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Abstract: Background: Treatment with glucocorticoids (GCs) is associated with side effects. In
contrast to the well-known negative impact on bone tissue exerted by oral GCs, few data are available
regarding intravenous GCs. We investigated the influence of intravenous methylprednisolone
(IVMP) on bone turnover markers (BTM): amino-terminal propeptide of type I procollagen (P1NP)
and the C-terminal telopeptide of type I collagen (CTX), and on calcium metabolism parameters:
1,25-dihydroxyvitamin D (1,25(OH), D), 25-hydroxyvitamin D (25(OH)D), calcium (Ca), phosphate
(P), and intact parathormone (iPTH). Methods: In a prospective study, 23 consecutive subjects with
Graves’ orbitopathy were included and treated with IVMP according to the European Group on
Graves’ Orbitopathy recommendations. We evaluated effects on BTM occurring during the first
7 days after 0.5 g IVMP, and after the therapy with 12 IVMP pulses with a cumulative dose of 4.5 g.
Results: We observed prompt but transient decrease of PINP (p < 0.001) and the reduction of CTX
(p = 0.02) after the first IVMP pulse. Following the full course of IVMP therapy, both PINP and CTX
were found decreased (p < 0.05 and p < 0.01, respectively). Conclusions: A single pulse of 0.5 g IVMP
already decreases bone formation and resorption; however, this change is transient. The full therapy
is associated with suppression of bone turnover.

Keywords: bone turnover marker; intravenous methylprednisolone; intravenous glucocorticoids;
Graves’ orbitopathy; Graves” ophthalmopathy

1. Introduction

Glucocorticoids (GCs) are widely used for various autoimmune diseases because of
their immunosuppressive and anti-inflammatory effects. Intravenous methylprednisolone
(IVMP) pulse therapy is currently considered as the first-line treatment for moderate-to-
severe and active Graves’ orbitopathy (GO) according to the European Group on Graves’
Orbitopathy (EUGOGO) recommendations [1]. This therapy is associated with the risk of
side effects including cardiac arrythmias, pulmonary embolism, elevation of liver enzymes,
and suppression of the hypothalamic-pituitary—adrenal (HPA) axis [2-6].

In contrast to the well-known dose-dependent negative impact on bone tissue as-
sociated with the treatment with oral GCs, it remains unclear whether intravenous GCs
exert the same effect. Patients receiving oral GCs even in small doses may have bone
loss and increased risk of fractures [7]. According to the current evidence, there is no
safe threshold dose below which oral GCs have no effect on bone tissue [8]. The adverse
effects on bone are caused mainly by direct action of GCs on bone cells. In the initial phase,
GCs rapidly reduce the differentiation of osteoblasts, increase the apoptosis of osteocytes
and osteoblasts, increase the osteoclast generation, and prolong the lifespan of preexisting
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osteoclasts [9,10], which results in a decrease in bone formation and an enhancement of
bone resorption. At the late stage, GCs decrease both osteoclast and osteoblast function [11],
which leads to the low bone remodeling rate that characterizes chronic GC-induced bone
disease [10]. Moreover, the oral GCs also indirectly affect bone adversely by suppressing
sex steroid secretion [12], reducing calcium absorption in the gut [13], and renal tubular
calcium reabsorption [14], thereby inducing the negative calcium balance.

The knowledge of above-mentioned deleterious effects of GCs on bone is based on
the findings from studies involving patients treated with oral GCs, whereas the precise
cellular basis of the influence of intravenous GCs remains elusive. Since intravenous
GCs are given as an intermittent (pulse) therapy, often limited to a short period of time,
there is a belief that their effect on bone is marginal [15-17]. There are studies, however,
supporting the theory that such therapy is not so harmless in terms of bone safety [18-20].
A useful tool to assess the metabolic activity of the skeleton is the measurement of the bone
turnover markers (BTM) which are released into the circulation during bone formation
and resorption. The International Osteoporosis Foundation (IOF) in association with
the International Federation of Clinical Chemistry and Laboratory Medicine (IFCC) has
established that the reference analytes for bone formation and resorption markers are the
N-amino terminal propeptide of type I procollagen (P1NP) and the C-terminal telopeptide
of type I collagen (CTX), respectively [21]. The number of reports assessing the effects of
intravenous GCs on BTM is limited. There are studies demonstrating the suppression of
bone formation (expressed by a decrease in different BTM) occurring immediately after
very high doses of intravenous GCs [19,20,22-25]; however, none has done so after 0.5 g of
IVMP. The impact on bone resorption remains to be elucidated.

The aim of our study was to investigate the effects on BTM (P1NP and CTX) occurring
at the very beginning of IVMP therapy as well as after the full course of treatment with
12 IVMP pulses given in a weekly schedule with a cumulative dose of 4.5 g in patients
with GO. At the same time, we evaluated alterations in the calcium metabolism parameters.
To the best of our knowledge, the acute impact of a single pulse of 0.5 g IVMP on bone
metabolism has not been previously analyzed.

2. Materials and Methods
2.1. Patients

Twenty-three patients were consecutively recruited from the Department of En-
docrinology, Medical University of Warsaw, between 2019 and 2021. Patients were el-
igible for inclusion in the study if they were over 18 years of age; were diagnosed with
active, moderate-to-severe GO based on EUGOGO recommendations [1]; were euthyroid,
with free triiodothyronine (fT3) and free thyroxine (fT4) levels within the reference range
at least one month preceding, as well as throughout the study. Exclusion criteria were
the following: treatment with GCs or any other treatment known to significantly alter
bone metabolism (e.g., bisphosphonates or other drugs with anti-fracture effects, proton
pomp inhibitors, selective serotonin reuptake inhibitors, benzodiazepines, antiepileptic,
antipsychotic drugs, heparin, vitamin K antagonists) within the last 12 months; presence of
the following co-morbidities: hyper- or hypoparathyroidism, rheumatoid arthritis, severe
liver, or kidney disfunction; clinical diagnosis of osteoporosis based on the presence of
low-energy fractures, or BMD measurements (DXA T score below —2.5 SD). The study
was approved by the Local Bioethics Committee No. KB/225/2018 and was conducted in
accordance with the Declaration of Helsinki. Written informed consent was obtained from
all individual participants included in the study. The characteristics of the study group are
presented in Table 1.
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Table 1. Baseline characteristics of patients (1 = 23).

