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ABSTRACT
Background: Vitamin C may benefit bone as an antioxidant.

Objectives: This cross-sectional study evaluated associations between dietary, supplemental, and plasma vitamin C

with bone mineral density (BMD) among Puerto Rican adults.

Methods: Diet was assessed by food-frequency questionnaire (n = 902); plasma vitamin C, measured in fasting blood

(n = 809), was categorized as sufficient (≥50 μmol/L), insufficient (20–49 μmol/L), or low (<20 μmol/L). Associations

between vitamin C and BMD (measured by DXA) were tested, with false discovery rate correction for multiple

comparisons, and interactions by smoking, sex, and estrogen status. Least-squares mean BMDs were compared across

tertiles of diet and plasma vitamin C.

Results: Participants’ mean age was 59 ± 7 y (range: 46–78 y), 72% were women, mean dietary vitamin C was 95

± 62 mg/d, and plasma vitamin C ranged from 1.7 to 125 μmol/L. No associations were observed between dietary

vitamin C and BMD (P-value range: 0.48–0.96). BMD did not differ by vitamin C supplement use (P-value range: 0.07–

0.29). Total femur BMD was higher (P = 0.04) among plasma vitamin C–sufficient participants (mean: 1.06; 95% CI:

1.035, 1.076 g/cm2) compared with low plasma vitamin C participants (1.026; 0.999, 1.052 g/cm2) in adjusted models.

Findings at the trochanter were similar (P = 0.04). Postmenopausal women without estrogen therapy, with sufficient

plasma vitamin C, showed greater total femur BMD (1.004 ± 0.014 g/cm2) compared to those with low plasma vitamin C

(0.955 ± 0.017 g/cm2; P = 0.001). Similar findings were observed at the trochanter (P < 0.001). No significant associations

were observed among premenopausal women or those with estrogen therapy or men. Interactions with smoking status

were not significant.

Conclusions: Dietary vitamin C was not associated with BMD. Low plasma vitamin C, compared with sufficiency, was

associated with lower hip BMD, particularly among postmenopausal women without estrogen therapy. Future research

is needed to determine whether vitamin C status is associated with change in BMD or reduction in fracture risk. J Nutr

2021;151:3764–3772.
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Introduction

Osteoporosis is a major health problem in the United States,
with 50% of Americans >50 y of age presenting with clinically
low bone mass (1). Approximately 8.9 million fractures each
year are attributable to osteoporosis (2). Over the next 5 y,
health care costs for fracture are projected to increase by 50%
from the current $19 billion per year (3). The prevalence of
osteoporosis differs across race/ethnic groups (4). Data from the
NHANES 2005–2014 showed that Hispanic men and women
had the second highest prevalence of osteoporosis (4.1%),
following other races (including biracial, 5.9%); whereas

non-Hispanic Blacks and non-Hispanic Whites showed lower
prevalence (1.7% and 3.7%, respectively) (5). Among Hispanic
origin groups, Puerto Rican men have been shown to have
the highest prevalence of osteoporosis (8.6%), while Puerto
Rican women (10.7%) were second to Mexican-American
women (16%) (6). Therefore, it is imperative to identify
modifiable risk factors to inform recommendations to prevent
osteoporosis onset specific to Hispanic populations of different
backgrounds.

Diet is a major modifiable risk factor for the prevention
of bone loss among adults (7). Fruit and vegetable intake
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has been shown to be associated with higher bone mineral
density (BMD) and lower the risk of hip fracture (8–14).
One of the dietary components driving the relation between
fruit and vegetable intakes and bone is hypothesized to be
vitamin C (7). Vitamin C is an antioxidant, which functions
to decrease oxidative stress, a harmful process that may lead
to increased bone resorption (15). In addition, vitamin C is
a cofactor in the hydroxylation of amino acids that produce
collagen, the most abundant protein in bone. In animals,
vitamin C deficiency has been linked to lower BMD (16–
20). Previous literature in humans suggests that there is an
association between dietary vitamin C and BMD (7, 21–24).
However, some literature suggests that the positive association
of vitamin C with BMD may depend on smoking status and
estrogen use (22, 25–28). A limitation of previous work that
may explain, in part, inconclusive results related to vitamin C
and BMD includes lack of assessment of a biomarker of vitamin
C status to objectively support estimated dietary intakes. To
our knowledge, the only study that included plasma vitamin
C, using data from the third NHANES (1988–1994), showed
that higher plasma vitamin C was associated with greater BMD
in men, premenopausal women, and postmenopausal women
with a history of smoking and estrogen use (22). It is important
to examine the association between plasma, as well as dietary
vitamin C and bone, as it may better reflect actual exposure
to this antioxidant, whereas food-frequency questionnaire
(FFQ) assessment is a broad estimate of self-reported usual
intake.

