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Abstract

Objective—Experimental evidence indicates that circulating insulin-like growth factor-1 (IGF-1)
counteracts vascular aging and atherosclerosis, for which increased carotid artery intima-media
thickness (IMT) is a marker. Yet, IGF-1 concentrations have been inconsistently associated with
carotid IMT in epidemiological studies. Since vitamin D is also implicated in vascular protection
and affects IGF-1 biology, we hypothesized that it would influence the effect of IGF-1 on IMT.

Methods—The relationship between carotid IMT and fasting serum IGF-1 was examined across
strata of 25-hydroxyvitamin D [25(OH)D] in 472 participants in the Baltimore Longitudinal Study
of Aging (BLSA) with well-controlled blood pressure and in 165 treatment-naive patients with
essential hypertension from the Microalbuminuria: A Genoa Investigation on Complications
(MAGIC) study. Moreover, the interplay between vitamin D and IGF-1 was preliminarily
explored in EA.hy926 endothelial cells.

Results—After adjusting for age, sex, BMI, renal function, smoking, systolic blood pressure,
LDL-cholesterol, glycemia, antihypertensive or lipid-lowering therapy, season, parathyroid
hormone, and vitamin D supplementation, IGF-1 was significantly and negatively associated with
carotid IMT only within the lowest 25(OH)D quartile (range 6.8—-26 ng/mL) of the BLSA (5
-0.095, p = 0.03). Similarly, a significant negative correlation between IGF-1 and carotid IMT
was found after full adjustment only in MAGIC patients with 25(OH)D concentrations below
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either the deficiency cut-off of 20 ng/mL ($—0.214, p = 0.02) or 26 ng/mL ($-0.174, p = 0.03).
Vitamin D dose-dependently decreased hydrogen peroxide-induced endothelial cell oxidative
stress and apoptosis, which were further inhibited by IGF in the presence of low, but not high
vitamin D concentration.

Conclusions—Circulating IGF-1 is vasoprotective primarily when vitamin D levels are low.
Future studies should address the mechanisms of vitamin D/IGF-1 interaction.
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1. Introduction

Insulin-like growth factor-1 (IGF-1) exerts effects on the vasculature that are important in
physiology and disease [1]. IGF-1 coming from the bloodstream or released within the
vessel wall stimulates endothelial and vascular smooth muscle cells in an endocrine and
paracrine/autocrine way, respectively. Experimental data suggest that circulating IGF-1 is
protective against aspects of arterial aging, such as oxidative stress, inflammation, and
endothelial progenitor cell dysfunction, as well as against atherogenesis [2,3]. Mice with
adult-onset deficiency in endocrine IGF-1 exhibit impaired vascular antioxidant responses,
which result in the exacerbation of superoxide generation, endothelial dysfunction, and
apoptosis following oxidative challenges [4]. Treatment with exogenous IGF-1 increases the
number of endothelial progenitor cells, improves their colony forming and migratory
capacity, and prevents their senescence in both mice and humans [5]. In the ApoE ™' strain,
even a mild reduction in circulating IGF-1 leads to increased atherosclerotic burden [6],
while IGF-1 infusion inhibits superoxide formation and inflammation in the aortic wall,
stimulates endothelial nitric oxide synthase activity, and decreases the severity of
atherosclerosis [7].

Thickening of the intimal-medial layer of the carotid artery is an established feature of the
age-related vascular phenotype and is interrelated with atherogenesis [8]. In agreement with
the evidence from mouse models [4-7], an inverse association between IGF-1
concentrations and carotid intima-media thickness (IMT) has been described in humans [9—
11]. However, other authors reported a positive correlation between circulating IGF-1 levels
and carotid IMT [12-14].

