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Abstract The aim of this study is to establish whether
abnormal mineral metabolism is present in patients with type
1 DM with normal renal function and in the absence of
microalbuminuria. Serum levels of 1,25-dihydroxyvitamin
D, osteoprotegerin (OPG) and receptor activator for nuclear
factor kappa f ligand (RANKL) and other determinants of
bone metabolism were measured in 35 patients with type 1
DM and in 25 age-, sex- and ethnicity-matched healthy
controls. Serum OPG (1.98 vs. 2.98 pmol/l: P = 0.001),
1,25-dihydroxyvitamin D (41.1 vs. 48.2 pmol/l: P = 0.035)
and magnesium (0.84 vs. 0.89 mmol/l P = 0.029) levels
were significantly lower in patients with type 1 DM com-
pared to normal controls. RANKL levels were similar in both
groups. The groups did not differ with respect to calcium,
phosphate, PTH, 25-hydroxyvitamin D, tubular reabsorption
of phosphate and cross-linked N-telopeptides of type 1-col-
lagen levels. Abnormalities of mineral metabolism including
low serum OPG and 1,25-dihydroxyvitamin D levels occur
in patients with type 1 DM with normal renal function and in
the absence of microalbuminuria. These abnormalities may
promote altered bone metabolism and vascular pathology.
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Introduction

In patients with diabetes mellitus (DM), vascular calcifica-
tion (VC) is associated with increased morbidity and mor-
tality due to vascular disease [1]. The etiopathogenesis of VC
is multifactorial and involves an interplay of several factors
including metabolic abnormalities, inflammation, mechani-
cal and oxidative stress, endocrine and paracrine regulators,
abnormal mineral metabolism and other factors promoting
and inhibiting mineralisation in the vasculature [2].

Osteoprotegerin  (OPG) and receptor activator for
nuclear factor kappa f ligand (RANKL) are important
regulators of mineral metabolism in both bone and vascular
tissue [3]. In the bone milieu, continuous remodelling is
carried out primarily through RANKL, one of the major
osteoclast maturation factors promoting the bone resorp-
tion. OPG functions as a soluble decoy receptor for
RANKL and inhibits its effects. Hence, OPG promotes
bone formation, whereas, RANKL promotes bone resorp-
tion [3]. Parathyroid hormone (PTH) and 1,25-di-
hydroxyvitamin D are important modulators of OPG/
RANKL system along with other factors including TGF-p,
glucocorticoids, oestrogen, TNF-o and IL-1 [4]. In contrast,
in the vasculature, RANKL promotes calcification, whilst
OPG has a protective effect [3].

Abnormal mineral metabolism has been reported to
occur early in the course of chronic kidney disease (CKD)
in patients with and without DM [5]. The stage at which
these abnormalities appear in DM is unclear. Our aim in
this study was to establish whether any such abnormalities
are present in patients with DM without detectable renal
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pathology. To achieve this, we measured serum levels of
biochemical markers of mineral metabolism, including
vitamin D metabolites, OPG and RANKL in patients with
type 1 DM and normoalbuminuria, and compared these to
those in healthy controls.

Methods
Type 1 DM patients

We studied 35 white, type 1 DM patients, recruited from
general practice surgeries in the Hertfordshire, UK. None
of the patients had microalbuminuria (defined as albumin
creatinine ratio (ACR) <2.5 in males and <3.5 mg/mmol
in females on two or more consecutive tests, within a
period of one to 3 months) [6]. Patients were screened
using the following exclusion criteria—serum creati-
nine >125 pmol/l, history of renal disease, current preg-
nancy, the presence of microalbuminuria, clinical evidence
of other microvascular complication of DM, malignancy,
recent non-steroidal anti-inflammatory drug usage and
prior or current use of immunosuppressive therapy.

Healthy control subjects

Twenty-five white, healthy control subjects were drawn
from the clinical staff in Lister hospital, Hertfordshire, UK.
None of the healthy subjects were on any medication.

Ethical approval and consent

The study protocol was approved by Hertfordshire research
ethics committee, UK. Informed, written consent was
obtained from all the participants (patients with DM and
controls), after full explanation about the study and its
purpose, in accordance with declaration of Helsinki 1975.

