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Ab tract 

L ad expo ure can cause mult iple ystemic toxic i t ies, part icularly af£ ct ing the 

hematopoietic, nervous and renal terns. However it effects on the thyroid functions 

are not wel l  elucidated and the publ i  hed studie are controversial . In addit ion, although 

th re are several exp rimental th r id mod I , each one of them has i ts  own l imitat ions. 

ccordingly. in  this di sertat ion, we in estigated the possible re lat ionship between lead 

expo ure, th roid funct ion and hort-term s temic toxic ity in t\ 0 animal models, 

namel normal (non-diabet ic)  and diabet ic animals. We also i nvest igated the possibi l ity 

of deve loping a hOID10nai thyroid model . 

In the non-diabet ic modeL Wistar rats were div ided into five groups and treated for 

five days. The four treatment groups received 1 ,  25,  50, or 100 mg! kg of lead acetate 

trib drate intraperitoneal ly ( i . p. ), respect ivel . The control group received i .p.  inject ions 

of dist i l led water. I n  the d iabet ic model ,  d iabetes was induced with an i .p.  inject ion of 60 
mg! kg treptozocin (STZ). S ix  weeks later, lead exposure experiments started. Here, 

four groups were studied : a control' and 25,  50 and 100 mg! kg lead acetate groups. In  

each model ,  the measured blood lead levels correlated very wel l  with the admin istered 

doses of l ead acetate. Treatment of the animals with lead acetate resulted in significant 

weight l oss in both models .  Lead exposure caused a dose-related i ncrease in thyroid 

st imulating hormone (TSH )  i n  non-diabet ic and diabet ic animals. Although, thyrox ine 

(T4) and triiodothyronine (T3 )  Ie e ls  remained within normal range in non-diabetic 

animals their  levels  were reduced in diabetic animals. The highest dose of lead (100 mg! 

kg) s ign ificantly increased white blood cell counts and caused a significant decrease i n  

the number of platelets in  non-diabetic animals. I n  addit ion, C -reactive protein levels 
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increa. ed signi ficantly in  re ponse to lead e. posure in  thi modeL IoreO\ er, there \vas a 

igni ficant increase in lactate dehydrogenase (L DI-I), aspartate aminotran Jerase, total 

b i l i rubin, and urea level ; fol lowing lead exposure in non-diabet ic an imals. I n  

compari on, lead exposure in  diabet ic animals increa ed urea levels  and caused a 

igni ficant decrea e in creat in ine levels  in plasma. While the concentrat ions of 

malondialdehyde were not affected, glutathione tores were depleted in  response to lead 

exposure in the diabet ic animals. 

In the la t tage, 'v e tried to deve lop a new experimental thyroid model ,  based on the 

u -e of hormon s. I n  this experiment, animals were treated for five days with either 

thyrotropin-re leasing hom10ne (TRH) or octreotide (OCT) to induce hyperthyroid ism or 

hypoth roidism,  re pecti e ly .  Although there ere no effects on T4 and T3 levels, TRH 

was effect ive in causing an i ncrease in TSH levels. However, TRH also elevated LDH 

levels. The use of TRH d id  not cause any other side effects on the tested parameters, 

\\ h ich included weight change, oxidative stress markers and renal and hepatic functions. 

I n  comparison, OCT fai led to affect TSH, T4 and T3 levels, at the dose and treatment 

duration that we used. 

In conclusion,  short-term lead exposure in healthy and diabetic animal models 

affected the functions of the anterior pitui tary and thyroid glands, caused oxidative 

stress, l i ver and kidneys toxic i ty and i nduced systemic inflammation .  In addit ion, we 

found that TRH has a potential to induce hyperthyroidism in experimental animals.  

Keywords: lead, rat, diabetes, t hyroid, experimental model and systemic tox ic ity. 
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Chapter 1 :  Introduction 

1.1. G e n e ra l  Oven'iew o f  Lead E x po u re a n d  Toxicity 

s an clem nt that ha been u ed widely throughout hi story and unt i l  today, lead has 

pr yen i t  e lf  a a u 'eful hem') metal and as a toxin [ 1 ] .  Consequent ly, i t  became one of 

the m st c mmonly tudied heavy metal [ 2, 3 ] .  The latter are broad I defined as those 

that have a p tential to cause tox ic i ty and adverse effects either to humans or the 

em ironment [ -+ ] .  Unl ik  ome other metals such as  zinc and manganese which are 

required a essent ial nutrient , lead has no known bene fic ial human physiologic 

functi n [ 5 ] .  In add ition, it can neither biodegrade i .e .  i t  cannot break down, nor can it 

be detoxified by l i vi ng organisms [6, 7 ] .  T\ 0 types of lead are known namely, organic 

and inorganic .  Organic lead i s  much more toxic, part icularly to the nervous system, than 

the i norganic type [ 8 ] .  It ' s  worth mentioning that the majority of poisoning cases with 

lead are caused by i norganic  lead [9 ] . Examples of i norganic lead are lead carbonate, 

lead chromate, lead mono ide, lead tetraoxide and lead acetate [ 8 ] .  According to the 

U .  . Centers for Disease Control and Prevention (CDC), lead is the main environmental 

toxin in ch i ldren [ 1 ]  and as such it resul ts in  one of 'the most prevalent diseases of 

envi ronmental origin among chi ldren '  [ 1 0] .  Lead ranks second on the priority l ist of 

hazardous substances publi shed by the U .S .  Agency for Toxic Substances and Disease 

Registry ( A  TSD R) [ 1 1 ] . This l ist inc l udes several chemicals e.g. lead, arsenic, benzene 

and cadmium .  These chemicals are labeled as hazardous substances and were added to 

the l ist because of their "frequency, toxic i ty and potential  for human exposure at 

National Priori ti es List (NPL)" [ 1 1 ] . 



1.1.1. xpo u re a m o n g  t h e  G e n e ra l  Popu l a t io n  

Lead ubiquilOU in the en ironm nt [ 1 2 ] .  The mam route of exposure in the 

general p pulation i inge t ion [ 8 , 1 3 ] .  ccording to World Health Organization 

(WII ). ov r 80 % of the oral intake ofl ead is through food, d irt ,  and du t [ 8 ) .  Other 

r l ead expo ure are lead-ba ed paint especial l y  in  chi ldren; consumption of 

contaminated food, fish kidne and l iver, drinking pol l uted \ ater running in old lead 

pipe , r older d joint [ 8 , 1 4 ] .  On a regional Ie e l ,  data from audi Arabia showed 

that 'vegetable ' and ' cereals and cereal products' are the major dietary sources for lead 

exp ure ;  a each one of  these two groups represent about 25  % of the total dietary 

c nsumption [ 1 5 ) .  In compari on, in a recent study in 1 S European countries, a total of 

1 40,000 re u l ts of  measurable lead levels were found i n  food and tap water samples 

[ 1 6 ] .  I n  1exican immigrants i n  the U .S . ,  tamarind and chi l i  powder are known sources 

of lead exposure [ 1 7] .  Besides food and water, another important source of lead 

exposure i s  the use of  tradit ional remedies e.g. ' Bint A l-dhahab khol or Indian surma', 

\ hich is part icu lar ly common i n  Middle Eastern countries e.g.  Oman and UAE [ 1 7-23 ] .  

I n  a study conducted i n  Belgium, traditional teapots were found to be contaminated with 

d ifferent metals inc luding lead, which can leach and thus might resul t  in lead poisoning 

[ 24] . A recent study carried out in  Saudi Arabia demonstrated that lead-paints are st i l l  

being manufactured local l y  with lead levels  reaching a s  high as TSS ppm, which 

exceeds the U .S .  Environmental Protect ion Agency's  ( EPA) permissible value of 600 

ppm [2S] . 

I n  the U.S . ,  l ead i s  considered one of  the main constituents of Cri teria Air Pol l utants 

(CAP) .  These represent contaminants in the ambient air that have a potential to cause 



3 

adver'e health effect to the general publ ic .  Thu . the lev I s  of APs are regulated. 

m nitored and hould not exceed the l imi t  et  by federal agencie uch as EP and 

local tates [ 26. 2 7 ] .  

1 . 1 .2. Occ u p a tio n a l  Lead E x po u re 

I n  the pa t. the use of leaded gasol ine Il1 automobi le , which was composed of 

organic lead compound uch a tetraethyl and tetramethyl lead [28 ] ,  was a major cause 

f r em ir Ilmental lead expo ures. Th se compounds were u ed in  order to improve the 

per[omlance of automobi le  engines [ 8 ] .  This practice has been pha ed out in many 

countrie ince the 1 970s [ 28], al though around 9 countries are sti l l  using leaded 

gasol ine [ 8 ] .  I n  Korea. the ini t iat ives to phase out leaded gasol i ne started in 1 986 and by 

the year 2000 there v as a tremendous reduction in  lead Ie  e ls  [ 1 4 ] .  Oman started using 

unleaded gasol ine in October 200 1 [29 ] .  In compari on, the UAE started to use 

unleaded gasol i ne i n  2003 [30 ] .  This i nvolved major changes such as converting 500 

fi l l ing stations to unleaded gasol i ne, training of staff, and conducting educational and 

awareness programs throughout the country [ 30 ] .  

Examples of occupational sources of lead exposure are car batteries' manufacturing, 

radiator repair shops, weld ing and cutting operations, sol id  waste burning, and 

construction [28,  3 1 ] . There has been a continuous increase in lead's uti l ization i n  

storage batteries and e lectronics; part icularly i n  Asia [26] . The vast majority (about 

97%) of batteries worldwide are recycled often in underdeveloped countries [8] .  At 

present, 70% of lead is used in storage batteries [3 , 32 ] ,  where the metal grids are made 

up of lead and the paste i n  the batteries is lead oxide [28 J .  As an example of 



occupational expo ure In the Arabian Pen in ula. 12 0/0 of a total group of 89 

erviccmen and 69 publ ic tran port dri ers in audi Arabia had BLL of more than 

40llg/ dL [33 ] .  

Occupat ional expo ure typica l ly  take place through inhalation of lead ox ide [8, 32 ] .  

In addit ion. th are often chron ic in nature and might result in more serious 

con equence . One of the maj or problems with occupat ional exposures in general is  the 

l im itation of adequate ur e i l lance ystem for inj uries and diseases. de pite the fact 

that at pre ent arious "vork-related disea es cause more than 5000 deaths everyday 

world\\ ide [34] . 

1 . 1 .3. Expo u re Cu t Levels  

Health organizations such as CDC have continuously  and progressively decreased 

the m inimal act ion values for BLL .  I n  the past, the B L L  action level in chi ldren was set 

at 10 !lg/ dL .  I n  2012, a new 'reference level '  of 5 Ilg/ dL was establ ished [ 35 ] .  The 

corresponding level in occupat ional exposures should not exceed 25 Ilgl dL [36J; 

however, by now, i t  is  c lear that no lower threshold for BLL could be establ i shed [37] . 

Perhaps, that i s  why no safety level for lead exposure has been estab l ished so far [14 ] .  A 

study conducted i n  2006 showed that BLL  even below 10 Ilg/ dL in  adults are 

assoc iated with cardiovascu lar fatal ity [ 38 ] .  

Since lead-based paints are a major cause of lead exposure, part icularly i n  chi ldren, 

the USA banned the use of lead in paints in 1977 .  Accordingly, lead leve ls  in paint 

should not exceed 0 .07 mgl cm2 [17 ] .  Despi te such strict regulations, around 40 mi l l ion 
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hou 'e in the were estimat d to ha e lead-related problems in the year 2000 [17] .  

The maj orit) of  the e hou es are probably bui lt  before 1950. 

1.2. Lea d '  Tox i co k i n et i c  

1.2. 1. b orpt ion  

The extent of inorganic lead absorption by the gastrointest inal tract (GIT) is  

mediated by se eral factors such as the physiological state of a person and the particular 

compound being ingest d [13 ] .  In compari son to larger pieces e .g. paint chips, lead 

parti Ie that are smal ler in size such as those in dust are more completely absorbed [2, 

3, 9) . Other factor that faci l i tate the GIT absorption of lead are poor caloric intake, the 

c nsumption of d iets rich in fats [2 ] ,  and fasting condit ions [2 ,  39] . In addit ion, there i s  

more absorption of  lead when i t  is  d issolved in  water than when i t  i s  attached to food or 

ol id matter e .g. soi l  [13 ,  40] . Consequently, lead oxide, a very soluble compound that 

is ut i l ized in battery manufacturing p lants, can be easi ly absorbed [41] . 

There are three transporters i nvolved i n  the GIT absorption of lead. The first one is  

the acti ve process mediated by the calcium transporter [2] .  Lead also competes for 

absorption as wel l  as for binding to the ' mobi l ferrin '  protein [12 ] ,  which usual ly 

transports ferric i ron ( Fe3+) [42 ] .  Competit ion with the divalent  metal transporter 

(DMT),  required for the transportation of ferrous i ron (Fe2 ) [42 ] ,  is the third postulated 

mechanism for its absorption [43 ] .  There is  an i nverse relationship  between vitamin  D 

i ntake, i ron and calc ium stores in  the body and lead absorption i n  the GIT [44 ] .  

Consequent ly, dietary deficiencies of these mineral s e .g .  i ron or calcium enhance lead ' s  

absorption [9, 43 ] .  
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I n  contrast to inge t ion. 95�o of inhaled inorganic lead is ab orbed [13 ,  45 .  46] .  

Fact r fm oring the ab orpt ion of inhaled lead include mai ler part ic le size, higher 

c ncentrat ions [ -+7 ] ,  and increased re piratory rate e.g.  in chi ldren and in physica l ly  

yer) act i ,  e worker [ 1 2 ] .  On the other hand, dermal absorption of organic lead, which i s  

often encountered in occupational settings, is a lso possible. For instance, tetraethyl lead 

can be ea i l l  absorbed through the skin [8 , l 3 , 40, 48 ] .  Furthermore, both types of lead 

and part icularly the organic type can cross the placenta and their ult imate Ie els in the 

fetu are p i t ively assoc iated with maternal BLL  [48 ] .  Lead is also found in  mi lk  and 

can pass fr m l actating m thers to their babies [49 ] .  

1 .2 .2 .  D ist r ibut ion  

I n  the blood stream, the ast majority of lead (99%) is bound to hemoglobin in  the 

RBCs. so only 1 % c i rculates in plasma. This is  the anlount avai lable for eventual 

d istri bution to various soft t issues [43, 47, 48 ] . Although transferrin is  responsible about 

the transportation of ferric i ron, its C2 variant might also have a role in lead poisoning 

[14 ] .  Lead has a decreasing affinity for the fol l owing organs: l iver, k idneys, l ungs and 

brain.  Characteristica l ly  the penetration rate of lead into the CNS is higher in  chi ldren 

than in adults [48] .  In the 3 compartment model,  which are b lood, soft t issues and bone, 

lead main ly targets the second compartment i .e .  soft t i ssues [2, 12] .  

Ult imately, 94% of absorbed lead i n  an adult  i s  stored i n  bones and teeth; in  

comparison to around 73% in ch i ldren [ l 3 ,  45 ] .  Although i t  gets deposited in both, lead 

has a h igher preference for bones than for teeth . I n  calc ium deficiency states more lead 

is absorbed and fixed into the bones [48 ] ,  where it is  found as terti ary lead phosphate. 
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[hi i \\ h diets rich in pho phate encourage the torage of lead in  bones [43 ) .  After 

deposit ion in bone , lead is thought to be relativel inert [ 1 2 , 48 ] .  

The hal f- l i fe ( t I.2 )  of  inorgan ic lead in  blood i s  relatively ery short, on ly about 30 

day , \ h rea , in bone , i ts t1'2 is 27 ear [ 2 ] .  Over time, lead i s  mobi l ized and i s  

lowly re lca ed  back into the c irculat ion. Any stress on bones e .g. fractures, infect ions, 

menopau e, osteoporo is or even pregnanc] and lactation can release lead from bones 

and may cau e tox ic  effect ; e en in the ab ence of r cent exposures [2,  3 ,  40, 47, 48 ] .  

Becau e of  this mobi l i t  , up  to 50 % of  lead in the blood might represent endogenous 

release from bones [ 1 2 , 47 ) .  

1 .2.3. M etabol ism 

Organic lead e .g .  tetraethyl lead, which is  a l ip id  soluble compound, was added to 

petroleum in  many countries in  the past . After expo ure e .g .  sniffing by adolescents, 

this compound is metabol ized in the l iver and converted into another organic substance 

cal led triethyl lead, thereby exert ing its tox ic  effects. In addit ion, organic lead can also 

get converted into the inorganic fom1 [ 1 2, 4 8 ] ,  which in l iv ing organisms cannot be 

metabol ized any further [26J . 

1 .2 A. E l i m in at ion 

Regardless of the route of exposure, eventua l ly lead is  mainly excreted i n  ei ther 

urine or b i le  [ 13 ] .  Renal excretion is by glomerular fi l trat ion where lead appears i n  the 

urine unchanged [47, 4 8 ] .  I nterest ingly, the half- l i fe (t1'2) of renal excret ion of lead i s  



dependent upon and vcr comparable to \,yhere lead i e.g. renal excretion 1 12 is 25 day 

for blood lead. in contrast to being about 25 year for lead in bones [48] .  
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ince on l} about 1 % of blood lead is avai lable for renal fi ltration ( b  cause the rest is  

b und to RBC ). chronic lead to ic i ly can develop fast i f  a subject ' s  total exposure and 

intake of lead i increa ed even i f  on ly by a smal l  amount [43 ] .  Besides renal excretion, 

about a third of ab orbed lead i s  e 'creted in bi le [12, 47] .  In comparison to adul ts, 

chi ldren have a lower l ead excretion rate [ 1 2 ] .  Lead can also be e l iminated through mi lk  

[ 12 ]  and weat ; and lead depo i t  can be found in hair and nai ls [39, 43 ] .  

1 .3 .  Lea d ' s  To-xic  Effects 

Lead cau es mult iple systemic toxic i t ies; and the organs that are most vulnerable to 

lead deposit ion are the nervous system, kidneys and l iver (49, 50] . Lead exposure and 

hence its toxic i t  can be e ither acute or chron ic  i n  nature . In  the in it ial stages and at 

m in imal levels  of exposure, c l i ni cal presentation is extremely vague and nonspecific 

and can eas i ly  pass unrecognized [2 ] .  More speci fic and systemic features become 

evident at higher levels of exposure and cause renal fai l ure and encephalopathy. I n  the 

coming sections, and in addi t ion to systemic toxic ity, specific effects related to chi ldren, 

the elderly and people  with chronic d iseases such as d iabetes and hypertension wi l l  be 

high l ighted and discussed in more detai l .  

1 .3 . 1 .  Hemato logic Effects 

Effects on the hemopoietic system are a sensitive indicator of the toxic effects of 

lead [47] . I t  i s  wel l  known that lead exposure can result in anemia [5 1 ,  52] . In  
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de\ c J  pIng countries, another common problem is iron deficiency [53 ] .  hah e t  ai .  

provided a l ist of everal tudie that showed an a sociat ion between lead exposure and 

iron deficiency [ 53 ] . uch, the e t\ 0 condit ion i .e .  lead e posure and iron 

defic iency are interrelated and an eventua l ly  cause and worsen exist ing anemias [ 53 ] .  