The objectives of the current study were to investigate
the association of BMD with 1) dietary vitamin C (diet and
supplements) and 2) plasma vitamin C (established biomarker)
in a middle-aged and older adult Puerto Rican population.
Furthermore, interactions by smoking status, sex, and estrogen
status were tested, based on previous literature showing
subgroup-specific results (22, 25, 27–30). As previous work
in the Boston Puerto Rican Osteoporosis Study (BPROS)
demonstrated that diet–bone relations differed by estrogen
status (31), and that 27% of the BPROS reported current
smoking (32), this study aimed to evaluate the relation
of vitamin C with bone, stratified by sex and estrogen
and smoking status. We hypothesized that 1) higher dietary
vitamin C and use of vitamin C supplements would be
related to greater BMD; 2) sufficient plasma vitamin C status
would be associated with greater BMD, compared with low
plasma vitamin C or insufficiency; and 3) these associations
would be most evident among smokers and postmenopausal
women.
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Methods
Study population
Data from 902 BPROS participants, an ancillary study to the Boston
Puerto Rican Health Study (BPRHS), were included (Supplemental
Figure 1). The BPRHS is a longitudinal investigation of health disparities
experienced by Puerto Rican adults living on the US mainland,
described in detail elsewhere (32). Briefly, data were collected on
sociodemographic, health and health behaviors, migration history,
medication use, and stress by bilingual interviewers in participants’
homes. BPRHS participants were asked if they would like to participate
in the BPROS.

The interview included questions on sunlight exposure and falls,
BMD measures, and a fasting blood sample at the Metabolic Research
Unit, Jean Mayer USDA Human Nutrition Research Center on Aging
(HNRCA), Tufts University. All participants provided informed consent.
The institutional review boards at Tufts University, Northeastern
University and the University of Massachusetts–Lowell approved this
study.

Measures of BMD
BMD (g/cm2) of the hip and lumbar spine was measured by DXA
(GE-Lunar model Prodigy scanner; General Electric) at the Bone
Metabolism Laboratory at the Tufts HNRCA. Measures were taken
following standard procedures and the right hip was scanned, unless
the participant reported a previous hip fracture or joint replacement.
The root mean square precision was 1.31% for BMD measures of the
femoral neck and 1.04% for the lumbar spine, as reported elsewhere
(33). Each week, an external standard (aluminum spine phantom: Lunar
Radiation Corp) was scanned to monitor stability of the DXA measures.
A total of 25 participants’ lumbar spine (L2–L4) measures and 7 femoral
neck measures were excluded from analyses, as determined by the study
endocrinologist (BD-H) to have nonanatomical parts or extraskeletal
calcification after reviewing all scans with T-scores >4.0.

Plasma vitamin C
A certified phlebotomist took a 12-h fasting blood sample at the
participant’s home the morning after the original interview, or as soon
thereafter as possible. Aliquots were saved and stored at −80◦C until
being processed. Plasma vitamin C was measured with HPLC (34)
with a 6% CV. Participants (n = 809) were categorized as having
sufficient (≥50 μmol/L), insufficient (≥20 μmol/L, but <50 μmol/L),
or low (<20 μmol/L) vitamin C status based on data suggesting that
plasma vitamin C above acute deficiency, yet below optimal, results in
nonspecific clinical symptomology (29, 35).

Dietary intake
Dietary intake was assessed at the 2-y follow-up appointment, the
interview closest to the BMD measurement, with an FFQ adapted for
use in Hispanic adults. The food list for the FFQ was developed using the
National Cancer Institute/Block food-frequency format, but with data
from the Hispanic Health and Nutrition Examination Survey dietary
recalls for Puerto Rican adults. Following adjustment, the FFQ was
shown to be an improved estimator of diet in this Hispanic population
(36). The BPRHS FFQ has been validated against plasma carotenoids
(37), vitamin E (38), vitamin B-6 (39), and vitamin B-12 (40) in
Hispanic adults aged 60 y and older. Nutrient intakes were calculated
from the scanned FFQ using the Nutrient Data System for Research
software (NDS-R; Nutrition Coordinating Center). Participants with
energy intake <600 or >4800 kcal/d were excluded from analyses
(n = 23) as implausible.

