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Abstract
Purpose  Compared with people without diabetes, people with type 2 diabetes (T2D) are at higher risk of both subnormal 
vitamin C status and increased oxidative stress. We aimed to investigate the associations of serum vitamin C concentrations 
with all-cause and cause-specific mortality among adults with and without T2D.
Methods  The current analysis included 20,045 adults (2691 people with T2D and 17,354 without T2D) from the Third 
National Health and Nutrition Examination Survey (NHANES III) and NHANES 2003–2006. Cox proportional hazards 
regression models were applied to estimate hazard ratios (HRs) and 95% confidence intervals (CIs). Restricted cubic spline 
analyses were used to examine the dose–response relationship.
Results  After a median follow-up of 17.3 years, 5211 deaths were documented. Individuals with T2D had a lower level of 
serum vitamin C concentrations compared with those without T2D (the median value: 40.1 vs. 44.9 μmol/L). Furthermore, 
the dose–response relationship between serum vitamin C and mortality showed different patterns between participants with 
and without T2D. In individuals without T2D, there was a nonlinear association of serum vitamin C concentrations with 
all-cause, cancer, and CVD mortality, with the lowest risk around a serum vitamin C concentration of 48.0 μmol/L (all 
Poverall < 0.05, Pnonlinearity < 0.05). In contrast, among those with T2D in the similar concentration range, higher serum vita-
min C levels (ranged from 0.46 to 116.26 μmol/L) were linearly associated with lower all-cause and cancer mortality (both 
Poverall < 0.05, Pnonlinearity > 0.05). Significant additive interaction was observed between diabetes status and serum vitamin 
C levels with regard to all-cause and cancer mortality (P < 0.001). In addition, C-reactive protein, gamma-glutamyl trans-
peptidase, and HbA1c explained 14.08, 8.96, and 5.60% of the association between serum vitamin C and all-cause mortality 
among individuals with T2D, respectively.
Conclusions  Higher serum vitamin C concentrations were significantly associated with lower risk of mortality in partici-
pants with T2D in a linear dose–response manner, while a nonlinear association was observed in participants without T2D, 
with an apparent threshold around 48.0 μmol/L. These findings suggest that the optimal vitamin C requirement may differ 
in individuals with and without T2D.
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Introduction

Vitamin C, also known as ascorbic acid, is a kind of essential 
micronutrient for metabolism in the human body [1], with the 
strong capacity for scavenging free radicals, attenuating oxida-
tive stress and confronting inflammation [2]. However, epide-
miological evidence pertaining to the relationships between 
vitamin C and long-term health outcomes remained incon-
sistent in general populations [3–7]. Some prospective studies 
suggested that blood concentrations of vitamin C was one of 
objective indicators of fruit and vegetable consumption and 
higher vitamin C levels were linearly associated with lower 
risk of incident diabetes, cardiovascular disease, cancer and 
mortality [3, 4, 8, 9], while others did not find any associations 
[7]. Furthermore, accumulating studies suggested that there 
was a threshold effect between serum vitamin C levels and 
mortality—when exceeding a threshold level, vitamin C was 
not inversely associated with mortality [5, 6, 10, 11].

In patients with diabetes, it was reported that there was 
an increment in oxidative stress which might impair insulin 
secretion and interfere with glucose disposal, while vitamin C, 
known as a common antioxidant, was more likely to be inad-
equate in blood in comparison with people without diabetes 
[12–14]. However, evidence regarding the health effects of 
vitamin C among patients with T2D is scarce and inconsist-
ent. Several [15–17], but not all [18], clinical trials have found 
that vitamin C supplementation might be beneficial to some 
metabolic biomarkers (e.g., HbA1c, postprandial glycaemia, 
blood pressure) in diabetic patients. Nevertheless, those exist-
ing trials were predominantly short term with a relatively small 
number of participants, and they did not investigate the long-
term health effects of vitamin C in patients with T2D. To our 
best knowledge, no study has investigated the dose–response 
relationship between serum vitamin C levels, a much more 
reliable indicator of body vitamin C status [19], and mortality 
in people with diabetes. In addition, whether the association 
of vitamin C status with the risk of mortality differs between 
people with and without T2D is unknown.

To fill these knowledge gaps, based on a nationally rep-
resentative sample of participants from the National Health 
and Nutrition Examination Survey (NHANES), we compared 
the dose–response relationship between serum vitamin C and 
all-cause and cause-specific mortality among adults with and 
without T2D, and then further explored whether cardiometa-
bolic biomarkers mediated the association between serum 
vitamin C and mortality.

