damage by interaction with DNA rtepair processes leading to an
enhancement of -genotoxicity in combination with a variety DNA damaging agents
(Zelikoff et al., 1988; Roy and Rossman, 1992; Hartwig, 1994) and DNA strand breaks at
toxic concentrations (Hartwig, 1995; Ariza et al., 1998). It is possible that, apoptosis in
erythroid precursor cells' may be induced by the genotaxic effect of lead on its DNA.
Cell injury resulting in_genotoxic effect of lead may_activate p53, a transcription
regulatory gene. The p53 protein product is a regulator-of DNA transcription, it binds
directly to DNA, recognizes DNA damage. If cellular damage is considered .re;:}arable,
p53-induced cell cycle arrest allows time for DNA repair. With more extensive damage,
to prevent the cell with an impaired DNA sequence from proliferating as a defective or

malignant clone, p53 moves the cell into apoptotic pathway.
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Therefore, apoptosis may occur in the cell that receives high extensive cellular
damage such as high dose of lead or prolonged lead exposure that lead to DNA
damage is more severe and non-repairable, p53 performs its alternate role of moving

the cell into apoptosis.

The second mechanism may be the direct disturbance of lead on mitochondria.
The mitochondria are among the cellular structures that are particularly sensitive to lead.
Studies using *®pb and * Pb have shown the tendency of lead to accumulate in the
mitochondria (Castellino and Aloj, 1969; Barlirop et al., 1974). Electron microscopic
study of erythroblasts in lead poisoning patients shows many grossly swollen
mitochondria in the cells (Jensen, Moreno, and Bessis, 1965). Mitochondria are now
considered major players in the apoptosis process of mammalian cells (Susin, Zamzami,
and Kroemer, 1998}.-‘The ‘opening of the mitochondrial permeability transition pore (PTP)
lead to apoptogenig’ protein release, including cytochrome ¢ or apoptosis inducing
factors (AIF), then cause gaspase activation which cleave downstream death substrates
and activate endonuclgasgs that cleave genomic DNA into fragments resulting in the
apoptotic nuclear morphology (Figure 30). The mitochondrial PTP, a megachannel in the
inner mitochondrial membrang, is opened Dy a variety of apoptotic inducers such as
elevated matrix Caz'. pro-exidants and thiol-reactive agents (Susin et al., 1998; Ichas
and Mazat, 1998; Bernardi, 1999). In addition, from the report of He et al.(2000) shown
that calcium (Gaﬂ} and/or lead (PbﬂJ induced mitochondrial depolarization, swelling
and cytochrome ¢ release resulting in rod cell apoptosis. The result suggested that
Ca”’and Pb** bound to the interfial metal (Me* ') binding site of the PTP and induced its
opening lead to, cytochrome ¢ release and subsequently activation of caspase-9 and

caspase-3 which induce apoptotic‘Cell death.

Since the mitochondria of erythroid precursor cells are known to be disturbed by
lead (Albahary, 1972). In addition, lead is reported to alter Ca”* homeostasis and this
alteration have often been associated with mitochondrial mechanisms (Rosen and
Pounds, 1989; Simons, 1993b). A disruption of Ca®* homeostasis with an increase of
cytosolic Ca’ level lead to the mitochondrial PTP opening (Bernardi and Vassaneili,

1992; Zoratti and Szabo, 1995; Macho et al., 1996). Thus, it is possible that lead may
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Figure 30 : Caspase and nuclease activation after release of soluble proteins
from mitochondria.  Several different factors are released from
mitochondria during apoptosis : AIF (which is associated with the
intermembrane space), cytochrome ¢ (in the intermembrane space) and

Apaf-1| (associated with' the mitachondrial surface, probably with Bcl-2).
Whereas AIF_suffices_to_protealytically activate caspase-3 and nuclear
endonucleases, ‘cytochrame ¢ has to interact with additional proteins in the
so - called ‘apoptosome’. The apoptosome implies the participation of
cytochrome ¢, Apaf-1 (which binds ATP) and Apaf-3 (caspase-9), which
together activate pro-caspase-3. Caspase-3 cleaves and activate DNA

fragmentation factor (DFF), which then activates endonucleases ( Susin

et al., 1998: 160).
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produce apoptosis in erythroid precursor cells by the induction of Ca’ overload. After
that Pb*’and Ca’" may have an additive effect on the mitochondrial PTP. The possible
mechanism may be the binding of Pb’‘and Ca®" to the matrix Me®" binding site of the
mitochondrial PTP and subsequently open the PTP, which initiate the cytochrome c-

caspase cascade of apoptosis in the cells.

