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ABSTRACT

Cadmium is toxic and accumulates in the body, paldrly in the kidneys. Cereals,
vegetables and potatoes are the main sources o$ergy besides tobacco smoking. The
critical effect of cadmium is considered to be ftefmamage. Massive exposure is known to
cause osteomalacia and osteoporosis with multiptgures. A few recent studies have
indicated that the exposure in the general popriad associated with osteoporosis, but the
link is not clear.

The aim of this thesis was to investigate effettismng-term low-level cadmium
exposure on bone health, and to explore whetheetbfects were mediateth reduced
activation of 1,25(OHP (vitamin D) in the kidney. Another aim was to @llate possible
combined effects of cadmium and vitamin A (retirah) bone health. Two population-based
studies were used consisting of postmenopausal wobdeto 69 years of age, with low
cadmium exposure. Cadmium exposure was assesseddsuring cadmium concentrations
in urine (as a biomarker of long-term exposure) laypéstimating the dietary cadmium intake
via a food frequency questionnaire. Total-body boneenal density (BMD) and data on
fracture incidence (1997-2009) were ascertainectuziting levels of 1,25(OHID and retinol
were measured in serum.

Multivariable-adjusted inverse associations wergeoled between both urinary and
dietary cadmium and BMD at the total body, femotk, total hip and lumbar spine. We
also observed a statistically significant 2-3 foidreased risk of osteoporosis (T-score <-2.5)
perug/g creatinine of urinary cadmium, or per 10 pg/daglietary cadmium. Among never-
smokers, a several-fold statistically significamtreased risk of any first fracture, first
osteoporotic fracture and first distal forearm fuae was observed for urinary cadmium. A
30-50% statistically significantly increased ridkany first fracture were observed comparing
high dietary cadmium intake- 13 pg/day, median) with lower intakes (<13 pg/daypng all
women and never-smokers, respectively. Combinea digtary and high urinary cadmium
(>0.50 pg/g creatinine) as compared to low, a 34$tdtistically significantly increased risk of
osteoporosis and fractures were observed among-sexakers.

Urinary cadmium was not associated with 1,25(DH)nd there was no association
between 1,25(OHP and markers of bone or kidney effects. This iaths that the negative
association between low cadmium levels and BMD masnediatediia decreased
circulating levels of active vitamin D. Serum re@ticoncentrations within the normal range
tended to be associated with higher BMD at theatifetearm. Serum retinol concentrations
in the upper normal range may counteract the nagaffect of cadmium on bone.

Altogether this thesis provides important evidetiad cadmium exposure at the low
exposure levels found in the Swedish general ptipulés associated with negative effects on
bone, as indicated by decreased BMD and an inatgéseof osteoporosis and fractures. The
findings are of high public health relevance sitteemain dietary cadmium exposureia
our most important foods, there are no signs ofedesing exposure levels, and that
osteoporosis and related fractures are prevalent.
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1 INTRODUCTION

This thesis focuses on the effects of long-termlewel cadmium exposure on bone mineral
density (BMD) and on risk of osteoporosis and fueet in women. Osteoporosis and
osteoporotic fractures are important and escalatifjc health problems. The high incidence
and the extensive geographical variatiBigre 1) [1] in incidence cannot be fully explained
by the established risk factors [1-4]. In that estitenvironmental pollutants have not received
much consideration. Cadmium is a widespread enwiesrtal pollutant that may exert a wide
range of adverse effects on human health, mainkiadimey and bone [5]. The main source of
exposure in the general population is food [6wFjile smokers are additionally exposed. In
general, women have higher cadmium body burdenrtiean[6, 8], and are also at higher risk
of osteoporosis and related fractures. Whether wadrshould be considered as a risk factor

for osteoporosis and fractures remains to be edtmitl

1.02

Figure 1. The 10-year probability of hip fractures in meid awomen adjusted to the probability in
Sweden [1].
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2 BACKGROUND

2.1 BONE

The skeleton comprises of over 200 bones, eaclisthegt modeled (sculpted) and then
remodeled. Depending on the location, the bone@tgpne or more functions including
movement and structural support, and also protétetsorgans. The skeleton is the main
reservoir for calcium (about 99% is deposited eckiding in the teeth) and other minerals
and is therefore central in the mineral homeosfasifRemodeling constitutes of a delicate
balance of bone resorption (osteoclasts) and mngation (osteoblasts). Remodeling is
important for maintenance of the shape of the lalumeg growth, to repair injuries and is
involved in the regulation of serum calcium levédsteoblasts produce collagen type 1 (90-
95% of the bone matrix consist of collagen typeo$jeocalcin (the most abundant non-
collagenous protein) and alkaline phosphataser@na phosphate-splitting enzyme). Bone
mainly consists of hydroxyapatite [P Oy)s(OH).], which, in turn, comprises 50% of the
adult bone mass. The hydroxyapatite makes the thamkwhile the combination of collagen
and mineral salts make the bone strong and eld$tecbone mass and calcium metabolism are
influenced by several factors such as parathyroichbne (PTH), 1,25(OHIp (see below),

oestrogen, calcitonin, and different growth hornsfid].

Bone constitutes of two different tissues; theicaltbone (dense or compact) and the trabecular
(cancellous) bone, which differ both morphologigahd functionally. About 80% of the total
bone mass constitutes of cortical bone and theingmga20% constitutes of trabecular bone.
However, the trabecular bone has a larger surf@aethan the cortical bone. The cortical bone
is mainly found in the long bones, while the trabdacis mainly found in the vertebraes (spine),
the pelvis and at the ends of the long bones. Tthagglative proportions vary considerably
among the different skeletal sites. For exampleagatio trabecular:cortical estimated to be
75:25 in the vertebraes, and 25:75 in femoral meckdistal forearm. The trabecular bone is
more sensitive to hormonal influences and is cameito have a faster rate of metabolism

[10].

2.1.1 Measurements of bone mineral density
There are several different methods available tasme BMD but the most common one is
dual energy X-ray absorptiometry (DXA); which is@regarded as the reference standard [11,

12]. BMD is expressed as grams of mineral per afealume (g/crf) and can be measured at



total-body and at specific sites such as the distalrm, femoral neck, hip or spine. When

measuring BMD, mainly the calcium (i.e. the amarfineral) in the bone is measured.

By comparing BMD to a reference populatidrscore and-score can be calculatetscore is
used to compare the obtained value to the meae wralgpung adults of the same sex and is
calculated as (BMB BMD,)/SD where BMRis the obtained BMD; BM[Xhe measured
BMD and SD (standard deviation) in the referengeupation.T-score is most often used in
clinical practice. If the purpose is to comparedb&ined BMD results with a population with
of the same age and s@&xscore is used. A common definition of osteopor@sisscore <-2.5;

i.e. 2.5 SD below the mean values of a young adfdtence population [13].

BMD may predict the risk of fractures. A meta-as@yshowed that BMD at all measured sites
had approximately the same predictive abilitied,[14. 1 SD decrease in BMD resulted in a
relative risk (RR) of a fracture of 1.5 (95% CHK-L.6). However, the prediction of fracture risk
was higher when BMD was measured at the speci@msinterest, i.e. measurements of the
BMD at the lumbar spine gave a RR of 2.3 (95% (&;2.8) for a fracture at the lumbar spine,
and BMD measurements at the hip a RR of 2.6 (95%2 043.5) for a fracture at the hip.
Thus, the predictive ability of 1 SD decrease inBr a fracture is similar or better than
that of 1 SD increase in blood pressure for stak&SD increase in serum cholesterol for

cardiovascular disease [14].

2.1.2 Osteoporosis and fractures

Osteoporosis is “A systemic skeletal disease, cheniaed by low bone mass and micro-
architectural deterioration of bone tissue withsaguent increase in bone fragility and
increased fracture risk” as defined by the Worldltheorganization [13]Kigure 2). The risk of
osteoporosis relies on the measurement of BMDHautlinical significance lies in the fractures
that arise [11].
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t Normal bone t Osteoporotic bone

Figure 2. Normal and osteoporotic bone. With permissiomftbe American Society and Bone Mineral Research
(ASBMR) (1986, Wiley); Dempster and colleagues [15]

Peak bone mass is achieved in the late secondelecdkird decade. In middle-aged and in
the elderly the resorption of bone exceeds the &ion, leading to loss of bone mass.
Osteoporosis is reflecting an imbalance of bonmétion and bone resorption, in which bone
resorption dominates. The disease is silent — w@@o symptoms — until the first fracture
occurs. The most common osteoporotic fractureshaxse at the hip, spine, distal forearm,
proximal humerus and pelvis [16]. In terms of digh hip - and vertebral fractures are of
particular concern [11]. The mortality the firstayeafter a hip fracture is 10-15% [17].

The incidence of fractures has increased substgrsiace the 1950ies and is expected to reach
4.5 million by the year 2050 in Europe [2]. Althdug large part of this increase is related to an
increased ageing population, there is an exceplyamgh age-adjusted incidence of
osteoporotic fractures in certain Western populatid, 3] such as Sweden and Norway
(Figure 1), which together with the observed increased &g over time worldwide,

underline the need to explore all possible riskdiacto enable prevention. In Sweden, every
other woman and one in four men are statisticalpeeted to have an osteoporotic fracture
during their lifetime [17, 18]. Every year 70,008t@oporotic fractures occur in Sweden; out of
these, about 18,000 are hip fractures and 25,@Datures at the distal forearm [17]. In
Europe, 620,000 hip fractures, 574,000 distal fonefaactures, 250,000 proximal humerus
fractures and 620,000 clinical spine fractures ppeu year, accounting for 35% of worldwide
fractures [11]. This is of course a major publialtie concern due to the pain, reduced quality of
life and life expectancy and the high public healits associated with the disease [19]. The
medical cost in Sweden is estimated to 5,6 bilg&iiK/year (11.1% of the total medical cost)

[16]. In total, including loss of quality-adjustéfi year (QALY), the estimated cost is 15



billion SEK/year, which is more than the separagéglical cost for diabetes or coronary heart

disease [16].

Genetic factors play a large role for the peak boass (about 70%), leaving about 30% or
more for others factors including environmentatdeg Low BMD is the main risk factor for
fractures, but it alone cannot fully explain altesporotic fractures. Other known or proposed
risk factors for osteoporosis and fractures arexample, older age, female sex, previous low-
energy fracture, smoking, use of glucocorticoileumatoid arthritis, consumption of alcohol,
low BMI, low physical activity, liver- and kidneyigskases, malabsorption, early menopause,
low intake of vitamin D and calcium, and high aod intake of vitamin A [20, 21]. In this
context, environmental pollutants such as cadmnotuding its possible interactions with

nutrients, have not received much consideration.

The FRAX®-tool has been developed by the WHO to estimaté@hgear probability of
fracture risk in patients, http://www.shef.ac.ukfR. The factors considered by FRA¥re
BMD at the femoral neck, age, female gender, welgght, previous low-energy fracture,
parental history of hip fractures, current smokimgg of glucocorticoids, presence of

rheumatoid arthritis, and consumption of alcohol.

2.1.3 Vitamin D

Vitamin D belongs to the family of fat-soluble vitétns and was, when discovered in 1922
primarily considered to be associated with bondtineditamin D (25(OH)D) is unique, since it
can be obtained from both endogenous productiertarhin D; (in the skin), and exogenous
sources (mainly B) from foods such as fatty-fish, fish liver oilsdr, egg yolks and cheese.
Vitamin D is also present in fortified foods suchlew-fat dairy products and in dietary
supplements. The recommended daily intake in Swisde®-10 pg/day, but the estimated
average intake is much lower [22, 23]. Vitamin BXgs is reflected by the concentrations of
25(0OH)D in serum. During the winter, at Northertitleles above 40(Sweden is at latitude
55-69), the cutaneous synthesis of pre-vitamgi€not detectable [24] and therefore dietary
sources such as fatty fish and fortified foods oedi-fat dairy products and margarines), are of

great importance during these months [22].

Vitamin D coming from the skin or diet enters tlrewlation and is first metabolized in the
liver and then converted in the kidney to 1,25(¢IH) the bioactive form of vitamin D [10].
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The role of vitamin D in calcium and phosphate gbson and metabolism is well-known, and
thus also its importance for bone health. The mhggical effect of 1,25(OHP is to maintain
plasma concentrations of calcium and phosphatelsondo stimulate osteoblasts to synthesize
osteocalcin. 1,25(OH) primary target tissue is the small intestine, éeer is also acts on the
kidney and bone [25, 26].

2.1.4 Vitamin A

Vitamin A also belongs to the group of fat-solubiiamins; with the two main groups being
retinoids or pro-vitamin A. Retinoids include retirand its metabolites — with retinoic acid
having the biological activity, exerting its actiwiia binding to and activation of the retinoic
acid receptor (RAR). Retinoic acid can also binth®retinoic X receptor (RXR). With regard
to pro-vitamin A (e.gB-carotene), only 10% exert vitamin A activity aftest being conversed
to retinol. In general, vitamin A is important foroliferation and differentiation of cells; and is
likely to have a role in bone tissue remodellinges both osteoblasts and osteoclasts express
RARs.

Vitamin A is obtained from food of animal originych as liver and dairy products, and from
fortified foods, dietary supplements and as prasain from plant-derived foods [27]. The
Nordic nutrition recommendation of vitamin A intaise900 g retinol equivalents /day for men
and 800 pg for women [28]. The intake of vitamirgrétinol) from food in Sweden, is generally
somewhat higher than that recommended [23], maiuéyto the fortification of low-fat dairy
products and margarine. In addition to the dieatgke of vitamin A, dietary supplements
often contain retinol, and it is estimated thagrgwhird woman and every fifth man in Sweden
use supplements [29]. Due to recent studies frgm\elhus and colleagues; Feskanich and
colleagues, and Michaélsson and colleagues [30#8#ttating a higher risk of fractures with
higher vitamin A intake or higher serum retinol centrations, the level of fortification and the
concentration in supplements have been lowexgd\(slv.sg On the other hand, normal bone
metabolism can only be obtained at adequate vitédnsitatus [33], as also vitamin A
deficiency is proposed as risk factor for low BMbddractures [34, 35].

