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Abstract Iron-deficiency anaemia (IDA), one of the
most common and widespread health disorders world-
wide, affects fundamental metabolic functions and has
been associated with deleterious effects on bone. Our
aim was to know whether there are differences in bone
remodelling between a group of premenopausal IDA
women and a healthy group, and whether recovery of
iron status has an effect on bone turnover markers.
Thirty-five IDA women and 38 healthy women (con-
trol group) were recruited throughout the year. IDA
women received pharmacological iron treatment. Iron
biomarkers, aminoterminal telopeptide of collagen
I (NTx), procollagen type 1 N-terminal propeptide
(PINP), 25-hydroxyvitamin D, and parathormone (PTH)
were determined at baseline for both groups and after
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treatment with pharmacological iron for the IDA
group. IDA subjects were classified as recovered
(R) or non-recovered (nR) from IDA after treatment.
NTx levels were significantly higher (p <0.001), and
PINP levels tended to be lower in IDA women than
controls after adjusting for age and body mass index
(BMI), with no differences in 25-hydroxyvitamin D or
PTH. After treatment, the R group had significantly
lower NTx and PINP levels compared to baseline
(p <0.05 and p <0.001 respectively), whilst no signifi-
cant changes were seen in the nR group. No changes
were seen in 25-hydroxyvitamin D or PTH for either
group. IDA is related to higher bone resorption inde-
pendent of age and BMI. Recovery from IDA has a
concomitant beneficial effect on bone remodelling in
premenopausal women, decreasing both bone resorption
and formation.

Keywords Bone turnover markers - Iron-deficiency
anaemia - Menstruating women - Vitamin D status - Bone
resorption - PTH

Introduction

Anaemia is one of the most common and widespread
health disorders in the world. It can result from a variety
of causes; however, globally, iron deficiency is the most
significant contributor [37]. This deficiency primarily
affects children and women of childbearing age and
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constitutes the most prevalent nutritional deficiency in
both developing and developed countries [4].

Anaemia is defined as a reduction in erythrocyte or
haemoglobin concentration, accompanied by an impaired
ability to transport oxygen, causing hypoxia [23]. Iron-
deficiency anaemia can lead to reduced physical capacity
and affects intellectual performance, as well as the alter-
ation of fundamental metabolic functions, such as tem-
perature regulation and immune function [16].

Moreover, iron-deficiency anaemia has been associat-
ed with deleterious effects on bone health. Several studies
in rats found that iron depletion reduced bone strength
and microarchitecture due to impaired mineralisation
[24-26] and alters bone turnover markers [10, 20].
However, very few studies in humans have found links
between iron status and bone health. A study in adoles-
cent girls found a trend for a positive association between
serum ferritin and bone-mineral density of the radius [18].
In postmenopausal women, dietary iron has been associ-
ated with greater bone-mineral density at all sites mea-
sured [14]; transferrin levels were negatively correlated
with lumbar and femoral neck mineral density and those
women with osteoporotic fractures had higher transferrin
levels and lower ferritin levels than controls [7]. In older
men and women, bone-mineral density was found to be
positively associated with haemoglobin levels [6].

Our research group has evaluated the link between
bone health and iron status in premenopausal non-
anaemic iron-deficient women and found that consump-
tion of iron-fortified food, which induced a marked in-
crease in iron status, had no effect on bone remodelling
parameters. Although bone health was not affected, we
also found a high prevalence of vitamin D insufficiency or
deficiency in this group of iron-deficient women [5].

Given that premenopausal women are one of the
largest groups affected by iron-deficiency anaemia, the
present study was carried out in order to know if there are
differences in bone turnover markers between a group of
iron-deficient anaemic women and a healthy group, and
whether recovery of iron status in the anaemic women
has an effect on bone turnover markers.

Material and methods
Subjects

Iron-deficient anaemic women were recruited at Complejo
Hospitalario de Toledo over a period of 18 months.
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Inclusion criteria were women aged 1840 years,
Caucasian, haemoglobin <11 g/dL, mean corpuscular
volume (MCV) <98 fL, erythrocyte sedimentation rate
(ESR) <40 mmHg, transferrin saturation <16 % and
ferritin <20 pg/L or if ferritin was 20-50 p/L and women
presented soluble transferrin receptor (sTfR) >5 mg/L.