The last mechanism may be the indirect effect of lead on apoptosis production
through the generation of reactive oxygen species (ROS). It appears that several
pro-apoptotic signal transduction pathways.can induce the mitochondrial PTP (Figure
31). Change in cellular redox potentiale due to an enhanced generation of ROS,
depletion of non-oxidized glutathione, or depletion of NAD(P)H suffice to induce or
facilitate the PTP (Zoratti and Scabo, 1995, Bemnardi, 1996; Bernardi and Petronilli,
1996). There are many reports indicate that lead can deplete glutathione and generate
ROS such as superexide ien, hydrogen peroxide and hydrogen radical (Stohs and
Bagchi, 1995; Sandhiil and GILL{ 1985; Bondy and Guo, 1996; Skocazylnska, 1997,
Ariza, Bijur, and Wiliams, 1998; Hunaiti and Soud, 2000). Moreover, lead also
upregulate the related kinases 'including mitogen activate protein kinase (MAK) and
c-Jun amino terminal kinase (JNK) (Romesh et al., 1995). JNK (also knows as stress-
activated protein kinase) and p38 subgroups of MAK have been suggested to play a
critical role in signal transduction of apoptotic cell death in erythroid precursor cells
(Magata and Tedokoro, 1999). ;JNK and p38 are also activated by ROS such as
hydrogen peroxide (Kyriakis et al., 1994; Wang and Ron, 1996).

Thug, the gereration of) ROS (may be-ancther, possible mechanism of lead
induced apoptosis in human erythroid precursor cells. It is possible that lead induced
apoptosis may be triggered by the generation ©of ROS which induce the PTP opening

andinduce apoptosis through the activation of the protein kinases,JNK and MAK.

However, JNK and p38 are required for both cell differentiation and apoptosis of
erythroid precursor cells and the duration of their activation may determine the cell fate.
Short time activation caused erythroid differentiation while prolonged activation induced

apoptosis (Nagata and Todokoro, 1999). In this research also showed that the duration



72

1
(Bcl-2 complex) —
GSH depleti
Gotidepietion) |
e
! ROS TS
\ \ hyperproduction| | & &
PETELT LYk g N 5
7 Y L L]
Cera- S LA R NAD(P)H
- i R
2”5 MR depletion 2 o
e \ — |22
@5
@ f \ (ATP and ADP 5 3
Amphipathic depletion.. =
peptides m—
y

Figure 31 : Inducers of permeability transition. Different signal transduction

pathways can promote the activation of caspases, increases in cytosolic
o level, nitric-axide, amphipathic peptides and ceramide, which can
provoke PTP either in a direct or an indirect fashion. In addition, changes in
the composition of the Bcl-2 complex;such as hyperexpression of the Bel-2
antagonists Bax or Bak,may induce PTP.Major changes in the cellular redox
balance or in bioenergenic parameters can also trigger PTP. Note that PTP

is aseli-amplifying-process in, the-sense-that-several consequences of

PTP themselves can provoke PTP (two-headed arrows) (Susin et al.,, 1999:

156),
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time of lead exposure had influenced on apoptotic production in erythroid precursor
cells. Prolonged incubation with lead increased apoptotic cells in the erythroid culture, It
may be explained that the prolong and persistent in lead exposure may overcome a
certain threshold level to trigger activation of the factors required for apoptosis such as
caspase family and specific DNases and/for to induce inhibition of apoptosis inhibitors
such as Bcl2 and BelX_ family, which finally lead to apoptotic cell death. Therefore, the
duration of lead exposure may be one of the important factors for apoptotic production

by this metal.

Therefore, the inhibition of erythroid precursor cell survival during maturation by
lead may be involved.inlead induced apoptosis in the cells. Besides the impairement of
Hb synthesis, the lead induced apoptosis in erythroid precursor cells may be another

mechanism of lead induced anemia.



CHAPTER VI

CONCLUSION

1. Development of Human Erythroid Precursor Cell in TPLC

Since normal human bone marrow contains heterogeneous mixture of erythroid
precursor cells and isolation of a large number of stage-specific cells is difficult, a TPLC
system was then used o prepare human enythroid precursor cells in this study. This
system yields sufficient numbers of late erythroblasts and hence is useful for studying
lead transport and toxieity. The procedure is divided into an EPO-independent phase
and an EPO-dependent phase. The mononuclear cells were cultured in the first phase in
the presence of a conditioned medium containing burst-promoting activity. After 6 to 7
days in primary culture, CFU-Es were developed from BFU-Es. These cells were
harvested and cultured in the second phase in the presence of EPO, the specific growth
factor for erythroid precursor ¢ell development, CFU-Es developed into proerythroblasts
and these cells continued to proliferate and mature into the next stage of erythroid
precursor cells. After 12 days in secondary culture, the cells reached maximum number
and maturation of the late stage of erythroid precursor cells which still contained nucleus
(orthochromatic erythroblasts). At this time, most of cells were the late erythroid
precursor cells, polychromatophilic and orthochromatic erythroblasts. These cells
expressed-high- levels of, glycophoriny Anand-transferrin-receptor. This procedure
provided highly purified erythroid precursor cells (=90%) and substantial numbers of
the cells (30:46+19:48x10" cellsfblood unit);

Moreover, the TPLC system has several characteristic features, such as (1)
sample from human specimen, (2) use of erythroid progennitor cells in peripheral blood,
and (3) provide reasonable number of erythroid precursor cells with good maturation.

