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OBJECTIVE

Higher plasma vitamin C levels are associated with lower type 2 diabetes risk, but

whether this association is causal is uncertain. To investigate this, we studied the

association of genetically predicted plasma vitamin C with type 2 diabetes.

RESEARCH DESIGN AND METHODS

We conducted genome-wide association studies of plasma vitamin C among 52,018

individuals of European ancestry to discover novel genetic variants. We performed

Mendelian randomization analyses to estimate the association of genetically predicted

differences inplasmavitaminCwith type2diabetes inup to80,983caseparticipants

and 842,909 noncase participants. We compared this estimate with the observa-

tional association betweenplasma vitamin C and incident type 2diabetes, including

8,133 case participants and 11,073 noncase participants.

RESULTS

We identified 11 genomic regions associated with plasma vitamin C (P < 53 1028),

with the strongest signal at SLC23A1, and 10 novel genetic loci including SLC23A3,

CHPT1,BCAS3, SNRPF,RER1,MAF,GSTA5,RGS14,AKT1, and FADS1. Plasma vitamin

C was inversely associated with type 2 diabetes (hazard ratio per SD 0.88; 95% CI

0.82, 0.94), but there was no association between genetically predicted plasma

vitamin C (excluding FADS1 variant due to its apparent pleiotropic effect) and type 2

diabetes (1.03; 95% CI 0.96, 1.10).

CONCLUSIONS

These findings indicate discordance between biochemically measured and genet-

ically predicted plasma vitamin C levels in the association with type 2 diabetes

among European populations. The null Mendelian randomization findings provide

no strong evidence to suggest the use of vitamin C supplementation for type 2

diabetes prevention.

Observational evidence suggests that plasma vitamin C (ascorbic acid) is inversely

associated with the incidence of type 2 diabetes (1). However, evidence from

randomized controlled trials (RCTs) of supplementation with vitamin C suggests no

effect of supplementation on glycemia in individuals without diabetes (2) or on type 2

diabetes incidence among women at high risk of cardiovascular disease (CVD) (3).
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Important limitations of the RCT evidence

have included small sample size of some

individual trials, uncertainty of the optimal

dose,baselinestatus,theinabilitytoseparate

out theeffectsofvitaminCwhenthesewere

used in combination with other vitamins/

antioxidants, and declining compliance with

the intervention over time. Conducting fur-

ther RCTs to assess an impact of vitamin Con

type 2 diabetes is challenging, requiring large

sample size, long follow-up duration, and

high cost. Meanwhile, it remains unclear

whether there is a causal role of vitamin C

in the prevention of type 2 diabetes.

Mendelian randomization (MR) is an

approach that can help to assess the

potential causal relevance of a risk ex-

posure for a disease end point, taking

advantage of the random assortment of

alleles at conception (4). Thismeans that

the association between a disease and

a genetically determined phenotype is

unlikely to be affected by reverse cau-

sation or by confounding. A limitation of

MR is weak instrument bias if the ge-

netic variants explain a small fraction of

the variation in the risk factor of in-

terest, but this could be partially ad-

dressed through the use of multiple

independent genetic variants identified

ingenome-wideassociationstudies (GWAS)

(5). Thus far, only one genetic variant

(rs33972313) at SLC23A1 has been iden-

tified to be associated with plasma vita-

minC levels (6), basedona candidate gene

approach, and no GWAS has been pub-

lished so far.

The objective of this study was to

study the relationship between genetic

variants and vitamin C levels and to de-

velop a genetic instrument to be used in

an MR analysis of the association of

genetically predicted levels of plasma vi-

tamin C with type 2 diabetes risk.

RESEARCH DESIGN AND METHODS

Participating Studies and Genotyping

Figure 1 provides an overview of the

participating cohorts, and our overall

approach to data inclusion and analysis.

