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Abstract

We aimed to systematically review available data on the association between vitamin C intake and bone mineral density (BMD), as well as risk
of fractures and osteoporosis, and to summarise this information through a meta-analysis. Previous studies on vitamin C intake in relation to
BMD and risk of fracture and osteoporosis were selected through searching PubMed, Scopus, ISI Web of Science and Google Scholar
databases before February 2017, using MeSH and text words. To pool data, either a fixed-effects model or a random-effects model was used,
and for assessing heterogeneity, Cochran’s Q and P tests were used. Subgroup analysis was applied to define possible sources of
heterogeneity. Greater dietary vitamin C intake was positively associated with BMD at femoral neck (pooled 7 0-18; 0-06, 0-30) and lumbar
spine (pooled r 0-14; 95% CI 0-06, 0-22); however, significant between-study heterogeneity was found at femoral neck: I*=87-6%,
Pheterogeneity < 0-001. In addition, we found a non-significant association between dietary vitamin C intake and the risk of hip fracture (overall
relative risk =0-74; 95% CI 0-51, 1-08). Significant between-study heterogeneity was found (F=791%, Pheterogeneity < 0-001), and subgroup
analysis indicated that study design, sex and age were the main sources of heterogeneity. Greater dietary vitamin C intake was associated with
a 33 % lower risk of osteoporosis (overall relative risk = 0-67; 95 % CI 0-47, 0-94). Greater dietary vitamin C intake was associated with a lower

risk of hip fracture and osteoporosis, as well as higher BMD, at femoral neck and lumbar spine.
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Osteoporosis is a chronic condition that results in reducing
bone density and increasing bone fragility'”. Osteoporosis is
generally diagnosed with bone mineral density (BMD) mea-
surement by dual-energy X-ray absorptiometry (DXA)?. The
World Health Organization® defines osteoporosis as BMD
T-score equal to or lower than —2-5®’. In most patients, osteo-
porosis has no symptoms until a fracture occurs. Osteoporosis
causes nearly nine million fractures annually worldwide and
more than half of them occur in America and Europe®”. On the
basis of the severity and location of fractures, many complica-
tions, including significant disability, increased dependency,
reduced quality of life and increased economic burden of
healthcare costs, may occur™".

Age, sex, ethnicity, family history, fracture history, some
diseases and disorders (such as hypo-gonadal states, endocrine
disorders, malnutrition, rheumatologic disorders, renal insuffi-
ciency and haematologic disorders), alcohol consumption,
tobacco smoking and lack of physical activity are some of the
risk factors for osteoporosis and fractures®™>. Dietary and

nutritional factors have been identified as having a role in the
prevention and incidence of osteoporosis and fractures. On the
basis of previous studies, low intake of Ca, P, Mg, Zn, B, Fe,
fluoride, Cu, vitamins A, K and D and high intake of Na, animal
protein and soft drinks may result in osteoporosis and frac-
tures ' Vitamin C is one of the dietary components that
affect BMD. Vitamin C affects collagen synthesis and osteoblast
genesis. Earlier studies have shown an inverse relationship
between vitamin C intake and the risk of fracture or osteo-
porosis'*2Y. However, one cohort study of 4367 people aged
39-79 years reached no significant association®?. In addition,
increased vitamin C intake was associated with higher BMD at
different sites®2”. Other studies have failed to find any sig-
nificant association between vitamin C intake and BMD®*3Y,

Given the conflicting findings, this study aimed to system-
atically review available data on the association between vita-
min C intake and BMD, as well as risk of fractures and
osteoporosis, and to summarise this information by performing
a meta-analysis.

Abbreviations: BMD, bone mineral density; RR, relative risk.
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Methods

This systematic review and meta-analysis was performed
based on Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) guidelines®® and has been recorded
in PROSPERO by 42017055780 ID number.

Search strategy

Previous observational studies of vitamin C intake in relation to
BMD or risk of fracture or osteoporosis were selected through
searching PubMed, ISI Web of Science and Google Scholar
before February 2017 by two reviewers independently
(H. M, S. S.-b.). We used the following keywords in the search:
(‘vitamin C[tiab] OR ‘ascorbic acid’[tiab] OR ‘acid ascorbic’[tiab]
OR ascorbate[tiab] OR ‘ascorbic acid[MeSH]) AND (‘bone
mineral density’[tiab] OR ‘bone mass density’[tiab] OR ‘bone
density’[tiab] OR BMDItiab] OR fracture[tiab] OR osteoporosis
[tiab] OR ‘bone density’[MeSH] OR ‘fractures, bone’[MeSH] OR
osteoporosisilMeSH]). No limitation was applied during the
search. The reference lists of retrieved papers were also
examined to avoid missing any published data.

Inclusion criteria

Publications that fulfilled the following criteria were eligible for
inclusion: (1) all studies, conducted on humans, that examined
the relationship between vitamin C intake and BMD, risk of
fractures and osteoporosis; (2) studies that were of cross-
sectional or case—control or cohort design; (3) those that
reported OR or hazards ratios (HR) along with 95% CI for
fracture and osteoporosis; and (4) those that reported correla-
tion coefficient for BMD.