Methods

Study population

The National Health and Nutrition Examination Survey 
(NHANES) is a survey with a multi-stage, complex, 
probability sampling design performed by the Centers 
for Disease Control and Prevention (CDC). NHANES is 
committed to evaluating health and nutritional status of 
the noninstitutionalized U.S. population through a nation-
ally representative sample. The study design and baseline 
characteristics have been described in detail previously 
[20]. NHANES was approved by the ethics review board 
of the National Center for Health Statistics Research and 
written informed consent was obtained from all partici-
pants. In the present study, we used data from NHANES 
III (1988–1994) and two cycles of NHANES from 2003 
to 2006 in which serum vitamin C data were available.

T2D was defined as self-reported doctor diagnosis of 
diabetes, use of insulin or oral hypoglycemic medication, 
fasting glucose ≥ 7.0 mmol/L (≥ 126 mg/dL), postprandial 
2-h plasma glucose ≥ 11.1 mmol/L (≥ 200 mg/dL) from 
an oral glucose tolerance test (OGTT), or glycated hemo-
globin A1c (HbA1c) ≥ 6.5% (≥ 48 mmol/mol).

In total, there were 24,077 participants (aged 20 years 
and older) with data of serum vitamin C concentrations. 
Of these, we excluded participants who were pregnant 
(n = 704), or had CVD (n = 1744) or cancer (n = 1564) 
at baseline, and those without follow-up information 
(n = 20). Finally, a total of 20,045 adults (2691 with T2D 
and 17,354 without T2D) were included in our analyses 
(Supplementary Fig. 1).

Measurement of serum vitamin C

Serum vitamin C was the primary exposure of interest. 
Blood was drawn from participants at baseline in mobile 
examination centers. Serum specimens were processed, 
stored, and shipped to the Centers for Disease Control 
and Prevention for analysis. In NHANES 2003–2006, an 
isocratic reverse-phase high performance liquid chroma-
tography method with electrochemical detection was used 
for vitamin C (ascorbic acid), and a similar method was 
used in NHANES III [21]. According to the NHANES 
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official analytic notes, data from NHANES III were then 
converted by a Deming regression equation for comparison 
with data from NHANES 2003–2006. Serum vitamin C 
concentrations were categorized into quartiles. The vita-
min C in mg/dL was converted to μmol/L by multiplying 
by 56.78. The details of analytical procedures for serum 
vitamins have been described elsewhere [21].

Ascertainment of mortality

Mortality status in NHANES was ascertained via link-
age to the National Death Index through December 31, 
2015. Mortality from all causes, CVD, and cancer was 
determined using the International Classification of Dis-
eases (ICD), 10th revision (ICD-10). CVD mortality was 
defined as ICD-10 codes I00–I09, I11, I13, I20–I51, or 
I60–I69. Cancer mortality was defined as ICD-10 codes 
C00–C97. All-cause mortality was comprised of all speci-
fied and unknown causes.

Assessment of covariates

Information on age, sex, race/ethnicity, education level, 
family income, physical activity, smoking status, medica-
tion use and disease status were collected using standard-
ized questionnaires in household interviews. Bodyweight, 
height and alcohol intake were examined at a mobile 
examination center. BMI was calculated as weight in kilo-
grams divided by height in meters squared. Race/ethnic-
ity was classified as non-Hispanic white or other. Edu-
cational attainment was categorized into less than high 
school, high school or equivalent, or college or above. 
The family income-poverty ratio level was defined as 
the total family income divided by the poverty threshold. 
Leisure-time physical activity was classified as inactive 
group (no leisure-time physical activity), insufficiently 
active group (leisure-time moderate activity 1–5 times 
per week with metabolic equivalents ranging from 3 to 6 
or leisure-time vigorous activity 1–3 times per week with 
metabolic equivalents > 6), or active group (those who 
had more leisure-time activity than above) [22]. Smoking 
status was grouped into never smokers, former smokers, 
or current smokers. Drinking status was categorized into 
non-drinkers or drinkers.

Furthermore, dietary intake of vitamin A, vitamin E, 
selenium, beta-carotene, fiber, total fatty acids and total 
energy was obtained from USDA Food & Nutrient Data-
base for Dietary Studies where nutrient intake was calcu-
lated by using dietary intake data from 24-h dietary recall 
interviews of participants [23].

In addition, metabolic biomarkers including C-reactive 
protein (CRP), gamma-glutamyl transpeptidase (GGT), 

insulin, plasma glucose, HbA1c, LDL cholesterol (LDL-
C), HDL cholesterol (HDL-C), total cholesterol, and tri-
glyceride were measured at baseline among participants 
who provided blood samples. Homeostasis model assess-
ment of insulin resistance (HOMA-IR) was calculated in 
accordance with the method reported before [24].