The three steps in the process were as

follows: 1) we conducted GWAS to iden-

tify genetic variants associated with

plasma vitamin C levels; 2) using the

GWAS-discovered genetic variants, we

examined the association between ge-

netically predicted plasma vitamin C and

type 2 diabetes risk by MR analysis; and

3) for comparison with MR results, we

performed analyses to evaluate the ob-

servational association between plasma

vitaminCand incident type2diabetes.All

of the studies included in the present

analyses were approved by local ethics

committees, and participants provided

written informed consent.

Weperformedmeta-analysis of GWAS

of plasma vitamin C levels in up to 52,018

individuals from the Fenland study (n 5

10,771) (2), European Prospective Inves-

tigation into Cancer and Nutrition (EPIC)-

InterAct study (n 5 16,841) (7), EPIC

Norfolk study (8) (n5 16,756, excluding

duplicated samples with EPIC-InterAct),

and the EPIC-CVD study (9) (n 5 7,650,

excluding duplicated samples with

EPIC-InterAct or EPIC-Norfolk).

We then estimated the association of

lead genetic variants from the vitamin

C GWAS meta-analysis with the risk of

type 2 diabetes in a meta-analysis in-

cluding participants (80,983 case par-

ticipants with type 2 diabetes, and

842,909 noncase participants) from

UK Biobank (10), DIAbetes Meta-ANalysis

of Trans-Ethnic association studies (DIA-

MANTE) (European) (11), and EPIC-Norfolk

study (additional case participants with

type 2 diabetes not included in the

DIAMANTE study: 1,220 case participants

with diabetes and 18,026 noncase partic-

ipants) (8).

The details of each participating study

and genotyping strategy and quality con-

trol procedures are described in Sup-

plementary Table 1 and Supplementary
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Text. Briefly, the Fenland study is an

ongoing, population-based cohort study

including 12,435 adults at baseline in

Cambridgeshire, U.K. (2). The GWAS in-

cluded 10,771 Fenland participants with

both genotype and vitamin C data. Ge-

notype imputation was performed to

the Haplotype Reference Consortium

reference panel using IMPUTE v4 or the

Sanger imputation server.

EPIC-InterAct is a case-cohort study

including 12,403 participants with inci-

dent type 2 diabetes from among

340,234 participants across eight Euro-

pean countries (France, Italy, Spain, U.K.,

Netherlands, Germany, Sweden, and Den-

mark) and 16,835 subcohort participants

randomly selected from the full cohort, of

whom 16,154 remained after exclusion of

participants with prevalent diabetes (7);

16,841 participants with both genotype

and vitamin C data contributed to the

present GWAS. EPIC-Norfolk is an ongoing

U.K.-based prospective cohort study with

25,639 men and women aged 40–79 at

baseline (8), among whom 16,756 par-

ticipants had the required data to be

included in the vitamin C GWAS. EPIC-

CVD is also a case-cohort study nested

within the EPIC study, with a random

subcohort of 18,249 participants and

24,557 adults who later developed CVD

during the follow-up. EPIC-CVD shared

the random subcohort with the EPIC-

InterAct for eight participating countries

(9), and a total of 7,650 EPIC-CVD par-

ticipants contributed to the present vi-

tamin C GWAS. Genotype imputation of

the EPIC-InterAct, EPIC-Norfolk, and EPIC-

CVD was performed to the Haplotype

Reference Consortium reference panel

using IMPUTE v4 software.

The UK Biobank study is a population-

based cohort of ;0.5 million U.K. indi-

viduals aged 40–69 years recruited

between 2006 and 2010 across the U.K.

(10). Genotype data and prevalent type 2

diabetes informationwerebothavailable

among a total of 449,333 individuals in

the UK Biobank data set (24,758 case

participants and 424,575 noncase par-

ticipants). DIAMANTE is a consortium that

published a large-scale meta-analysis of

GWAS of type 2 diabetes in individuals of

different ethnicities. Summary results from

the DIAMANTEmeta-analyses among Euro-

peans were made publicly available (11).

