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Abstract

Purpose Patients receiving long-term glucocorticoid (GC) treatment are at risk of osteoporosis, while bone effects of
substitution doses in Addison’s disease (AD) remain equivocal. The project was aimed to evaluate serum bone turnover
markers (BTMs): osteocalcin, type I procollagen N-terminal propeptide (PINP), collagen C-terminal telopeptide (CTX),
sclerostin, DKK-1 protein, and alkaline phosphatase (ALP) in relation to bone mineral density (BMD) during GC
replacement.

Methods Serum BTMs and hormones were assessed in 80 patients with AD (22 males, 25 pre- and 33 postmenopausal
females) on hydrocortisone (HC) substitution for >3 years. Densitometry with dual-energy X-ray absorptiometry covered the
lumbar spine (LS) and femoral neck (FN).

Results Among BTMs, only PINP levels were altered in AD. BMD Z-scores remained negative except for FN in males.
Considering T-scores, osteopenia was found in LS in 45.5% males, 24% young and 42.4% postmenopausal females, while
osteoporosis in 9.0%, 4.0% and 21.1%, respectively. Lumbar BMD correlated positively with body mass (p = 0.0001) and
serum DHEA-S (p = 9.899 x 10~°). Negative correlation was detected with HC dose/day/kg (p = 0.0320), cumulative HC
dose (p = 0.0030), patient’s age (p = 1.038 x 1073), disease duration (p = 0.0004), ALP activity (p = 0.0041) and CTX level
(p =0.0105). However, only age, body mass, ALP, serum CTX, and sclerostin remained independent predictors of
LS BMD.

Conclusion Standard HC substitution does not considerably accelerate BMD loss in AD patients and their serum BTMs:
CTX, osteocalcin, sclerostin, DKK-1, and ALP activity remain within the reference ranges. Independent predictors of low
lumbar spine BMD, especially ALP activity, serum CTX and sclerostin, might be monitored during GC substitution.
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Introduction

Patients with primary adrenal insufficiency (Addison’s
disease, AD) require lifelong glucocorticoid (GC) replace-
ment for their survival. According to the current recom-
mendations, monitoring of steroid replacement is primarily
based upon regular clinical assessment [1]. Still, adequate
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dosage of the exogenous steroids remains challenging, since
no reliable markers to guide this treatment have been
established to date. Therefore, subjects with adrenal failure
are at risk of steroid over-replacement and subsequent
complications [2, 3]. Long-lasting GC excess produces
serious adverse effects, including negative impact on bone
metabolism and decreased bone mineral density (BMD)
[3-6]. Glucocorticoid-induced osteoporosis (GIO) affects
primarily the trabecular bone and results mainly from
impaired bone synthesis [7, 8].

It is well known that pharmacological doses of GCs
display a detrimental effect on bone, which is dose- and
duration-dependent [7, 9]. The risk of osteoporosis and
fractures is evident for daily steroid doses exceeding 30 mg
hydrocortisone (HC) or equivalent, and seems particularly
elevated for synthetic GC, prednisone [10-12]. Based upon
the results of the seminal study by Estaban et al. published
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in 1991, GC replacement in adrenal failure requires lower
steroid dosages than those recommended in the past, i.e. just
15-25 mg HC per day [1, 13]. Still, literature data on bone
health in AD are often inconsistent due to methodological
reasons (small groups, different ages, various treatment
regimens). Some studies demonstrate lack of considerable
adverse effect [10, 14-16], while other data support
impaired bone health in AD patients receiving conventional
steroid substitution regimens [4, 5, 17]. Moreover, BMD
results may not fully reflect bone fragility, as proportion of
patients with osteoporotic fractures present BMD values
above the WHO definition of osteoporosis [18]. Therefore,
more sensitive, early indicators of the ongoing bone loss,
would be strongly appreciated, with regard to potential
optimization of the GC replacement.