Statistical analyses

Considering the complex sampling design of the NHANES, 
sample weights, clustering, and stratification were incorpo-
rated in all analyses. Sample characteristics were reported 
as mean ± standard deviations for normally distributed con-
tinuous variables, medians (interquartile ranges) for non-
normally distributed continuous variables and numbers with 
percentages for categorical variables. The generalized linear 
model was employed to examine the associations of serum 
vitamin C concentrations with serum concentrations of 
GGT, CRP, serum glucose, HOMA-IR, HbA1c, and insulin.

To examine the dose–response relationship between 
serum vitamin C and all-cause, CVD and cancer mortal-
ity among people with and without T2D, a restricted cubic 
spline regression model with three knots (5th, 50th, and 
95th percentiles) was employed. The model excluded the 
most extreme 1% values to reduce the potential influence 
of outliers. Tests for nonlinearity were performed using the 
likelihood ratio test.

Person-years of follow-up were calculated as the interval 
between the date of the examination of serum vitamin C 
to the date of death, or the end of follow-up (31 December 
2015), whichever occurred first. Cox proportional hazards 
regression models were used to estimate the hazard ratios 
and 95% CIs of mortality according to the quartiles of serum 
vitamin C concentrations among people with and without 
T2D. We fitted three Models. Model 1 was adjusted for 
age (continuous), sex (male, or female), and race/ethnic-
ity (white, or non-white). Model 2 was further adjusted for 
BMI (< 25.0, 25.0–29.9, or ≥ 30.0 kg/m2), education level 
(less than high school, high school or equivalent, or col-
lege or above), family income-poverty ratio (≤1.0, 1.1–3.0, 
or > 3.0), drinking status (nondrinkers, or drinkers), smoking 
status (never smokers, former smokers, or current smokers), 
leisure-time moderate-to-vigorous physical activity (inac-
tive group, insufficiently active group, or active group), HEI 
(in quartiles), supplement use (yes, or no), and total energy 
intake (in quintiles). In model 3, we further adjusted for 
self-reported hypertension, and hypercholesterolemia (yes, 
or no). The models for individuals with T2D were addi-
tionally adjusted for diabetes medication use (none, insu-
lin, oral medicine, or other), and diabetes duration ( < 3, 
or ≥ 3 years). To minimize sample size reduction due to 
missing covariates, we imputed the missing values of covari-
ates (≤ 7%) using multiple imputations by chained equations 
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with 5 imputations (SAS PROC MI with a fully conditional 
specification method and PROC MIANALYZE). Tests for 
linear trend were performed using the median value in each 
category. Data were square root-transformed or logarith-
mically transformed to approximate a normal distribution, 
when appropriate. To reflect the biological plausibility of 
interaction between diabetes status (yes, and no with no as 
the reference level) and serum vitamin C (per 1-SD higher 
as the reference level), we evaluated additive interaction by 
two indexes: the relative excess risk because of the interac-
tion (RERI) and the attributable proportion because of the 
interaction (AP). In the absence of additive interaction, the 
CIs of the RERI and AP would include 0.

We performed mediation analysis (SAS PROC 
CAUSALMED) [25] to investigate whether the biomarkers 
of inflammation, oxidative stress, and glucose metabolism, 
could mediate the associations of serum vitamin C with all-
cause mortality. The 95% CIs of causal mediation effects 
were obtained using bootstrapping.

Stratified analyses were also conducted according to age 
(≤ 60, > 60 years), sex (male, female), smoking status (ever, 
never), BMI (< 30, ≥ 30 kg/m2) in participants with and 
without T2D. In participants with T2D, we further stratified 
by diabetes duration (< 3, ≥ 3 years), and HbA1c (< 7, ≥ 7%). 
Potential modifying effects were examined by testing the 
corresponding multiplicative interaction terms.

Furthermore, several sensitivity analyses were conducted 
to test the robustness of the results. First, to minimize the 
influence of reverse causation, we performed a sensitivity 
analysis by excluding participants who died during the first 
2 years of follow-up. Second, instead of HEI, we further 
adjusted for individual nutrients, including dietary intakes 
of total fatty acids, vitamin A, vitamin E, selenium, beta-
carotene, and fiber (all in quartiles). In addition, we further 
adjusted for other dietary biomarkers, including serum vita-
min A, vitamin E, beta-carotene, and 25-hydroxyvitamin D 
(all in quartiles). Third, we repeated main analyses accord-
ing to quartiles of serum vitamin C levels that were deter-
mined based upon the distribution in the total population 
rather than based upon participants with and without T2D.