Number of Patients (%) or Mean 4+ SD

Variable

(Range)

Age (years) 54 + 12 (31 = 74)
Female sex 20 (87%)
Postmenopausal women 11 (55%)

Body mass index (kg/mz) 26.5 £ 6.2 (17.1 =+ 41.3)
Thyroid disease
Graves’ disease treated for hyperthyroidism 15 (65%)
Graves’ disease after radical treatment 6 (26%)
Hashimoto thyroiditis on levothyroxine 2 (9%)

Duration of treatment with antithyroid drugs
before IVMP therapy ! (month)

10.0 £5.0 (3 + 18)

TSH (normal range: 0.27-4.2 uIU/mL)

1.5 £ 1.5 (0.005 = 3.9)

fT4 (normal range: 12.0-22.0 pmol/L)

16.2 £4.2(12.2 + 22.0)

fT3 (normal range: 3.1-6.8 pmol/L)

46+09 (3.1 + 6.6)

TRAB (normal range: <1.75IU/L)

17.6 £ 12.4 (2.8 + 40)

25(0OH)D 28.0 £ 9.5 (7.2 + 57.0)
Deficiency 3 (13%)
Suboptimal 9 (39%)

Optimal 11 (48%)

PINP (normal range: 27.7-127.6 ng/mL)

121.2 + 67.02 (14.4 + 230.0)

CTX (normal range: 0.038-0.724 ng/mL in men,
0.034-0.635 ng/mL in premenopausal women,
0.034-1.037 ng/mL in
postmenopausal women)

0.7 + 0.5 (0.05 = 1.8)

iPTH (normal range: 15-65 pg/mL)

449 + 112 (23 + 62.2)

Lumbar BMD at baseline 1.0£0.1(0.8+1.3)
Normal body mass 16 (70%)
Osteopenic 7 (30%)
Femoral neck BMD at baseline 0.7+ 05(—-1.0=14)
Normal body mass 16 (70%)
Osteopenic 7 (30%)

’

I Duration of treatment with antithyroid drugs before IVMP therapy is presented for 15 patients with Graves
disease treated for hyperthyroidism. 25(OH)D, 25-hydroxyvitamin D; BMD, bone mineral density; CTX, C-
terminal telopeptide of type I collagen; fT4, thyroxine; fT3, triiodothyronine; SD, standard deviation; PINP,
amino-terminal propeptide of type I procollagen; TBS, trabecular bone score; TSH, thyroid stimulating hormone;
TRAB, thyrotropin receptor antibodies.

2.2. Study Design

All the patients were admitted to the hospital (on Day 0) and on the following day
(on Day 1) received 0.5 g of IVMP over 4 h beginning at 8 a.m. Intravenous flow regulator
(Exadrop B.Brown) was used in order to obtain infusion rates with precision. Afterwards,
IVMP pulses were continued according to the EUGOGO guidelines: treatment duration
was 12 weeks with once-weekly intravenous pulses (starting dose of 0.5 g once weekly for
6 weeks, followed by 0.25 g once weekly for 6 weeks with a cumulative dose of 4.5 g) [1].
Supplementation with 1.0 g of calcium and 2000 IU of vitamin D daily was routinely
provided at the beginning of IVMP therapy and continued throughout the study. Seven
patients were excluded in the course of the study (due to increased level of aspartate and
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alanine aminotransferases in 3 patients, thyroidectomy during IVMP therapy in 2 patients,
and suspension of the treatment due to COVID-19 pandemic in 2 patients). The rapid
changes in bone metabolism occurring over days following first IVMP pulse were evaluated
in a subset of 16 patients.

2.3. Biochemical Evaluation

Blood samples were collected on Day 0 (at 4 p.m). On Day 1, the first IVMP pulse was
launched at 8 a.m. Serum and 2 h urine samples were obtained on Day 1 (before the IVMP
pulse at 8 a.m. and then, four times every 2 h after the beginning of IVMP infusion), once
on Day 2 and then, one week after the first IVMP pulse (on Day 8, once at 8 a.m.). Finally,
the blood samples were collected after 12 weeks of IVMP therapy (at 8 a.m.). A scheme
of the study design with blood and urine sampling time-points in early (within first days)
and further (after the IVMP therapy) evaluation is presented in Figure 1.

a
- - -
Day 0 -_— Day 1 _— Day 2 _— Day 8
8a.m. 8a.m. 8a.m.
Ca-P. Vit-D, BTM Ca-P. Vit-D, BTM Ca-P, Vit-D. BTM
10 a.m. E E
Ca-P J = L J = L
12 p.m.
Ca-P
2 p.m.
Ca-P
4 p.m. 4 p.m.
BTM Ca-P. Vit-D, BTM \_
b

Before 12IVMP |mmmp| After 12 IVMP
pulses

pulses

8 a.m
BTM. 25(OH)D, iPTH

8a.m

BTM. 25(OH)D, iPTH

Figure 1. The scheme of the study design. (a) Early evaluation time-points and parameters measured
(after a single IVMP pulse). (b) Further evaluation time-points and parameters measured (after the
full IVMP therapy). Ca-P—Evaluation of calcium metabolism parameters (Ca, P and Cr in serum
and in urine, serum iPTH). Vit-D—Evaluation of vitamin D metabolites (25(OH)D and 1,25(OH),D);
BTM—Evaluation of BTM (PINP, CTX). 1,25(OH),D, 1,25-dihydroxyvitaminD; CTX, C-terminal
telopeptide of type I collagen; BTM, bone turnover markers; IVMP, intravenous methylprednisolone;
25(OH)D, 25-hydroxyvitaminD, iPTH, intact parathormone; PINP, amino-terminal propeptide of
type I procollagen.

