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ARTICLE INFO ABSTRACT

Keywords: Vitamin D effects on bone and mineral metabolism are well recognized, and its anti-inflammatory actions are
Bone fat interaction gaining particular interest. Delta-like 1 (DLK1) is a protein, expressed by progenitor cells of different tissues, and
Vitamin D

increases the size of progenitor cell population during the inflammatory phase of tissue regeneration. DLK1 also
plays a role in energy metabolism as it antagonizes insulin signaling in bone. In this one-year randomized clinical
trial of overweight elderly individuals that received either 600 or 3750 IU daily cholecalciferol we assessed the
effect of vitamin D supplementation on pre-specified secondary outcomes: DLK1, leptin, adiponectin, C-Reactive
Protein (CRP) and Vascular Cell Adhesion Molecule (VCAM). We also examined correlations between DLK1 and
bone (BMD, bone markers), fat (adipokines, body composition), insulin sensitivity and inflammatory markers.
Multivariate analyses were conducted to further explore these associations. Overall, there was a significant
increase in serum DLK1 and leptin and a decrease in VCAM, but no change in CRP, after 12 months of vitamin D
supplementation. DLK1 was negatively correlated with BMD and positively correlated with bone markers, as-
sociations that persisted after adjusting for age, gender and BMI. DLK1 was also positively associated with
indices of insulin resistance and negatively with indices of insulin sensitivity. Correlations between DLK1 and fat
parameters, such as adipokines, and DXA derived fat mass were less consistent. There were no correlations
between DLK1 and inflammatory markers. In conclusion, twelve months supplementation of vitamin D3 in-
creased serum DLK1. DLK1 was negatively associated with indices of bone health and fuel metabolism, and with
1,25(0OH),D levels. Similar to the role of DLK1 in animal models, our findings support the hypothesis that DLK1
can be targeted to regulate bone and energy metabolism and develop drugs to improve BMD and insulin sen-
sitivity. However, further studies are needed to explore the role of DLK1 and its relationship to vitamin D
metabolites in vivo.

Delta like 1
Pre-adipocyte factor 1
Clinical trial

1. Introduction

Vitamin D is well recognized for its regulation of bone and mineral
metabolism through its effect on intestinal calcium absorption [1]. Non-
classical actions of vitamin D on other organ systems and pathways are
the focus of multiple investigations [2]. Vitamin D has been recognized
for its regulatory role on inflammatory responses, known to be part of
mechanisms mediating tissue regeneration [3]. Immune and in-
flammatory cells possess 1-alpha hydroxylase activity and thus can
produce calcitriol and express nuclear vitamin D receptors that mediate

their activation and proliferation [3]. In addition, vitamin D inhibits the
production of pro-inflammatory cytokines such as IL-6 and TNFa in
vitro [4]. This action may have significant clinical implications on its
possible use to delay progression of chronic degenerative diseases [5].

Adipose tissues produce several peptide hormones including adi-
pokines such as adiponectin and leptin [6]. Adiponectin has anti-an-
giogenic and anti-inflammatory effects, and improves insulin sensitivity
[7-10]. Several trials investigated the effect of vitamin D on insulin
sensitivity, with conflicting results. However, in a recent systematic
review and meta-analysis, it was shown that there was no change in
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insulin resistance with supplementation of vitamin D [11]. Several
studies suggest the presence of bone-fat cross talks. Adipocytes and
osteoblasts are derived from a common progenitor, the bone marrow
stromal (mesenchymal) stem cell (MSC). The control of the commit-
ment of MSC differentiation into one of these two lineages has a critical
role in bone hemostasis and remodeling [12]. Human MSC contain
vitamin D receptors and produce active vitamin D metabolites as they
possess 25-hydroxylase, 1a-hydroxylase, and 24-hydroxylase activity
[13] and thus are targets for vitamin D action.

Delta-like 1 (DLK1), also known as Pre-adipocyte factor 1 (Pref-1), is
a transmembrane protein, member of the Notch/Delta family, that is
produced by progenitor cells in a variety of tissues including bone and
fat, and regulates differentiation processes [14,15]. The full ectodomain
of DLK1 is proteolytically cleaved to generate a soluble active protein
named Fetal Antigen-1 (FA1), which is detected in different body fluids
including serum, urine and amniotic fluids [15]. DLK1 acts in the initial
inflammatory phase of tissue regeneration, through the induction of NF-
kB mediated pathway, by promoting expansion of progenitor cell pool
in human bone marrow stromal (mesenchymal) stem cells (hMSC)
[16,17]. Interestingly, DLK1 is an inhibitor of mature cells including
osteoblasts and adipocytes and high levels of DLK1 in vivo are asso-
ciated with decreased bone and fat mass [17,18].