All analyses were performed using SAS version 9.4 (SAS 
Institute, Cary, NC, USA). Two-sided P < 0.05 was consid-
ered statistically significant.

Results

Baseline characteristics of 20,045 participants (mean age, 
43.6 years; 48.8% male) are provided in Table 1. The median 
(interquartile range) serum vitamin C concentration was 40.1 
(20.9, 56.9) μmol/L among diabetics and 44.9 (23.3, 62.2) 
μmol/L among non-diabetics. Compared to those without 
diabetes, those with diabetes were older, had higher levels 

of BMI while lower levels of education and family income, 
and were more likely to be female, former smokers and non-
drinkers, physically inactive, have hypercholesterolemia and 
hypertension. Supplementary Table 1 shows the participants 
characteristics according to quartiles of serum vitamin C 
concentrations. Participants with higher serum vitamin C 
concentrations were more likely to be older, female, non-
smokers, non-drinkers, and supplement users, and tended 
to have higher educational attainment, hypercholesterolemia 
and HEI.

The dose–response relationship between serum vitamin 
C and mortality showed different patterns between partici-
pants with and without T2D (Fig. 1). Among individuals 
with T2D, significant linear relationships were demonstrated 
between higher serum vitamin C concentrations (ranged 
from 0.46 to 116.26 μmol/L) and lower all-cause mortality 
(Poverall = 0.02, Pnonlinearity = 0.87, Fig. 1 panel A) and can-
cer mortality (Poverall = 0.03, Pnonlinearity = 0.80, Fig. 1 panel 
B), but not CVD mortality (Poverall = 0.32, Pnonlinearity = 0.44, 
Fig. 1 panel C). In contrast, among those without T2D, there 
was a nonlinear association between serum vitamin C con-
centrations and all-cause, cancer, and CVD mortality, with 
lowest risk around the serum vitamin C concentration of 
48.0 μmol/L (all Poverall < 0.05, Pnonlinearity < 0.05, Fig. 1 pan-
els D–F).

Table 2 shows the HRs and 95% confidence intervals 
(CI) for mortality by quartiles of serum vitamin C levels. 
During 38,659.58 person-years of follow-up (a median fol-
low-up time of 12.33 years), there were totally 1394 deaths 
among individuals with T2D. During 298,230.75 person-
years of follow-up (a median follow-up time of 19.96 years), 
there were totally 3817 deaths among individuals without 
T2D. In patients with T2D, higher serum vitamin C levels 
were significantly associated with lower risk of all-cause 
and cancer mortality, but not CVD mortality, after multi-
variable adjustment. Participants with T2D in the highest 
(> 56.9 μmol/L) compared with the lowest (< 20.9 μmol/L) 
quartile of serum vitamin C had a 24% lower all-cause mor-
tality risk (HR: 0.76; 95% CI: 0.59, 0.97, Ptrend = 0.005) and 
a 53% lower cancer mortality risk (HR: 0.47; 95% CI: 0.27, 
0.82, Ptrend = 0.001). In participants without T2D, compared 
with the first quartile (< 23.3 μmol/L), higher serum vitamin 
C was related to lower all-cause, cancer, and CVD mor-
tality, with the lowest mortality risk in the third quartile 
(45.0–62.2 μmol/L) (all-cause mortality: HR 0.76 [95% CI 
0.67, 0.87]; cancer mortality: HR 0.64 [95% CI 0.49, 0.84]; 
CVD mortality: HR 0.70 [95% CI 0.51, 0.95]), and no fur-
ther decrease in HR in the highest quartile (> 62.2 μmol/L) 
(all-cause mortality: HR 0.87 [95% CI 0.75, 1.00]; cancer 
mortality: HR 0.70 [95% CI 0.56, 0.89]; CVD mortality: HR 
0.90 [95% CI 0.66, 1.22]) (Table 2).

RERI and AP were calculated as measures of additive 
interaction and presented in Table 3. There was significant 
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positive additive interaction between diabetes and low serum 
vitamin C levels (all P < 0.001). According to the two meas-
ures of additive interaction, there was 0.09 and 0.15 rela-
tive excess risk of all-cause and cancer mortality due to the 
additive interaction, and 6 and 13% of all-cause and cancer 
mortality in individuals exposed to both risk factors was 
attributable to the additive interaction.