Collection of data

A detailed medical history was recorded including, age,
gender, duration of diabetes, history and duration of
hypertension and type of antihypertensive therapy along
with other concomitant medications. A complete clinical
examination was also carried out. An estimated creatinine
clearance was calculated by Cockcroft-Gault formula [7],
and estimated glomerular filtration rate was calculated by
the MDRD-4 formula for all the study subjects [8].

Laboratory investigations

A single overnight fasting blood sample was obtained to
measure fasting blood glucose (FBG), HbA,., full blood
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count (FBC), blood urea, serum creatinine, albumin, C-
reactive protein (CRP), bilirubin, alanine transaminase
(ALT), alkaline phosphatase, parathyroid hormone (PTH),
calcium, phosphate, magnesium levels and lipid profile (total
cholesterol, high-density lipoprotein cholesterol, triglycer-
ides and low-density lipoprotein cholesterol). Serum sam-
ples were centrifuged at 4,000 rpm for 15 min and stored at
—80°C for subsequent analysis. A spot urine sample was
collected for estimation of urinary albumin excretion, urine
phosphate levels, urinary creatinine, urinary magnesium and
Nitx (cross-linked N-telopeptides of type 1 collagen).

Laboratory methodology

FBC measurement was performed on the ABX Pentra®
(Horiba Diagnostics, Northampton, UK). Routine bio-
chemistry analyses (sodium, potassium, urea, creatinine,
ALT, gamma glutamyl transferase (GGT), lipid profile,
CRP, FBG and urine microalbumin) were performed on the
Olympus AU 2700® multi-analyser (Olympus Diagnostics,
Watford, UK). PTH concentrations were measured on the
Beckman Access® 2 immunoassay system (Beckman
Coulter (High Wycombe, UK). OPG, RANKL, 25-
hydroxyvitamin D, 1,25-dihydroxyvitamin D assays were
performed in duplicate on the automated ELISA (enzyme-
linked immunosorbent assay) analyser, Triturus® (Grifols,
Cambridge, UK).

All analyses were performed as a single batch. These
analytes were measured in duplicate to exclude the
occurrence of random analytical error. The following
within-run analytical coefficients of variation ranges were
obtained for the respective concentration ranges. OPG
(range 0.81-6.64 pmol/l, CV 0.2-9.4%), RANKL (range
0.5-9.17 pmol/l, CV 0.6-10.5%) and Ntx (range 35.0-
342 nm BCE, CV 1.4-8.5%).

Statistical analysis

The statistical analysis was performed by SPSS (Statistical
Package for Social Sciences) Version 16 (SPSS Inc., Chi-
cago, USA). The results of the analysis have been pre-
sented as mean (95% confidence interval) for parametric
data and as median values for non-parametric data. Krus-
kal-Wallis and Mann—Whitney U-tests were employed for
non-parametric data to compare the differences between
the groups. For categorical data, chi-squared test was
employed to assess the differences between the groups.
P values <0.05 were considered to be statistically significant.

Results

The comparative baseline characteristics, routine bio-
chemistry and haematology of patients with type 1 DM and
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Table 1 Patient characteristics and baseline biochemical parameters

Table 2 Bone parameters

Variables Controls Type 1 DM P value Variables Controls Type 1 DM P value
Number 25 35 NS Calcium (mmol/l) 2.3 £ 0.07 2.29 £+ 0.06 NS
Age (year) 43.8 + 10.2 442 + 11.1 NS Phosphate (mmol/l) 1.01 £ 0.16 1.1 £0.17 NS
Gender (M/F) 12/13 20/15 NS Alkaline phosphatase 72 £ 25 94 + 27 0.002
Smokers (%) 52 29 NS aum
DM duration (year)  NA 20.7 + 10.9 NA PTH (pmol/l) 35422 41+19 NS
Systolic BP (mmHg) 125 + 15 130 + 18 NS Ntx (nm BCE) 165 + 88 173 £ 81 NS
Diastolic BP (mmHg) 81 =+ 11 83 £ 10 NS TRP (%) 87.2 £ 6.6 88.6 £5.5 NS
BMI 258 + 3.7 27.1 + 43 NS 25—hydr0xyvitamin D 67.8 (46.3,97.5) 64.9 (29.7,89.7) NS
Glucose (mmol/l) 49 + 0.6 84 +35 <0.001 1,25—dihydroxyvitamin D 482 (30.1,88.5) 41.1 (15.4,73.4) 0.035
HbAlc (%) 544+ 04 83+ 13 <0.001 OPG (mel/l) 2.98 (1.43,4.66) 1.98 (0.81,5.25) 0.001
Blood urea (mmol/l) 50+ 15 54+ 13 NS RANKL (pmol/l) 4.0 (0.5,7.97) 3.26 (0.52,7.34) NS
Creatinine (umol/l) 84 + 10 83 + 11 NS OPG/RANKL ratio 0.75 (0.24,6.88) 0.56 (0.13,3.17) NS
eGFR (MDRD-4) 80.6 &+ 11.0 83.3 4+ 9.0 NS Magnesium (mmol/l) 0.89 + 0.05 0.84 £ 0.06 0.001

