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Abstract

Background—Insulin-like growth factor-1 may be involved in regulation of blood pressure
through multiple pathways; however, the prospective association between plasma insulin-like
growth factor-1level and risk of hypertension has never been explored.

Methods—We prospectively examined the association between plasma insulin-like growth
factor-1 level and the risk of incident hypertension among 2046 women without a history of

hypertension or diabetes. Cox proportional hazards regression models were used to adjust for
potential confounders.

Results—We identified 181 incident cases of hypertension during 4-years of follow-up. After
adjusting for plasma insulin-like growth factor binding protein-3 level and other potential
confounders, women in the top tertile of insulin-like growth factor-1 had decreased risk of incident
hypertension (relative risk 0.56, 95% confidence interval 0.35-0.91) compared with women in the
bottom tertile. After further adjusting for C-peptide level and C-reactive protein level in subsets of
participants who also had those markers measured, the association between insulin-like growth
factor -1 and risk of incident hypertension remained robust.

Conclusions—Higher circulating insulin-like growth factor-1 level is associated with a
decreased risk of incident hypertension among non-diabetic women.

Introduction

Insulin-like growth factor-1 (IGF-1) is a polypeptide synthesized and released from multiple
tissuesl; 75% to 85% of circulating IGF-1 is bound to the most abundant serum IGF binding
protein (IGFBP), IGFBP-32. The central role of IGFBP-3 is to regulate IGF-1
bioavailability, and IGFBP-3 also competitively inhibits IGF-1 action at the cellular level2.
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In vitro and in vivo experiments indicate that IGF-1 decreases vascular resistance, mediated
partly by stimulation of nitric oxide synthesis in endothelial and vascular smooth muscle
cells3. Other vasodilatory mechanisms of IGF-1may be inhibition of intracellular Ca2*
influx, and stimulation of the Na*, K*-ATPase3. Murine knockouts of liver-derived IGF-1,
the major fraction of circulating IGF-1, show impaired endothelial-dependent vasodilatation,
increased endothelin-1 production, and increased systolic blood pressure4. In humans, cross-
sectional studies demonstrate an inverse relation between circulating IGF-1 levels and
prevalent hypertension, both in diabetic and non-diabetic populations5~10. Additional cross-
sectional data7 suggest that the inverse association between IGF-1 levels and the metabolic
syndrome is restricted to those with adequate 25-hydroxyvitamin D (25[OH] D) levels,
possibly because of the metabolic interaction between the IGF-1 and vitamin D axes7+ 11~
12. No published study has prospectively investigated whether plasma IGF-1 levels are
associated with the risk of developing hypertension. Therefore, we prospectively
investigated the association between plasma IGF-1 level and the risk of incident
hypertension among 2046 non-hypertensive, non-diabetic women from the Nurses’ Health
Study (NHS).

Source Population

The NHS cohort was assembled in 1976, when 121 700 female nurses aged 30 to 55 years
returned a mailed questionnaire. Participants are followed via biennial questionnaires that
gather updated information on health-related behaviors and medical events. From 1989 to
1990, 32 826 consenting women provided blood samples returned with a cold pack by
overnight mail; 97% of samples were received within 24 hours of collection. All blood
samples were stored in liquid nitrogen (—130 °C or less) until laboratory analysis. This study
was approved by the institutional review board at Brigham and Women’s Hospital. Receipt
of each questionnaire implied participant’s consent.

Study Population

Assembly of the study population for the present analysis is depicted in Figure 1. We
identified previous nested case-control studies13716 (studies of breast cancer, colorectal
cancer, colorectal adenoma, and ovarian cancer) from the NHS in which plasma IGF-1
levels were measured. To minimize potential bias, the participants who had IGF-1 levels
measured specifically because they developed cancer were excluded from our analyses.
Women were also excluded if, at the time that blood was collected, they had: 1) a history of
hypertension and/or use of blood pressure-lowering medications; 2) a history of diabetes; or
3) a prior history of cancer (except for non-melanoma skin cancer). After these exclusions, 2
046 women were included in our primary analysis.