The least-square means of metabolic biomarkers based on 
serum vitamin C concentrations are presented in Supplemen-
tary Table 2. Among participants with T2D, higher serum 
vitamin C concentrations were significantly associated with 
lower serum levels of CRP, GGT, and HbA1c levels (all 
Ptrend < 0.05). When exploring whether several metabolic 
biomarkers mediated the associations of serum vitamin C 
levels with all-cause mortality, we found that CRP, GGT and 
HbA1c explained 14.08, 8.96 and 5.60% of the association 

between serum vitamin C and all-cause mortality among 
individuals with T2D, respectively (Supplementary Table 3).

Consistent results were observed among patients with 
T2D when analyses were stratified by age, sex, race/ethnic-
ity, BMI, smoking status, diabetes duration, and HbA1c 
levels, and no significant interactions were detected 
between serum vitamin C levels and these stratifying vari-
ables (all Pinteraction > 0.05) (Supplementary Table 4). In 
individuals without T2D, consistent results were observed 
in most subgroups, while inverse associations of serum 
vitamin C with all-cause mortality seemed to be somewhat 
stronger in smokers and participants except non-Hispanic 
white (all Pinteraction < 0.05) (Supplementary Table 4).

In the sensitivity analyses, consistent results were found 
after excluding participants who died within two years of 
follow-up in the analysis (Supplementary Table 5). The 

Table 1   Baseline characteristics of participants stratified by type 2 diabetes in NHANES III and NHANES 2003–2006

Continuous variables are described as means ± SEs or medians (interquartile ranges), when appropriate. Categorical variables are presented as 
numbers (percentages). All estimates accounted for complex survey designs

Characteristics Total Individuals with T2D Individuals without T2D

Number of patients 20,045 2691 17,354
Serum vitamin C concentrations, μmol/L 43.7 (22.7, 61.3) 40.1 (20.9, 56.9) 44.9 (23.3, 62.2)
Age, years 43.6 ± 0.3 56.3 ± 0.5 42.3 ± 0.3
Male 9776 (48.8) 1242 (46.2) 8534 (49.2)
Non-Hispanic white 8438 (42.1) 948 (35.2) 7490 (43.2)
Educational attainment
 Less than high school 6715 (34.1) 1292 (50.0) 5423 (31.7)
 High school or equivalent 5795 (29.4) 675 (26.1) 5120 (29.9)
 College or above 7186 (36.5) 619 (23.9) 6567 (28.4)

Family income-poverty ratio
 ≤ 1.0 3978 (20.2) 623 (23.6) 3355 (19.7)
 1.1–3.0 8279 (42.0) 1145 (43.4) 7134 (41.8)
 > 3.0 7454 (37.8) 869 (33.0) 6585 (38.6)

Leisure-time physical activity
 Inactive 3827 (19.1) 679 (25.2) 3148 (18.1)
 Insufficiently active 12,276 (61.2) 1532 (56.9) 10,744 (61.9)
 Active 3942 (19.7) 480 (17.8) 3462 (20.0)

Smoking status
 Never smoker 10,174 (50.8) 1281 (47.6) 8893 (51.3)
 Former smoker 4601 (23.0) 892 (33.2) 3709 (21.4)
 Current smoker 5264 (26.3) 517 (19.2) 4747 (27.4)

Drinking status
 Non-drinker 2200 (17.3) 420 (23.4) 1780 (16.2)
 Drinker 10,557 (82.8) 1373 (76.6) 9184 (83.8)

BMI, kg/m2 27.5 ± 0.1 31.0 ± 0.2 27.1 ± 0.1
Self-reported hypercholesterolemia 3960 (19.8) 861 (32.0) 3099 (17.9)
Self-reported hypertension 5226 (26.2) 1345 (50.1) 3881 (22.5)
Supplement use 8044 (40.2) 1087 (40.4) 6957 (40.1)
Healthy eating index 55.7 ± 0.3 58.4 ± 0.5 55.4 ± 0.3
Total energy intakes, kcal 2269.5 ± 13.8 1951.6 ± 29.6 2302.1 ± 14.2
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results did not significantly change when we further adjusted 
for dietary intakes of total fatty acids, vitamin A, vitamin E, 
selenium, beta-carotene and fiber, or serum levels of serum 
vitamin A, vitamin E, beta-carotene and 25-hydroxyvitamin 
D (Supplementary Table 6). Similar results were observed 
when analysis was conducted by quartiles of serum vitamin 
C concentrations among all individuals (Supplementary 
Table 7).