Exclusion criteria were amenorrhoea, menopause,
smoker, pregnancy, breast feeding, non-Caucasian, iron
metabolism-related diseases (thalassemia, haemochro-
matosis), chronic gastric diseases (inflammatory bowel
disease, gastric ulcers, coeliac disease, Crohn’s disease,
haemorrhagic diseases), neoplastic diseases, renal dis-
ease or hormone-related diseases independent of iron-
deficiency anaemia, C-reactive protein >5 mg/L, creati-
nine levels >1.0 mg/L (120 pumol/L), abnormal liver tests
(>2 times normal), blood donation in the past 3 months or
currently taking pharmacological iron supplements.

A group of 84 women were contacted by telephone
and asked to participate, of which 36 women were
selected according to inclusion and exclusion criteria
and agreed to participate, and only 1 did not complete
the study.

A control group (n=38) of healthy women was also
recruited during the same period. Inclusion criteria were
healthy Caucasian adult menstruating women, aged 18—
40 years old. Exclusion criteria were ferritin <40 pg/L,
haemoglobin <12 g/dL, or any iron metabolism-related
diseases (iron-deficiency anaemia, thalassemia, haemochro-
matosis), amenorrhoea, menopause, smoker, pregnancy,
breastfeeding, non-Caucasian, chronic gastric diseases
(inflammatory bowel disease, gastric ulcers, coeliac dis-
ease, Crohn’s disease, haemorrhagic diseases), renal dis-
eases or hormone-related diseases, blood donation in the
past 3 months or currently taking pharmacological iron
supplements.

The present study was conducted according to the
guidelines laid down in the Declaration of Helsinki.
Participants gave signed written consent to participate
in the study that was approved by the Clinical Research
Ethics Committees of Complejo Hospitalario de Toledo
and Hospital Puerta de Hierro, Majadahonda, and the
Spanish National Research Council Committee, Spain.

Study protocol

The anaemic women were prescribed pharmacological
iron in the form of ferrous sulphate tablets, one tablet
(80 mg Fe) daily if haemoglobin >10 g/dL or two tablets
per day (160 mg Fe) if haemoglobin <10 g/dL. Patients
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were instructed to take the tablets in fasting conditions,
alone or with orange juice. Treatment duration depended
on recovery from anaemia. Patients were considered to
have recovered from anaemia when they fulfilled the
following criteria: haemoglobin >12 g/dL. and ferritin
>15 ug/L.

Blood and urine samples for the anaemic and con-
trol groups were taken at baseline. In the anaemic
subjects, the same samples were taken 1 week after
finishing the 8 weeks of treatment, to allow iron levels
to stabilise. If patients had not recovered after the first
cycle of treatment, a further 8 weeks of treatment was
prescribed, and samples were taken 1 week after.

Body weight was measured at baseline using a Seca
scale (to a precision of 100 g) and height was measured
with a stadiometer incorporated into the scale. Body mass
index (BMI) was calculated as weight/height squared
(kg/m?). Baseline dietary intake was assessed with a
72-h detailed dietary report, and monitored throughout
the study using a food frequency questionnaire.

Blood and urine sampling and biochemical assays

Blood samples were collected between 8:00 and
10:00 by venepuncture after a 12-h fasting period.
Serum was obtained after centrifugation (for 5 min
at 1,000 g). Subjects were instructed to provide the
second void morning urine for analysis of the bone
resorption marker (aminoterminal telopeptide of colla-
gen 1 (NTx)). This urine sample was chosen instead of
24-h urine, both of which are equivalent for NTx deter-
mination, as it is easier for the volunteers and lab han-
dling. Serum and urine samples were stored at —80 °C.

Total erythrocytes, haemoglobin, haematocrit, MCV,
red cell distribution width (RDW), and ESR were deter-
mined in whole blood following standard laboratory
techniques using the Beckman Coulter LH780 Analyzer
(Beckman Coulter, Brea, California). Serum iron, serum
ferritin, serum transferrin, and sTfR, were deter-
mined by the Modular Analytics Serum Work Area
analyser (Roche, Basel, Switzerland).

