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Abstract
Vitamin D deficiency (plasma 25-hydroxycholecalciferol (25(OH)D)<50 nmol/l) is highly prevalent, increases risk of non-communicable
diseases (NCD) and associates with increased oxidative stress in obese subjects, the elderly and patients suffering from NCD. If confirmed as
an independent driver of oxidative stress, nutritional and other public health strategies to improve vitamin D status would be strongly
supported. We investigated vitamin D/oxidative stress links without the confounding effects of advanced age, obesity, smoking or pre-existing
disease. Plasma 25(OH)D and biomarkers of oxidative stress and antioxidant status (plasma allantoin, oxidised LDL, ferric reducing
antioxidant power (FRAP), ascorbic acid, urine 8-oxo-7,8-dihydro-2'-deoxyguanosine) were measured in fasting samples from 196 consenting,
healthy adults aged 18–26 years. Correlation between 25(OH)D and each biomarker as well as biomarker differences across 25(OH)D
quartiles and groups (<25/25–49/≥50 nmol/l) were investigated. Median 25(OH)D was 40 nmol/l; >70% of participants were vitamin D
deficient. No significant correlations and no biomarker differences across 25(OH)D quartiles or groups were seen except for total antioxidant
status. A weak direct association (r 0·252, P< 0·05) was observed between 25(OH)D and FRAP, and those in the lowest 25(OH)D quartile and
group had significantly lower FRAP values. Results did not reveal a clear link between vitamin D status and oxidative stress biomarkers in the
absence of advanced age, obesity and disease, though some evidence of depleted antioxidant status in those with vitamin D deficiency was
seen. Poor antioxidant status may pre-date increased oxidative stress. Study of effects of correction of deficiency on antioxidant status and
oxidative stress in vitamin D-deficient but otherwise healthy subjects is needed.
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Non-communicable diseases (NCD) contribute most to the huge
and increasing burden of death and disability worldwide, and yet
are largely preventable by healthy lifestyle and dietary choices(1).
Subtle, initially ‘hidden’ biomolecular changes, if left to develop
and accumulate, lead to cellular dysfunction, tissue damage and,
eventually, to NCD(1–5). Many of these changes are linked to
oxidative stress(2–4). Various factors that increase oxidative stress,
including inflammation, smoking and obesity, are risk factors for
NCD(1–5). Identifying and correcting modifiable risk factors for NCD
in still-healthy subjects would promote long-term health and have
significant socioeconomic benefit for our ageing communities(1,5).
Deficiency of vitamin D (plasma 25-hydroxycholecalciferol
(25(OH)D) <50nmol/l) is a suggested risk factor for NCD. This is
based on experimental evidence of pleiotropic effects of vitamin D
and results of population-based studies that show strong

association between poor vitamin D status and development of
NCD(6–22). A detailed review of such studies is beyond the scope
of this paper, but some examples are presented briefly. A Finnish
study of >1100 men and women aged 53–73 years found
a significantly higher risk of death in those with low vitamin D
during an average follow-up of 9 years; hazard ratio (HR) for
all-cause mortality was 2·06 (95% CI 1·12, 3·80) in the
lowest compared with the highest tertile of 25(OH)D(15). In the
German population-based ESTHER study of almost 10 000
subjects aged 50–74 years at baseline, overall mortality during
follow-up (median 9·5 years) showed HR for all-cause death
was significantly higher in those with vitamin D deficiency:
in those with plasma 25(OH)D <30 or 30–50nmol/l the mortality
HR values were, respectively, 1·71 (95% CI 1·43, 2·03) and
1·17 (95% CI 1·02, 1·35) when compared with those with
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25(OH)D >50nmol/l, and there were similar findings for death
from CVD or cancer(7). In a nested case-control study involving
>500 000 subjects across ten European countries, those in the
lowest quintile of pre-diagnostic 25(OH)D concentration had a
40% (P< 0·001) higher risk of incident colorectal cancer(16). In a
study of >1000 Korean subjects, incidence of type 2 diabetes at up
to 5 years of follow-up was higher in those with vitamin D defi-
ciency independently of other risk factors: hazard ratios in those
with plasma 25(OH)D ≤25 or >25<50nmol/l were 3·23 (95% CI
1·66, 6·30) and 2·06 (95% CI 1·22, 3·49), respectively, compared
with those with plasma 25(OH)D≥50nmol/l(17), and it is
estimated that each 25nmol/l increment in plasma 25(OH)D is
associated with a 24% decrease in risk of 5-year incidence of
diabetes: OR 0·76 (95% CI 0·63, 0·92)(18). However, not all studies
agree, and it is noted that vitamin D deficiency could be a con-
sequence rather than an underlying cause of disease(23). Still, the
very high prevalence of vitamin D deficiency worldwide along
with its reported links to NCD make this an area of research with
great potential impact for human health(1,8,19–22).
At present the role of vitamin D deficiency in the develop-