Bone turnover makers (BTMs) are molecules released
from the active osteoblasts and osteoclasts or collagen
breakdown products, which are relatively easily measured in
blood or urines [19]. Changes in their concentrations or
excretion provide an insight into the dynamics of the bone
remodelling and some of them proved to be clinically useful
in the monitoring of treatment of osteoporosis [19, 20]. Major
bone formation markers comprise propeptides of type I col-
lagen — C-terminal (PICP) and N-terminal (PINP), osteoblast
enzymes: alkaline phosphatase (ALP) and its bone-specific
isozyme, and a matrix protein, osteocalcin [19, 20]. Bone
resorption markers include, collagen degradation products:
telopeptides of type I collagen (C-terminal, CTX and N-
terminal, NTX), hydroxyproline, deoxypiridinoline, and
osteoclastic enzymes, tartrate-resistant acid phosphatase Sb
(TRAP5b) and cathepsin K [19, 21]. Additionally, there are
some recently identified markers: RANKL, osteoprotegerin,
Dickkopf-related protein 1 (DKK-1), and sclerostin. Altered
circulating BTMs, such as CTX, osteocalcin, or increased
ALP activity, typically reflect enhanced bone turnover, dete-
rioration of its microarchitecture, and increased fracture risk,
independent of BMD measurements [20, 22].

In patients exposed to GC excess, decreased concentra-
tions of bone-specific ALP, PINP, osteocalcin, TRAPS5D,
and sclerostin, while increased CTX levels were reported
[23, 24]. However, not all former analyses revealed con-
sistent results, especially concerning bone resorption mar-
kers [25]. Even less data is available with regard to GC
replacement doses. In several studies circulating BTMs
remained within their reference ranges, or similar compared
to the healthy controls [15, 16, 26]. On the other hand,
longitudinal analyses conducted in patients treated for pri-
mary and secondary adrenal failure demonstrated significant
fluctuations in serum osteocalcin in response to changes in
GC dosages [27, 28]. Furthermore, treatment with dual-
release HC formulation, considered more physiological,
revealed higher serum osteocalcin compared to individuals
receiving conventional HC tablets [3]. Only one former
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study evaluated circulating sclerostin in patients treated for
AD, and found its elevated levels, but failed to demonstrate
any correlation with the steroid dosage [29].

The purpose of this analysis was to investigate the rela-
tionship between serum BMTs and BMD in patients
receiving long-term GC substitution at currently recom-
mended doses, lower than those used in the past. We also
hoped to explore whether BTM levels could potentially
provide some additional guidance for optimal steroid
replacement in Addison’s disease.

Patients and methods
Subjects

The study comprised 80 patients (mean age 51.6 + 13.1 years)
suffering from AD who remain under regular follow-up in the
inpatient and outpatient endocrine clinics at Poznan Uni-
versity of Medical Sciences. Since their complete medical
records were available, the diagnosis of primary adrenal
insufficiency was well documented. It was based upon clinical
symptoms, low morning serum cortisol together with elevated
plasma ACTH, or confirmed by lack of rise in serum cortisol
in response to intravenous stimulation with synthetic
ACTH;_54 [1]. In order to minimize the group heterogeneity,
the study was limited to patients with autoimmune origin of
the disease, the major reason of primary adrenal failure
nowadays. To be eligible for the study, patients had to be
treated for at least 3 years, with stable GC dose during the last
year. History of an episode such as acute infection requiring
transiently increased steroid dosage was acceptable only if
occurred no later than 3 months prior to the study.

The exclusion criteria comprised secondary adrenal
insufficiency, other than autoimmune reasons for primary
adrenal failure, congenital adrenal hyperplasia, type 1 dia-
betes, and current thyroid hormone imbalance according to
serum TSH level. Patients with AD and hypothyroidism on
stable thyroid replacement, as well as those who remained
euthyroid after efficient treatment of hyperthyroidism were
enroled. Individuals suffering from type 1 autoimmune
polyendocrine syndrome were excluded to avoid interfering
influence of the hypoparathyroidism.