Thus, it is suitable procedure for the preparation of human erythroid precursor cells.
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2. Effect of Lead on Human Erythroid Precursor Cells

By using TPLC system, BFU-Es could differentiate into erythroid precursor cells.
At day 7 in secondary phase, the culture generated the early stage of erythroid
precursor cells (proerythroblasts and basophilic erythroblasts). These cells were
cultured in the presence of lead. Morphological study showed that lead could inhibit
erythroid precursor cell survival by inducing the cell cytolysis and apoptosis. The
inhibition was dose and time-dependent manner. Marked effect of lead on erythroid
precursor cell survival occurred at lead acetate concentration 21 ppm. However, at lead
acetate concentration used in this study (0.5-4.0 ppm), the cells still matured to the

stage of orthochromatic erythroblasts.

Flow cytometfric analysis was used to detect apoptotic cells by monitoring the
binding of fluorescenge labeled annexin ¥ to phosphatidylserine on the outer membrane
of apoptotic cells. This study demonsirated that lead could induce apoptosis in erythroid

precursor cells in time and dose-dependent manner at lead concentration =1 ppm.

The results from this Study suggesi a new aspect of lead induced anemia
besides the impairment of Hb synthesis and shortened life span of erythrocytes, lead
induced apoptesis in human arymmid precursor cells resulting in the inhibition of

erythroid precursor cell survival may be another mechanism of lead induced anemia.



REFERENCES

mulne

=y

e
=y i me o W
einn Yulu. 30 fuaneu 2543, 1190uRdRA Snuilasietsaonudumanlunisudlatioym

HANE, NATUTIEIY: 6-7.

wadna YouelaRusas uae Ans. 2581 Tavsminluanvnsng. Tnunnisans 22: 368-401.

finen wvnma. 2534, uafswamn. 1 MslssgaAnasining 2534 Gesuaii
Awanden ﬁﬁ WAT BINA, WA 37-42, 20-22 NOAANIEY 2534 U NFIENEI
Inprraniuazmalulad uaznasnaanm g,

unda  tihase. 2536 nﬂ.?ﬂutﬂﬂu'ﬂﬂqmzr‘ll'ﬂuﬂmmwﬁmﬁnwm*@mmunﬁumﬁ'auﬁh
aunslsng. avaalindslEugadveimansanniugs  anairieanenAans
anazuanday Wufirdnede S¥ainsaimianande.

Uity ms gassoune. 2535, msﬂmﬁﬂummmm:r‘i’-ﬂuﬁu?uﬂuuu?mmn@qmwumuﬂi
uazlFunine.  angninusiFugaineimansuvningsn augiadtananmans

an1azwandey tufisaneds 9iasanraiuvinende.

AEIBING

Adamson, J.W. 1994, The relationship of erythropoietic and iron metabolism to red blood
cell production in human. Semin. Oncol. 21 (Suppl 3): 9-15

Adonaylo, V.M., and Oteiza, P.T. 1999, Lead intoxication: Antioxidant defenses and
oxidative damage in rat brain. Toxicology 135: 77-85.

Albahary, C. 1972. Lead and hemopoiesis: The mechanism and consequences of the
erythropathy of occupational lead poisoning. Am. J. Med. 25: 367-378.

Ali, M.AM., and Quinlan, A. Effect of lead on globin synthesis in vitro. Am.J. Clin. Pathol.
67: 77-79.

Andree, H.AM., et al. 1990. Binding of vascular anticoagulant oo (VAC o) to planar

phospholipid bilayer. J. Biol. Chem, 265: 4923-4928,



77

Ariza, M.E.; Bijur, G.H.; and Williams, M.V. 1998. Lead and mercury mutagenesis: Role
of H,0,, superoxide dismutase, and xanthine oxidase. Environ. Mol. Mutagen.
31: 352-361.

Bagby, G.C. 1994. Hematopoiesis. In G.Stamatoyannopoulos, A.E. Nienhuis; P.W.
Majererus; and H. Varmus (eds.), The molecular basic of blood diseases. 2nd
ed., pp 71-103. Philadelphia: WB. Saunders company.

Barltrop, D., anu -, A. 1971. Interaction of lead with erythrocytes. Experientia 27: 92-
93.