Plasma Vitamin C Measurement

Plasma vitamin C was measured using

high-performance liquid chromatography

with ultraviolet detection in EPIC-InterAct

and EPIC-CVD using samples that had

been stored at2196°C (2150°C for Dan-

ish samples) (12). In EPIC-Norfolk and

Fenland, plasma vitamin Cwasmeasured

with a fluorometric assay using samples

storedat270°C.Foreachofthesestudies,

plasma was stabilized in a standardized

volume of metaphosphoric acid. The dis-

tributionofplasmavitaminC levels ineach

participating cohort is shown in Supple-

mentary Fig. 1.

Statistical Analysis

Meta-analysis of GWAS

For theGWASof plasmavitaminC among

each participating cohort, standardized

residuals (in SD units) for plasma vitamin

C were calculated, adjusting for age, sex,

and study center (where appropriate).

Moreover, in each cohort, GWAS was

performed by running linear regression

with SNPTEST (v2.5.4) assuming an ad-

ditive effect, adjusting for the first 10 ge-

netic principal components of ancestry

within each cohort. Meta-analysis of

the GWAS results was conducted by

combining b coefficients and SEs using

inverse variance-weighted fixed-effect

meta-analysis across the participating

studies usingMETAL (13). Associated loci

were identified using the conventional

threshold for genome-wide statistical

significance (P , 5 3 1028). At each

locus, a lead single-nucleotide polymor-

phism (SNP) was identified as the SNP

with the lowest P value within a 1 mega-

base-pairwindow. Functional annotation

andpathwayanalysisof theGWASresults

were performed using MAGENTA and

DEPICT (14,15) (Supplementary Text).

Linear regressionmodels were used to

estimate thevariance inplasmavitaminC

explained by the identified lead SNPs in

each of Fenland, EPIC-InterAct, EPIC-

Norfolk, and EPIC-CVD studies. We also

calculated the F statistic in the EPIC-

Norfolk study to evaluate the strength

of the instrument. We estimated the

genetic correlations of vitamin C levels

with type 2 diabetes and related glyce-

micmarkers (fasting glucose, insulin, 2-h

glucose, HOMA of insulin resistance

[HOMA-IR], HOMA of b-cell function

[HOMA-b], and hemoglobin A1c [HbA1c])

using the meta-analyzed GWAS results

and linkage disequilibrium score regres-

sion on the LD Hub platform (16), and

the results were corrected for multiple

testing.

Association of Genetically Predicted Levels

of Vitamin C With Type 2 Diabetes: MR

Analysis

We used two-sample MR analysis to test

for an association between a genetically

predicted difference in plasma vitamin C

levels and type 2 diabetes risk. To this

end, we used estimates of each of the

“SNP to vitamin C” and “SNP to diabetes”

associations to examine the association

between a genetically predicted 1-SD

difference in plasma vitamin C and type 2

diabetes risk. Estimates from multiple

SNPs were pooled using an inverse

variance–weighted method (5). MR as-

sumptions are violated if there is horizontal

Figure 1—Design of the study for MR analysis of plasma vitamin C with type 2 diabetes.

100 Plasma Vitamin C and Type 2 Diabetes Diabetes Care Volume 44, January 2021

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://d

ia
b
e
te

s
jo

u
rn

a
ls

.o
rg

/c
a
re

/a
rtic

le
-p

d
f/4

4
/1

/9
8
/5

3
2
4
8
6
/d

c
2
0
1
3
2
8
.p

d
f b

y
 g

u
e
s
t o

n
 2

7
 A

u
g
u
s
t 2

0
2
2

https://doi.org/10.2337/figshare.13105559
https://doi.org/10.2337/figshare.13105559
https://doi.org/10.2337/figshare.13105559
https://doi.org/10.2337/figshare.13105559


pleiotropy.Therefore, in theEPIC-InterAct

study, we constructed a vitamin C-raising

genetic score based on the identified

genetic variants and examined its asso-

ciation with anthropometric, lifestyle,

dietary factors, and lipid biomarkers

to examine the potential pleiotropic

effect of the genetic score. The poten-

tial pleiotropic effect of the identified

SNPs was further examined by investigat-

ing their associations with 174 blood me-

tabolites using GWAS summary statistics

from genome-wide meta-analysis of these

metabolites across Fenland, EPIC-Norfolk,

and Efficiency and Safety of Varying the

Frequency of Whole Blood Donation (IN-

TERVAL) studies, as previously reported

(17).