Bone turnover markers (PINP and CTX) were evaluated on Day 0 (at 4 p.m.), on Day 1
(twice: at 8 a.m. and then 8 h after the beginning of the first IVMP pulse), and on Days 2
and 8 (once, at 8 a.m.). The serum samples were obtained on Day 0 (before IVMP therapy)
to avoid the effect of the circadian rhythm on the levels of BTM. The results were compared
with the corresponding time points (4 p.m. on Day 1 with 4 p.m. on Day 0; 8 a.m. on Days
2 and 8 with 8 a.m. on Day 1). PINP and CTX were also assessed after the full course of
IVMP pulse therapy (4.5 g IVMP divided into 12 once-weekly pulses).

The following calcium metabolism parameters (Ca-P) were measured on Day 1
(five times), on Day 2 (once), and on Day 8 (once): serum levels of Ca, P, iPTH, creati-
nine (Cr) as well as Ca, P, and Cr in urine. Afterwards, the fractional excretions of calcium
(FeCa = urine Ca x serum Cr/serum Ca X urine Cr), as well as tubular maximum reab-
sorption of phosphate adjusted to GFR (TmP/GFR = serum P — (urine P x serum Cr/urine Cr))
were calculated.

Vitamin D metabolites (vit-D): 1,25-dihydroxyvitaminD (1,25(OH),D) and 25-
hydroxyvitamin D (25(OH)D) were measured on Day 1 (at 8 am. and 4 p.m.) and on
Days 2 and 8 (at 8 a.m.).
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One week after the full course of IVMP therapy, 25(OH)D as well as iPTH, were assessed.

The 25-hydroxyvitamin D concentrations below 20 ng/mL were described as deficient,
concentrations of 20-30 ng/mL as suboptimal, and concentrations higher than 30 ng/mL
as optimal vitamin D status according to the guidelines for vitamin D supplementation
approved in Central Europe [26].

We measured Cr, iPTH, 25(OH)D, TSH, fT4, fT3, and thyrotropin receptor antibodies
(TRAB) using an electrochemiluminescence immunoassay on Cobas 8000 Analyzer (Roche
Diagnostics, Mannheim, Germany). Ca and P were analyzed calorimetrically. The con-
centrations of 1,25(0OH);D, PINP, and CTX (CrossLaps) were assessed using automated
chemiluminescence immunoassay (CLIA) by the Inmunodiagnostic system IDS iSYS.

The normal ranges were as follows: Ca, 2.15-2.6 mmol/L; P, 0.81-1.45 mmol/L;
Cr, 0.5-1.0 mg/dl; iPTH, 15-65 pg/mL; TSH, 0.27—-4.2 plU/mL; fT3, 3.1-6.8 pmol/L; fT4,
12.0-22.0 pmol/L, PINP, 27.7-127.6 ng/mL; CTX, 0.038-0.724 ng/mL in men, 0.034-0.635 ng/mL
in premenopausal women, 0.034-1.037 ng/mL in postmenopausal women; 1,25(OH),D,
15.2-90.1 pg/mL

2.4. BMD Evaluation

We evaluated BMD of the lumbar spine (L1-L4) and the femoral neck at baseline using
Hologic Discovery A Densitometer and all the scans were analyzed using software version
12.6 (Bedford, MA, USA). All BMD measurements performed up to 4 weeks prior to the first
IVMP pulse were considered the baseline results and subsequently analyzed by the same
physician. In postmenopausal women and men over 50, osteoporosis and osteopenia were
diagnosed with a T-score of the lumbar spine and/or the femoral neck < —2.5 standard
deviation (SD) and between <—1.0 and >—2.5 SD, respectively.

2.5. Statistical Methods

All analyses were performed using SPSS statistical software version 22.0 (IBM SPPS
Statistics, New York, NY, USA). Continuous variables are expressed as means + SD, while
categorical variables are expressed as numbers (1) and percentages (%). The Shapiro-Wilk
test was used to confirm or reject the normal distribution of each continuous variable.
Comparisons between continuous data were performed using paired t-test (for parameters
with normal distribution) or Wilcoxon rank sum test (for parameters with distribution
deviations). Pearson correlation test was performed to investigate correlations. Statistical
significance was established for results with p value < 0.05.

3. Results
3.1. Markers of Bone Turnover and Calcium Metabolism Parameters at Baseline

At baseline, there were positive correlations between PINP and CTX (r = 0.54,
p value = 0.008).

No significant correlations were observed between BTM and age, BMI, TRAB, TSH,
T3, 25(0OH)D, or lumbar spine bone mineral density (BMD) or femoral neck BMD. PINP
correlated negatively with serum fT4 (r = —0.49, p value = 0.02). Details are presented in
Table S1 in the Supplementary material.

Pretreatment biochemical indices of Ca, P, iPTH, fT3, and fT4 were within the normal
range. There was no correlation between basal 25(0OH)D and iPTH levels.

3.2. Early Effects of a Single Dose of 0.5 G IVMP on BTM

There was a rapid fall in PINP already evident 8 h after the IVMP pulse (reaching 66%
of the baseline value) (Figures 2 and 3). Twenty-four hours after the IVMP dose, serum
P1INP levels further declined (to 41% of the baseline). Then, one week later, PINP level was
not significantly different than before IVMP therapy.
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Figure 2. Early changes of PINP and CTX after a single pulse of 0.5 g IVMP. The black arrow repre-
sents IVMP pulse of 0.5 g. When significant difference between consecutive values was found, p value
is given. CTX, C-terminal telopeptide of type I collagen; IVMP, intravenous methylprednisolone;
PINP, amino-terminal propeptide of type I procollagen.
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Figure 3. The percentage changes of PINP (A) and CTX (B) during IVMP therapy with respect to the
corresponding baseline values (0). * p value < 0.05 vs. corresponding time point before IVMP therapy.
CTX, C-terminal telopeptide of type I collagen; h, hours IVMP, intravenous methylprednisolone;
PINP, amino-terminal propeptide of type I procollagen.
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We observed a reduction of CTX level occurring 7 days after the starting of the first
IVMP pulse (to 72% of the baseline value) (Figures 2 and 3).

We found a positive correlation between PINP and CTX (r = 0.50, p value = 0.049) one
week after the first IVMP pulse.