Barry, P.S.I. 1975. A comparison of coneentration of lead in human tissue. Br. J. Ind.
Med. 32: 119-139,

Bernardi, P. 1996. The permeability transition pore: Control points of a cyclosporin A-
sensitive mitochondrial ehannel involved in cell death. Biochim. Biophys. Acta.
1275: 59

Bernardi, P., and Petronilli, V. 1896. The permeability transition pore as a mitochondrial
calcium release channel: A critical appraisal. J. Bioenerg. Biomembr. 28: 131-
138.

Bernardi, P. 1999. Mitochondrial transport of cations: Channels, exchangers, and
permeability transition. Physicl. Rew. 79: 1127-1155.

Bernardi, P.; Vassanelli, P.; Veronese, R.; Colonna, |.; and Zoratti, J. 1992. Modulation of
the mitachondrial permeability transition pore: Effect of protons and divalent
cations. J. Biol. Chem. 267: 2934-2939.

Beyersmann, D. 1994. Interaction in metal carcinogenicity. Toxicol. Lett. 72: 333-338.

Bondy, S.C:, ‘and Guo, S.X(1996; Lead potentiates ironinduced formation of reactive
oxygen species. Toxicol. Lett. 87: 109.

Bandurant, M.C., and Koury, M.J. 1998. Ofigin and development of bleod cells. In G.R.
Lee; J. Foerster; J. Lukens: F. Paraskevas; J.P. Greer; and G.M. Rodgers (eds.),
Wintrobe' clinical hematology. Vol.1. 10th ed., pp 56-71. London: A waverly
company.

Borel, J.F., and Ryffel, B. 1985. The mechanism of action of cyclosporin A continuing
puzzle. In R. Schnidler (ed.), Cyclosporin in autoimmune diseases, pp 24-32.

Heidelberg: Springler-Verlag.



78

Borella, P., and Giardino, A. 1991. Lead and cadmium at very low doses effect in vitro
immune response of human lymphocytes. Environ. Res. 55: 167-177.

Boucher, A.; Rio, B.; Guinard-Flament, J.; and Parent-Massin, D. 1998. In vitro effects of
lead acetate on human erythroblastic progenitor. Toxico. Lett. 95: 127-132.

Bull, B.S., and Gorius, J.B. 1995. Morphology of the erythron. In E. Beutler; M.A.
Lichtman; B.S. Coller; and T.J. Kipps (eds.), Williams: Hematology. 5th ed., pp
349-361. New York: Megraw Hill.

Burgess, A.W., and Metcalf, D. 1980. The nature and action of granulocyte-macrophage
colony stimulating factor. Blood 56:947-958.

Calabrese, E.J., and Baldwin, L.A. 1992. Lead-induced cell proliferation and organ
specific tumorigenicity. Drug. Metab. Rev. 24: 409-416.

Carelli, G.; Sannolo, Ny De Lorenzo, G.; and Castellino, N. 1995. Lead exposure. In N.
Castellino; N, Sannole; and P. Castelling (eds.), Inorganic lead exposure:
Metabolism and intoxication, pp 13-111. London: Lewis publishers.

Castellino, N., and Aloj.'S. 1969. Intercellular distribution of lead in the liver and kidney
of the rat. Br. J. Ind. Med. 26: 139-143,

Chao, D.T., and Korsmeyer, S.J. 1998, BCL-2 family: Regulators of cell death. Annu.
Rev. Immunol. 16: 385417,

Clarke, B.J., and Housman, D. 1977. Characterization ©of an erythroid precursor cell of
high proliferative capacity in normal peripheral blood. Proc. Natl. Acad. Sci.
USA. 74: 1105-1109.

Cohen, M.; Latta, D.; Coogan, T.; and Costa, M. Mechanisms of metal carcinogenesis:
The. reactions’ of fmelals) with nucleic ‘acid. In E'S. Foulkes. (ed.), Biological
effects of heavy metal. Vol. 2: Metal carcinogenesis, pp 19-76. Boston: CRC
Press,

Cook, L.R.; Stons, S.J.; Angle, C.R.; Hickman, T.l.; and Maxell, R.C. 1987. Erythrocyte
membrane microviscosity and phospholipid composition in lead workers. Br. J.
Ind. Med. 44: 841-844,

Dai, C.H.; Price, J.0.; Brunner, T.; and Krantz, S.B. 1998. Fas ligand is present in human
erythroid colony-forming cells and interacts with Fas induced by interferon ¥ to

produce erythroid cell apoptosis. Blood 91: 1235-1242.