Biochemical analyses

The measurements comprised routine evaluation of the fasting
plasma glucose, serum sodium, potassium, and calcium
levels, ALP activity, concentrations of TSH, PTH, 25-
hydroxycholecalciferol (vitamin D3, 25[OH]Ds), and dehyr-
oepiandrosterone sulphate (DHEA-S). These parameters were
determined by electrochemiluminescent (ECLIA) method
using Modular Analytics E170 and relevant commercial kits
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-sl-::lh(.llieec; pggzgiztzﬂfsftg‘isn(g)ff;g; Feature All patients (80) Males (22)  Females (58) p value

Addison’s disease, with Age (yrs) 51.6+13.1 472+154 533x119 0.065

comparison between males and . .

females. Data are displayed as Age at diagnosis (yrs) 36.1+12.6 31.0+11.1 38.1+12.6 0.023

mean =+ standard deviation Disease duration (yrs) 15.0+10.7 14.4+10.1 152+11.1 0.994
Body mass (kg) 68.8+13.2 77.7+9.2 65.5+12.9 <0.0001
BMI (kg/m?) 249+4.4 257+2.7 24.6 +4.8 0.101
Daily HC dose (mg) 24.1+34 26.4+3.6 24.1+39 0.009
Body mass-adjusted daily HC dose (mg/kg)  0.37+0.08 0.34+0.06 0.38+0.08 0.083
Cumulative HC dose (g) 135+99 140+ 101 133+99 0.594
Daily fludrocortisone dose (ug) 53.1+16.2 5421777 52.77+15.8 0.918
Daily DHEA dose (mg) 19.6+7.5 23.5+4.7 17.0+7.9 0.058
Daily LT4 dose (ug) 90.4 +29.7 92.5+38.2 89.8+26.9 0.633

BMI body mass index, DHEA dehydroepiandrosterone, HC hydrocortisone, LT74 levothyroxine

Bold values identify statistical significance

from Roche Diagnostics. Additionally, 10 ml blood were
collected, centrifuged to separate serum and frozen in 50ul
aliquots at —20 °C until analysed. Evaluation of the BTMs
comprised osteocalcin (using automated ECLIA from Roche
Diagnostics; inter-assay CV < 1.6%; intra-assay CV <0.8%),
and commercially available ELISA assays for Procollagen
Type 1 N-Terminal Propeptide (PINP, cat. E0957h, EIAab
Science Inc., Wuhan, China; inter-assay CV <6.3%; intra-
assay CV £8.5%), Collagen Type-1 C-terminal Telopeptide
(CTX, cat. EO665h, EIAab Science Inc., Wuhan, China; inter-
assay CV <5.5%; intra-assay CV £9.2%), bioactive Scler-
ostin (cat. BI-20472, Biomedica Medizinprodukte GmbH,
Wien, Austria; inter-assay CV <1.0%; intra-assay CV <
5.0%), and Dickkopf-related protein-1 (DKK-1, cat. BI-
20413, Biomedica Medizinprodukte GmbH, Wien, Austria;
inter-assay CV <3.0%; intra-assay CV <3.0%). The absor-
bance from ELISA assays was analysed on ELISA Ledetect
96 Microplate Reader (BioConcept, Allschwil, Switzerland)
using MicroWin Software. All bone markers were evaluated
in duplicates, in one batch.

Bone mineral density

Bone mineral density (g/cm”) at the lumbar spine and
femoral neck was measured by dual-energy X-ray absorp-
tiometry (DXA). DXA scans were taken using Lunar DPX
(GE Healthcare, Madison, WI, US). Calibration of the
scanner using a phantom was performed prior to each ses-
sion according to the manufacturer’s protocol. Lunar data-
base was used as a reference for calculating T- and Z-score
values from the BMD measurements.

Statistical analysis

Statistical analysis was performed using GraphPad Prism
6.0c (GraphPad Software, San Diego, CA, US). Normality

of the continuous variables was verified with Shapiro—Wilk
test. Normally distributed variables were compared by
means of the t-student test, while those with non-Gaussian
distribution were analysed by the nonparametric
Mann—Whitney test. Biochemical data of patients stratified
with regard to their BMD status were compared using one-
way ANOVA or Kruskal-Wallis test, depending on data
distribution. Statistical correlations were assessed by Pear-
son’s or Spearman’s rank correlation coefficient, according
to the data distribution. The multiple regression model was
then developed to predict BMD in AD patients. Two-tailed
p values <0.05 were considered significant.