Dietary variables (vitamin C and calcium) were energy adjusted
using the residual method (41). Participants were categorized by tertile
of energy-adjusted dietary vitamin C. Use of dietary supplements,
including brand, dose, and frequency of intake, were captured by
questionnaire. There was limited variation among users in intake of
supplemental vitamin C (95% of the sample was taking 0–60 mg/d,
an amount commonly found in multivitamin/mineral supplements);
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therefore, supplemental vitamin C was coded as taking a supplement
containing vitamin C, yes/no.

Covariates
Covariates known to influence either vitamin C status or bone
health were included in all statistical analyses and were measured
at the same examination as the bone density measurements. If a
covariate was missing at the bone visit, data from the 2-y follow-up
examination to the BPRHS were used. These covariates included age
(years), sex, menopause status, use of estrogen (women only), height
(centimeters), BMI (kg/m2), physical activity [continuous score; range:
24.5 (none/little) to 60.5 (some)], education (< 8th grade, 8–12th
grade, some college or more), total energy intake (kilocalories/day),
smoking status [never, ever (former or current)], alcohol intake
(none, moderate, heavy), total calcium intake (food + supplemental;
milligrams/day), fasting high-sensitivity C-reactive protein (hs-CRP;
milligrams/deciliter), fasting serum 25-hydroxyvitamin D [25(OH)D;
nanograms/milliliter; n = 890], and diabetes status (fasting glucose
≥120 mg/dL or use of diabetes medication). Diabetes status was
included as it has been shown to be an independent risk factor
for poor bone health and fragility fracture, despite being associated
with higher BMD (42–47). Height was measured with a SECA 214
Portable Stadiometer to the nearest centimeter and weight with a
clinical scale (Toledo Weight Plate, Model I5S; Bay State and Systems,
Inc.) to the nearest pound. Measures of height and weight were
converted to meters and kilograms, respectively, to calculate BMI
(kg/m2). Physical activity was assessed by questionnaire, modified from
the Framingham Exercise and Physical Activity Questionnaire (48),
and calculated as a weighted 24-h score of typical daily activity, based
on hours spent doing heavy, moderate, light, or sedentary activity,
including sleeping. Women were classified as either premenopausal or
currently taking exogenous estrogen therapy or postmenopausal and
not using exogenous estrogen therapy, based on the following self-
reported variables: current estrogen use (yes or no) and menopausal
status (menstrual periods stopped for 1 y; yes or no). Serum 25(OH)D
concentration was measured with a 25I RIA Packard COBRA II
Gamma Counter (DiaSorin, Inc.), with intra- and interassay CVs of
10.8% and 9.4%, respectively. Plasma hs-CRP was measured with a
solid-phase, 2-site chemiluminescent immunometric assay (IMMULITE
1000, Seimens Medical Solutions Diagnostics, Los Angeles, CA), with
intra- and interassay CVs of 4.2% and 4.8%, respectively. hs-CRP was
included in models to account for the relation of inflammatory status
with both bone and plasma vitamin C (49, 50). The Department of
Health and Human Services (HHS) poverty guidelines for the year
the participant was interviewed (2006–2011) were used to describe
economic status. Self-reported family-unit size, total household income,
and threshold dollar amount were used along with the year of
interview to categorize participants as equal to or below, compared
with above, the HHS poverty threshold. Five participants were excluded
due to missing covariate information on education status and/or
smoking.

Statistical analysis
Means ± SDs for continuous variables and proportion of participants
for categorical variables were calculated. Differences between partici-
pants from the original BPRHS cohort who chose to participate in the
BPROS, compared with those who did not participate, were assessed
by t test (continuous variables) or chi-square (categorical variables).
Pearson’s correlation was used to test associations between dietary,
supplemental, and total vitamin C with plasma vitamin C. Separate
analyses were conducted for each BMD site (femoral neck, trochanter,
total femur, and lumbar spine). Primary vitamin C exposure was
modeled in 3 ways: 1) dietary vitamin C, 2) supplemental vitamin C
use (yes/no), and 3) plasma vitamin C (continuous and by 3 status
levels, as previously described). Multivariable general linear modeling
was used to assess the relation between each vitamin C exposure (dietary
vitamin C and supplemental vitamin C within 1 model, and plasma
vitamin C in a separate model) with each BMD outcome. General
linear modeling was used to compare least-squares BMD across tertile