79

Dessypris, E.N. 1998, Erythropoiesis. In G.R. Lee; J. Lukens; F. Paraskevas; J.P. Greer;
and G.M. Rodgers (eds.), Wintrobe' clinical hematology. Vol. 1. 10th ed., pp
169-191. London: A waverly ccrnpany,- |

Dini, L., et al. 1999, Citrate carrier and lipogenic enzyme activities in lead nitrate
induced proliferative and apoptotic phase in rat liver. Biochem. Maol. Biol. Int. 47;
607-614.

Downward, J. 1998. Mechanism and cnnsequ .aces of activation of protein kinase
B/AKT. Curr. Opin. Cell. Biol. 10: 262-267.

Erslve, A.J. 1997. Clinical erythrokinetics: A'critical review. Blood 11: 160-167.

Fabri, G., and Castellino, N. 1995. Lead and the erythropoietic system. In N. Castellino;
P. Castellino; and M. Sannalo (eds.), Inorganic lead exposure : Metabolism and
intoxication, pp'368-402. London: Lewis publishers.

Fibach, E.: Manor, D.; Treves, A and Rachmilewitz, E.A. 1991. Growth of human normal
erythroid progenitors in liquit culture: A comparison with colony growth in
semisolid gulture. Inter. J. Cell. Cloning. 9 : 57-64.

Flegal, A.R.; Smith, D.R;; and Elias, RW. 1990, Lead contamination in food. In J.O,
Mriagu, and M.S. Simmons {eds,-’,i-. _Eoud contamination from environment source,
pp 85-202. Newyork: John Wiley & Sons, Inc.

Frenkel, G.D., and Middleton, C. 1987. Effect of lead agetate on DNA and RNA synthesis
by intact Hela cells, isolated nuclei and purified polymerase. Biochem.
Pharmacol. 36: 265-268.

Goillot, E., et al. 1997. Mitogen-activated protein kinase-mediated Fas apoptotic
signaling pathiway) Prac: Natl. Acad. Sci. USA."94:3302-3307.

Goldfrank, L.R.; Osborn, H.; and Hartnett, L. 1990. Lead In L.R. Goldfrank; N.E.
Flomenbaum; R.S.-Weisman; and M.A. Howland (eds.), Goldfrank’s toxicologic
emergenies. 4th ed., pp 627-640. New Jersey: Prentice-Hall International Inc.

Goyer, RA. 1996. Toxic effect of metals. In C.D. Klassen; M.O. Amdur; and J. Doull
(eds.), Casarett & Doull's toxicology: The basic science of poison. 5th ed., pp

691-736. New York: McGraw-Hill.



Grabowska, M., and Guminska, M. 1996. The effect of lead on lactate formation, ATP
level and membrane ATPase activity in human erythrocytes in vitro. Int. J.
Occup. Med. Environ. Health 9: 265-274.

Gregoli, P.A., and Bondurant, M.C. 1997. The role of Bel-X, and apopain in the control of
erythropoiesis by erythropoietin. Blood 2: 630-640.

Hartwig, A.; Schlepegrell, R.; and Beyersmann, D. 1990. Indirect mechanism of lead
induced ger .~ ity in culture mammalian cells. Mutat Res. 241: 75-82.

Hartwig, A. 1994. Role of DNA repair inhibition in lead- and cadmium-induced
genotoxicity: A review. Environ. Heaith. Persect. 102 (Suppl. 3): 45-50.

Hartwig, A. 1995. Current aspects in'metal genotoxicity. Biometal 8: 3-11.

Haseyama, Y., et al. 1993, Phosphatidylinositol 3-kinase is involved in the protection of
primary cultured human erythroid precursor cells from apoptosis. Blood 94:
1568-1577.

He, L.H.; Poblenz, /AT Medrano, C.J.; and Fox, D.A. 2000. Lead and calcium produce
rod photoreceptor cell apoptesis by opening the mitochondrial permeability
transition pore. J. Biol. Chem. 275: 12175-12184.

Hernberg, S., and Nikkanen G. 1970. Enzyme inhibition by lead under normal urban
condilion, Lancet 1: 6364,

Hunaiti, A.A., and Soud, M. 2000. Effect of lead concentration on the level of glutathione,
glutathione S-transferase, reductase and peroxidase in human blood. Sci. Total.
Environ, 248: 45-50.

Hunter, R.C. 1993. Hematopoiesis. In B.A. Brown; R.C. Hunter; A. O'Hare; and G. Erimj
(eds:}, Hematology: Principle:and procedures. 6thoed., pp 35-82. Philadelphia:
Williams & Wilkins.

IARC 11987, Maonographs on the evaluation of carcinogenic risk of chemicals to humans.
IARC. (Suppl.7) , Lyon, France.

Ichas, F., and Mazat, J.P. 1998. From calcium signaling to cell death: Two conformation
for the mitochondrial permeability transition pore. Switching from low- to high-

conductance state. Biochim. Biophys. Acta. 1366: 33-50.