In addition, directional pleiotropy for

theusedSNPswas testedusingMR-Egger

intercept (18). We used MR-Egger re-

gression to detect and adjust for poten-

tial unbalanced pleiotropy in the MR

analysis (18), and the Cochran Q statistic

to examine the heterogeneity of the as-

sociation between different genetic var-

iants, because different genetic variants

may represent different biological path-

ways. We also used a weighted median

MR method (19) as a sensitivity analysis

and highlighted the weightedmedian re-

sults if significant heterogeneity of the

associations amongdifferent genetic var-

iants was observed. We conducted a re-

verse MR analysis to examine the potential

association of genetically predicted risk

of type 2 diabetes on plasma vitamin C

concentrations, using a score composed

of 231 type2diabetes SNPs identified in a

recent GWAS (11).

We calculated the estimates of a ge-

netically predicted 1-SD difference in

plasma vitamin C with several glycemic

traits using data from Meta-Analysis of

Glucose and Insulin-related traits Con-

sortium (MAGIC): fasting glucose (n 5

133,010), 2-h glucose (n5 42,854), fast-

ing insulin (n5 108,557), HOMA-IR (n5

46,186),HOMA-b (n546,186), andHbA1c
(n 5 123,665).

Observational Association of Plasma

Vitamin C With Type 2 Diabetes

For the observational association of

plasma vitamin C and incident type 2

diabetes in the EPIC-InterAct study, we

used Prentice-weighted Cox regression,

accounting for the design of a case-

cohort study, to estimate the country-

specific hazard ratios and 95% CIs for

associations per 1-SD difference (SD cal-

culated in the subcohort) of plasma

vitamin C with incident type 2 diabetes.

The estimates were adjusted for potential

confounding factors of age as the under-

lying time scale, sex, center, physical ac-

tivity, smoking status, employment status,

marital status, education level, alcohol in-

take, total energy intake, individual plasma

carotenoids, BMI, and waist circumfer-

ence. The results across countries were

pooled by random-effects meta-analysis.

Statistical analyses were performed in

Stata 14 (StataCorp, College Station, TX),

R 3.2.2 (R Foundation for Statistical Com-

puting), and METAL 2011-03-25.

Data and Resource Availability

GWAS summary statistics for the plasma

vitamin C levels can be accessed at

figshare.com(https://doi.org/10.6084/

m9.figshare.13227443.v1).

RESULTS

Population Characteristics

Plasma vitamin C was associated with a

variety of anthropometric, lifestyle be-

havioral factors (education, employment

status, physical activity, and smoking

status), dietary factors, and lipid bio-

markers (Supplementary Table 2). In con-

trast, the vitamin C-raising genetic score

calculated from the vitamin C-raising al-

leles (generated from the GWAS results)

waspositivelyassociatedonlywithplasma

vitamin C levels, and it was not associated

withother factors includinganthropomet-

ric, lifestyle, diet factors, or lipid biomarkers

(Supplementary Table 3).

Meta-analysis of GWAS of Plasma

Vitamin C

Genome-widemeta-analysis identified 11

independent genomic loci associatedwith

plasma vitamin C levels (Table 1), ofwhich

10 were novel, while SLC23A1 (6) was a

known plasma vitamin C locus (Table 1

and Supplementary Figs. 2 and 3). The

regional plots of the identified loci are

presented in Supplementary Figs. 4–12.