2.2 CADMIUM
Cadmium is a toxic metal that has no known biolalgignction in the human body. Cadmium
was discovered in 1817 as an impurity with zindboaate, but it was not until the beginning of

the 20" century that cadmium was more used in the indu€@&gdmium has been used as a color



pigment (red, yellow, and orange), as stabilizey.(@ PVC), cathode in nickel-cadmium
batteries, and as coating and platings in ordprdtect other metals or alloys from corrosion.
The main use of cadmium worldwide in 2005 (82%) imasickel-cadmium batteries [36]. In
Sweden, the growing awareness of the adverse heftdtits of cadmium led in 1982 to a ban
of use of certain products with the intention teréase cadmium concentrations in the
environment. Cadmium is released into the envirorirdee to fossil fuel combustion (e.g.
coal-fired power plants) where cadmium can be praried long distances from the emission,
application of sewage-sludge or phosphate fentdize farm land, waste incineration and
disposal, and industrial activity including miniagd smelting. Cadmium is easily taken up by
plants; this uptake is influenced by a number ofdies such as pH, competition with other
metals and presence of inorganic and organic lig#sld Cadmium levels have increased in
Swedish soil during the last century [37] but iitespf restricted use of cadmium in several
applications since 1982, no decreasing tempornadi tire cadmium exposure has been detected
[6, 37].

2.2.1 Exposure

In the general non-smoking population, food isrfan source of cadmium exposure. High
concentrations are present in seafood - such dasos) crustaceans, and cephalopods - in
offals, in oil seeds and cocoa beans [6]. The nw@atributing foods (80%) are, however,
cereals - especially whole-grains - vegetablespatatoes [6, 38, 39]; i.e. foods generally
considered to be healthy which we are recommeraledttmore ofyww.slv.sg The dietary
cadmium intake is therefore likely to be highecantain sub-populations such as vegetarians
[40]. In areas with cadmium-contaminated soils,deodust may potentially be another
important route of exposure [41]. Smokers are aditly exposed as a result of the high
cadmium content of tobacco leaves and the reldiiyle absorption of cadmium in the lungs
[6, 42].

2.2.2 Uptake and distribution

Less than 5% of the ingested cadmium is generaligidered to be absorbed in the intestine [6,
7], but the absorption may be several-fold high@ma deficiency due a common transport
mechanism of cadmium and iron in the intestine #89,43-46]. A diet high in fiber, especially
cereal fiber, which also contains more cadmium tledined wheat flour, might reduce the
cadmium bioavailability as compared to a low-fidest (Berglund et al, 1994). The uptake in

the lungs is much higher; between 10-50% [6, 4&krAhe uptake, cadmium may be bound to

17
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albumin in the blood and transported to the liéer2]. Once cadmium is in the liver it induces
metallothionein (MT) — a low molecular weight cyaterich protein — which is important for
detoxification [42]. MT can also bind essential aiesuch as copper and. Besides MT,
cadmium can also bind to amino acids or to sulhydch low molecular weight peptides [47].
Since cadmium-MT is a small complex it can be effidy filtered through the glomerulus and
then be reabsorbed in the tubular cells [6, 424indam is eliminated very slowly from the
body and the half-time in the kidney is 10-30 ydd®. Thus, the cadmium concentration in
the kidney increases with age and may peak aroD+¥b8 years, after which it may start to
decline [42].

2.2.3 Biomarkers of exposure

The most feasible and commonly used markers ofsxpare cadmium in blood and urine.
Cadmium in blood, considered the most valid madkeecent exposure is mainly bound to
erythrocytes and measured in whole blood or inheoglytes [5]. Two compartments are
suggested to exist; one is related to the recgrusexe and has a half-time of 1-3 months, and
the other is related to body burden and has atinadf-of approximately 10 years [48]. Thus,
after long-term low level exposure, cadmium in lblooay serve as a good marker of cadmium
body burden [5].

Urinary cadmium, on the other hand, is consideoetainly reflect the kidney accumulation
[49] (i.e. before onset of tubular proteinuria) dhds the long-term exposure from all sources
[6, 42]. Ideally, cadmium should be measured irh2#ine. This is, however, usually not
feasible in large epidemiological studies for picattreasons, and there in an apparent risk of
incomplete sampling. Collection of spot urine isrenconvenient but the dilution of the urine
may vary considerably both with regard to water smidtes, within and between individuals,
due to variation in fluid intake, temperature, amgsical activity [42]. In order to account for
this variation the spot urine samples need to hestadl either for urinary creatinine or for

specific gravity.

2.2.4 Kidney effects

Cadmium exposure has been associated with seviéeaédt health effects such as kidney,
bone, and cardiovascular effects and cancer [4.cFitical organ for chronic cadmium
exposure has long been considered to be the kaimtyenal dysfunction the critical effect [6,

7]. Cadmium induces renal tubular damage, charaeteby an increased excretion of low-



molecular weight proteins, such g&2-microglobulin (z-2-M), al-microglobulin (also called
protein HC) and retinol-binding protein (RBP) andreased excretion of the lysosomal enzyme
N-acetylZp-glucosaminidase (NAG). If the cadmium exposurdioors, tubular damage may
progress and also glomerular damage may emerdeawi¢creased glomerular filtration rate
(GFR). This has been demonstrated in heavily expsgkjects [50-52], but also at much lower
exposure levels [53].

During recent years, there has been a debate comgevhether the association observed
between urinary cadmium concentrations and urirsedb@iomarkers of tubular dysfunction at
very low exposure levels actually show a causalimiship. If causal, the public health
significances of these associations need furth@uation [37], as it has been difficult to

ascertain the exact lowest dose for what couldbsidered a clear adverse effect.

2.2.5 Bone effects

Cadmium’s adverse effect on bone became obvious tieeltai-itai disease (Ouch-Ouch) was
discovered in the Toyama Prefecture in Japan, thare50 years ago. This painful disease
mainly affected women over 40 years of age thatlikkad in the area for more than 30 years.
The consumption of heavily contaminated rice reslilh severe renal and bone damages
followed by multiple fractures [5]. The effects bane were a combination of osteomalacia and
osteoporosis. In 1968, the Japanese Ministry amteafth and Welfare concluded that “Itai-itai
disease is caused by chronic cadmium poisoningpoditions of existence of such inducing
factors as pregnancy, lactation, imbalance inmatesecretion, aging, and deficiency of
calcium” [54]. Approximately 200 subjects were atlrl and their urinary cadmium

concentrations were very higk 30 nmol/mmol creatinine).

First in 1999, the association between cadmium sxgoand osteoporosis was examined again
[55]. In a prolongation of the ground-breaking Ca8eh study [56] with baseline data (1985-
1989) on cadmium in urine, soil and garden vegetlalssociations were assessed with BMD
at the forearm (SXA) and with incidence of fraciuamd height loss in 506 women and men.
Participants were from cadmium-contaminated arles® ¢o zinc smelters and in control areas
in Belgium. Cadmium in urine, leek and soil wasarsely associated with BMD at the forearm
in postmenopausal women, but not in men. For alawubf urinary cadmium, an increased

risk of fractures at the forearm in women was olessirrelative risk (RR) of 1.73 (95% Cl,
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1.16-2.57) (p=0.007), and height loss in men, RB) {95% ClI, 0.94-2.72) (p=0.08) [55].
Noteworthy, if age was forced into the multivaredaldjusted model, the increase in RR for
urinary cadmium was no longer statistically sigrafit (p=0.08). In both women and men, soll,
leek and celery were associated with a similariased risk of fractures<p.039) as for

urinary cadmium. For height loss, cadmium in leels\wssociated with an increased risk in
both women and men<£p.005), while cadmium in soil and celery were aadgociated with

increased risk of height loss in womeg@®35).

The association between cadmium exposure and baseanfirmed in a Swedish population
(n=1021; women and men) living in the proximityaofiickel-cadmium battery plant. Alfvén
and colleagues found an increased risk of osteafésicore <-1) and fractures at the distal
forearm at urinary cadmium concentrations betwe®8-8 |1 g/g creatinine, and 2-4 ug/g
creatinine, respectively [57, 58]. Some of theipgrants were occupationally exposed at the
battery plant. In studies from heavily pollutedesé China, associations were also observed
between cadmium exposure and osteoporosis [59YEWN this thesis was initiated only a
limited number of studies were available and omlg study had examined the association
between cadmium and bone at the low exposure lpvetent in the general “non-exposed”
population [61]. In upper middle-aged women in Set Sweden (Women’s Health in the
Lund area, WHILA) and inverse association was oleebetween cadmium in urine, but not
in blood, and BMD at the distal forearm; the medianary cadmium concentration was 0.67
pg/g creatinine. In 2008, Schutte and colleaguesdaimilar associations in a population with
environmental cadmium exposure mainly from zinclssnein Belgium [62]. The studies from
Schutte and colleagues, and Akesson and colleaggegst a direct effect of cadmium on
bone, with increased concentration of bone resmrptiarkers with increasing cadmium
exposure, possibly intensified after menopauseoBe to cadmium was also associated with
calciuria and with reactive changes in calciotrdmemones [62]. Because cadmium was
associated with lower levels of PTH in both studilee cadmium-associated calciuria was most
likely a result of increased bone resorption, nathan decreased tubular reabsorption followed

by an increase in parathyroid hormone [62].

Only one previous study comprising 2,826 womengddgeto 90 years, have examined the
association between cadmium and BMD outside teeo$ithe distal forearm [63]. An inverse

association was observed between urinary cadmighBMD at the femoral neck and total hip,



and an increased risk of osteoporosis at thehgigb3]. This study (Gallagher et al, 2008) and
another study from the United States [64], areotiilg ones that have presented separate
associations for never-smokers. Wu and colleadishut not Gallagher and colleagues [63],
observed a significant dose-response relation€hjy one study has assessed BMD at the
lumbar spine. Nawrot and colleagues, observed sstatistically significant inverse association
(p=0.14) between urinary cadmium and BMD at tmeldar spine in in men occupationally
exposed [65]. Although several studies have fouheige associations between cadmium
exposure and bone, there are a few studies regonin-significant associations or even null
findings [66-69]. Thus, there is a need to clatiifg role of cadmium in development of
osteoporosis, especially focusing on sites padicalisceptible to osteoporotic fractures with
high public health importance. Even more importsumtf course the evaluation of fracture risk.
It is also essential to rule out any possible nadrtium mediated negative effect of tobacco
smoking on bone. Although food is the main sourfaexposure in most people the relation

between the dietary cadmium intake and BMD or gsisusis has never been explored.

2.2.6 Vitamin D, cadmium and bone

The mechanism of cadmium-induced bone damage iget@illy understood. Two main
hypotheses have been suggested: a direct effése@keleton possibly through activation of
osteoclasts and ii) an indirect effect, via anahkidney damage, inhibiting the conversion of
25-hydroxy vitamin D (25(OH)D) to 1,25-dihydroxytamin D (1,25(OH)D) [70]. The
accumulation of cadmium in the renal cortex haslpgeposed to interfere with enzymes either
directly or indirectly involved in this conversiarf 25(0OH)D to 1,25(OHPD. In addition,
cadmium may decrease the tubular reabsorptioreofesits necessary for proper bone
metabolism, such as calcium, resulting in incre@sedetion of these elements in urine.
Concerning the effect of cadmium on 1,25(@Mactivation, several experimental studies have
shown inconsistent results at cadmium concentratielevant to human exposure [70]. Even
though the limited number of available human stsidigggests lower serum 1,25(GB1)
concentrations at high cadmium exposure [71-74]réisults are inconclusive. Furthermore, as
most of the included subjects were already seveifédgted by cadmium-induced renal

dysfunction [71-74], nothing is known about itsahxement in the early onset of bone effects.

2.2.7 Vitamin A, cadmium and bone
Experimental studies have shown that high retiaoid concentrations and also high

concentrations of cadmium seem to give raise &idgenic effect on limb formation [75].
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One study has also shown that cadmium may induchkitsynthesis of retinoic acida up-
regulation of genes that are involved in the retrazid metabolism as well as an inhibition
of enzymes that are involved in the degradatiorebifoic acid [76]. Studies on vitamin A in
humans have shown inconsistent results with regeadsociations with BMD and fracture
risk. There is no data in humans on possible coetbéifect of vitamin A and cadmium on

bone.

2.2.8 Risk assessment

For extensive risk assessments on cadmium, sedsd¢pmon the European Food and Safety
Authority (EFSA) [6] and the Joint FAO/WHO Experb@mittee on Food Additives
(JECFA) [77-80] www.fao.org/es/esn/jegta

The JECFA established already in 1972 a provisitolatable weekly intake (PTWI) for
cadmium of 7 pg/kg body weight (bw)/week (60 pg/é@yan individual of 60 kg) [77]. In
1988 and 2005, the PTWI was re-evaluated and etdir8, 79]. In 1992, WHO concluded
that a urinary cadmium excretion of 10 pg/g creaéircaused tubular proteinuria in 10% in

the population [7].

In 2009, a risk assessment was performed by EFS#fevAtolerable weekly intake (TWI)
was established; 2.5 pg/kg bw [6] correspondingaqg/d at 70 kg bw. This new TWI was
set to keep 95% of the population by the age dié&dw the “reference point” of 1 pug
cadmium/g creatinine in urine. The TWI is closelte mean dietary exposure for adults in
Europe, but may be exceeded by specific subgraugis &s vegetarians, children, smokers

and subjects living in contaminated areas. magedc¢his TWI with about 2-fold [6].

In 2010, JECFA withdrew their PTWI and expressegwa tolerably monthly intake (PTMI)

of 25 pg/kg bw (also corresponding+60 pg/day at 70 kg bw) based on a reference pbint o
5.4 pg cadmium/g creatinine [80]. Thus, EFSA an@BA came to very different conclusion
on the reference poinv45.4 ug/g creatinine (based on the same meta-asalysrinary
cadmium and the tubular effect marl@2-M). Other differences concerned the statistical
methods used to account for uncertainty and vaitiadECFA did not account for inter-
individual variations), and the methodology fomiséorming urinary cadmium to dietary
cadmium intake. EFSA concluded that their TWI &t|2g/kg bw should be maintained [81,
82].



3 AIMS OF THE THESIS
The overall aim of this thesis was to explore whetbng-term low-level exposure to the toxic
metal cadmium adversely affects the bone heakltomen.