Pre-clinical and physiology studies have shown that vitamin D can affect the synthesis
and/or activity of IGF-1 at the tissue level, as well as the amount of IGF-1 in the circulation
[15]. Surprisingly, vitamin D modulation of IGF-1 in the cardiovascular system has been
little investigated. Here, we tested the hypothesis that vitamin D influences the relationship
between circulating IGF-1 and carotid IMT in a sample of relatively healthy elderly
individuals, most of which had well-controlled blood pressure. Then, we tested the
generalizability of our findings by replicating the analysis in an independent cohort of
hypertensive patients. Furthermore, the combined effect of vitamin D and IGF-1 on
endothelial cell oxidative stress and apoptosis, two distinguishing features of arterial aging
[16,17] and atherosclerosis [18], was studied in vitro.
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2. Methods

2.1. Study populations

Data analyzed for this report were from the Baltimore Longitudinal Study of Aging (BLSA)
and the Microalbuminuria: A Genoa Investigation on Complications (MAGIC) cohorts,
which have been described in details elsewhere [19,20].

Briefly, the BLSA is an ongoing study that enrolls community-dwelling adult volunteers
mainly from the Baltimore—Washington area (Maryland and DC, USA; latitude 39°N) and
follows them up with repeated thorough visits. Participants must be healthy at the time of
recruitment, but are not excluded if a disease develops later on. For the present work, we
selected 472 subjects who had undergone measurement of fasting IGF-1 and 25-
hydroxyvitamin D [25(OH)D] concentrations and carotid artery IMT at the same visit
between March 2007 and May 2010. In all cases parathyroid hormone (PTH) levels had also
been determined.

The MAGIC investigation involved 18 year old or older outpatients with grade 1 or 2
primary hypertension from Genova and surroundings (ltaly, latitude 44°N). Participants
underwent drug washout if on antihypertensive therapy, clinical examination, ambulatory
blood pressure monitoring, selected blood tests, and instrumental assessment of target organ
damage including carotid artery ultrasonography. Serum and plasma samples were also
prospectively collected after overnight fasting, frozen, and stored at —80 °C The present
analysis comprised all the subjects enrolled in 1999-2001, whose sera were assayed for
25(0OH)D, IGF-1, and PTH. In addition, levels of high sensitivity C-reactive protein
(hsCRP) and aldosterone were available for this population.

Both the BLSA and the MAGIC study complied with the Declaration of Helsinki and were
approved by the relevant Institutional Review Board and Ethics Committees. Written
informed consent was given by every participant.

2.2. Measurement of IGF-1 and 25(OH)D concentrations

Serum total IGF-1 was measured by a validated [21] chemiluminescent immunoassay
(Siemens Medical Solutions Diagnostics, New York, NY, USA) in both the BLSA and the
MAGIC samples. The inter-assay coefficient of variation (CV) was 8.4% and the lower
detection limit was 20 ng/mL Concentrations of 25(OH)D, the marker of vitamin D status,
were assessed by liquid chromatography-mass spectrometry at Mayo Clinic laboratories
(Rochester, MN, USA) in the BLSA and by chemiluminescent immunoassay on the
DiaSorin Liaison® System (DiaSorin, Saluggia, Italy) in the MAGIC population. The inter-
assay CV was 10% and 12.6%, respectively, while the lower detection limit was 4 ng/mL
for both assays. Previous head-to-head comparisons demonstrated a good overall agreement
between 25(OH)D immunoassays and the liquid chromatography-mass spectrometry method
[22].

Serum levels of intact PTH were measured by chemiluminescent immunoassay in the BLSA
(Siemens Medical Solutions Diagnostics, New York, NY, USA) and by a third generation
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sandwich-type immunoassay specific for human 1-84 PTH in the MAGIC cohort (DiaSorin,
Saluggia, Italy). The inter-assay CV was 8% for both assays.

2.3. Carotid artery ultrasonography

The right common carotid artery was studied by high-resolution B-mode ultrasonography
with a linear-array 5- to 10-MHz transducer (Ultramark 9 HDI, Advanced Technology
Laboratories, USA in the BLSA and Diasonic Spectra System, Diasonic, CA, USA in the
MAGIC study). A segment about 1 cm proximal to the carotid bifurcation was imaged in the
longitudinal plane and IMT was measured as the distance between the luminal-intimal
interface and the medial-adventitial interface on the far wall. Frozen frames of suitable
images were magnified to improve accuracy of the measurements. IMT was assessed in
three contiguous sites at 1 -mm intervals and the average of the three values was used for
analyses [23].