Studies were excluded because of the following reasons:
(D those that were letters, comments, reviews, meta-analyses,
ecological studies, animal studies and clinical trial studies;
(2) studies that did not report any estimates for the association
between vitamin C intake and the intended outcomes; and
(3) studies that examined the relationship in children and
adolescents. When we found more than one published report

G only the most com-
(34)

based on the same study population
prehensive publication was included in this meta-analysis

Data extraction

From each eligible study, the following information was
extracted: first author, year of publication, study design, coun-
try, age range, sex, sample size, number of cases, duration of
follow-up, exposure variable, assessment of exposure, outcome
variable, assessment of outcome, relevant effect sizes (OR or
HR and 95 % CI, correlation coefficient), methods of fracture or
BMD quantification and covariates adjusted.

Quality assessment

The quality of included studies was examined using the
Newcastle-Ottawa Scale (NOS) by two reviewers indepen-
dently (H. M. and S. $-b.)®>. The NOS assigns a maximum of
nine points to each study: four for selection, two for compar-
ability and three for assessment of outcomes and exposures.

In the current analysis, when a study got more than median
stars, it was considered as relatively high quality; otherwise, it
was deemed to have low quality. All included studies were
agreed upon.

Statistical methods

The effect sizes that we used in this analysis were HR and OR
and their 95% CI for risk of fracture and osteoporosis in the
highest v. the lowest category of vitamin C intake. In addition,
the correlation coefficient between vitamin C intake and BMD
was used. For correlation analysis, Fisher's Z and sample size
was calculated and used to conduct the meta-analysis. A fixed-
effect model was used to calculate pooled risk estimates by
generic inverse variance method by the user-written ‘metan’
command in Stata (version 14) software®® . Heterogeneity was
assessed using Cochrane’s Q test, and I statistic provided the
relative amount of variance of the summary effect®”. In cases
with heterogeneity, random-effects model (DerSimonian—Laird)
was used. To evaluate the predefined sources of heterogeneity,
subgroup analyses were conducted using a fixed-effect model
with the user-written ‘metan’ command (‘by option’) in Stata
(version 14) software®®
visual inspection of funnel plots. Tests for funnel plot asym-
metry were done with the user-written ‘metabias’ command in
Stata (version 11) software 31. Statistical analyses were carried
out by the use of STATA, version 14.0 (StataCorp). P values that
were <0-1 for heterogeneity test and <0-05 in others were
considered statistically significant.

. Publication bias was assessed by

Results
Findings from a systematic review

In total, 1462 articles were found in our initial search. After
screening titles and abstracts, 1423 articles were excluded.
thirty-eight articles remained for
systematic review and twelve studies were included in the
meta-analysis. The details of the study selection process are
shown in Fig. 1.

We included thirty-eight studies (ten cohort?0223438-49
case—control 19204574 4nq twenty-one  Cross-
sectionale1’25’25'27’3]’5076”) in the systematic review
(Tables 1-3). These studies involved 106741 individuals
aged 20-103 years. All studies were published between 1988
and 2016. In all, fourteen studies were conducted in

USA(20:28.29,31,39,42,44,45-50,52,555859) ' (hjrteen in  East Asian
((19:21,23-26,30,38,43,56,57,60,6 1

(22,27,34,40,41,45-47,51,53,54)

After these exclusions,

seven

and
Two
studies were conducted on males(58’60), fourteen on both males

and  females19-21:2427,39-4244.4649.5255 1,4 others  on
(23,25,.26,20-3134,45,47.48,50,53,54,57-59.6D T e studies had

(21,43,61),
b

countries and New Zealan
eleven in European countries

females

considered osteoporosis as the outcome twelve
studies examined fracture as the outcome'!?20:2239-41.44-49),
and twenty-two studies assessed BMD as the out-
(23-25,2731343850:60  Ope  study had reported both
BMD and fracture as the main outcomes? and two studies
had reported both osteoporosis and BMD as the main

cohort

come

outcomes®®®? The duration of follow-up in
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Had reported HR only per 4184 kJ/d (1000 kcal/d) vitamin C intake for hip fracture (n 1)

_§ References identified in initial search (n 1462)
5
%
= Records excluded (n 1423)
| | Reasons for exclusions:
duplication, animal studies, cellular studies, interventianal studies, reviews,
letters, age of participants, outcomes considered
(o))
g Full-text articles assessed for detailed review (n 39)
o
3]
(%]
Studies included in systematic review (n 39)
Full-text articles excluded (n 26):
Had reported f-coefficient for BMD (n 14)
Had reported BMD’s mean and sp for BMD (n 2)
> Had reported RR and 95 % CI for BMD (n 1)
3 Had measured BMD in different sites (n 3)
=
w — Had reported mean and sp vitamin C intake in fracture and control group (n 2)
Had considered supplementary vitamin C intake as an exposure (n 1)
Had considered total fracture as outcomes (n 3)
Had reported RR only per 1 unit vitamin C intake for osteoporosis (n 1)
3 Studies included in the meta-analysis (n 13)
5 Effect sizes included in meta-analysis of BMD at femoral neck (n 5)
E Effect sizes included in meta-analysis of BMD at lumber spine (n 4)

Effect sizes included in meta-analysis of hip fracture (n 9)
Effect sizes included in meta-analysis of osteoporosis (n 3)

Fig. 1. Flow chart of article searching. BMD, bone mineral density; RR, relative risk; HR, hazard ratio.