The specific objectives were:
» To assess the associations between urinary cadamdm
* bone mineral density (BMD) and risk of osteoporasisites particularly susceptible to
osteoporotic fracturg®aper I)
» risk of fractures, assessed as any first fracamg first osteoporotic fracture, the most

common osteoporotic fracture (distal forearm), amdtiple fracturegPaper 1)

» To determine the association between questionbased dietary cadmium exposure and

BMD and risk of osteoporosis and fractu(Baper II)

» To explore whether the inverse association betwadmium exposure and BMD is
mediatedvia reduced activation of 25(OH)D to 1,25(0MB) as assessed by the circulating

concentrations in serug®aper Il1)
» To elucidate possible interactions between cadnaindwitamin A on bone, through

measurements of biomarkers of exposure, BMD anchbimical markers of bone turnover
(Paper VI)
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4 SUBJECTS AND METHODS
The following is a summary of the study populatiansl methods used in this thesis. Further
details can be found in each respective papdf ).

4.1 STUDY POPULATIONS AND SAMPLING

Data from two population-based epidemiological Esi@re used in this thesis:
» The Swedish Mammography Cohort (SM@gper | and I1)

» The Women’s Health in the Lund Area (WHILAdper Il and IV )

4.1.1 Swedish Mammography Cohort (SMC)

The Swedish Mammography Cohort (SMC) was estaldigh@987-1990 with the general aim
of assessing the relationships between a numbuaodifiable factors and the occurrence of
several major chronic diseases (http://mwww.immetssic/). All 90,303 women, born between
1914 and 1948 and residing in two counties (UppmsathVastmanland) in central Sweden
received an invitation to be screened by mammogrdpiclosed with this invitation was a
six-page questionnaire covering information onatighabits (food frequency questionnaire,
FFQ), weight, height, parity and education; 66,664%) of the women completed the
guestionnaire [83].

In 1997, a more comprehensive questionnaire wasoserto all 56,030 women still living in
the study area, with extended questions on diétaits (FFQ) and with collection of
information on reproductive factors including us@astmenopausal hormones, physical
activity, education, smoking history and medicakdny of certain diseases. A completed
guestionnaire was obtained from 38,984 women (7/$anse rate) [83].

4.1.1.1 SMC sub-cohort

In the present thesi®&per | and Il), the association between cadmium exposure and BMD,
osteoporosis and fractures were studied in a shbrtof the SMC consisting of women living
in the town of Uppsala. Since 2003, the women weriged to complete a detailed
guestionnaire on diet and lifestyle factors, andrtdergo a health examination at
Samariterhemmet in Uppsala. The examination wadwetiad after overnight fasting and
included total-body BMD measurements (DXA), weightl height measurements, sampling of
fat tissue, blood, and from 2004 also morning spioie.



The recruitment continued until early Septemb&2vhen in total 8,311 women had been
invited (65% responded and completed the FFQpthl,t5,022 women (aged 54-85 years)
underwent BMD measurements (60%). Paper | and I, we included women who had been
recruited until the end of December 2008 and bitthee 4,718 women had undergone BMD
measurements, 4,276 had provided urine sampleadtonium analysis and 4,575 women had
filled in the questionnaires. Out of these wome&2@ were below 70 years of age (at time of
clinical examination), which was the age limit cengor the cadmium study in order to avoid
an inverse effect of old age on kidney cadmium aedation [84]. For additional exclusion

criteria, sed-igure 3.

4.1.2 Women’s Health in the Lund Area (WHILA)

All women 50 to 59 years of age and living in thentl area by Decembet, 11995 (=

10,766) were invited to a health screening prodi@articipation rate 64%; n=6,917) [85].
Together with the invitation, the women receiveahaic questionnaire including questions on
previous and present diseases, drug treatment,isga@nd alcohol habits, education, physical
activity, working status, parity, months of laactetj and menopausal status [86]. The women
underwent measurements of forearm BMD (DXA), weigleight and minimal waist- and

maximum hip circumference [85].

4.1.2.1 The cadmium-study in WHILA

In June 1999, when 1,160 women remained to beshvihe study was extended to include
health aspects of cadmium exposure; 820 women &4&nl63 years) participated (71%). Out
of these women, 813 provided a morning urine sapie742 women a blood sample [53, 61].
Because urinary cadmium was inversely associatdtB#iID in these women (Akesson et al.,
2006), we wanted to explore whether this associatias mediatedia a decreased activation in
the kidneys of vitamin D, as assessed by the cdratem of 1,25(OH)D in serum Paper I11).
Further, in order to elucidate a possible intecechetween cadmium and vitamin A on the
effects on boneRaper 1V), we analysed vitamin A (retinol) in serum. Thias,the purpose of
Paper lll and IV we used, as previously measured and describedrsse, cadmium in urine
and blood and several biochemical markers of bamever such as parathyroid hormone
(PTH), bone alkaline phosphatase (bALP), and oateiocin serum and deoxypyridinoline
(DPD) in urine, as well as kidney effect markeesus cystatin C, urinaryg-acetyl5-o-
glucosaminidase (NAG) and urinary protein R@-microglobulin) [53, 61]. For exclusion

criteria Paper 11l andlV), seeFigure 3.
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SMC WHILA
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SourceSubcohort (200:-2009 Source Population (199-200()
8,311 women born 1920-1948, 10,766 women born 1935-1945,
residing inUppsale(65% participatec residing in the Lund area (64% participated
v v
SMC Subcohort (20(4-2008 cadmium-study WHILA (1999 -2000) cadmiun-study
2,820 women <70 years of age 1,160 women residing in the Lund area

A
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Figure 3. The Swedish Mammography Cohort (SMC) and WomemaltH in the Lund Area (WHILA), source populatiarsl study populations for
Paper I-IV. Figure:©Magga-Rita.
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4.2 BIOMARKERS OF EXPOSURE AND EFFECT

4.2.1 Element analyses (Paper I-1V)

In order to assess the long-term exposure to cadmie used urinary cadmium, as this
reflects accumulation of cadmium in kidneys overadies [42]. In non-smokers urinary
cadmium is likely to mainly reflect the dietary caidim exposure. We also measured calcium
and magnesium in urine since they are importanbéore structure [10]. IRaper Il , we

also used available data on blood cadmium condemtranainly reflecting the short-term

exposure [53, 61].

The participating women in the SMC-subcohort reegilsy mail a cup (previously tested free
from metal contamination) to collect the first vetdmorning urine sample and a 13-ml
polyethylene tube (acid-washed, Sarstedt, NUmby&xatmany) for storage of the urine. A
detailed sampling instruction was included to miamthe risk of contamination of the urine
(Paper | and Il). The women brought the urine sample to the direxamination at
Samariterhemmet, Uppsala City (SMC). A similar gaare was used for the collection of

urine samples iPaper Il and IV (WHILA).

4.2.1.1 Cadmium analyses

All laboratory utencils for the urinary analysisach as tubes and tips (polyethylene; Sarstedt,
Numbrecht, Germany) were acid-washed. Urinary cadnwas measured at the Institute of
Environmental Medicine (IMM), Karolinska Institutél), using inductively coupled plasma
mass spectrometry with a collision/reaction cetrgped in helium-mode (ICPMS; Agilent
7500ce, Agilent Technologies, Waldbronn, GermaBy),[measuring cadmium isotope 111
(m/z111) in all samplesR@per | and I1). Helium mode was used in order to minimize

polyatomic interferences; mainly by molybdenum exid

For analysis, the urine sample was diluted 1:16 @8 HNQ (nitric acid) (suprapur, Merck,
Darmstedt, Germany). In order to evaluate the &igalyaccuracy for cadmium, several
appropriate reference materials were includederatialysesIiable 1 andFigure 4). In

general, the results of all the reference matewal® in good agreement with the reference
values (CV <15%). One exception was, however, dtegum concentrations of Seronorm
OK4636 (Seronorf Trace Elements Urine Blank, REF 201305; SERO Alngstad,
Norway), which was consistently somewhat lower tt@nrecommended value, also observed

by others. However, tweertified standard reference materials (CRM; National lntgiof
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Standards and Technology (NIST), Gaithersburg, MBA) and an additional Seronorm
(101021, aiming at same concentrations as OK4686¢ wcluded. All these showed very
good agreement with the reference values. The IBM Qeference value 0.059 + 0.0034 pg/L)
aimed at assuring the analytical quality at very tadmium concentrations. In total only 35
urine samples were below the reference value teildlwv CRM (<0.059 pg/L). The mean limit
of detection (LOD), calculated as 3 x standard atewn (SD) of the mean blank values was
0.002 pg/L, which is the lowest LOD published. Monples had cadmium concentrations
below the LOD; the lowest urinary cadmium concditrain the women was 0.02 pug/L. In
addition to all the reference material, we alsduded one “in house” control urine sample
(treated in the same way as the urine samplestfierwomen), which showed good
repeatability Figure 4). In total, we performed 18 rungdble 1). Altogether, the rigorous
quality program and the high analytical precisiosweged that the measured urinary cadmium
concentrations are valid and that the uncertagtyw even in the low dose rangeable 1 and
Figure 4).

In order to account for variation in urine dilutjadl cadmium concentrations were adjusted for
urinary creatinine (1 g/g creatinine; Clinical Chetny, Vasteras Hospital, Vasteras, Sweden)
as well for urinary density (g/mL) (IMM, KI). Uring density was measured with
refractometer (URICON-NE refractometer, Atago Qad, Tokyo, Japan). The mean urinary
density in the SMC sub-cohort was 1.015 g/mL.

In Paper 1l andIlV (WHILA), ICPMS (Thermo X7, Thermo Elemental, Wingfip United
Kingdom) was also used for cadmium measuremenisrne and blood, under strict quality
control [53, 61]. These analyses were performabdeaDepartment of Occupational and
Environmental Medicine, Lund University, SwedeneTtOD for urinary cadmium was 0.31
png/L and 0.12 pg/L for blood cadmium [53] with 1Ti2ne (22%) and 3 blood samples
(0.4%) below LOD, respectively. For samples beld@[OL.the actual obtained concentrations
were used in the calculations, although the comagans below LOD are measured with a
higher uncertainty as compared to those above LU@Pontrast to the ICPMS method in
Paper | and I, no collision/reaction cell was used. Thus, wencamule out possible
influence of molybdenum oxide. Urinary cadmium cemications were adjusted for urinary
creatinine (png/g creatinine) as well as urinarysitgr(mean urinary density of 1.015 g/mL in
WHILA).



4.2.1.2 Calcium and magnesium analyses

In Paper | (SMC), calcium n/z43) and magnesiunm{z25) were measured in urine with
ICPMS at the same occasion as cadmium. As for cadnthe same commercial reference
materials were used to assure quality-controlTsdxe 1for details. The mean LOD for
calcium was 8.0 pg/L and for magnesium 1.1 pg/lgdneral, the obtained concentrations
were in agreement with the reference values, Wighetxception of Seronorm 101021 for
magnesium, for which the obtained concentrationgwpproximately 1/3 of the reference
value. However, these obtained concentrations wasestable and had a low CV. The reason
for the discrepancy is not known but it should beed that Seronorm references are not
certified. As the results for magnesium in all otteference materials were well within the

target values, we are confident that we have adegu@dence of accurate analytical results.

In Paper Il (WHILA), calcium in urine was measured with ICPM8Lund [53, 61]. The

LOD was 1.6 mg/L with 1 sample <LOD.

Table 1.0Obtained concentrations (me&D) and reference values in urine for the reference

material used to ensure quality conti@aper 1). No reference value is available for the “in

house” urine sample.

Reference materials n Obtained value | Reference value| CV (%)
Cadmium

NIST, low, CRM (pg/L) 18 | 0.070 £0.0092 0.059.6@84 | 13
NIST, high, CRM (ug/L) 18| 5.2+0.061 47+0.084 |12

In house control sample (png/L) 1%7 0.79%0.05 - 85
Seronorm, OK4636 (ug/L) 214 0.23+0.04 0.31 50.0 15
Seronorm, NO2525 (ug/L) 130 4.7+0.19 5.1+0.22 8.0
Seronorm, 101021 (ug/L) 21 0.37+0.03 0.35+0.08 | 4.1
Calcium

NIST, low, CRM (ug/L) 18 | 30+3.2 302 11
NIST, high, CRM (ug/L) 18| 30x27 29+2 9.0
In house control sample (ug/L 1%7 17%15 - 8.8
Seronorm, OK4636 (ug/L) 214 12510 116 +6 8.0
Seronorm, NO2525 (ug/L) 130 118+10 108 + 4 8.7
Seronorm, 101021 (ug/L) 21 13712 130+ 2 8.7
Magnesium

NIST, low, CRM (pg/L) 18| 19+1.9 21+0.2 10
NIST, high, CRM (ug/L) 18| 20+1.9 21.2+0.2 9.5
In house control sample (ug/L 157 15%1.2 - 0 8.
Seronorm, OK4636 (ug/L) 214 86+89 89+4 10
Seronorm, NO2525 (ug/L) 130 563 54+3 9.0
Seronorm, 101021 (ug/L) 21 59+5.3 185 £ 40 9.1
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4.2.2 Vitamin D analyses (Paper IIl)

In Paper Ill (WHILA), we assessed 1,25(0O) in serum as a marker of the activation
of 25(0OH)D to 1,25(0OHPD using an enzyme immunoassay (EIA). Immunoexwacti
was followed by quantification (IDS OCTEIA Ltd., Blon, United Kingdom). These
analyses were performed at IMM, KI. The EIA quaetfthe two forms 1,25(Oki)3
(cross-reactivity 100%) and 1,25(QB) (cross-reactivity 39%). The sensitivity was 6
pmol/L and the assay ranged from 4 to 500 pmolAcdBise of the cumbersome and
expensive assessment of 1,25(¢H)we selectively analysed 45 women with low
urinary cadmium concentrations and 40 women wigih lirinary cadmium
concentrations. In addition, we analysed 25(OH)A)Ji 42 women (n=22 with low
urinary cadmium and n=20 with high urinary cadmiumdrder to exclude a possible
effect on the concentration of 1,25(QH)due to differences in vitamin D status [26].
Samples for vitamin 25(OH)D analyses were colledi@ihg winter season to avoid
major influence on the concentration of variationsunlight exposure [88]. The
corresponding cross-reactivity for 25(OH)D was 100¥@5(OH)D; and 75% for
25(0OH)Ds. The results of the provided control samples ftbenmanufacturer were
within the recommended rang@ne “in house” serum control sample was included |
similar manner as the analysis of urine samples.QVi for the three control samples,
including the” in house” sample, for 1,25(QB)were 6.2%, 7.1% and 9.2% and for
25(0OH)D 8.1%, 4.7% and 5.9%, indicating good amedytaccuracy.