2.4. Other variables

Body mass index (BMI) was calculated as weight in kilograms divided by the square of
height in meters. Smoking was ascertained by a questionnaire and study subjects were
classified as active smokers vs. past or never smokers.

In the BLSA, blood pressure was measured at the right brachial artery before carotid
ultrasonography. Three consecutive readings were performed and the average was recorded.
In the MAGIC investigation, blood pressure was monitored over the 24-h of a routine
working day with a validated oscillometric device (Space-labs 90207; SpaceLabs Inc,
Redmond, WA, USA). Measurements were done at the non-dominant arm every 15 min
from 07.00 to 23.00 pm and every 30 min in the remaining hours. Patients were instructed to
live their normal life but to avoid over-exertion and to hold the arm still and relaxed during
the readings.

By study design, participants in the MAGIC study were not diabetic, nor were they taking
antihypertensive or lipid-lowering drugs or vitamin D supplements at the time of evaluation
[20]. In the BLSA diabetes mellitus was diagnosed if the American Diabetes Association
criteria were met or if subjects were on hypoglycemic medications. Use of drugs with
Anatomical Therapeutic Chemical codes related to the cardiovascular system (C codes) was
reviewed to identify patients on antihypertensive or lipid-lowering therapy. The first
included diuretics, beta blockers, calcium channel antagonists, ACE inhibitors, angiotensin
receptor blockers, and peripheral vasodilators. Subjects using vitamin D and analogs
(A11CC), vitamin D and A in combination (A11CB), and vitamin D with other vitamins
(AHA, A11B, A11H, A11JC) were considered as taking vitamin D supplements.

Serum creatinine, low-density lipoprotein (LDL)-cholesterol, and glucose were measured by
automated assay. Estimated glomerular filtration rate (eGFR) was calculated by means of
the CKD-EPI formula. Concentrations of hsCRP and aldosterone in the MAGIC study were
assessed by immunonephelometry (Beckman Coulter Inc., Fullerton, CA) and
radioimmunoassay (Sorin Bio-medica, Saluggia, Italy), respectively.
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2.5. In vitro experiments

EA.hy926 human umbilical vein cells (ATCC, VA, USA) were cultured in Dulbecco's
modified Eagle medium supplemented with 10% fetal bovine serum at 37 °C in a 5% CO,
humidified incubator [24]. For experiments, cells grown to 50-60% confluence were treated
with 100 mM hydrogen peroxide (H,05) alone (Sigma—Aldrich, St. Louis, MO, USA), 100
rrM H,0, + 0.1,10, or 100 nM 1,25-dihydroxyvitamin D [I,25(0OH),D] (Sigma—Aldrich), or
100 mM H,0, + 0.1,10, or 100 nM [,25(0OH),D + 100 ng/mL IGF-1 (Pepro-Tech, Rocky
Hill, NJ, USA). Vitamin D and IGF-1 were added to the culture medium 30 min before
H50,. The 0.1 nM and 10 nM [,25(0OH),D concentrations were used because they were 10
times lower and higher, respectively, than the one that had already been shown to counteract
endothelial cell oxidative stress and apoptosis caused by H,O, [25]. In the experiments
evaluating oxidative stress, 1,25(OH),D was also used at 100 nM, since this concentration
had also been reported to antagonize H,O, oxidant damage in endothelial cells [26]. To
quantify oxidative stress, 20 mM 2’,7’-dichlor-odihydrofluorescein (DCFH) was added 20
min after H,O, and incubated for 30 min at 37 °C. After washing cells with PBS,
dichlorofluorescein production by oxidation of DCFH was assessed by flow cytometry
(Becton Dickinson and Company, Franklin Lakes, NJ, USA). To evaluate apoptosis, cells
were exposed to H,O, for 18 h, washed with PBS, resuspended in binding buffer at a
concentration of 108/mL, and incubated with 5 rrL of annexin V-Alexa Fluor 488 and 1 mL
of propidium iodide (Life Technologies, Carlsbad, CA, USA) for 15 min in the dark.
Annexin V-positive cells were counted by flow cytometry.