(ml/min/1.73 m?) Urinary magnesium 2.04 £ 1.53 3.04 £ 1.93 0.037
Cockeroft-Gault 992 £21.5 1062 + 18.0 NS (umol/l)

clearance (ml/min) FEMg (%) 2.08 £ 1.22 246 £ 1.33 NS

Urinary ACR
(mg/mmol)

0.27 (0.05,2.88) 0 0.27 (0.05,1.60) NS

Albumin (g/l) 46.1 £ 2.6 445 £ 25 NS
Haemoglobin (g/dl) 141 £ 12 143 £12 NS
CRP (mg/l) 1.4 + 2.1 24 +£4.0 NS
ALT (1U/) 254 £ 12 355 £24.7 NS

Demographic, clinical characteristics and biochemical parameters in
control subjects and patients with type 1 DM. Normally distributed
parameters represented as mean =+ standard deviation. Non-normally
distributed parameters represented as median (range) BMI body mass
index, DM diabetes mellitus, NS non-significant, NA not applicable,
GFR glomerular filtration rate, ACR albumin/creatinine ratio, CRP C-
reactive protein, ALT alanine transaminase

healthy controls are given in Table 1. There were no sig-
nificant differences between the groups with respect to age,
gender distribution, BMI, smoking history, blood pressure,
biochemical parameters of renal and hepatic function,
serum albumin, CRP and haemoglobin levels.

Routine bone biochemistry

Serum calcium and phosphate levels were not statistically
different between the two groups, though mean serum
alkaline phosphatase levels were higher in those with DM
(94 £27 vs. 72 £2510/1 P =0.002) (Table 2). In
patients with DM, there was no correlation between total
alkaline phosphatase levels and any other parameter of
mineral metabolism, though there was a significant corre-
lation with serum ALT levels (r = 0.492, P = 0.003),
suggesting that the liver isoenzyme rather than the bone
isoenzyme may have been the elevated moiety. Bone-
specific alkaline phosphatase was not measured. PTH
levels were not statistically different between patients with
DM and controls (4.1 £ 1.9 vs. 3.5 &£ 2.2 pmol/l,

Biochemical markers of mineral metabolism in patients with type 1 DM
and in healthy controls. PTH parathyroid hormone, Ntx cross-linked N-
telopeptides of type 1 collagen, TRP tubular reabsorption of phosphate,
OPG osteoprotegerin, RANKL receptor activator for nuclear factor
kappa f ligand, FEMg fractional excretion of magnesium

respectively), neither were urinary Ntx levels (165 + 88
vs. 173 £+ 81 units/l, respectively) or tubular reabsorption
of phosphate (87.2 £ 6.6 vs. 88.6 & 5.5%, respectively).

Vitamin D levels

There were no differences between the groups with respect
to serum 25-hydroxyvitamin D levels. However, median
1,25-dihydroxyvitamin D levels were lower in type 1
(41.1 vs. 48.2 pmol/l: P = 0.035) compared to controls
(Table 2). There were no significant correlations between
1,25-dihydroxyvitamin D levels and any other markers of
mineral metabolism or renal function in either patients with
diabetes or controls.