4.2.3 Retinol analysis (Paper V)

In Paper IV (WHILA), serum retinol was measured in order talasate the retinol
status. These analyses were performed at IMM, iKteSvitamin A is sensitive to
degradation from UV-light, all the windows and stlights were shielded with special
UV-filters. The concentrations of retinol in seruvare assessed in 606 women
(WHILA) by high pressure liquid chromatography (HP)Lfollowed by fluorescence
detection (excitation 325 nm; emission 475 nm) [Btinyl acetate and retinol
(external standards) were used for quantificafldre stock solution, including retinyl
acetate and retinol was checked every morningdgratiation and samples from the
stock solution was prepared fresh every morningth&l samples were analysed in
duplicates. The CV for the “in house” control saewias 13%, indicating a
satisfactory analytical accuracy.
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4.2.4 Bone and kidney markers

We used the previously measured bone turnover msapiegathyroid hormone (PTH),
bone alkaline phosphatase (bALP), osteocalcin @ndny deoxypyridinoline (DPD)
and the kidney effect markers serum cystatifl-@cetyl#p-glucosaminidase (NAG)
and urinary protein HCod-microglobulin) [53, 61].

4.3 DIETARY ASSESSMENT

A comprehensive food-cadmium database (recipe-passdeen constructed at IMM,
Kl based on the cadmium content present in alnbkiaals available on the Swedish
market [38, 90]. With few exceptions, the food catdmdata were obtained from the
National Food Administration (Uppsala, Sweden). @ady cadmium intake was
estimated by multiplying the cadmium content with tonsumption frequency and
specific portion sizes, based on the FFQ and theé-tadmium database. The FFQ has
previously been validated against weighted foodnas:(Pearson correlation
coefficients of 0.5-0.8 for the major cadmium camtgg food groups; Wolk,

unpublished data).

Forpaper Il, the cadmium intake estimated from the FFQ in 1983 used to assess
the association between dietary cadmium exposutdane effects. The FFQ from
2004-2008 completed at the time of the urine sargplias not considered since it does
not to reflect the relevant time period of the esyre in relation to the bone
measurements. In addition, this enabled the rigkactures to be assessed

prospectively with follow-up starting in 199P¢per | and Il; SMC).

The intakes of calcium, magnesium, fiber and ivmich all may influence bone
health, were also obtained from the FFQ. Cadmiwahejuam, magnesium, fiber and
iron were energy adjusted (to 1700 kcal, meanercthhort) by using the residual
method [91]. Energy-adjustment is consistently useultritional epidemiology and is
a way to compensate for possible under- or overtieyg of intake. The approach is
based on the concept that the composition of e ididependent of the energy intake,
Is of primary interest in relation to disease riskergy-adjustments can limit
misclassification of the cadmium/nutrient intakeeda differences in body size,

physical activity etc. [91].
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4.4 BONE MEASUREMENTS

4.4.1 BMD

In Paper | and Il (SMC), we used data on BMD (g/émeasured with DXA (DPX
Prodigy, Lunar corp., Madison, WI, USA) at Samah&mmet, Uppsala [92]. BMD
was measured at the total body, femoral neck, hipaind lumbar spine (vertebrag L
L) (Figure 5). In Paper I, 2.0% of the women and 1.6% of the womePRaper I

had only one-sided measurements done at the femexkldue to metal implant (e.g.
prosthesis or plate). However, in order to keemasy women as possible in the
analyses, these women were also included. Infaratomen, the mean BMD of both

sides were used.

Lumbar spine L2-L4

Total hip

Figure 5. Sites measured at the BMD measurements at Sarharmmet, Uppsalé@per |
and Il; SMC). Figure©Magga-Rita.

4.4.2 Osteoporosis

The obtained BMD was compared to the mean valaer@ference population (aged 20
to 29 years) from the National Health and Nutrittxamination Survey (NHANES)
[93]. Osteoporosis was defined as-acore <-2.5. The one and the same technician
performed the BMD measurements, and a phantom seasevery day for internal
validation. The precision error for the BMD measneats was very low (0.8-1.5%).
The long-term CV precision for lumbar spine was <Ethe DXA measurements,
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total fat mass and total lean body mass were aéssured with high precision (for

details, se®aper I).

In Paper Il and IV (WHILA), BMD was measured at the non-dominant dista
forearm (at the 8 mm position), using DXA (DXT 2@steometer MediTech, Inc.,
Hawthorne, CA, USA) as previously reported [61, &5, As for SMC, the one and the
same technician in the WHILA study performed adl theasurements and a phantom

was used for daily calibration.

4.4.3 Fractures

We obtained information of eligible fractures Raper | and 1l (SMC) by

computerized linkage of the cohort, using the psaikmlentification number given to

all Swedish citizens, with the regional hospitalghosis registries and to the National
Patient Registry, thereby covering both outpatzrt inpatient treated fractures [94].
The codes used were from ICD-10 and included S22, S32, S42, S52, S62, S72,
S82 and S92 (all fractures) [94]. The classicat@sorotic fractures were considered as
fractures at the hip, spine, distal forearm, pralimumerus, and pelvis; the most
common first osteoporotic fracture was distal foneaA validated method for

multiple fractures (that is, multiple incident ftace occasions) was used to identify

the incident injuries from the resubmissions [95].

4.5 ETHICS

Oral or written informed consent regarding parttipn was obtained from all women.
The ethical committees at Lund University in LuBgeden and the Regional Ethical
Review Board in Stockholm, Sweden approved theesudhe results of the BMD
measurements were reported to the women at thacatlvisit and those women with

low BMD were directed to practitioners for furthevestigation.

4.6 STATISTICAL METHODS AND ANALYSES

For univariate associations, Spearman rank coiwelabefficient (¢ was used for
continuous variables and Kendall’'s tau_b for categbvariables. Mann-Whitney U-
test, Kruskal-Wallis ox>-test were used to assess the differences betweepandent
groups. In order to account for the influence dieotfactors we performed
multivariable-adjusted regression analyses. Thduakanalysis indicated no major
deviation from a linear pattern in the linear regien. Odds ratio (OR) and its 95%
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confidence interval was achieved by using logiggression. Multicollinearity was
tested with tolerance (>0.1) and variance inflatexctor (VIF, <10) for both linear and
logistic regression. Binary logistic regression msdvere tested for Hosmer-
Lemeshow (>0.05) and ordinal logistic regressiaraf@earson goodness-of-fit and

proportional odds assumption (>0.05).

In Paper | (SMC), several different statistical analyses wesed to assess the
relationship between urinary cadmium and BMD, gsteosis and fractures. We used
linear regression analyses, analysis of covarighis&cOVA), and binary- and ordinal
logistic regression analyses. Additionally, resériccubic spline analyses (with three
“knots”) were used in order to make the model tiei and also to be able to
graphically show the association between urinadyréam and risk of osteoporosis
[96]. Urinary cadmium was treated either as a omatiis variable (per 1 pg/g
creatinine or per 0.42 pg/g creatinine (=2 SD)anaent) or as a categorized variable
into predefined groups or into tertiles. The preut categories were <0.50, 0.50-0.75
and>0.75 pg/g creatinine to facilitate comparison vaitevious studies [57, 63] using
concentrations of <0.50 pg/g creatinine as theeate category. Because few women
had urinary cadmium >1 pg/g creatinine (n=46) in(GM middle exposure category
(0.50-0.75), which in contrast to previous studiiad to be included. Trend across
categories was tested using the median urinary icexmvithin categories as a
continuous variable in order to avoid giving tooanuwveight to potential outliers.

In Paper Il (SMC), estimated dietary cadmium exposure was reithietinuously
treated as per 10 pg/day increment or in 2 categjdoelow (low) or above the median
(high) dietary cadmium intake (< ard3 pg/day). The relationship between dietary
cadmium and BMD, osteoporosis and fractures weabysed with linear and binary
logistic regression analysd3ietary factors important for bone health and cagmi
bioavailability (calcium, magnesium, iron and fipesere additionally included in order
to examine if these would attenuate the assocsbetween dietary cadmium and
BMD and fractures. The combined effect of dietagimium (low or high) and urinary
cadmium (<0.50 oe0.50 pg/g creatinine) were assessed by combinagitih dietary
cadmium category with the high urinary cadmium gatg. Women with low dietary
cadmium intake and low urinary cadmium excretionstituted the reference category

while the remaining women were categorized intankermediate category.
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In Paper Il (WHILA), univariate analyses evaluated the relatup between
1,25(OH}D and several exposure- and effect markers. Liregaession analyses were
used to evaluate the relationship between 1,25{0Hhd urinary- or blood cadmium.

In Paper IV (WHILA), univariate and linear regression analyses were #se
potential non-linear association between serumaktind BMD was evaluated by
additionally adding squared serum retinol to theleholn addition, a multivariable-
adjusted scatterplot was calculated in order toalig observe a possible non-linear
trend between serum retinol and BMD. Urinary cadmwas subsequently added to
the statistical models evaluating the associateiwéeen retinol and BMD and bone
turnover markers. To evaluate a possible combiffedteserum retinol and urinary
cadmium were categorized into 2 groups: below (lamg above (high) the median (<
and>1.9 pmol for serum retinol; < ard0.66 nmol/mmol creatinine for urinary
cadmium). Women having the lowest serum retinoltaechighest urinary cadmium
had the lowest BMD and therefore constituted tifiereace category, while the
remaining women were categorized into high/higiv/llow and high/low
concentrations of retinol and urinary cadmjuespectively. This association was

analyzed with linear regression.

The covariates included in the statistical model®aper I-IV were selected if
associated with both the exposure and the outcomaeging the estimate for the
exposure in the multivariable-adjusted model byeriban 10% and/or are traditionally
known protective- or risk factors for BMD and frats. For more details on the
included variables; see the separate papers.

The statistical analyses were carried out usingSSPASW), version 14 or 18.0 (SPSS
Inc., Chicago, IL, USA), Stata 10.1 (Stata Corpioratinc., Collage Station, TX,
USA) and Microsoft Excel 2010 (Microsoft CorporatjdRedmond, WA, USA). All

tests were two-sided, and a p<0.05 was considéaigdtically significant.
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5 RESULTS AND DISCUSSION
This section is a summary and discussion of the megults and conclusions that can
be drawn. For further details, the reader is reteto the separate Papdrbf). Some

additional results are included that are not regabirh the Papers.

5.1 CADMIUM EXPOSURE

5.1.1 Biomarkers of exposure

The median urinary cadmium concentration in th&2)ysomen from the SMOPaper
I-11') was 0.34 pg/g creatinine (second black line fthenbottom irFigure 6). The
median concentration in 606 women in the WHILA st(éaper IV) was 0.66 ug/g
creatinine (second grey line from the bottom; p8Q.for difference between studies).
The exposure categories usedPaper I, Il and IV are also indicated iRigure 6. In

the WHILA study, 70% of the women had urinary cagimiconcentrations >0.50 pg/g
creatinine as compared to 23% in the SMC. The spomding percent for cadmium

concentrations above >1.0 pg/g creatinine was 289802 %, respectively.

SMC WHILA
2,0 " ) . " . . =2 0
1 sample =2.0 yg cadmium/ig creatinine 7 samples =2.0 yg cadmium/g creatinine
1,57 =15
1,0 =0
075 Highest category.
' Median
=== 0,66
5 Middle category -5
0,34 LOD {31
0,002 |L.LOD
0 ~0
I 1 1 1 I 1
6000 4000 2000 0 2000 4000 G000
Frequency of women Frequency of women

Figure 6. Comparison of urinary cadmium (pg/g creatininehm SMC and WHILA studies
(all women).
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The differences in urinary cadmium concentratiogtsvieen the studies could be
attributed to a real difference in exposure withigher long-term body accumulation of
cadmium in women in Lund (Southern Sweden) thddgpsala (lower part of Central
Sweden). On the other hand, alternative explarationld at least in part contribute to
the observed differences. The women in the SMC semeewhat older than the
women in the WHILA study, thus it cannot be excllitigat an age-related decline in
kidney cadmium accumulation [84], eventually rasglin slightly lower urinary
cadmium excretion, has occurred. Moreover, the WS substantially lower in the
SMC (0.002 pg/L; first black line iRigure 6) than in the WHILA study (0.31 pg/L;
first grey line inFigure 6), and polyatomic interferences of molybdenum oxigee
only removed in the cadmium analyses in SMC. Thnalytical differences may also

contribute to the observed differences.

The mean urinary cadmium concentration in SMCnslar to that observed in men
from an area in Eastern Sweden considered to heoamentally contaminated [57,
97]; while the mean urinary cadmium concentratiothe WHILA study is similar to
that of the women in the same study [57, 97]. Tovecentrations are, however, lower
in both SMC and WHILA than those observed in Belgib5], USA (NHANES) [63],
and much lower than those in Japan [42]. Howewenriaary cadmium also depends
on sex, age and smoking habits, these aggregaidalaparisons are not always

meaningful.

Among never-smokers, the urinary cadmium conceotratvere, as expected; lower
than among all womerk{gure 7), due to the inclusion of smokers among all women.
The median cadmium concentration in never-smokiogen in the SMC was 0.29
Hg/g creatinine and in the WHILA study 0.55 pg/gatmine (p<0.001 for difference).
In the WHILA study, 32% of never-smoking women ltadmium concentrations
>0.50 pg/g as compared to 6% in the SMC.
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SMC WHILA

207 Nosample =2.0 pg cadmiumig creatinine | 3 samples =2.0 pg cadmium/g creatinine | 2.0
1,57 1,5
1,07 =10
Median
0,55
5T il
Median
0,29
0 =0
T T T T T T T T T
400,0 300,0 200,0 100,0 0 100,0 200,0 300,0 400,0

Frequency of women Frequency of women

Figure 7. Comparison of urinary cadmium (ug/g creatininethimn SMC and WHILA study
among never-smoking women.