categories of dietary vitamin C, predefined clinical cutoffs of plasma
vitamin C status, and by supplemental vitamin C use (yes/no) with
Tukey’s test for multiple comparisons. Initial models were adjusted
for sex and estrogen status (with a composite 3-level variable), age,
height, BMI, plus total energy intake in the diet-supplement models
only (dietary vitamin C additionally energy adjusted via the residual
method). Subsequent models were further adjusted for physical activity
score, smoking status, alcohol intake, and level of education. Final
models were further adjusted for total calcium intake, serum 25(OH)D,
plasma hs-CRP, and diabetes status (yes/no). All regression models were
tested for interaction with 1) sex and estrogen status, as BMD differs
greatly by sex, in part due to androgen production, and 2) smoking
status, as smoking is known to increase metabolism of vitamin C
(51). Interactions between vitamin C exposure and sex-estrogen status
(categorized as men, women with estrogen [premenopausal or taking
hormone replacement therapy (HRT)], or women with little estrogen
[postmenopausal and not taking HRT]) were tested in final models.
Interactions between vitamin C exposure and smoking status (current
vs. ever/never) were tested separately in final models. Models showing
an interaction with P < 0.1 were stratified by their corresponding
variable. The false discovery rate (FDR) method was applied to correct
for multiple comparisons. In models without an interaction, P < 0.05
was considered statistically significant. All analyses were performed
with SAS software (version 9.4; SAS Institute).

Results

Participants who did not join the BPROS were older (60.9 y vs.
58.7 y; P < 0.001) and more likely to have type 2 diabetes
(47.8% vs. 40.4%; P = 0.03) compared with those who
joined. Participation did not differ by sex (P = 0.91), smoking
(P = 0.16), physical activity score (P = 0.42), or activities
of daily living (no vs. some vs. considerable impairment; P
= 0.34). The sample was majority postmenopausal women with
overweight or obesity (Table 1). Approximately 55% exceeded
the HHS poverty guidelines and only 44% had plasma vitamin
C sufficiency. Mean dietary vitamin C was 95.6 ± 62.3 mg/d and
28% reported additional vitamin C intake from a supplement.
The correlation between dietary and plasma vitamin C was
r = 0.18 (P < 0.001), between supplemental and plasma vitamin
C was r = 0.19 (P < 0.001), and between total vitamin C
(diet + supplemental intake) and plasma vitamin C was r = 0.22
(P < 0.001).

Basic and fully adjusted models showed no significant
association between dietary, supplemental, or plasma vitamin
C and BMD at any site, following FDR correction for multiple
comparisons (Table 2). Least-squares means BMD did not differ
by tertile of dietary vitamin C (Table 3). Among individuals
with sufficient plasma vitamin C, trochanter and total femur
BMD values were significantly higher (0.855 ± 0.009 g/cm2;
1.056 ± 0.011 g/cm2) compared with those with low vitamin
C (0.827 ± 0.012 g/cm2; 1.026 ± 0.014 g/cm2, respectively)
(P = 0.04 at both sites, with FDR correction). No other
significant differences in BMD were observed across plasma
vitamin C groups (Table 3). Supplemental vitamin C use
approached significance at the femoral neck (0.966 g/cm2; vs.
no use: 0.947 g/cm2; P = 0.07) and total femur (1.058 g/cm2;
no use: 1.038 g/cm2; P = 0.07) but was not significant
at the trochanter or lumbar spine (P = 0.16 and 0.29,
respectively).

No interaction between sex-estrogen status and dietary
vitamin C was observed at any BMD site (P-value range:
0.24–0.90). Interaction between sex-estrogen status and plasma
vitamin C was observed at the trochanter and lumbar spine
(each P = 0.05) and at the total femur (P = 0.06), but not
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TABLE 1 Descriptive characteristics of participants from the Boston Puerto Rican Health Study, by
tertile of dietary vitamin C1