4( 38,43) (44)

. Four studies
(20,44,52,55)
)

studies was between and 20 years
used supplementary vitamin C intake as exposure
four studies used total dietary and supplementary
vitamin C intakes as exposure®®¥°*>” and in other
studies dietary vitamin C intakes have been wused as
exposure(19_31‘34’38_43’45_51’53_61) . In seven studies, 24-h dietary
recall for dietary assessment@1?>3%42455460 “in four studies
food records®#?7:#851, questionnaire for three studies 447258
in one diet history(56) and in other studies validated
FRQ(19:20.23:24:26,20-31.34,38,40.41,43,46-50,53,55,57.596D) (yere ysed to
record exposure.

BMD was measured at different sites in included studies;
quantified BMD in femoral

seven at lumbar
n ek s
(23-2527,29.34,38,51552) 1 4

fourteen studies have

neck(23-27:29:31,34,38,52,55,58-60)
spine , nine at total hip
three at trochanter®”?*>> BMD was also measured in ultra-
distal radius®*>?, calcaneus(54’56’61), total forearm, trabecular
forearm, cortical forearm®?, midshaft radius®Y, proximal
femur“®, total femur, shaft, ward®®, whole bodym’m, fore-
arm®” and femoral total®. All studies used DXA for measur-
ing BMD, except two studies that used single-photon
absorptiometry®®>? and one that used qualitative ultrasound
(QUS)““. To assess BMD, eleven studies applied Hologic
scanner2$25:27:29-31.38,5159-6D - fiye applied Lunnar scan-
ner 220285459 w6 studies applied XR-26 scanner™®>®, one
study applied ARKRAY scanner®, one study applied ALOKA

(23,25,26,29,34,52,58)

57

scanner 142,

and one did not report the measurement too
of site of fracture, nine
hip19:20:223944454740 o1 considered total fracture
two studies considered spine‘**** and one study considered
wrist fracture“™®. In terms of osteoporosis, three studies mea-
sured BMD T-score by DXA®?*% and one study measured
BMD T-score by QUS Y.

In terms of BMD, increased vitamin C intake was asso-
ciated with higher BMD at different sites in sixteen
studies (2329:344246,5254.5557.60.0D  However, no significant asso-
ciation was seen between vitamin C intake and BMD at different
sites in other studies@0313851:53:565859 Higher vitamin C
intake was associated with a reduced risk of fracture in two
studies’>>?. No significant association was found in other
studieg?239-10:42:44,46-19) Osteoporosis was directly associated with
dietary vitamin C intake in one Study(‘én and inversely associated
with dietary vitamin C intake in another study(ZDA However, two
studies did not find any significant association between dietary
vitamin C intake and the risk of osteoporosis(26'43).

considered
(40,41,42,46)
b

In terms studies

Findings of the meta-analysis

Vitamin C intake and bone mineral density. Out of twenty-
four studies that were included in the systematic review, we
excluded twenty studies because of the following reasons:

those  that reported results as beta  regression
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Table 1. Characteristics of studies that reported the relationship between vitamin C intake in relation to bone mineral density (BMD)
(B-Coefficients with their standard errors; mean values and standard deviations; odds ratios and 95 % confidence intervals)