Blood cadmium was only measured in the WHILA st(élgper IIl). The median
blood cadmium concentration was 0.38 pug/L amongeathen and 0.31 pug/L among
never-smoking women, which is similar to that oleedrin Swedish twins (aged 49 to
92 years; mean 68 years) [98] and in women in Soat8weden (50-59 years) [99],
but higher than in Northern Sweden [99, 100]. Tlo@d cadmium concentrations
among never-smoking women were also similar togfiosnd in younger women as
well as in women in the same age range in WestadrSauthern Sweden [39, 40] and
in Norway [101]. The concentration of cadmium indd and urine were correlated,;
r,=0.55; p<0.001 (n=593).

5.1.2 Dietary cadmium intake

The mean estimated dietary cadmium intalkehe FFQ was 13 pg/day (range 3-29
ung/day)(Paper Il), which is in the same range as those observEdrope and USA
(average between 8 and 25 pg/day) [39, 40, 102-T0&] EFSA set a tolerable weekly
intake (TWI) of 2.5 ug cadmium/kg body weight tamal/cadmium-induced kidney

effects in the general population [6]. In this styBaper 1), the estimated average
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intake was 1.4 day (range 0.36-3.6) g cadmiumdkty bveight and week, and only

0.7% of the women exceeded the TWI.

5.2 CADMIUM AND BONE

5.2.1 Cadmium and BMD

In Paper | and Il (SMC), we measured BMD at the total body, femoealk, total hip
and lumbar spine ¢L,). Several covariates were significantly associati¢d BMD.
The most pronounced associations involving all B&&s were those for age, height,
total fat mass, lean body mass, and use of postmaesal hormones £0.001). Thus,
BMD decrease with age and increase with heighd| fat mass, lean body mass and

use of postmenopausal hormonesXp02 for all).

Urinary cadmium (as a continuous variable) wasiendrude analyses as well as after
multivariable-adjustments significantly inverseisaciated with BMD at all the sites
measuredRigure 8). The only exception was the association with BetEhe lumbar
spine, which after multivariable-adjustment felt ofistatistical significance (p=0.088).
Although no women had spondylosis at the lumbarespvhich may result in falsely
elevated BMD attenuating the observed associatibaggeneral variability of BMD at
the lumbar spine was to some extent higher (me®D; 1.130.18 g/cri) than that at
the femoral neck (0.89.12 g/cm) and total hip (0.940.12 g/cni) in accordance with
studies in twins [109]. The higher variability mayplain the somewhat weaker
multivariable-adjusted association and lower exgdivariance (14%) in the analysis

of BMD at the lumbar spine, as compared to the hip.

Our study is the first to ever assess the assoegbetween urinary cadmium and
BMD at the total body, and the first to assessagsociation with BMD at the lumbar
spine in the general population. Only two previsusglies (in occupationally exposed
men) have assessed the association between ucedinyum and BMD at the lumbar
spine [110, 111]. Jarup and colleagues howevertegbaull associations (h=43) [110],
while Nawrot and colleagues observed a non-sigmifimverse association (p=0.14;
n=83) [111].

Our resultsPaper 1) are in line with the inverse associations obsghatween urinary

cadmium and BMD in previous studies [55, 57, 60,88]. However, it should be
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noted that all these studies, with the exceptiath@NHANES-study [63], restricted

the BMD measurement to the forearm.

In Paper [, the strongest correlation was observed at tlaé¢ botly, followed by total
hip (Figure 8). Interestingly, both the age-adjusted as wethasnultivariable-adjusted
regression coefficients for urinary cadmium weidyaimilar between the different

sites measured, supporting the consistency ofiiedinfs.

Lumbar spine Ly-L 4
Paper I:

r=-0.052, p=0.007

B,= -0.043, p=0.011, Adj. £0.005
B,= -0.028, p=0.088, Adj. £0.14

.~ Total hip

Paper I:
r= -0.068, p<0.001
B,=-0.050, p<0.001, Adj. £0.027

Total bOdy Femoral neck B,=-0.031, p=0.004, Adj. &0.18

Paper I:
re=-0.088, p<0.001

B,= -0.044, p<0.001, Adj. &0.038
B,= -0.027, p<0.001, Adj. &0.23

Paper I:

re -0.057, p=0.003

B,= -0.038, p<0.001, Adj. £0.038
B,= -0.023, p=0.025, Adj. ®0.17

Figure 8. The association between urinary cadmium and BMibetlifferent sites expressed

as crude (Spearman rank correlation coefficightage-adjusted regression coefficientg (B

and multivariable-adjusted regression coefficiéBty. B,was adjusted for age, education,
height, total fat mass, lean body mass, parity; ese of postmenopausal hormones, ever use of
corticosteroids, physical activity, alcohol intakejoking, inflammatory joint diseases, kidney

diseases, liver diseases, and malabsorption. Figiviagga-Rita.

The most pronounced inverse association (lowesessmpn coefficient, B — 0.031)
between urinary cadmium and BMD was observed abtiaéhip, with a higher
content of cortical bone as compared to the femmek (B= — 0.023). This may
indicate that cortical bone could be more affetiech trabecular bone. The NHANES

study, based on women 50 to 90 years of age, srlygrevious study performed in

41



the general population that has measured BMD detheral neck and total hip in
relation to cadmium exposure [63]. In line with tiesult in the present studydper

1), the NHANES study observed inverse associatiehsden urinary cadmium and
BMD at these two sites with some slight indicatdrstronger inverse association at
the total hip than at the femoral neck [63]. SimylaNawrot et al, demonstrated a more
pronounced inverse association at the total hip #tahe femoral neck in
occupationally exposed men (p=0.03 and p=0.11entsely) [65]. However, also

sites including higher content of trabecular bdmaged inverse associations with bone
(Figure 8). Involvement of both bone tissues is supportedrignal studies (see e.g.
[70, 112-116]. Cadmium enhanced the stiffness iticad bone and decreased the
elasticity in trabecular bone, making the bone npoome to fractures [115]. Female
animals seem to be more vulnerable to cadmiumstedfebone than male ones [70].
Aging itself makes the bone stiffer and less atd4tl 7, 118].

There was no indication of a non-linear associdbetveen urinary cadmium and
BMD at the total bodyRigure 9); as also was the case at the femoral neck,hital
and lumbar spine. However, in order to understhtiteieffect varied at different
exposure levels, we also assessed the associaithrBMD using categorized urinary

cadmium Table 2andFigure 10).

Multivariable-adjusted BMD at the total body

T T T T T T
00 05 3075 10 15 20 25

Urinary cadmium (ug/g creatinine)

Figure 9. Multivariable-adjusted BMD at the total body. Yeal lines display the cutoffs for
the different exposure categories (<0.50, 0.50-ar¥&>0.75 pg/g creatinine) usedmaper .
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Table 2 andFigure 10show the associations between categorized urgatmium
and BMD at the various sites (results not preseint@aper I). The highest exposure
category ¥0.75 ug/g creatinine) was significantly inversedgaciated with BMD at all
sites, while the second highest exposure cate@s9{0.75 [Lg/g creatinine) was
significantly associated with BMD at the total baayd lumbar spine and borderline
significant at the total hip. The results were ¢stesit when using tertiles of urinary
cadmium, instead of the chosen cutoffs, suppottiegobustness and consistency of

our findings.

Table 2. Multiple linear regression coefficients and tH&86 confidence intervals (ClI) of
categorized urinary cadmium in relation to BMD (g#tat the total body, femoral neck, total
hip and lumbar spine.

BMD Regression coefficient (95% CI) p-value | Adjusted R
Total body (TB)
Urinary cadmium <0.50 Reference - 0.23
(ug/g creatining) | 0.50-0.75 -0.013 (-0.021; -0.0044) 0.003

=0.75 -0.027 (-0.039; -0.014) <0.001
Femoral neck (FN)
Urinary cadmium <0.50 Reference - 0.17
(Lg/g creatining) | 0.50-0.75 -0.009 (-0.020; +0.0023) 0.1p

>0.75 -0.032 (-0.049; -0.015) <0.001
Total hip (TH)
Urinary cadmium <0.50 Reference - 0.18
(Lg/g creatining) | 0.50-0.75 -0.012 (-0.023; +0.0010) 0.052

>0.75 -0.042 (-0.059; -0.024) <0.001
Lumbar spine (LS)
Urinary cadmium <0.50 Reference - 0.14
(ug/g creatining) | 0.50-0.75 -0.019 (-0.037; -0.00097) 0.039

>0.75 -0.031 (-0.058; -0.0041) 0.024

aMuItivariabIe-adjusted for age, education, heigbtal fat mass, lean body mass, parity, use of
postmenopausal hormones, ever use of corticosgnmithl physical activity, smoking status, alcohol
intake, inflammatory joint diseases, kidney dissabeer diseases, malabsorption.
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Figure 10.Multiple linear regression coefficients and 95%0€tategorized urinary cadmium
in relation to BMD (g/crf) at the total body (TB), the femoral neck (FN} tbtal hip (TH)
and the lumbar spine (LS).

Based on categorized multivariable-adjusted urisagmium, we estimated the
magnitude of difference in BMD between the lowest the highest exposure groups.
As shown inFigure 11A, the adjusted mean BMD was lowest in the highgsbsure
category. The magnitude of the difference in BM@yving from the lowest urinary
cadmium category (<0.50 ug/g creatinine) to théds £0.75 pg/g creatinine), was
similar to that observed for a 5-11 years increéasge (for further details, s€aper

I). This suggests that the cadmium-associated eliféers observed in BMD are
relevant in a clinical perspective. The adjustedumaf BMD for never-smoking

women are shown iRigure 11B.
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Figure 11.Adjusted mean of BMD based on categorized urinadndum among all women
and never-smoking womeR&per I).

In the general non-smoking population, the di¢hémost important source of
cadmium exposure [6, 4Raper Il is the first study to assess the associations leetwe
estimated dietary cadmium intake and BMD. After tmatiable-adjustment, dietary
cadmium intake was inversely associated with BMihattotal body and lumbar spine,
but not with BMD at the femoral neck. Interestingjter further adjustments for
dietary factors known to be important for bone tiegéle. calcium, magnesium and
iron) [119], and for cadmium bioavailability (i.eon and fiber), the associations
became more pronounced, also at the femoral @tk 3). This may indicate that
there exists a possible risk-benefit associatiawden the dietary exposure of
cadmium and the consumption of food consideredinewlith a high content of
calcium, magnesium, iron and fiber. A risk-benedlationship has previously been
demonstrated for fruit and vegetable consumpticdhenassociation between dietary
cadmium intake and risk of fractures [107].
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We performed sub-group analyses restricted to rawekers in order to explore
whether tobacco smoking confounded our results.@¥ew this restriction did not
attenuate our associations, indicating that thecgsisons were attributable to dietary

cadmium intake alond @ble 3,see below).

As observed ifrigure 12 (Paper Il), almost identical multivariable-adjusted linear
associations were observed for urinary cadmiunoadiétary cadmium exposure in
relation to BMD at the total body. This finding prdes important support for the
utility of questionnaire-based estimated dietayne@m exposure in large-scale

epidemiological studies.

1.50 A Urinary cadmium

X Dietary cadmium
X \ Urinary cadmium
A = Dietary cadmium

1.407

1.307

1.207

1.107]

1.007]

0.90-

Multivariable-adjusted bone mineral density (g/cm2)

0.80-

0.00 0.50 1.00 150 2.0 250 3.00
Dietary cadmium (per 10 pg/day) and urinary cadmium (per 1 pg/g cr)

Figure 12Multivariable-adjusted linear regression for digteadmium intake (per 10 pg/day-
increment) (grey) and for urinary cadmium (per Igugyeatinine-increment) (black) in relation
to total-body BMD.
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Table 3.Multiple linear regression based on continuous {fepg/day-increment) dietary cadmium intake arfeb @3 in relation to BMD
(g/cnt) at the total body, femoral neck and lumbar spirel women and in the subgroup of never-smokers.

Bone mineral density
All women, n=2676 Never-smokers, n=1220

Regression coefficient (95% CI) pvalue AdjR? Regression coefficient (95% CI) p-value AdjR?

Total body
Dietary cadmiurh  -0.008 (-0.020 to +0.005) 0.25 0.03 -0.011 (-0.f2810.008) 0.26 0.02
Dietary cadmiuth  -0.012 (-0.024 to -0.00026) 0.045 0.16 -0.02ME8.to -0.001) 0.036 0.14
Dietary cadmiurn  -0.021 (-0.038 to -0.005) 0.01 0.16 -0.026 (-0.f262.001) 0.04 0.14
Femoral neck
Dietary cadmiurh  0.001 (-0.016 to +0.017) 0.94 0.034 -0.004 (-042290.022) 0.78 0.02
Dietary cadmiuth  -0.001 (-0.017 to +0.015) 0.89 0.12 -0.009 (-0.t2880.016) 0.49 0.09
Dietary cadmiurn  -0.018 (-0.040 to +0.004) 0.11 0.12 -0.021 (-0.12540.013) 0.22 0.09
Lumbar spine
Dietary cadmiurh  -0.031 (-0.058 t0-0.005) 0.02 0.004 -0.041 (-0.2890.001) 0.044 0.003
Dietary cadmiuth  -0.038 (-0.063 to -0.012) 0.004 0.1 -0.054 (-0.293.015) 0.003 0.09
Dietary cadmiurn  -0.058 (-0.093 to -0.023) 0.001 0.1 -0.068 (-ad.20.014) 0.013 0.08

Adj R% Adjusted variance for the total model

 Age-adjusted estimate for dietary cadmium intake

® Multivariable-adjusted for age (years), educafiehand >9 years; yes/no), body mass index (Rg/aver use of postmenopausal
hormones (yes/no), total physical activity (MET-hsiday), smoking status (never/ever), alcohol mt@kethanol/day), inflammatory
joint diseases (yes/no)

¢ Multivariable-adjusted model, additionally adjubfer dietary intake of calcium (mg/day), magnesiimg/day), iron (mg/day), fiber

(g/day)
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In additional analyses we assessed the combined eff having high dietary and high
urinary cadmium. As tobacco smoking may confourd¢hanalyses, we also
performed separate analyses among never-smokehss kombined analysis the
inverse association between exposure and BMD sited was even more pronounced
(Figure 13),as compared to the separate analyBepdr | and I1). As there were no
differences in dietary or urinary cadmium in th#edtient exposure categories between
the separate and combined analy3able 4), the result indicate an underestimation of
the association between cadmium and bone in tleaepanalyses. Thus, each of the
single markers underestimated the risk indicatorgesexposure misclassification. The
regression coefficients were slightly strongethi@ sub-group of never-smokers as
compared to those observed in all womeigre 13), indicating that the lower BMD
was attributed to cadmium from non-tobacco souficesmainly food).