3.3. The Influence of the Full Course of IVMP Pulse Therapy on BTM and Calcium
Metabolism Parameters

PINP and CTX decreased significantly after the full course of IVMP treatment reaching
83% and 71% of the baseline value, respectively (Figures 3 and 4, Table 2). We found a
positive correlation between PINP and CTX after 12 weeks (r = 0.91, p value < 0.001). No
change of 25(OH)D or iPTH was noticed after IVMP therapy.

250 3k
. T 8
200 L5 °
ek
~
2 150 . _
El 7 10
5 £
=
Z 100 ¥
~
O
0.5
50
0 0.0 -

\:\ Before IVMP therapy
[: After IVMP therapy

Figure 4. Effect of IVMP therapy (12 weeks with once-weekly intravenous pulses with a cumulative
dose of 4.5 g) on PINP and CTX. * p value < 0.05 vs. before IVMP therapy; ** p value < 0.01 vs.
before IVMP therapy; CTX, C-terminal telopeptide of type I collagen; IVMP, intravenous methylpred-
nisolone; P1NP, amino-terminal propeptide of type I procollagen.

Table 2. Parameters of bone turnover before and after 12 IVMP pulses given in a weekly schedule
with a cumulative dose of 4.5 g in 16 patients with Graves’ orbitopathy.

Variable before IVMP after IVMP p Value
PINP (ng/mL) 114.6 = 70.8 95.38 £ 70.85 0.04
CTX (pg/mL) 0.7+05 05+04 0.002
25(OH)D (ng/mL) 299+99 309+ 83 0.49
iPTH (pg/mL) 451 £ 115 417 £ 64 0.18

CTX, C-terminal telopeptide of type I collagen; IVMP, intravenous methylprednisolone; iPTH, intact parathormone;
PINP, amino-terminal propeptide of type I procollagen.

3.4. Early Effects of a Single Dose of 0.5 G IVMP on Calcium Metabolism Parameters and
1,25(0OH),D

Serum phosphate (P) fell 2 h after the start of IVMP administration, which was associ-
ated with an immediate drop in tubular maximum reabsorption of phosphate adjusted to
GFR (TmP/GFR) (Figure 5). Serum P and TmP/GFR were back to normal on the next day.
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Figure 5. Early changes in calcium metabolism parameters after a single pulse of 0.5 g IVMP.
* p value < 0.05 vs. baseline; ** p value < 0.01 vs. baseline; *** p value < 0.001 vs. baseline. The black
arrow represents IVMP pulse of 0.5 g; IVMP intravenous methylprednisolone; TmP/GFR, tubular
maximum reabsorption of phosphate adjusted to GFR; FeCa, fractional excretion of calcium.

Serum calcium (Ca) decreased within 8 h after the IVMP administration, which was
accompanied by an increase of fractional excretion of calcium (FeCa). On the following day,
we observed a significant increase in Ca associated with a decrease in FeCa. Throughout
the course of IVMP administration, there were no changes in ionized calcium.

Serum 1,25(0OH), D increased rapidly, peaked 24 h after IVMP administration, and re-
turned to baseline within 7 days (Figure 6). Throughout the course of IVMP administration,
there were no changes in 25(OH)D.
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Figure 6. Early changes of 1,25(OH),D after a single pulse of 0.5 g IVMP. The black arrow represents
IVMP pulse of 0.5 g. When significant difference between consecutive values was found, p value is
given; 1,25(0OH);D, 1,25-dihydroxyvitaminD; IVMP, intravenous methylprednisolone.
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Changes in serum Ca and P were all independent of iPTH, which did not change
during this time.

4. Discussion

In the current study, we prospectively investigated the influence of IVMP pulse therapy
on BTM and calcium metabolism parameters in patients with GO. We demonstrated that a
single pulse of 0.5 g of IVMP reduced both PINP and CTX concentrations. The decrease
of bone formation marker was rapid but transient, as PINP was back to normal after one
week. The reduction of bone resorption was delayed, as the fall in CTX was found after one
week following IVMP pulse. When IVMP pulses were repeated once weekly for 3 months
with a cumulative dose of 4.5 g, the reduction of PINP and CTX was found again with
evaluation carried out one week after the IVMP pulses.

The measurement of PINP provides information on the rate of the synthesis of type I
collagen by osteoblasts during osteogenesis [27]. Therefore, the decreased level of PINP is
indirect evidence of suppressed bone formation [7]. The findings of our research confirmed
the observation that the therapy with intravenous GCs is associated with the inhibition
of bone formation, which is considered to be a cardinal feature of the oral GCs impact on
bone tissue [14]. The design of our study allowed us to show that the suppressive effect of
intravenous GCs on osteoblastic activity is evident already after an intermediate dose of
0.5 g of IVMP, but the phenomenon is transient, which stays in agreement with previous
studies in which higher doses of IVMP were used [19,23]. However, the decrease of PINP
persistent after the full course of IVMP therapy in our study indicates that the cumulative
effect of intravenous GCs on bone may be dose-dependent, similarly to the oral GCs [12].
Chen et al. evaluated the effect of various IVMP therapy regimens in GO on BTM (using
the same cumulative dose of 4.5 g over 12 weeks versus over 4 weeks), showing similar
decrease in PINP [25]. Hu et al. showed the decrease in PINP only after the second cycle
of IVMP therapy with a cumulative dose of 4.5 g [15]. The question arises whether there is
a threshold above which intravenous GCs exert negative effect on bone tissue.

Based on the findings of our study, bone resorption appears to be suppressed by IVMP
therapy. CTX is a telopeptide derived from the degradation of type I collagen with enzymes
produced by osteoclasts during bone resorption [27]. The decrease of this sensitive marker
is evidence of suppressed bone degradation [7]. CTX is characterized by large circadian
variations with the lowest concentration in the afternoon [27]. Therefore, we compared the
levels with the corresponding hour of the preceding day. In our study, CTX levels were
correlated to PINP levels when the analysis was made at baseline, and between P1NP
and CTX after one week as well as after the whole course of IVMP therapy. Intravenous
GCs probably exert a primary effect on cells of the osteoblastic lineage and the reduction
of osteoblast number may result in decreased stimulation of osteoclastogenesis and de-
creased bone resorption, similarly as it occurs during the long-term treatment with oral
GCs [14]. Data regarding the resorptive effect of GCs are conflicting [28]. Previous studies
suggest that excessive bone resorption occurs especially in the early phase during oral GCs
therapy [14,29]. In reports assessing the impact of intravenous GCs, bone resorption was
decreased [15,16,18,25] or increased [19,20], depending on the time of measurement and
the parameter analyzed (Table 3). However, it should be noted that in all studies involving
GO patients treated with repeated IVMP pulses, a decrease of bone resorption markers was
found [15,16,18,25]. It seems that IVMP therapy in GO does not increase bone resorption
but may result in its inhibition.
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Table 3. Summary of studies that investigated acute changes in levels of serum bone markers in
patients treated with IVMP.