There are several mechanisms that are involved in  lead-induced anemia, the most 

important of which are the fol lowing. The first mechanism is lead's  competit ion for 

binding to tlle protein  that are required for the GIT transportation of iron, which is  an 

essential component for heme s nthesi s .  The second mechanism is related to lead 's  

abi l ity to  form covalent bond \\' ith sul fllydryl groups; particularly those that are present 

in meta l loenzymes such as delta-aminolevul in ic acid dehydratase, coproporphyrinogen 

oxidas and ferrochelatase [ 2 ,  43,  4 8 ] .  Related to heme, which is a comerstone in the 

tructure of hemoglobin,  myoglobin,  cytochromes and catalases [43 J ;  five out of the 

seven enzymes that are i nvolved in i ts biosynthesis are i nhibi ted by lead [54J as shown 

in (Figure 1). The suppression of both 8- aminolevul in ic acid dehydratase (ALAD) and 

ferrochelatase represents the most important inhibitory effects of lead on the 

hemopoietic  system [43, 47 , 54, 5 5 ] .  Ferrochelatase enzyme is also referred to as heme 

synthetase in some resources [ 54 ] .  
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F igure 1: Mechanism of lead toxic ity on heme b iosynthesis [56] .  

1 0  

Because o f  these inhibitory effects, instead o f  having heme, c irculat ing red blood 

cel ls  ( RBCs) ha e protoporphyrin IX [43 ] .  These RBCs get chelated by zinc at the site 

of iron [43, 47, 55 ] .  This resu l ts in  the formation of zincprotoporphyri n, which 

fluoresces. therefore; i t  i s  used as a diagnostic test for lead toxicity. Besides 

zincprotoporphyrin, the i nh ibit ion of the previously described enzymes causes an 
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elc alion in the urinary level of porph 'rins, coproporph rin and b-aminolevul inic acid 

(dALA) [ 43 , 47, 5, 5 7 ) .  In addition, reduced heme concentration exerts a negati e 

feedback e ffect and stimulates the nthesi s of  dAL , thereby leading to further 

increa e in dAL level [ 55 ]  ( F igure 1). 

Apart from decrea ing iron absorpt ion and inhibi ting heme-synthesis enzymes [ 53 ] , 

lead-induced anemia might also resul t  from splenic sequestration and the phagocytosi s  

of RBC , which \ ere shown to  be  accompanied by  an  increase i n  the weight of spleen 

in lead-expo ed rats [ 5 1 ) . In addit ion, lead exposure tends to shorten the l i fespan of 

RB s:  mainly through increasing their membranes' instab i l ity and fragi l i ty [ 55 ] .  The 

ul t imate anemia, cau ed by a l l  of the previously described mechanisms, is very simi lar 

to iron-defic iency anemia i .e .  being microcytic and hypochromic [43, 47, 54 ) .  This late 

manifestat ion of lead poisoning [41] is part icularly important i n  those subjects who 

already had i ron deficiency anemia before any lead exposures; s ince after such 

exposures, the anemia can obviously  get worse. Besides causing anemia and a reduction 

in  RBC levels [ 58 ] ,  chronic lead exposure also decreases hematocrit counts [51, 59) .  

I n  addition, the breakdown of the remnants of ribonucleic acid  ( RNA) by 

pyrimidine-5-nucleotidase is inhibited by l ead. This resul ts in the basophi l i c  stipp l ing of 

RBCs due to the accumulation of RNA aggregates [12 ] .  A l though a very characteristic 

feature, basoph i l ic stippl ing is  not pathognomonic of lead toxic i ty [43 ) .  

1 .3 .2 .  eNS E ffects 

I n  medical l iterature, a lot of emphasis has been placed on the toxic effects of lead 

exposure on  the nervous system, where interference with the metabol ism of divalent 
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cati n e .g .  alcium and zinc [ - 5 ,  60]  underl ies the ba is  of lead ' s  tox ic effects. Lead 

has a 'h igher affinity than calcium to the calcium-binding protein calmodul in '  [ 6 1 ] .  

upprc ion of calmodul in,  p) ruvate k inase and other enzymes in the C affect the 

runcti ning and disturbs the homeo tasi s of several neurotransmitters e .g .  

gl utamatergic, dopaminergic and chol inergic system [ 2 ,  47,  55 ,  57, 62 ] .  In addition, 

acute lead expo ure have been hown to increase brain catalase (CAT) Ie e is  [63-65 ] .  

Lead exposure i a wel l -known cause for cerebral edema. A previous study 

demon trated that there wa a difference in the various regions of the brai n that became 

edematou and this depended n the part icular doses of l ead acetate that were 

administered to rat , \\ here. i n  compari son to cerebral cortex, the cerebel lum was more 

sensi t iye to develop lead- induced edema [66] .  In this regard, several mechanisms have 

been po tulated to be the cause for blood brain barrier ( B BB )  disruption. Lead was 

reported to st imulate the ' vascular endothel ia l  growth factor/vascular penneabi l i ty 

factor i n  cul tured astrocytes' and to cause cerebe l l ar vasogenic edema and hemorrhage 

[67] . 'Occlud in '  is one of the important proteins that make up the t ight junct ions of 

BBB [68 ] .  Lead exposure in experimental studies has been shown to cause a reduction 

in the level of this protein (down-regulation) [69] as wel l  as in  the level of the 

cytopl asmic protein ZO- l [68], and consequently resul ted i n  increasing the penneabi l i ty 

of the B B B .  Lead also disrupts the nonnal functioni ng of cerebral capi l l aries by 

i nducing protei n  k inase C, which is a calcium-dependent enzyme that phosphory lates 

many proteins  [3 ,  5 5 ] .  With increased penneab i l ity, albumin  ions and water enter the 

cerebrospi na l  fluid (CSF), causing edema in the surround ing areas [57 ] .  Consequent ly, 

the i ncrease i n  i ntracranial  pressure resul ts i n  the death of neurons and the pro l i feration 
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o f  gl ial cel l  [ 47, 54,  55.  5 7 ] .  [ n  contrast to adult , the incomplete l)  developed BBB in  

chi ldren i much mor vulnerable to  the toxic effect of  lead exposure [ 70) . Thi could 

be due to lead ' effect on claudin- I ,  which i s  one of the important cel lular proteins that 

are needed 1'01' the int grit} of the t ight junctions [ 7 1 ] .  Lead was also shown to cause a 

reduction in mR and protein  level of c laudin- L thereby increasing BBB's  

pelmeabi l i  t [ 7 1 ) .  

ynaptic plast ic i t  refers to the strength of  connections between two neurons [ 72 ] .  

By inhibi ting U1e expres ion of the -methyl D-aspartate receptor (NMDAR)  in the 

hippocampus, lead impairs long term potentiation and de-potentiat ion [ 69] and thus 

affect napt i c  p lastic i ty and re ults in impairments in learn ing abi l i t ies and memory 

[ 70 ) .  On the other hand, there are various psycho-neurological diseases that are either 

wel l -confim1ed or at least assoc iated with lead exposure. Lead encephalopathy is  one of 

the most serious compl ications of lead toxic ity, of which several pediatric cases have 

been reported in Oman [ 1 9, 73 ,  74] .  In 20 1 1 ,  aut ism in 25 Saudi chi ldren was found to 

be associated wi th having high blood lead levels [ 75 ) .  Recently, it has been shown that 

chronic lead exposure carries an i ncreased risk of two-fold for the development of 

Park inson's  d isease [76 ) .  Besides, epigeneti c  studies showed that exposure to lead in  

ear ly l i fe caused an i ncrease i n  protei n  and mRNA levels  of tau, thus leading to an 

i ncrease in tau phosphorylat ion in older m ice [ 77) . This might eventua l ly result i n  

developing Alzheimer' s d isease [ 1 4] .  
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1 .3.3.  Ren al  Effect 

In th kidne the main ite of action of lead is in the proximal tubules [ 54.  5 5 ] . 

\', hcre on f th mo t characteri stic feature of I ad exposure is  revealed. This i the 

appearance of inc lu  ion bod ie . \ hich are an inert form of lead and protein comple es 

1 1 2 J  in the nuclei f renal I I  [ 43 . 47, 54 . 5 5 ] .  Metal lothionein has been demonstrated 

on the uter la) er [ inclusion bodies, which suggests its protective role and 

involvement in their formation [47,  78-80 ] .  Metal lothioneins have low molecular weight 

and are den e with cy teine residue and thiol groups [ 1 4] .  Among their many 

function , metal lothionein have a major role  in the various steps of absorption, 

tran portat ion. and l imination of metals leading eventual l y  to the detoxification of  

eyeral metal inc luding lead and mercury [ 1 4 ] .  

One of  the most important tests for the diagnosis o f  renal functions and its fai lure is  

the glomerular fi l tration rate ( GFR), which is  an early indicator of renal inj ury [8 1 ] . 

Exposure to lead in  early l i te can impair the growth of glomeru l i  leading at the end to 

renal malformation and hypertension [ 8 1 ]  i .e .  the exposure to low levels of lead is  

considered a r isk factor for developing chronic renal disease [ 82] . I n  such cases, GFR 

becomes a useful tool  for assessi ng renal function. Additional manifestations of lead 

toxic i ty include the elevation i n  urea and creat i ni ne levels  [83 ] .  Besides, terminal 

deoxynucleotidyl transferase-mediated dUTP nick end label ing (TIJNEL) stain ing is 

frequent ly used to look for apoptosis, which i s  defined as programmed cel l death. Such 

studies have demonstrated that there is  a sign ificant increase in TUNE L-posit ive cel ls in 

lead exposed animals i .e .  lead exposure is a cause of cel lu lar death [ 83 ] .  
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Lead c po ure has t\ 0 addit ional effect on the kidney . Under nom1al 

physiological condit ions, 25-vi tamin D i conv rted into 1 ,  25- i tamin 0 through the 

action of a hydrox la e enz me, which is a target for inhibit ion by lead [ 2 ] .  Thus, 

leading to a r duction in the generat ion of the acti e [onTI of vitamin D.  Lead is also 

a ciated " ith a higher rate or h peruricemia and gouty attacks [ 1 2 , 43 , 47 ] .  

1 .3 .4 .  Card i ovascu la r- Effects 

Related to the cardiova cular ystem (CVS , numerous studies showed a posit ive 

relation hip between lead exposure and h peI1ension [ 84 ] .  ystol ic a wel l  as mean 

blood pres ure were found to be higher in occupat ional ly lead-exposed workers, in 

compari son to a control group [ 8 5 ] .  H igh readings of  systol ic and mean blood pressure 

\ ere also reported in hypertensive subjects with lead exposure who were compared to 

hyperten ive patients with no history of lead exposure [ 86 ] .  In another study, acute 

exposure to low Ie e ls  of lead was shovm to result in increasing cardiac muscle 

contract i l i ty and increasing ventricular systol ic  pressure, which are among the 

predisposing factors that can lead to the development of hype11ension [87 ] .  Additional 

data from experimental animal studies support this re lationship as after two months of 

lead exposure there was an i ncrease in systol ic  blood pressure in rats [ 88 ] ,  whereas, i n  

another study there was a positive effect o n  both systol ic and diastol ic arterial pressure 

as wel l  as on cardiac contract i l i ty [89 ] . Furthermore, lead exposure even during fetal 

l i fe and through maternal exposure to lead in drinking water during  lactation resulted in 

an increase in  systol ic blood pressure in  rat pups [90 J .  
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Lead-induced h perten ion and the el vated ysto l ic  blood pre sure [25 ,  86J are 

bel ie\ cd to be mediated through se era! mechan isms. The first is by stimulat ing the 

reni n-angiotensin sy tern, hich ele ates blood pressure [ 1 2 ] in both adults and chi ldren 

[ 4 7 ] .  The econd important mechanism is med iated through lead ' s  effects on the 

va cular mo th muscles, where it inhibi t  a+1K + ATPase and activates a+/Ca++ 

tran porter [ 1 - J ,  therefore, increasing the concentration of calc ium within cel l s  [ 3 ,  5 7 ] .  

I n  addit ion, lead can i ncrease the levels o f  endothe l in  and thromboxane a s  wel l  as 

changing the ela t ic ity of arteries [47 ] .  Lead can also act ivate the sympathetic nervous 

y tern, result ing ubsequentl in the release of catecholamines [ 84 ] .  On the other hand, 

lead i also bel ieved to i nhibit  nitric oxide [ 1 2 J and cGMP [47 ] ,  both of which relax 

va cular smooth muscles. 

I n  addi t ion, lead exposure widens pulse pressure [9 1 ] , which represents the 

d ifference between systol i c  and diastol i c  blood pressures and gives an i nd icat ion about 

the Ie el of stiffness of arteries. H igh pulse pressure is also a risk factor for left 

ventricu lar hypertrophy, which is  a predisposing factor for hypeliension [86J and 

cardio ascular compl ications [ 84 ] .  Lead also caused an enhanced responsiveness to 

norepinephrine i n  ani mal studies and consequently resulted in more dysrhythmias [ 1 2] .  

The European-developed SCORE system uses several risk factors such as gender, 

age, total cholesterol ,  systo l ic blood pressure, and smoking status in order to 

systematical l y  evaluate the risk for developing coronary events. Based on this method, 

lead-exposed workers in Poland were found to have a higher i ncidence of fatal heart 

events than non-exposed workers [92 J .  It is  a lso bel ieved that lead can i nduce the 

development of pro-atheroscl erotic changes because of its effects on l ipid profile, which 
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inc lud having increa e in the levels o[ total cholesterol .  LDL and triglycerides [84] .  I t  

i p stulated that these abnormalit ies are caused by several mechanisms such as the 

t imulation of l ipid _ nthesi and l ipid peroxidation, and b the al terations in the 

metabol i  m of polyunsaturated fatt acid [ 84 ] .  

Homocy teine i considered ' a  novel biochemical marker' [ 8 1 ]  and a risk factor for 

cardi va cular and neurodegenerat ive di eases [ 89 ] .  A pre ious study has shown that 

there i a po it ive a ociation between lead exposure and homocysteine levels [89] . The 

same tudy showed that vitamin B6 and folate could minimize homocysteine levels in  

lead-expo ed people, thereby exerting a protective effect . 

1 .3.5. Skelet a l  Effects 

s mentioned earl ier, the vast majority of lead is  eventua l ly  deposited in bones; and 

a lesser concentration is stored in teeth . I n  these tissues, lead can replace calc ium 

re u l ting i n  the formation of tertiary lead phosphate. Calcium deficiency promotes the 

storage of lead. The skeletal manifestations are also mediated through lead's  effects on 

the parathyroid glands, \i here i t  i nterferes with the homeostasi s  of calc ium and vitamin  

D [ 1 2 , 47] .  I n  the  past i t  was thought that lead in  the bones is  i nert [ 1 2, 48 ] .  However, i t  

is  now bel ieved that lead exposure, even a t  ' environmenta l ly  relevant levels' i .e .  at 

relati ely low exposure levels ;  can postpone the heal i ng of fractures. Furthermore, 

higher exposure Ie els were shown to resul t  in fibrous non-unions [93 ] .  S imi lar ly, 

accumulation of lead i n  the teeth i nhibits m ineral ization and can subsequently lead to an 

increased rate of dental caries [47] .  I n  a c l inical case report, lead poisoning (BLL 

1 25 1lg/ dL)  through the use of o ld  utensi l s  caused chronic pain i n  both knees and 
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muscular fibri l lation [ 94 ] .  Radiographic te ts howed pathognomonic features of 

osteonecrosis (e .g .  b ne infarction ) in  the knee joint [ 94 ] .  

1 .3 .6.  Carc inogen ic i ty 

Lead i con idered to be a ' faci l i tative or permissive carcinogen ' i .e .  it has the abi l i ty 

to enhance the carcinogenic effects of other agents [ 95 ] .  In addi tion, there is conclusive 

vidence from e. perimental tudies that lead is a carc inogen; and at the same t ime, 

a ciat ions from epidemiological studies are growing [96] . Consequently, EPA 

con ider inorganic lead a probable human carcinogen (Group B2) [32 ,  97 ) ,  whereas, 

the Intemational gency for Research on Cancer ( IARC) has upgraded i t  from (Group 

2B)  to (Group 2A) [98- 1 00) .  

Regarding its mechanisms o f  action, lead i s  bel ieved to cause i ndirect genetic 

damage through D A fragmentat ion [ 1 0 1 ] , suppression of the formation and the repair 

of D A, causing oxidative stress [ 1  02J ,  and by i nterfering with DNA binding proteins 

and tumor- uppressor proteins [ 96, 1 03 ) .  Lead can also change the DNA methylation of 

several important molecules e.g. ALAD [ 1 4 J  and cause chromosomal aberrations in 

vitro and in vivo [ 1 00 ] .  In addi tion, the st imulation of protein kinase C i ncreases the 

synthesis of DNA, which can subsequently i nduce rep l ication and hyperplasia [ 5 5 ] .  

Lead can also cause a n  acceleration i n  the growth rate o f  tumors [ 1 04J  and i t  can 

counteract the protective actions of the anti carcinogenic agent selenium and thus, lead 

has a potentia l  to promote carc inogenici ty [ 1 05 ] .  

The most common si tes for lead-induced tumors are the k idneys, brain, lung, and 

prostate [96] . I n  humans, chronic occupational lead exposures have been associated 
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mu. cular fibri l l ations [ 94 ] .  Radiographic te t showed pathognomonic features of 

osteonecro is  (e.g. bone infarct ion) in  the knee jo int [ 94 ] .  

1 .3 .6. Carci nogen ic i ty 

Lead is c n idered to be a . fac i l itati e or pennissive carcinogen'  i .e .  it has the abi l i ty 

to enJ1ance the carc inogenic effects of  other agents [ 95 ] .  In addition, there is conclusive 

\ idence from experimental tudies that lead is a carcinogen; and at the same t ime, 

associati n from epidemiological stud ie are growing [96) . Consequently, EPA 

con iders inorganic lead a probable human carcinogen (Group B2) [32, 97 ] ,  whereas, 

th International genc for Re earch on Cancer ( IA RC) has upgraded it from (Group 

2B)  to (Group 2A) [98- 1 00 ) .  

Regarding its mechanism o f  action, lead i s  bel ieved to cause indirect genet ic 

damage through D A fragmentat ion [ 1 0 1 ] , suppression of the formation and the repair 

of D A, causing oxidative stress [ 1 02 ] ,  and by interfering with DNA binding proteins 

and tumor-suppressor proteins [96, 1 03 ] .  Lead can also change the DNA methylation of 

se eral important molecule e .g .  ALAD [ 1 4] and cause chromosomal aberrations in 

vitro and in  vivo [ 1 00 ] .  In addit ion, the st imul ation of protein k inase C i ncreases the 

synthesis of DNA, which can subsequent ly induce repl ication and hyperplasia [ 55 ] .  