The OPG: RANKL axis

Median serum OPG levels were lower in type 1 DM
(1.98 pmol/l) than in controls (2.98 pmol/l: P = 0.001;
Fig. 1). Median RANKL levels were similar in both groups
(3.44 vs. 4.05 pmol/l: P = NS). The median OPG/RANKL
ratio was higher in controls but not significant (0.75 vs. 0.56).
In patients with DM, OPG levels were positively correlated
with 25-hydroxyvitamin D levels (r = —0.462: P = 0.005)
but not with 1,25-dihydroxyvitamin D levels (Table 2). The
correlation was not significant in controls. There were no
other significant correlations of OPG or RANKL with other
markers of mineral metabolism in either patients with
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Fig. 1 Osteoprotegerin levels in non-diabetic controls and type 1
diabetes

diabetes or controls, though there was a weak correlation
between OPG/RANKL ratio with both MDRD4-eGFR
(r=—-0.341: P =0.045) and ACR (r = —0.372: P =
0.028), and between RANKL and ACR (r = —0.391:
P = 0.02) in patients with DM, though not in controls. In the
whole group, OPG correlated significantly with duration of
diabetes (r = —0.371: P = 0.004), HbAlc (r = —0.293:
P = 0.023), magnesium (» = 0.329: P = 0.010), 25-hydroxy-
vitamin D (r = 0.379: P = 0.003), total cholesterol
(r = 0.388: P = 0.002) and LDL (» = 0.405: P = 0.003).

Magnesium levels

Mean serum magnesium levels were lower in patients with
DM (0.84 vs. 0.89 mmol/l P = 0.029) than in controls.
Urinary magnesium levels were higher in patients with DM
(3.04 £ 1.93 vs. 2.04 £ 1.53: P = 0.037) (Table 2). The
fractional excretion of magnesium (FEMg) was higher in
patients with DM, but not significantly so (2.46 + 1.33%
vs. 2.08 £ 1.23%). There were no significant correlations
between serum magnesium or FEMg with any other
parameter of mineral metabolism in patients with DM or
controls. In patients with DM, serum magnesium levels
were inversely correlated with blood sugar levels (r =
—0.427: P = 0.011). FEMg was positively correlated with
duration of DM (r = —0.398: P = 0.018). There was also
a negative correlation between FEMg and both MDRD4-
eGFR (r = —0.358: P = 0.035) and Cockcroft and Gault
creatinine clearance (r = —0.435: P = 0.009) in patients
with DM but not in controls.

Discussion

We have described features of abnormal mineral metabo-
lism in type 1 DM patients with normal renal function, in
the absence of microalbuminuria and in the context of
normal serum calcium, phosphate and PTH levels. The
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abnormalities include high serum total alkaline phosphate
levels, low serum magnesium levels along with high uri-
nary magnesium levels, low 1,25-dihydroxyvitamin D
levels in spite of normal 25-hydroxyvitamin D levels and
low serum OPG levels. The OPG/RANKL ratio was lower
in patients with DM but not significant.

Low bone mineral density (BMD) is now a recognised
feature of type 1 DM [9]. The pathophysiology of low
BMD in type 1 DM is poorly understood. Chronic hyper-
glycaemia may potentially modulate the bone metabolism
by its effect on Osteoblasts through osmotic and non-
osmotic pathways [10]. Impaired gene expression with
suppressed function and maturation of the osteoblasts, as a
result of chronic hyperglycaemia, appears to be an
important feature of bone loss in DM [10]. In addition,
longer duration of diabetes and poor metabolic control may
have an adverse impact upon the bone metabolism,
resulting in low BMD [11]. Experimental studies have
suggested the anabolic effects of insulin and insulin-like
growth factor-1 (IGF-1) on the bone. Absence of these
hormones, as seen in type 1 DM, may contribute to
decreased BMD in these patients [12].

The bone and the vasculature are intricately linked
through a network of common mediators of mineral
metabolism. These mediators, such as OPG and RANKL,
work in a concerted manner to maintain normal mineral
homeostasis in the bone and vasculature [13]. OPG is a
potent inhibitor of vascular calcification and bone loss by
its virtue of serving as a decoy receptor for RANKL; and
thus minimising its effect in terms of bone resorption and
promotion of calcification in the vasculature. The process
of bone formation and resorption and vascular calcification
is tightly regulated by the OPG/RANKL system [13]. An
imbalance in the OPG to RANKL ratio may potentially
impact upon these processes.

Our finding, of significantly low OPG levels compared
to controls, is in contrast with those of Rasmussen et al.
[14] who reported high levels of OPG in patients with type
1 DM. However, in the Rasmussen study, the type 1
patients studied had more advanced disease with evidence
of widespread microvascular complications unlike those
we have reported here. Furthermore, a control group was
not included [14]. One possible explanation relates to
insulin therapy. It has been shown that exogenous insulin
may reduce serum levels of OPG in this setting [15].