In the current study, our aims were to assess:

1. The effects of vitamin D3 (cholecalciferol) supplementation on the
serum levels of DLK1 and other inflammatory markers.

2. The relationship between Vitamin D and serum levels of DLK1.

3. The relationship between DLK1 and inflammatory markers re-
sponse.

4. The relationship between DLK1 and each of bone and fat metabo-
lism.

2. Methods
2.1. Study design

Our analyses are based on data generated in a one year randomized,
double-blinded, controlled clinical trial (RCT) conducted at the
American University of Beirut Medical Center (AUBMC), St Joseph
University Hospital and Rafic Hariri governmental University Hospital,
comparing low dose and high dose vitamin D3 supplementation in el-
derly overweight individuals. The trial identifier is NCT01315366.
Recruitment, pre-screening and screening took place at all centers be-
tween January 2011 and July 2013. Enrollment and protocol im-
plementation were conducted at AUBMC and completed in July 2014.

2.2. Study outcomes

The two primary objectives of this trial were: the impact of vitamin
D3 supplementation on indices of insulin resistance [19] and on indices
of bone and mineral metabolism [20].

This paper evaluates the effect of vitamin D3 supplementation on
pre-specified secondary outcomes, namely inflammatory markers such
as adiponectin, leptin, C-Reactive Protein (CRP), Vascular Cell
Adhesion Molecule (VCAM) and DLK1, and body composition. The ef-
fect of vitamin D3 on inflammatory markers was compared within and
between the treatment groups at baseline, 12 months, expressed as
absolute levels, delta, and percent change. We also explored associa-
tions between DLK1 and indices of bone and fuel metabolism.

2.3. Study drug and approval

All randomized participants received calcium citrate at a dose of
1000 mg daily, and vitamin D3 administered weekly, at a daily
equivalent dose of 600 IU in the low dose group, the recommended dose
by the Institute Of Medicine or 3750 IU in the high dose group, a dose
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below the upper tolerable level and therefore safe. The Institutional
Review Board (IRB) at each center approved the protocol. All partici-
pants provided written informed consent. An external Data Safety
Monitoring Board (DSMB) reviewed the final protocol and monitored
trial safety, and serious adverse events (see Acknowledgments).

2.4. Participants

Elderly (= 65 years), overweight (BMI > 25 kg/m?), ambulatory
patients with a serum 25(OH)D level between 10 and 30 ng/ml were
recruited through the outpatient departments, clinics and advertise-
ments in the three major teaching hospitals, and health dispensaries of
the Ministry of Social Affairs, in the greater Beirut area.

Exclusion criteria included patients with prediabetes (fasting blood
sugar FBS 100-125 mg/dl or HbAlc 5.8-6.4%) taking oral hypogly-
cemic medications, diabetes (FBS = 126 mg/dl or HbAlc = 6.5%),
severe chronic diseases, major organ failure including severe heart
failure (stages III and IV), liver failure and cirrhosis, kidney failure
(eGFR < 30 ml/min), autoimmune diseases and malignancies. Patients
were also excluded if they had osteomalacia, history of kidney stones,
fragility fractures, a 10 years fracture risk for major osteoporotic frac-
tures of more than 10% based on the FRAX Lebanon calculation, or
conditions/medications that could affect bone metabolism.
Compliance, assessed on content of returned supplement bottles, was
>90% for both calcium and vitamin D3 intake [19].

2.5. Study visits and measurements

Enrolled subjects came in for visits every three months, during
which height, weight and vital signs were measured, questionnaires
administered, study drug bottles returned, refills provided and pill
counts obtained. In addition, information on adverse events and med-
ication intake were also obtained at each visit. Participants were con-
tacted every two weeks to reinforce compliance.