81

Iscove, N.N. 1977. The role of erythropoietin in regulation of population size and cell
cycling of early and late erythroid precursors in mouse bone marrow. Cell.
Tissue. Kinetic 10: 323-334.

Israels, E.D., et al. 1999, Apoptosis. Stem Cell 17: 306-313.

Jensen, W.N.: Moreno, G.D.: and Bessil, M. 1965. An electron microscopic description
of basophilic stippling in red cells. Blood 25: 933-938.

Juo, P., et al. 1997. Fas activation of the p 38 mitogen activated protein kll‘l&u signalling
pathway requires ICE/ CED-3 family proteases. Mol. Cell. Biol. 17: 24-35.

Karal, |.; Fukumoto, K.; and Horiguchi, . 1882, Effect of lead in vitro on water
metabolism and osmotic fragility of human erythrocytes. Br. J. Ind. Med. 39; 295-
299.

Kassenaar, A.; Morelly'H.; and London, |.M. 1957. The incorporation of glycine into
globin and the'synthesis of heme in duck erythrocytes. J. Biol. Chem. 299: 423-
435.

Kelley, L.L., et al. 1993. Survival of death of individual proerythroblasts results from
differing erythropoietic sensitivities: A mechanism for controlled rate of
erythrocyte production. Blood 82: 2340-2352.

Kelley, L.L., et al. 1994. Apoplosis in 'é@r{hmid progenitor deprived of erythropoietin
occurs during the G1 and S phases of the cell cycle without growth arrest or
stabilization of wild type p 53. Mol. Cell. Biol. 14: 4183-4192.

Kirby, S.; Cook, D.; Walton, W.; and Smithies, O. 1996. Proliferation of multipotent
hematopaietic cells controlled by truncated erythropoietin receptor transgene.
Prat, Natl-Acad! Scil WSAQ 13:19402-9407.

Koury, M. J., and Bondurant, M.C. 1980. Erythropoietic retard DNA breakdown and
prevents programmed cell death in erythroid precursor cells. Science 248: 378-
381.

Krantz, S.B. 1991. Erythropoietin. Blood 77: 419-434.

wyriakis, J.M., et al. 1994, The stress-activated protein kinase subfamily of c-Jun kinase.
Nature 369: 156-160.

Labbe, R.F.; Rettmer, R.L.; Shah, A.G.; and Turnlund, J.R. 1987. Zinc protoporphyrin:
Past, Present and Future. Ann. NY. Acad. Sci. 514: 7-14.



| 82

Lachant, N.A.; Tomoda, A.; and Tanaka, K.R. 1984. Inhibition of the pentose phosphate
shunt by lead: A potential mechanism for hemolysis in lead poisoing. Blood 63:
518-524,

Langlois, R.G.; Bigbee, W.L.; and Hensen, R.H. 1985. Flow cytometric characterization
of normal and variant cells with monoclonal antibodies specific for
glycophorin A, J. Immunol, 134: 4009-4017.

Leikin, S., and Eng, G. 1963. Erythrokinetic stuaie “uf the anemia of lead poisoning.
Pediatrics 31: 996-1002.

Lewis, R.J. 1996. SAX'S Dangerous properties of industrial materials. 9th ed., pp 2027-
2202. USA: Van Nostrand Reinhold. A Division of International Thomson
Publishing, Ins.

Liboli, E.; Carroll, M.; D'Andrea, A.; and Mathey-Prevot, B. 1993. Erythropoietin receptor
signals both proliferation and erythroid-specific differentiation. Proc. Natl. Acad.
Sci. USA,80: 14351-11355.

Lipton, J., and Nathan, D. 1983. Cell-cell interactions in regulation of erythropoiesis. Clin.
Haematol. 46;91-102.

Loken, M.R., et al. 1987. Fiow cylometric analysis of human bone marrow: | Normal
erythroid development. Blood 69: 255-263.

Macho, A., et al, 1997, Glutathione depletion is an early and calcium elevation is a late

Maciejewski, J.P.; Selleri, C.; and Young, N.S. 1995. Fas antigen expression on CD 34"
human marrow cells is induced by interferon gramma and tumor necrosis factor
alpha and potentiates cytokine-mediated <hematopoietic suppression in vitro.
Blood 85: 3183-3190.

Maria; R.D., et al. 1989, Apoptotic role of Fas/ Fas ligand system(in the regulation of
erythropoiesis. Blood 93: 769-803.

Mayer, C.D.; Katz, F.E.; Joshi, G.; and Millar, J.L. 1984. A cell line secretion stimulating
factors for CFU-GEMM culture. Blood 64: 152-155.