Dietary vitamin C tertile categories

Characteristics Tertile 1 Tertile 2 Tertile 3

Dietary vitamin C, mg/d 30.4 ± 18.2 64.5 ± 8.1 124 ± 53
Supplemental vitamin C, yes, n (%) 68 (22) 99 (32) 86 (28)
Plasma vitamin C, μmol/L (n = 809) 44.4 ± 23.5 49.2 ± 20.0 54.9 ± 20.1
Women, n (%) 202 (67) 235 (77) 225 (74)
Use of estrogen (women only), n (%) 1 (0.5) 2 (0.8) 4 (1.8)
Age (range: 46–78 y), y 57.5 ± 7.0 59.3 ± 7.6 59.3 ± 7.5
BMI, kg/m2 32.0 ± 7.2 32.5 ± 6.0 32.2 ± 6.5
Physical activity score2 31.7 ± 4.4 31.6 ± 4.5 31.9 ± 4.9
Diabetes status, yes, n (%) 111 (37) 142 (47) 105 (35)
Total energy intake, kcal/d 2085 ± 874 1576 ± 654 1909 ± 749
Total calcium intake, mg/d 947 ± 488 894 ± 476 1031 ± 563
Serum 25(OH)D, ng/mL 19.1 ± 7.4 19.8 ± 7.3 19.5 ± 6.9
Alcohol consumption, moderate, n (%) 82 (28) 77 (25) 13 (4)
Smoking status, current, n (%) 87 (29) 51 (17) 48 (16)
Postmenopausal (women only), n (%) 170 (85) 204 (88) 201 (90)
Education

No schooling or <8th grade 135 (45) 163 (54) 138 (45)
8th–12th grade or GED 120 (40) 100 (33) 113 (37)
Some college or more 46 (15) 41 (13) 53 (17)

hs-CRP categories
0 ≤ hs-CRP <1 44 (15) 44 (15) 58 (19)
1 ≤ hs-CRP ≤3 95 (32) 92 (31) 80 (27)
3 < hs-CRP <10 110 (37) 96 (32) 110 (37)
10 ≤ hs-CRP 47 (16) 66 (22) 52 (17)

Bone mineral density, g/cm2

Femoral neck 0.948 ± 0.146 0.930 ± 0.151 0.931 ± 0.136
Total femur 1.035 ± 0.163 1.022 ± 0.164 1.022 ± 0.144
Trochanter 0.838 ± 0.150 0.820 ± 0.148 0.823 ± 0.132
Lumbar spine (L2–L4) 1.159 ± 0.181 1.153 ± 0.180 1.156 ± 0.191

1Values are means ± SDs or n (%); n = 902. GED, general educational development ; hs-CRP, high-sensitivity C-reactive protein;
25(OH)D, 25-hydroxyvitamin D.
2Physical activity score modified from the Framingham Exercise and Physical Activity Questionnaire. In this sample, range 24.5
(none/little) to 60.5 (some).

at the femoral neck (P = 0.22). Following stratification by
sex-estrogen status, the association between plasma vitamin C
and BMD at the trochanter and total femur continued, although
this was attenuated following FDR correction (P = 0.06, both
sites) (Supplemental Table 1). Postmenopausal women not using
estrogen with sufficient plasma vitamin C had significantly
greater trochanter and total femur BMD (0.805 ± 0.012 g/cm2;
1.004 ± 0.014 g/cm2) than those with insufficient plasma vita-
min C (0.759 ± 0.014 g/cm2, P < 0.001; 0.955 ± 0.017 g/cm2,
P = 0.001, respectively, following Tukey’s correction), but
there were no differences in femoral neck or spine BMD
(Figure 1). In addition, no significant trends or differences across
plasma vitamin C groups were observed at any site among
men, premenopausal women, or women taking estrogen therapy
(Figure 1). No significant interaction between current smoking
status, any vitamin C exposure, and any BMD site was observed
(P-value range: 0.16–0.72).

Discussion

In a cohort of Puerto Rican adults, higher trochanter and
total femur BMD was noted among individuals with sufficient
plasma vitamin C, compared with those with low plasma
vitamin C. Following stratification by estrogen status (men,

women with or without endogenous or exogenous estrogen),
higher hip BMD was observed in the sufficient plasma vitamin
C group compared with the low vitamin C group only among
postmenopausal women without estrogen use. Dietary intake or
supplement use of vitamin C was not associated with BMD in
this cohort. No interactions with current smoking status were
observed.

There are inconsistencies in the literature surrounding the
potential relation between dietary vitamin C and bone health.
Although higher vitamin C intake has been associated with
BMD in several studies (7, 11, 12, 22, 25, 28, 30, 52–59),
it was not significantly associated in others ((26, 60–66).
Recent meta-analyses suggest that greater vitamin C intake
is associated with reduced risk of fracture (21), and that an
increase of 50 mg/d of vitamin C intake may reduce risk of
hip fracture by 5% (67). Conflicting evidence for the relation
between vitamin C and bone may be due to variation in
the following: 1) dietary assessment methods (24-h dietary
recalls, FFQ, or food records), 2) measures of vitamin C
exposure [diet alone, diet + supplements, supplement use
(continuous or yes/no)], 3) bone outcomes (BMD at varying
sites, fracture risk, osteoporosis status), and/or 4) baseline
participant characteristics (age, sex, estrogen status). In the
current study, greater dietary vitamin C (by FFQ) was not
associated with BMD measured by DXA at any site among
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TABLE 2 Multivariable associations between vitamin C (dietary, supplement intake, and plasma) and bone mineral density (g/cm2)
at the hip and spine in men and women from the Boston Puerto Rican Health Study1