Assessment of IGF-1 and IGFBP-3 levels

IGF-1 and IGFBP-3 levels were assayed by enzyme-linked immunosorbent assay with
reagents from Diagnostic Systems Laboratory (Webster, TX). All analyses were performed
in the same laboratory, with intra-assay coefficients of variation for IGF-1 and IGFBP-3
ranging from 2% to 10%.

Assessment of Vitamin D, C-peptide and C-reactive protein levels

Plasma levels of 25(0OH) D and 1, 25-dihydroxyvitamin D (1, 25(OH) ,D) were measured
on 1 161 out of these 2 046 women (Subgroup-1, Figure 1) as described in detail
previously17—19. Among another subset of participants (=754, Subgroup-2, Figure 1),
plasma C-peptide levels were assayed using enzyme-linked immunosorbent assay with
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reagents from Diagnostic Systems Laboratory (Webster, TX). C-reactive protein (CRP)
levels were measured among 1206 participants (Subgroup-3, Figure 1) via a high-sensitivity
latex-enhanced immunonephelometric assay on a BN 11 analyzer (Dade Behring, Newark,
DE). Subgroup-1 was used to analyze whether the association between IGF-1 and the risk of
hypertension varied by 25(0OH) D and 1, 25(OH) ,D levels, as suggested by some cross-
sectional data7. Because hyperinsulinemia may be an intermediate pathway of the IGF-1 —
hypertension association, we used Subgroup-2 as an attempt to account for insulin secretion
(insulin level was not available). Since inflammation plays an important role in the
pathogenesis of hypertension20, we adjusted for CRP levels in Subgroup-3 as a marker of
inflammation.

Assessment of Other Covariates

Body mass index (BMI, calculated as weight in kilograms divided by height in meters
squared), physical activity (metabolic equivalent tasks), smoking status, menopausal status
and use of postmenopausal hormones were ascertained by questionnaire at baseline. Intake
of sodium was ascertained from a food frequency questionnaire in 1990, and was adjusted
for total energy intake by the residual method 21. Details about the blood collection time
and fasting status at the time of blood collection were reported on the questionnaire that
accompanied the blood sample.

Assessment of Hypertension

The baseline and biennial follow-up questionnaires asked participants to report whether a
clinician had made a new diagnosis of hypertension during the preceding 2 years. Self-
reported hypertension was previously validated in the NHS22. In a subset of women who
reported hypertension (n=51), medical record review confirmed a documented systolic blood
pressure =140 mmHg or diastolic blood pressure =90 mmHg in 100% of participants22.
Among another subset of women without prior self-reported hypertension (n=161), only
6.8% of them had recorded blood pressure > 140/90 mmHg, and none of them had blood
pressure > 160/95 mmHg22. Furthermore, 12 years after baseline (2002), the participants in
NHS who became hypertension cases were more likely to develop stroke (2.3% vs. 0.9%)
and diabetes (8.1% vs. 3.2%) compared to those participants who did not become
hypertension cases. A participant was considered to have prevalent hypertension if she
reported this diagnosis on any questionnaire up to and including the 1990 questionnaire (the
final year of blood collection), and therefore was excluded from the present study. Incident
cases included individuals who first reported hypertension on questionnaires after 1990.

Statistical Analyses

Person-time was truncated at the date of hypertension diagnosis, at the first date of anti-
hypertensive medication initiation, at the date of diabetes diagnosis, at the date of cancer
diagnosis (except for non-melanoma skin cancer), at the date of death, or at the end of the
study, whichever came first.

Plasma IGF-1 levels were analyzed in batch-specific tertiles (due to laboratory variation
over time), using the lowest tertile as the reference group. The relation between IGF-1 and
other covariates at baseline (in 1990) were analyzed using the Kruskall-Wallis test for
continuous variables and the Mantel-Hanzel 2 test of trend for categorical variables.