Lead can also cause an  acceleration in  the growth rate of tumors [ 1 04]  and i t  can 

counteract the protecti ve actions of the anticarcinogenic agent selenium, and thus, lead 

has a potentia l  to promote carcinogenic i ty [ 1 05 ] .  

The most common sites for lead-induced tumors are the kidneys, brain, l ung, and 

prostate [96] .  I n  humans, chronic occupational lead exposures have been associated 
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\-\ ith renal and pulmonary canc r i n  epid miological tudies [ 1 06 ] .  The a se ment of 

more than 4000 lead-expo ed worker in printing industry revealed a strong assoc iation 

bet\\- cen renal and pancreat ic cancers in both genders and inorganic  lead exposure 

r 1 07 J .  Anoth r occupat ional health study esti mated e po ure I e ls to lead dusts and 

fumcs and conc luded that lead e 'po ure increase the risk for de eloping meningiomas 

[ 1 08 ] .  In another tud , patient with ductal breast carcinoma had a significantly higher 

l cvel of lead in blood and hair samples, in comparison to a control group [ 1 04 ] .  At the 

'umc time, lead leve l in their hair samples were posit ively correlated with tumor 

vol ume, \- hereas, elenium levels had a negat ive correlation with tumor volume [ 1 04 ] .  

1 .3 .7 .  I m m u no logica l Effects 

Lead exposure is impl icated in  causing stimulatory as wel l  as suppressive effects on 

the immune system. For instance, lead can cause an increase in the levels of 

imm unoglobul in  E ( IgE), thus leading to type I hypersensitivity reactions and enhancing 

the l ike l ihood for the development of a l lergic condit ions e.g. asthma [ 1 09 ] .  Respiratory 

sensitization and inflammatory changes, simi lar to asthmatic manifestations, were 

further demonstrated in guinea pigs that were exposed to lead acetate inhalation. These 

animals developed an increase in WBC counts, i nterleukin ( IL) -4, interferon ( IFN) ,  

hi stami ne and IgE levels [ 1 1 0] .  In  addit ion, lead exposure was associated with an 

i ncrease i n  I L- 1 0  levels i n  occupationa l ly  exposed workers, in  compari son to a control 

group, perhaps due to hav ing an increase in tumor necrosis factor (TNF)-alpha levels 

[ 1 1 1 ] .  In certain areas of Zambia, soi l  i s  contaminated with lead. I n-vitro studies in  this 

country showed that exposure of cultured WBCs from cattle  to lead for 24 hours caused 
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an increa e in  the expre ion of  mRN of meta l J  thi nei n-2 ( MT-2), TNF-aJpha, I L- l 

beta, J L -6 and i nducible ni tric o. ide synthase ( i  0 ) [ 1 1 2 ] .  

O n  the other hand, I n  another occupational health study, lead \ as found to ha e 

ome uppre Ive e[iI t a it caused a sign i ficant reduction in CD3(+), CD4(+)/ 

D (+)  ratio, I L4,  F-alpha and I F  -gamma levels, together with having signi ficant 

l I1crea e in CD8(+) and I L- I O  leve ls  [ 1 1 3 ] .  In another study, CRP levels were 

significantl high, \ hereas, J g  and IgT levels were low i n  lead exposed workers [ 1 1 4] .  

I n  addit ion, in an in-vitro tud} , lead v as sho\ n to i nh ibit the phagocytic activity and 

cel lular adhesion of peri toneal macropbages, taken from mice [ 1 1 5 ] ,  again 

demonstrat ing the depre i e nature of lead e posure on the immune system. As such, 

these tv- o studies conc luded that lead might eventua l ly  weaken the immune re ponse 

[ 1 1 3 , 1 1 4 ] ,  and thus i ncrease the vulnerabi l i ty to develop infectious and inflammatory 

diseases and cancer [ 1 1 4 ] .  

1 .3.8. Gastro in tes t ina l Effects 

Lead poisoning in c l i n ical cases can cause GIT disturbance e .g .  nausea, vomiting, 

abdominal pain, and constipation [ 1 1 6) .  I n  an experimental study in rats, there was an 

increase in basal and acetylcho l ine-st imulated gastric mot i l i ty; and this was suggested 

to be attributed to an increase in n itric oxide (NO) levels  [ 1 1 6] .  The same authors also 

showed that NO in  low-dose lead-exposed rats decreased gastric acid secretion, 

whereas, high l ead-exposure levels i ncreased acid secretion [ 1 1 7) .  Oxidative damage is 

often associated with pro-ulcerative factors and is  bel i eved to be a predisposing factor 

for gastric u lcers [ 1 1 8 ] .  Exam ination of the gastric mucosa of rats that have been 
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exposed to lead acetate in drinking water for 1 5  week and then e posed to an oral 

mixture f Hel  and ethanol revealed l ipid pero idation, a reduction in catalase, 

up r xid di muta e and n i tri te Ie el [ 1 1 8 ] .  This demonstrates lead 's  abi l i t  to 

aggra ate the ulcerative effect of H I and ethan I ,  possibly through causing oxidati e 

tres in  the exposed animals [ 1 1 8 ] .  

Furthermore, lead e posure causes a wide range of abnormal i ties in  the l iver. This  i s  

because the l iver i one of the favori te s i tes for lead ' s  deposition, for exanlple, even 

relat ively hort teml exposure in rats for two weeks resul ted in lead ' s  acc umulation in  

the l iver [ 1 1 9] .  Lead can cause a di sruption in  the hepat ic oxidative parameters e .g. i t  

e levate the levels  of hepat ic transaminase and superox ide dismutase ( SOD) [ 59 ] .  Lead 

also caused ign ificant reductions in two steroid metabol izing enzymes, namely 1 7  -beta 

hydroxysteroid oxidoreductase and uri dine d iphosphate-glucuronyltransferase, besides 

causing a reduction i n  hepatic DNA levels [ 1 1 9] .  There was also an increase in acid 

phosphate levels in response to lead exposure [ 5 8 ] .  A recent study in Wistar rats 

showed that chronic exposure over 4 months to low lead levels (0.06 %) i n  drinking 

water could in i ti ate fibrogenic changes i n  the l i ver [ 50 ] . I n  addi tion, lead can i nhibi t  the 

synthetic functions of the l iver, causing a reduction in total protein and albumin levels  

[ 5 8 ] . H i stological ly,  i t  causes degenerative and inflammatory changes and portal edema 

i n  the l iver [ 1 20] .  

1 .3 .9. Reproductive Effects 

In July 2003, the European Union (EU) c lassified lead as a category 1 agent because 

of i ts  toxic i ty to the reproductive system (embryo-toxic) .  Based on such c lassifications, 
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it banned the uti l ization of lead, mercury,  or cadmium in electronic gadget [26 ] .  Males 

e, po cd to lead might present '"vith hypo pennia and impaired sperm morphology and 

t11ob i l it; e .g.  in a tud on 60 males, J ead level were correlated with impai red sperm 

mot i l ity, pem1 concentration, and D damage [ 1 2 1 ] , whereas, in pat ients with no 

ccupat ional e, po ure, increased l ead levels  in  semen " ere associated with reduced 

peml counts [ 1 22 ] .  Another tudy showed that maternal cord lead levels v ere 

a ociated v ith reduced height and smal l  head c i rcumference in their school -age 

chi ldren [ 1 23 ] .  

I n  compari on, several experimental studies documented the reproductive toxic 

ffects of lead expo ure. For exam ple, a pre ious experimental study in  rabbits that 

were expo ed to lead in drink ing water for 1 2  weeks showed several reproductive 

abnonnal i t ies in the testes and semin iferous tubules e .g. abnormal sperms, degenerat ive 

changes and necrosis [ 1 24 ] .  Diminished spermatogenesis leading to impaired fert i l ity 

was also demonstrated in mice exposed to lead oral ly over 2 months [ 1 25 ] .  In these 

animals, lead deposits were found in the testes [ 1 25 ] .  Another study that was conducted 

in mice has shown that maternal lead exposure during lactation resulted in significant 

effects in male pups, which had a reduction in the weight of their test is, low levels  of 

serum and test icular testosterone, low numbers of spennatozoa, and reduced expression 

of several important enzymes that are required for the synthesis of testosterone [49] . On 

the other hand, the oral exposure of female rabbi ts to lead over 8 weeks resulted in  

degenerative changes in the ovarian fol l icles and apoptotic changes i n  the endometria l  

l ining t issues [ 1  0 1 ]  . 



1 .3 . 1 0 . Lcad E x po u re a n d  O x i d a t ive t re 

Lead e:-.po ure i al 0 a sociated v. ith oxidat ive damage [ 1 26,  ] 27]  such as the 

pr ducti n f RO and the ov ercon umption of intracel lular glutathione stores [ 1 27, 

1 2  ] ,  \\- hich i ne of the main antiox idant defen e mechanisms i n  the human body. A 

related chemical i the g l utathione- -transfera e enzyme, which i s  a phase I I  enzyme 

that i required [or the d tox ification process of many agents including heavy metals 

[ 1 -9 ] . Lead can inhibit  everal ant ioxidant enzymes inc luding glutathione-S-transferase, 

hepat ic and brain glutathione reductase, and the selenium-dependent glutathione 

perox ida e enz 'me [ 1 3  0, 1 3 1 ] . In comparison, it causes a reduction in the hepatic 

copper-dependent- OD Ie e ls  [ 1 26 ] .  Lead exposure also caused a reduction in  the 

le\ el of OD and glutathione peroxidase; and an i ncrease in  MDA levels in  renal t i ssue 

homogenat s [ 83 ] .  

I n  order to counteract the toxic effects o f  lead exposure, mice were given m i l k  by 

gavage. M i l k  was further fortified with the ant ioxidant bamboo leaves, vitamin C,  

calc ium lactate, ferrous sulfate, and z inc sulfate for a total duration of 7 weeks [ 1 32 ] .  

The use o f  this formula resulted in  decreasing BLL, lead 's  distribution to soft t issues 

inc lud ing l iver, k idneys and brain, together with amel iorating lead- induced oxidative 

dan1age [ 1 32 ] .  The effects of oxidative stress wi l l  be discussed in more detai l  in chapter 

4: Diabetic Animal Mode l .  

1 .3. 1 1 .  Effects on Chi ldren 

The two most important causes for lead poisoning i n  the 20th century were leaded 

gasol i ne and l ead-based paints [8 ] .  As with other subgroups i n  the general population, 



chi ldren are expo ed to lead mainly through inge tion [ 1 7 ] .  In addition. parents may 

chr nicaU; e 'pose the i r  off: pring to low lead Ie els through their  contami nated bodies 

and c lothe [ 1 2 ] or through mat mal -fetal route in occupational ly expo ed women as 

lead ea i l )  cro e the pia enta [ 1 7. 45. 46] . 

The effect of  lead exposure in chi ldren might be di fferent than its effects on adul ts 

[ 8 1 ] .  h i ldren are part icularly vulnerable  to  I ad  poi oning since they carry several risk 

factors that predi pose them to higher leve ls of toxicity once they are exposed to lead 

[ 1 7 ] .  I n  fact. ch i ldren ' s  G ITs  absorb around -+0 - 50% of  ingested lead [ 1 2 ] compared to 

only about '" - 1 0% in  adult [ 1 3 ] .  After ab orpt ion, chi ldren retain  higher amounts of 

lead (about one third), whereas, adults retain  less than 5% [47, 48 ] .  Also, chi ldren tend 

to deposit more lead in soft ti ssues, rather than in bones, and their BBB is sti l l  

undergoing development. In  addition. the levels of  lead exposure become much higher 

if a chi ld is  used to pica [ 8 ] .  i nce poverty is  assoc iated with malnutrit ion, poor chi ldren 

are often defic ient in iron and calcium; and this wi l l  ul t imately further predispose them 

to the tox ic effects of lead exposure [ 8 ] .  

The peak age for lead poisoning i n  chi ldren i s  between 1 8  t o  30  months o f  age [ 1 7] .  

Lo\-\' levels  of exposure ( BL L  even below 1 0  �g/ dL)  may ul t imately  damage various 

organs;  even i f  the in i t ial presentation was asymptomatic [ 8 ] . Furthermore, BLL  of less 

than 5 �g/ dL  can cause bra in  damage [ 8 ] .  I n  addition, gender may play a role  in  lead 

exposure cases. For i nstance, in  1 08 Indonesian chi ldren who were 6-7 years old; males 

were found to have s ign ificantly h igher B L L  than females (6 .8  ± 2.0 �g/ dL versus 5 .9  

± 1 .9 �g/ dL)  [ 1 33 ] .  This was attributed possibly to  behavioral d ifferences between the 

two genders [ 1 3 3 ] .  
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t\ menti ned earl ier, the effects of lead exposure are worse in  chi ldren and this is  

re lat d to the tOlal body burden with lead. Affected babies might present with low bi rth 

\\ eight, fai lure to thrive and arious forms of mental impai rment e.g. having learning 

di iTicul t  r 10 inte l l igence quotient ( lQ) [2 ,  3 ,  97 ] .  Other features of lead toxicity i n  

chi ldren include effect n the mineral ization of cart i lage and inhibit ion of the renal 

com er ion of ita111 in  0 to it act ive form, both of which lead to reduced bone density 

and skeletal abnormal i t ie  [ 1 7 ] .  When the results [rom 7 international cohort studies 

that examined a total number of I "  33  chi ldren were compared after making adj ustments 

for e\eral  variable , i t  \ a found out that low blood lead levels even below 7 .5  Ilg/ dL 

\\ere a sociated wi th inte l l ectual impairment [ 1 34 ] .  The survivors of acute and se ere 

lead poi oning in chi l dhood often suffer from l i fe- long sequelae, especial ly  neurological 

a.nd behavioral abnormal i t ies [ 8 ] .  However, despite the wide range of neurobehavioral 

abnonnalit ie een in  lead poisoning cases, no s ingle feature has been identified as a 

pathognomonic i ndicator of lead toxic i ty [ 1 7] .  

Based o n  the previous discussion, both the American Academy o f  Pediatrics and 

CDC have made a recommendation to screen chi ldren, part icularly those from 

underpriv i leged fami l ies, for lead l evels at the age of 1 and 2 years [ 1 7] .  I n  addition, 

preventive publ ic health programs that tackle lead exposure can be very effective and 

productive e .g .  reports from the U .S .  show that the cost-benefit rat io for reducing lead 

exposure i s  US $ 1 to 1 7-220. This ratio is said to be even better than the ratio that is  

obtained from ch i ldhood vaccinations [ 8 ] . 
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1 .3. 1 2 . Effect on  Women 

t pre ent, it i ugge ted that the low r bone lead levels and the higher blood lead 

level in \vomen are a p ible re flection of the di fferences in  the metabol ism of lead 

bet"\ve n male and female . The e lev Is might a lso reflect continuou endogenous 

relea e f lead from bone in women [ 1 3 5 ] .  study conducted in  2009 concluded that 

the higher blood lead level found in 1 06 pregnant \ omen during their 24th to 28th 

week f ge tation might be an etiological factor for the pregnancy induced 

hyperten ion ( P I B )  that they developed [ 1 36 ] .  There is also an association between 

gestat ional lead expo ure and miscarriage and preterm del iveries [ 1 7 ] .  In addit ion, 

cumulative lead expo ure mea ured b K-she l l  X-ray fl uorescence was assoc iated with 

an earl ier onset of menopause [ 1 3 7 ] .  The chronic ( 1 2  months) exposure of female 

Wistar rats to lead acetate resulted in  a sign ificant increase in serum luteinizing 

hormone and testosterone Ie e ls, and at the same time, caused significant reductions in  

the levels  of estradiol  and progesterone [ 1 3 8 ] .  

The effects of lead may vary, depending o n  the sex of the exposed species. This was 

demonstrated i n  a behavioral study, in which rats were exposed to 50 mg/ L of lead 

acetate in drinking water [ 1 39] . Compared to females, male rats became hyperactive 

and their spatia l  memory deteriorated [ 1 39 ] .  Lead can also have d ifferent effects on the 

progeny of exposed individuals. The exposure of rats in late pregnancy (days 1 5 -2 1 )  

resulted i n  d ifferential effects on their male and female offspring; as the adult females 

had a suppressed level of type 4 (or delayed type) hypersensit ivi ty reactions and higher 

levels  of I L - l  0, in comparison to the adul t  males, which had higher I L- 1 2  and lower IL -

1 0  level s  [ 1 40 ] .  I n  addi tion, when rat pups were exposed to  lead i n  chow for a month, 



B L L  bet\\ een male and female remained comparable. However, there ',,"a a 

d ifil rential e 'pr ion of m re than a hundr d gene in the hippocampus of these 

animal . This re ult might demonstrate th importance of sex in detennin ing the 

deleterious ffect of lead e. po ure [ ]  4 1 ] . 

1 .3 . 1 3 . Effects o n  the  E lderly 

In old age. lead expo ure can result i n  more deleterious effects; given the fragi l ity 

and u ceptib i l i ty of this ulnerable age group. In  this subpopulation. several studies 

uch a the normative aging study in the U . .  [ 1 42 ]  assessed the cumulat ive lead levels 

in b nes using K-she l l  -ray fluorescence. I n  Korea, researchers identi fied a posit ive 

re lation hip between the exposure to low lead levels  in  the environment ( BLL 2 .32  ± 

1 .3 5  Ilg/ dL) and high blood pressure among the elderly [ 1 43 ) .  

s mentioned earl ier, lead competes with both calc ium and i ron for absorption i n  the 

G IT. In a related medical condit ion, known as hemochromatosis, affected subjects have 

increased body burden of i ron.  A previous study discovered that the e lderly, who had 

the hemochromatosis variant genes (C282Y and/or H63D hemochromatosi s gene 

(HFE)), had lower levels of lead i n  the patel l a  [ 1 44 ] .  Accordingly, there is a possibi l i ty 

that these genes might be responsible for modifying lead's  toxicokinetics. I n  

relationship t o  the nervous system, environmental exposure i n  the elderly may impair 

cogni t i  e parameters, especia l l y  those related to visuospatial and v isuomotor areas 

[ 1 42] .  I n  addi t ion, i n  premenopausal women a posit ive association was observed 

between cumulat ive low level lead exposure, measured in bones, and depression and 

anxiety [ 1 45 ] .  
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1 .... . M ec b a n i  m of To ic ity 

Lead t ic i ty is dependent upon se eral factors includ ing the total dose and both of 

the route a \\ I I a the durat ion of e po ure. Variou mechan isms might be involved in 

lead t x ic it) e.g. enz matic suppres ion; especial ly for zinc -dependent enzymes [2) .  

The ult imate tox ic i t  may ar from gen ral nonspecific ymptom and signs up to 

fatal ity [ 47, 4 ) . These to. ic effects of lead exposure might also be influenced by 

gen ti p lymorphi m [ 1 2 ) .  

The main mechanism underlying lead toxic i ty i s  the interference with the normal 

ph) iolog) of calc ium [ 48 ) .  As it \ as mentioned earl ier, lead and calc ium compete with 

each other for O I T  absorption. In nOlmal s i tuations calcium ' s  concentration in  the 

extracel l ular flu id is  1 0,000 times higher than intracel l ular levels [ 1 46 ] .  In lead 

poi oning. this homeo tasis is  d isrupted. Lead targets anion exchange channels and 

calcium dependent transporters and pumps. Lead also competes with the transportation 

of calcium. Eventual ly ,  i t  replaces calc ium [62, 1 47 ] ,  thereby exerting i ts toxic effects. 

