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a b s t r a c t

It was investigated whether ethanol (Et) modi fies the damaging impact of lead (Pb) on bone metabolism 
in a rat model reflecting excessive alcohol consumption by humans exposed to relatively high levels of 
this metal. For this purpose, markers of bone formation (osteocalcin, procollagen I, osteoprotegerin, 
alkaline phosphatase) and resorption (telopeptides of collagen I, soluble receptor activator of nuclear 
factor-jB ligand), calciotropic hormones (parathormone, calcitonin, 25-hydroxyvi tamin D and 1,25- 
dihydroxyvitami n D) in the serum, and the femur content of mineral (including calcium – Ca and inor- 
ganic phos phorus – Pi) and organic components were estimated in the rats exposed to 500 mg Pb/l (in
drinking water) or/and Et (5 g/kg b.wt./24 h, by oral gavage) for 12 weeks. Moreover, Ca and Pi in the 
serum and urine, alkaline phosphatase in the bone tissue and Pb in the blood and femur were determined. 
The exposure to Pb or/and Et decreased bone formation and increased its resorption resulting in the bone 
demineralization . These effects were accompanied by destroying the hormonal regulation of mineral 
metaboli sm, and Ca and Pi imbalance. The co-exposure to Pb and Et-induce d disorders in bone metabo- 
lism were more advanced than those caused by Pb alone. Et co-administration increased Pb concentration 
in the blood and decreased its accumulation in the bone. This paper is the first report providing evidence 
that consumption of Et under exposure to Pb intensifies disorders in bone metaboli sm and that destroy- 
ing of the receptor activa tor nuclear factor- jB (RANK)/RANK ligand/osteoprotegerin system is involved in 
the mechanisms of interactive action of these xenobiotics on the skeleton. The modifying impact of Et 
may be an effect of its independent osteotropic action and interacti on with Pb. Based on the results it 
can be concluded that alcohol abuse by subjects excessively exposed to Pb considerably increases the risk 
of bone damage. 

� 2013 Elsevier Ireland Ltd. All rights reserved. 

1. Introductio n

Lead (Pb) belongs to the most toxic and widely distributed hea- 
vy metals [1–4]. Due to its numerous technical uses leading to pol- 
lution of the natural and occupationa l environment inhabitants of 
industria lized countries are exposed to this metal during the life- 
time [1,2,4,5]. The main source of the general population exposure 
to Pb is food [4,6] and tobacco smoking [7,8]. Moreover, numerous 
workers all over the world are exposed to this metal also occupa- 
tionally [5,9–15]. Pb toxicity for human has been relatively well 
known and widely reported [1–4,10,11,14–22]. Chronic exposure 
to this toxic metal causes a broad range of various disorders and 
dysfunct ions, including anemia, damage to the nervous (especially
central nervous system among children), immunolog ical and car- 
diovascu lar systems, destroyin g of reproduction and pregnancy 
as well as kidney and skeleton damage [10,11,14–22] . Early life 
exposure to Pb can result in cognitive and behavioral deficits in 
children and adults [18]. Epidemiolog ical studies provide evidence 
that this metal creates a risk for the health even at a relatively low 
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Abbreviations: ALP, alkaline phosphatase; AW, ash femur weight; AW/DW, ratio 
of ash to dry defatted femur weight (fraction of the dry defatted femur weight 
formed by minerals); AW/OW, ratio of mineral and organic components in femur; 
bC-ALP, ALP in the bone tissue at the femoral diaphysis (cortical bone region); bT-
ALP, ALP in the bone tissue at the distal femoral end (trabecular bone region); Ca, 
calcium; Ca/DW, ratio of the femur Ca content and dry defatted femur weight 
(fraction of the dry defatted femur weight made up of Ca); Ca/AW, ratio of the 
femur Ca content and ash weight (fraction of the femur minerals made up of Ca);
Ca/P i, molar ratio of Ca and inorganic phosphorus content in femur; CT, calcitonin; 
CTX, carboxy-terminal cross-linking telopeptides of type I collagen; DW, dry 
defatted femur weight; Et, ethanol; OC, osteocalcin; OPG, osteoprotegerin; OW, 
femur organic components weight; Pb, lead; PINP, amino-terminal propeptides of 
type I collagen (procollagen I); PTH, parathormone; s-ALP, ALP in serum; sRANKL, 
soluble receptor activator of nuclear factor- jB ligand; WW, wet femur weight; 
1,25(OH)2D, 125-dihydroxyvitamin D; 25OHD, 25-hydroxyvitamin D; % mineral 
comp., percentage content of mineral components in femur; % Ca, percentage Ca 
content in femur; % organic comp., percentage content of organic components in 
femur; Pi, inorganic phosphorus; % Pi, percentage Pi content in femur. 
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exposure [2,18–22]. Moreover, increased mortality associated with 
exposure to Pb has been noted [3,10,15].