Total body Femoral neck Lumbar spine
0.01 Low Intermediate High Low Intermediate High Low Intermediate  High

—jll-@— Reference categories
—jl—— Allwomen

--Q--- Never-smoking women

o —me

1
1
1
1
1
1
1
1
-0.01 | J
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1
1
1
1
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-0.02

-______...___.____
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-0.06
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B
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Figure 13 Multivariable-adjusted linear coefficient and 9%of BMD in relation to

combined high dietary cadmiumi3 pg/day), and high urinary cadmiur®(50 pg/g
creatinine) as compared to the reference categemie®-) of low dietary (<13 pg/day) and
low urinary cadmium (<0.50 pg/g creatinine) amothgvamen i ) and among never-
smoking women-@- ). The model was adjustecdm, education, body mass index, ever use
of postmenopausal hormones, total physical actisityoking status, alcohol intake,
inflammatory joint diseases, and dietary intakea€ium, magnesium, iron, and fiber.
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Table 4 Mean and median urinary and dietary cadmium ah eategory (<0.50 arxD.50
pg/g creatinine; <13 arell3 pg/day), respectively and in the combined aealys

Categories Mean Median
Urinary cadmium <0.50 0.28 0.27
(ug/g creatinine)
>0.50 0.65 0.60
Dietary cadmium <13 11 11
(ng/day)
>13 15 15
Urinary | Dietary | Urinary | Dietary
cadmium| cadmium| cadmium| cadmium
Low category <0.50 and <13 0.28 11 0.27 11
Intermediate category| <0.50 and <13;| 0.32 14 0.29 14
>0.50 anc>13
High category >0.50 and>13 0.66 15 0.60 14

A certain degree of misclassification of the wonsdohg-term dietary cadmium
exposure is not surprising as measurement ernoevitable due to it being based on
self-report, dietary information in combination wihe average cadmium
concentration in each food item reported. By exagdvomen with implausible
energy intake and by adjusting cadmium to the tkdric intake, under- or over
reporting of habitual food intake is compensatedHtmwever, as cadmium is not an
intrinsic part of food the variation might be larglean for nutrients. Also the
bioavailability of cadmium in food may differ subatially depending on both dietary
factors and nutritional status, and that may leaekposure misclassification in relation
to the internal dose. For example, dietary cadnmeny be less bioavailable in a high-
fiber diet than in a low fiber-diet [40]. On théhet hand, fermented fiber may increase
e.g. the calcium uptake and thus increase the BMD,[121]. By adjusting our models
by intake of dietary fiber, and calcium and magmessome compensation of these
variations seemed to be obtained. However, the mp&irtant factor for the
bioavailability of cadmium in the diet seems tatlhe iron status of the individual. Low
iron stores are associated with higher concentratd cadmium in blood, urine and
kidneys, as shown in several different populati@®®s 40, 43, 45, 101, 122]. The likely
explanation is the increased gastrointestinal @ptdlcadmiunvia the apical divalent
metal transporter 1 (DMT1) and the basolaterabfesrtin 1 (FPN1) [123-126] in the
enterocytes at iron deficiency. Low body iron ssosed iron deficiency are common in
premenopausal women due to menstrual losses gmdgoancy [127]. Unfortunately,
for these Paperl®aper Il), we did not have any information on the womer@dypiron
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stores earlier in life. Although there is littlei@@nce that the iron intake per se is
related to the body iron stores, the associatitwdsn dietary cadmium and bone was
more pronounced after adjustment by dietary irappsrting some confounding by

this nutrient. Taking all these aggravating factots consideration, it is indeed
remarkable that an inverse association could berebd between the estimated dietary

cadmium intake and bone.

More surprising, is that also the use of urinayneaum alone led to underestimation of
the risk Table 2, 6, 8; Figure 10, 14-1)7in turn indicating some exposure
misclassification also by using urinary cadmiunaasarker of long-term exposure.
Cadmium in urine is considered to mainly refleet kilney accumulation [6, 49] and
thus the long-term integrated exposure from alfses) including non-dietary sources.
Urinary cadmium concentrations increase with agentay decline due to aging [84].
We used an age cut-off <70 year$’emper | and Il to avoid this exposure
misclassification. However, we cannot exclude thatage (up to 69 years) has
introduced some exposure misclassification, althabhgre was no indication of this in
the correlation between urinary cadmium and ag®.029, p=0.13; not shown in
Paper | andlIl). Inter-individual variation in the toxicokineticg cadmium and kidney
physiology [38] as well as the method used to corsgte for variation in urine dilution
[128, 129] may affect how well urinary cadmium eefi the long-term exposure. In any
case, by combining urinary cadmium with measuremehtlietary cadmium intake, it

seems as if the level of misclassification candakiced.

5.2.2 Cadmium and osteoporosis

We also estimated the risk of osteoporosis iniogldb cadmium exposure at sites
particular susceptible to osteoporotic fractureper | and II). Osteoporosis was
defined adl-score <-2.5 which approximately correspondeddataff in BMD of 0.70
g/cnt at the femoral neck, 0.67 g/t the total hip, and 0.90 g/émt the lumbar

spine. As expected, age was positively associatibdhe risk of osteoporosis at all
sites (p<0.001); the mean age of women with ostegmwas 65 years as compared to

64 years in those without osteoporosis.

The prevalence of osteoporosis was 8 and 10% &theral neck and lumbar spine,
respectively and 15% when considering osteopoet®gher the femoral neck or

lumbar spineTable 5. This prevalence is only slightly lower than & observed
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at the femoral neck in 56 to 59 year old, the 14%eoved in 60 to 64 year old and
20% in 65 to 69 year old women in Sweden [11],¢atihg that the women included in

Paper | andll is fairly representative of Swedish women of samdge.

Women with osteoporosis had higher urinary cadnmgoncentrations and a slightly

higher dietary cadmium intake than without osteopsrTable 5).

Table 5. The prevalence of osteoporosis (OP) and the mediacentrations of urinary
cadmium (pg/g creatinine) and dietary cadmium (ggyth women with or without
0steoporosis.

Site T-score, <-2.5; Urinary Dietary Paper
n of women (%) with cadmium cadmiuni
osteoporosis OPvsno OP | OPvsno OP
Femoral neck 216 (8.2%) 0.480.34 - I
Total hip 55 (2.1%) 0.48s0.34 - I
Lumbar spine 267 (10%) 0.380.34 - I
Hip or spine 400 (15%) 0.3%50.34 12.9/s12.6 | land I

# Restricted to hip or spine to increase the sigaigpower.

In line with the results for BMD, we found signiditly positive associations between
urinary cadmium as a continuous variable, resdal€d42 1 g/g creatinine (equivalent
to 2 SD) and risk of osteoporosis at the femoraknttal hip, lumbar spine, and hip or
spine Paper I). The increased risk estimated per 2 SD-incremanéd between

40% and 60% at the different sites. For categongathry cadmium, the highest
exposure group>Q.75ug/g creatinine) compared with the lowest (8Qu§/g
creatinine) was associated with 2- to 3-fold insezhrisk of osteoporosis at all three
sites. For femoral neck and hip or spine, alss#oond highest urinary cadmium
exposure group (0.50 to 0.75 pg/g creatinine) vgas@ated with higher risk of
osteoporosis. To enable comparison with previoudias, we also calculated the risk
of osteoporosis per pg/g creatinine in urinary cadm(Table 6, data not shown in

Paper |, except for total hip).
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Table 6. Risk of osteoporosis and its 95% CI at the femnoeak, total hip, lumbar spine and
hip or spine based on continuous urinary cadmiwen {gug/g creatinine increment) among
all women and in the subgroup of never-smokers.

Odds rati6 (95% CI)

Site All women Never-smokers

Femoral neck 2.97 (1.61-5.52) 4.90 (1.57-15.5)

Total hig 3.11 (1.23-7.88)] Numbers too small to perform ysed
Lumbar spine 2.27 (1.25-4.11) 2.04 (0.70-5.98)

Hip or spine 2.34 (1.39-3.95 2.84 (1.12-7.19)

#Multivariable-adjusted for age, education, heigbital fat mass, lean body mass, parity, use of
postmenopausal hormones, ever use of corticosgrmithl physical activity, smoking status, alcohol
intake, inflammatory joint diseases, kidney dissabfeer diseases, malabsorption.

® Model only adjusted for significant covariateséabeight, total fat mass, lean body mass and ever
use of corticosteroids) because Hosmer-Lemeshavintisated instability when all covariates were
included.

In separate analyses among never-smokers the aridtie-adjusted OR for
osteoporosis was 1.95 (95% CI 1.21-3.16) at thefemeck and 1.55 (95% CI 1.05—
2.29) at the hip or spine for every 0.42 ug/g eatinine (=2 SD) increment in urinary
cadmium Paper I). The highest exposure category of urinary cadn{®/5 ug/g of
creatinine) was associated with a 3- to 4-fold ificantly increased risk of osteoporosis
at the femoral neck, lumbar spine, and hip or spihes, the association between
urinary cadmium and risk of osteoporosis tenddaktonore pronounced among never-
smoker than among all women. The reason for tiffisrdnce is not known, but the
women not classified as never-smokers were moezdgeneous both with respect to
cadmium exposure and bone health. This group ofemoconsists of both current and
former smokers with a wide variety in the amountigarettes smoked. Smoking
cessation is associated with a beneficial effediare and is often accompanied with
an increase in body weight (also beneficial ford)omhile the urinary cadmium
concentrations may remain essentially the sameg#éther this may increase the total
variation, attenuating the associations in all woniecan only be speculated that
inhaled cadmium have a different toxic effect ondthan the cadmium absorbed

the diet. We found similar associations betweetadyecadmium exposure and
increased risk of osteoporosis at the hip or s@ador urinary cadmium, although not

as clear.
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Per 10 pg/day-increment of dietary cadmium, we ioeseOR = 1.46 (95% CI: 0.97-
2.20) Paper I1). By further adjustment for dietary calcium, magjnen, iron and fiber,
we observed a significantly increased risk of gsteosis, OR, 1.97 (95% ClI: 1.12-
3.48). The high dietary cadmium exposure categelt@ (1g/d = the median) as
compared to the low (<13ug/d) was associated watR% significantly increased risk
of osteoporosis (OR, 1.32 (95% CI, 1.02-1.7E)y@re 14B). Among never-smoking
women, a 34% increased risk was observed comphighgwith low, but this was not
statistically significant (OR, 1.34, 95% CI, 0-933) (Figure 15B). In the combined
analysis, again the risk of osteoporosis was cenaiady higher than in the separate
analyses, OR 2.49 (95% CI; 1.71-3.63ig(ure 14C) among all women and OR 2.65
(95% CI; 1.43-4.91) among never-smoking, respestifiegure 15C). Results for

urinary cadmium are given for compariséigure 14A and15A).

All women
5
A B C
4.5
1
3.5
3
2.5 .2.49
) |
+1.71 | |
1.5
[ *1_34 T1.42
1 L i L
0.5
0
<0.50 20.50 <13 213 Low Intermediate High

Urinary cadmium (ug/g creatinine) Dietary cadmium (ug/day) Categorized exposure based on

combined dietary and urinary cadmium

Figure 14. Multivariable-adjusted odds ratio and 95% CI stiemporosis at the hip or spine
among all women. Urinary cadmiurd) as categorized into below (low) or above (higi00

Hg/g creatinine; estimated dietary cadmihds categorized into below (low) or above (high)

the median, 13 pg/day and)(with combined high urinary cadmiumQ.50 pg/g creatinine)
and dietary cadmiun®(3 pg/day), as compared to the reference categor§( pg/g
creatinine and <13 pg/day). For covariates;Pageer | and 1.
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Never-smoking women

5

A B C
4.5
4
35
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N 2.65
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N 1.77
1.5
1.34 1.43
1 | | } 1
0.5
<0.50 20.50 <13 213 Low Intermediate High
Urinary cadmium (ug/g creatinine) Dietary cadmium intake (pg/day) Categorized exposure based on

combined dietary and urinary cadmium

Figure 15 Multivariable-adjusted odds ratio and 95% CI stiemporosis at the hip or spine
among never-smoking women. Urinary cadmiuxh s categorized into below (low) or above
(high) 0.50 pg/g creatinine; estimated dietary dadm(B) as categorized into below (low) or
above (high) the median, 13 pg/day a@)i\fith combined high urinary cadmium@.50 pg/g
creatinine) and dietary cadmiumil@ pLg/day), as compared to the reference categ0orgQ
Hg/g creatinine and <13 pg/day). For covariatesPsper | and II.

As shown inTable 4 (page 50), the more pronounced association obsafterd
combining dietary with urinary cadmiurki@ure 13, 14C, and 15¢was not due to

unintentionally higher exposure in the high expestategory.