Results

The studied cohort comprised 22 males and 58 females (25
pre- and 33 postmenopausal). Their mean age at AD diag-
nosis was 36.1 + 12.6 years, and was significantly higher in
females compared to affected males (38.1+12.6 vs.
31.0+11.1 years; p=0.023) (Table 1). Mean disease and
replacement therapy duration was 15.0 £ 10.7 years, similar
in both genders (p = 0.994).

In terms of GC replacement, all patients were receiving
HC (mean daily dose 24.1 + 3.4 mg). Fludrocortisone was
substituted in 65 individuals, and 25 patients were taking
DHEA supplements as well. Additionally, 64 subjects were
on levothyroxine (LT4) replacement due to primary hypo-
thyroidism, either autoimmune or iatrogenic. Nobody from
the studied cohort was treated for osteoporosis at the time of
the study, and only 9 individuals were supplementing cal-
cium or vitamin D3, taken occasionally as OTC prepara-
tions. DHEA dosages seemed higher in males, but statistical
significance appeared borderline (p =0.058). The only
gender-related difference was detected with regard to daily
HC doses, which were higher in males (26.4 +3.6 mg vs.

@ Springer



714

Endocrine (2024) 84:711-719

Table 2 Biochemical analyses in

patients with Addison’s disease Reference range All patients  Males (22)  Females (58) p value
. . (80)
together with evaluation of
gender differences. Data are Glucose (mg/dL) 70-90 88.4+11.8 875+117 887«11.9  0.830
displayed as mean =+ standard
deviation Na (mmol/L) 135-145 137732 138+34 137.6£3.1 0.624
K (mmol/L) 35-5.1 439+0.38 437+035 4.39+0.39 0.762
Ca (mg/dL) 8.8-10.2 9.68+0.48 9.59+0.48 9.71+0.48 0.391
ALP (U/L) F 35-105, M 40-130 64.7+21.0 63.5+£173 652225 0.832
PTH (pg/mL) 15-65 389+125 374x113 39.5+13.0 0.680
25(OH)D3 (ng/mL) 30-80 242+ 13.2 222+133 23.1x14.2 0.779
Osteocalcin (ng/mL) F 11 —43 25.6+8.8 33.1+£9.1 229+7.0 <0.0001
postmenopause 15-46
M <30 years: 24-70
M >30-50 years: 14-56
CTX (pg/mL) 300-600 449 + 265 547 +337 412 +225 0.057
PINP (ng/mL) 20-80 64+73 8.1+72 575+7.3 0.082
Sclerostin (pmol/L) 8-183 412+254 314=x16.1 449x274 0.030
DKK-1 (pmol/L) 5-70 19.1+10.0 182+109 189=+10.2 0.854
TSH (uU/mL) 0.27-4.20 193+£1.19 207126 1.88+1.77 0.591
DHEA-S (ug/dL) F 25-44 yrs: 61-340 56+98 110135 39+73 0.0003
F 45-54 yrs: 35-256
F 55-64 yrs: 19-205
F 65-74 yrs: 9-246

M 25-44 yrs: 89-449
M 45-54 yrs: 44-331
M 55-64 yrs: 52-295
M 65-74 yrs: 34-249

F females, M males

Bold values identify statistical significance

24.1+39mg in females; p =0.009) however, statistical
significance vanished after correction for the body mass
(p =0.083). In line, approximate cumulative HC dose,
calculated as a product of daily HC dose x years of treat-
ment x 365 days, did not reveal sex differences (140 + 101 g
vs. 133+99 g; p=0.594).

Biochemical data of the studied patients, including serum
BTMs, are presented in Table 2. Mean concentrations of
25(OH)D; were low, with no gender differences
(p =0.779). Hormonal measurements revealed normal
serum TSH and PTH levels, since these were among the
enrolment conditions, and, in accordance with AD char-
acteristics, low serum DHEA-S. Among the studied hor-
mones only this latter displayed sex-related differences,
with higher levels detectable in males (p =0.0003). Only
patients replacing DHEA were able to achieve their DHEA-
S levels within the reference limits. With regard to the
studied BTMs, all values apart from PINP, remained within
the reference ranges (Table 2). Osteocalcin levels were
significantly higher in males compared to females (mean
33.1+9.1 ng/mL vs. 22.9+7.0ng/mL, p <0.0001). Serum
sclerostin was not altered, although significantly higher in
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women than in men (44.9 +27.4 pmol/L vs. 31.4+16.1
pmol/L, p =0.030).