Bone is the main place of Pb storage in the body [17,23]. This 
metal accumulate s in the skeleton during the lifetime and affects 
bone tissue directly via influencing hydroxyapa tite formation and 
bone cells activity as well as indirectly via disturbing mineral 
metabolism [16,23–29]. Bone damage is one of the main adverse 
health effects of chronic intoxication with Pb in both human 
[10,11,16,17 ] and experime ntal animals [23,24,26 ,29] . It has been 
known that occupationa l exposure to this heavy metal is associ- 
ated with the risk of osteopeni a and osteoporosis [10,11]. More- 
over, Pb has been recognized as an environmental risk factor for 
osteoporosis [16]. Thus, growing interest has been focused on the 
bone effects of this metal. However, the damaging impact of Pb 
on the skeleton, including mechanis ms of this action, risk of bone 
injury and factors modifying the bone effect of this metal are still 
not completely recognized .

It has been known that Pb accumulati on in the organism and 
some effects of its action may be modified by various factors, 
including gender, age, lifestyle and diet as well as concomitan t
exposure to other xenobiotics [23,26,30–32]. A possible factor 
capable of modifying the bone impact of Pb seems to be ethanol 
(ethyl alcohol; Et). The available data shows that Et influences Pb 
metabolism and some effects of its toxic action, including liver, 
kidney and brain damage [23,30–32]. Chronic Et consumptio n
has been reported to increase the blood Pb concentration in human 
[9] and experime ntal animals [23,30,31], but the data is sparse. 
Both synergistic and antagonistic interactions between these xeno- 
biotics have been reported in animals [31,32]. However, the avail- 
able data [30,31] show that damage to various organs and systems 
is more serious at co-exposure to Pb and Et than at the treatment 
with Pb alone, except for the study by Lukacs et al. [32] who have 
reported a protective Et impact regarding Pb neurotoxici ty. 

Et, like Pb, is a known risk factor for bone damage [33–43]. The 
injurious effect of Et on the skeleton consists in an inhibition of 
bone formation and stimulati on of its resorptio n via direct and 
indirect action on the bone cells and disturbing mineral metabo- 
lism [34,36,38–43]. Chronic excessive Et consumptio n has been 
noted to cause osteopenia, osteopor osis or osteomal acia in human 
[35,37,41,42] and experimental animals [38,39,41]. On the other 
hand, low Et consumptio n has been reported to be beneficial to 
the bone health in men and postmenopaus al women [44] as well 
as in rats [45]. Excessive Et consumption has been noted to de- 
crease the bone content of Pb in rats [23]; however , the impact 
of this alcohol abuse under exposure to Pb on the skeleton and pos- 
sible mechanis ms of this influence have not been investigated up 
to date. 

Owing to the growing prevalen ce of bone diseases in industria l- 
ized countries [46,47], wide Pb distribution [1–4] as well as exces- 
sive consumption of alcohol beverages by marked part of the 
general population [48,49] and thus the very real possibility that 
alcohol abusers may be exposed to excessive Pb amounts from 
environmental and occupationa l sources or via tobacco smoking, 
it is very important to recognize the impact of co-exposure to these 
xenobiotics on the skeleton. Therefore, we have undertaken a com- 
plex study, on a rat model of relatively high human exposure to Pb 
and Et, to explain if, to what extent and via which mechanisms 
excessive Et consumptio n under the exposure to Pb may modify 
the risk of bone damage. Taking into account the osteotrop ic action 
of the both xenobiotics [16,23–30,33–43] we have hypothesized 
that this alcohol consumption under exposure to Pb could potenti- 
ate bone damage. The present paper is the first report from these 
studies and it was aimed to investiga te the impact of Et consump- 
tion during exposure to Pb on bone metaboli sm. For this purpose, 
markers of bone formation and resorption were determined to 
estimate the rate of bone turnover, and mineral status of the femur, 