5.2.3 Cadmium and fractures

Besides BMD and the risk of osteoporosis, we alstuated the risk of fractures
(ascertained from 1997 to 2009) in relation to cam(Paper | and Il). The number
of fractures is shown ifiable 7. As expected, a fracture at the distal forearmtivas
most common fracture in womeRdper ). Given the limited number of fractures, we
used only two categories of cadmium exposure. Dheantration of cadmium in urine

was slightly higher among women with fractures thathout (Table 7).
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Table 7. Total number and percent (%) of any first incideatture, first osteoporotic fracture
and the most common first fracture (distal foreaampng all women. The mean urinary
cadmium concentration (ug/g creatinine) and thenastd dietary cadmium intake (ug/day)
are compared between women with or without a fractu

Fractures, Urinary Dietary Paper
n (%) cadmium cadmium
Fracture vs | Fracture vs
no fracture | no fracture

Any first fracture 395 (15%)| 0.43vs0.34 | 13.0vsl2.6 | landll
First osteoporotic 248 (9.2%) 0.4%s034 - |
fracturé

Most common first 137 (5.1%)| 0.38s0.34 - |

fracture; distal forearm
Includes fractures of the hip, spine, distal fonggproximal humerus, and pelvis.

In the analysis of any first incident fracture wiserved per 0.42 pg/g creatinine (=2
SD) increment in urinary cadmium, a multivariabiguated OR of 1.15 (95% CI, 0.92-
1.43) among all women and a borderline statisticatinificant higher risk, OR 1.48
(95% CI, 1.00-2.17), among never-smokers. For caized urinary cadmium, the
higher risk of fractures among all women was also-significant, OR, 1.16 (95% CI,
0.89-1.50) while a clearly statistically signifi¢hnhigher risk was observed among
never-smokers OR, 2.03 (95% ClI, 1.33-3.09) comparimary cadmiunx0.50 ug/g
creatinine with lower levels). Similar results wetgserved in the analysis of any first

osteoporotic fracture and first fracture of thealiforearm Paper I).

To enable comparison with previous studies, weutaied the risk of fracture per 1

Kg/g creatinine of urinary cadmiurdble 8 data not shown iRaper I).

Table 8. Multivariable-adjusted risks per 1 pg/g creatinamel its 95% CI of any first
fracture, first osteoporotic fracture, and firsitdl forearm fracture, among all women and in
the subgroup of never-smokers.

Odds ratio® (95% CI)

All women Never-smokers

Any first fracture 1.39 (0.82-2.34 2.54 (1.00-6.33
First osteoporotic fractube 1.12 (0.57-2.15) 3.25 (1.15-9.29)
Most common first fracture; | 1.57 (0.70-3.64) 6.12 (1.80-21.1)

distal forearm

& Multivariable-adjusted for age, education, heigbital fat mass, lean body mass, parity, use of
postmenopausal hormones, ever use of corticosgermital physical activity, smoking status, alcohol
intake, inflammatory joint diseases, kidney dissabfieer diseases, malabsorption.
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It is well-known that low BMD explains a major paftthe risk of fracture [11]. Thus,
in additional analysis we explored whether the dadmrelated risk of fractures was
mediated via lowered bone mass. Inclusion of twaly BMD in the fracture models
did, however, only partly remove the higher riskalfle 5, Paper 1), indicating that

cadmium exposure may result in other effects oreltbat are not detected by DXA.

We also explored the risk of any first incidenttrae in relation to dietary cadmium
(Paper II). Per 10 pg/day-increment of dietary cadmium, &eoved a non-
statistically significant OR, 1.14 (95% CI: 0.761), which after further adjustment for
the dietary intake of calcium, magnesium, iron, fiper was OR = 1.44 (95% CI: 0.82-
2.53) Paper I1). Women with a cadmium intake above the mediampaored to values
below median had an OR of 1.31 (95% CI. 1.02-1a6f@) the corresponding OR among
never-smokers was 1.54 (95% CI: 1.06-2.Hgre 16B). Results for urinary

cadmium are given for comparisdrigure 16Aand17A).

All women

4.5

3.5

2.5

131 +1-28 1146

——

1.5
ll.lS
1

0.5

<0.50 20.50 <13 213 Low Intermediate High

Urinary cadmium (ug/g creatinine) Dietary cadmium (ug/day) Categorized exposure based on
combined dietary and urinary cadmium

Figure 16. Multivariable-adjusted odds ratio and 95% Cl oy &rst incident fracture among
all women. Urinary cadmiun() as categorized into below (low) or above (higs0dug/g
creatinine; estimated dietary cadmiuB) s categorized into below (low) or above (hidite) t
median, 13 pg/day an@) with combined high urinary cadmiumQ.50 pg/g creatinine) and
dietary cadmiumx13 pg/day), as compared to the reference categbry( 1g/g creatinine
and <13 pg/day). For covariates; Saper | and .
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Never-smoking women s
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Figure 17. Multivariable-adjusted odds ratio and 95% Cl oy &irst incident fracture among
never-smoking women. Urinary cadmiuf) (@s categorized into below (low) or above (high)
0.50 pg/g creatinine; estimated dietary cadmiBjrna categorized into below (low) or above
(high) the median, 13 pg/day ar@) (vith combined high urinary cadmium@.50 pg/g
creatinine) and dietary cadmiumil@ pLg/day), as compared to the reference categ0rgQ
Hg/g creatinine and <13 pg/day). For covariatesPsper | and II.

As observed in the analyses for BMD and risk otogbrosis, the combined analyses
of high urinary and high dietary cadmium also résganore pronounced associations
with fractures. The corresponding results for agkny first incident fracture were OR,
1.46 (95% CI: 1.00-2.15) among all women and OB5 895% CI: 1.66-5.59) among

never-smokers, respectivelyigure 16C and 17Q.

BesidesPaper | and I, only three studies have so far considered fraataidence
either using urinary cadmium or estimated dietagneium as the exposure marker.
The two studies based on urinary cadmium were pagd in both women and men in
industrially contaminated areas in Belgium [55] am&weden [58]. The study based
on dietary cadmium exposure (using the same daaifasdmium content in food as
in the present study) assessed fracture incidenten in an area with no known

industrial contamination [107]. In the study frorel@um, a two-fold increase of
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urinary cadmium excretion was associated with hdmngisk of any fracture in women;
risk ratio (RR) 1.73 (95% ClI, 1.16-2.57) but notien. Cadmium was also analyzed in
soil, leek and celery, sampled from the residemdtleosubjects, and was used as proxy
of cadmium exposure. A similar risk estimate waseobed as when using the urinary
cadmium concentrations. The women in the studythgsSen and colleagues [55], had
about twice the cadmium concentrations in urinetesrved in the women in the
present studyRaper 1). Alfvén and colleagues [58] reported, per 1 nmahol

creatinine a hazard ratio (HR) of 1.18 (95% CI1%D.37) for forearm fracture in
subjects over 50 years of age. Thomas et al [1€58ssed the association between
estimated dietary cadmium intake, comparing thadsgwith the lowest tertile. The
risk of any first incident fractures was HR of 1(B%% CI, 1.06-1.34) as well as first
incident hip fracture was HR 1.28 (95% CI, 0.979). men from Sweden. In
accordance with the findings in the present stihper 1), the observed adverse
associations between dietary cadmium intake amduiras were partly masked by

dietary factors (i.e. fruits and vegetables).

The study by Thomas et al [107] is, besiBeper | andll the only to have evaluated
the risk of fractures separately in never-smolaraccordance witPaper I, the

risk of hip fractures was more pronounced in nesraokers as compared to all men,
HR, 1.70 (95% CI, 1.04-2.77) as compared to all meluding smokers HR, 1.28
(95% Cl, 0.97-1.69).

In conclusion, our results indicate that cadmiura isk factor for osteoporosis and
fractures. As the risk was generally more pronodrazeong never-smokers than
among all women, it seems obvious that cadmium tfwerdiet alone contributes to
lower BMD, and increased risk of osteoporosis aadtfires. The risk occurred at
lower cadmium concentrations than previously obsgrsgtarting already at 0.50 pg/g
creatinine, indicating larger concern than preMpkaown. Because the high
incidence of fractures is of major public healtmcern due to the reduced quality of
life, reduced life expectancy and high costs faiety associated with the disease,

the results are of public health concern.
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5.3 VITAMIN D, CADMIUM AND BONE

In Paper Ill, we assessed 1,25(QB)in serum, selected on the basis of the lowest
(n=45) and highest (h=40) urinary cadmium concéptra in WHILA. The median
concentration of urinary cadmium in the low grougsv@.25 pg/L (S-Q%'percentile;
0.14-0.39 pg/L), as compared to 1 pug/L (0.66-2/A g the high cadmium group.
The corresponding urinary cadmium concentrationstdf for creatinine was 0.36
Kg/g creatinine and 1.1 pg/g creatinine, respdgti¥esimilar exposure contrast was
observed in blood. The concentration of 1,25(§2Hh all samples was 114 pmol/L (5-
95" percentile; 67-171 pmol/L; n=85). The median caticgion of 25(OH)D was 102
nmol/L (n=42), which is somewhat higher than presgig observed in Swedish women
and men [130-132]. The ratio between 1,25(80Hgnd 25(OH)D was approximately
1:1000.

The women in the high-cadmium group had also sgmtly higher concentrations of
markers of tubular damage and bone resorptionadoger BMD and estimated lower
glomerular filtration rate, as compared to the wonmethe low-cadmium group. This is
in line with the results on cadmium-associatedot$fen both bone and kidney,
previously reported in these women (n=820) [53, &}l indicates a sufficient sample
size. There was also a higher prevalence of wommerkiag in the high group, as
compared to the low group. However, we found ntissially significant difference in
serum 1,25(OHP concentrations between the two urinary cadmiuposure groups.
If anything, there was a tendency of a higher cotraion of serum 1,25(Ok0) in the
high exposure group as compared to the low cadrgrannp =0.08). Furthermore,
inclusion of 25(OH)D measurements in a subsamiplesowomen, reduced the
possibility that our null results were biased duditferences in vitamin D status.

In the final multivariable-adjusted model, onlynary calcium, besides either urinary
or blood cadmium was included and, again, onlyarircalcium, and not cadmium
was significantly positively associated with 1,26(gD. Thus, we interpret that the
activation of 1,25(OHP, that mainly takes place in the kidneys was ffected by
cadmium in these women. However, it cannot be cetalyl ruled out that a
compensatory slower degradation of 1,25(&IH)r increased activation of
1,25(OHXD in other tissues may have occurred [133] thalccomask a possibly lower

cadmium-induced activation in the kidney. In acemick with our results, some

59



experimental studies have observed no differenée2i(OH)D levels [134-136], or
even higher 1,25(OHD levels in rats treated with cadmium for 90 day®], as
compared to non-exposed controls. Sacco-Gibsor@lahgues did not find any
change in 1,25(OHD levels or in renal dysfunction in dogs exposedadmium for
seven months, as compared to non-exposed cortedigite increased bone resorption
(skeletal*Ca release) [136]. In contrast, two experimentadiss indicate lower levels
of 1,25(OH)D in serum and kidney in female rats exposed tonaath at a level
relevant to humans [114, 115]. Previous human etuakie inconclusive [71, 73, 74].

The results fronfPaper Il may suggest that there is no general involvement of
cadmium-induced kidney damage in the effects o b®hus, these effects on could
be parallel events, or that the tubular dysfundimaneases the excretion of calcium and
phosphate, as shown in experimental studies [136],dnd some [56, 62] but not all
[53] human studies, where in turn increased loséealcium may cause bone loss .
However, cadmium may have a direct toxic effecbone, possibly through
accelerated differentiation of osteoclasts, caulighger bone resorption [61, 62, 70,
136-141]. To compensate increased release of oaltam bone to the circulation,

excess calcium is excreted in urine

In conclusion, these results indicate that, evengh there were clear associations
between cadmium and bone- and kidney effect maritexsactivation of 1,25(OH)
seemed not to be affected. These findings add fighten the mechanism of

cadmium-induced effects on bone.

5.4 RETINOL, CADMIUM AND BONE

In Paper IV, we assessed serum retinol concentrations in @&en. The obtained
concentrations (median 1@nol/L, ranging from 0.97 to 4.3 umol/L), were mainl
within what is considered the normal range of In8liL [27], and similar to that
observed in women in USA and Europe [142-145] buieswvhat lower than those
obtained in Swedish men [32, 146].

The main characteristics of the women in relatotettiles of serum retinol are shown
in Paper IV. Women in the highest tertile were less oftensif@sl as never-smokers

and being postmenopausal and had lower concemsatfidoALP and osteocalcin as
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compared to those in lowest tertile, while no ddfece was observed for BMD. No
significant correlation was observed between serimol and urinary cadmium

concentrations (p=0.87).

In the multivariable-adjusted analysis serum retivess significantly inversely
associated with bALP and osteocalcig@®4), and was close to significantly
positively associated with BMD (p=0.08) and PTH ) but not with DPD
(p=0.25). Urinary cadmium on the other hand, wilsa$ter including serum retinol in
the models, inversely associated with BMD and Pa#0(01 for both) and with DPD
(p<0.001), but not with bALP or osteocalcin (p=0akl p=0.40, respectively).
Altogether, this indicates that retinol and cadmimay have contrasting effects on

bone.

We observed a tendency of a positive associatitweas serum retinol and BMD.

Null or weak associations have previously been mfeskfor serum retinol or retinyl
esters in relation to BMD or fracture risk [143-1580ome studies have found retinol
to be associated with higher BMD, or have shownhweamen with osteoporosis have
lower retinol concentrations. Paper IV, we found no indication of a U-shaped or
non-linear relationship between vitamin A and tbadoutcomes, as indicated in
some previous studies [34, 35]. Although, the semetmol concentrations in the
present study were in the similar range as thatrebd in the two studies from
Opotowsky and colleagues and Promislow and collesgalthough we only observed
few women that had concentrations below 1 pmol/aklmve 3 pmol/L, which may

have compromised the possibility to observe anyhapsd relationship.

We further evaluated the combined effect of seretinol and urinary cadmium by
categorizing serum retinol and cadmium into 2 gsoipelow (low) or above (high) the
median (< an@1.9 pmol/L for serum retinol and < ar@l.66 nmol/mmol creatinine
for urinary cadmium). Women with serum retinol lveline median in combination
with cadmium above the median had lower BMD (p=6)0&s compared to those with
combined elevated serum retinol and lower urinadnuum Figure 18A). We also
stratified the analyses by smoking status (neverjeas smoking is an additional
source of cadmium exposure and adversely assoeite@MD [5, 151], and may

negatively affect the concentration of vitamin A8 152]. Among never-smoking
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women, higher serum retinat1.9 pmol/L) was associated with higher BMD

independent of urinary cadmium leveisgure 18B).
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Figure 18 Multivariable-adjusted linear regression coeffitiand 95% CI of BMD in relation
to combined serum retinol (categorized into bellmw(L) or above (high, H) the median; 1.9
pmol/L) and urinary cadmium (categorized into be{taw, L) or above (high, H) the median;
0.66 nmol/mmol creatinine) among all women (A), eresmokers (B) and ever-smokers (C).
Low serum retinol and high urinary cadmium con#titilne reference category. Model was
adjusted for age, BMI, menopausal status, seasbplarsical activity. *Different from the
reference category, p<0.05.