Result
Duration of
Author (year) Age range follow-up ~ Exposure Exposure Mean or sp or Study
(references) Study design Country (years) Sex n (years) variable assessment Outcome variable Outcome assessment Comparison R B SE OR 95% CI quality Matching or adjustments
Hernandez-Avile Cross-sectional USA 50-60 F 281 - Dietary vitamin C FFQ BMD Ultra-distal radius Single-photon Per 1 unit 0-086 0-056 8 Age, Ca intake, smoking, BMI, multi-
(1992)50 Total vitamin C absorptiometry 0025 0013 vitamin intake, Iuteinising hormone,
(Lunar) follicle-stimulating hormone
Leveille (1997)©" Cross-sectional USA 55-80 F 1892 - Dietary vitamin C FFQ BMD Femoral neck DXA (Hologic) Per 1 unit 0-010 0-044 9 Age, weight, height, thiazide use,
Total vitamin C 0-005 0-006 thyroid use, energy intake, physical
activity, vitamin D and E, Ca,
B-carotene intake, diabetes,
oestrogen use
New (1997)©% Cross-sectional UK 45-49 F 994 - Dietary vitamin C FFQ BMD Lumbar spine DXA (XR-26) - 0.07 7 Age, weight, height, physical activity,
Femoral neck 0-03 smoking, social status
Femoral trochanter 0-05
Femoral wards 0-05
Wang (1997)®) Cross-sectional USA 59-84 F 125 - Dietary vitamin C Questionnaire BMD Femoral neck DXA (Hologic) Per 1 unit 0-0002 0-0001 4 Age, BMI, energy intake, oestrogen
Lumbar spine 0-0002 0002 use, acculturation, moderate activity
Hall (1998)@° Cross-sectional USA 45-65 F 775 - Dietary vitamin C FFQ BMD Femoral neck DXA (Hologic) Per 100 mg/d 0.017 7 Age, BMI, oestrogen use, energy
Total hip 0017 intake, Ca intake, physical activity,
Lumbar spine 0-014 smoking
New (2000)%®) Cross-sectional UK 45-55 F 62 - Dietary vitamin C FFQ BMD Total forearm DXA (XR-26) - 0-11 7 Age, weight, height, menopausal
Trabecular forearm 0-09 status
Cortical forearm 0-16
Morton (2001)(52' Cross-sectional USA 50-98 F 994 - Supplementary Questionnaire BMD Ultra-distal radius Single-photon Users v. 0-247 0-235, 0-259 7 Age, BMI, exercise, alcohol, smoking,
vitamin C Midshaft radius absorptiometry non-users 0237 0-231, 0-243 Ca and multi-vitamin supplement,
Femoral neck (Lunar) 0-587 0571, 0-603 thiazide, oestrogen, thyroid hormone,
Total hip 0-586 0.576, 0-596 corticosteroid use, physical activity
Lumbar spine 0-656 0-639, 0-674
0-630 0-620, 0-639
0-803 0-782, 0-824
0788 0-767, 0-789
0925 0-896, 0-954
0907 0-890, 0-924
Sasaki (2001)©® Cross-sectional Japan 29-60 F Pre: 243 - Dietary vitamin C Diet history BMD Calcaneus DXA (ARKRAY) 0.07 129 83 4 Age, height, fat and non-fat body
39-60 Pos: 137 0-10 154 73 weight, energy intake
Simon (2001)“?) Cohort USA 20-90 F Pre: 3204 6 Dietary vitamin C 24-h recall BMD Proximal femur DXA Per 100 mg/d 0010 7 Age, race, education, physical activity,
M Pos: 2906 - 0-005 BMI, thiazide, energy, fat, protein,
5739 -0-002 caffeine, alcohol intake, smoking,
diabetes, serum levels of vitamins E
and D and thyroid-stimulating
hormone, oral contraceptive pill,
pregnancy, oestrogen
llich (2003)®@® Cross-sectional USA 57-88 F 136 - Dietary vitamin C 3-d food record BMD  Total femur DXA (Lunar) Per 1 unit 0-00032 5 Age, lean body mass, total body fat,
Shaft 0-00036 height, physical activity, energy
Trochanter 0-00024 intake
Ward 0-00026
Kaptoge (2003)" Cross-sectional UK 67-79 F 474 - Dietary vitamin C 7-d food record BMD Total hip DXA (Hologic) Per 1 unit 0-159 0112 6 Weight change, physical activity, FEV,
M 470 0-065 0-123 ADL score
Macdonald (2004)®*  Cohort UK 45-55 F 891 5 Dietary vitamin C FFQ BMD Femoral neck DXA (XR-26) 0195 7 Age, weight, weight change, height,
Lumbar spine 0-104 smoking, physical activity, socio-
economic status
Wolf (2005)‘59' Cross-sectional USA 50-79 F 11068 - Dietary vitamin C FFQ BMD Femoral neck DXA (Hologic) Per 1 unit 0-008 0-004 7 Age, BMI, waist circumference, race,
Total vitamin C 0-001 0-001 income, education, alcohol, coffee,

smoking, hormone use, thiazide use,
thyroid medication, physical activity,
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Table 1. Continued

Result
Duration of
Author (year) Age range follow-up  Exposure Exposure Mean or sD or Study
(references) Study design Country (years) Sex n (years) variable assessment Outcome variable Outcome assessment Comparison R B SE OR 95% CI quality Matching or adjustments
energy, fat, SFA, protein, Mg, Ca,
vitamin D, antioxidant intake
Prynne (2006)” Cross-sectional UK 60-83 F/M 67 - Dietary vitamin C 7-d food record BMD Trochanter DXA (Hologic) Per 1 unit -2:5 4.3 4 Age, physical activity, smoking,
Whole body -03 23 supplement use, Ca, vitamin K,
Spine 33 37 energy intake
Total hip -1-8 34
Femoral neck -38 32
Sahni (2008)® Cross-sectional USA 70-80 FM 874 - Dietary vitamin C FFQ BMD Femoral neck DXA (Lunar) T3/m1 0-94/0-86  0-03/0-04 6 Age, height, energy intake,
Supplementary Trochanter Non-smoker 0-87/0-87  0-03/0-03 supplement use, physical activity,
vitamin C Femoral neck Former smoker 0-78/0-89  0-07/0-07 alcohol, vitamin D, Ca, caffeine
Trochanter Current 0-88/0-82  0-04/0-05 intake, season
smoker 0-84/0-84  0-03/0-03
0-68/0-94  0-07/0-07
0-92/0-93  0-04/0-05
0-86/0-87  0-04/0-04
0-71/0-80  0-09/0-10
0-87/0-80  0-05/0-06
0-84/0-84  0-04/0-04
0-56/0-76  0-08/0-11
Chan (2011)® Cohort Hong Kong >65 M 1224 4 Dietary vitamin C FFQ BMD Femoral neck DXA (Hologic) Per 1 unit 0-411 4 Age, weight, height, education,
Hip 0-007 alcohol, smoking, physical activity,
supplement use, Ca and vitamin D
intake
Sugiura (2011)®7 Cross-sectional Japan 54-66-5 F 293 - Dietary vitamin C FFQ BMD Forearm DXA (ALOKA) T3v.T1 025 0.07-0-82 8 Age, weight, height, menopausal
status, tobacco use, alcohol intake,
exercise, supplement use, energy
intake, Ca, Mg, K, vitamin D intake
Park (2011)) Case—control South Korea  50-70 F 72 - Dietary vitamin C FFQ BMD Lumbar spine DXA (Lunar) 0111 5 Age, BMI, energy intake, HRT
72 Femoral neck 0-190
Femoral total 0122
Rivas (2012)%2) Cross-sectional Spain 18-35 F 280 - Dietary vitamin C 24-h recall BMD Calcaneus DXA (Lunar) Per 1 unit 0417 0-101 5 Age, weight, height, smoking, physical
35-45 0-344 0092 activity
>45 0-366 0-102
Yang (2014)(5") Cross-sectional ~ South Korea 50-79 M 2305 - Dietary vitamin C 24-h recall BMD Femoral neck DXA (Hologic) 0-055 7 Age, weight, education, alcohol intake,
exercise, vitamin D, parathyroid
hormone
Zhang (2015)©" Cross-sectional China 30-90 F 1878 - Dietary vitamin C FFQ BMD Calcaneus QUS (Hologic) Per 1 unit -0-114 0-051 6 -
Kim (2015)% Cross-sectional ~ South Korea >50 F 1196 - Dietary vitamin C 24-h recall BMD Total hip DXA (Hologic) Per 1 unit 0653 7 Age, BMI, energy intake, smoking,
Femoral neck 0-657 income, vitamin D
Lumbar spine 0-513
Liu (2015)4 Cross-sectional ~ Hong Kong >65 F 1994 - Dietary vitamin C FFQ BMD Whole body DXA (Hologic) 62 04 8 -
1992 Spine 53 04
Total hip 32 08
Femoral neck 33 07
6-1 07
8.0 06
62 07
6-8 06
Casale (2015)@% Cross-sectional New Zealand ~ 21-45 F 83 - Dietary vitamin C FFQ BMD Whole body DXA (Hologic) -0.01 3 -
Kim (2016)(23) Cross-sectional ~ South Korea 50-75 F 189 - Dietary vitamin C FFQ BMD Lumbar spine DXA (Lunar) Per 1 unit 0157 5 Age, BMI, energy intake
Femoral neck 0-324 0-453 0-301
Total hip 0236 0-296 0313