Since no control cohort was available in our study,
Z-scores were used to estimate BMD in our patients com-
pared to the reference population from the DXA device.
Mean Z-score values were negative in the whole cohort, as
well as in subgroups of males, pre- and postmenopausal
females, except for the femoral neck in males, where mean
Z-score remained positive. T-scores were applied to classify
patients with normal BMD, osteopenia and osteoporosis,
according to the WHO criteria [30, 31]. Lumbar osteopenia
was found in 45.5% males, 24% young females, and 42.4%
postmenopausal females, while osteoporosis was diagnosed
in 9.0%, 4.0% and 21.1% patients, respectively. At the
femoral neck, osteopenia was found in 22.7% men, 32%
premenopausal women, and more than half of women post
menopause (54.5%). Cases of femoral osteoporosis were
detected only in this latter subgroup.

Stratification of patients by their BMD status — normal,
osteopenia or osteoporosis — revealed significant differences
in their mean age (the highest in patients with osteoporosis),
disease duration (the longest in patients with osteoporosis),
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Table 3 Therapeutic and
biochemical characteristics of

Normal BMD (40) Osteopenia Osteoporosis (10) p value

patients with Addison’s disease, (30)

stratified according to their bone A g (years) 473+13.4 543+120 60.8+8.5 0.0043

mineral density (BMD) status. X .

Values are displayed as mean Disease duration (yrs) 12.2+10.3 17.4+10.0 19.1+£12.3 0.0171

with standard deviation Body mass (kg) 72.4+129 66.5+13.4 61.3+9.5 0.0262
HC dose (mg /day) 24.8+4.1 25.0+39 233+34 0.4545
Body mass adjusted HC dose (mg/kg/  0.35+0.08 0.39+0.08  0.39x0.07 0.197
day)
Total HC dose (g) 114.0 +106.0 1552+84.9 160.1+£99.1 0.0331
Na (mmol/L) 138.0+3.2 137.6+3.5 136.9+2.4 0.633
K (mmol/L) 44+0.3 43+03 45+03 0.1119
Ca (mg/dL) 9.6+0.4 9.7+0.5 9.8+0.5 0.4948
ALP (U/L) 58.8+16.7 61.7+26.3 86.0+22.8 0.021
PTH (pg/mL) 36.7+11.5 43.6+134 32.5+83 0.0199
25(0OH)D; (ng/mL) 25.0+11.1 26.5+12.5 26.7+13.6 0.8943
Osteocalcin (ng/mL) 25.1+9.8 25385 28.6+4.8 0.2361
CTX (pg/mL) 405.3£272.5 440.7+265 651.6+120.5 0.0084
PINP (ng/mL) 7.9+99 48+1.6 53+34 0.6513
Sclerostin (pmol/L) 47.9+27.9 39.2+21.6 23.8+9.1 0.0085
DKK-1 (pmol/L) 19.9+9.9 19.2+10.6 15.8+8.1 0.2769
TSH (uU/mL) 2.1+1.3 1.8+1.3 1.6+1.1 0.5566
DHEA-S (ug/dL) 70.2 +88.6 50.8+118.3 36.1+67.6 0.0347

Bold values identify statistical significance

and body mass (the lowest in patients with osteoporosis)
(Table 3). No differences were found in three subgroups
with regard to the HC dosage, also when adjusted for body
mass (p values>0.05). However, mean cumulative HC
dose was the lowest among subjects with normal BMD,
whereas those with osteoporosis have received the highest
overall HC amount. Statistical significance was also
observed for DHEA-S concentrations - the highest levels
were found in individuals with the best BMD status. Sig-
nificant differences concerning BTMs in the AD patients
stratified by their BMD were found only for ALP activity,
serum CTX and sclerostin levels. The lowest ALP activities
and CTX concentrations were detected in subjects with
normal BMD, while opposite relationship was found for
circulating sclerostin, with the lowest levels in patients
suffering from osteoporosis.