Discussion

In this large prospective study, we found that higher serum 
vitamin C levels (ranged from 0.46 to 116.26 μmol/L) were 
significantly associated with lower all-cause and cancer mor-
tality in a linear dose–response manner among individuals 
with T2D, which was partly mediated by CRP, GGT and 
HbA1c. In contrast, among individuals without T2D, there 
was a nonlinear association between serum vitamin C con-
centrations and all-cause, cancer, and CVD mortality, with 
the lowest risk around a serum vitamin C concentration of 
48.0 μmol/L.

Vitamin C, a water-soluble vitamin, was suggested to play 
an important role in the disease process [2], while epidemio-
logical evidence regarding the association between vitamin 
C and mortality was inconsistent in general populations, 
with some studies showing inverse or null associations [3, 
7, 26, 27]. Furthermore, accumulating studies suggested 
that there was a threshold effect between serum vitamin C 
levels and mortality [5, 6, 10, 11]. For example, data from 
NHANES 2003–2006 revealed a significant U-shaped 
relationship between serum vitamin C levels and all-cause 
or CVD mortality, with lowest risk at concentrations of 
1.06 mg/dL (60.19 μmol/L) [6]. In addition, Gey reported 
that plasma vitamin C concentration at 50 μmol/L provided 
the optimal benefits with regard to CVD and cancer risk 

[11]. Notably, most aforementioned studies were conducted 
in general populations.

Previous studies have suggested that patients with dia-
betes are at high risk of both subnormal plasma vitamin C 
concentrations and increased oxidative stress, and whether 
relatively high vitamin C status may prevent against the 
development of T2D and associated complications remains 
unclear. To date, only a few small randomized controlled 
trials (RCTs) have investigated the association of vitamin C 
supplementation with short-term outcomes in patients with 
diabetes, with inconclusive findings. Several studies found 
that vitamin C supplementation could significantly improve 
glucose metabolism, alleviate inflammatory status, lower 
blood pressure, and arterial stiffness [15–17, 28], while 
others reported nonsignificant effect [18, 29]. Inconsistent 
findings among these trials might be due to the small sample 
size (n = 30–72) and differences in intervention durations 
(from 4 weeks to 4 months), supplementation dose (from 
500 to 1000 mg/day), and characteristics of the study popu-
lations (with varying diabetes complications or different 
treatments before). In addition, less is known about the long-
term health effects of vitamin C among people with T2D. In 
the only one existing cohort study among 2881 postmeno-
pausal women with diabetes, vitamin C intake from sup-
plements of > 300 mg/day was associated with an increased 
risk of CVD mortality but there was no clear association 
for vitamin C intake from food [30]. However, this study is 
subject to some limitations. For example, dietary measure-
ments are prone to measurement error and cannot reflect 
bioavailability [31, 32]. Furthermore, the study ascertained 
diabetes based on self-report and mainly focused on post-
menopausal women. In addition, the possibility of unknown 
or residual confounding cannot be ruled out. To our knowl-
edge, no study has examined the dose–response relationship 
between serum vitamin C concentrations, a much more reli-
able indicator of body vitamin C status [19], and mortality 
in individuals with diabetes.

In our study, based on a nationally representative sample 
of U.S. adults, diabetes patients had a lower level of serum 
vitamin C compared with non-diabetics, which was consist-
ent with previous studies [13]. While individuals with T2D 
had lower vitamin C levels, we found the optimal vitamin 
C requirement may be higher in patients with T2D than in 
subjects without T2D. Specifically, there was a linear inverse 
association between serum vitamin C and mortality with 
baseline serum vitamin C concentration ranging from 0.46 
to 116.26 μmol/L in patients with T2D. However, the low-
est risk of mortality was around the serum vitamin C level 
of 48.0 μmol/L in participants without T2D, and further 
elevation of vitamin C level was not associated with lower 
mortality risk. Of note, the threshold level was slightly lower 
from that in previous studies [6]. A possible explanation for 
the discrepancy is that previous study investigated the total 

Fig. 1   Association between serum vitamin C concentrations with 
all-cause, cancer and CVD mortality among individuals with and 
without type 2 diabetes in NHANES III and NHANES 2003–2006*. 
*Serum vitamin C was square root transformed in restricted cubic 
splines model and then converted. Hazard ratios were adjusted for age 
(continuous), sex (male, or female), and race/ethnicity (non-Hispanic 
white, or other), BMI (< 25.0, 25.0–29.9, or ≥ 30.0 kg/m2), education 
level (less than high school, high school or equivalent, or college or 
above), family income-poverty ratio (≤1.0, 1.1–3.0, or > 3.0), drink-
ing status (nondrinker, or drinker), smoking status (never smoker, 
former smoker, or current smoker), leisure-time moderate-to-vigor-
ous physical activity (inactive group, insufficiently active group, or 
active group), HEI (in quartiles), supplement use (yes, or no), total 
energy intake (in quintiles), self-reported hypertension (yes, or no), 
and hypercholesterolemia (yes, or no). The models for individu-
als with T2D were additionally adjusted for diabetes medication use 
(none, insulin, oral medicine, or other), and diabetes duration (< 3, 
or ≥ 3 years)