Size of the . . . . Results—Markers of Bone Results—Markers of
Study Group (n) Diagnosis IVMP Regimen BTM Evaluation Formation Bone Resorption
1.0 g over 1 h daily for R .
Cosman [20] 10 days, 0.5 g/day for 2 days, In 9 pts: at baseline, after 1, Decre:ase of OC after 8 h Increase of TRAP after
1994 56 MS 025 g/day for 2 days 3,5, 8 h, and then after persistent though the 2 weeks
i . 3 days and 2 weeks IVMP thera
(cumulative dose 11.5 g) 4 124
. Decrease of OC after
Peretz [23] 1996 7 RD 1.0 g over 30 min At baighgf ng;‘szr 3,6, 6,24 h, Decrease of PICP
v after 12 h
Ardissone [24] 23 MS 1.0 g daily for 10 days At baseline, and after 3, 10, Decrease of OC after
2002 (cumulative dose 10.0 g) 30 days 3and 10
At baseline and every day Decrease of OC and PINP I £ CTX aft
Dovio [19] 2004 13 MS 15 mg/kg daily for 10 days over 10 days, and then after 48 h, increase of BTM nerease o arer
1 week, and 3 months
after 3 months after 3 months
Gasiniska [18] 30 co 1.0 g twice a week over 4 weeks At baseline and after Decrease of OC and P1CP Decrease of ICTP after
2012 (cumulative dose 8.0 g) 1 month after 1 month 1 month
In 6/11 pts: 0.5 g/week for
6 weeks, then 0.25 g/week for
6 weeks (cumulative dose 4.5 g) .
. . At baseline, after 1 week,
Censi [16] 1 co In4/11 pts—cumulatlve and then 1, 3, 6 and No change of PINP Decrease of CTX after
2018 dose—1.5g;in1 12 month 1 month
patient—5.25 g onths
300,000 IU of vitamin D3 a
week before IVMP
0.5 g/week for 6 weeks, then
0.25 g/week for 6 weeks At baseline and after
(cumulative dose 4.5 g) 3 months ?Srf;iatii (1)1'f1 I;tﬁi;?z Decrease of CTX after
Hu [15] 2020 45 GO In a subset of 16 pts—the 2nd In a subset of 16 pts—3 16 pts subiected to a 2nd 3 months
course of IVMP pulse therapy months after the start of coSrse of ]IVMP thera
0.25 ug of alfacalcidol and the 2nd course Py
600 mg of calcium daily
In 26/48 pts: 0.5 g/week for
6 weeks, then 0.25 g/week for
6 weeks (cumulative dose 4.5 g)
Chen [25] 48 co In 22/48 pts: 0.5 g for three At baseline and after Decrease of PINP Decrease of CTX
2021 consecutive days/twice 3 months Decrease of PINP Decrease of CTX
every two weeks, then 0.25 g
for 3 consecutive days/twice
every two weeks
0.5 g/week for 6 weeks, then
0.25 g/week for 6 weeks At baseline, after 8, 24 h, De;r;isﬁ of PlNII). af:gr 8 Decrease of CTX after
Current study 23 GO (cumulative dose of 4.5 g) and then after 1 week and an s normafization 1 week, and after
2000 IU of vitamin D3 and 3 months after 1 week, and then 3 months
1.0 g of calcium daily decrease after 3 months

IVMP, intravenous methylprednisolone; GO, Graves’ disease; MS multiple sclerosis; RD, various rheumatic dise
ases; BTM, bone turover markers; pts, patients; PINP, amino-terminal propeptide of type I procollagen; CTX,
C-terminal telopeptide of type I collagen; OC, osteocalcin; P1CP, procollagen type 1 carboxyterminal propeptide;
ICTP, cross-linked carboxyterminal telopeptide of type I collagen; TRAP, tartrate-resistant acid phosphatase.

The changes in PINP and CTX are particularly significant given the shifts in cal-
cium metabolism parameters observed in our study early after the beginning of IVMP
administration. No change of iPTH levels during IVMP therapy implies that secondary
hyperparathyroidism does not play a role in bone alterations induced by intravenous
GCs, which is consistent with previous studies [20,30]. GCs diminish duodenal calcium
absorption [13], exert direct effect on renal phosphate handling [31], and increase renal Ca
wasting through overstimulation of non-selective mineralocorticoid receptor [32]. In our
research, we observed a rapid decrease in serum P and Ca levels following IVMP pulse,
which was accompanied with the abrupt reduction of renal P reabsorption and increase
of renal Ca wasting. These changes preceded a subsequent increase of serum 1,25(OH),D.
Active vitamin D is a potent agent increasing Ca and P absorption from intestine and
decreasing renal Ca and P losses [33]. There is a possibility that the brief rise of 1,25(0OH),D
after IVMP was responsible for the normalization of the P level, and a significant increase
in serum Ca noted on the following day of our research. The latter observation is consistent
with our previous study [34].