ment of NCD remains unclear, and there is currently no general
agreement on what constitutes ‘optimal’ vitamin D status, or on
the need for public health measures to screen for and correct
deficiency(21–26). Vitamin D status is assessed by measuring
the concentration of calcidiol (25(OH)D) in plasma or serum,
preferably using liquid chromatography with tandem MS (LC-
MS/MS)(27). Plasma 25(OH)D <50nmol/l is generally agreed
to indicate deficiency of vitamin D, but there is no clear
consensus on the threshold of adequacy of vitamin D, especially
in relation to its reported non-skeletal effects. Plasma 25(OH)D
≥50nmol/l may be adequate for bone health, but 75–100nmol/l
is suggested as optimal for lowering risk of NCD and overall
mortality(6,7,24–26).
The link between vitamin D status and risk of NCD could be

due, at least in part, to effects on oxidative stress and anti-
oxidant status(6,28–33). Vitamin D reportedly has antioxidant
properties, protecting cultured human endothelial cells and
retinal cone cells from oxidative challenge and activating the
protective Nrf2-KEAP1 antioxidant pathway in diabetic
rats(6,29–32). In human study, lower vitamin D status was found
to associate with higher levels of oxidative stress biomarkers in
obese children(33): median plasma malondialdehyde and
nitrotyrosine concentrations were, respectively, 80 and 50%
higher (P< 0·05) in obese children with 25(OH)D <50 nmol/l,
although it is noted that obesity associates independently with
both lower vitamin D and higher oxidative stress(2,3,34).
Depleted antioxidant status predisposes to oxidative stress, and
logistic regression analysis of data from a study of forty pre-
eclampsia patients revealed a positive association between
25(OH)D levels and plasma total antioxidant capacity
(β= 0·428, P< 0·02)(35). In addition, significantly lower plasma
total antioxidant capacity was found in fifty-eight vitamin
D-deficient chronic hepatitis patients compared with non-
deficient patients with the same disease, and a significant
inverse correlation (r −0·426; P< 0·02) was seen between levels
of plasma 25(OH)D and lipid hydroperoxides(36). In sixty-five
elderly subjects with type 2 diabetes or impaired fasting
glucose, 25(OH)D correlated inversely with two oxidative stress

biomarkers in plasma, namely oxidised LDL (OxLDL: r −0·413,
P< 0·01) and advanced protein peroxidation products
(r −0·475, P< 0·001)(37). As yet, studies of oxidative stress and
antioxidant status in relation to vitamin D in still-healthy subjects
are scarce. Some evidence of inverse association between
plasma 25(OH)D and levels of advanced protein oxidation
products was seen in a study of 411 apparently healthy subjects
aged 18–81 years, but many of the subjects were obese, hyper-
tensive, elderly or were smokers, 60% of participants were
revealed during the study to have elevated risk of or suffering
from cardiometabolic disease, and overall the oxidative stress
link was described as ‘equivocal’(38). Furthermore, no separate
data on young adults were shown(38). Therefore, we currently
lack data on the putative vitamin D/oxidative stress association
without the confounding effects of advanced age, obesity,
smoking or pre-existing disease. This was the focus of the
current study.