DXA, dual-energy X-ray absorptiometry; F, female; M, male; HRT, hormone replacement therapy; QUS, qualitative ultrasound.
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Table 2. Characteristics of studies that reported the relationship between vitamin C intake and risk of fracture
(Odds ratios, relative risks (RR) and 95 % confidence intervals; mean values and standard deviations)

Study Age range Number of Duration of follow- Exposure Outcome Outcome OR or Study
First author (year) design Country  (years) Sex n cases up (years) Exposure variable assessment variable assessment Comparison RR 95% Cl Mean sp quality Matching or adjustments
Holbrook (1988)©% Cohort  USA 50-79 F/M 957 33 14 Dietary vitamin C ~ 24-h recall ~ Hip fracture Interview Per 48-6mg/4184kJ  0-8 NS 5  Age, sex, Ca
intake (1000 kcal)
Nieves (1992)“®) Case— USA 50-103 F 329 161 - Dietary vitamin C ~ FFQ Hip fracture  Radiology Q5 v. Q1 087 034,220 6  BMI, oestrogen use, chronic
control intake photography disease/age and hospital matching
Michaelsson (1995)*”)  Case- Sweden 40-75 F 1140 247 - Dietary vitamin C  FFQ Hip fracture Hospital record Q4 v. Q1 1-89 1-15, 3-09 7 Diabetes, fracture history, HRT,
control intake smoking, physical activity, BMI,
energy intake
Lumbers (2001)“® Case- UK >60 F 125 75 - Dietary vitamin C ~ 24-h recall  Hip fracture ~ Medical record fracture 60-7 332 -
control intake control 552 388
Simon (2001)“? Cohort  USA 2090 F Pre: 3778 186 6 Dietary vitamin C  24-h recall Fracture Interview Per 100 mg/d 0-89 0-6, 1-32 6 Age, race, education, physical
Pos: 3165 392 intake 0-99 083, 117 activity, BMI, oral contraceptive pill,
thiazide diuretics, history of
pregnancy, Ca, fat, protein, caffeine,
alcohol intake, smoking, energy,
diabetes, serum level of thyroid-
stimulating hormone, vitamin D, E
White (2006)“4 Cohort  USA 66-82 F 8877 F: 949 20 Vitamin C Questionnaire Hip fracture Hospital record Per mg/d F:1 1.00, 1-00 6 Energy
M 5101 M: 278 supplement Wrist fracture M: 1 0-99, 1-01
F: 389 Spine fracture F:1 1-00, 1-00
M: 56 M: 1, 1.03
F: 562 1.01 1.00, 1-00
M: 167 F:1 099, 1-01
M: 1
Zhang (2006)* Case- USA >50 F/M 2564 1215 - Dietary vitamin C  FFQ Hip fracture Hospital record Q5 v. Q1 0.71 0.51, 1 8 Age, sex, BMI, physical activity,
control intake energy, Ca, vitamin D, protein,
caffeine, alcohol intake
Martinez-Ramirez Case-  Spain >65 F/M 334 167 - Dietary vitamin C  FFQ Fracture Medical report Q4 v. Q1 091 0-37, 2:23 5 Age, sex, energy, Ca intake, home
(2007)19) control intake access, chronic condition, Kantz
index, serum vitamin C
Key (2007)“0) Cohort UK 20-89 F 26749 1555 52 Dietary vitamin C  FFQ Fracture Self-report Q5 v. Q1 1.06  0-83,1-36 5 Age, smoking, energy intake,
M 7947 343 intake 110 0-65, 1-88 alcohol, BMI, exercise, material
status, HRT
Sahni (2009)@° Cohort  USA 70-80 FM 958 100 15 Dietary vitamin C ~ FFQ Hip fracture  Medical report T3 v. T1 079 052,146 6  Age, sex, energy intake, oestrogen
intake Hospital record T3 v. T1 0-36 0-16, 0-79 use, BMI, multi-vitamin use, height
Supplement T3v. Tl 0-52 0-29, 0-95
vitamin C intake
Total vitamin C
intake
Samieri (2013)“") Cohort  France 68-95 FM 1482 155 8 Dietary vitamin C ~ FFQ Fracture Self-report Fracture 814 555 5 -
intake No-fracture 832 614
Sun (2014)(" Case- China 62-79  FIM 1452 726 - Dietary vitamin C  FFQ Hip fracture Radiology Q4 v. Q1 0-39 0-28, 0-56 5 Age, sex, drugs, BMI, education,
control intake photography occupation, income, family history
of fracture, smoking, alcohol, Ca
and multi-vitamin supplement,
physical activity, energy intake
Finck (2015)®? Cohort UK 39-79 F 2525 339 12.6 Dietary vitamin C ~ 7-d Food Hip fracture Q5 v. Q1 1.33  0-88, 2.00 7 Age, family history of osteoporosis,
M 1842 112 intake record Spine fracture Q5 v. Q1 0-64 0-34, 123 BMI, smoking, physical activity,
2334 124 0-90 0-50, 1-61 steroid medication, energy, Ca
1808 78 1.05 052, 213 intake, Ca and vitamin D