Lead can also induce calcium' s  release from the mitochondria [ 1 47 ] ,  thus i ncreasing the 

intracel lu lar concentration of calc ium. Additional ly, lead has a 1 00,000 t imes a stronger 

binding capacity than calc ium to calcium-act ivated proteins [2] .  Another mechanism by 

which lead interferes with calcium metabol ism is through interacting with vitamin D 

receptor, where polyrnorphisms of this receptor were found to be associated with high 

lead level s  [ 1 48 ] .  
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1 .5.  !\l ea u re m e n t  o f  Lead Level  

BLLs can be m a ured using an anodic tripping oltan1ll1etr machine, however, 

thi equi pment has everaJ major probl ms as it i insensit i  e. ery time con uming, not 

u r-friendly, and yields incon i tent resul ts a i t  i operator-dependent. I n  comparison, 

the inductively coupled pIa rna mass pectrometry ( ICP-M ) is  the state-of-art 

equipm nt for m asuring heav m tals '  levels  \ hether for c l inical practice or 

environmental tudies [5 ] .  This method usual ly  requires the use of ' sample digestion 

techniques e .g .  microwave dige t ion ' [ 53 ] .  ICP-M ha the fol lowing advantages [ 1 49-

High detection level sensit i  i ty, \ hich is about 1 0- 1 2  ( being better than atomic 

absorpt ion). I t  is  also fa ter than the latter and can detect many metals  i n  one 

sample in j ust a fe\ minutes. 

I ts abi l ity to analyze blood, serum, urine and water samples. 

Detecting a wide range of heavy metals e.g. mercury, arsenic and cadmium 

thus, being useful for the diagnosis and monitoring of many c l inical conditions. 

It i s  a computerized s stem and can analyze hundreds of samples per 24 hours. 

Many international occupat ional health organizations such as occupat ional 

safety and health admin i stration (OSHA) in the U .S .  mandate periodic and 

regular medical checkups for workers in hazardous jobs, inc luding the ones that 

i nvolve deal ing with heavy metals such as lead. So, ICP-MS helps in complying 

with these agencies' mandatory requirements. 
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Recentl) , n \\ er method f, r the measurement or chronic lead exposures hm e been 

uti l i zed in various tudics. One r the e mo t popu lar tests in epidemiological stud ie 

the lise of K- hel l X-ray fl uore cence for the noni m asive mea urement of lead level In 

bone' [ 1 52.  1 53 ] .  

1 .6.  Occ u p a t i o n a l  Lead E x po u re i n  O m a n  

Lead poi oning burden health [ac i l it ies and thi burden become bigger, when 

alTe ted ubjects present w ith chronic compl icat ions; part icularly i f  the outcome are 

eriou . ccording to WHO, lead poi ning contributes 0 .6% of the total burden of 

d i  ease \vorldwide [ 1 - 4 ] ,  \vhereas, Fe\\1rel l  [ 1 55 ]  est imated that lead exposure is  

re pon ible for about 1 �o of the global burden ; mainly i n  the form of cau ing mi ld 

mental retardat ion and cardiovascu lar effects. I t  i estimated that lead exposure-related 

health-issues cost the A $ 43 . 5  bi l l ion per year [ 1 7 ] .  As such, lead tox icity places 

heavy strains on both the financial as wel l  as the human resources of health agencies. In 

Oman, various i njur ies and poi sonings, an10ng which i s  lead poison ing. resul ted in  a 

morbidi ty rate of 883/ 1 0.000 population in  2009 [ 1 56 ] .  I n  add it ion, the total 

expenditure of the Omani Min i stry of Health in 2008 was about 269 mi l l ion Rials, 

whi le the overal l cost for services was around 27 mi l l ion [63 ] .  

tatistics, pub l ished by the Ministry of National Economy i n  Oman, showed that the 

total number of employees in the subgroup of 'manufacturing' and the number of 

expatriate employees under ' industrial ,  chemical and food industries occupations' i n  

2008 were about 85 ,000 and 42,000 workers, respectively  [ 1 57 ,  1 5 8 ] .  Furthermore, 

comprehensive occupational health and safety stud ies ranked number 1 9  among 30 
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important domain in the e\ enth Fi\ e Year Health De\ elopment and Research Plans 

( 2006 - 20 J 0) in the 1 i n i  tt") of Health ( MOl-I )  in Oman [ 1 59 ] .  I I of these fact 

i l l ustrate the importance of ccupational health tud ie in the country 0 as to protect 

our 1110st \ a luable re urce , the people. 

, 0  far. there i no data regard ing the prevalence of lead exposure among adult 

Omani'  in the general popU lation. In col laborat ion with WHO in 2003, the Department 

of Em iroJ1mental and Oc upat ional Health ( DE&OH ) at the MOH e ami ned lead Ie els 

among 3"4 chool chi ldren. The preyalence of lead exposure ( BLL 2: ] 0 �lg/ dL) in this 

age group \\ as found to be 6 .58  % [ 1 60] .  

Regard ing occupational health i n  Oman, A I -Rusai l  I ndustrial Estate e R I E )  was 

e tabl ic hed in 1 983 and since then s ix more sites were developed throughout the 

countr) [ 1 6 1 ] . These are home for many manufacturing companies which deal with 

\"ariou metals, for example, lead in AI-Rusai l  and aluminum in Sohar. Two studies 

conducted at the Col lege of Engineering at Sul tan Qaboos Univers i ty ( QU) and 

publ i shed in 2003 could not find signi ficant levels of heavy metals inc lud ing lead in  

total suspended part iculate matter (a ir  samples) that were col lected from 23 locations in  

RIE [ 1 62 ] ,  1 9  sites i n  Sohar I ndustrial Estate and 1 2  homes i n  Sohar 's  neighborhood 

[ 1 62 ,  1 63 ] .  The highest lead level was measured at an automobi le battery factory ( 1 5 .09 

�g/ m3) in AI-Rusa i l .  This was within the acceptable level (an average level of 50 �g/ 

m3 per 8 hour working sh ift)  as set by the U .S .  OSHA [ 1 62 ] .  

Howe e r  these results do not definitely exc lude lead exposure because o f  several 

reasons. F irst, these proj ects neither studied any human subjects nor did they assess the 

relevance of these levels i n  causing adverse health effects in the exposed workers. 



:econJ . lead ' tox ic effect might not neces ari l )  re u l t  from acute exposures, but from 

chronic one that lead ( cumulat i ve effect . Within any factory, there i a d ifference in 

the total concentration bet\\.een the \ ariou \vorkstat ions, a point that is not peci fical ly 

auurc<;sed in the pre\ ious 'tudies. In addi t ion. air part ic les are dispersed over t ime. and 

thus. their concentrat ions decrea 'e. Thi e 'plai n the importance of conti nuous 

mea urement and the need for the establ i  hment of urvei l lance systems. In addi tion, 

the exami ned areas In  ohar might have not in o lved industries re lated to lead 

expo llre . 

In add i t i  n. ome data that \\ ere obtained direct ly from the batteri es' manufacturing 

factory in Oman contrad ict the finding from the previoLls studies. These data provide 

c lear ev idence that lead exposure i sti l l  a serioLls problem at th is establ ishment as they 

'howed alarming level ( Table 1 . 2 & 3 ) :  

Table 1 :  B lood lead levels among Oman i employees in  Reem Batteries Company. 

BJood Lead Levels 2008 2 0 1 0  

(/J.g! d L) N u m ber Percent  ( % )  N u m ber Percent (%)  

< 1 3  2 1 .9 1 3  1 0.9  

1 3  - 39  48  45 .7  58 48 .7  

40 - 59 39 37. 1 36  30 .3 

60 - 79 1 4  1 3 .3  1 2  1 0. 1  

2: 80 2 0 .9 a 0.0 

Total 1 05 1 00 1 1 9 1 00 



rabk 2 :  Bloc d lead le\ l � I "  among Reem Balterie om pan) emplo; ees in  20 I O. 
B lood Lead N u m be r  o f  W o rker, Tota l  

Le\C1.  ( �lg/ d L )  O m a n i  Expatr ia te  

< 1 0 1 1  0 1 1  

1 0  - 1 9  1 2  I 1 3  

� 20 96 1 23 2 1 9  

Total J J 9 1 24 243 
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mentioned earl ier. according to CD , the cut value of BLL for occupat ional 

e,po ur should not exceed 25  �lg/ d L  [ 2 ,  3 1  J .  I t  i medical ly reconunended to re locate 

the \\ orker , \\ h have a B L L  of > 60 �lg/ dL ,  to otber workstations in order to prevent 

them from being expo ed to an, more lead [_6 ] .  

Table 3 :  Ai rborne lead level by section in  Reem Batteries Company in 20 1 0 . 

Sect ion A i rborne Lead Level ( �g/ m3) 

Grid cast ing 94 

Spreading ( loading) 260 

Form ing & Pol ishing 264 

Assembl ing ( packaging) 1 2  

Others 28  

From Table  3 ,  i t  i s  c learly seen that the employees a t  the first three work sections are 

exposed to airborne lead level s greater than the permissible values set by OSHA, which 
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shou ld not e\.ceed -0 �lg/ mJ per 8 hour \\orking 'h i ft ,  In addi tion to the manufacturing 

of hatteries. occupati nal lead exp ure i s  an ongoing problem in sev eral other 

occupations ,g .  con truction and painti ng. Furthermore. ome industrie sllch as 

rad iator repai r hop are \ ery common and scattered throughout Oman . Al l  these 

\\ orkers are t:xposed to only one type of lead ( i norgan ic lead ) and this exposure often 

take place through the same common route i .e .  inhalation . 

ccupati nal health 110\\ aday rest hea i l l' 011 ha ing a sol id basi and a strong 

background in ergonomics. I lo\\ever, when fi fty manager from d iffer nt industries in 

man partici pated in a tud) that \\ as pub l ished in 2003, either a lack of knov,ledge or 

not hm ing informational re ources related to ergonomics were reported as the main 

obstac les fa ing 88 0'0 of the part ic ipants [ 1 64 ] .  As uch, managers should have proper 

trai ning in health and afet) . 

1 . 7 .  Lead Expo u re i n  U A E  

In  the UAE ,  there are a fey pub l i shed studies that addressed l ead exposure i ssues, 

main ly  in Abu Dhabi Emirate. In the general population, a study on school ch i ldren 

demonstrated an associat ion between high lead levels and attention defic i t  hyperactivity 

d isorder [ 1 65 ] .  For occupational exposures i n  one cross-sectional pi lot study, Bener et 

al .  examined a hundred occupat ional l y  lead-exposed workers in  AI-Ain c i ty and found 

the fol lowing results [ 1 66 ] .  The exposed group complained of several general and non

specific  symptoms and signs such as GIT disturbance, fatigue, i rritab i l i ty ,  and memory 

problems, which could be ul t imately attributed to lead exposure. The mean BLL in the 

study group was h igh ( 77 .5  ± 42 .8  �g/ dL) and significant ly  di fferent from the level in  



the control group ( 1 9 . ± 1 2 . '"  )lg d L ) . In add it ion. LP and LDH le\els were 

sign i ficant l )  higher in tht: \\ ollers. in comparison to the control group [ 1 67 ] .  Another 

s imi lar stud) from the AE rep rted a mean B L L  of 8 I )lg/ dL among 1 1 0 \vorkers, in 

compari ,on to 1 1  )lg, dL  in age. sc:-: and national it) -matched control gr up of 1 1 0 

people [ 1 68 ] .  fhis stud) al 0 reported a signi ficant a ociat ion between BLL and 

S) tol ic and d iasto l ic blood pressure , fa t ing blood gluco e levels plasma levels of 

total chole ter L LDl l ,  and uric ac id .  Thus, it demonstrated a l ink between lead 

expo me and the ri k r r deve loping hypertens ion and DM . Based on these resul ts, 

there i ob\ iously an ongoing lead e 'po ur problem in the country ; and accordingly 

there j a big opportun ity to conduct related high qual i ty research and to develop 

practical guidel ines and pol ic ies in  order to deal with this issue successful ly .  

1 .8. D ia betic A n i m a l  M od els 

There are many types of d iabetic ani mal models ;  and each one has its own pros and 

con . Chemical ly- induced models have severa l advantages, and are frequently used. 

These model s  are usual ly  simple, i nexpensive and can be used in  rodents as wel l  as in 

h igher animals [ 1 69 ] .  The two compounds that are most commonly used for this 

purpose are streptozotoc in  and al loxan [ 1 69]  and they both can be admini stered as i . p . ,  

i . .  or s .c  i njections [ 1 70 ] .  These chemicals are structura l ly  s imi lar to  glucose; and 

therefore, they become more effect ive when they are admin istered to fast ing animals 

[ 1 69 ] .  However. al loxan has two main problems. F i rst, it i s  toxi c  to the k idneys; and 

second, the ani mals  can recover over t ime and u l t imately become non-diabet ic  [ 1 7 1 ] .  

As for STZ, i t  has a h igher level of se1ect iv i ty to i nduce DM and i s  a better agent to be 
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u �d for thc inducti n [ 0  1 in rat [ 1 7  J ] . STZ ha to be \\- rapped in a lumi num foi l  in 

order to pr tcct it from l ight . Because o f  i t  i nstabi l i ty. it needs to be freshly prepared 

and ut i l i /cd [ 1 69 ] .  TZ model v. i l l  be  d i  cussed in more detai l in  chapter 4 :  Diabet ic 

Animal Model .  

n the other hand, the mo t commonly-used animal models that can spontaneously 

dev elop type 1 d iabetes are the non-obese d iabeti ( 00) mou e and bio breeding ( B B )  

model [ 1 72 1 ·  I n  the e model , the indi  idual animals that are more suscept ib le to 

dc\ clop t: pe 1 0 1 ha\ e been carefu l l y  e lected and bred over and over [ 1 7 1 ] . Such 

model are helpful in understand ing the genetic aspects and the pathogenes is  of type 1 

0 1 [ 1 7 1 ] . 

I n  00,  in u l i 1 i  starts at around the 3 rd or  4lh postnatal week, howe er, ful l  blown 

D�l  become c learly evident around 1 0  - 1 4  weeks of age� and it i s  characterized by 

C D�+ and CD8+ I 'mphocyt ic in tl l tration [ 1 69 ] .  Although the 00 model is usefu l  for 

studying the therapeut ic  potential of new drugs, some medications that v ere proved to 

be effect ive i n  mice were of no use i n  people [ 1 69 ] .  I n  addit ion, this model has some 

other d isadvantages, for example, it is qu i te expensive as the mice need to be kept free 

from infections and there is a variab i l i ty in the inc idence of DM in each batch of 

animals [ 1 69 ] . An addi t ional factor to consider is that the inc idence of DM in th is  model 

is h igher in female animals than in males [ 1 73 ] .  This model is also associated with the 

de elopment of other auto immune d i sorders such as thyroidi t is  [ 1 73 ] .  

I n  compari son, among the B B  model ,  bio-breeding-d iabetes-prone model i s  

suggested to be  the best type 1 d iabet ic  animal model [ 1 7 1 ] . Thi s  model c losely  m imics 

human DM on several levels .  I t  develops around adolescence (8 - 1 6  weeks i n  rats), has 
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an equal incidence in male and female rat and lead to sewre ketoac idosis that requires 

treatment \\ i th in ul in , j u't l i ke in people [ 1 7 1 ] . 

Other animal m de ls  are ba ed on surgical procedures or genetic modi ficat ions. 

I I t)\\ C\cr, such model '  require highly advanced techniques, are expensive, and might  

result  in the 10  of  a large number of an imals [ 1 70 ] .  More recent model involve 

molecular and bioi gical techniques such as the use of  knock- in,  genera l ized knock-out, 

and t i  s 'ue-spe i fi c  kn ckout animal 111 de l s  [ 1 72 ] .  

1 .9 .  Resea rch P rob l e m  a n d  Rat ionale  for the Study 

I n  brief. lead is  a u efu l  heavy metal that has been used in various industries for 

centur ies. Because of its widespread d i stribution in the environment and due to 

manmade act iv i t ie exposure to lead has been common and easy. Consequently, th i s  

resu l ted in  the c l i nical mani festat ion of a wide range of poi soning cases. I n  the past, the 

majority of experimental studies exposed laboratory animals to l arge doses of lead. 

1 0, the vast majority of l i terature concentrated on studying lead' s toxic effects main ly  

on  the hematopoietic, nervou , renal and card iovascular systems. However, over t ime, i t  

became evident that l ead can basica l l y  target a l l  body organs and that no safe level to 

l ead exposure could  be estab l i shed. As such, recent studies addressed other problems 

e.g.  lead s effects on the pi tu i tary-thyro id  pathway. In addi t ion, there i s  an increasing 

ll1terest in  the i mmunological and a l lergenic potential of heavy metals, which has been 

recent ly reported in a few pub l ished studies. Besides determ in ing lead ' s  toxic effects, 

addressing its mechanisms of act ions that y ie ld such effects is obviously a lso worth 

examll1ll1g. 
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"I here are some cros - 'ectional studies that I oked at the re lationsh ip between lead 

e po me and it e ffects on the thyroid glands. hov. e\ eL the results frol11 such tudies 

ha\ e 'cwrul l im itations re lated to ample ize. total duration of exposure and other 

cofoundcrs e ,g ,  mo"- ing habits or the pm1ic ipant , I n  order to have flrm ans\-vers. some 

animal stud ie a lso addrcs ed th is  i sue. nt i l  today. however, this topic remains 

c ntrowr ia! .  Accord ingl) . tbe lack of adequate data and the inconsistenc in l i terature 

in regard \\ ith the relation h ip bet\\een lead exposure and i ts  effects on the pitu itary

thy roid patlm a) st imulated LlS to conduct this tudy . In add it ion, the U . .  AT DR stated 

that ' lhe informat ion regard ing effects of lead on the l i ver in humans and animals i s  

scarce a.nd does not a l lo\\ for genera l i zations' [ 1 74 ] .  Besides. l i tt le is  known about the 

a' ociation bet\veen lead xposure and inflammatory markers [ 1 75 .  1 76 ) .  Therefore, 

experi mental studies that e. p lore the effect of lead exposure on thyroid functions, 

i nflammation. and hepat ic  and systemic toxic ity are much needed . 

In  th i  the i s, we determ ined the toxic  effects of lead exposure in  nom1al rats and 

d iabetic rat . Diabetes was selected because of several reasons. F irst, according to our 

knowledge. the relationship between these two condi tions ( i .e .  lead exposure and DM) 

has not been addre sed before i n  e perimental work. Second. DM i s  a major global 

health problem. Thi rd,  there is a l arge prevalence of this condit ion in the UAE. I n  

addi tion. there i s  a c lo e assoc iation between thyroid d isorders and D M  i n  c l i nical and 

epidemio logical studies .  Although there are several d iabet ic animal models, we studied 

the effects of lead in TZ-induced d iabetic  Wistar rats;  s ince this model is  wel l  

estab l ished and i t  has been used successful ly  i n  our l aboratory. 