◂
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population including diabetic patients. As we observed dif-
ferent patterns in the relationship between vitamin C and 
mortality among people with and without diabetes, it is 
important to take into account T2D status in the evaluation 
of health effects of vitamin C in future studies.

Additionally, we further quantified the additive interac-
tions between diabetes status and vitamin C levels to reflect 
the biological plausibility of interaction. The results revealed 
the interactive effect of risk of diabetes and low vitamin C 
levels was greater than the sum of the two individual effects. 
Specifically, 6 and 13% of all-cause and cancer mortality 

Table 2   HRs (95% CIs) 
of mortality according to 
quartiles of serum vitamin 
C concentrations among 
individuals with and without 
type 2 diabetes in NHANES III 
and NHANES 2003–2006

Model 1: adjusted for age (continuous), sex (male, or female), and race/ethnicity (non-Hispanic white, or 
other). Model 2: further adjusted for BMI (< 25.0, 25.0–29.9, or ≥ 30.0 kg/m2), education level (less than 
high school, high school or equivalent, or college or above), family income-poverty ratio (≤ 1.0, 1.1–3.0, 
or > 3.0), drinking status (nondrinker, or drinker), smoking status (never smoker, former smoker, or current 
smoker), leisure-time moderate-to-vigorous physical activity (inactive group, insufficiently active group, 
or active group), HEI (in quartiles), supplement use (yes, or no), total energy intake (in quintiles). Model 
3: further adjusted for self-reported hypertension (yes, or no), and hypercholesterolemia (yes, or no). The 
models for individuals with T2D were additionally adjusted for diabetes medication use (none, insulin, oral 
medicine, or other), and diabetes duration (< 3, or ≥ 3 years)

Quartiles of serum vitamin C concentrations (μmol/L)

Q1 Q2 Q3 Q4 Ptrend

People with T2D
 Range < 20.9 20.9–40.1 40.2–56.9 > 56.9

All-cause mortality
 No. deaths/total 403/677 346/672 320/668 325/674
 Model 1 1 0.87 (0.68, 1.11) 0.65 (0.52, 0.81) 0.61 (0.48, 0.78) < 0.001
 Model 2 1 1.08 (0.85, 1.36) 0.83 (0.65, 1.07) 0.73 (0.58, 0.92) 0.004
 Model 3 1 1.08 (0.85, 1.39) 0.85 (0.66, 1.08) 0.76 (0.59, 0.97) 0.005

Cancer mortality
 No. deaths/total 82/677 57/672 56/668 55/674
 Model 1 1 0.65 (0.36, 1.17) 0.49 (0.30, 0.78) 0.42 (0.25, 0.69) < 0.001
 Model 2 1 0.82 (0.44, 1.54) 0.58 (0.36, 0.93) 0.46 (0.26, 0.80) 0.001
 Model 3 1 0.85 (0.45, 1.60) 0.58 (0.37, 0.92) 0.47 (0.27, 0.82) 0.001

CVD mortality
 No. deaths/total 114/677 101/672 85/668 96/674
 Model 1 1 0.93 (0.59, 1.45) 0.82 (0.57, 1.17) 0.64 (0.43, 0.96) 0.02
 Model 2 1 1.16 (0.73, 1.86) 1.10 (0.76, 1.59) 0.85 (0.56, 1.28) 0.28
 Model 3 1 1.06 (0.68, 1.66) 1.04 (0.73, 1.49) 0.82 (0.54, 1.25) 0.27

People without T2D
 Range  < 23.3 23.3–44.9 45.0–62.2 > 62.2

All-cause mortality
 No. deaths/total 1212/4353 840/4347 783/4300 982/4354
 Model 1 1 0.68 (0.60, 0.78) 0.55 (0.49, 0.63) 0.61 (0.53, 0.69) < 0.001
 Model 2 1 0.86 (0.75, 0.98) 0.75 (0.66, 0.86) 0.86 (0.75, 1.00) 0.03
 Model 3 1 0.85 (0.75, 0.98) 0.76 (0.67, 0.87) 0.87 (0.75, 1.00) 0.04