Routine chemistries and calciotropic hormones, and bone re-
modeling markers, were assayed at 0, 3, 6 and 12 months, depending on
the variable. Blood samples were allowed to clot for 30 min, centrifuged
for 20 min and immediately processed for routine studies or stored at
—20 °C within 2 h and then at —80 °C depending on the assay. Serum
25(0OH)D was run at the Mayo Clinic using Liquid chromatography
Mass spectroscopy (LCMS). Intra-assay coefficients of variation (CVs)
were 3.8%, 2.4% and 4.7% at 25, 54 and 140 ng/ml respectively. Inter-
assay CVs were 6.4%, 6.8% and 5% at 24, 52 and 140 ng/ml respec-
tively Adiponectin was measured by the Human Adiponectin double
antibody radioimmunoassay kit. Intra-assay CVs were 17%, 4.7% and
7.3% at 5.1, 29.9 and 119 ng/ml respectively. Leptin was measured by
the Human Leptin double antibody radioimmunoassay kit with intra-
assay CVs of 6.1%, 7.7% and 6.4% at 39.7, 21.6 and 3.8 ng/ml re-
spectively. DLK1 were measured in the Kassem laboratory by ELISA.
Each sample was analyzed in duplicate and the average inter-assay and
intra-assay CVs were less than 3.2%. CRP was measured by
Immunoturbidimetric assay. VCAM was measured by Enzyme
Immunoassay (R&D system) with intra-assay CVs of 2.06% and 1.8% at
27 and 70 ng/ml respectively. Inter-assay CVs were 4.1% and 3.8% at
53 and 67 ng/ml respectively. Indices of insulin resistance and sensi-
tivity were derived based on the following formulas [21]:

HOMA - IR = insulin (U/m) [glucose (mmol/1)/22.5]

QUICKI = 1/[(log insulin (mU/ml) + log fasting glucose (mg/dl)]

McAuley = exp [2.63 — 0.28 In(insulin in mU/1)
— 0.31 In(triglycerides in mmol/1)]


http://clinicaltrials.gov/show/NCT01315366
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2.6. Sample size calculation

Sample size was calculated for the two primary outcomes: insulin
resistance [19] and bone density [20]. The sample size needed was
calculated with a power of 80% and significance level of 0.025, at 222
subjects for insulin resistance (111/arm) and 112 for bone metabolism
(56/arm). With a 30% drop-out rate, 257 patients were recruited and
221 completed the trial.

2.7. Statistical analyses

In view of the large sample size, all variables were assumed to be
normally distributed based on the central limit theorem. We used
parametric descriptive statistics (independent t-test and paired t-test) to
compare continuous variables within and between treatment groups at
baseline, 12 months and percent change. Results are expressed as
Mean # SD for all variables. Serum 25 (OH)D levels plateau by
3 months of supplementation. Therefore, serum 25(0OH)D at 12 months
reflects circulating levels for most of study duration (9/12 months).

Aim 1:
a) Effect of vitamin D on DLK1 levels

We first assessed the effect of vitamin D3 supplementation on serum
DLK1 in the overall group and then by dose. For significant findings in
the overall group, we conducted univariate regression analyses to in-
vestigate the effect of other potential modulators of inflammation (age,
gender, BMI, subtotal fat and pre-existing comorbidities such as hy-
pertension and dyslipidemia) on DLK1. Variables significant at a p-
value <0.2 on univariate analyses were entered in a multivariate re-
gression model, where 12 months 25(OH)D was a predictor and the
outcome was 12 months DLK1. Baseline levels of DLK1 were entered to
adjust for differences in this variable at study entry.

b) Effect of vitamin D on serum inflammatory markers

We assessed the effect of Vitamin D3 supplementation on serum
inflammatory markers and conducted univariate and multivariate
analyses using the same methods as for DLK1.

Aim 2: relationship between vitamin D and DLK1

We conducted Pearson correlations between DLK1 and 25(OH)D or
1,25(0OH),D (at baseline, 12 months and percent change). To further
explore significant findings in the overall group, we conducted multi-
variate analyses entering 25(OH)D or 1,25(OH),D as predictors, age,
gender, BMI, and serum creatinine as covariates and DLK1 variables as
outcomes. Baseline DLK1 and 25(OH)D or 1,25(0H),D were included as
covariates when applicable.

Aim 3: relationship between DLK1 and inflammatory markers

We conducted Pearson correlations between DLK1 (expressed as
baseline, 12 months and percent change) and markers of inflammation.