39 

1 . 1 0 . A i m ll  a n d  Obj e c t i ve. 

rhe main aim of thi thes i s  \\ a to determi ne the t . i c  effect of  exposure t everal 

doses r lead acetate trihydratc on the pituita!") -thy roid path\\ ay in normal and d iabet ic 

rats. We al 0 documented sy 'tem ic effects on other major organs. The spec ific 

objcct i \  c ' were a f I low. : 

tud) ing the t x ic  effect of lead e posure in healthy Wistar rats 

l I1 \ estigat ing the t x i c  effects of lead exposure in STZ- i nduced d iabet ic  rats 

De\ eloping a ne\\ e. peri mental thy roid  model based on the use of h rm nes, 

w here TRH is u ed to induce h, perth) ro idism and OCT is ut i l ized for the 

induction of hypoth) roid i  m 



.to 

C h a p t e r  2 :  M a t e r i a l  a n d  M et h od 

Ih is tud) \\ a appro\'ed by the Re earch Ethic ommittee ( I nst i tutional Review 

Board ) at tbe C J l ege or led ic ine and H ealth c i  nce . E niversity . 

2 . 1 .  A n i m a l  

Young male Wi 'tar rats were used in a l l  experi m nt . They were hOLlsed i n  

pol) prop) lene p i a  t i  cage and kept i n  1 2  hour cyc les of l ight and dark at 22  ± 2 0C. 

fhe) \\ ere suppl i ed \\ ith chow and tap drink ing water ad l i bi tum . The an imal s were 

handled in a humane \v a) to min im ize uffering and pain .  The weight of a l l  an imal \ as 

as es ed on the fi r t and la t days of experiments. 

2 .2 .  tudy Design 

2 .2 . 1 .  Non- D ia bet ic  Model  

2. 2. 1. 1. Treatment Protocol 

Young male Wistar rats, with a weight range of 208 to 253 grams, were used per the 

fol lowing t reatment protocol ,  as shown in (Table 4 ) . The dai l y  t reatments of ei ther 

d is t i l l ed water (DW)  or the various doses of lead acetate trihydrate were given as i .p.  

i nject ions for a total durat ion of five days. Animals i n  the control group received DW, 

whereas. the animals in  the four treatment groups A, B,  C and D were given 1 ,  25 50 

and 1 00 m g/ kg of lead acetate tr ihydrate, respective ly .  These doses are among the 

standard and effect ive doses that have been used in  lead studies [64,  1 77 ] .  
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r able 4 :  rreatment protocol in non-d iabet ic animal . 
A l l  animals \vere treated v. i lh i . p. injection r r fi vc days. The control gr up received 
O \V.  v .. herea . the animal in treatment group . B. C and D were treated \\ ith 1 .  25,  
- 0. and 1 00 mg/ kg f lead acetate trihydrate. respect i \ e ly .  

Groups 5 Days Treatment 

Lead Dose ( mgj kg) ,  i . p .  

Contro l  O W  

A 1 

B 2 5  

C 50 

D 100 

The LDso through the i . p .  route in  rats i 1 50 mg/ kg for lead acetate and 200 mg/ kg 

for lead acetate trihydrate [ 1 78 ) . which i s  a more so luble fonn of the compound and i s  

m i  c ib le  \ \  i th water [ 1 79 ) . ince the L D-o of lead acetate trihydrate is in the range of 50 

- 500 mg/ kg. th is  chemical is con ider d to be moderate l y  tox ic  [ 1 80) . Accordingly, the 

do e that we u ed in our e periments repre ent the fol lowing percentages of LDso of 

lead acetate trihydrate (Table 5 ) .  

Table 5 :  The re l at ionship between lead acetate tr ihydrate doses and L Dso (%). 

Dose ( rn g/ kg) Percentage of L Dso (%)  

1 0.5  

25 1 2 .50 

50 25 .00 

1 00 50.00 



2 . 2 . 2 .  D ia be t i c  -' l od e l  

2. 2.2. 1. Inductioll of Diabete AIellitll 

1 )- pc I diabetes \\'a induced in one month old rat by treatment \vi th a ingle dose of 

60 mg kg 'T I freshl )  prepared in  c i trate buffer. given as i . p. inj t ion . The animal 

" ere mon itored and thei r  weight was record d on a weekI basis .  ix ,veeks later and 

j ust before th tart [ experiments, blood sample fi'om the tai l  were exam ined for 

random blood sugar ( RB ) Ie  el u ing an Accucheck performa glucometer ( Roche 

Diagno t ic . u tral ia) .  The ut value f r d iagno ing d iabetes was set at 300 mg/ 

dL and the animal that had not become diabet ic were excl uded. The weight of the 

animals wa monitored before the induction of DM and throughout unt i l  the last day of 

x peri ments. 

2. 2. 2. 2. Treatment Protocol 

The treatment protocol  that we used i n  STZ-induced d iabet ic  rats was s imi lar to the 

one u ed for non-diabet ic  animals, e cept that we did not have the treatment group of 1 

rna kg lead acetate as i s  ShOVv'll i n  (Table 6) .  We excluded th is  group becau e we did 

not  get s ignificant results in  the 1 mg/ kg lead acetate non-diabetic group. S ix weeks 

post D 1 i nduction with TZ. the animals were divi ded into four groups i .e .  the control 

group was a lso a d iabetic group. A l l  groups were treated with dai l y  i . p . i njections for 

five days. Contro l  group animals were given DW. The three treatment groups received 

25 . 50,  and 1 00 m g/ kg of lead acetate tr ihydrate, respective ly .  
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' ] able 6: freatment protocol  in diabet ic  animals. 
The control gr up \Va treated vv ith dai l )  i . p. injection f DW for five days. Treatment 
groups . B and \\ ere g i v en 25 .  50.  and l Oa mg/ kg of lead acet�te trihydrate. 
rcspccti \ e l )- . 

Groups 5 Days Treatment 

lead Dose ( mgj kg) ,  i . p .  

Control  OW 

A 2 5  

B 50 

C 100 

2.2.3. H o mlOna l  ThY" oid Model  

2. 2.3. 1. Treatment Protocol 

The e animals \\-ere treated for five days with i .p .  i njections (Table 7 ) .  DW was 

admin i  tered to the control  group. The TRH group received 5 flg of TRH / 1 00 g body 

weight, whereas. OCT group \ as treated with 1 0  Ilg of OCT/ kg body weight. 

Table 7: Treatment protocol for hormonal thyroid model . 
11 animals were treated for five days. The contro l group received i . p .  DW, T RH group 

was treated with TRH at a dose of 5 Ilg1 1 00 g body weight i . p . ,  and OCT group was 
given 1 0  flg of OCT/ kg, i .p . ,  respect ive ly .  

Groups 5 Days Treatment, i . p .  

Contro l  OW 
T R H  TRH 

OCT OCT 

2 .3. Chem icals  

Lead acetate trihydrate was purchased from S igma, Aldrich (M issouri ,  USA). For 

determination of B L L  by using an ICP-MS the fol lowing chemicals were ut i l ized. 

Double d i st i l l ed nitr ic ac id, tetra methyl ammonium hydroxide (TMAH), tr i ton X- l Oa, 



and [ , 0 J i\ d i sod iu l11 salt : a l l  were Trace lect R grad and were obtained from igma-

,\ Idrich ( .  t .  Loui , 1 0. ) .  Lead, the primal') standard and Rhodium, the internal 

'itandard . \\ ere PE Pure R grade and obtained [rom Perk inElmer ( T, A). tandard 

reference materia ls  ( R 1 )  ero Whole Blood Ie e l  2 \\ ere obtained from Seronorm 

( .  ew. 0[\\ a) ) .  Pure \\ ater wa suppl ied through our lab re ources and equipped with 

1 i l l i Q  1 i l l i p  re B laboratory pure \ ater ( >  1 8  MOhms). 

2.4.  B lood S a m p l e  

Blood ample \\ ere col lected \ i th i l1 hal f an hour to one hour after injecting the 

animaL \\ ith the last dose on day 5 between 9.00 a. l11 . to 1 .00 p .m.  Before col lect ing the 

ample' and acri fic ing of th animals, sod ilUn pentobarbital ( 70 mg/ kg) was 

admin i stered as a general anesthet ic .  Fol lowing laparotomy, the samples were col l ected 

from the i nferior vena cava in syringes containing 4% sodi um ci trate as an 

anticoagulant. Fresh v"hole b lood samples were used to determi ne complete blood 

counts (CBC) .  The rest of b lood samples were centri fuged at 3000 g for 1 0  minutes. 

The separated plasma and a portion of whole b lood samples, that were used to 

determine BLL ,  were stored at -80 .0 °C pendi ng analysis .  

2.5.  A sessment of  B L L  

B L L  in  whole b lood sam ples were determined b y  using a mod ified version o f  the 

ICP-M method, described by unes, l .A . ,  et a ! .  [ 1 8 1 ] . A l l  the analyses were perfom1ed 

on a Perk inElmer exion 300® equipped with nickel sampler and sk immer cones, 

standard Ryton Double-Pass Scott-type spray chamber, standard ceramic injector, and 
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1e inhurd R Concentric nebul izer. Th instrument \\ a equipped v,; ith an - 1 0  

autosampler ( Perk inE lmer). and of1 " are v r ion is  ex ion E .  Lead i s  moni tored at i t  

three maj r i tope : m/ 7 208. 207 and 206. 

Lead C a l i b ra t io n  ' t a n d a rd . :  Lead cal ibrat ion standard ', ere prepared from d i l ut ion 

r 1 000 mgl L l ead pri mm) standard ePE Pme. Perk inE lmer) at 1 0. 50. 1 00 and 500 ppb 

Ulgi L )  Je \ el . For i n  trumental cal ibration, these stock standards \vere d i l uted 1 : 1 00 i n  

the abo\ c d i l uent 'olut i  n .  The ca l ibrat ion blank \ a made up of the d i l uent sol ution. 

D i l u e n t :  The bl od d i l uent onsist of 0.005% \ Iv Tri ton-X- I 00 and 0 .05% EDT A. 

Both or  Tra e elect IV and Igma hemical were prepared In Mi l l iQ  Mi l l i pore 

laboratory pure water (> 1 8  fOluus) .  

a m p l e  P repa ra t i o n : Al l  cal ibration tandards, qual i ty control materials (QCs), 

tandard reference mater ia ls ( RM ), blanks. and unknown blood samples were 

equi l ibrated to room temperature prior to sam pl i ng. B lood samples (200 � lL) .  were 

pipetted i nto ( l - mL)  conical tubes .  Then, 500 �L of 1 0% v/v TMAH so lut ion was 

added to the samples. incubated at room temperature for 1 0  min ,  and then the volLll11e 

was made up to 1 0  m L  with a sol ut ion conta ini ng 0.05% w/v EDT A + 0.005% v/v 

Triton X- l aO.  Rhod ium was added as i nternal standard to obta in a final concentration of 

1 0  �g/ L. After that. samples were d i rectly  analyzed by rep-MS. 

2 .6. Asse m e n t  of H o rmo n a l  Levels 

T H E L I  A k its for rats were purchased from USCN L ife c ience Inc .  ( Wuhan, 

China), whereas total T3 and total T4 E L I SA k i ts for rats were obtained from 

MyBioSource Company (Cal i fornia, USA).  The plasma samples were analyzed 



accoru ing to the re l�\ ant ol11pan:y " s  manual s .  

2.7. 

../6 

J l utatbione le\ I I n  pia 111a \\ ere determ ined. l lS Ing a k i t  from 19ma Idrich 

) and fo l lowi ng th manufacturer' s instnlct ions as descri bed before 

[ 1 - 1 . 

2.8.  A e mcnt  of C o m p lete Blood Q u n t  ( C BC)  

B parameter in \yhole b lo d ample were detem1 ined using ABX VET BC 

I I  matolog) nalyzer machine from ABX Diagno t ics (Montpe l l ier, France) ,  \\ ith a 

spec ial analysi card for rat . 

2.9.  As es ment  of B iochemi  t ry Pa ."a meters 

A total of 1 0  renal  and hepat ic function parameters in plasma were detem1i ned using 

Cobas Integra 400 biochemistry anal zer from Roche ( I nd ianapo l i s, USA).  These 

parameter are b lood urea. creat in ine ( C RE ), albumin (ALB),  alkal ine phosphata e 

(ALP), alanine Aminotransferase (AL T) ,  aspartate aminotransferase (AST), lactate 

dehydrogenase ( L D H ), C-react ive prote in  (CRP),  total b i l i rubin,  and total proteins .  

2 . 1 0. Stat i  t ical  A n alysis 

tat i st ical analysis was perfom1ed using GrapbPad Prism 5 for Windows, version 

5 .0 1 . 2007. The various treatment groups i .e .  lead doses, represent the independent 

variable, which was compared with the resultant and dependent variables e.g. levels of 
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tb) roid h0n110ne and bi chemi tr)  parameter . I n  the bormonal model .  t\\ o-wa) 

A V\ as u ed t anal) ze \\ e ight banges during the fi \ e day s of treatment with 

lead acetate, \\ herea . for al l  tbe remaining parameters, one way OVA \Va used . 

Thi \va foi l  \ved \\ i th Bonrerroni po t -h c te t for selected groups to compare the 

control group \\l ith each treatment group in sequence. Re u l t  are presented as mean ± 

tandard error or  the mean ( EM) .  



Chapte r 3 :  Lead ' Effect in N on- D iabetic M odel 

3. 1 .  Backgro u n d  

� 8  

Chronic I ad expo ure cau es mult ip l  y temic toxic i ties. part icularly affecting the 

hemal poietic. nen ou . and renal ) tem [ 1 . 1 83 ] . The e effects are re lated to the total 

body burd n with lead and are worse in chi ldren . In the i n i t ial stages and at min imal 

Ie\ e l  of e po ure. c l i nical presentat ion i vague and nonspecific  and can easi l y  pass 

unrecognized [ 1 ] . Y temic and m re pec ific feature become evident at h igher levels 

of expo ure. For example. inhibit ion of the enzymes that are involved in  the heme 

S) nthe i pathway elevate the level of 5 -aminolaevu l in ic ac id in urine and zinc 

protoporphyrin i n  blood [ 1 84 ] . both of which might be used as diagnost ic parameters 

for lead poi soning.  The resul tant anemia i s  usua l ly  a late mani festation of lead 

poi oning [ 1 85 ] .  Acute lead exposure can a lso resul t  in e levated b lood pressure, \: i th a 

part icular i ncrease of s tol ic blood pressure [ 1 86, 1 87 ] ,  which might be either a cause 

for or a sequela  of renal  damage. Lead encephalopathy is one of the most dreaded 

erious compl ications of acute lead tox ic i ty [ 1 9, 73 ,  74 ] .  In regard with l ead toxici ty, the 

nervous system i s  considered to be the ' cr i t ical  organ that is at r isk when the blood lead 

Ie  e l  ( B L L )  is at a ' crit ical l eve l '  of 1 0 . 7  - 1 7 . 5  �g/ dL [ 1 88 ] .  

Despite the widespread mul t i -organ nature of l ead tox ic i ty ,  evidence of effects o n  the 

thyroid g land is sti l l  not e luc idated s ince no defini t ive relat ionship has been confirmed 

yet as the l im i ted studies that ha e been previously conducted showed contradict ing and 

i nconcl usive results [ 1 89 ] .  For exampl e, among occupational l y  exposed workers, 

e levated B L L  of more than 80 �g/ d L  were assoc iated with significantl y  h igh level s  of 
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th; roiu  st imulating hormone ( r ' I  I ) . \\ herea . in the lower BLL group (40-59 and 60-

79 �lg u L group ). T I I h�\ c ls  \ ere I w r and comparable between the two groups 

r I 90 J .  I n another occupational ·tudy. in \\ hich 1 3 7 lead-expo ed worker were 

compareu \\ i th 8::' c ntrols .  no tat i stical d ifference in ( th TO ine )  T4 leve ls  wa found 

bet\\ een the t\\ O groups [ 1 9 1  J .  

A l though these cro s-sectional tudie addressed the relationship between lead 

e:-.posure and thy roid effects. such stud ies cannot d i fferentiate between causal i ty and 

effect .  I n  aud i t i  n. there might be oth r confound ing factors in these studies e.g. age of 

pa11 ic ipant . variable durati 1 1  of cumulat ive occupational exposures and smoking 

habits .  

Experimental animal tudie a lso showed variable resu lts e .g .  the dai l y  

admin i  trat ion of - mg/ kg  of lead acetate ora l l  to sheep over 8 weeks resul ted in a 

reduction in  a l l  thyroid-related main parameters i .e .  TSH,  T4 and tri iodothyronine (T3)  

[ 1 92 ] .  im i lar re u l ts  were a lso obtained in  lead-exposed rats [ 1 93 ] .  I n  comparison, 

there were no effects on T3 and T4 levels when rats were exposed to lead acetate i n  

drink ing water for three months [ 1 94 ] .  
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3 . 2 . Rc u l t  

3.2 . 1 .  W e i g h t  I o n  i t o  r i n g  

Animal in the c ntr 1 group, a' expected . gai ned some weight ( F igure 2 ), whereas. 

in the gr up that \\ as treated \\ ith 1 mg/ kg of lead acetate, weight loss was sl ight and 

in ign i ficant. ] I o\\ \ r. there \\ as a igni ficant amount of weight loss in the remaining 

group i .e .  th one that \\ ere treated with 25.  50 and 1 00 mg/ kg of lead acetate� and 

the highest amount of \\ \� ight 10.s was ob erved in the group that wa treated with 1 00 

mgt kg o f lead acetate. 

-
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Groups 
F igure 2 :  Weight change in  non-diabet ic  animals .  

* * * *  

Percentage of body weight change over five days of t reatment. One-way ANOV A test, 

fol lowed by Bonferroru post-hoc test for selected groups are used. Results represent 

mean ± EM. (n= 4- 1 0). * :  p < 0.05, and * * * :  p < 0 .00 1 



5 1  

3 . 2 . 2 .  B L L  R e. u l t s  

1 0 measurable B L L  \\ ere detected i n  the control group. BLL in the an imals, which 

\\ ere e",po ed to I mg/ kg of lead acetate. were not ign i ficant l)  affected compared "vith 

the control group ( Figure " ) . l l owever, animal ' rece iv ing 25 .  50, 1 00 mg/ kg of lead 

ncetate had ' ign i ficantly high BLL in compari on to the ontral group. 

2500 
CO 2000 
0-� 1 500 
j 1 000 
CO 500 

* * * 

* * * 

* * *  

O�--�--�--.-�����-L�--L-��--� 
C o n tro l Ld 1 m g  Ld 25 m g  Ld 50 m g  Ld 1 00 m g  

G ro u ps 
Figure 3 :  Blood lead levels i n  don-diabet ic  animals .  