Transferrin saturation (in percent) was calculated as:
serum iron (in micromoles per litre)/total iron binding
capacity (TIBC) (in micromoles per litre) x 100, where
TIBC is calculated as 25.1 x transferrin (in grams per
litre). Mean corpuscular haemoglobin concentration
(MCHC) (in grams per decilitre) was calculated using the
formula: haemoglobin (in grams per decilitre)/haematocrit
(in percent) x 100.

Serum 25-hydroxyvitamin D (25-hyroxyvitamin D,
and 25-hydroxyvitamin Ds) was determined with an
ELISA technique (25-hydroxyvitamin D EIA, IDS,
UK). Sensitivity of this method is 5 nmol/L (2 ng/mL).
Intra- and inter- assay coefficients of variation were 5.6
and 6.4 %, respectively. Vitamin D status was defined as
deficient for circulating 25-hydroxyvitamin D concen-
tration <50 nmol/L (<20 ng/mL), as insufficient for 51—
74 nmol/L (21-29 ng/mL) and sufficient for >75 nmol/L
(>30 ng/mL) [17].

NTx, the bone resorption marker, was determined in
second void urine by an ELISA test (Osteomark® NTx
Urine, Wampole Laboratories, USA). Sensitivity of this
method is 1 nM of bone collagen equivalents (BCE).
Intra- and inter-assay coefficients of variation were 5.0
and 5.5 %, respectively. The reference range for pre-
menopausal women is 5-65 nmol BCE/millimoles cre-
atinine. Urinary creatinine levels were measured using
an autoanalyzer method (modular Roche DDPP).
Sensitivity of this method was 0.1 mg/dL. Intra- and
inter-assay coeflicients of variation of the method were
<0.7 and <2.3 %, respectively.

Procollagen type 1 N-terminal propeptide (PINP),
the bone formation marker, and parathyroid hormone
(PTH) were determined in the same serum sample by
electrochemiluminescence (Elecsys, Roche Diagnostics,
USA). Intra- and inter- assay coefficients for PINP are
2.6 and 4.1 %, respectively, and normal range is 10.4—
62 ng/mL. Intra- and inter- assay coefficients for PTH are
2.7 and 6.5 %, respectively, and normal range is 15—
65 pg/mL.

Statistical analysis

Results are presented as means with their standard
deviations; values greater than the mean plus three
times the standard deviation were removed as outliers.
Serum ferritin and urinary NTx were log transformed
prior to statistical analysis to normalise the data.

To evaluate the effect of recovery from anaemia on
bone metabolism, the anaemic group was divided into two
subgroups: patients who recovered from anaemia during
the study (R) and patients who did not recover (nR).

Data from the control and anaemic groups were
compared by analysis of covariance (ANCOVA) using
age and BMI as covariates. Spearman’s linear corre-
lation tests were performed between baseline vitamin D
status (deficient, insufficient and sufficient) [17] and iron
biomarkers. Repeated measures analysis of variance
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(ANOVA) was used to study time effects. One-way
ANOVA was used to compare differences between R
and nR anaemic subgroups at baseline and the end of
the study. Values of p <0.05 were considered significant.
The SPSS statistical package for Mac (version 19.0) was
used to analyse the data.

Results

A total of 35 anaemic women and 38 controls completed
the study. The age of the anaemic group was 35+5 years
whilst that of the control group was 2843 years. BMI
was 25.7+4.1 kg/m* for the anaemic group and 22.9
+3.4 kg/m? for the control group. Differences between
the two groups in age and BMI were significant
(p <0.001 and p <0.005 respectively); therefore compar-
isons between these groups were adjusted for age and
BMI (Table 1).

Table 1 shows iron and bone parameters for anae-
mic women and controls at baseline. Regarding bio-
chemical bone markers, NTx was significantly higher
in the group of anaemic women (p <0.001), however,
no significant differences were found between levels
of PINP, serum 25-hydroxyvitamin D or PTH. There
were significant positive correlations between baseline
vitamin D status and serum iron [Spearman’s rho
(p)=0.498, p=0.002] and between baseline vitamin D
status and haematocrit (p=0.368, p=0.027) in the anaemic
group, but not in the control group.