Aim 4: relationship between DLK1 and bone and fat metabolism

We conducted Pearson correlations between DLK1 (expressed as
baseline, 12 months and percent change) and BMD and bone markers,
at baseline, 12 months and percent change, in the overall group. Age,
gender and BMI were included in the multivariate models, along with
DLK1 expressed as baseline, 12 months or percent change, as applic-
able. We also conducted multivariate models with baseline subtotal fat
mass or baseline leptin as substitutes for BMI.

We conducted Pearson correlations between DLK1 (expressed as
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baseline, 12 months and percent change) and indices of fuel metabo-
lism, body fat and lean mass and adipokines. We conducted additional
analyses to further explore relationships that were significant on cor-
relation analyses in the overall group as mentioned in the above ob-
jective.

We used SPSS version 25.0 (IBM, USA) for all analyses. p-Value
<0.05 was considered statistically significant. We did not adjust for
multiple t-testing for secondary outcomes or exploratory analyses. Two
previously published papers did not show any significant difference
regarding vitamin D3 dose effect on our primary outcomes [19,20], we
therefore combined both arms and present results in the overall group
only.

3. Results
3.1. Participants and baseline characteristics

129 elderly patients were randomly assigned to the high dose vi-
tamin D3 arm and 128 to the low vitamin D3 arm. 36 participants
(14%) did not complete the study. Patient characteristics in the 221
subjects did not differ from the original randomized group of 257.
Participants were 71.1 * 4.7 years old, had a BMI of 30.2 + 4.5 kg/m?
and 55% were women. Baseline characteristics did not differ between
treatment arms except for baseline HDL, which was significantly higher
in the low dose group (Table 1).

3.2. Effect of vitamin D on bone mineral density

12 months vitamin D supplementation increased BMD at the total
hip and lumbar spine but not at the femoral neck in both treatment
groups [20]. There was no significant difference between treatment
groups in percent change BMD at the total hip, lumbar spine or femoral
neck. However, the percent change subtotal body BMD was higher in
the high dose group compared to the low dose group [20].

3.3. Effect of vitamin D on DLK1 and inflammatory markers

3.3.1. Effect of vitamin D on serum levels of DLK1

Serum DLK1 levels increased in the overall group at 12 months of
vitamin D3 supplementation (Fig. 1). However, these increments were
less consistent between the two doses (Supplemental material 1).

Age, pre-existing hypertension and BMI were predictors of
12 months DLK1 in the univariate analyses (Supplemental material 2).
However, 12 months 25(OH)D level was not a significant predictor of
12 months DLK1.

Baseline serum DLK1, remained a significant predictor of 12 months
DLK1 after adjusting for age, pre-existing hypertension, BMI and
12 months 25(OH)D levels (p < 0.001 for model).

3.3.2. Effect of vitamin D on serum inflammatory markers

In the overall group, vitamin D3 supplementation resulted in an
increase in serum leptin levels and a decrease in serum VCAM levels at
12 months (Fig. 1). The increments in leptin were noted at both doses,
but were less consistent for VCAM (Supplemental material 1). There
was no effect on adiponectin or CRP (Supplemental material 1). Serum
adiponectin, CRP, and VCAM concentrations did not differ between low
and high dose treatment groups, after 12 months supplementation with
vitamin D3. (Supplemental material 1).

3.3.2.1. VCAM

Only age was a significant predictor of 12 months VCAM
(Supplemental material 2). Baseline VCAM level (3 = 0.712,
p < 0.001) was a significant predictor of 12 months VCAM, adjusting
for age and 12 months 25(OH)D levels, whereas 12 months 25(OH)D
level was not (p < 0.001 for model).
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Table 1
Baseline characteristics of participants by treatment group’.
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Overall (N = 221)

Low dose (N = 111) High dose (N = 110)

Demographics
Age (years) 711 + 4.7°
BMI (kg/m?) 30.2 *+ 4.5
Gender N (%)

Female 122 (55.2)