Furthermore, we searched for plausible correlations
between BMD in the lumbar spine, a location typically
affected by GC excess, and other parameters evaluated in
patients with AD (Table 4). Lumbar BMD correlated
positively with BMD at the femoral neck, body mass and
serum DHEA-S level. Negative correlation was detected
between lumbar spine BMD and daily HC dose per kg body
mass, cumulative HC dose, patient’s age and disease
duration, as well as ALP activity and CTX concentration.
On the contrary, no correlation of BMD was found with
calcium homoeostasis parameters, osteocalcin, bone

formation markers (except for ALP), and DKK-1, while the
expected positive relationship with sclerostin level did not
reach statistical significance level.

Eventually, in multiple linear regression only age, body
mass, ALP activity, serum CTX, and circulating sclerostin
remained independent predictors of BMD at the lumbar
spine (Table 5), whereas disease duration, HC dose and
DHEA-S concentration lost their significance. The adjusted
R? coefficient of determination for this model was 54.2%.

Discussion

The project was designed to evaluate BMD during long-
lasting GC substitution and correlate these values with the
circulating BTMs. The rationale was to determine if serum
marker concentrations were altered by conventional steroid
replacement and might plausibly provide some additional
guidance for routine AD treatment. Our results indicate that,
in addition to rising age and lower body mass, ALP activity,
serum CTX and sclerostin levels are independent predictors
of lower BMD in AD patients. These parameters might
allow to identify individuals, who require particularly cau-
tious glucocorticoid dosages and early preventive measures.

Daily HC dosages in our study remained in line with
current recommendations for GC replacement [1]. Given
long history of disease duration (mean 15.0 +10.7 years),
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Table 4 Correlations between bone mineral density at the lumber spine
and other parameters evaluated in patients with Addison’s disease

p value  r coefficient 95% confidence
interval
Femoral neck BMD 4.458 x 0.701 0.5645-0.8003
(g/cm?) 1071
HC dose (mg/kg 0.0320 —0.240 —0.4367-—0.0214
body mass/day)
Cumulative HC 0.0030 —0.327 —0.5153--0.1095
dose (g)
Patient’s age (yrs) 1.038 x —0.471 —0.6259--0.2803
10°
Disease duration 0.0004 —0.386 —0.5625--0.1748
(yrs)
Body mass (kg) 0.0001 0.434 0.2368-0.5967
Ca (mg/dL) 0.1308 —0.172 —0.3782-0.0516
ALP (U/L) 0.0041 —0.455 —0.6762——0.1582
PTH (pg/mL) 0.9005 0.015 —0.2195-0.2473
25(0OH)Ds (ng/mL) 0.9163 —0.013 —0.2653-0.2402
Osteocalcin (ng/mL) 0.9949 0.001 —0.2267-0.2281
CTX (pg/ml) 0.0105 —0.141 —0.3561-—0.0873
PINP (ng/ml) 0.1499 0.165 —0.0668-0.3792
Sclerostin (pmol/l)  0.0799 0.175 —0.0328-0.2860
DKK-1 (pmol/l) 0.2577 0.066 —0.1688-0.2931
TSH (uU/mL) 0.3759 0.093 —0.1356-0.3126
DHEA-S (ug/dL) 9.85;9 X 0.472 0.2753-0.6307
10~

Bold values identify statistical significance

Table 5 Variables incorporated into multiple regression model for
prediction of the lumbar spine bone mineral density in patients with
Addison’s disease

Standaridzed beta  Standard error p value
Intercept 1.136
CTX —0.0002 0.00006 0.0169
ALP —0.0021 0.0007 0.0072
Disease duration —0.0006 0.0014 0.7001
Hydrocortisone dose 0.0019 0.0039 0.6339
DHEA-S —0.0001 0.0002 0.4629
Body mass 0.0030 0.0012 0.0188
Sclerostin 0.0011 0.0005 0.0368
Patient’s age —0.0029 0.0012 0.0192