Food intake, assessed by the food frequency ques-
tionnaire, did not change during the assay. Tables 2

and 3 show iron and bone biomarkers of recovered R
(n=22) and non-recovered nR (rn=13) anaemic women
at baseline and end of the treatment. Twelve patients
were recovered after 8 weeks of treatment, and 10
patients recovered after two 8-week treatment cycles.
Age of the R and nR groups were 356 and 36
+5 years, respectively; BMI was 25.12.8 kg/m? for
R group and 27.7+6.4 kg/m® for nR group, without
significant differences for either parameter. No differ-
ences were found at baseline for iron or bone bio-
markers between the nR and R anaemic groups
(Tables 2 and 3). Significant changes were seen during
treatment in all parameters except for total erythro-
cytes, which increased significantly only in the recov-
ered subgroup, and RDW, which showed no changes
in either subgroup (Table 2).

At the end of the study, R group had significantly
higher levels of erythrocytes, haemoglobin, haematocrit
and ferritin, and had significantly lower levels of trans-
ferrin, TIBC, transferrin saturation, and sTfR compared
to nR group. No differences were found between MCV,
MCHC, RDW or serum iron (Table 2).

Regarding bone metabolism, PINP significantly
decreased after treatment in the R group (p <0.001)
whilst differences in nR were not significant (Table 3).
NTx levels were also significantly decreased in the R
(p <0.05) but not in the nR group. Differences between
the groups after treatment were not significant for PINP
or NTx. No significant changes were observed in
25-hydroxyvitamin D or PTH in either group, nor were
there differences in these parameters between the two
groups.

Table 1 Iron and bone bio-

markers of anaemic women and Anaemic Controls ANCOVA

controls at baseline
Haemoglobin (g/dL) 10.0+£1.0 13.5+0.8 p <0.001
Haematocrit (%) 31.1£2.5 39.842.4 p <0.001
MCV (fL) 73.1+6.7 92.6+3.3 p <0.001
MCHC (g/dL) 32.0+1.0 33.9+0.7 p <0.001
RDW (%) 17.5+1.8 13.5+0.5 p <0.001
Serum ferritin (ng/mL) 4.242.0 72.84£29.6 p <0.001
Transferrin (mg/dL) 381.1+46.9 266.94+42.6 p <0.001
Serum iron (mcg/dL) 24.8£7.9 99.0+£34.3 p <0.001

Values are presented as means — p\p (ng/mr) 40.4+15.9 47.3£20.0 NS

with their standard deviations. o

Comparisons between the anae- NTx (nmol BCE/mmol creatinine) 37.8+16.5 21.9+8.4 p <0.001

mic group and the control group 25-hydroxyvitamin D (nmol/L) 58.0£21.5 54.9+17.6 NS

were measured using ANCOVA  pT (pg/mL) 39.3+14.1 38.7+15.2 NS

adjusted for age and BMI.
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Table 2 Iron biomarkers of re-

covered (R) and non-recovered Subgroup Baseline End of treatment ANOVA
(nR) anaemic women at baseline
and end of the treatment Erythrocytes (x 10E12/L) nR 4.1+0.4 4.3+0.5 NS
R 4.4+0.3 4.7+0.4* p <0.001
Haemoglobin (g/dL) nR 9.7£1.2 12.3+0.9 p <0.001
R 10.1+0.7 13.8+0.7%* p <0.001
Haematocrit (%) nR 30.3+3.1 36.7£2.6 p <0.001
R 31.6+2.0 40.7+£2.2%* p <0.001
MCV (fL.) nR 73.6+8.6 85.4+8.0 p <0.005
R 72.745.7 87.3+3.8 p <0.001
MCHC (g/dL) nR 31.841.2 33.5+1.0 p <0.001
R 32.140.8 33.8+0.5 p <0.001
RDW (%) nR 17.7£2.3 16.6+3.3 NS
R 17.5+1.5 18.7+4.4 NS
Serum ferritin (ng/mL) nR 4.3+£2.9 14.3£12.6 p <0.001
R 42+13 29.4+19.5%* p <0.001
Transferrin (mg/dL) nR 380.8+36.0 342.5434.3 p <0.005
R 374.7+44.7 285.9433.3%* p <0.001
Values are presented as means Serum iron (mcg/dL) nR 25.6£10.1 63.9+40.6 p <0.01
with their standard deviations. R 24.2+6.6 73.8£23.9 p <0.001
Time-point differences were TIBC (mcg/dL) nR 483.7445.7 435.0443.5 p <0.005
analysed by repeated measures R 47594568  363.1442.20%* » <0.001
ANOVA. Comparisons between . )
nR and R groups at each point Transferrin saturation (%) nR 53422 14.749.1 p <0.005
were measured using two-sided R 5.1+1.4 20.346.2* p <0.001
tests sTfR (mg/dL) nR 9.3+4.4 4.5+1.8 p <0.005
*p <0.05, **p <0.001; ***p R 7.9+2.8 3.1£0.6%% p <0.001
<0.01
Discussion anaemia was accompanied by decreases in both forma-