supplemental status, HRT

F, female; M, male; Q, quantiles; T, tertiles; HRT, hormone replacement therapy.
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Table 3. Characteristics of studies that reported the relationship between vitamin C intake and risk of osteoporosis
(OR, relative risk (RR) and 95 % confidence intervals; B-coefficients with their standard errors)

Age Duration of OR
Study range Number  follow-up  Exposure Exposure Outcome Outcome or Study
uthor (year) design ountry years ex n of cases years variable assessment  variable assessment omparison 5 % se quality Matching or adjustments
Auth desi C S f iabl iabl C i RR 95% CI B lity Matchi dj
Park Case— South 50-70 F 144 72 - Dietary FFQ Osteoporosis DXA (Lunar) Q4 v. Q1 0-653 0-187, 2-:279 5 Energy intake, age, BMI,
(2011)®@® control  Korea vitamin C (< —2.5 T-score/ HRT/ age-matching
LS-FN-FT)
Zhang Cross- China 30-90 F 1878 529 - Dietary FFQ Osteoporosis QUS (Hologic) Per 1 unit  1.369 1.037, 1.817 0-313 0-146 6 -
5 sectional vitamin <—2-5 T-score
2015)“9 ional itamin C 25T /
Cal)
Kim MH Cross- South >50 F/M 3047 1212 - Dietary 24-h recall Osteoporosis DXA (Hologic) Q4 v. Q1 067 047,097 8 Age, sex, income,
sectional Korea vitamin <—2-5 T-score education, smoking, ,
2016)@" ional  Ki itamin C 25T / ducati king, HRT,
LS-FN-TH) survey year, energy intake,
Ca intake, blood vitamin D
level
Sugiura Cohort Japan 30-70 F 187 17 4 Dietary FFQ Osteoporosis DXA (ALOKA) T3 v. TH 07 0.01, 117 6  Age, weight, height, years
(2016)“® vitamin C (T-sore exceeded

70 %/FA)

since menopause, current
tobacco use, alcohol
intake, exercise habit,
supplement use, energy
intake, intake of Ca, Mg, K,
vitamin D

F, female; M, male; LS, lumber spine; FN, femur neck; FT, femoral total; Q, quantiles; HRT, hormone replacement therapy; TH, total hip; CAL, calcaneus; FA, forearm.
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. 20 2 2 505 O
coefficient?425:27-29,31,38:42,50,51,54.58,59.6D. 1, nse that reported

BMD’s means and standard deviations in categories of vitamin C
intake®> or users vitamin C supplement v. non-users”%; those
that reported relative risks (RR) and 95 % CI in tertiles of vitamin

C intake®”; and those that measured BMD at calcaneus®®, total
and whole

forearm, trabecular forearm, cortical forearm®®
body®®. Finally, four studies 23203400
relation between dietary vitamin C intake and BMD at femoral
neck (four effect sizes obtained from four studies) and lumbar
spine (three effect sizes obtained from three studies) were
included in the meta-analysis. Studies that reported correlation
coefficient between dietary vitamin C intake and BMD included
3529 individuals in total. The meta-analysis of four effect sizes
obtained from four studies at the femoral neck indicated that
greater dietary vitamin C intake was significantly associated
with BMD (Fisher's Z: 0-18; 95% CI 0-06, 0-30, P 0-003).
Although between-study heterogeneity was statistically sig-
nificant (% =87-6%; Pheterogeneity < 0-001), we did not perform
subgroup analysis to find the source of heterogeneity owing to
the low number of publications. Combining three effect sizes
obtained from three studies at lumbar spine indicated that
greater dietary vitamin C intake was significantly associated
with BMD (Fisher's Z=0-14; 95% CI 0-06, 0-22, P 0-00D).
Fisher’s Z and 95% CI that was calculated in meta-analysis
is equal to the correlation coefficient and 95 % CI. No evidence
of between-study heterogeneity was found (=307 %;
Pheterogeneity = 0-230) (Fig. 2). Begg’s test (P=0-53) and Egger’s
test (P=0-07) showed no publication bias.