2.6. Statistical analysis

Continuous variables are presented as mean + SD and categorical variables as absolute
and/or relative frequencies. Comparisons were drawn by chi-square test, t-test, and one-way
analysis of variance, as appropriate. Adjusted means of IGF-1 concentrations were
compared by analyses of co-variance.

For both the BLSA and the MAGIC investigation, the relationship between serum IGF-1
and carotid IMT was initially evaluated in the entire population by univariate regression
analysis and after adjustment for age and gender, which strongly modify circulating IGF-1
levels [21]. Next, the relation of IGF-1 with IMT was assessed as function of vitamin D
status. Only 42 (8.9%) BLSA participants had 25(OH)D values below the 20 ng/mL cut-off
defining vitamin D deficiency [27] (Supplementary Fig. 1). Conversely, 25(0OH)D levels
below 20 ng/mL were found in around half of MAGIC patients. Therefore, to perform
stratified analyses the BLSA cohort was divided into quartiles of 25(OH)D, and the MAGIC
sample in subjects with < or =20 ng/mL 25(OH)D. In order to improve the comparability of
the results obtained with the two study populations, MAGIC patients were also divided in
those who had 25(OH)D concentrations below or above the maximum value of the first
25(0OH)D quartile in the BLSA (i.e. 26 ng/mL). Although it has also been proposed that 30
ng/mL 25(OH)D identifies vitamin D sufficiency [28], we did not use this cut-off as only
few MAGIC patients had 25(OH)D levels above it.

Within each vitamin D subgroup, the association of IGF-1 with IMT was tested by linear
regression accounting for age, gender, and variables that might impact IMT, namely BMI
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and eGFR; the established cardiovascular risk factors smoking, systolic blood pressure
(SBP), LDL-cholesterol, and fasting glucose; and antihypertensive or lipid-lowering drugs.
Moreover, concentrations of hsCRP and aldosterone were included in the analysis of the
MAGIC dataset as markers of inflammation and activity of the renin-angiotensin—
aldosterone system (RAAS), respectively. The regression models were further adjusted for
the season in which subjects were evaluated, categorized as November—April vs. May-
October, and PTH levels, as they both can lie behind the association of vitamin D with
health outcomes [29,30]. The analysis of the BLSA sample was also corrected for the use of
vitamin D supplements, since it may result in increased circulating IGF-1 [31]. To achieve a
normal distribution, IGF-1 concentrations were naturally log-transformed. The variance
inflation factor was calculated for each model to assess collinearity and was considered
acceptable when <2.

Analyses were performed using the SAS package (version 9.2, SAS Institute Inc., Cary,
NC). Statistical significance was set at p < 0.05.

3.1. Lack of association of circulating IGF-1 with carotid artery IMT not accounting for
vitamin D status

The characteristics of the BLSA and MAGIC samples are shown in Supplementary Table 1.
Two-hundred ninety four participants in the BLSA were excluded because they did not have
measurements of IMT, 25(OH)D, and IGF-1 at the same visit over the 2007-2010 period;
compared to the study cohort, they were significantly younger and had significantly higher
IGF-1 concentrations and lower carotid IMT (Supplementary Table 2). All the patients
recruited in the MAGIC investigation between 1999 and 2001 were considered in the
present analysis.

In the entire BLSA cohort, logIlGF-1 values were negatively correlated with carotid IMT in
univariate regression analysis (#—0.076, p < 0.001), but the correlation became no longer
significant after correcting for age and gender (5 -0.009, p = 0.64). In the MAGIC sample,
the relationship between IGF-1 and carotid IMT was not significant even without
adjustments (£ -0.060, p = 0.17). Concentrations of 25(OH)D were associated with carotid
IMT in MAGIC patients (unadjusted 5 -0.201, p = 0.01), but not in the BLSA (unadjusted 5
0.0001, p = 0.68).

To verify the assumption that vitamin D status might modulate the effect of IGF-1 on IMT,
we then performed separate analyses across strata of 25(OH)D.