The association between IGF-1 and incident hypertension was analyzed using Cox
proportional hazards regression models to estimate relative risks (RRs) and 95% confidence
intervals (Cls). Because IGF-1 and IGFBP-3 levels are positively correlated but have
opposing effects biologically2, levels of IGFBP-3 (in batch-specific tertiles) were included
in regression models to observe the independent associations with IGF-1. Furthermore,
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multivariable models were constructed to adjust for other potential confounding variables
that have been previously associated with incident hypertension, including: age
(continuous), BMI (4 categories), current smoking (yes/no), family history of hypertension
(yes/no), menopausal status (premenopausal/postmenopausal), postmenopausal hormone use
(yes/no), physical activity (continuous), fasting status (< 8 hours vs. > 8 hours since last
meal), and intake of sodium (continuous). Primary analyses were carried out during 4 years
of follow-up because the correlation coefficient between IGF-1 and IGFBP-3 levels from
blood collections 2—3 years apart was reasonable (0.86 for IGF-1 and 0.82 for IGFBP-3)23,
and thus misclassification of IGF-1 levels was probably minimal. We also examined and
report results during 6 years and 8 years of follow-up, although we do not have data for the
consistency of IGF-1 and IGFBP-3 levels over this duration.

We performed secondary analyses in three subgroups, depending upon whether vitamin D
levels, C-peptide levels or CRP levels were also measured in addition to IGF-1 levels. First,
we investigated whether the association between IGF-1 and the risk of hypertension varied
by 25(0OH)D and 1,25(0OH) ,D levels (Subgroup-1; N=1161). We performed stratified
analyses using the median levels of 25(OH) D and 1,25(OH) ,D, which were 28.1 ng/mL
and 33.0 pg/mL, respectively; appropriate interaction terms were generated to test whether
interactions were statistically significant. Using Subgroup-2 (N=754) and Subgroup-3
(N=1206), we analyzed whether the association between IGF-1and hypertension was
attenuated after adjusting for C-peptide level or CRP levels which were both modeled as
continuous variables.

All P values are 2-tailed. Statistical tests were performed using SAS version 9.1 for UNIX
statistical software package (SAS Institute Inc, Cary, NC).

During the 4 years (7664 person-years) of follow-up, 181 incident cases of physician-
diagnosed hypertension were reported. Participant characteristics are presented in Table 1.
Age was significantly inversely associated with plasma IGF-1 levels. IGFBP-3 levels were
positively associated with IGF-1 after adjusting for age, with a partial correlation coefficient
of 0.46 (P<0.001).

Plasma IGF-1 level was inversely associated with the risk of incident hypertension in age-
adjusted and multivariable analyses (Table 2). After adjusting for age and BMI, the top
tertile of IGF-1 was associated with a 38% reduced risk (RR=0.62, 95% CI 0.41-0.93) of
developing hypertension. After further adjusting for IGFBP-3 level, the RR for the top tertile
was 0.54 (95% CI 0.34-0.87). Adjusting for additional covariates did not materially
attenuate the association. Besides, we have information on previous oral contraceptives use
on 1984, which is 6 years prior to our baseline year. The percentage of previous use was
50.4% among participants of our study who became hypertensive cases and 44.0% among
those who did not (P=0.09). Further adjusting for previous oral contraceptives did not
change the RRs markedly (the point estimates and the Cls remained the same).

When we extended the analyses to 6 years, there were 11 382 person-years of follow-up and
296 incident cases. The multivariable adjusted RR for top tertile of IGF-1 was attenuated to
0.71 (95% CI 0.49-1.03). Further extension of the analyses to 8 years resulted in additional
attenuation; the multivariable adjusted RR for top tertile of IGF-1 was 0.83 (95% CI 0.61—
1.13).

We analyzed Subgroup-1 to determine whether the association between IGF-1 and
hypertension varied by vitamin D level. The multivariable RR for the highest compared to
lowest tertile of IGF-1 levels was 0.49 (95% CI 0.16-1.52) among women whose 25(0OH)D
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level was <28.1 ng/mL, and was 0.27 (95% CI 0.07-0.95) among women whose 25(0OH)D
level was >28.1 ng/mL. The P value for interaction was 0.76. Similarly, there was no
statistically significant difference in the RRs among women whose 1,25(0OH) ,D was < 33.0
pg/mL compared to women whose level was > 33.0 pg/mL (0.72 [95% CI 0.23-2.26] and
0.26 [95% CI 0.08-0.86] for the top tertile, respectively; P value for interaction=0.77).