Bone mineral density site (g/cm2)

Femoral neck (n = 902) Trochanter (n = 902) Total femur (n = 893) Lumbar spine (n = 883)

Exposure variable β ± SE P β ± SE P β ± SE P β ± SE P

Supplemental vitamin C (yes/no)
Model 1 0.0113 ± 0.0094 0.72 0.0062 ± 0.0092 0.89 0.0107 ± 0.0103 0.72 − 0.0015 ± 0.0128 0.96
Model 2 0.0100 ± 0.0094 0.72 0.0060 ± 0.0093 0.89 0.0101 ± 0.0103 0.74 − 0.0020 ± 0.0128 0.96
Model 3 0.0184 ± 0.0100 0.60 0.0142 ± 0.0097 0.61 0.0215 ± 0.0108 0.48 0.0116 ± 0.0137 0.85

Dietary vitamin C, mg/d
Model 1 − 0.00004 ± 0.0001 0.91 − 0.00003 ± 0.0001 0.91 − 0.00003 ± 0.0001 0.91 0.00003 ± 0.0001 0.91
Model 2 − 0.00006 ± 0.0001 0.89 − 0.00003 ± 0.0001 0.91 − 0.0004 ± 0.0001 0.90 0.00002 ± 0.0001 0.96
Model 3 − 0.00006 ± 0.0001 0.89 − 0.00003 ± 0.0001 0.91 − 0.00003 ± 0.0001 0.91 0.00002 ± 0.0001 0.95

Plasma vitamin C, μmol/L
Model 1 0.0002 ± 0.0002 0.72 0.0003 ± 0.0002 0.60 0.0003 ± 0.0002 0.61 − 0.0020 ± 0.0189 0.97
Model 2 0.0002 ± 0.0002 0.72 0.0003 ± 0.0002 0.60 0.0003 ± 0.0002 0.61 − 0.00004 ± 0.0003 0.99
Model 3 0.0003 ± 0.0002 0.61 0.0005 ± 0.0002 0.48 0.0005 ± 0.0002 0.48 0.0002 ± 0.0003 0.91

1Models adjusted for multiple comparisons with the false discovery rate correction method. Model 1: adjusted for sex and estrogen status, age (y), height (cm), BMI (kg/m2),
total energy intake (diet + supplemental intake models only); dietary and supplemental vitamin C tested in the same model. Model 2: adjusted for model 1 and education (3
levels), alcohol (never, moderate, heavy), smoking (never/ever), and physical activity score. Model 3: adjusted for model 2 and total calcium intake (mg/d), serum 25(OH)D
(ng/mL), plasma hs-CRP (mg/L), and diabetes status (yes/no). hs-CRP, high-sensitivity C-reactive protein; 25(OH)D, 25-hydroxyvitamin D.

men or women with a mean age of 58 y, and is supported
by a weak correlation between diet and plasma vitamin C.
Diet estimation of vitamin C intake from foods explains
only ∼12% of the variation in plasma vitamin C status
(68).

Other factors that influence circulating vitamin C include
body size, smoking, use of supplements, bioavailability, food-
processing techniques, and disease status (69). The strength
of association between vitamin C intake assessed by FFQ
with plasma vitamin C was modest in a recent meta-analysis
(r = 0.35) (68). The correlation between dietary and plasma
vitamin C in the current sample was lower than previously
reported (r = 0.18), likely due to the high prevalence of obesity,
metabolic disease, and circulating inflammatory markers known
to impact vitamin C status. Therefore, we also examined the
association between BMD and plasma vitamin C, an objective
measure of vitamin C status.

Differences in BMD were observed at multiple hip sites
between individuals with low compared with sufficient plasma
vitamin C; however, these observed differences were dependent
on sex and estrogen status. Postmenopausal women not using
estrogen therapy with sufficient plasma vitamin C (≥50 μmol/L)
showed greater BMD at the hip compared with women in the
same category with low plasma vitamin C (≤20 μmol/L). For
each increase in 1 SD in T score, fracture risk declines on the
order of 50%. Therefore, the differences observed in the current
study are clinically meaningful, as postmenopausal women with
sufficient plasma vitamin C showed ∼0.5-SD greater hip BMD
compared with individuals with low plasma vitamin C.