that examined the cor-

Vitamin c intake and risk of fracture. Of thirteen studies that
were in the systematic review, we excluded seven studies from the
meta-analysis: those that considered total fracture as the out-

(40,42,46) (44)

come , mean

and standard deviation of vitamin C intake in fracture and control

, supplementary vitamin C as an exposure

First author (year)

groups™® and those that reported the risk of hip fracture for

vitamin C consumption per 4184 kJ/d (1000 keal/d)®. Finally, six
studies that considered hip fracture were included in the meta-
analysis122022479 pypblications that examined the association
between vitamin C intake and risk of fracture included 10810
individuals with 2898 cases of hip fractures. In this meta-analysis,
nine effect sizes, obtained from six studies, indicated that high
levels of vitamin C intake were not significantly associated with
risk of hip fractures (overall RR=0-74; 95 % CI 0-51, 1-08, P 0-001)
(Fig. 3). Significant between-study heterogeneity was found
(P =791%; Phererogeneity < 0-001). Subgroup analysis was per-
formed to find the potential sources of heterogeneity. This analysis
indicated that study design, sex and age were the main sources of
between-study heterogeneity (Table 4). In cohort and case—con-
trol studies, non-significant associations were found. However,
between-study heterogeneity was not apparent in cohort studies.
In males, dietary vitamin C intake was significantly associated with
hip fracture (overall RR=0-47; 95% CI 0-28, 0-79, P 0-004). In
females, a non-significant association was seen (overall RR = 0-90;
95% CI 0-71, 1-15, P 0-394). In both females and males, 29%
decreased incidence of hip fracture was seen by greater dietary
vitamin C intake (overall RR=0-71; 95% CI 0-56, 0-92, P 0-009).
The association between dietary vitamin C intake and hip fracture
was significant in participants aged 70 years or older (overall
RR=0-72; 95% CI 0-57, 0-92, P 0-009). No publication bias was
found (Begg’s test P=0-74 and Egger’s test P=0-83).

Vitamin C intake and risk of osteoporosis. Out of four
included studies in the systematic review, one study was
excluded from the meta-analysis®”. This study reported the
risk of osteoporosis for one unit vitamin C consumption.
Three studies considered the risk of osteoporosis in categorised
of vitamin C intake which were included in the meta-
analysis(21’26’43). These studies included 3378 individuals with

Fisher's Z 95% CI Weight (%)

Femoral neck
Macdonald (2004)

Park (2011)

Yang (2014) =

Kim (2016)

Subtotal (/2=87-6 %, P=0-000)

Lumbar spine

—t— 0-20

—_— 0-19

0-13, 0-26 18-15
0-03, 0-36 10-20

0-06 0-01,0-10 19-95
e 0-34

0-19, 0-48 11-67

0-06, 0-30 59-97

Macdonald (2004) —t 0-10  0-04,0-17 18-15
I

Park (2011) ——— 0-11 -0-05, 0-28 10-20

Kim (2016) 0-24 0-10, 0-38 11-67

Subtotal (/=307 %, P=0-236)

0-06, 0-22 40-03

0

Fig. 2. Forest plot of correlation coefficient in bone mineral density at the femoral neck and lumbar spine and dietary vitamin C intake.
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First author (year) RR 95% CI Weight (%)
Neives (1992) ; 0-87 0-34,2:20 7-81
Michaelsson (1995) | —_— 1-89 1-15, 3-09 11-89
Zhang (never smokers) (2006) % 0-71 0-51,1-00 13-33
Zhang (ever smokers) (2006) %—%—7 0-65 0-38,1-13 11-39
Sahni (2009) %ﬁ— 079 0-52,1-46 11-67
Sun (2014, female) —— 0-38 0-25, 056 1275
Sun (2014, male) | 0-25 0-10, 0-61 8-05
Finck (female) (2015) e 133 0-88, 2:00 12:60
Finck (male) (2015) %—%— 0-64 0-34,1-23 10-42
Overall (12=79-1%, P=0-000) <> 0-74 051,108  100-00
I 1 I
0-1 1 10
Fig. 3. Forest plot of the association between dietary vitamin C intake and the risk of hip fracture. RR, relative risk.
Table 4. Subgroup analysis of dietary vitamin C intake and risk of hip fracture
(Relative risks (RR) and 95 % confidence intervals)
Number of effect sizes RR 95 % ClI Puithin-group 12 (%) Pheterogeneity Pinter-group
Study design
Cohort 3 0-92 059, 1-44 0-711 55.4 0-106 0-001
Case—control 6 0-66 0-39, 1-12 0-126 83 <0-001
Sex
Female 4 0-90 071, 1-15 0-908 899 <0-001 0-001
Male 2 0-47 0-28, 0-79 0-065 63-7 0-097
Both 3 0-71 0-56, 0-92 0-009 0 0-877
Age (years)
<70 5 072 0-35, 1-47 <0-001 0 0-936 0-001
>70 4 0.72 0-57, 0-92 0-360 89-3 <0-001
First author (year) RR  95%Cl Weight (%)
Park (2011) %— 065 0-19,2:28 7-58
Kim (2016) — 0-67 047,097 90-32
Sugiura (2016) 1 070 0-01,117 2.09
Overall (12:0-0%, P=0-999) <> 0-67 0:47,0:94 100-00
I ! I

0-01

100

Fig. 4. Forest plot of the association between dietary vitamin C intake and the risk of osteoporosis. RR, relative risk.