Male 99 (44.8)
BMD
Subtotal (g/cm?) 0.886 + 0.114
Total lumbar spine (g/cmz) 0.887 + 0.152
Total hip (g/cm?) 0.826 + 0.120
Femoral neck (g/cm?) 0.675 = 0.102
Vitamin D
25(0OH)D (ng/ml) 20.4 = 7.4
1,25(0H),D (pg/ml) 49.5 += 16.7
Bone markers
PTH (pg/ml) 68.0 = 32.6
Cross laps (ng/ml) 0.4 = 0.2
Osteocalcin (ng/ml) 235 * 8.4
Adipokines
Adiponectin (ng/ml) 8365.1 + 3999.5
Leptin (ng/ml) 20.3 = 17.0
Body composition
Subtotal fat (kg) 28.1 = 9.1
Subtotal lean mass (kg) 40.7 £ 7.9
Metabolic profile
Glucose (mg/dl) 94.1 = 9.6
HbA1C (%) 5.8 = 0.3
Insulin (pmol/1) 73.4 = 47.8
C-peptide (pmol/1) 751.3 = 329.8
HOMA 24 =17
QUICKI 0.3 + 0.003
McAuley 7.0 £ 1.5
Lipid profile
Total cholesterol (mg/dl) 207.2 = 41.6
HDL (mg/dl) 51.0 = 14.4
LDL (mg/dl) 131.5 + 385
Triglycerides (mg/dl) 133.6 = 69.6
Inflammatory markers
DLK1 (ng/ml) 41.3 = 16.2
CRP (mg/1) 5.0 = 7.9
VCAM (ng/ml) 56.1 = 31.9

70.9 £ 4.6 71.2 £ 4.8
29.9 * 4.6 30.6 = 4.3

59 (53.2) 63 (57.3)

52 (46.8) 47 (42.7)
0.890 *+ 0.121 0.882 * 0.108
0.884 = 0.154 0.890 *= 0.150
0.827 = 0.122 0.824 + 0.118
0.679 = 0.103 0.671 = 0.101
20.1 £ 6.9 20.6 £ 7.9
48.6 = 15.4 50.4 + 18.0
68.8 £ 32.6 67.2 = 32.7
0.4 = 0.2 0.4 + 0.2
23.8 £ 9.0 232 £ 7.8

8236.6 = 4119.1 8493.6 + 3890.8

18.9 = 16.5 219 £ 17.5
27.4 £ 9.0 29.0 £ 9.1
409 £ 7.6 40.5 + 8.2
93.6 £ 9.3 94.4 = 10.0
5.8 + 0.3 5.8 + 0.3
70.6 £ 53.0 76.2 £ 42.0
713.0 = 287.0 790.0 = 365.3
23 + 1.8 25 * 1.5
0.3 = 0.03 0.3 = 0.03
7.1+ 16 6.8 = 1.4
206.8 = 41.0 207.7 = 42.4
52.9 + 15.7 49.0 = 12.7°
130.5 * 40.6 132.5 + 36.5
133.2 = 70.4 134.0 £ 69.0
42.0 = 16.6 40.5 = 15.8
4.4 + 6.8 5.7 + 81
58.0 = 35.7 54.1 = 27.7

! Independent t-tests were used to compare variables at baseline between treatment groups.

2 Mean =+ SD (all such values).
& p < 0.05 for low v/s high dose comparison.

3.3.2.2. Leptin

Gender, BMI, baseline subtotal fat, pre-existing hypertension, pre-
existing hyperlipidemia and age were significant predictors of
12 months leptin (Supplemental material 2). In the multivariate re-
gression, we included subtotal fat but not BMI because of the colli-
nearity between these two variables. Gender (f = 9.706, p < 0.001),
subtotal fat (3 = 0.001, p < 0.001) and baseline leptin (f = 0.141,
p = 0.038) were all significant predictors of 12 months leptin, but
12 months 25(OH)D level was not (p < 0.001 for model).

3.4. Relationship between vitamin D levels and DLK1 levels

There were no significant correlations between 25(OH)D levels and
DLK1 entered as baseline, 12 months or percent change values (data not
shown). We observed significant negative and consistent correlations
between 1,25(0OH),D levels and DLK1 at baseline and 12 months in the
overall group and in both treatment arms (Table 2, Supplemental ma-
terial 3).

Baseline 1,25(OH),D ( = —0.187, p = 0.006) was a significant
predictor of baseline DLK1 at the multivariate level, after adjustment

for serum Cr (p < 0.001 for model).

The 12 months 1,25(0H),D (B = —0.172, p = 0.034) and baseline
DLK1 (f = 0.732, p < 0.001) were significant predictors of 12 months
DLK1 after adjusting for baseline 1,25(OH),D, age, gender, BMI and
serum creatinine (p < 0.001 for model).