Lower circulating estrogen leads to bone deterioration and
progressive loss of bone mass over time (70). The impact of
vitamin C on bone through reduction in oxidative stress and
enhancement of collagen formation may be more apparent
in women with lower estrogen due to accelerated bone loss.

TABLE 3 Adjusted least-squares mean bone mineral density (g/cm2) at the hip and spine, by tertile of dietary vitamin C and plasma
status in men and women from the Boston Puerto Rican Health Study1

Measure of vitamin C
Dietary tertile 1 or plasma

vitamin C <20 μmol/L
Dietary tertile 2 or plasma

vitamin C 20–49 μmol/L
Dietary tertile 3 or plasma

vitamin C ≥50 μmol/L P-trend2

Femoral neck bone mineral density (g/cm2)
Dietary vitamin C 0.955 ± 0.010 0.955 ± 0.011 0.951 ± 0.010 0.96
Plasma vitamin C 0.938 ± 0.013 0.955 ± 0.010 0.958 ± 0.010 0.26

Trochanter bone mineral density (g/cm2)
Dietary vitamin C 0.845 ± 0.010 0.844 ± 0.010 0.843 ± 0.010 0.96
Plasma vitamin C 0.827 ± 0.012a 0.837 ± 0.010a 0.855 ± 0.009b 0.04

Total femur bone mineral density (g/cm2)
Dietary vitamin C 1.045 ± 0.011 1.046 ± 0.012 1.044 ± 0.011 0.96
Plasma vitamin C 1.026 ± 0.014a 1.038 ± 0.011 1.056 ± 0.011b 0.04

Lumbar spine bone mineral density (g/cm2)
Dietary vitamin C 1.172 ± 0.015 1.179 ± 0.015 1.181 ± 0.015 0.91
Plasma vitamin C 1.159 ± 0.017 1.178 ± 0.014 1.184 ± 0.014 0.26

1Values are least-squares means ± SEs. Models adjusted for: sex and estrogen status, age (y), height (cm), BMI (kg/m2), physical activity score, smoking status (ever/never),
alcohol intake (never, moderate, heavy), education (3 levels), total energy intake (kcal/d), total calcium intake (mg/d), serum 25(OH)D (ng/mL), plasma hs-CRP (mg/L), and
diabetes status (yes/no). Different superscript letters indicate significance between groups, P < 0.05 (least-squares means adjusted using Tukey’s test). hs-CRP, high-sensitivity
C-reactive protein; 25(OH)D, 25-hydroxyvitamin D.
2P-trend models adjusted for multiple comparisons with the false discovery rate correction method.
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FIGURE 1 Least-squares mean bone mineral density (g/cm2) ± SE at the hip and spine across plasma vitamin C groups, by sex and
estrogen status, from the Boston Puerto Rican Health Study. (A) men; (B) premenopausal women or using estrogen replacement therapy;
(C) postmenopausal women not using estrogen therapy. Models were adjusted for height (cm), BMI (kg/m2), physical activity score, smoking
status (ever/never), alcohol intake (never, moderate, heavy), education (3 levels), total energy intake (kcal/d), total calcium intake (mg/d), serum
25(OH)D (ng/mL), plasma hs-CRP (mg/L), and diabetes status (yes/no). Models were adjusted for multiple comparisons with the false discovery
rate correction method. Different superscript letters indicate significance between groups, P < 0.05, following Tukey’s adjustment for multiple
comparisons. hs-CRP, high-sensitivity C-reactive protein; 25(OH)D, 25-hydroxyvitamin D.

Conversely, men and women with endogenous and/or exoge-
nous estrogen production may not respond as greatly to other
external stimuli, such as plasma vitamin C, as they do not expe-
rience bone loss at the same accelerated rate. The interaction by
estrogen status is corroborated by other work within the BPRHS
cohort (31) and work in the Aberdeen Prospective Osteoporosis
Screening Study (11), where dietary patterns and individual
nutrients were associated with bone only among peri- and
postmenopausal women. In contrast, data from the European
Prospective Investigation into Cancer and Nutrition–Norfolk
cohort showed that a plasma vitamin C concentration of 53–61
μmol/L, compared with 3–31 μmol/L, was significantly associ-
ated with a 65% reduction in hip fracture and 74% reduction
in spine fracture risk among men only (71). Prospective asso-
ciations between plasma vitamin C and risk of fracture among
women may not have been detected because subgroup analyses
by estrogen status was not tested (28% were pre- or peri-
menopausal; 21% were currently using HRT). Overall, there is a
suggestion that adequate circulating vitamin C may be a lifestyle
contributor to BMD, particularly among postmenopausal non–
estrogen-using women. However, these associations are modest,
may be influenced by subgroup size (lower sample sizes in men
and women with estrogen may reduce statistical power), and
require replication in other, larger cohorts.