3.2. Circulating IGF-1 is inversely related to carotid artery IMT in subjects with low vitamin

D levels

The variables of interest across the quartiles of 25(OH)D in the BLSA population are
presented in Table 1. Unexpectedly, age progressively increased from the lowest to the
highest vitamin D quartile, which is counterintuitive as aging predisposes to vitamin D
deficiency [32]. On the other hand, the older was the age, the more frequent was the use of
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vitamin D supplements and, according to the trend of BMI, the lower was the amount of
adipose tissue, which is also a well-known cause of low vitamin D levels [33].

In the lowest 25(OH)D quartile, loglGF-1 was inversely correlated with carotid IMT both in
univariate regression analysis (f#—0.111, p = 0.01) and after accounting for age and gender
(Table 2). Further adjustment for factors that might affect IMT, season, PTH, and use of
vitamin D supplements did not substantially modify the result (Table 2 and Supplementary
Fig. 2). In contrast, relationships between IGF-1 and IMT in the second to fourth vitamin D
quartiles were not significant (Supplementary Fig. 2).

In the final regression model investigating the correlates of IMT within the lowest 25(0OH)D
quartile of the BLSA sample, the magnitude of the effect of IGF-1 and SBP was similar, but
of opposite direction (standardized estimates —0.19 and 0.21, respectively), and only second
to the magnitude of the effect of age (standardized estimate 0.36).

As SBP was well controlled in BLSA participants (Supplementary Table 1), we sought to
verify whether vitamin D status would also modify the relation of circulating IGF-1 with
carotid IMT in subjects with untreated hypertension. For this reason, we replicated the
analysis with the MAGIC population. This also allowed us to use more accurate mean 24-h
SBP values instead of office measurements, as well as to take into account the
concentrations of hsCRP and aldosterone. MAGIC patients were divided according to the
25(0OH)D cut-offs of 20 and 26 ng/mL, corresponding to the definition of vitamin D
deficiency and to the upper limit of the first vitamin D quartile in the BLSA, respectively
(Table 3 and Supplementary Table 3). A significant negative correlation between logiGF-1
and IMT was found in subjects with <20 ng/mL 25(OH)D (unadjusted 5 -0.159, p < 0.01)
and persisted after adjusting for multiple potential confounders (Table 4), while the
relationship between IGF-1 and IMT was not significant in participants with =20 ng/mL
25(0OH)D (data not shown). The standardized estimate of the association between loglGF-1
and IMT within the vitamin D-deficient MAGIC subgroup was —0.35, even higher than the
one of age (0.26). Similar results were obtained with the 25(OH)D threshold of 26 ng/mL
(Supplementary Table 4).

Consistent with the findings above, there was a significant interaction on carotid IMT
between loglGF-1 and 25(0OH)D quartiles in the BLSA (p = 0.01), as well as between
logIlGF-1 and vitamin D deficiency (p = 0.01) or having 25(OH)D values below 26 ng/mL
(p = 0.03) in the MAGIC sample.

We also tested the interaction between IGF-1 and markers of dyslipidemia, diabetes, and
inflammation, all of which have been put in relation with vitamin D levels and might affect
the association of circulating IGF-1 with carotid IMT. There was no significant interaction
with total and LDL-cholesterol (p = 0.71 and p = 0.80 in the BLSA sample, respectively;
and p = 0.56 and p = 0.22 in the MAGIC one), glycated hemoglobin (p = 0.14 in the BLSA
sample, which included diabetic subjects), and hsCRP (p = 0.65 in the MAGIC sample, in
which CRP values were available). The IGF-1 system is also influenced by the RAAS
[34,35]. Consistent with this, a significant interaction was found between IGF-1 and
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aldosterone in the MAGIC population (p = 0.003). Conversely, no interaction was observed
between IGF-1 and use of RAAS-modifying drugs in the BLSA cohort (p = 0.11).