One-way A OVA test ,  fol lowed b Bonferroni post-hoc test for selected groups are 

us d. Resul ts  represent mean ± SEM, (n= 3 -5 ) ,  and * * * :  p < 0 .00 1 

3.2.3.  Thyro id  Funct ion Tests 

Compared with the control group, TSH concentrations 111 the group, which was 

treated with 1 mg! kg of lead acetate, were stat i st ical ly not affected ( Figure 4 A) .  The 

groups that received h igher doses of l ead acetate (25 ,  50, 1 00 mg! kg) had a significant 

i ncrease in TSH concentrations. However, with regard to thyroid hormones, no 

significant effects on T4 and T3 leve ls  were detected at any used dose of lead ( Figure 4 

B & C ). 



A 
1 0  

-
-.J 8 E 
0, 6 
c - 4 :z: 
� 2 

* *  * *  
* 

O�--���--����--����--��� 

8 
40 

-0> 20 c -
� 1 0  � 

o 

C 

8 
-

-E 6  

Control 

---.--L-

Ld 1 m g  Ld 25 m g  Ld 50  m g  Ld 1 00 mg 

G ro u ps 

---.- -.--
-L --.- -L---"---

Control Ld 1 mg Ld 25 mg Ld 50 mg Ld 1 00 mg 

G ro u ps 

Control Ld 1 mg Ld 25 mg Ld 50 m g  Ld 1 00 mg 

G ro u ps 

Figure 4 :  Thyroid function tests i n  non-diabet ic animals. 
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Levels  of (A) TSH .  ( B) T4. (C) T3 . One-way ANOVA test, fol lowed by Bonferroni 

post-hoc test for selected groups are used . Results represent mean ± SEM, (n= 5 - 1 0),  

and * :  p < 0 .05,  * * :  p < 0 .0 1  
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3 . 2 . 4 .  G ' H Level i n  P i a. rn a  

Rats expo ed to  1 mg/ kg or lead acetate 'ho\\ ed  a igni ficant increase in G H 

le\ els .  c mpar d to the control gr up; ho\\ e\ er. no ign i ficant effects on G H v,ere 

obsen l:d at high r d 

30 -

E 
0, 20 
c. 

-

J: 1 0  CI) (!) 
0 

Co ntrol 

of lead acetate e po ure ( F igure 5 ) . 

* *  

Ld 1 m g  L d  25 m g  Ld 50 m g  Ld 1 00 mg 

G ro u ps 

Figure 5 :  G H levels i n  non-diabet ic  animals .  

One-way A OVA test, fol lowed by BonfelToni  post-hoc test for selected groups are 

used. Results represent mean ± SEM, ( n= 5-9) ,  and * * :  p < 0.0 1 

3.2 .5. C BC Resul ts  

We observed a gradual mcrease I n  WBC counts wi th  increasing doses of lead 

acetate;  however, the resul t  was statistical ly  s igni ficant only in the group receiving 1 00 

mg/ kg of lead acetate (F igure 6 A) .  On the other hand, p latelet counts were 

significantl y  reduced i n  rats that were treated with 1 00 mg/ kg of lead acetate ( Figure 6 

B) .  The current protocol  did not affect hemoglobin levels, hematocrit percentage, or 

RBC counts (Figure 7 A-C) .  
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* 

Control Ld 1 mg Ld 25 m g  Ld 50 m g  Ld 1 00 mg 

G ro u ps 

* 

C o ntro l  L d  1 m g  L d  25 m g  L d  5 0  m g  L d  1 00 m g  

G ro u ps 

F igure 6 :  WBC and platelet counts in non-diabetic animals .  

(A)  WBC counts. ( B) Platel et counts. One-way ANOV A test, and Bonferroni post-hoc 

test for selected groups are used. Results represent mean ± SEM, (n= 5 - 1 0), and * :  p < 

0.05 
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Figure 7 :  Hemoglobin, hematocrit and RBC counts in  non-diabetic animals .  
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( ) Hemoglobin levels (B) Hematocrit  percentage. (C) RBC counts. One-way ANOV A 

test. and Bonferron i  post-hoc test for selected groups are used . Results represent mean ± 

EM, ( n= 5- 1 0) 



56 

3 . 2 .6.  Bioc h em is t ry Pa ra m e t e r. 

Treatment \" i th in  reasi ng do e of lead ac tate re u l ted 1D igni ficanL effect on 

c\ eral biochemical parameter ( Figure 8 )  and ( Figure 9 ) .  LDH acti v i ty \v a 

signi licant l:  ra ised in  rat c:-.posed to 50 and ] 00 mgt kg of lead acetate ( Figure 8 ) .  

Both A r and total bi l i rubin were levat d i n  the group that was treated with 1 00 mgt 

kg of lead acetate ( Figure 8 B & ) . RP concentrations \\1 re significant ly high i n  the 

group that recei\  ed 25 and 50 mgt kg of lead acetate ( Figure 8 D) .  Although the groups 

that receiv ed lead dose' of 25  mgt kg or higher had lower leve ls  of ALP ,  the resul ts  

\"ere not i gn i ficant ( Figure 9 A ) .  ALT Ie el were not affected and neither albumi n  nor 

total protein I yel were a ffected by l ead exposure for five da s ( F igure 9 B - D) .  
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Figure 8 :  Level s  of LDH,  AST, total b i l i rubin and CRP in non-diabetic animals .  

5 7  

Level s  of (A) LDH.  ( B) AST.  (C)  Total b i l i rubin .  CD)  CRP.  One-way ANOV A test, 

fol lowed by Bonferroni post-hoc test for selected groups are used. Results represent 

mean ± SEM, ( n= 4- 1 1 ), and * :  p < 0.05 
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Figure 9:  Level s  of ALP, ALT, a lbumin and total proteins in  non-diabetic animals. 

Leve ls  of (A)  ALP. ( B) AL T.  (C) Albumin.  (D )  Total Proteins. One-way ANOV A test, 

fol lowed by Bonferroni post-hoc test for selected groups are used. Resu lts represent 

mean ± SEM,  ( n= 4- 1 1 )  
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Relati \ c  to renal function - urea le\ el i ncrea oed signi fi cant ly in the group treated 

\\ i th 1 00 mg/ kg or lead acetate ( F igure 1 0  ) .  ompared with the control group. 

reat in inc level remained tati t ica l ly in ign i iicant ( F igure l O B) .  

A 
:::J 1 0  
-. 8 o E 6 E - 4 

2 

* 

O�--���--���--������-L�--L-

B -
....J 
-. 20 0 E 1 5  E -
C1) 1 0  c 
c 5 .-

,.. � 
Q) 0 '-

() 

C o ntro l 

C o n tro l 

Ld 1 m g  Ld 25 mg Ld 50 mg Ld 1 00 mg 

G ro u ps 

Ld 1 m g  L d  2 5  m g  L d  5 0  m g  L d  1 00 m g  

G ro u ps 

F igure 1 0 : U rea and creatin ine leve ls  in  non-diabetic animals.  

(A) U rea levels. ( B )  Creati nine levels .  One-way ANOYA test, fol lowed by Bonferroni 

post-hoc test for selected groups are used. Results represent mean ± SEM,  (n= 6- 1 1 ), 

and * :  p < 0.05 
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3.3.  D i  ' c u  i o n  

I n  this mode l .  we demonstrated that lead ac tate exposure increa ed the secretion of 

l S I  l from the anterior pi tui tar gland. I t  a lso cau ed impainnents in renal and hepatic 

fun tion ' .  10reover. marker of 0 idat ive trc s (0 H) and inflammation ( WBe and 

CRP)  increased in re pon e to lead expo ure . 

the dose of lead increased, evident frol11 B LL ,  animals lost more and more 

\veight .  v e ight 10  might be  attributed to  e eral factors e .g .  the mult isystemic toxic  

effect or  lead exposure, and musc le  and fat wastage. I n  addi t ion, s ick animals often 

I se appet ite and hm e low food intake. Previous occupational -exposure studies have 

"ho\\ n that parenta l  lead exposure, both maternal [ 1 95 ]  and patemal [ 1 96 ] .  i associated 

a reduct ion in the b i rth-weight of their infants. I n  comparison, when rats were exposed 

for one month to ei ther 50 mg/ L of lead acetate in drinking water given ad l ibitum 

r 1 97]  or treated with dai ly intran1U cular i nject ions of lead acetate (fi rst dose 4 mg/ 1 00 

g. later doses 0 .05 mgl l OO g) [ 1 98 ] .  no s ignificant effects on weight were observed. 

I n  our study, B L L  conesponded d i rectly with the admin istered doses of lead acetate . 

The i ncreases i n  B L L  i n  a dose-response mal1 Jler demonstrate the effectiveness and 

u efulness of i . p .  route admin istrat ion and the level of absorption of lead acetate 

through th is  route. A lthough th is  i s  not the natural route of exposure to lead i n  humans 

the advantage of using i .p.  i njections is that i t  e l im inates the d ifferences in exposure 

leve ls  compared to ad l ibitum oral exposures. 

I n  order to convert the measured BLL  in ppb to �g/ dL, which is the unit of 

measurement for B L L  in  c l in ical setti ngs, we used the conversion factor : 1 �g/ dL = 1 0  

ppb [ 1 99,  200] . As such, the measured BLL  (in ppb) i n  the four treatment groups 
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corn.:: p nd to the f I lo\\ ing l i n ical l)- equi\ alent value : 25 .  1 00. 1 8 1 .  and 205 �lg/ dL. 

respect i \ c l ) . For diagnostic purpo e , 25  �g/ uL f B L L  i s  c nsidered a mi ld condition, 

\\ her as, an)- \ alue exceeding 80 �lg/ dL repre ent a evere condit ion and might result  

in l i fe threatening meuical emergencie e .g .  encephalopath_ [ 20 1 ] . 

The h) pothalamus-pitui tar -th 'roid axis is control led by three mechanisms. The first 

one i '  the long loop i .e .  thyroid hormones act ing on the h pothalamus. There i s  also 

orne control from the pitui tary to the hypothalamus through the short loop. The last 

mechani sm i \\ i th in ei ther the hypothalamus or pi tu i tm ( u ltra-short loop) [ 202 ] .  

ill data how that lead exposure resul ted i n  a c lear dose-response effect o n  the 

anterior p i tu itary. cau ing an elevat ion in T H levels .  On the other hand, thyroid 

hormone , T4 and T3 . were not affected. These finding , the combinat ion of high TS H 

and n0l111a l  T -l and T3 1 vel . are in  l i ne with a common c l inical presentation, k nown as 

' subc l in ical h. pothyroidism' [ 203 ] ,  which i s  considered to be a ' compensatory stage ' 

that maintain thyroid hormones within nonnal levels [ 204] .  This condit ion, which is  

often associated with autoimmune abnonnal it ies or the use of exogenous drugs, i s  the 

ear ly stage and a risk factor for developing ful l -blown hypothyroidi sm [ 3 1 ,  203 ] .  

The increa i n g  T H level s  observed m ight demonstrate a d i rect st imulatory effect o f  

lead o n  the anterior pi tu itary. H igh T S H  levels m ight also ind icate a d isturbance i n  the 

mechani sms that control the long feedback loop process, whereby the hypothalamus and 

the pi tu i tary fi ne-tune and decrease TSH secretion when T4 and T3 leve ls  are normal 

[205 ] .  Al ternatively, there might be an i nterruption i n  the s ignal ing process of the 

downward pathway from the p i tu i tary; that is why h igh TSH leve ls  could not induce an 

i ncreased secretion of T4 and T3 [205 ] .  I n  addit ion, the feedback control system i s  
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re lat i \  c l )  sl \\ and can take me t ime unt i l  the features and sIgns of overt 

h) poth) r idi m are . een. and this gives ri e t the biochemical presentation of 

subc l in ical hl P lh) roid i  III [ 206 ] .  I t  has been al 0 reported that T H is secreted as a 

m i'\ture 0 1' i ofonns and thi might re u l t  in  having variable biological effect [ 207 ] .  

"pari from the ti l11ulat ry effects o f  T 1 I on the thyroid, other factors e .g .  

th)foglobu l in  can exert a n gativc feedback effect on the thyroid gland [ 208 ] .  

I n  regard to thy roid parameters, previou tudies showed variable results .  For 

in  tance, in  an occupat ional -health cro s- ectional study. 58 male workers with an 

a\ erage B L L  of 5 1 .9 �tg/ d L  were found to ha\ e high T H Ie e ls  and no effects on T4 

and T' levels [ 209 ] .  In  another occupational setting, h igh B L L  of more than 60 �g/ dL 

were as  ociated with a reduct ion in total and free T3  l evels [ 2 1 0 ] .  Yet, other studies in  

im i lar environments cou ld not demon trate any associations a t  a l l  i n  workers with BLL 

of  up to  r �lg/ d L  [ 2 1 1 , 2 1 2 ] .  Final ly,  when prague Dawley rats were exposed to 25 ,  

-0  and 1 00 mg/ kg  of lead acetate, the resul ts showed a s ignificant increase in  T H and 

a reduction in both of T3 and T4 levels  in semm [2 1 3 ] .  

G lutathione ( G  H)  i s  one of the main defense mechani sms against reactive oxygen 

species ( RO ) i n  our bodies .  Our re ul ts  showed that a low dose of lead treatment i .e .  1 

mg! kg stimu lated the animals to increase the production of GSH,  thereby counteract ing 

the toxic  effects of l ead exposure and avoiding any danlage to the t i ssues. Higher doses 

of l ead acetate (25 ,  50, 1 00 mg! kg) resul ted in a reduction in GSH levels ,  a lbeit  not 

stat i st ical l y  sign i ficant. Dewanjee, S . ,  et al . [ 2 1 4 ] has shown that longer periods (40 

days) of lead exposure caused s ign i ficant depletions of GSH stores i n  several organs 

inc l ud ing the lUdneys, l iver, heart, and brain .  The cause for this d iscrepancy might be 
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re lated t the d i fference in expo. ure period ( i n  our case � days of treatment) and to the 

fact that \\ c mea ured G I I  le\ el in p Ia  rna and not in t i  sues. s such, add it ional 

tudies are needed to c lari fy th is  i ue. 

Our data 'howed an increa e in W BC counts and C R P  levels, which is  a c lear 

ind i  at ion of th possibi l i ty of an in flammatory react ion in response to lead exposure. 

The increased le\ e J  l' R P  ob erved in our tudy i s  consistent with a few, recent ly

publ i  hed studie , \\ hich \\ere c nducted in the general popu lation [ 1 76] and in  

occupational Tttings [ 2 1 5 ] .  Taken together. these finding suggest that i n flal1Ul1ation 

m ight repre ent a possib le mechan i sm for the adverse heal th effects of lead tox ic i ty .  

I n  thi stud) . lead expo ure resul ted i n  a general t rend of low platelet levels .  This 

could be due to an inhibitory effect on the bone manow, lead ing to decreased platelet 

production [ 2 1 6) .  It can also indicate plate let  act ivation in v ivo .  Moreo er, i t  has been 

reported that exposure to lead caused an i ncrease i n  pro-thrombotic  effec ts in mice [ 2 1 7, 

2 1 8] .  A \ er) recent tud on occupational l y  e 'posed workers to l ead-acid batteries 

demon trated a s imi l ar reduction in platelet counts [ 2 1 9] .  I n  addi t ion, i t  has been 

previously demonstrated that exposure to other envi ronmental pol l utants such as 

ultrafine part ic les also caused a decrease in platelet numbers in patients with 

card iovascu lar d isease [220] . Furthermore, the intra-tracheal insti l lation of a s ingle dose 

of d iesel exhaust part i c les  decreased platelet numbers in type 1 d iabeti c  m ice [ 22 1 ] . 

I n  the present study, we assessed the effects of l ead exposure on the l iver and 

k idneys. Thi s  i s  because among soft tissues, the l i ver is the most important storage site 

for lead [ 1 74 ] .  Regardless of the route of exposure, i norganic lead is eventual l y  excreted 

unchanged main l  in ei ther urine or b i le [ 1 75 ] .  Also, it has been reported that a 



6<1 

' igni ficant amount o f T  of is com l:rted into T3 in the e organs [ 22 2 ] .  

I T i gher d o  e o r  lead acetate caused an elevation in the leve ls  or  tv,'o hepat ic 

en.l� me , namel)  LDI I and , T.  The e marker are re lea ed into the b loodstream 

\\ henever there is ti ue br akdo",\ n [ 223 , 224 ] .  imi lariy, the increa e i n  total bi l i rubin 

\evel al 0 resu l t  from hepatoc tes '  damage [ 224, 225 ] .  ince conjugated bi l i rubin is  

\'v ater-so luble and \", i l l  be eventua l l y  e, creted in urine. high leve ls  of total bi l i rubin can 

indicate a fai l ure in the gl ucuronidation and conver ion process of unconjugated 

bi l i rubin t th conjugated one [ 226 ] .  Thereb) . total bi l i rubin levels bui ld  up in the 

c i rculat ion.  In n0l111al i tuation , heme OX)  gena e converts heme into bi l i rubin .  

Expo ure to lead in  an imal  lud ie  acti ated th is  reaction i .e .  lead expo ure increases 

b i l i rub in  level [47,  227 ] .  Pre ious sludie o f  occupat ional l y  exposed workers and 

animal experiments ob erved a s imi lar increa e in  T, ALT.  and total b i l irubin levels 

[ 1 92 ,  2_8.  �29]. I n  contrast. another occupational health study could not find any effects 

on cholesterol ,  LDH,  and ALP levels [230] . 

In  contrast, the synthet ic  abi l i t ie  of the l iver, man ifested by albumin and total 

protei n  levels ,  are st i l l  wel l  preser ed at th is  stage. These functions might deteriorate 

only i n  chronic lead exposures, which are often accompanied by severe malnutrit ion or 

advanced d i sease status .  As such.  chronic exposures in I nd ian workers were assoc iated 

with low total protei n  and albumin  leve ls  [ 228 ] .  S im i larly, chronic  lead exposure of 

laboratory ani mals l ed to a reduction i n  total proteins [ 2 1 4] .  