3.5. Relationship between DLK1 and inflammatory markers

There were no significant correlations between DLK1 and in-
flammatory markers (CRP or VCAM), data not shown.

3.6. Relationship between DLK1 and bone and fat mass parameters

3.6.1. Relationship between DLK1 and bone mass parameters

There was a significantly negative correlation between DLK1 and
femoral neck BMD, both expressed as percent change. In addition, there
were significantly positive correlations between DLK1 and biochemical
markers of bone turnover (osteocalcin and C-terminal telopeptide of
type I collagen), again both expressed as percent change (Table 2).

In the multivariate model adjusting for age, gender and BMI,
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Fig. 1. Mean (+ SD) baseline and 12 months serum inflammatory markers after 1 year of vitamin D supplementation in the overall group.

*p < 0.05**p < 0.01 *** p < 0.005, by paired t-test compared to baseline.

percent change DLK1 predicted percent change femoral neck BMD
(B = —0.016, p = 0.023). Percent change DLK1 was also a predictor of
percent change osteocalcin (f = 0.2, p < 0.001) and percent change
crosslaps (B = 0.254, p < 0.001). These correlations persisted even
after we substituted BMI with baseline subtotal fat mass or baseline
leptin.

3.6.2. Relationship between DLK1 and fat mass parameters
3.6.2.1. DLK1, body composition, and adipokines. There were no

Table 2

correlations between DLK1 and body composition parameters in the
overall group. However, there were some positive associations noted in
subgroups for lean mass and adiponectin (Table 3). Multivariate
analyses were not conducted due to the absence of significant
correlations in the overall group.

3.6.2.2. DLK1 and metabolic profile. In the overall group, baseline DLK1
was positively associated with baseline C-peptide and negatively
associated with baseline McAuley index (Table 3). The significant

Correlations' between DLK1 and BMD, vitamin D and bone markers by treatment group (expressed as absolute values at baseline and 12 months and as percent

change at 12 months).

Overall Low dose High dose

DLK1 Baseline 12 months % change Baseline 12 months % change Baseline 12 months % change
BMD
Baseline total hip 0.134>* - - NS - - NS - -
% change total hip NS NS NS NS NS NS NS -0.207° NS
% change femoral neck NS NS -0.157° NS NS -0.218" NS NS NS
Vitamin D
Baseline 1,25(0H),D -0.245" - - -0.217° - - -0.270" - -
12 months 1,25(0H),D -0.184" -0.270°¢ NS NS -0.208" NS NS -0.338" -0.258"
Bone Markers
12 months osteocalcin NS NS NS NS NS NS NS NS 0.224°
12 months crosslaps NS NS 0.147° NS NS NS NS NS 0.338°¢
% change osteocalcin NS NS 0.260¢ NS NS NS NS NS 0.495°¢
% change crosslaps NS 0.140% 0.245°¢ NS NS NS NS 0.273" 0.469°

NS: not significant.

1 We ran Pearson correlations between DLK1 and BMD (Subtotal, lumbar spine, femoral neck, total hip), bone markers (PTH, osteocalcin, crosslaps), vitamin D
(25(0OH)D, 1,25(0H),D) at baseline, 12 months and percent change in the overall, low dose and high dose group. In this table we present variables that had at least
one significant correlation with DLK1 at any time point and in any treatment group. We excluded correlations between 12 months or percent change DLK1 and other

variables at baseline. The bold entries in the tables are the significant findings.

2 pearson correlation coefficient (all such values).
@ p < 0.05.
b p < 0.01.
¢ p < 0.001
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Table 3
Correlations' between DLK1 and metabolic variables by treatment group (expressed as absolute values at baseline and 12 months and as percent change at
12 months).
Overall Low dose High dose
DLK1 Baseline 12 months % change Baseline 12 months % change Baseline 12 months % change
Adipokines
% change adiponectin NS NS NS NS NS NS NS NS 0.197°
Body composition
% change subtotal lean mass NS NS NS NS 0.196" 0.205 NS NS NS
Metabolic profile
Baseline C-peptide 0.177%" - 0.189° - NS
Baseline McAuley -0.222° - - -0.277"° - - NS - -
12 months glucose NS NS NS -0.198" NS NS NS NS NS
12 months insulin 0.204° 0.246° NS NS 0.311° NS 0.238° NS NS
12 months C-peptide 0.201° 0.227"° NS NS NS NS 0.285" 0.306" NS
12 months HOMA 0.166" 0.213" NS NS 0.282° NS 0.207° NS NS
12 months McAuley -0.271° -0.262¢ NS -0.305" -0.323" NS -0.242% -0.212% NS
12 months QUICKI -0.163° -0.156" NS NS -0.207° NS NS NS NS
% change glucose NS NS NS -0.197° NS NS NS NS NS
% change McAuley NS NS NS NS NS -0.194" NS NS NS

NS: not significant.