3.3. IGF-1 enhances the antioxidant and anti-apoptotic effect of low-dose vitamin D in
cultured endothelial cells

In the attempt to explain the modulation exerted by vitamin D status on the relationship
between circulating IGF-1 and carotid IMT, we speculated that the activity of endocrine
IGF-1 on the vasculature could be affected by vitamin D levels. By contrast, a biologically
relevant effect of vitamin D on the amount of IGF-1 in the bloodstream seemed unlikely,
since age- and sex-adjusted serum IGF-1 was not significantly different across vitamin D
groups in both study samples (Tables 1 and 3, Supplementary Table 4). No significant
difference was found either when IGF-1 concentrations in the BLSA cohort were
additionally adjusted for vitamin D supplementation (118.0 + 4.0,120.7 + 4.1,121.3 + 3.8,
and 121.3 £ 4.0 in the first to the fourth quartile, p for trend = 0.93). To gain preliminary
confirmation of our hypothesis, we challenged EA.hy926 cells with H,O, and different
concentrations of 1,25(OH),D alone or together with a fixed dose of IGF-1. As shown in Fig.
1A, 1,25(0OH),D blunted oxidative stress triggered by H,O,, the 100 nM concentration being
the most effective. However, while IGF-1 enhanced the protection conferred by 0.1 and 10
nM 1,25(0OH),D, it did not potentiate the inhibition of oxidative stress attained by 100 nM |,
25(0OH),D. Similarly, vitamin D dose-dependently ameliorated the survival of EA.hy926
exposed to H,0, and IGF-1 further reduced the percentage of apoptotic cells when added to
0.1 nM, but not to 10 nM 1,25(0OH),D (Fig. 1B).

4. Discussion

This study found a significant association between circulating IGF-1 and carotid artery IMT,
a hallmark of vascular aging strongly linked to atherogenesis, limited to subjects with low
vitamin D levels. The influence of vitamin D status on the relationship of IGF-1 with IMT
was demonstrated in two unrelated cohorts and was independent of major cardiovascular
risk factors, especially hypertension. In the setting of low vitamin D concentrations, serum
IGF-1 was inversely correlated with carotid IMT, pointing to a protective action. In
agreement with these findings, in preliminary experiments in vitro IGF-1 improved the
decrease in H,O»-induced endothelial cell oxidative stress and apoptosis achieved by low-,
but not high-dose vitamin D.

Experimental evidence indicates that endocrine IGF-1 inhibits endothelial dysfunction and
vascular inflammation that occur with aging and drive atherosclerosis development and
progression [2,3]. Mice with reduced blood levels, but normal tissue expression of IGF-1
display higher vascular production of superoxide and apoptosis in response to oxidative
stressors than controls [4]. In the ApoE™~ model, a 20% decline in circulating IGF-1 results
in increased atherosclerotic burden with more intense macrophage infiltration and higher
TNF-a levels in the aorta [6]. Consistently, infusion of exogenous IGF-1 to ApoE~/~ mice
causes a decrease in aortic oxidative stress, inflammation, and atherosclerosis [7].

Vitamin D, too, has been reported to be beneficial for the vasculature by virtue of a number
of mechanisms, such as preservation of endothelial function and integrity, and inhibition of
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arterial inflammation and immune activation [36]. Vascular cells express the vitamin D
receptor and the la-hydroxylase enzyme that converts 25(OH)D into the hormonally active
metabolite 1,25(0OH),D [37]. Although 1,25(0H),D is also present in the circulation and
might theoretically act on arteries in an endocrine way, locally produced 1,25(0OH),D is
thought to mediate most vitamin D effects on the vasculature [36].

Vitamin D has also been shown to modulate the IGF-1 system at multiple levels [15]. In

particular, Wu-Wong and colleagues found that vitamin D up-regulates IGF-1 mRNA in
human coronary artery smooth muscle cells [38], providing evidence that vitamin D may
affect IGF-1 in the vascular system. Here we show, for the first time, that vitamin D may
moderate the relation of IGF-1 with vascular outcomes.