Methods

Fasting urine and heparinised venous blood samples were
collected from 196 subjects (sixty-three males, 133 females).
Antioxidants are more stable in heparin compared with EDTA
plasma, and we regard heparinised plasma as the sample of
choice(39). All participants reported being in good general
health. None took regular medication, food or vitamin
supplements. Participants did not smoke (all were ‘never
smokers’) and were not obese. None had required medical
treatment in the previous 6 months or been hospitalised within
the previous year. All volunteers had been living in Hong Kong
for at least 1 year. All but two (both of whom were of Caucasian
ethnicity) were ethnic Chinese. Subject demographics were as
follows: mean, age 20·8 (SD 1·6) years; weight 56·7 (SD ·5) kg;
height 163·3 (SD 8·8) cm; BMI 21·1 (SD 2·4) kg/m2: systolic blood
pressure 113 (SD 10·0) mmHg; diastolic blood pressure 64
(SD 7·7) mmHg. This study was conducted according to the
guidelines laid down in the Declaration of Helsinki and all
procedures involving human subjects were approved by
The Hong Kong Polytechnic University Human Subjects
Ethics Subcommittee. Written informed consent was obtained
from all subjects.

Samples were chilled immediately after collection. Hepari-
nised blood plasma was harvested and aliquoted within 1 h of
blood collection. Aliquots of centrifuged urine and plasma were
stored at −80°C and each aliquot was thawed once only for
measurement. Plasma 25(OH)D was measured by LC-MS/MS,
as previously described(9). Three specific biomarkers of oxida-
tive stress were measured: plasma allantoin, plasma OxLDL and
urine 8-oxo-7,8-dihydro-2'-deoxyguanosine (8-oxodG). Allan-
toin and 8-oxodG were measured by LC-MS/MS, following
published procedures(40,41). Urine 8-oxodG results are expres-
sed as nmol/mmol creatinine to compensate for differences in
water content (i.e. urine concentration) of samples. Urine
creatinine was measured by an automated colourimetric
method on the day of sample collection. Plasma OxLDL was
measured by immunoassay (Mercodia), and results are
expressed as U/l and as U/mmol LDL-cholesterol. Plasma total
cholesterol (TC), HDL-cholesterol and TAG were measured by
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commercial kit methods on an AU480 analyzer (Beckman
Coulter), and LDL-cholesterol concentration was calculated
using the Friedewald equation as follows: LDL-cholesterol=
(TC − (HDL-cholesterol + Tg/2·2)) with all units in mmol/l(42).
For antioxidant status, plasma non-enzymatic antioxidant
capacity was measured by the ferric reducing antioxidant
power (FRAP) assay(43,44), and plasma ascorbic acid was
measured using a validated modification of the FRAP assay,
referred to as FRASC(44,45) . These were measured on the day of
sample collection and as soon as possible after plasma
separation. In addition, plasma FRAP value was corrected for
uric acid content, which was done by subtracting 2× the plasma
uric acid concentration from the FRAP value(43,46). Uric acid was
measured by an automated uricase kit method (Beckman
Coulter). We also screened pure 25(OH)D to assess if it showed
in vitro antioxidant activity. This was done by adding a drop of
pure 25(OH)D calibrator (as used for the LCMS/MS analysis,
and which was 3PLUS® 25-OH-Vitamin D3/D2 purchased
from Chromosystems (Chromosystems)) to 1ml of freshly pre-
pared FRAP assay reagent. The within-run and between run CV
for 25(OH)D, 8-oxodG, allantoin and OxLDL were all
<4 and <7% respectively; for all other biomarkers the
within-run and between-run CV were, respectively, <1·5 and
<2·0%.The limit of detection (LoD) of each method was in
every case below the values found in the test samples. Based on
our in-house method evaluation and on the manufacturers’
information for the commercial methods used, LoD were as
follows: 25(OH)D 11 nmol/l; FRAP, 5·0 μmol/l, ascorbic
acid 3·0 μmol/l, allantoin 0·09 μmol/l, 8-oxodG 2·3 nmol/l,
OxLDL 0·6U/l.