! We ran Pearson correlations between DLK1 and adipokines (leptin and adiponectin), body composition (subtotal fat mass and subtotal lean mass) metabolic
profile (glucose, insulin, C-peptide, HOMA, QUICKI, McAuley, logHOMA, 1ogQUICKI, logMcAuley) and inflammatory markers (CRP, Legumain, VCAM) at baseline,
12 months and percent change in the overall, low dose and high dose group. In this table we present variables that had at least one significant correlation with DLK1
at any time point and any treatment group. We excluded correlations between 12 months or percent change DLK1 and other variables at baseline. The bold entries in

the tables are the significant findings.
2 Ppearson correlation coefficient (all such values).
2 p < 0.05.
b b < 0.01.
¢ p < 0.001.

associations observed between baseline and 12 months levels of DLK1,
with indices of insulin resistance, were internally consistent (in terms of
direction and magnitude of association). There were also significant
positive correlations between 12 months DLK1 and 12 months insulin,
C-peptide and HOMA index. There were significant negative
correlations between 12 months DLK1 and 12 months McAuley and
QUICKI (Table 3). These correlations disappeared when entered in
multivariate analyses along with baseline DLK1, age, gender and BMI
and after substitution of BMI with baseline subtotal fat mass or baseline
leptin, with the exception of the correlation between 12 months DLK1
and 12 months insulin which persisted after adjusting for age, gender,
baseline DLK1 and baseline subtotal fat mass (f = 0.523, p = 0.049).

4. Discussion

DLK1 is a novel marker for tissue regeneration and metabolic re-
sponses. In this study, we observed a significant increase in DLK1 and
leptin, and a decrease in VCAM levels after 12 months supplementation
of vitamin D3. DLK1 was negatively correlated with BMD, indices of
insulin sensitivity (QUICKI, McAuley), and 1,25(OH),D. It was also
positively correlated with bone remodeling markers and indices of in-
sulin resistance (C-peptide, HOMA-IR). We did not observe any corre-
lations between DLK1 and inflammatory markers (CRP, VCAM).

DLK1 has been reported to be highly expressed in the progenitor cell
population and the initial phase of tissue regeneration in bone, muscle,
liver and nervous system [16]. Our study supports this notion as it
demonstrates the presence of increased levels of DLK1 following vi-
tamin D3 supplementation, associated with increased levels of bone
turnover markers (osteocalcin and crosslaps), and leptin suggesting
increased both bone and fat tissue remodeling.

We observed inverse correlations between levels of DLK1 and BMD,
similar to what was observed in animal models. In a gene therapy
model exhibiting high levels of circulating DLK1 following injection
with DLK1 expression vector, we observed decreased bone mass that
was caused by impaired osteoblast maturation and enhanced osteo-
clastogenesis [18]. Similar effects were observed in osteoblast-specific

transgenic mouse model overexpressing DLK1 under the collagen type I
promoter [18]. The positive correlations between DLK1 and bone
turnover markers, were also reported in postmenopausal estrogen de-
ficient women [22].

The effects of Vitamin D on insulin resistance and glucose meta-
bolism from randomized trials are inconsistent. In fact, we and others
did not show any beneficial effect of high dose vitamin D3 supple-
mentation on indices of insulin resistance [10,19,23,24]. However,
other studies showed that vitamin D3 supplementation reduced HbA1C,
fasting plasma glucose and HOMA-IR an index of insulin resistance
[25,26]. In addition to its role in tissue regeneration, DLK1 plays a role
in energy metabolism. We observed that DLK1 was positively correlated
with indices of insulin resistance (C-peptide, HOMA-IR) and inversely
correlated with indices of insulin sensitivity (QUICKI, McAuley). The
significant changes in serum levels of DLK1 in patients with anorexia
nervosa and their decrease following weight loss caused by bariatric
surgery, are consistent with our results [27,28]. Mice overexpressing
soluble DLK1 exhibited a marked reduction in white adipose tissue that
was associated with impaired glucose tolerance and decreased insulin
sensitivity [29,30]. In diabetic Goto-Kakizaki rats, there was a positive
correlation between DLK1 expression and insulin resistance [31].