The present study shows that iron-deficient anaemic
women present higher bone resorption compared to con-
trols and describes for the first time some of the changes
occurring in bone during recovery from iron-deficiency
anaemia in humans. It was found that recovery from

tion and resorption biomarkers without changes in PTH.

In this study, volunteers maintained food habits
throughout, and were recruited throughout the year,
thereby avoiding possible confounding seasonal influ-
ences on 25-hydroxyvitamin D levels. It is important
to note that average 25-hydroxyvitamin D levels were

Table 3 Bone biomarkers of
recovered (R) and non-recovered

(nR) anaemic women at baseline
and end of the treatment

Values are presented as means
with their standard deviations.
Time-point differences were
analysed by repeated measures
ANOVA. Comparisons between
nR and R groups at each point

Group Baseline End of treatment ANOVA
PINP (ng/mL) nR 39.9+13.6 35.3+10.6 NS

R 41.2417.5 32.6+14.5 p <0.001
NTx (nmol BCE/mmol creatinine) nR 34.7+15.7 34.3+15.7 NS

R 40.0+17.2 31.0+9.9 p <0.05
25-hydroxyvitamin D (nmol/L) nR 55.3£18.0 50.2£17.5 NS

R 59.9+£23.9 62.0+20.6 NS
PTH (pg/mL) nR 41.2+16.6 45.9+18.4 NS

R 37.8£12.9 36.8+12.0 NS

were not significant.
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below the 75 nmol/L cut-off value for optimal vitamin D
status [17]. Furthermore, 40 % of women in the present
study were vitamin D deficient (25-hydroxyvitamin D
<50 nmol/L). This result is in agreement with data from
Spanish women of different ages [5, 13, 27] and high-
lights the relevance of research into vitamin D deficien-
cy in Mediterranean countries where sun exposure is
presumably high.

Results concerning the association between vitamin
D status and iron biomarkers obtained in this study
support the relationship between iron and vitamin D
deficiencies that has previously been observed by our
research group [5]. Studies have also found a relation-
ship between lower vitamin D levels and an increased
risk of iron-deficiency anaemia in different population
groups [31, 33]. Although the mechanisms are not clear,
it is known that iron participates in the activation of
1,25-hydroxyvitamin D and it is suggested that this
plays a role in erythropoiesis by stimulating erythroid
precursors [33]. In this regard, preliminary results of our
group show that consumption of a vitamin D-fortified
skimmed milk produces a slight improvement in several
haematological parameters in a group of iron-deficient
women [34]. Despite the low vitamin D status of the
subjects in the present study, which remains unchanged
throughout the assay, PTH values for both groups are
within the normal range, which can be partially
explained by the adequate calcium intake (913.21
+313.11 mg/day for controls, 930.03+268.38 mg/day
for anaemic women).