We analyzed Subgroup-2 to determine whether the association between IGF-1 and
hypertension persisted after controlling for C-peptide levels (as a marker of insulin
secretion). Among these 754 women, 73 incident hypertension cases were reported during
2811 person-years of follow-up. The age, BMI and IGFBP-3 adjusted RR for the middle and
top tertiles were 0.73 (95% CI 0.36-1.46) and 0.24 (95% CI 0.09-0.64), respectively.
Further adjusting for plasma C-peptide levels did not change the RRs substantially (0.73
[95% CI 0.36-1.48] and 0.23 [95% CI 0.08-0.62] for the middle and top tertiles,
respectively.

We analyzed Subgroup-3 to determine whether CRP level confounded the association
between IGF-1 and hypertension. During 4597 person-years of follow-up, 112 incident
hypertension cases were reported. The age, BMI and IGFBP-3 adjusted RR for the top tertile
of IGF-1 were similar before and after adjusting for CRP level (from 0.32 [95% CI 0.16—
0.64] to 0.32 [95% CI 0.16-0.65]).

Discussion

We report the first prospective study to examine the relation between plasma IGF-1 level
and the risk of incident hypertension. We found that plasma IGF-1 levels were inversely
associated with the risk of incident hypertension, and the association remained robust after
adjusting for C-peptide and CRP levels.

Experimental studies support a relation between IGF-1 and blood pressure. In vitro and in
vivo experiments indicate that IGF-1 decreases vascular resistance 3. The possible
mechanisms include: stimulation of nitric oxide synthesis by endothelial and vascular
smooth muscle cells, reduction of CaZ* influx into vascular smooth muscle cells, and
stimulation of Na*, K*-ATPase pumps thereby attenuating vascular contractility 3. Impaired
IGF-1 vasorelaxant properties and IGF-1 signaling were observed in spontaneously
hypertensive rats24. In contrast, IGF-1 may have other biological functions, such as
inotropic and growth effects on the heart and endothelium25 and induction of vascular
smooth muscle cell migration and proliferation26; these effects may be involved in the
promotion, rather than prevention, of hypertension. Nevertheless, the overall blood pressure
effect of lower IGF-1 seems to be induction of hypertension. When liver-specific IGF-1 is
knocked out 4, mice develop endothelial dysfunction, increased peripheral vascular
resistance with higher expression of endothelin-1, and increased systolic blood pressure.

An inverse correlation between circulating IGF-1 level and blood pressure was observed in
the majority of published cross-sectional studies, including studies among type 1 and type 2
diabetic patients6' 9, patients with borderline hypertension10, as well as studies of middle
aged and elderly general populations5: 7~8. However, several cross-sectional studies
showed no association between IGF-1 and blood pressure27—28, while others indicated that
plasma IGF-1 levels were actually elevated among hypertensive patients, especially those
with left ventricular hypertrophy29730. This contradiction may possibly be explained by the
effect of established high blood pressure on IGF-1 production. For example, in the Goldblatt
hypertensive rat model, IGF-1 messenger RNA in the left ventricle was increased, and
ventricular wall stress was the most likely stimulating factor for IGF-1 synthesis31.
Therefore, the finding that IGF-1 levels were elevated among hypertensive individuals with
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left ventricular hypertrophy may be indicative of increased synthesis as a result of high
pressure load and wall stress. 32. After antihypertensive treatment, IGF-1 among
hypertensive patients decreased, particularly among those in whom left ventricular
hypertrophy regressed29. Studies that examine the prospective association between IGF-1
and incident hypertension, such as the current study, would be less likely to be influenced by
that kind of reverse causation bias.

One other longitudinal study reported the relation between IGF-1 and blood pressure 33.
That study analyzed young normotensive men (aged 20-34 years) with average baseline
blood pressures of 112-114/69-71 mmHg 33. In multivariable analyses, baseline IGF-1
levels were not associated with the 8-year change in either 544 black men or 747 white men.
However, it was not clear whether any substantial blood pressure change occurred among
this population of healthy young men. Furthermore, since IGF-1 levels decrease with
advancing agel, and since the underlying mechanisms linking IGF-1 with blood pressure
may well vary with age 34, that study of young men may not be directly comparable with
our study of middle-aged women.