including calcium (Ca) and inorganic phosphorus (Pi) content, was 
evaluated. Moreover, in order to explain possible mechanisms of 
Pb or/and Et action on the skeleton, indices of Ca and Pi homeosta-
sis, and calciotropic hormones as well as Pb concentration in the 
blood and bone tissue were determined. The involvement of the 
receptor activator of nuclear factor- jB (RANK)/RANK ligand 
(RANKL)/osteoprotegerin (OPG) system in the mechanism s of Pb 
or/and Et impact on the bone tissue was evaluated as well. The 
RANK/RA NKL/OPG system plays a crucial role in the regulatio n of 
bone turnover and its disturbed balance may lead to a severe dys- 
function of bone remodeling [50]. Et has been known to destroy 
the RANK/RANKL/O PG system [33,34,43 ]; however, the involve- 
ment of this system in the mechanism s of Pb impact on the skele- 
ton and its interactive action with Et is unknown. In the case when 
an interactiv e effect of Pb and Et was revealed attempts were made 
to recognize possible character of the action (synergism, antago- 
nism). According to our knowledge similar study has not been con- 
ducted up until now. 

2. Materials and methods 

2.1. Chemical s and reagents 

All reagents and chemical s used in this experiment were of ana- 
lytical grade and higher purity. Lead acetate ((CH3COO)2Pb), so- 
dium chloride (NaCl), potassium dihydrogen phosphat e (KH2PO4),
di-potassi um hydrogen phosphate (K2HPO4), diisopropyleth er, iso- 
propanol, hexane, chloroform and methanol were purchased from 
POCh (Gliwice, Poland). Physiologi cal buffered saline (PBS) was re- 
ceived from Biomed-Lub lin (Lublin, Poland) and lanthanum chlo- 
ride hydrate (LaCl3 � H2O) from Fluka Chemie AG (Buchs,
Switzerla nd). Rectified spirit (95% v/v) was provided by Polmos 
(Lublin, Poland). Vetbutal was obtained from Biowet (Pulawy, Po- 
land) and heparin from Biochemie GmbH (Kundl, Austria). Butyl- 
hydroxyt oluene (BHT) and bovine albumin were purchased from 
Sigma–Aldrich Chemie, Gmbh (Steinheim, Germany) and acetoni- 
trile from Merck (Darmstadt, Germany ). The commerc ial kits used 
to measure the concentratio ns of osteocalci n (OC), amino-terminal 
propepti des of type I collagen (PINP), carboxy-term inal cross-link- 
ing telopeptides of type I collagen (CTX), parathormo ne (PTH) and 
calcitonin (CT) were received from Nordic Bioscienc e Diagnost ic 
(Herlev, Denmark), Uscn Life Science Inc. (Wuhan, China), Immu- 
nodiagnos tic Systems Ltd (Boldon, UK), Immutopics, Inc, (San Cle- 
mente, CA, USA), and Peninsul a Laborato ries, LLC (San Carlos, CA, 
USA), respectively . The concentratio ns of soluble RANKL (sRANKL),
OPG, 25-hydroxyvit amin D (25OHD) and 1,25-dihydroxyvi tamin D
(1,25(OH)2D) were measured with kits by Immund iagnostik AG 
(Bensheim, Germany). The diagnostic kits for determinati on of 
alkaline phosphatas e (ALP) and Pi were purchased from BioMaxima 
(Lublin, Poland). Trace-pu re concentrated nitric (69% HNO 3) and 
hydrochlori c (36% HCl) acids (Merck, Darmstad t, Germany ) and 
stocks of standard solutions of Pb and Ca designed for atomic 
absorption spectrometry (AAS method; Sigma, St. Louis, MO, 
USA) were applied in metals analysis. Palladium nitrate (Pd(NO3)2

in HNO 3) and magnesium nitrate (Mg(NO3)2 � 6 H2O in HNO 3),
used as matrix modifiers in Pb determination , were obtained from 
Merck. In order to check the analytical quality of Pb and Ca mea- 
suremen ts, the following certified materials were used: Bovine 
Blood Reference Material BCR-195 (No. 2551; Institute for Refer- 
ence Materials and Measurem ents, Geel, Belgium), Trace Elements 
Serum level 1 (No. 201405; Seronorm™, Billingstad, Norway),
Standard Reference Bone Ash (No. 1400; National Institute of 
Standard s and Technology, Gaithersburg, MD) and Trace Elements 
Urine level 1 (No. 2524; Seronorm ™, Billingstad, Norway). Ultra- 
pure water, received from two-way water purification MAXIMA 
system (ELGA, Bucks, UK), was used in all measureme nts. 
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