Among ever-smoking women, no significant assoamtas observed-(gure 180),
although there was a tendency of a higher BMD imew having high retinol and low

cadmium.

In conclusion, our findings may suggest the negatifect of cadmium on bone may

be counteracted by vitamin A.

62



5.5 ADDITIONAL METHODOLOGICAL CONSIDERATIONS

5.5.1 Study design

Papers I-1V are based on cross-sectional data with the exceptithe analysis of risk
of fractures (ascertained from 1997 to 2009P&per I, fractures were ascertained
both retrospectively and prospectively in relatiothe urinary cadmium measured in
2004-2008. IrPaper ll, fractures were ascertained prospectively in @taid dietary
cadmium intake, estimated via the FFQ in 1997digd be noted, however, that the
study population ifPaper | andll was defined by those who had provided urine
samples in 2004 to 2008.

The cross-sectional design is often used whenuhmope is to describe a population or
to estimate the prevalence, but not the incidenfcée outcome of interest at a certain
time point. This design is also common in studgagibiomarkers of exposure and/or
effects. Nearly all studies assessing associatietvgeen cadmium and bone are of
cross-sectional design. However, since both thesxe and the outcome are
measured at the same time, it will hamper the émfee with respect to causality. It
could be argued that the use of urinary cadmiusomsewhat different since this
marker reflects the long-term kidney accumulativeralecades. In a cross-sectional
study, it is important that the participating sulbgeare representative of the population
and a high participation rate is required to be &blgeneralize the findings to the
general population. The participation rate wagtiratly high in the studies.

With a prospective design the exposure is measefmte the outcome is observed,
which is an advantage as e.g. the diet is nottaffdey the diseas®éper Il). In a
retrospective design the outcome is first obsearatithen the exposure is estimated,
although it seems unlikely that the urinary cadmaoncentrations were affected by

fracture statusRaper I).

5.5.2 Selection bias

Selection bias is a systematic error that may ostwen the participating subject differ
from those not participating. The bias may be ohiied when the procedure choosing
the participants differ, or when other factorsuefhce the participation (Rothman,
1998). High participation rate is therefore impottd he participation rate in the
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present studies varied between 60 and 70%, whicbrghy is considered relatively
high,. InPaper | andll , we were only able to include women who were rigau
between 2004 and 2008 (no urine samples were tadibéefore 2004 and recruitment
continued until September 2009). The women reauteing 2009did not differ in
e.g. BMI from those included in this study, indingtthat the slightly shorter
recruitment period did not affect the representatss of women. For the whole sub-
cohort, however, we cannot exclude that women livitted mobility due to e.g.
fractures were less likely to participate and thase who participated were healthier
than those who did not participate. Nevertheldssuga similar prevalence of
osteoporosis was observed in the studies as cothfuatiee prevalence estimated in

Swedish women of similar age [11].

A systematic error may be introduced in prospecttudies if there are differences in
completeness of the follow-up between the exposddiaexposed. By computerized
linkage to the National Patient Registry and regidracture registries, we considered
the follow-up of fractures virtually complete, mmizing the possibility that our results
were biased by differential follow-up.

5.5.3 Information bias

Information bias occurs when measurements or &ilzson of exposure or disease do
not correctly measure what they are suppose toureas. they are not valid. These
errors may be introduced by the participants, lyitistrument (laboratory or
questionnaire) or by the observer. The main typmistlassification in this thesis
which may affect the interpretation of exposuresdge is non-differential. This
misclassification refers to errors in the measurgroéexposure that are unrelated to
the disease, or errors in classification of dis¢lageare unrelated to the exposure.
Thus, if this misclassification does not differween the exposed or unexposed or with
or without the outcome, this would mainly give risainderestimation of the strength
of the association.

Random and systematic errors

There is always a possibility of random errorsumfitative research. If random errors
are lacking, then the precision is high. Precisiepends mostly upon sample size but
also on the quality of the data. Although our stigdgne of the largest using

biomarkers of cadmium exposure (i.e. adequatelyeped) and at the same time
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having a high analytical accuracy, the number eésavas limited in some analysis
resulting in wide confidence intervals. Systematiors in turn are not dependent upon
sample size or chance, but rather a methodologroad that may occur when selecting
the study participants.

Misclassification of exposure

To minimize exposure misclassification, all anayysere performed with a high
analytical accuracy (see Methods). Both urinarydiethry cadmium may be prone to
misclassification. IfPaper | and I, we choose a cut-off <70 years in order to deereas
the risk of distortion of the urinary cadmium contation that may occur in older age
[84]. In Paper Il and IV all women were below 64 year of age. In any cdse most

likely attenuates the observed associations.

We performed several sensitivity analyses with meg¢@aurinary cadmium in order to
test the robustness of the results. First we erdwtibjects that had extreme creatinine
concentrations (outside 0.3 and 3.0 g/L, n=65)ctvhiad only marginal effects on the
estimates. Very low creatinine concentrations@a sif low muscle mass) leads to
higher creatinine-adjusted urinary cadmium conedioin, while a very high creatinine
concentration give rise to lower adjusted urinagiraium concentrations. In additional
analysis, the creatinine concentration was incluagedovariate in the multivariable-
adjusted models (together with creatinine-adjustetinium) to account for some
additional explanation of creatinine; again, thasl Imo effect on the estimates.
Secondly, we adjusted urinary cadmium to mean wyidansity instead of creatinine in
order to minimize a possible effect of muscle makss) this approach had marginal
effect on the estimates.

There is always a risk that the results are depgratehow the exposure categories are
chosen. IrPaper |, several attempts were made to explore possit#detgfof the
categorization. The exposure (i.e. urinary cadmiwag included either as continuous
variable, categorized in predetermined exposuegoaies or into tertiles. The results
showed that the analyses were very robust. Witardcetp the estimated dietary
cadmium exposure, misclassification is inevitabinthis kind of methods, due to
error in self-reports and due to normal within-pargariation in intake over time [153,
154] (see page 49-50 for more details). Siraper Il is a prospective study and any

measurement error that would result in misclassific is unrelated to the outcome,
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this would produce non-differential misclassificati Thus, this would most likely lead

to an underestimation of the true relationship.

Misclassification of outcome

Misclassification of outcome may also occur. The afsa phantom and the high
precision in the BMD measurements ensured a hilithitya The consistency in the
results between the different skeletal sites meassupport a low degree of
misclassification of the outcome. Since fractureserobtained from registrieBdper |
and 1) with nearly 100% case ascertainment this misifiesson is most likely
minimal. Also the 1,25(OH)D concentrations in senmay be prone to
misclassification. However, the control sampleseneithin the recommended values

and the CV was low, indicating that this misclasation should be rather low.

5.5.4 Confounding

In Paper I-1V, potential confounders were chosen based on whiktine were
associated with both the exposure and outcomegeldathe estimate more than 10% in
the model, or were generally accepted risk- orqutote factors. Age and tobacco
smoking are examples of very important confoundeesrly associated with both
exposure and with the effect. A major advantagh thié studies in this thesis is that
we were able to control for several potential canfiters. Confounders may also be
misclassified and several strategies were undertiakdecrease the level of
misclassification: For instance in order to be sifeed as being a never-smoker, the
women had to report that they had never smoketleast two separate questionnaires.
On the other hand, combining former and currentk&rsinto one category (instead of
using two separate categories or pack-years) mag/lbd to residual confounding, but
was done in order not to over load the statistiwadlels and because the main focus
was on never-smokers. On the other hand, as ttieatisn between former smoking
and current smoking is not fully evident, misclasation may persist even if smokers

were categorized into three groups.

5.5.5 Generalizability
The participants in the SMC and WHILA study arenirthe general population of
Central and Southern Sweden. The relatively higtiggaation rate indicates that the

results are generalizable to the middle-aged fe®atedish population.

66



CONCLUSIONS

Cadmium in urine, a marker of long-term exposutas associated with lower
BMD and increased risk of osteoporosis and frasturé&wedish women. The
associations were independent of tobacco smokidggating that cadmium from

the diet alone contributes to the risk.

Dietary cadmium exposure, estimatea a food frequency questionnaire, was
associated with lower BMD and increased risk ofogorosis and fractures. These
associations were partly masked by dietary factop®rtant for bone health and

cadmium bioavailability.

Women with combined high dietary and urinary cadmhad lower BMD and a
more pronounced increased risk of osteoporosidrantlires, indicating an

underestimation of the risk in the separate amabysurinary or dietary cadmium.

We found no support for cadmium-associated borex&fbeing mediated via

lower concentrations of 1,25(O4H).

Serum retinol seemed to counteract some of thelimegsfects of cadmium on

bone.

These findings are of high public health relevameeadmium exposure is
prevalent and osteoporotic fractures substantalhtribute to the total burden of
disease. Moreover, the exposure occurs maialyaluable foods such as whole-
grain cereals, vegetables and potatoes. The assnsiaccurred at lower
exposures than previously observed, providing sdgporevision of the existing

health risk assessment.
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/ FUTURE RESEARCH

The present research has increased the knowledipe association between cadmium

exposure and bone effects in the general populdigtare research should include:

» Experimental studies are needed to increase therstadding on the

mechanism(s) of the effects on bone.

» A meta-analysis should be performed to summarsevidence from all studies
and to evaluate the dose-response relationshipekatwinary cadmium and bone.
This is necessary to be able to set a “refereniteg”gor bone effects that may be

used in future health risk assessments.
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8 POPULARVETENSKAPLIG SAMMANFATTNING

Kadmium ar ett metalliskt grundamne naturligt faneknande jordskorpan. Tillférseln
av kadmium till &kermark sker via nedfall fran &rft(fran tex metalltillverkning,
forbranning av fossila branslen, sopférbrénning) etch genom goédsling
(handelsgbdsel och rotslam). Kadmium tas latt pgsi waxter via rotsystemet vilket
gor att kosten ar den huvudsakliga exponeringskétiade flesta manniskor. Hoga
halter av kadmium aterfinns i fédoamnen som skaldjalvsmat och vissa froer. Det
storsta bidraget till exponering sker dock via wékdigaste baslivsmedel sdsom
spannmalsprodukter, potatis och gronsaker ochuktefr. Rokare exponeras ytterligare
for kadmium via tobaksrok. Kadmium ansamlas i peap framst i njuren. Det &r
sedan lange kant att kadmium orsakar skador parnurVid massiv exponering har
man aven sett att kadmium orsakar skelettskadorfraktlirer som foljd. Nagra fa
studier talar for att &ven en mycket lagre expogedvs den exponering som
forekommer i den allménna befolkningen kan paveeehalsan och mojligen cka

risken for benskorhet. Sambanden &r dock ofullsgkthrlagda.

Benskorhet kallas “den tysta epidemin” da den whasdangsamt och ger inga
symptom innan den forsta frakturen uppstar. Bemsktsfrakturer utgor ett stort
folkhélsoproblem som orsakar mycket lidande ochatigstnader for samhaéllet, vilket
belyser behovet av prevention. Varannan kvinnavactijarde man forvantas att
drabbas av en benskorhetsfraktur under sin livetigdie ar beraknas 70 000
benskorhetsfraktur intraffa i Sverige till en kasdnver 5.6 miljarder, enbart inkluderat
sjukvardskostnader. Det beréknas att endast haftel® som drabbas av en hoftfraktur
atervander till ett sjalvstandigt liv. Dodlighetefter en hoftfraktur ligger mellan 10-
15%. Det ar stora geografiska skillnader i insjuldet i hoftfrakturer, sannolikenheten
ar mer an sjufaldigt hogre att drabbas i norra gayspeciellt i Sverige och Norge, an i

Ovriga Europa.

Syftet med denna avhandling var att undersoka teffie&t av langsiktig laggradig
kadmiumexponering pa benhalsan, och utrona om eéesder uppkommer via
minskad aktivering av vitamin D i njuren. Ett ansgite var att belysa mojlig
kombinerade effekt av kadmium och vitamin A pa Blera befolkningsbaserade

studier anvandes som bestar av kvinnor, 54 tilkiB®en Svenska
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Mammografikohorten (SMC) i Uppsala och Kvinnors $#éi Lundabygden (WHILA).
Kvinnornas kadmiumexponering bestamdes genom aaelikadmiumhalten i urin,
vilket reflekterar den kroniska exponeringen, oehan att uppskatta kadmiumintaget
via en kostenkat. Kvinnornas bentathet mattesa fidika delar i kroppen med hjalp av
rontgenteknik (DXA). Dessutom har information orakturer inhamtatsia

frakturregister. Vitamin D och vitamin A analyseead serum.

Resultaten visade tydliga negativa samband me#idmium och bentéthet i
helkroppen, larbenshalsen, héften och i landrygdemmed ckande
kadmiumexponering sa minskar bentatheten. Vi fatks®samband mellan
kadmiumexponering och 6kad risk att drabbas avik@ghet och frakturer. Samtliga
samband var oberoende av tobaksrékning. Vidarevieimget belagg for att kadmium
stor vitamin D-aktiveringen i njuren. Vitamin A \&de delvis motverka kadmiums
negativa effekt pa ben. Anmarkningsvart var attlsamden kunde pavisas vid lag

exponering dvs den exponering som aterfinns i tlexvaana befolkningen

Sammanfattningsvis sa bidrar denna avhandling rikid information om kadmiums
negativa effekt pa ben med bade okad risk for hihsk och frakturer. Dessa fynd ar
av hog relevans eftersom alla ar exponerade fdnkad, den huvudsakliga
exponeringen skeiia vara viktigaste livsmedel och det finns inga tecka att
exponeringen minskar. Dessutom utgor benskorhktafiex ett stort folkhalsoproblem.
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