Several studies investigated the effect of vitamin D supplementation
on adipokines, however the results were inconsistent. This incon-
sistency may be explained by different vitamin D doses, co-interven-
tions, follow up periods and sample size. In this study, we did not in-
clude a placebo arm due to the ethical responsibility to treat all patients
with sub-optimal vitamin D levels. We found an increase in leptin levels
regardless of dose but no change in adiponectin levels. Two studies with
vitamin D supplementation of 2000 IU/d for 12 months revealed no
significant change in adiponectin or leptin [32,33]. However, 4000 IU/
d for 6 months decreased leptin levels significantly compared to base-
line but not to the placebo group [34], while in another study 400 IU/d
improved total adiponectin levels after 12 months supplementation
[35] and increased leptin levels after 3.5 months [36]. In this study, we
found a decrease in VCAM but no change in CRP levels after vitamin D
supplementation. These results are in line with those from a
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randomized controlled trial supplementing 50,000 IU/week for
16 weeks compared to placebo [37]. However, supplementation of
50,000 IU/ week for 9 weeks resulted in a significant decrease in CRP
levels, which can be explained by the ability of calcitriol to inhibit NF-
kB [38]. A systematic review studied the effect of vitamin D on en-
dothelial activation and found no effect on VCAM levels [39]. This
inconsistency is due to different vitamin D doses, co-interventions,
follow up periods and sample size.

The lack of relationship between DLK1 and 25(OH)D and the in-
verse relationship between calcitriol and DLK1, is interesting. Both
DLK1 and calcitriol levels can be affected by renal function, however
the inverse relationship persisted after adjustments for renal function
[40]. The data suggest that there is an interaction between DIk1 levels
and calcitriol levels. Since 1- alpha hydroxylase activity is widely dis-
tributed in many tissues, it is plausible that the local production of
calcitriol is regulated by local DIk1 levels. This observation needs to be
validated.

This study has several limitations. We described the effect of vi-
tamin D supplementation on pre-specified secondary outcomes, and
performed additional exploratory analyses. Therefore the study might
have not been powered enough to show a significant effect, and some of
the significant findings may be due to chance. The increase in DLK1
after vitamin D supplementation, and the inverse relationship with
calcitriol need to be validated. Our study findings are in elderly over-
weight individuals who started with a baseline serum 25(OH)D levels of
20 ng/ml, and thus not generalizable to other populations. Therefore
our results are considered to be hypothesis generating. We used cor-
relations to investigate the relationship between DLK1 and bone, fat,
metabolic and inflammatory parameters, and such analyses do not
imply causality. However, the strengths of this study are the interven-
tion design and the systematic assessment of the relationship between
vitamin D and DLK1, and between DLK1 and indices of bone and energy
metabolism. To our knowledge, this is the only study showing that vi-
tamin D3 supplementation increased serum DLK1 levels in a controlled
blinded trial and regardless of dose. The overwhelmingly consistent
direction of our findings on bone remodeling, density and insulin re-
sistance indices is deserving of a follow up randomized controlled trial
to confirm these observations.

In conclusion, vitamin D supplementation at a dose of 3750 IU/d
did not improve serum inflammatory markers compared to a dose of
600 IU/d. However, there was a significant decrease in serum VCAM
levels at 12 months and an increase in serum DLK1 and leptin. In ad-
dition, as expected DLK1 correlated negatively with BMD, 1,25(0H),D
and indices of insulin sensitivity, and correlated positively with bone
markers, and indices of insulin resistance. These findings are consistent
with the physiological roles of DLK1 described in vitro. If validated,
they would support the hypothesis that the DLK1 pathway could be a
target for drug development for osteoporosis and potentially pre-dia-
betes. Downregulation is anticipated to improve BMD and insulin sen-
sitivity in elderly patients. Further studies are needed to explore the
significance of this molecule in-vivo and its relationship to vitamin D
supplementation and systemic inflammation.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bone.2020.115510.
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