Statistical analysis

Data analysis was performed using Graphpad Prism 5. Data
were tested by Kolmogorov–Smirvov test with Dallal–
Wilkinson–Lilliefors’ P for normal distribution. Results are pre-
sented as means and standard deviations, medians and range
(low to high). Associations between plasma 25(OH)D and
biomarkers of oxidative stress and antioxidant status were
investigated using Pearson’s or Spearman’s correlation, as
appropriate for distribution. Biomarker values across quartiles
of plasma 25(OH)D were compared, and differences across
25(OH)D categories of <25 (which we regarded as severely
deficient), ≥25< 50 and≥50 nmol/l were explored using
one-way ANOVA (with Newman–Kuels post hoc test) or
Kruskal–Wallis test (with Dunns post hoc test), as appropriate.
A P< 0·05 was considered statistically significant. Power cal-
culations were performed using data collected in our previous
studies on young, apparently healthy subjects, and performed
using PS Power and Sample Size Calculations Version 3.0(47)

and revealed that forty-six subjects in each quartile of 25(OH)D
is sufficient to be able to detect a true difference of at
least + / − 0·35 µmol/l in allantoin, + / − 2·0U/mmol in OxLDL:
LDL, + / − 0·36 in urine 8-oxodG (as nmol/mmol creatinine),
+ / − 94 μmol/l in FRAP, and + / − 10 μmol/l in ascorbic
acid, with 80% power and a two-sided P< 0·05. We
hypothesize that these moderate effect sizes have meaningful
clinical implications.

Results

Descriptive statistics for the biomarker results are shown in
Table 1. We note that the plasma 25(OH)D data, which showed a
very high prevalence (72%) of deficiency (25(OH)D<50nmol/l)
were reported previously(9). Worth highlighting is the finding
that only 2/196 young, still-healthy subjects were found to
have plasma 25(OH)D in the suggested(24–26) ‘optimal’ range of
75–100nmol/l. A weak direct association was found between
plasma 25(OH)D concentration and the FRAP value, and also
with the FRAP value corrected for uric acid: r 0·252 and 0·144,
respectively (P< 0·05 for both). Pure 25(OH)D did not show
detectable in vitro antioxidant activity in the FRAP assay. No
significant association was seen between plasma 25(OH)D and
any of the other biomarkers of interest. In regard to differences
across quartiles of plasma 25(OH)D, lower FRAP value (P< 0·05)
was found in Q1 (the lowest quartile) compared with that in Q3
and in Q4 (Table 2), with FRAP values averaging, respectively, 10
and 14% higher in Q3 and Q4 compared with Q1. The FRAP
values corrected for uric acid were 8, 10 and 15% higher in Q2,
Q3, Q4, respectively, compared with Q1, but the differences did
not reach statistical significance. No significant differences
across quartiles were seen in ascorbic acid, allantoin, OxLDL or
8-oxodG (Table 2). Comparing results across <25, ≥25< 50 and
≥50nmol/l 25(OH)D groups, the mean FRAP value in those with
25(OH)D ≥50nmol/l was 1088 (SD 218)μmol/l, significantly
higher than the FRAP values in the 25(OH)D groups of <25
and ≥25< 50nmol/l, which were 950 (SD 206) and 1017
(SD 190)μmol/l, respectively. The FRAP value corrected for uric
acid showed an increasing trend across the 25(OH)D groups:
mean values from lowest to highest 25(OH)D groups were 346
(SD 108), 384 (SD 120) and 411 (SD 107)μmol/l, but the differences
were not statistically significant. No significant differences were
seen in ascorbic acid, allantoin, OxLDL or 8-oxodG across the
25(OH)D groups (data not shown).

Discussion

Vitamin D has long been established as essential for bone
health, but data are accumulating on its pleiotropic effects and
on association between low vitamin D status and increased risk

Table 1. Biomarker results on 196 healthy, non-obese, non-smoking
subjects aged 18–26 years*
(Mean values and standard deviations; medians and ranges)

Mean SD Median Range

Plasma 25(OH)D (nmol/l) 42·1 13·0 40·4 15·7–86·8
Plasma FRAP value (µmol/l) 1033 202 1010 614–1666
Plasma FRAP corrected for

uric acid (µmol/l)
389 117 381·0 108–1089

Plasma ascorbic acid (µmol/l) 55·3 22·0 54·6 8·5–115·0
Plasma allantoin (µmol/l) 0·85 0·58 0·71 0·25–4·58
Plasma OxLDL (U/l) 36·5 9·9 36·3 17·9–77·3
Plasma OxLDL:LDL-cholesterol

(U/mmol)
13·7 3·51 13·4 4·5–25·1

Urine 8-oxodG (nmol/mmol
creatinine)

1·15 0·76 0·98 0·32–7·48

25(OH)D, 25-hydroxycholecalciferol; FRAP, ferric reducing antioxidant power; OxLD,
oxidised LDL; 8-oxodG, 8-oxo-7,8-dihydro-2'-deoxyguanosine.