We did not observe an interaction between vitamin C,
BMD, and smoking status. In comparison, the Framingham
Osteoporosis Study (FOS) showed a positive, cross-sectional
association between vitamin C intake and BMD among never-
smokers only, although the interaction was not observed in
longitudinal analyses (7). It is important to note that partici-
pants of the FOS consumed significantly higher dietary (140 and
158 mg/d for men and women, respectively) and supplemental
(81 and 95 mg/d for men and women, respectively) vitamin
C compared with the BPROS (mean supplemental intake of
∼15 mg/d, regardless of smoking status). It is recommended that
smokers consume 35 mg more vitamin C/d than nonsmokers
due to the need to neutralize the additional insult of free radicals
introduced by smoking (51). More studies are needed in larger
cohorts with wide variation in supplemental vitamin C intake
to assess the interaction between vitamin C, bone, and smoking
status.

Vitamin C is a water-soluble vitamin that acts as a cofactor
in the synthesis of collagen, carnitine, neurotransmitters, and

hormones (51). It has been shown to benefit bone health, as it
is required for the synthesis of collagen (a major component
of the bone matrix), and due to its antioxidant properties,
which may reduce oxidative stress during bone turnover (72).
Animal models have shown that vitamin C supplementation
prevents bone resorption (73) and reduces age-associated losses
of BMD and trabecular bone volume (74) through the reduction
in the ratio of Receptor activator of nuclear factor kappa-
ligand (RANKL) and NF-κB cells to the total periodontal
ligament cells (73), and by preventing oxidative stress (75).
Translation of these results to human clinical trials is limited.
In 1 trial of 75 patients with osteoporosis supplemented with
500 mg vitamin C/d for 90 d, bone turnover was reduced
(observed increase in alkaline phosphatase and reduction in
tartrate resistant acid phosphatase) alongside increases in
antioxidant activity (increased serum superoxide dismutase and
erythrocyte glutathione) (76). To our knowledge, no other well-
controlled human trials have evaluated the effects of vitamin
C supplementation on short- or long-term change in bone
resorption or BMD.

The current study has several strengths, including being
one of the first studies to evaluate the association between
vitamin C status (by plasma biomarker) and BMD among a
large sample of men and women and the only study among
Puerto Rican adults. In addition, this study has a comprehensive
assessment of sociodemographic, lifestyle, and health factors
known to impact bone. Limitations to the use of the FFQ
include potential under- or overreporting of food intake. The
current study reduced potential bias by removing participants
with extreme energy intakes and adjusting vitamin C intake
and other nutrient intakes for total energy intake. This study
cannot fully separate the associations of vitamin C with bone
from that of other antioxidants and overall dietary quality. The
use of plasma vitamin C provides an unbiased assessment of
this dietary exposure, but a single measure of plasma vitamin
C may not represent long-term dietary exposure. Furthermore,
power to detect associations among men and premenopausal
women was limited, due to small sample sizes within those
groups. Last, while models controlled for known confounders,
there remains the risk of residual confounding with any cross-
sectional study. Causality between plasma vitamin C and its
effect on bone can only be established in randomized controlled
trials.
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In conclusion, dietary vitamin C and supplemental vitamin
C were not related to BMD and no interactions with current
smoking were observed. However, low plasma vitamin C
(≤20 μmol/L) was associated with significantly lower hip
BMD compared with a sufficient concentration (>50 μmol/L),
driven by the significant association in non–estrogen-using
postmenopausal women. Preclinical models support an effect
of vitamin C on bone by reducing bone turnover and oxidative
stress, and by increasing collagen formation. Future research
is needed to determine whether plasma vitamin C status is
associated with longitudinal change in BMD and reduction
of fracture risk. Further well-controlled intervention studies
that increase plasma vitamin C among insufficient individuals
are needed to determine whether vitamin C intervention can
positively influence bone health. Last, this paper highlights the
need for future studies to evaluate metabolism of vitamin C and
plasma vitamin C concentrations in Hispanic populations, who
may be at increased risk for bone disease.
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