Muta, K., and Krantz, 5.B. 1993. Apoptosis of human erythroid colony-forming cells is
decreased by stem cell factor and insulin-like growth factor | as well as

erythropoietin. J. Cell. Physiol. 156: 264-271.



83

Nagata, Y., and Todokoro, K. 1999. Requirement of activation of JNK and p 38 for
_environmental stress-induced erythroid differentiation and apoptosis and of
inhibition of ERK for apoptosis. Blood 94: 853-863.

Oberto, A.; Marks, N.; Evans, H.L., and Guidotti, A. 1996. Lead (Pb"") promotes
apoplosis in newborn rat cerebellar neurons: Pathological implications. J.
Pharm. Exp. Ther. 279: 435-442.

Ogawa, M.; Grush, O.C.; O' Dell, R.F. 1977. Circulation erythropoietic precursors
assessed in cullure: Characterization in normal men and patients with
hemoglobinopathies. Blood 50: 1081<1091.

Ossina, N.K., et al. 1897, Interferon-y modulates a p 53-independent apoptotic pathway
and apoptosis-related gene expression. J. Biol. Chem. 272: 16351-16357.
Osterode, W.; Barnas, .} and Geissier, K. 1999, Dose dependent reduction of erythroid
progenitor cells and inappropriate erythropoietin response in exposure to lead:

New aspeets of anemia indueed by lead. Occup. Environ. Med. 56: 106-109.

Paglia, D.C.; Valepline; W.N.; and Dahigren, J.G. 1975. Effects of low-level lead
exposure on pyrimidine-5"-nucleotidase in the pathogenesis of lead-induced
anemia. J. Clin. Invest. 56: 1164-1169.

Paglia, D.C.; Valentine, W.N:;-and Fink; K. 1977. Further observations on erythrocyte
pyrimidine-5-nuclectidase deficiency and ntracellular accumulation of
pyrimidine nucleotides. J. Clin. Invest. 60: 1362-1366.

Piomelli, S. 1998. Lead poisoning. In D.G. Nathan, and S.H. Orkin (eds.), Hematology of
infancy and childhood. Vol. 1. 5th ed., pp 480-496. Philadelphia: W.B. company.

Ramesh, G.T1.,-Manna, S.K.; Aggarwal, B(B.; and-Jadhav,~A.L. 1999, Lead activates
nuclear transcription factor-KB, activator protein-1, and amino-terminal c-Jun
Kinase inpheochromacytoma cells  Toxicol, Appli Pharmacol155: 280-286.

Reilly, C. 1991. Lead. In Metal contamination of food. 2nd ed., pp 105-129. London:
Applied Science Publishers.

Rosen, J. F., and Pounds J.G. 1989. Quantitative interaction between Pb®" and Ca’’
homeostasis in culture osteoclastic bone cells. Toxicol. App. Pharmaco. 98; 530-
543.



84

Rossi, E.: Taketani, S.; and Garcia, W.P. 1993. Lead and the terminal mitochondrial
enzymes of haem biosynthesis. Biomed. Chromato. 7: 1-6. _

Roy, N.K.,, and Rossman, T.G. 1992. Mutagenesis and comutagenesis by lead
compounds. Mutat. Res. 298: 97-103.

Ruzittu, M., et al. 1997. Modulation of cell surface expression of liver carbohydrate
receptors during in vivo induction of apoptosis with lead nitrate. Cell. Tissue.
Res. 298: 105-112. v

Sandhir, R., and Grill, K.D. 1995, Effect of lead on lipid-peroxidation in liver of rat. Biol.
Trace. Element. Res. 48: 91-97.

Scortegagna, M., and Hanbauer, L 1997, The effect of lead exposure and serum
deprivation on mesencephalic primary cultures. Neurotoxicology 18: 331-339.

Shibamoto, T., and Bjeldances, L.F. 1993. Heavy metal. In Introduction to food
toxicology, pp 126-140. New York: Academic Press Inc.

Sieg, D.J., and Billings, R:E. 1997. Lead/cytakine-mediated oxidative DNA damage in
culture mouse hepatocytes. Tuxicnl. Appl. Pharmacol. 142: 106-115.

Simons, T.J.B. 1993. Lead-calgium interactions in cellular lead toxicity. Neurotoxicology
14: 77-86.

Singh, J., et al. 1999. Internalization of carcinogenic lead chromate particles by cultured
normal-human lung epithelial cells: Functional- alterations and apoptotic cell
death in the retina following developmental or adult lead exposure.
Neurotoxicology 18: 645-664.

Skoczynska, A. 1997. Lipid peroxidation as a toxic mode of action for lead and
cadmium, Med Pr:48: 497-203,

Stons, S.J., and Bagchi, D. 1995. Oxidative mechanism in the toxicity of metal ions Free.
Rad: Biol. Med. 18:321-336.