Thickening of the intima-media of the common carotid artery is a typical sign of arterial
aging, to which a chronic elevation in local blood pressure contributes primarily [39].
Indeed, hypertensive patients from the MAGIC study had mean IMT values only 0.05-mm
thinner than the mainly normotensive participants in the BLSA, despite being much younger
(Supplementary Table 1). On the other hand, the same cellular and molecular alterations that
underlie carotid intimal-medial thickening are also involved in atherogenesis [40] and, in
fact, increased carotid IMT is associated with overt atherosclerosis at other sites and
atherosclerosis-related cardiovascular events, even if to a lesser extent compared to carotid
plaques [8]. Although this study was not conceived to determine the precise mechanism by
which vitamin D modulates the relationship between IGF-1 and carotid IMT, we preliminary
investigated the interplay between the two hormones on endothelial cell oxidative stress and
apoptosis, which occur in both vascular aging and atherogenesis [16-18]. In EA.hy926 cells,
IGF-1 added to the reduction in H,O,-induced oxidative stress and apoptosis attained by
low-, but not high-dose 1,25(0OH),D, suggesting a ceiling effect whereby the antioxidant and
survival pathways activated by higher concentrations of 1,25(OH),D prevail over those
initiated by IGF-1. Based on these findings, it can be speculated that increasing 1,25(0H),D
levels within the vascular wall (which are function of the substrate 25(OH)D carried with
the blood) may also overcome the inhibition attained by circulating IGF-1 on other
biological events involved in vascular aging and atherogenesis, such as leukocyte activation
and inflammation. Alternatively, vitamin D may modify the pattern of microRNAs that
control the expression of the receptor and, thereby, the effects of IGF-1. In particular, a
target of vitamin D might be miR-133a, which has been reported to prolong the half-life of
the IGF-1 receptor mRNA and to sustain the proliferation of vascular smooth muscle cells in
response to IGF-1 [41].

Other factors that are related to vitamin D status may interact with IGF-1 in affecting carotid
IMT and, in general, the vasculature. For instance, indirect evidence from mouse
experiments links the decrease in IGF-1 concentrations to the development of cardiovascular
disease secondary to the combination of hyperglycemia and dyslipidemia [42]. Moreover, an
inverse correlation exists between low vitamin D levels and markers of immune activation
and inflammation [43], which are central to arterial aging and atheroma formation [40] and
can also decrease systemic [44] and intravascular [45] IGF-1. Although we did not find any
significant interaction between IGF-1 and cholesterol, HbAlc, or hsCRP concentrations, it
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remains possible that dyslipidemia, diabetes, and inflammation at least in part mediate the
impact of low vitamin D levels on the relation of circulating IGF-1 with carotid IMT.

Besides being interrelated to one another, the vitamin D and IGF-1 systems are also
interconnected to the RAAS [46-48]. With regards to this, the finding of a significant
interaction between IGF-1 and aldosterone is extremely interesting and deserves further
investigation.

It is becoming evident that vitamin D effects may be U-shaped, high levels of the hormone
being as detrimental as deficiency [49]. In the cardiovascular system, this may be due to
direct activation of cardiac and arterial VDR, but also to vitamin D-mediated non-
cardiovascular responses that have deleterious consequences on the heart and vessels, such
as hypercalcemia or hyperphosphoremia [50]. Moreover, under oxidative conditions vitamin
D may be broken into reactive species that can be damaging. Hence, and regardless of the
modulation of IGF-1, vitamin D may be associated or not with carotid IMT depending on
the population examined, as we found in the MAGIC and BLSA cohort, respectively. In
fact, previous investigations of the relationship between vitamin D status and carotid IMT
yielded conflicting results [51,52]. Remarkably, a 25(OH)D-decreasing single nucleotide
polymorphism in the DHCR7 gene, encoding for a 7-dehydrocholesterol reductase/NAD
synthetase-1 responsible for vitamin D synthesis, has recently been associated to faster
carotid IMT progression independent of 25(OH)D levels, suggesting that enzymes
implicated in vitamin D metabolism affect IMT through still unknown pathways [53]. Prior
studies also failed to consistently show an association between IGF-1 concentrations and
carotid IMT [9-14]. In this case, the discrepancies might have stemmed from differences in
vitamin D status, which was not taken into account.