Another possible mechanism for the inverse association between IGF-1 level and
hypertension is via the hyperinsulinemic profile, since low IGF-1 levels have been
associated with decreased insulin sensitivity9 and the metabolic syndrome7. However, in
our own analysis of non-diabetic participants as well as in a separate cross-sectional
study35, the relation between IGF-1 and hypertension persisted after further adjusting for C-
peptide levels or insulin levels, suggesting that insulin resistance may not explain the
association. Furthermore, it has been reported that CRP level is negatively correlated with
IGF-1 level36, therefore systematic inflammation could be involved in the association
between IGF-1 and hypertension. In our analyses, adding CRP to multivariable models did
not attenuate the association, suggesting that other mechanisms explaining the IGF-1-
hypertension link might exist.

IGF-1 may exert some effects through changes in vitamin D activation, since IGF-1
stimulates renal 1-a-hydroxylase activity in vivo, promoting the synthesis of 1,25(0OH),D 7
11. Previous studies indicate that 1,25(0OH),D may inhibit renin expression37 and growth of
cultured vascular smooth muscle cells 38, and therefore may be associated with a reduced
risk of hypertension. Furthermore, ten functional vitamin D response elements, most of
which are known to actively respond to 1,25(0OH),D, are present in human IGFBP gene
promoter regions12, suggesting interrelations between the IGF-1 and vitamin D axes.
Indeed, a cross-sectional analysis of IGF-1 and the metabolic syndrome documented effect
modification by vitamin D status7. In our analysis, the association between IGF-1 and the
risk of incident hypertension appeared more prominent among participants with higher
levels of 25(0OH) D and 1,25(0OH) ,D, which is consistent with the previous study about
metabolic syndrome?. However, the interactions were not statistically significant in our
analysis.

A previous study suggested that administration of oral estrogen in healthy postmenopausal
women suppresses hepatic IGF-1 production39, which is consistent with our findings of
lower IGF-1 levels in women using post-menopausal hormones. However, available data
suggest that estrogen replacement has little effect on systemic blood pressure40. Therefore,
postmenopausal hormone use should not confound of the association between IGF-1 level
and risk of hypertension. We confirmed the lack of confounding by postmenopausal
hormone use by including it in our multivariable models, and finding that it did not
substantially alter the effect estimate for IGF-1 and did not change the significance of IGF-1.
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In our subgroup analyses, the RRs were larger and the Cls were wider than in the primary
analysis. This apparent discrepancy may simply be due to the smaller sample size and
smaller number of cases, leading to more unstable estimates. Yet the RR estimates from the
secondary analyses were largely overlapping with the Cls from the primary analysis, so the
results are internally consistent.

Our study has limitations that deserve mention. First, our study population was derived from
pre-existing case-control studies. Although we only included controls from those studies
(with the exception for case-control studies of colorectal adenoma) to avoid bias, the
generalizability of the results from the present study might be limited. As our study was
entirely female and mostly white, the results may also not be generalizable to non-whites or
men. Second, blood pressure was not directly measured and hypertension was self-reported.
However, all of the participants were registered nurses, and hypertension reporting by these
nurses is highly accurate 22. Even if a few truly hypertensive individuals were misclassified
as being non-hypertensive on questionnaires, such misclassification would tend to diminish
the magnitude of the RR. Therefore, our finding may indeed be an underestimate of the true
association. Third, we only had a single measurement of plasma IGF-1. Because levels may
fluctuate over time, longer periods of follow-up may result in more random
misclassification. This would also tend to diminish the magnitude of the RR, as we indeed
observed, thereby underestimating the true association. Fourth, we lacked information on
renal function, and decreased IGF-1 expression has been observed in uremic rats41. Yet
since all participants in our study were free from hypertension and diabetes at baseline, it is
unlikely that many women had impaired renal function. Indeed, other studies have indicated
a very low prevalence of renal dysfunction in this cohort42=43. Finally, since our study was
observational, the possibility of residual confounding exists.