The values of bone remodelling markers found in the
anaemic and control subjects are comparable to those
found in other assays of healthy premenopausal women;
for similar age groups, PINP levels found in other
studies range from 31.9 to 77.1 pg/L [1, 2, 8, 12] whilst
urinary NTx ranges from 24.4 to 40.9 nmol
BCE/millimoles creatinine [2, 8, 9, 12]. While the values
found in our subjects can be considered normal, the
higher levels of NTx seen in anaemic women compared
to controls indicate that there is a higher rate of bone
resorption. Elevated resorption is considered to adversely
affect bone-mineral density and is a source of bone
fragility [15]. Therefore, a prolonged situation of iron-
deficiency anaemia could result in bone loss and a higher
risk of osteoporosis. In agreement with this, there is one
assay that studies the iron status of osteoporotic postmen-
opausal women, which found that patients with osteopo-
rosis had higher transferrin levels and lower, but not
significant, ferritin levels compared with controls [7].

@ Springer

To the best of our knowledge, this is the first study in
humans to compare the bone status of anaemic subjects
and controls, which had previously been studied only in
animals. Different reports found that rats with iron-
deficiency anaemia had reduced bone-mineral content
and bone-mineral density with respect to controls [20,
21, 25]. Nevertheless, there is some controversy regard-
ing bone turnover markers. In agreement with our results,
one study in iron-deficient rats observed higher bone
resorption and reduced formation with respect to controls
[10], although in our case, the differences in PINP be-
tween the healthy and anaemic women did not reach
significance. Katsumata et al. found both bone formation
and resorption to be reduced in iron-deficient anaemic
rats compared to controls. They suggest that even though
bone resorption is reduced in anaemic rats, it appears to
remain greater than bone formation, resulting in overall
loss; however, it should be pointed out that the animals
were severely anaemic with haemoglobin levels of 3.6—
3.8 g/dL [20, 21].

In the present study, we also found that when the
anaemic women recovered, both PINP and NTx levels
were reduced. It is known that bone formation is coupled
with bone resorption, and that elevated bone remodelling
in adults after the third decade of life is detrimental to
bone health [15, 30, 36], therefore, improvement in iron
status leads to an improvement in bone remodelling.

Different mechanisms are suggested to explain the
link between iron status and bone health. In iron-
deficiency anaemia, this relationship may be due to the
unavailability of iron for physiological processes (iron
deficiency per se), or due to the situation of anaemia.
It is known that iron is an essential cofactor for hydrox-
ylation of prolyl and lysyl residues of pro-collagen.
Hydroxylated prolyl residues are essential for the for-
mation of the collagen triple helix, whilst hydroxylated
lysyl residues form part of the pyridinoline-type cross-
links that stabilise collagen fibres [28, 35]. Disruption of
cross-linking can lead to severe dysfunction of bone
tissue [22]. Therefore, and given that PTH and 25-
hydroxyvitamin D did not change throughout treatment,
our results indicate that iron may act directly on bone
turnover.

A further possible link between iron-deficiency anae-
mia and bone health is hypoxia. A state of hypoxia is
reached when oxygen supply to tissues is reduced, as
occurs in anaemia [29]. Arnett et al. found hypoxia to
be a major stimulator of bone resorption by accelerating
the formation of large osteoclasts [3]. Moreover, elderly
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patients with chronic respiratory failure who did not
receive oxygen therapy had reduced bone mass density
compared to those who did, and rats that spent 4 weeks
in hypoxic air had reduced bone mass density [11]. This
mechanism would explain the increased bone resorption
in the anaemic women compared to controls, and also,
the reduction in resorption after treatment for anaemia.

Furthermore, hypoxia is the main stimulus for eryth-
ropoietin synthesis [19], which has been found to induce
osteoclast formation followed by osteoblast formation
[32]. Therefore, the reduction of erythropoietin levels
during recovery from iron-deficiency anaemia [19] may
partly explain the reduction in bone resorption observed
in the present study. This is supported by the lack of effect
of iron recovery on bone remodelling in iron-deficient
women who did not present anaemia and therefore
should not be affected by hypoxia [5]. Nevertheless, we
cannot rule out that the effects observed on bone may also
be due to changes in other mediating factors during
recovery from anaemia.

In conclusion, this study provides new data that sup-
port the link between iron-deficiency anaemia and bone
loss and highlights that prevention of anaemia and com-
plete recovery should be promoted in order to improve
quality of life including bone health. Further studies on
the possible impact of chronic iron-deficiency anaemia
on the development of osteoporosis are needed.
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