1301 cases of osteoporosis. In the meta-analysis of effect sizes
obtained from three included studies, we found that higher

vitamin C intake was inversely associated with the risk of
osteoporosis (overall RR=0-67; 95% CI 0-47, 0-94, P: 0-022;
F=0%; Pheterogeneity = 0-999) (Fig. 4). No publication bias was
found (Begg’s test P=0-60 and Egger’s test P=0-95).

Discussion

In this meta-analysis, we found that greater dietary intake of
vitamin C was positively associated with a higher BMD at the
femoral neck and lumbar spine. In addition, greater dietary
vitamin C intake was significantly associated with reduced risk
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of hip fracture and osteoporosis. This is the first meta-analysis
that examined the association of dietary vitamin C intake with
risk of fracture, osteoporosis and BMD.

Osteoporosis is a chronic condition that affects a large
number of elderly people®®®. The incidence of fracture has
increased recently in parallel to ageing throughout the
world®®. Among several factors that might influence the risk of
fractures and osteoporosis, dietary intakes are of great impor-
tance. Vitamin C is essential for collagen synthesis and osteo-
blastogenesis. Ascorbic acid specifically stimulated type I and III
collagen synthesis((’z*’(ﬂ) . In addition, vitamin C deficiency sti-
osteoclastogenesism). During osteoclastogenesis,
ascorbic acid acts as an oxidant, first stimulating osteoclast

mulates

formation, later limiting osteoclast life span. This action results
in adaptation of osteoclastogenesis(68‘69). Although vitamin C
indeed has a major effect on collagen synthesis, the main and
most crucial effect is on osteoblast differentiation. Vitamin C can
prevent the loss of osteoblast differentiation markers (Osterix,
osteocalcin, runt-related transcription 2, bone morphogenetic
protein 2) and attenuate bone loss, as well as stimulate bone
formation”?. Vitamin C actually is a marker of dietary fruit and
vegetable intake, healthy dietary patterns and total antioxidant
intake. Greater intake of fruit, vegetables and antioxidants, and
healthier dietary pattern, was associated with bone health”*7%.

We found that greater intakes of dietary vitamin C were
associated with higher BMD at femoral neck and lumbar spine.
Previous studies have reached the same findings?>272%:3452.60)
However, some investigations indicated no association
between dietary vitamin C intake and BMD’s correlation coef-
ficient at the femoral neck and lumbar spine®®*>®  Such
findings might be explained by the validity of the FFQ used in
different studies and lack of controlling for several confounders.
However, it must be noted that these correlations are con-
sidered as weak correlations.

In terms of hip fracture, we found a significant inverse
association between greater dietary vitamin C intake and the
risk of hip fracture in both males and females. Although these
findings were in agreement with previous publications'®”,
other studies have found a non-significant association between
dietary vitamin C intake and the risk of hip frac-
ture(#239-404244.46-49) Thege findings might be explained by
different selection bias, different study designs and sample
sizes, as well as lack of controlling for potential confounders
and the validity of the FFQ used in different studies.

Another finding of our study was that dietary intakes of
vitamin C were inversely associated with the risk of osteo-
porosis. Our finding was in agreement with that of the study by
Kim & Lee®". Although other publications in this regard indi-
cated non-significant or direct associations 2"V such find-
ings might be explained by the lack of controlling for potential
confounders, low sample sizes and low incidence of osteo-
porosis during follow-up.

Although the present study is the first meta-analysis that
examined the association of dietary vitamin C intake and BMD,
fracture or osteoporosis, it has some limitations that should be
considered. Searching was limited to published articles. Although
there was no evidence of publication bias, lack of considering
unpublished studies might have influenced the findings. Some

studies reported the p-correlation coefficient and we did not
include them in the meta-analysis. Owing to the cross-sectional
design of most studies that reported mean BMD, our findings in
this regard cannot indicate causality. Differences in study design
lead to differences in their reliability. We could not consider this
point because of the lack of enough studies in this regard.
Although significant heterogeneity was seen, due to lack of
enough studies, we could not perform subgroup analysis.

In conclusion, we found that greater dietary vitamin C intake
was associated with higher BMD at the femoral neck and
lumbar spine. In addition, reduced risk of hip fracture and
osteoporosis were associated with greater dietary vitamin C
intakes. However, some questions still need to be answered to
determine causality. Further prospective cohort studies with
long duration of follow-up, valid instruments for measurement
of dietary vitamin C, BMD, fracture and osteoporosis are war-
ranted to support the relation between dietary vitamin C and
BMD, risk of fracture and osteoporosis.
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