OPG levels have been reported to correlate significantly
with increasing age [16] and given the fact that the patient
group in our study was much younger compared to the
previous study [14], which may be one of the reasons for
our finding low levels of OPG. In addition, a huge ana-
lytical variation has been reported in OPG assays due to
lack of standardization, [17] and this may conceivably
contribute to the discrepant reports in OPG levels from
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various studies. We found a correlation between OPG and
25-hydroxyvitamin D levels but not with 1,25-di-
hydroxyvitamin D levels. The relevance of this is
unknown.

Abnormal mineral metabolism with low levels of 1,25-
dihydroxyvitamin D and high PTH levels has been reported
to occur in the early stages of CKD [5]. Our findings
though, of low 1,25-dihydroxyvitamin D levels in the
context of normal renal function and in the absence of
microalbuminuria suggest either that the primary cause of
these low levels in this setting, is non-renal (perhaps
related to hypomagnesaemia—see below), or that, as pre-
viously suggested, more subtle changes in renal function
perhaps at the tubulointerstitial level, precede the onset of
microalbuminuria, yet influence the production of 1,25-
dihydroxyvitamin D at this site [18].

The low serum magnesium levels in patients with type 1
DM is in agreement with a previous study, which reported
low serum magnesium in normoalbuminuric type 1 DM
[19]. The low levels of magnesium may be due to aug-
mented urinary excretion, as seen in our cohort, coupled
with impaired intestinal absorption of magnesium when
compared to healthy individuals. Magnesium deficiency
may potentially impair the mineral homeostasis, leading to
impaired PTH secretion, and low serum concentrations of
1,25-dihydroxyvitamin D [20].

We have demonstrated a series of abnormalities in the
regulators of mineral metabolism in patients with type 1
DM with normal renal function and in the absence of
microalbuminuria. It remains to be determined whether
these abnormalities have a common pathogenetic basis or
whether different mechanisms are responsible for each.
Their clinical impact also remains to be elucidated, though
the potential for adverse clinical effects is significant. OPG
had a significant correlation with important players in the
vessel wall such as magnesium, 25-hydroxyvitamin D, total
cholesterol and LDL cholesterol, suggesting a nexus
between these vascular parameters. Clinically, OPG levels
may serve as a surrogate marker of bone and vascular
health in patients with DM. 1,25-dihydroxyvitamin D has
major effects on mineral metabolism and wide-ranging
pleiotropic effects. Consequences of deficiency include
impaired intestinal calcium absorption, impaired bone
function, impaired immunity and many other potential
problems related to the bone and skeletal system [21].

OPG and RANKL are key regulators of bone metabo-
lism and vascular disease and the OPG/RANKL axis plays
an important role in the osteogenic modulation of vascu-
lature in DM [22]. In bone, RANKL functions as a major
osteoclast maturation factor, promoting osteoclast activity
and bone resorption, whereas OPG opposes the action of
RANKL, acting as a soluble decoy receptor [23]. RANKL
promotes calcification in the vessel wall, whilst OPG

protects against it [13]. OPG has indirect anti-apoptotic and
protective effects on the EC by serving as a decoy receptor
for TNF-related apoptosis-inducing ligand (TRAIL) and
minimising its effect on EC [24]. Hence, low OPG levels
may tend to enhance bone resorption, endothelial dys-
function and vascular calcification all with potential dele-
terious clinical consequences.

Our study has a number of limitations, including small
sample size, measurement of limited number of markers of
bone formation and resorption, non-measurement of bone
mineral density. In addition, this is a cross-sectional pilot
study exploring the status of mineral metabolism in nor-
moalbuminuric patients with type 1 DM; hence, it is dif-
ficult to establish causal relationships between altered
mineral metabolism and disturbances of bone and vascular
milieu.

In summary, we have demonstrated abnormalities in the
regulators of vascular calcification and bone metabolism
of potential clinical relevance in patients with type 1 DM
with normal renal function and in the absence of micro-
albuminuria. The precise effects of these disturbances on
endothelial function, bone metabolism and vascular calci-
fication need further investigation. Our observations war-
rant further studies in larger population groups to confirm
and extend the findings.
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