In conclusion, our prospective analysis suggests that circulating IGF-1 level is inversely
associated with the risk of incident hypertension among non-diabetic women. Our findings
may increase the understanding of hypertension pathogenesis in humans, and should be
confirmed in other cohorts.
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Figure 1.

Study population for analysis of plasma insulin-like growth factor-1levels and risk of
incident hypertension.

* Nested case-control studies are described elsewhere13~16.

T Participants were also excluded if they reported use of antihypertensive medication, history
of diabetes or history of cancer (except for non-melanoma skin cancer) at baseline.

¥ Including measurements of plasma 25-hydroxyvitamin D and 1,25-dihydroxyvitamin D.
IGF-1, insulin-like growth factor-1
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Table 1

Baseline characteristics by tertiles of insulin-like growth factor-1"

Variables Tertile 1 Tertile 2 Tertile 3 P value
Number of participants 635 699 712

Age (years) 58 (52-64) 56 (50-63) 53 (48-61) <0.001
Body mass index (kg/m?) 24.0 (21.6-27.1) 23.7 (21.9-26.4) 23.9(22.1-26.3) 0.34
Physical activity (METs/w) 9.1 (3.4-20.3) 10.4 (4.2-22.1) 10.4 (4.0-21.5) 0.03
Family history of hypertension (%)  43.5 45.2 40.5 0.22
Current smoker (%) 14.8 16.4 14.3 0.52
Postmenopausal (%) 79.7 79.0 76.0 0.23
Postmenopausal hormone use (%) T 589 38.4 236 <0.001
Sodium intake (mg/day) 1812 (1619-1998) 1809 (1622-2042) 1822 (1641-2038)  0.40
IGF-1 (ng/mL) 115.7 (95.7-136.2) 1615 (146.0-181.6)  229.0 (201.3-275.1)  <0.001
IGFBP-3 (ng/mL) 3659 (3140-4250) 4155 (3567-4680) 4686 (4102-5308)  <0.001
25(0H)D (ng/mL) * 28.0(214-353)  28.1(20.7-35.0) 28.2 (21.9-34.8) 0.90
1,25(0H) ,D (pg/mL) ¥ 34.1(29.0-39.4) 32,0 (27.7-37.6) 33.1(29.1-38.6) 0.001
C-peptide (ng/mL) 8 1.2 (0.8-1.9) 1.4 (0.9-2.1) 15 (1.1-2.2) 0.001
C-reactive protein (mg/L) " 2.1(1.0-4.3) 1.4 (0.7-2.9) 1.0 (0.5-1.9) <0.001

*
Except for age, data are presented as age-adjusted median (inter-quartile range) or percentages.

t
Data are percentage among post-menopausal women.

TResuIts from Subgroup-1 (n=1 161);

iResults from Subgroup-2 (n=754);

§Results from Subgroup-3 (n=1206).

MET, metabolic equivalent; IGF-1, insulin-like growth factor-1; IGFBP-3, insulin-like growth factor binding protein-3; 25(OH)D, 25-
hydroxyvitamin D; 1,25(OH) 2D, 1,25-dihydroxyvitamin D.
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Table 2

Plasma IGF-1 level and risk of incident hypertension among 2 046 women in the primary analysis.

Plasma IGF-1 levels

Tertile 1 Tertile 2 Tertile 3
Person years 2332 2614 2717
Number of cases 73 62 46
Age- adjusted relative risk 1.00 (reference) 0.83 (0.57-1.21) 0.61 (0.40-0.91)
Age, BMI and IGFBP-3 adjusted relative risk ~ 1.00 (reference)  0.84 (0.57-1.24)  0.54 (0.34-0.87)
Model a* 1.00 (reference) 0.80 (0.54-1.19) 0.56 (0.35-0.91)

Data are presented as relative risk (95% confidence interval)

*
Model a was adjusted for age, body mass index, physical activity, family history of hypertension, current smoking, menopausal status,
postmenopausal hormone use, fasting status, and intake of sodium.
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