After c i rculating i n  the body, a s ign ificant amount o f  lead i s  fi lt rated i n  the glomerul i  

and excreted unchanged in  uri ne [47 ] . The increase i n  urea leve ls, observed in  our 

study, is an i ndication of renal dysfunction. Regardi ng creat in ine, its total b lood leve ls  
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represent the 0\ eral l  l eve l  , re lea ed from various t is  ues incl  uding kidne) s. heart and 

skeletal Illu_ c les. I though renal impaimlent is o ften as ociated with an increase in 

creat in ine l evel . the l atter remained ins ign i ficant in th is  study. Thi s  might be due to 

reduced IllU cle bulk. seen as weight loss. im i lar resul ts of no effect on creat in ine 

lc\ cl were obtained \\ hen rat were treated v i th 8 m g/ kg of lead acetate i .p. for two 

\\ ceks [ 2 '  I ] . 
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3.-t . C o n c l u  i o n  

I n  this m deL our  rc ults hO'v\ ed that lead xposure had signi ficant effects on many 

) stemic parameter . These inc luded caus ing an ele ation in T H ecret ion from the 

antcri r pituitar) gland. In addi t ion. lead exposure negat i ely affected the functions of 

the l iver and k idne) . In addi t ion. oxidative stress markers e.g. GSH and intlammatory 

parameter i .e .  WB and e RP  \ ere increased. 
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Chapte r 4 :  Lead ' E ffect in Diabetic M odel 

4. 1 .  Backgro u n d  

Being a ubiquitous element in  the envi ronment, lead cau e tox ic effects to various 

organ ) .tem . I though env i ronmental lead exposure are common, the most 

important s urces currentl) are occupational sett ings [ 2 ] ,  which usual ly  in olve 

expo me t in  rgan ic lead [ 3 , 3 2 ] .  

ver the l a  t fe\\ decade . m dem l i festyles have increased the pre alence of 

everal non-commun icable mult i  y temic di seases including d iabetes mel l i tu s  (DM ) .  In  

:?O08.  ther were about 347 m i l l ion people \ i th diabetes [ 1 69 ] .  According to WHO, the 

\\ r ld\\ ide prevalence of DM in 20 1 4  was 9% in adults aged 1 8  years or older, and 90% 

of the e ca es are type 2 diabetes [232 ] .  WHO al 0 est imated that DM was a d i rect 

au e for 1 . 5 m i l l ion fatal i t ies in 20 1 2, and the majority ( 80%) of these deaths took 

place in low to m iddle i ncome regions of the world [232 ) .  Diabetes is a risk factor for 

cardiovascular d i seases, neuropathies, and i s  a lso a main cause for b l indness, 

amputat ion and renal fai l ure [232 ] .  In  addi tion, the r i sk of death in diabet ics  is twice i n  

comparison to the r isk in  non-diabeti c  people [232] . I n  the UAE, the prevalence o f  DM 

among expatriates ranges from 1 3  to  1 9%, obviously depending on  their genetic  

backgrounds. On the other hand, 25% of Emirati s  are diabet ic  [23 3 ] .  With such high 

Ie  e ls ,  the AE has the second h ighest global prevalence of DM [234 ) .  Because of the 

eriousness of thi s condi t ion, WHO and in col l aboration with the international d iabetes 

federation designated the 1 4th of November of each year as 'world diabetes day' in  

order to  rai se awareness and to  advocate for the prevention and the proper management 

of DM [232] . 
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It ha� been e ti mated that thy roid d i sorder \\ uld e\ entlla l l ), develop in  about one 

third of t) pe I d iabet ic pat ient [ _35 ] ,  indicating that there i a strong asso iation 

bet\\ ccn the e two cond i t ion . ] n pain,  th annual incidence of thyroid dysfunction in 

patient \\ ith T ) pc I I  diabete \\ a reported to be around 1 0%, whereas its pre alence 

\\ as about 31% [13 6 1 .  

I n  experi mental animal research. treptozoc in ( TZ), \\ hich i s  an alk lating agent 

that cau es D damage, cro s- l i nk ing [ 237 ] ,  D A trand breaks [ 1 72 ] ,  and eventual ly 

D 'A destruction and thu cel l death [ 1 70 1 .  i s  frequently used for studying type [ 

( i n  u l in  dependent ) d iabete mel l i tus [ 238 ] .  TZ also cause depletion of NAD and 

,\ TP. which wi l l  at the end lead to a cessation in in u l in  secretion and the development 

of type 1 D 1 [ 1 69 ] .  Diabetes w i l l  develop within fe\ days post STZ-inject ion; usual Jy  

-J. day in  mice  and 7 day i n  rat [ 1 70 ] .  STZ can be admini stered ei ther as a s ingle or 

mul t ip le doses [ 1 69] . Being s imi lar to the natural d isease, this model can also i nduce an 

immune-mediated react ion [ 1 72 ]  and can affect the thyroid functions of the treated 

animal . Because of the oncogenic features of TZ, i t  can lead to the development of 

hepatic  and renal tumors [ 1 70] . Other STZ d isadvantages inc lude the possibi l i ty of 

spontaneous regenerati on of beta cel l s  i n  the pancreas and having low lymphocyte 

counts [ 1 69 ] .  

\Vhen 80 mg/ kg of STZ was given through subl ingual i njections, T3  leve ls  in  

prague-Dawley ( D)  rats had a stat i st ical ly  significant drop only during the first two 

weeks of induced DM, whereas, T4 level s remained low throughout the 7 weeks of 

assessment i .e .  the leve ls  of only the biologica l ly  act ive honnone, namely  T3 were 

maintained [239] . 
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I l i stological stud ies of thyroid glands ho\\ ed that exp ure to lead acetate can cau e 

h) pertroph} of the r l I icular epithel ia l  ce l l , enlargement in the volume of fol l ic les and 

rcuuced stain ing. \\ h ieh ind icate low thyroglobu l in  leve ls  [ 240. 24 1 ] . There might al 0 

he excessi v e  fibrot ic t i s  uc format ion due to necro i [ 240 ] .  

urrent ly , x idati \ e  tre i correlated with a variet) of pathological cond it ions and 

compl i alion inc luding type I and 2 of D 1 [ 242, 243 ] .  In addi t ion, because of the 

intrin ic nature of the ynthesi s  of th) roid hormone ince iodide has to be ox id ized 

fi r 1. i nteraction \\ itb react i \ e ox) gen spec ie ( RO ) sLlch as the oxidizing agent 

h) drogen peroxide ( 1 I 202)  mal obvioll Iy re u l t  in glandular pathologies [ 244 ] .  Many 

thyroid abnormal i t ie Lleh a overt hypothyro id ism,  Grave I disease, and Hash imoto 

thyroid i t i s  hav been a soc iated with ox idat ive stress as the levels of SOD were found 

t be elevated [ 245 , 246] .  
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4 . 2 .  R , u l t  

4.2 . 1 .  Weigh t M o n i t o r i n g  

fhe ini t ia l  weight ( before the induction of DM)  of tbe adult male Wi star rats, u ed in  

th i  experiment. ranged [rom _ 1 6  to  288 gram . \veek later, there \\ a a ign i ficant 

dr p in the weight of these ani mal ( F igure 1 1 ) .  Tben over the next few vveek , the 

animal regained ome ',; eight. 

260 
-
(J) 

I E I C'a 250 * I 10... 
0) I -

... 
..c: 
0) 240 
(J.) s: 

230 
I n it i a l  Wk 1 Wk 2 W k 3 Wk 4 Wk 5 Wk 6 

T i m e  After STZ Treatm e n t  

Figure 1 1 : Weight change po  t D M  induction in diabet i c  animals .  

The mean change in weight of a l l  animals over the s ix eeks post DM induction the 

i ni t ia l  weight i n  week 1 versus the weight  i n  each subsequent week are compared. One

way A OVA test, fol lowed by Bonferron i  post-hoc test for selected groups are used. 

Results represent mean ± SEM, (n= 45),  * :  p < 0.05 

Dur ing the experiments, the d iabeti c  control group maintained its weight throughout 

the five days of treatment. However, treatment of the d iabet ic rats with various doses of 

lead acetate (25 ,  50, and 1 00 mg! kg) resul ted i n  s igni ficant reductions in  the weight of 

these ani mals (F igure 1 2 ) .  The group that was t reated with 1 00 mg! kg  of lead acetate 

had the h ighest amount of weight loss. 
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Figure 1 2 :  Weight change 0 er five days of treatment i n  diabeti c  animals .  

Percentage of body weight change over five days of treatment. One-way A OVA test 

fol lowed by Bonfen-oni post-hoc te t for selected groups are used. Results represent 

mean ± EM, (n= 9), and * * * :  p < 0 .00 1 

4.2.2.  RBS Res u lts :  

i x  weeks post DM i nduct ion; the animals had an RBS level ranging from 394.0 to 

600.0 mg/ dL with a mean level of 546.3 ± 8 .9  mg/ dL .  

4.2.3.  B LL Resu lts 

The control group did not ha e any detectable  BLL ( Figure 1 3 ) .  In comparison, the 

groups that were treated with lead acetate had i ncreasing and stat istical ly  signi ficant 
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F igure 1 8 : U rea levels and creat in ine leve l s  i n  diabet ic  animals .  

(A) U rea levels.  ( B) Creat in ine levels .  One-way ANOYA test, fol lowed by BonfelToni 

post-hoc test for selected groups are used. Results represent mean ± SEM, (n= 7- 1 4) 

and * :  p < 0.05 and * * :  p < 0 .0 1  
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F igure 1 9 : Levels of AL T and ALP i n  d iabetic an imals .  

8 1  

Levels of (A) ALT. (B)  ALP. (C) AST. One-way ANOV A test, fol lowed by Bonferroni 

post-hoc test for selected groups are used . Results represent mean ± SEM, (n= 7 - 1 3 ), 

and * :  p < 0.05,  and * * * :  p < 0.00 1 
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Figu re 20 :  Levels of C RP, ALB and total proteins i n  d iabet ic animals .  

82 

Level s  of (A) C RP.  (B)  ALB.  (C) Total proteins .  One-way ANOVA test, fol lowed by 

Bonferroni  post-hoc test for selected groups are used. Results represent mean ± SEM, 

(n= 7- 1 4) 
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... . 3.  Discu i o n  

I n  th is modeL \\ e inve tigated the effects of lead on the thyroid gland in TZ

induced diabetic rat . Lead expo ure re ul ted in  igni ficant effects on the pitui tary

th} roid pathwa} . lead ing to an increa e in T I f  levels and reduction in T4 and T3 

le\ el . ur re ult d mon trated that lead e 'po ure made the animals emaciated . 

10reo\er. \\- hen the effect of lead on other system was studied. our results showed a 

depletion of G H tore and delet rious effects on renal parameters. 

ur data 'ho\\ d that the rats lost weight during the first week of DM induction. 

fhi could be att ributed to the tox ic effects of TZ and the development of DM.  

Howe\ er. over t ime, the e animals recovered and regained some weight. I n  compari son, 

non11al non-diabet ic ani mals  usual l gain  a sign ificant amount of weight over t i me .  

However. our data hawed that the e d iabetic  rats maintained near ly the same weight 

throughout the s ix v eeks post DM i nduction. The lack of normal i ncrease in  weight in  

the e d iabetic ani mals i s  most probably  due  to  STZ exposure. A previous study showed 

that i n  comparison to a control group, weight was not affected 1 2  weeks post- injection 

\', ith 60 mg/ kg of STZ [247] .  However, i n  another study i t  was shown that s ix weeks 

after the administrat ion of 50  mg/ kg of STZ to Wi  star rats, there was a s ignificant 

anlount of weight loss in the STZ-i nduced diabet ic  animals in comparison to the control 

group [248 ] .  

A lthough the d iabetic control rats maintained their weight during the five days o f  

t reatment, lead acetate treated groups lost s ignificant amounts of weight. This was most 

s ign ificant for the group that was treated with 1 00 mg/ kg of lead acetate as these 

animals lost around 28% of their  ini t ia l  weight during the treatment period. A previous 
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stLI(J) . ho\\ ed a s imi lar effect of v, eight I \\ hen an imal were treated v" ith 1 00 �L of 

20 mg kg or lead a elate i . p .  for 5 day [ 2-+9 J .  

I here \\'a a ver; po i t iw re lation h i p  in  a dose-respon e manner between the 

admini, tered do es of lead acetate and the measured BLL in plasma. The exposure to 

25 .  -0. and 1 00 mg/ kg of lead acetate resulted in B L L  of 1 228, 1 498,  and 2330 ppb, 

re pect i \ e ly . ing th conv'er ion factor: 1 �g/ d L  = 1 0  ppb [ 1 99. 200 ] .  the measured 

B L L  in ppb in the three treatment group equals 1 23 ,  1 50 ,  and 233  �g/ dL.  respectively. 

In c l i nical ett ings uch BLL of more than 1 00 �g/ d L  are considered very high and 

would  1110 t probably result in evere lead poi soni ng [250 ] .  

I n  thi tudy. \\ e have demonstrated that lead exposure caused an e levat ion in  TSH 

levels. \\'h ich was tatistical l y  signi ficant in the group that was treated wi th the highest 

dose i .e .  1 00 mg/ kg of lead acetate. Determinati on of TSH leve ls  in c l i n ical sett ings i s  

the first step for the d iagnosi of thyroid d isorders s ince it is considered to be a more 

preci se marker for identifying thyroid malfunct ioning than the thyroid hormones 

themselves [25 1 ] . Any abnomlal i t ies in TSH level s  are fol lowed by measuring T4 and 

T3 levels,  which in our study were found to be significant ly  reduced in these diabetic 

animals .  Apparently, lead exposure decreased T4 and T3 levels, and this in tum led to a 

posi tive feedback effect on the anterior pi tu i tary gland i ncreas ing TSH secret ion. The 

combinat ion of h igh TSH and low T4 and T3 leve ls  in our study are highly suggestive 

of a c l inical hypothyroid state . 

Both Type I and Type I I  Diabetes Mel l i tus are considered to be r isk factors for 

developing thyroid d isorders [252 ] .  A longitudinal c l i n ical trial has shown that among 

58  patients with Type I DM who were fol lowed up for 1 8  years, 1 8  subjects developed 
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hy poth) r idi m [ 25 " ] .  0 I h )  poth) roid i  m i n  our stud) cau ed b )  O M  o r  lead 

exposure? It ha been pre\ iou I )  demon trated that inject ing rats with 1 00 mg/ kg of 

, TZ could ause a reduct ion in  T 4 and T3 levels 1 2  weeks later. However, the 

admin i strat ion 0 1' 'maI ler do e of 40, 60, and 80 mg/ kg of TZ did not affect T4 and 

r'" Ic\ el [ 24 7 ] .  Accordingly.  the observed redLl t ion in T4 and T3 levels in our study i s  

m o  t pr bab])  a d i rect re LI l t  of lead exposure. I though the animals in  our study had 

o 1 f r onl)  6 we ks. \\ hich i re lat ively a hort durat ion of t ime, the contribution of 

o I annot be completely ru led out. 

Our data how a c lear effect of lead exposure on G H levels (a marker of oxidati e 

tre ). which \vere s igni ficant ly  reduced. Th i s  can be explained by the fact that GSH 

protect our bodie from reactive oxygen spec ies ( ROS) through i ts su l fhydryl ( SH )  

group. to which many reactive spec ies and hea y metal s e .g .  lead can bind. This would 

e\'entual l y  lead to a deplet ion of GSH stores and cause the various systemic toxic it ies of 

lead expo me such as hepat ic  and renal damage [ 254 ] .  On the other hand, M DA, which 

i s  a ' re l iable marker' and the ' most mutagenic product' of l i pid peroxidation [255 ]  was 

not affected in our study .  However, i n  another study of a longer duration of exposure 

(s i ,  weeks), the treated Wistar rats with ei ther 1 0  or 40 rng/ kg of lead acetate by 

gavage had s ignificant ly high MDA levels [256] . 

Our resul ts show that lead exposure had a d irect toxic  effect on renal functions 

leading to an i nc rease in urea leve ls .  Urea i s  an end-product of protei n  degradation and 

is eventual l y  ftltered by the k idneys [25 7 ] .  As such, our data are consistent with a 

recent ly pub l ished study which showed that treatment of m ice with 40 mg/ kg of lead 

acetate for 1 0  days resulted i n  an i ncrease i n  urea leve ls  [ 258 ] . Along with creat in ine 
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lc\ c ls. llrea i a comm nl) tc ted mark r for renal function [ 259] . On the oth r hand. 

the vast majority of  creat inine come from keletal mu c les and the heart [ 260 ] .  i nce 

creat in ine le\ el are ' roughly proportional t I11U cle mass' [ 259 ] ,  the most probable 

cause for the ' igni ficantly I \\ creat in ine le\ e ls  in the e d iabet ic an imal in  our study is 

emac iation a the an imal s lost s ign i ficant amounts of their weight and musc le bu lk .  In 

another stud) , \\ hen non-d iabet ic m ice were xposed to 40 mg/ kg of lead acetate over 

l O  day , thi treatment re ul ted in an elevat ion in  the i r  blood creat in ine levels [ 258 ] . 

In thi tudy. short -term trealm nt of d iabet i c  animal s with various doses of lead 

acetate over five day cau ed signi ficant r ductions in two biochemical markers i .e .  

ALT and A L P. I n  contra t to our  findi ngs, a pre ious study showed that lead exposure 

cau ed l i ver damage and re u l ted in ele at ions i n  ALT and ALP levels in non-d iabet ic 

Wi  tar rat that were exposed to 50 mg/ L of lead acetate i n  drink ing water 0 er 40 days 

[26 1 ] . However, in these animals, there were no signi ficant effects on weight. Hence, 

the main cause for the low ALT and ALP levels in our study could probably be due to 

weight los . I t  has been pre iously shown that the intake of low calorie diet over 8 

weeks resul ted in  ignificant weight loss, detem1i ned as body-mass index ( B M I ), and 

i nduced a statist ica l ly  s ignificant reduct ion in AL T levels  in men [262 ] .  Another study 

showed that among a population of 862 people, the group with normal weight had a 

h igher ALT level than the underweight group, and the overweight people had higher 

ALT leve ls  than the group with normal weight [263 ] .  In addition, e levated ALT levels 

have a l ready been associated with metabol i c  syndrome, central obesity and i nsul in 

resistance [ 1 59 ] .  
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.tA. o n c l u  i o n  

Lead expo ure in  diabet ic animal re ulted in se\' ral deleterious effect e .g. the rats 

became emac iated. The pitui tary-th roid path\\ ay was signi ficantly afD cted: as T H 

Je\ els \\ ere ele\ ated and T4 and T3 level \\'ere r duced . I n  addi t ion, there was a 

igni ficant con umption of G I I  stores and impai rments i n  renal and hepat ic function , 

in response to lead e p ure .  
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hapter 5 :  H ormonal Thyroid M od el 

5. 1 .  Backgro u n d  

5. 1 . 1 .  Regu l a t io n  o f T h  roi d  G l a n d  

fhe ph)' i logical regulation and the hormonal [unctions o f  the thyroid gland are 

ontroUed by higher center . namel . the hypothalamu and the anterior pituitary gland. 

TRI I from the h pothalamus t imulates the anterior pitui tary to release TSH. \ hich, in  

turn, indu e the thyroid gland to eerete T3 and T4.  Iodoth r nine deiodinase type 1 

and t) pe 2 \-\ i l l  then com ert T 4 to the more active form i .e .  3 .53'-tri iodotbyronine (T3 )  

[ 264 ] .  De pite i t  exten ive use for ariou purposes, the administrat ion o f  TRH wa 

u ual ly  l im ited to a total duration of less than two weeks in most previou studies since 

its repeated u e led to a d imin ished response i .e .  repeated admini  trat ion of TRH fai led 

to sustain T H concentration at high leve ls  [265-267 ] .  I n  addit ion, it has been shown 

previou Iy that the maximum response to TRH could be achieved on the fifth day of 

treatment [266 ] .  

omato tat in inhibits the release of TSH [268-270],  T4 and T3  [ 27 1 ] . I n  animal 

models .  a single dose of 1 �g of somatostati n  injected either intra enously ( i .v . )  to 

pregnant rats or as i .p.  i njections to pups caused a reduction in  serum TSH levels [272 ] . 