We acknowledge that the present work has limitations. First, the independent variable tested
by all analyses was circulating total IGF-1, which includes both the hormone bound to the
IGF binding protein-3/acid labile subunit complex and the free one [54]. The latter is
thought to principally, if not exclusively, interact with the IGF-1 receptor [55]. Therefore,
adjustment for IGF binding protein-3 levels or direct measurement of free IGF-1 might have
yielded a better estimate of IGF-1 endocrine activity. Second, we focused on carotid IMT
because it reflects vascular aging and is also strictly correlated with atherosclerosis, both
processes being antagonized by circulating IGF-1 in animal models. It would be worth
investigating the interaction between vitamin D and IGF-1 on other clinical manifestations
of vascular aging, such as aortic stiffness, and on plaque formation. Third, although
epidemiological results are substantiated by the reproducibility in two cohorts, it must be
stressed that the populations analyzed here were heterogenous, with differences in 25(OH)D
and IMT determination, in the cova-riates available, and likely also in sun exposure and
other life habits contributing to vitamin D status. Finally, the experiments with EAhy926
cells addressed only endothelial oxidative stress and apoptosis, and did not consider the
other vascular cell types affected by aging and atherosclerosis.

In conclusion, our results indicate that, in humans, circulating IGF-1 is protective against
arterial aging and, possibly, atherosclerosis only when vitamin D levels are low. Further
studies are needed to fully characterize the interaction between vitamin D and IGF-1 within
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the vasculature and pinpoint the mechanisms behind it. More in general, the present work
highlights the importance of trying to integrate the information about the cardiovascular
effects of different hormones into complex models.
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Fig. 1.

Mean dichlorofluorescein (DCF) fluorescence, expressed as arbitrary units of fluorescence
(AUF), (A) and mean percentage of apoptotic EA.hy926 endothelial cells (B) after treatment

with 100 mM H,05 alone or 100 mM H,0,

together with 0.1,10, or 100 nM 1,25-

dihydroxyvitamin D (D) £ 100 ng/mL insulin-like growth factor-1 (IGF-1). Vertical bars
represent standard deviations for three independent experiments, a, p < 0.01; b, p < 0.001; c,

p <0.005; and d, p = 0.001 vs. Hy05. *, p <
dihydroxyvitamin D. ", p < 0.01 vs. control.
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Characteristics of vitamin D-deficient and vitamin D-sufficient hypertensive patients from the MAGIC study.

<20 ng/mL 25(OH)D =220 ng/mL 25(OH)D P for Comparison
No. 86 79
25(0H)D (ng/mL) 13.4+43 28.7+8.1
Males 60 (69.8%) 53 (67.1%) 0.65
Age (years) 47.1+£95 46.3+9.5 0.59
BMI (kg/m?) 265+37 258+2.9 0.18
eGFR (mL/min/m?) 92.7+145 89.4+159 0.17
Active smokers 18 (20.9)% 19 (24.1%) 0.58
SBP 1549 +13.2 152.7 +£10.2 0.22
24-h SBP (mm/Hg) 141.3+156 1402 +12.2 0.62
LDL (mg/dL) 145.6 +35.8 126.9 +50.7 0.01
Fasting glucose (mg/dL)  92.9 +11.0 89.8+11.7 0.09
hsCRP (mg/L) 0.24 +0.31 0.21 +0.27 0.49
Aldosterone (pg/mL) 104.9 +58.0 121.1+70.1 0.14
Season

November—April 63 (73.3%) 32 (40.5%)

May-October 23 (26.7%) 47 (59.5%) <0.0001
PTH (pg/mL) 8.7+6.4 88+6.1 0.87
IGF-1 (ng/mL) 100.1 +54.3 1133 +£57.3 0.13
Age- and sex-adjusted 1009 +5.7 1123+5.9 0.17
Carotid IMT (mm) 0.72+0.19 0.66 +0.16 0.01

25(0H)D, 25-hydroxyvitamin D; BMI, body mass index; eGFR, estimated glomerular filtration rate; SBP, systolic blood pressure; LDL, low-
density lipoprotein cholesterol; hsCRP, high sensitivity C-reactive protein; PTH, parathyroid hormone; IGF-1, insulin-like growth factor-1; IMT,

intima-media thickness.
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