* For allantoin, n 195; for OxLDL, n 185.
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of cancer, CVD, diabetes and other NCD, as well as all-cause
mortality(6,7,10–20). Vitamin D deficiency reportedly associates
with increased oxidative stress in the elderly, the obese, and in
those suffering from diabetes, severe asthma and various other
diseases(33–38,48). However, no association was seen in stroke
patients, the results of some studies are equivocal, and deficiency
of vitamin D could be a side-effect or consequence of pre-
existing disease(23,38,49). Still, the reported associations between
vitamin D deficiency and increased oxidative stress, and between
vitamin D deficiency and increased risk of NCD, combine to
make a compelling case for this as an area of high research
interest and potential impact on human health and public health
nutritional policy because: (a) NCD pose the greatest threat to
global health and economic well-being(1,5,50), (b) oxidative
stress is a major player in the development of NCD(1–4) and
(c) deficiency of vitamin D is highly prevalent worldwide,
even in young, apparently healthy people living in sunny
regions(8,9,20–22). Indeed, in regard to this last point, it has been
estimated(20) that around one billion people across all regions,
ethnicities and ages lack sufficient vitamin D. If a direct link to
oxidative stress is confirmed, deficiency of vitamin D has
important implications far beyond musculoskeletal health. Our
focus in this study was on the vitamin D/oxidative stress
association, using a biomarker approach. Previous reports of
significant association are interesting, but until now data are
lacking from subjects who are free from the various other
factors that drive oxidative stress, such as advanced age,
obesity, smoking and pre-existing disease(1–4). This lack was
addressed in this study of healthy, non-obese, non-smoking
young adults. Plasma 25(OH)D was measured specifically using
LC-MS/MS, and several sensitive and specific biomarkers of
oxidative stress and antioxidant status were measured. It is noted
that the panel of biomarkers used in this study was fairly com-
prehensive, and covered biomarkers for water soluble anti-
oxidant status (total FRAP, FRAP corrected for uric acid and
ascorbic acid) that could be expected to be depleted if oxidative
stress was increased, as well as oxidative stress biomarkers that
reflect pro-oxidant change in the aqueous system (allantoin and
8-oxodG) and the lipophilic system (OxLDL)(4,40,41,43–45).
A significant correlation was seen between 25(OH)D and total

antioxidant status (as the FRAP value) and between 25(OH)D and

FRAP corrected for uric acid, though it is noted that the associa-
tions were weak. No significant correlation was seen between
plasma 25(OH)D and any of the other biomarkers of interest.
Lower total antioxidant status was seen in those with lower
vitamin D status but, whereas statistically significant, the
difference was not large, and no significant differences in
biomarkers of oxidative stress were seen across quartiles of
plasma 25(OH)D or across different vitamin D status groups.
Depleted antioxidant status increases the likelihood of an
increase in oxidation-induced damage to biomolecules, and the
findings in relation to vitamin D and FRAP and FRAP corrected for
uric acid are interesting. However, the results overall
do not support a strong underlying link between vitamin D
deficiency and increased oxidative stress in young, still-healthy,
non-obese subjects. It is noted also that no association with
vitamin D status was seen in our study of oxidation-induced
DNA damage(51).