J. Clin. Med. 2022, 11, 5005

110f13

There are at least three coexisting independent factors other than IVMP that influence
bone metabolism in patients with GO and should be discussed: former hyperthyroidism
presents in the majority of the study group, the inflammatory state as GO is an autoimmune
disease, and vitamin D status. Firstly, it is known that thyrotoxicosis enhances bone
turnover with predominant influence on bone degradation, leading to gradual decrease in
BMD [35]. After attainment of euthyreosis, bone resorption rapidly ameliorates, whereas
bone formation remains stimulated for at least several months [36] and is followed by an
increase in BMD. In our study, all of our patients were euthyroid at least one month prior to
the IVMP therapy as well as during the study. At baseline, we found a negative correlation
between PINP and {T4 level. It cannot be excluded that in patients with hyperthyroidism
in the past, the duration of euthyroidism before the start of IVMP therapy might have been
too short for normalization of bone turnover. However, the reduction of bone turnover
observed after the whole IVMP pulse therapy indicates that the ongoing bone remodeling
might have been disrupted by IVMP. Secondly, patients with GO have an increased release
of pro-inflammatory cytokines into the circulation, such as TNF«, IL-6, and IL-1, which
stimulate osteoclast activity [37]. There is a possibility that the decrease of bone resorption
observed after IVMP in our study may be secondary to a suppression of inflammatory
process influencing the rate of bone loss. Finally, nearly optimal baseline levels of vitamin
D in our study group and sufficient ongoing vitamin D supplementation ensured no
additional negative effect on bone turnover.

Taking everything into consideration, the question arises whether the significant
disturbances in bone metabolism and suppressed bone turnover observed after IVMP
therapy in the current study exert long-term negative effects on bone tissue. Although
the reduction of bone turnover following IVMP pulse therapy might be a marker for
dysfunctional bone remodeling, our results should be interpreted with caution until direct
evidence for harmful influence of intravenous GCs on bone such as increased risk for
fractures has been found. So far, such studies evaluating fracture prevalence in patients
treated with intravenous GCs have not been conducted.

Our study has certain limitations that should be acknowledged. The main limitation
is a relatively small sample size including men and pre- and postmenopausal women.
Moreover, the reevaluation of BIM was made after a short follow-up period. The design of
this research allowed us to show that IVMP pulse therapy is associated with significant
alterations in bone metabolism. However, the data regarding the long-term effect of IVMP
on BTM and vitamin D are limited. The question arises whether the changes observed in
our study are reversable after withdrawing GCs. We have to bear in mind that in case of
patients with GO, if response to primary treatment is poor, the second-line treatment is
considered, including second course of IVMP with higher cumulative dose (7.5 g), or oral
GCs, which further affect bone metabolism. Finally, the predictive value of BTM is limited
by their large biological variation (influence of circadian rhythm, age, food intake, kidney
function, and pregnancy status) [27]. Nevertheless, BTM has clinical utility and bring
additional value to BMD as changes in BTM often occur before improvement or loss of
BMD can be detected. Future studies with longer follow-up period should include analysis
of DXA parameters, trabecular bone score, bone turnover markers and active research for
fracture prevalence.

5. Conclusions

Bone formation as well as bone resorption are suppressed after IVMP given in weekly
pulses with a cumulative dose of 4.5 g in patients with GO.

An intermediate dose of 0.5 g of IVMP causes rapid, but transient decrease in bone
formation, followed by subsequent inhibition of bone resorption.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/jcm11175005/s1, Table S1: Correlations between bone turnover
markers and selected parameters at baseline.


https://www.mdpi.com/article/10.3390/jcm11175005/s1
https://www.mdpi.com/article/10.3390/jcm11175005/s1

J. Clin. Med. 2022, 11, 5005 12 0f13

Author Contributions: Conceptualization, ].R. and PM.; methodology, J.R., D.K.-P., M.S. and PM,;
formal analysis, ].R. and K.G.; investigation, J.R., K.G. and D.K.-P,; data curation, J.R. and K.G.;
writing—original draft preparation, J.R.; writing—review and editing, PM., K.G., D.K.-P. and M.S;
visualization, ].R.; supervision, PM.; project administration J.R. and PM. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki and approved by the Bioethics Committee of the Medical University of
Warsaw number (KB/225/2018; date of approval 10 December 2018).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.
Acknowledgments: We would like to thank Michat Popow for his constant support and valuable comments.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

Bartalena, L.; Kahaly, G.J.; Baldeschi, L.; Dayan, C.M.; Eckstein, A.; Marcocci, C.; Marino, M.; Vaidya, B.; Wiersinga, W.M.;
EUGOGO. The 2021 European Group on Graves’ orbitopathy (EUGOGO) clinical practice guidelines for the medical management
of Graves’ orbitopathy. Eur. J. Endocrinol. 2021, 4, G43-G67. [CrossRef] [PubMed]

Miskiewicz, P.; Kryczka, A.; Ambroziak, U.; Rutkowska, B.; Gtéwczyniska, R.; Opolski, G.; Kahaly, G.; Bednarczuk, T. Is high
dose intravenous methylprednisolone pulse therapy in patients with Graves’ orbitopathy safe? Endokrynol. Pol. 2014, 5, 402-413.
[CrossRef] [PubMed]

Pelewicz, K.; Szewczyk, S.; Miskiewicz, P. Treatment with Intravenous Methylprednisolone in Patients with Graves’ Orbitopathy
Significantly Affects Adrenal Function: Assessment of Serum, Salivary Cortisol and Serum Dehydroepiandrosterone Sulfate.
J. Clin. Med. 2020, 10, 3233. [CrossRef] [PubMed]

Miskiewicz, P.; Jankowska, A.; Brodzifiska, K.; Milczarek-Banach, J.; Ambroziak, U. Influence of Methylprednisolone Pulse
Therapy on Liver Function in Patients with Graves’ Orbitopathy. Int. |. Endocrinol. 2018, 21, 1978590. [CrossRef]

Miskiewicz, P.; Milczarek-Banach, J.; Rutkowska-Hinc, B.; Kondracka, A.; Bednarczuk, T. High-dose intravenous methylpred-
nisolone therapy in patients with Graves’ orbitopathy is associated with the increased activity of factor VIIL. J. Endocrinol. Investig.
2019, 2, 217-225. [CrossRef]

Miskiewicz, P.; Milczarek-Banach, J.; Bednarczuk, T.; Opolski, G.; Glowczynska, R. Blood Pressure Profile and N-Terminal-proBNP
Dynamics in Response to Intravenous Methylprednisolone Pulse Therapy of Severe Graves’ Orbitopathy. Int. J. Mol. Sci. 2018,
10, 2918. [CrossRef]