Bold values identify statistical significance

elevated cumulative steroid doses, exceeding on average
130 g HC per person, seem to be mainly due to the long-
lasting replacement. Correct results of serum electrolytes
and fasting plasma glucose further support proper daily HC
dosages. Among biochemical analyses, only vitamin D3
levels were seriously impaired, although this might have
been expected at our latitude, with samples collected at
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various seasons of the year. Furthermore, autoimmune
diseases, including AD, typically feature decreased 25(OH)
D3 concentrations [32]. Nonetheless, although reduced,
25(0OH)Dj levels in our cohort were not sufficiently low to
enhance PTH synthesis.

Likewise, most of the BTMs in this study displayed
normal levels in patients with AD and only PINP con-
centrations were decreased. Serum PINP is considered a
reference marker of the bone formation, rising in response
to bone fractures but also during efficient treatment of
osteoporosis [19, 20]. Reduced PINP was formerly
observed in endogenous hypercortisolism and as a result of
prednisone intake [33, 34]. With this in mind, low PINP
levels in our cohort might reflect genuine impairment of the
osteogenesis due to steroid overtreatment. Nevertheless,
other bone formation markers, including osteocalcin, which
reduced levels used to be consistently associated with GC
excess, did not display alterations in the current study [24].
In line, previous analyses in patients with adrenal failure did
not reveal diminished serum PINP, although numbers of
participants were limited [26, 35].

In densitometric evaluation, Z-scores in our study
appeared negative in all subgroups and both locations, apart
from the femoral neck in males. On the other hand, none of
the mean Z-scores revealed lower than —2.0, i.e. below the
age-adjusted expectations defined by International Society
for Clinical Densitometry [36]. Therefore, although BMD in
patients treated for AD may be decreased versus peak bone
mass, the reduction is not substantially accelerated com-
pared to that taking place in the general population.
Assessed upon T-scores, only half of the studied cohort
presented with normal BMD at the lumbar spine, and 53.8%
at the femoral neck. However, when evaluated in sub-
groups, considerable differences in frequencies of osteope-
nia/osteoporosis were observed. The highest proportions of
reduced BMD were found in postmenopausal women, in
whom advanced age, and in consequence, longest disease
duration, was combined with lack of protective effect of the
estrogens. Altogether, osteopenia or osteoporosis was found
in the lumbar spine of 63.5% and in the femoral neck of
72.6% postmenopausal women. On the contrary, in the
premenopausal cohort a unique case of osteoporosis in the
lumbar spine and no femoral neck osteoporosis were
detected, suggesting that with sufficient estrogen supply,
female patients on GC substitution do not present con-
siderable deterioration of BMD. Similar observations were
reported in series of AD patients from Spain, Germany and
Belgium [15, 26, 37]. Overall, in the studied cohort,
osteoporosis was more common within the lumbar spine, a
location typically sensitive to steroid influence [7].

In order to further dissect the consequences of GC sub-
stitution, patients were divided into three subgroups
according to their BMD (normal, osteopenia, osteoporosis).
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No differences in daily HC dosages were detected, while
mean cumulative HC dose appeared the highest in indivi-
duals with osteoporosis, although disease duration was
equally the longest in this subgroup. Previous analyses
remain equivocal — some studies demonstrated direct rela-
tionship between BMD and steroid replacement dose
[4, 5, 17] whereas others failed to confirm it [13, 15, 38].
Nevertheless, disease duration is also dependent upon
patient’s age, and indeed subjects with osteoporosis were
the eldest. Furthermore, these individuals displayed the
lowest body mass compared to patients with osteopenia and
normal BMD. Increasing age, lower body mass, longer time
of GC administration, all well-established risk factors for
osteoporosis, appeared correlated with the BMD value. A
relationship between AD duration (treatment time) and
BMD was formerly reported in some studies [13, 34] but
was not consistent in other analyses [13, 16, 26]. In fact,
when multiple regression model was developed, only age
and body mass remained significant predictors of the lum-
bar BMD, whereas HC dose and disease duration lost their
significance.