Antioxidant/oxidative stress balance is affected by many
factors(3,4). Habitual diet is one important factor, and others
include cigarette smoking, obesity, inflammation, food supple-
ments and presence of disease. It is noted that our 196 subjects
were not obese, did not smoke, none were taking any kind of
food or vitamin supplements or medicines, and all reported
being in good general health. It is noted also that the con-
tribution of diet to vitamin D status is generally minor(6,21,22).
None of our volunteers reported being vegetarian or having
special dietary requirements, but we did not do a detailed
dietary survey, and dietary factors could have confounded
results. However, the influence of diet, even if known in detail,
cannot be compensated for in any easy manner. Issues of
limited bioavailability, excretion and utilisation of dietary-
derived antioxidants mean that there is a very complex
relationship between dietary input and measured levels of
antioxidant status biomarkers such as FRAP and ascorbic acid. It
is noted that diet does not directly influence the biomarkers
used to assess oxidative stress in fasting samples in this study,
namely 8-oxodG, allantoin and OxLDL(4,40,41,52). These oxida-
tive stress biomarkers are of endogenous, not dietary origin, as
are their non-oxidised forms (LDL, nucleobases and uric acid)
and while intake of food and postprandial oxidative stress could
affect these biomarkers acutely, it is noted that all samples

Table 2. Antioxidant and oxidative stress biomarker results in healthy young adults across quartiles (Q) of plasma 25-hydroxycholecalciferol (25(OH)D)
concentration†
(Mean values and standard deviations)

Q1 (n 49) Q2 (n 49) Q3 (n 49) Q4 (n 49)

Mean SD Mean SD Mean SD Mean SD

25(OH)D (nmol/l) 27·0 4·7 36·5* 2·0 45·3* 3·3 59·7* 7·2
Allantoin (µmol/l) 0·89 0·77 0·80 0·50 0·92 0·59 0·79 0·38
OxLDL (U/l) 36·6 9·04 37·0 9·60 34·3 9·83 38·2 11·04
OxLDL:LDL-cholesterol (U/mmol) 13·92 3·08 13·56 3·12 13·43 4·19 13·84 3·65
8-oxodG (nmol/mmol creatinine) 1·24 0·65 0·99 0·57 1·16 1·02 1·20 0·71
FRAP (µmol/l) 966 176 1005 187 1061* 209 1098* 213
FRAP corrected for uric acid (µmol/l) 358 93 388 146 394 105 414 112
Ascorbic acid (µmol/l) 58·1 25·2 53·4 24·0 51·4 17·2 59·9 23·3

OxLD, oxidised LDL; 8-oxodG, 8-oxo-7,8-dihydro-2'-deoxyguanosine; FRAP, ferric reducing antioxidant power.
* P<0·05 compared with the value in Q1.
† For OxLDL n/quartile=46.
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collected were fasting samples. Still, if overall antioxidant status
is ‘good’ due to the combined effect of all endogenous and
exogenous antioxidants, then it is possible to speculate that, in
this situation, the antioxidant effect of vitamin D (if one exists)
could be mitigated, removing any obvious links between
vitamin D status and oxidative stress.
It is noted that most (>70%) of the 196 young, otherwise

healthy subjects studied here were deficient in vitamin D when
25(OH)D <50 nmol/l was used to define deficiency. When
using the suggested threshold of 75 nmol/l only two subjects
had adequate vitamin D. This highlights the very high
prevalence of vitamin D deficiency in young adults. In this
study, samples were collected year-round. In contrast to
findings in Northern European countries showing a strong
seasonal influence on vitamin D status we and others have
found no significant seasonal differences in vitamin D status in
Hong Kong, which lies 22°N. A local study reported on deter-
minants of serum 25(OH)D in 2694 subjects aged from 6 to over
65 years and, whereas very limited 25(OH)D data were shown,
overall mean values were similar across the seasons(53).
Therefore, season is not the main determinant of vitamin D
status in Hong Kong. The main determinants, as revealed
by Xu et al.(53), are duration of exposure to sunshine and
vitamin D-rich food/supplementation intake. The very high
prevalence of deficiency is due, we suggest, to the largely
indoor lifestyle of our young adults, coupled with a commonly
observed avoidance of direct sun exposure in many local
residents. Furthermore, there is no local policy of mandatory
food fortification with vitamin D. The results of this study also
highlight the difficulties in clarifying the putative link between
vitamin D deficiency, oxidative stress and risk of NCD in a
general population, because few members have 25(OH)D
>50 nmol/l, and those with values of 75 nmol/l or greater are
very hard to find. To more fully investigate the association
between vitamin D and oxidative stress, the study of effects of
correction of vitamin D deficiency on oxidative stress and
antioxidant status biomarkers in deficient but otherwise healthy
subjects is needed.
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