Stubbs., R.T. 1973. Source of lead in the environment, In P. Hepple (ed.), Lead in the
environment, pp 1-7. England: Applied science Publishers Lid.

Supat Wangwongwatana. 1997. Unleaded air in Bangkok : A story of success. Pollution
control'97, 12-14 november 1997.

Susin, S.A.; Zamzami, N.; and Kroemer, G. 1998. Mitochondria as regulators of

apoptosis: Doubt no more. Biochim. Biophys. Acta. 1366: 151-165.



a5

Taketani, S.; Kohno, H.; Kinoshita, S.; and Tokunaka, R. 1985. The effects of lead on
differentiation of the friend leukemia cells and rat bone marrow cells. Toxico.
Appl. Pharmacol. 77: 374-380.

Telisman, S.; Kersanc, A.; and Prpic-Majic, D. 1982. The relevance of arguments for
excluding ALAD from the recommeded biological limit values in occupational
exposure to inorganic lead (WHO 1880). Int. Arch. Occup. Environ. Health 50:
397-412.

Thompson, C.B. 1995. Apoptosis in the pathogenesis and treatment of disease. Science
267: 1456-1462.

Valentino, M.: Fiorini, R.M.? Curatolay G.; and Governa, M. 1982. Changes of membrane
fluidity in erythrocytes of lead exposed workers. Int. Arch. Occup. Environ.
Health 51:405-142,

Van Den Heuvel, Fi.L; Leppens, H.; and Schoeters, G.E.R. 1999. Lead and catechol
hematotoxigity in wifrg using human and murine hematopoietic progenitor cells.
Cell. Biol. Toxical. 15: 101-110.

Verheij, M., et al. 1996. Requirement for ceramide-initiated SAPK/ JNK signaling in
stress-induced apoptesis. Nature 3880: 75-79.

Waldron, H.A. 1966, The anemia of lead poisoning: A review. Br. J. Ind. Med. 23: 83-
100.

Waldron, H.A. 1980 tead:-in-H-A- Waldron-{ed:), Metal in the environment, pp 156-157.
London: Academic Press Inc.

Wang, X.Z., and Ron, D. 1996. Stress-induced phosphorylation and activation of the
transcription factor CHOP (GADD. 153) by p 38 MAP kinase. Science 272; 1347-
1349,

Westerman, P.;-et al.-1965.- Congentration, oflead din-bene.in plumbism. New. Eng. J.
Med. 273: 1246-1250.

White, J.M., and Harvey, D.R. 1972. Defective synthesis of ocand [ globin chains in lead
poisoning. Nature 236: 71-73.

White, J.M., and Selhi, H.S. 1975. Lead and the red cell. Br. J. Haematol. 30: 133-138.

WHO. 1987. Air quality quidelines for Europe (European Series no 23). Geneva: World
Health Organization 45-58: 242-261.



Yang, J.L.; Wang, L.C.; Chang, C.Y.; and Liu, T.Y. 1999. Singlet oxygen is the major
species participating in the induction of DNA strand breakage and
8-hydroxyguanine adduct by lead acetate. Environ. Mol. Mutagen. 33: 194-201.

Youssoufian, H., et al. 1993. Structure, function and activation of the erythropoietin
receptor. Blood 81: 2223-2236.

Zamzami, T.; Hirsch, B.; Dallaporta, P.X.; Petit, G.; and Kroemer, J. 1997. Mitochondrial

implication in accidental and programmed cell death: Apoptosis and necrosis.

Zelikoff, J.T.; Li, J.H.; Hartwig, A.; . Costa, M.; and Rossman, T.G. 1988.

Zoratti, M., and & : 'e mitochondrial permeability transition. Biochim.
Biophys.

AOUUINBUINT )
ANRINTUNINENAE



ﬁﬂWU‘LL’J‘VIEJUiﬂ'ﬁ
QW’]@N NIUUAINETIRE



	Cover (Thai) 
	Acknowledgements 
	Abstract (Thai)
	Abstract (English) 
	Contents
	Chapter I Introduction
	1 Lead
	2 Lead and Eruthopoietic system
	3 Apoptosis

	Chapter II The Aims
	Research Methodology
	The Expected Outcome

	Chapter III Methods
	1 Erythroid Precursor Cells Cultures 
	2 Effect of Lead on Human Erythroid Precursor Cells
	3 statistic Analysis

	Chapter IV Results
	1 Two - Phase Liquid Culture of Erythroid Precursor Cells
	2 Effect of Lead on Human Erythroid Precursor Cells

	Chapter V Discussion
	1 Development of Human Erythroid Precursor Cells in TPLC
	2 Effect of Lead on Human Erythroid Precursor Cells

	Chapter VI Conclusion
	References