Cancer mortality
 No. deaths/total 319/4353 211/4347 164/4300 188/4354
 Model 1 1 0.63 (0.49, 0.81) 0.46 (0.36, 0.59) 0.48 (0.38, 0.60) < 0.001
 Model 2 1 0.80 (0.61, 1.05) 0.64 (0.48, 0.84) 0.70 (0.55, 0.89) 0.002
 Model 3 1 0.80 (0.61, 1.04) 0.64 (0.49, 0.84) 0.70 (0.56, 0.89) 0.002

CVD mortality
 No. deaths/total 314/4353 202/4347 212/4300 279/4354
 Model 1 1 0.67 (0.52, 0.86) 0.51 (0.39, 0.67) 0.62 (0.49, 0.79) < 0.001
 Model 2 1 0.81 (0.62, 1.07) 0.69 (0.50, 0.94) 0.90 (0.66, 1.21) 0.46
 Model 3 1 0.80 (0.61, 1.06) 0.70 (0.51, 0.95) 0.90 (0.66, 1.22) 0.50
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risk could be attributed to the additive interactions. These 
results suggested that patients with T2D may benefit more 
from maintaining adequate vitamin C status. Furthermore, 
we found the protective associations of serum vitamin C 
with all-cause mortality seemed to be somewhat stronger in 
smokers and other races (i.e., non-Hispanic black, Mexican 
America and others), which may be partly explained by the 
subnormal serum vitamin C levels in these participants [33]. 
In addition, we cannot rule out the possibility of residual 
confounding by smoking.

Several possible mechanisms may be accounted for the 
association between vitamin C and mortality among indi-
viduals with and without T2D. The benefits of maintaining 
appropriate levels of vitamin C might be related to its func-
tion as a water-soluble antioxidant, which can inhibit lipid 
peroxidation, prevent protein or amino acid oxidation, as 
well as diminish DNA damage, closely related to the devel-
opment of chronic disease [34]. However, it was reported 
that vitamin C at a higher concentration might serve as a 
pro-oxidant but not an antioxidant [35, 36]. Nevertheless, 
patients with diabetes are at higher risk of increased oxi-
dative stress, hyperglycemia and microalbuminuria, all of 
which may cause lower concentrations of blood vitamin C 
and higher demand for vitamin C [13]. To provide more 
evidence regarding the mechanism to support the benefit of 
vitamin C in patients with T2D, we performed mediation 
analyses and found that CRP, GGT and HbA1c partly medi-
ated the association between serum vitamin C concentration 

and all-cause mortality among patients with T2D, suggest-
ing the inverse association between vitamin C and mortality 
may be partly attributed to its potential capability of reduc-
ing inflammatory response, reducing oxidative stress, and 
regulating glucose metabolism [16, 37]. More mechanistic 
studies are warranted to further investigate the potential 
mechanisms underlying the association between vitamin C 
and mortality risk.

The strengths of our study included using a nationally 
representative sample, relatively large sample size, as well 
as the careful adjustment of potential confounding factors. 
Furthermore, we used mediation analyses to quantify the 
relative contributions of cardiometabolic biomarkers on the 
outcomes in order to further explain the association between 
serum vitamin C and mortality. Several limitations should be 
taken into account as well. First, we cannot determine cau-
sality because of the observational study design. Second, the 
serum vitamin C concentration was based on a single meas-
urement at baseline and we did not capture the time-varying 
association of serum vitamin C status with outcomes. How-
ever, some RCTs suggested that changes in circulating vita-
min C concentrations were incredibly slight after four weeks 
in the placebo group [18] or after five years in the dropout 
group without vitamin C supplementation [38]. Individuals 
who have subnormal vitamin C concentrations at baseline 
are likely to remain subnormal throughout follow-up. Third, 
the present study did not provide detailed information on the 
severity of diabetes, although the results were still significant 
after further adjustment of diabetes medication use, diabetes 
duration, and self-reported comorbidities. Finally, unknown 
and residual confounding could not be entirely excluded.

Conclusions

In this nationally representative cohort study, among par-
ticipants with T2D, higher serum vitamin C concentration 
(ranged from 0.46 to 116.26 μmol/L) was linearly associated 
with lower all-cause and cancer mortality in a dose–response 
manner. In contrast, a nonlinear association was observed in 
participants without T2D, with an apparent threshold around 
a serum vitamin C concentration of 48.0 μmol/L. These find-
ings suggest that the optimal vitamin C requirement may be 
higher in individuals with T2D than in those without. Fur-
ther well-designed RCTs are needed to examine the benefit 
of vitamin C in patients with T2D.
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