I n  comparison to somatostatin, the hal f- l i fe of i ts synthetic analogue, octreot ide (OCT), 

is 80 t imes longer and it is a lso much more potent than somatostat in ( 1 6) .  That i s  the 

reason why we selected this hormone to i nduce hypothyroidism in our project. 

Administration of 50  �g of OCT subcutaneously (s .c . )  to healthy volunteers i nh ibited 

TSH release for at least 3 hours ( 1 6) .  I n  addi tion, OCT showed an abi l i ty to decrease the 

blood supply and vascularity of induced goiters in animal studies [273 ] .  However, in  a 
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fandom i/ed human study . the admin i strat ion of 400 �g of 0 T as a dai ly .c .  infusion 

t o  7 pat ient \\ ith ty pe I d iabete mel l i tus for a year re ul ted in  onl m i ld and transient 

h) poth)r id ism [ 274 ] .  

S. 1 .2 .  I n d uc t i o n  o f  H y po t h y ro i d i  m 

an u agent have been u cd for the i nduction of hypothyroidism i n  experimental 

animal tudie . om of the e that are most commonly  u ed are the ant i thyroid 

treatment modal i t ie u h as propy lthiouraci l  ( PTU ) [ 275 ] ,  methimazole [276]  and 

rad iat ion [ 2 77 ] .  dd i t ional method are the use of iodine [ 278 ] ,  l i th ium [279] and 

hemi -th) roid  electrocauteri ation [ 280] . In c l i n ical med ic ine, hypothyro idism is a 

ommon compl ication that i o ften seen after the admin istrat ion of anti -thyroid drugs 

1 28 1 ]  and the i lTadiat ion of thyroid glands [282] . In add it ion both deficiency states and 

'(cess ive amounts of iodine can result in hypothyroid ism [278] . On the other hand, 

treatment of bipolar d i sorders with l i thi um can result in subc l i nical hypothyroidism 

[ 28 3 ] .  A lthough i t  commonly causes hypothyro id i  m, l i thi um admin istrat ion i n  c l i n ical 

ettings has been reported to al  0 i nduce hyperthyroid ism [284 ] .  

The use of  these agent has been shown to  result  i n  several adverse heal th  effects. 

For instance, PTU- induced hypothyroid ism in  rats caused glucose intolerance s ince the 

1 lets' cel l s  are probably  under the control of T3 and T4 [285 ] .  PTU also causes brain 

changes e.g. tau hyperphosphory lation and an elevat ion i n  the levels of 

proi nflarnmatory cytokines, which represent some of the ear ly  features of A lzheimer's 

d i sease [275 ] .  In addi tion,  the admin i strat ion of 0.05% PTU i n  drinking water to rats 

over 6 weeks caused an i ncrease i n  urea, creat in ine, homocyste i ne and M DA level s, i n  
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comparison to the control group [ 286 J .  Maternal PT - indu cd hypothyroidi  m dur ing 

pr�gnanC) in rat also re ulted in a igni tlcant reduction in neonatal acetylcholine tera e 

le\ els .  \\ hich is ne of the mo t important enz mes in the brain [ 287] . imi lar effects 

have been al 0 cen in c l in ical practice as maternal treatment with anti thyroid 

medication can result in hypothyroidism in their off pring [ 28 1 ] . s uch, monitoring 

of maternal free T.t lev e l .  i of  cruc ial importance [ 28 1 ) . 

The u e or radioact ive iodine in  male Fisher rats caused a reduction in the weight 

anLl volume of thyroid gland as \ e l l  as everal h istopatho logical changes [288 ] .  The 

1h) roiLl gla.nd ho\\ ed igns of in flammatory react ions, necrot ic fol l ic les. and thickened 

blood Yes e l s  [288 ] .  In anotber 1ud , the adverse effects of exposure to iodine were not 

l imi ted to the expo ed female rats, but al 0 reached their offspri ng [ 289] . Histological 

examination of the thyro id glands of the pups showed hyperplasia and hyperthrophy of 

calc i tonin-posit ive cel l s, which migh t  predispose these animals to develop endocrine 

di eases in the future [289] . The admin istrat ion of l i th ium to experimental rats caused 

oxidative damage. leading to an increase in SOD and MDA leve ls  and a reduction in  

G H leve l s  [279] . There was also an i ncrease in  the osmotic  fragi l i ty of RBCs, which 

might impair the stabi l ity of their membranes [279 ] .  

5. 1 .3.  I n d uct ion o f  Hyperthyroid ism 

I n  comparison, hyperthyroidism in  animal studies i s  often i nduced by usmg L

thyroxine (T4)  [290] and tri iodothyronine (T3 ) [ 29 1 ] , whereas, i n  c l i nical cases, i t  can 

be the result  of exposure to excessive doses of iodine and amiodarone [292 ] .  The use of 

L-thyroxine in  experimental studies has undoubtedly  explained and confirmed many 



9 1  

h) pcrth) roid ) mptoms inc luding cogni t i v e  and memo!") impainn nts [ 293 ] .  I lowe\ er. 

th is model ha it 0 \\ n problem . When rats were treated v,:ith 500 mg/ kg. L -thyroxine 

s .c .  for a total durat ion f 1 2  day . the Ie e ls  of T, ALT. LDH . and MDA increa ed. 

\\ hereas, OD. T. and G I 1 lev Is  decreased [ 294 ] .  I n  addit ion, treatment of rats 

with 0 .3  mgt kg L-thyr x ine i .p. for 3 weeks r sui ted in an increa e in zinc. elenium 

and calc ium level s [ 290 ] .  The induction of h perth roidism in rats by usi ng 1 2 . 5  Ilg/ 

1 00 g body \ eight of T3 for 1 0  day resulted in in reased apoptosis in the hepatic  

t i  sues [ 29 1 ] .  

I n  thi project ,  our a im \\'a to develop an experi mental thyroid model through the 

use or TRl I to induce hyperthyroidism and OCT to induce hypothyroidism. Our study 

protocol wa ba ed on admin i stering these hormones for five day s ince TRH was 

sho\\n to have i t  maximum effect on T H on day five [266 ] .  
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5 . 2 .  R c, u l b  

5 . 2 . 1 .  \Ve i g h t  M o n i t o r i n g  

t\ \\ a expected in nomlal animal , the rats in  the control group gained \'v eight 0 er 

the J i\ C da} of treatment \\ itb D W .  For the other two groups that were treated with 

TRI I and 

260 
-

L there \\ a tat istical ly n igni ficant weight change (F igure 2 1 ) . 

• In itial 
* *  C/) • F inal 250 E 

� 
� 240 0) -

+'" ..s::::: 230 0) .-Cl) 220 s: 
2 1 0 

Co ntrol  TRH OCT 

G ro u ps 
F igure 2 1 :  Weight change in hormonal thyroid model .  

The change in  weight over the five da s of treatment, comparing the in i t ial weight on 

day 1 versus final weight on day 5 within each group. Two-way ANOV A test i s  used. 

Results represent mean ± SEM, (n= 1 0- 1 4) ,  and * * :  p < 0 .0 1 

5.2 .2 .  Thyroid Funct ion Tests 

Treatment of the animals with TRH for five days resulted in  an increase in TSH 

leve ls  ( Figure 22 A). However, OCT treatment d id not have any signi ficant effect on 

T H levels .  On the other hand, the leve ls  of both thyroid hOlIDones, T3 and T4, 

remained stat i st ica l ly  i nsignificant (F igure 22 B & C) .  
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F igure 22 :  Thyroid  function tests i n  honnonal thyroid model . 
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Level s  of (A) TSH.  (B )  T4. (C)  T3 . One-way ANOVA test, fol lowed by Bonferroni 

post-hoc test for selected groups are used. Results represent mean ± SEM, (n= 5 -9), and 

* * :  p < 0.0 1 
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5. 2.3. G S l l Re u l t  

The treatment p r  toe I d i d  not re u l t  i n  any sign i ficant effects o n  G H I e  e l s  in  the 

\ urious treatment group u h wn in  ( Figure 23) .  
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i 
C o n tro l TR H 

G ro u ps 
Figure 23 : G H levels in  homlOnal thyroid mode l .  

O C T  

One-\ ay A OVA test, fol lowed b Bonfen'oni post-hoc test for selected groups are 

u ed.  Re u l ts represent mean ± SEM,  (n= 8- 1 0)  

S . 2 A .  eBe Resul ts 

e ither one of the two treatment modal i t ies i . e .  TRH or OCT, had any stat i st ical l y  

significant effect on  CBC parameters, which inc luded WBC counts, p latelet counts, 

hemoglobin leve ls, hematocrit percentage and RBC counts (F igures 24 and 25) .  
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F igure 24 :  WBe and platelet counts in  hom10nal thyroid model .  

9 5  

(A)  WBe counts. (B)  P latelet counts. One-way ANOV A test, and Bonferroni post-hoc 

test for selected groups are used . Results represent mean ± SEM,  (n= 8 - 1 0) 
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Figure 25 :  Hemoglobin hematocrit and RBC counts in honnonal thyroid model .  
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(A)  Hemoglobin  leve ls  ( B) Hematocrit percentage. (C)  RBC counts. One-way ANOVA 

test. and Bonferroni post-hoc test for se lected groups are used. Results represent mean ± 

EM, (n= 5- 1 2 ) 
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5 .2 .5 .  B io c h e m i  t r) P�Ha met  r 

[ rcatmcnt of thc 'c animals \\ ith TRH for five day r ulted in an increa e in LDH 

Icvels ,  in c mpari on to the ntro] group ( Figure 26) .  I Ioviever, none of the other eight 

biochemi try parameter that were invest igated in the e rats wa tati ( ical ly affected by 

e posure t either T R I  I r T ( Figure 27 and 28 ) .  These parameters included A T, 

AL r. LP,  total b i l i rubin, albumin, total proteins, urea, and creat inine.  
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Figure 26 :  LDH leve ls  i n  hormonal thyroid model .  

One-way A O V  A test, fol lowed b y  Bonferroni post-hoc test for selected groups are 

used. Resul ts  represent mean ± SEM, (n= 7- 1 3 )  and * :  p < 0.05 
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F i gure 27 :  Le e l s  of AST A LT, A L P  and total b i l irubin in hormonal thyroid mode l .  

Levels of ( A )  A S T .  ( B )  A LT. (C) ALP.  (D) Total B i l i rubi n .  One-way ANOYA test, fol lowed by 

Bonferron i post-hoc test for se lected groups are used . Resu lts represent mean ± SEM, ( 11= 6- 1 0) 
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Figure 28 :  Levels  of ALB, protei ns, urea and creat in ine in  hormonal thyroid mode l .  

Leve ls  of  (A)  ALB .  (B)  Total Proteins. (C)  Urea. ( D) Creat in ine. One-way ANOYA 

test, fol lowed by Bonferroni  post-hoc test for selected groups are used. Results 

represent mean ± SEM, (n= 8- 1 0) 
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5.3.  D i  c u ion 

In th i '  tudy. we tried to deve lop an experimental th roid  model u ing honnone in 

order to mimi  the natural ph, sio logical pr ces . lthough T4 and T3 level remained 

\\ 1 t l 1 in normal range, TRI I was effecti e in cau ing an increase in T H levels, without 

having other major ide effect . However. the use of 0 T was not effect ive at the dose 

and treatment durat ion that yve appl ied .  

n imal in the contr 1 group gained some weight over time; however, neither TRH 

nor 0 T caused an) igni ficant changes in weight over the five days of treatment. In a 

previou . tudy. i t  \vas concluded that ' TRH st imulated resting metabol ic  rate, but 

inhibited � od intake so that the rate of weight gain  was reduced in  obese ( fa/fa) Zucker 

rats '  [ 295 ] .  nother tud ' showed that the treatment of female rats with oral TRH for 

30 da s resul ted in  a reduct ion in  the i r  weight [ 296] . im i larly, it was fOLlnd out that 

mjecti ng high-fat fed D rats with 40 Ilg/ kg octreotide, s .c . ,  twice per day over a total 

durat ion of 8 days resul ted a lso i n  weight loss, in comparison to an obese control group 

[ 297] . I n  addi t ion, data from c l in ical stud ies a lso support the role of OCT in causing 

weight loss in  obese subjects [298,  299 ] .  The d i fference in  the effect on weight between 

our stud and these previoLls studies i s  probably re lated to the use of d ifferent doses and 

t reatment durat ions. 

Our data show that TRH treatment resulted in a statist ical ly  s ignificant i ncrease i n  

T H level s, al though both of T4 and T 3  were not increased .  I n  th is  respect, i t  has been 

hown previously that the admin i stration of TRH ora l ly  over 30 days caused an increase 

111 T3 level s  i n  female rats [296] . S im i larly, i nject ing catt le with a s ingle dose of 1 Ilg/ 
kg of TRH i .v .  resul ted i n  a s l ight  elevation in T4 and T3 leve ls  [300] . The use of OCT 
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In our stud) d id not hm e an} effect on T H T4 and T3 lev el , al though OCT i s  known 

to suppress r ' ] 1  levels and ha been u ed uccessfu l ly  in several medical cases for the 

treatment f pituitar) adenomas [ .... 0 1 .  02 ] .  

For ) temic parameter . our exp riment re ul ted in only an increa e in  L D H  levels 

in  respon "c to TR I r treatment, \Vherea , none of the other biochemical paran1eters was 

affected. The lack of ystemic effects a fter TRJ -I admin i  trat ion was also demonstrated 

in a pre ious stud) , \\ here, treatment of catt le  with 1 Ilg/ kg of TRH , i .v.  d id not ha e 

an) effect n e\ eral biochemical parameters that \Vere tested inc lud ing ALT, creat ine 

phosphok ina, e (CPK), gamma-gl utamyl transpept idase (GGT), LDR cholesterol ,  

albumin  and blood minerals includ ing calc ium, phosphorus, and magnesium [300 ) .  In 

addi t ion. the admin i  trat ion of TRH in  our experiments had no significant effect on 

hemoglobin concentrations, hematocrit, or RBC counts. Likewise, WBC and PL  T 

count were not affected. 

im i larly, the use of OCT in our study did not affect the various systemic paranJeters 

that we tested. These inc luded CBC, oxidative stress markers, and biochemical 

parameters. In a previous c l in ical study, 43 pat ients wi th acute pancreat i t is  were divided 

i nto a control group and an OCT treatment group, where the patients in th is  group 

received 0 .5  Ilg/ kg/ hr OCT as continuous i .v .  i nfusion. No significant d ifference was 

noticed between the two groups in regard with fast ing blood glucose, hemoglobin, 

hematocrit , white blood cel l  count, calcium, LDH,  AST, albumi n, and urea level s  

neither a t  the t ime of presentation nor two days later [ 303 ) .  As  such, the use of OCT 

over short durations of t ime of few days d id  not cause any major systemic 

compl ications. 
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SA. o n c l u  ion  

I n  this modeL \\ c e'tab l i  hed an increa c in T H levels in response to TRH 

adm in istration. alth ugh it d id not cau e a corresponding increase in T -+ and T3 le\'els .  

part from an  incrense in L D I  I level , the animnl t lerated this pr  tocol very wel l  as 

a l l  the other parameter \\ er \'\ i thin normal range. Taken together. the e find ings 

indicate that the admin i  trati n of exogenou TRH is apparentl safe and does not cause 

major ad\'er'e health effe t . 
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Chapte r 6 :  G e n e ral Con clu ion and Future Direction 

6. 1 .  o n c l u , ion 

In  the fi r t model ,  \\ hi h im olved the u e of healthy ani mals, \y have demonstrated 

that l ead e. rosure re ulted i n  cveral mult i  stemic effects. The most important effect 

\\ a'  ubc l inical hypoth) roid i  111 i . e .  h igh T H and normal T4 and T3 levels .  The other 

dIcct are re lated t hepat ic and renal damage, which are c learly  seen as several 

abnonmll parameter in thei r re pecti \ 'e panels.  Sinc thyroid hormones were not 

affect d at this tage, these abno1111al i t ies are probably a di rect re ult  of lead tox ic i ty 

through oxidatiye damage and i n flammation. 

In the diabet ic model ,  treatment with lead acetate caused clearer effects n the 

pi tui tary -thyroid axis .  H re, the hormonal changes \ ere consistent with a c l in ical 

hypothyroid state a the animals had high T H and low T4 and T3 levels .  Lead 

expo ure 1 11 TZ-induced diabet ic rats cau ed ox idative damage in  the form of having a 

reduced level of the essent ial antiox idant. G H .  Lead exposure also resulted in  renal 

damage leading to an elevation in  urea leve ls .  On the other hand, creatin ine levels were 

reduced ; perhaps due to muscle wastage. 

The hormonal thyro id model resu l ted 1 11 a partia l  effect. TRH was effect ive in  

causing an increase i n  TSH l evels without havi ng any major effects on other organ 

ystems, apart from increasing LDH leve ls .  However, OCT could not affect the 

pitui tary-thyroid pathway s ince the various involved hormones (TSH, T4 and T3)  

remained within normal ranges. 
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In  summary . hort-term lead e 'posure in healthy and diabet ic animal model 

affected the function of the anterior pitui tar and thyroid gland . caused oxidati e 

stre s. l i ver and kidney toxic i t  and induced syst mic  i n flammation. 

6.2. F u t u re D i rect ion  

I n  thi research, 'vve \"ere able to demonstrate c lear effects of lead exposure on the 

pitui tary and thyroid glands, in b th healthy and d iabet ic  rats .  As such, it is of 

param unt importance to uncover the mechani m of action of I ad on these ita1 organs 

I .e .  1 11 addi t ion to de cr ipt ive tudies. mechani st ic toxicity studies that target the 

mole ular deta i l s  on the pituitary-thyroid pathway need to be carried out. Furthennore, 

ince lead exposure only caused subc l i n ical hypothyroidism in the healthy animal s, 

addi t ional studies over longer periods of t ime are needed; s ince such exposures might 

eventua l ly  proceed to ful l -blown hypothyroid ism.  S ince the group of 1 mg/ kg lead 

acetate d id  not produce significant effects in the non-diabet ic animals tb i s  group can be 

e l iminated in future studies .  I n  th is project, STZ was used to induce DM, whereas, for 

future studies. other diabet ic models e .g .  NOD or B B  model s  need to be considered and 

uti l ized . Here, the data from the healthy and diabet ic  animals were analyzed separate l y  

i .e .  wi th in  each model . I t  would a lso be  a good idea to  compare the two models to  each 

other. 

There were several l im i tations i n  the newly developed experimental thyroid mode l .  

TI1e fi rst one i s  the total lack of effects of OCT on TSH,  T4 and T3 levels .  The second 

l imi tation i s  our i nabi l ity  to i nduce an i ncrease in  T4 and T3 level s  in response to TRH 

admin istrat ion. despite having a s ignificant i ncrease in TSH levels. In order to 



o\ ercomc the e i ssue and to opt imize the hormonal re ponses, we recommend carry ing 

out addit ional experiments vvhere d i fferent doses of TRH and OCT are used. These 

experiment need to be tri d over d i fferent t ime-points i .e .  shorter and longer durat ions 

unt i l  the opt i mal re ponse i achie ed.  
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