Ton, EN.; Gunawardene, S.C.; Lee, H.; Neer, R.M. Effects of low-dose prednisone on bone metabolism. J. Bone Miner. Res. 2005,
20, 464-470. [CrossRef]

Kanis, J.A.; Johansson, H.; Oden, A.; Johnell, O.; de Laet, C.; Melton III, L.J.; Tenenhouse, A.; Reeve, J.; Silman, A.].; Pols, H.A.; et al.
A meta-analysis of prior corticosteroid use and fracture risk. . Bone Miner. Res. 2004, 6, 893-899. [CrossRef]

Jia, D.; O'Brien, C.A ; Stewart, S.A.; Manolagas, 5.C.; Weinstein, R.S. Glucocorticoids act directly on osteoclasts to increase their
life span and reduce bone density. Endocrinology 2006, 12, 5592-5599. [CrossRef]

Weinstein, R.S.; Jilka, R.L.; Parfitt, A.M.; Manolagas, S.C. Inhibition of osteoblastogenesis and promotion of apoptosis of
osteoblasts and osteocytes by glucocorticoids. Potential mechanisms of their deleterious effects on bone. J. Clin. Investig. 1998, 2,
274-282.

Weinstein, R.S.; Roberson, PK.; Manolagas, S.C. Giant osteoclast formation and long-term oral bisphosphonate therapy. N. Engl. J.
Med. 2009, 1, 53-62. [CrossRef] [PubMed]

Van Staa, T.P. The pathogenesis, epidemiology and management of glucocorticoid-induced osteoporosis. Calcif. Tissue Int. 2006, 3,
129-137. [CrossRef] [PubMed]

Huybers, S.; Naber, T.H.; Bindels, R.].; Hoenderop, J.G. Prednisolone-induced CaZ* malabsorption is caused by diminished
expression of the epithelial CaZ* channel TRPV6. Am. J. Physiol. Gastrointest. Liver Physiol. 2007, 1, G92-G97. [CrossRef] [PubMed]
Canalis, E.; Mazziotti, G.; Giustina, A.; Bilezikian, J.P. Glucocorticoid-induced osteoporosis: Pathophysiology and therapy.
Osteoporos. Int. 2007, 10, 1319-1328. [CrossRef]

Hu, Y.X; Zheng, R.D.; Fan, Y.F,; Sun, L.; Hu, X,; Liu, C. The effects of bone metabolism in different methylprednisolone pulse
treatments for Graves” ophthalmopathy. Exp. Ther. Med. 2020, 1, 333-338. [CrossRef]

Censi, S.; Manso, J.; Pandolfo, G.; Franceschet, G.; Cavedon, E.; Zhu, Y.H.; Carduccdi, S.; Gomiero, W.; Plebani, M.; Zaninotto,
M.; et al. Bone turnover markers, BMD and TBS after short-term, high-dose glucocorticoid therapy in patients with Graves’
orbitopathy: A small prospective pilot study. J. Endocrinol. Investig. 2019, 7, 859-865. [CrossRef]

Rymuza, J.; Popow, M.; Zurecka, Z.; Przedlacki, J.; Bednarczuk, T.; Migkiewicz, P. Therapy of moderate-to-severe Graves’
orbitopathy with intravenous methylprednisolone pulses is not associated with loss of bone mineral density. Endocrine 2019, 2,
308-315. [CrossRef]


http://doi.org/10.1530/EJE-21-0479
http://www.ncbi.nlm.nih.gov/pubmed/34297684
http://doi.org/10.5603/EP.2014.0056
http://www.ncbi.nlm.nih.gov/pubmed/25301492
http://doi.org/10.3390/jcm9103233
http://www.ncbi.nlm.nih.gov/pubmed/33050327
http://doi.org/10.1155/2018/1978590
http://doi.org/10.1007/s40618-018-0907-z
http://doi.org/10.3390/ijms19102918
http://doi.org/10.1359/JBMR.041125
http://doi.org/10.1359/JBMR.040134
http://doi.org/10.1210/en.2006-0459
http://doi.org/10.1056/NEJMoa0802633
http://www.ncbi.nlm.nih.gov/pubmed/19118304
http://doi.org/10.1007/s00223-006-0019-1
http://www.ncbi.nlm.nih.gov/pubmed/16969593
http://doi.org/10.1152/ajpgi.00317.2006
http://www.ncbi.nlm.nih.gov/pubmed/16901990
http://doi.org/10.1007/s00198-007-0394-0
http://doi.org/10.3892/etm.2019.8179
http://doi.org/10.1007/s40618-018-0992-z
http://doi.org/10.1007/s12020-018-1823-x

J. Clin. Med. 2022, 11, 5005 13 0f 13

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Gasiniska, T.; Borowska, A.; Wichary, H.; Dec, R. Effect of methylprednisolone pulse therapy with and without alendronate on
biochemical markers of bone turnover in patients with Graves’ ophthalmopathy. Pol. Arch. Med. Wewn. 2012, 7-8, 341-347.
[CrossRef]

Dovio, A.; Perazzolo, L.; Osella, G.; Ventura, M.; Termine, A.; Milano, E.; Bertolotto, A.; Angeli, A. Immediate fall of bone
formation and transient increase of bone resorption in the course of high-dose, short-term glucocorticoid therapy in young
patients with multiple sclerosis. . Clin. Endocrinol. Metab. 2004, 10, 4923-4928. [CrossRef]

Cosman, E; Nieves, J.; Herbert, J.; Shen, V,; Lindsay, R. High-dose glucocorticoids in multiple sclerosis patients exert direct effects
on the kidney and skeleton. |. Bone Miner. Res. 1994, 7, 1097-1105. [CrossRef]

Kanis, J.A.; Cooper, C.; Rizzoli, R.; Reginster, ].Y. Scientific Advisory Board of the European Society for Clinical and Economic
Aspects of Osteoporosis (ESCEO) and the Committees of Scientific Advisors and National Societies of the International Osteo-
porosis Foundation (IOF). European guidance for the diagnosis and management of osteoporosis in postmenopausal women.
Osteoporos. Int. 2019, 1, 3-44.