With regard to biochemical results, comparison of
patients with normal BMD, osteopenia and osteoporosis
revealed significantly elevated ALP activity and CTX
concentrations, while decreased sclerostin and DHEA-S in
subjects suffering from osteoporosis. These observations
were further confirmed by negative correlations between
ALP, CTX and BMD values. On the contrary, serum
DHEA-S positively correlated with BMD, whereas corre-
lation with sclerostin did not reach statistical significance
(p =0.0799). When it came to multiple regression model-
ling, only ALP, CTX, and sclerostin levels survived as
independent BMD predictors, while DHEA-S was rejected
from the model. Indeed, despite apparently positive influ-
ence of adrenal androgens, effects of DHEA replacement on
bone mineral status in AD were equivocal in previous
reports [15, 39]. ALP activity, although not fully specific for
bone, remains widely available parameter, which can be
easily followed in most medical settings, after excluding
liver disease. All ALP values in our cohort remained within
the reference ranges, therefore the utility of its evaluation
would rely upon consecutive measurements to detect
increased bone turnover and BMD loss [40]. Increased CTX
level is another marker of deteriorating bone status, indi-
cator of osteoporosis and fracture risk [20]. Elevated serum
CTX and negative correlation between CTX and BMD were
described in patients with Cushing’s syndrome [33].

Finally, sclerostin levels were unaltered in our cohort,
however, lower circulating sclerostin appeared associated
with deteriorating BMD. This observation was further
supported in the multiple regression model, which pin-
pointed sclerostin as one of independent predictors of BMD
in the lumbar spine. Another recent study in a smaller AD

cohort did not reveal correlation between circulating scler-
ostin and trabecular bone BMD, although sclerostin was
significantly higher among patients versus healthy controls
[29]. On the contrary, patients with chronic endogenous
hypercortisolism presented with decreased serum sclerostin,
which was then rising after successful treatment [41]. Of
note, in autoimmune disorders, systemic lupus erythema-
tosus and Crohn disease, a positive correlation was found
between serum sclerostin and the lumbar spine Z-score
independent of steroid therapy [42]. Overall, data on cir-
culating sclerostin in the context of GC excess, and its
correlation with BMD remain contradictory.

The major limitation of the current study is lack of trabe-
cular bone score (TBS) evaluation, which has recently
emerged as a novel tool to assess bone microarchitecture and
predict skeletal fragility [43, 44]. For instance, TBS allows to
reliably compare bone impact of conventional HC replace-
ment versus dual-release HC, showing that the use of the later
formulations is associated with higher BMD and TBS scores,
even though no differences were found with regard to circu-
lating BTMs [44]. Unfortunately, no information about ver-
tebral fractures, which often remain asymptomatic, was
available in our cohort. Additionally, a control group com-
posed of the sex- and age-matched healthy subjects with
normal adrenocortical function would be valuable to more
reliably assess and compare BTM levels. However, given the
multitude of factors implicated in the BMD status, a very
large cohort would be required to reflect the whole popula-
tion. Therefore, we assumed that Z-scores calculated based
upon the Lunar database could be used as a reference. Finally,
BTMs measurements are not routinely available in most
centres, and their practical usage is additionally limited by
high variability, insufficient data for comparison of treatments
by the same marker and inadequate quality control [20, 21].
Nonetheless, studies like ours may broaden the experience of
BTM application in clinical practice and, with the technical
progress in their evaluation, support incorporation of some
BTMs into clinical follow-up in future.

In conclusion, despite its limitations, our study reveals
that in patients with AD who receive standard substitution
doses of HC, BMD decline is not significantly accelerated
relative to the reference values for gender and age, reflected
by Z-scores. Serum concentrations of the bone turnover
markers: CTX, osteocalcin, sclerostin and DKK-1, as well
as ALP activity remain within their reference ranges. In
addition to increasing age, independent predictors of low
BMD in the lumbar spine in AD patients are lower body
mass, higher ALP activity, elevated serum CTX and lower
sclerostin concentrations. These factors might be monitored
during GC substitution to identify subjects at particular risk
for BMD decline. Nonetheless, confirmation of their real
usefulness in routine clinical practice requires further pro-
spective observations.

@ Springer
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