Ekenstam, E.; Stalenheim, G.; Hallgren, R. The acute effect of high dose corticosteroid treatment on serum osteocalcin. Metabolism
1988, 2, 141-144. [CrossRef]

Peretz, A.; Moris, M.; Willems, D.; Bergmann, P. Is bone alkaline phosphatase an adequate marker of bone metabolism during
acute corticosteroid treatment? Clin. Chem. 1996, 1, 102-103. [CrossRef]

Ardissone, P; Rota, E.; Durelli, L.; Limone, P; Isaia, G.C. Effects of high doses of corticosteroids on bone metabolism. J. Endocrinol.
Investig. 2002, 2, 129-133. [CrossRef]

Chen, X.; Abudukerimu, B.; Li, Q. Influence of 4-week or 12-week glucocorticoid treatment on metabolic changes in patients with
active moderate-to-severe thyroid-associated ophthalmopathy. Clin. Trans. 2021, 14, 1734-1746. [CrossRef]

Ptudowski, P.; Karczmarewicz, E.; Bayer, M.; Carter, G.; Chlebna-Sokét, D.; Czech-Kowalska, J.; Debski, R.; Decsi, T.; Dobrzariska,
A.; Franek, E.; et al. Practical guidelines for the supplementation of vitamin D and the treatment of deficits in Central Europe—
recommended vitamin D intakes in the general population and groups at risk of vitamin D deficiency. Endokrynol. Pol. 2013, 4,
319-327. [CrossRef] [PubMed]

Wheater, G.; Elshahaly, M.; Tuck, S.P.,; Datta, HK,; van Laar, ].M. The clinical utility of bone marker measurements in osteoporosis.
J. Transl. Med. 2013, 11, 201. [CrossRef]

Raisz, L.; Trummel, C.; Wener, J.; Simmons, H. Effect of glucocorticoids on bone resorption in tissue culture. Endocrinology 1972,
90, 961-967. [CrossRef]

Lukert, B.P; Raisz, L.G. Glucocorticoid-induced osteoporosis: Pathogenesis and management. Ann. Intern. Med. 1990, 5, 352-364.
[CrossRef]

Van der Veen, M.].; Bijlsma, J].W. Effects of different regimes of corticosteroid treatment on calcium and bone metabolism in
rheumatoid arthritis. Clin. Rheumatol. 1992, 3, 388-392. [CrossRef]

Levi, M.; Shayman, J.A.; Abe, A.; Gross, S.K.; McCluer, R.H.; Biber, J.; Murer, H.; Lotscher, M.; Cronin, R.E. Dexamethasone
modulates rat renal brush border membrane phosphate transporter mRNA and protein abundance and glycosphingolipid
composition. J. Clin. Investig. 1995, 1, 207-216. [CrossRef]

Ferrari, P. Cortisol and the renal handling of electrolytes: Role in glucocorticoid-induced hypertension and bone disease. Best
Pract. Res. Clin. Endocrinol. Metab. 2003, 4, 575-589. [CrossRef]

Christakos, S.; Dhawan, P,; Verstuyf, A.; Verlinden, L.; Carmeliet, G. Vitamin D: Metabolism, Molecular Mechanism of Action,
and Pleiotropic Effects. Physiol. Rev. 2016, 1, 365-408. [CrossRef] [PubMed]

Rymuza, J.; Popow, M.; Bednarczuk, T.; Miskiewicz, P. High dose intravenous methylprednisolone pulse therapy causes transient
increase of serum calcium and phosphate levels. Pol. Merkur. Lekarski 2019, 279, 91-94.

Garnero, P.; Vassy, V.; Bertholin, A.; Riou, J.P.; Delmas, P.D. Markers of bone turnover in hyperthyroidism and the effects of
treatment. J. Clin. Endocrinol. Metab. 1994, 4, 955-959.

Nagasaka, S.; Sugimoto, H.; Nakamura, T.; Kusaka, L.; Fujisawa, G.; Sakuma, N.; Tsuboi, Y.; Fukuda, S.; Honda, K.; Okada, K.; et al.
Antithyroid therapy improves bony manifestations and bone metabolic markers in patients with Graves’ thyrotoxicosis. Clin.
Endocrinol. 1997, 2, 215-221. [CrossRef]

Rajaii, F; McCoy, A.N.; Smith, T.J. Cytokines are both villains and potential therapeutic targets in thyroid-associated ophthal-
mopathy: From bench to bedside. Expert Rev. Ophthalmol. 2014, 3, 227-234. [CrossRef]


http://doi.org/10.20452/pamw.1301
http://doi.org/10.1210/jc.2004-0164
http://doi.org/10.1002/jbmr.5650090718
http://doi.org/10.1016/S0026-0495(98)90008-7
http://doi.org/10.1093/clinchem/42.1.102
http://doi.org/10.1007/BF03343976
http://doi.org/10.1111/cts.12999
http://doi.org/10.5603/EP.2013.0012
http://www.ncbi.nlm.nih.gov/pubmed/24002961
http://doi.org/10.1186/1479-5876-11-201
http://doi.org/10.1210/endo-90-4-961
http://doi.org/10.7326/0003-4819-112-5-352
http://doi.org/10.1007/BF02207199
http://doi.org/10.1172/JCI118022
http://doi.org/10.1016/S1521-690X(03)00053-8
http://doi.org/10.1152/physrev.00014.2015
http://www.ncbi.nlm.nih.gov/pubmed/26681795
http://doi.org/10.1046/j.1365-2265.1997.2401045.x
http://doi.org/10.1586/17469899.2014.917960

	Introduction 
	Materials and Methods 
	Patients 
	Study Design 
	Biochemical Evaluation 
	BMD Evaluation 
	Statistical Methods 

	Results 
	Markers of Bone Turnover and Calcium Metabolism Parameters at Baseline 
	Early Effects of a Single Dose of 0.5 G IVMP on BTM 
	The Influence of the Full Course of IVMP Pulse Therapy on BTM and Calcium Metabolism Parameters 
	Early Effects of a Single Dose of 0.5 G IVMP on Calcium Metabolism Parameters and 1,25(OH)2D 

	Discussion 
	Conclusions 
	References