The heterogeneity for the association of

the identified lead SNPs with plasma

vitamin C across individual cohorts was

low (Supplementary Fig. 13). The stron-

gest signal was rs33972313 within the

SLC23A1 gene (P 5 4.61 3 10290) on

chromosome 5, a missense mutation that

was reported to be associated with circu-

lating vitamin C levels in a previous can-

didate gene study (6). SLC23A1 encodes

solute carrier family 23 member 1, also

known as sodium-dependent vitamin C

transporter1 (SVCT1),which is responsible

for the uptake of vitamin C into target

Table 1—Lead SNPs identified in the genome-wide meta-analysis of plasma vitamin C across four cohort studies (Fenland,

EPIC-Norfolk, EPIC-InterAct, and EPIC-CVD)*

Chromosome Position (GRCh37) Lead SNPs Effect allele Other allele EAF b SE P value Nearest gene

1 2330190 rs6693447 T G 0.551 0.039 0.006 6.25 3 10
210

RER1

2 220031255 rs13028225 T C 0.857 0.102 0.009 2.38 3 10
230

SLC23A3

5 138715502 rs33972313 C T 0.968 0.360 0.018 4.61 3 10
290

SLC23A1

5 176799992 rs10051765 C T 0.342 0.039 0.007 3.64 3 10
29

RGS14

6 52725787 rs7740812 G A 0.594 0.038 0.006 1.88 3 1029 GSTA5

11 61570783 rs174547 C T 0.328 0.036 0.007 3.84 3 1028 FADS1

12 96249111 rs117885456 A G 0.087 0.078 0.012 1.70 3 10211 SNRPF

12 102093459 rs2559850 A G 0.598 0.058 0.006 6.30 3 10220 CHPT1

14 105253581 rs10136000 A G 0.283 0.040 0.007 1.33 3 10
28

AKT1

16 79740541 rs56738967 C G 0.321 0.041 0.007 7.62 3 10
210

MAF

17 59456589 rs9895661 T C 0.817 0.063 0.008 1.05 3 10
214

BCAS3

EAF, effect allele frequency. *The b coefficients are in SD unit per allele; effect allele is the vitamin C-raising allele. The pooled sample size for the

genome-wide meta-analyses is 52,018.
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tissues (20). The second strongest signal

rs13028225 (P5 2.383 10
230

) was within

theSLC23A3geneonchromosome2,which

encodes sodium-dependent vitamin C

transporter 3 (SVCT3), belonging to the

same family as SLC23A3.

We identified further genomic lociwith

less obvious linkage to the metabolism

of vitamin C, such as RER1 (rs6693447, P5

6.25 3 10210, encoding retention in

endoplasmic reticulum sorting receptor

1),RGS14 (rs10051765, P5 3.643 1029,

encoding regulator of G protein signaling

14),GSTA5 (rs7740812, P5 1.883 10
29

,

encoding glutathione S-transferase a 5),

FADS1 (rs174547, P 5 3.84 3 1028,

encoding fatty acid desaturase 1), SNRPF

(rs117885456, P 5 1.7 3 10211, encod-

ing small nuclear ribonucleoprotein poly-

peptide F), CHPT1 (rs2559850, P5 6.33

10220, encoding choline phosphotrans-

ferase 1), AKT1 (rs10136000, P5 1.333

1028, encoding serine-threonine protein

kinase), MAF (rs56738967, P 5 7.62 3

10
210

, encoding MAF bZIP transcription

factor), and BCAS3 (rs9895661, P5 1.05

3 10214, encoding microtubule associ-

ated cell migration factor).

Results of pathway analysis and tissue

and gene set enrichment analysis did not

reveal a specific pathway or enriched

tissues/gene sets (Supplementary Tables

4 and 5). The variance of plasma vitamin C

explained by the 11 lead SNPs was 1.87%

on average, with 2.51% in Fenland, 1.74%

in EPIC-Norfolk, 1.61% in the InterAct

subcohort, 1.63% in the InterAct nonsub-

cohort, 1.07% in the EPIC-CVD subcohort,

and 0.7% in the EPIC-CVD nonsubcohort.

TheF statisticof thevitaminCgenetic score

forMR analysis was 30.5. The estimates of

genome-wide genetic correlations of vita-

min C levels with type 2 diabetes and

glycemic traits were significant only for

fasting insulin (rgenetics520.22,P50.005)

after controlling for multiple testing (Sup-

plementary Table 6).

Association of Plasma Vitamin C-

Raising Alleles With Type 2 Diabetes

From among 11 SNPs that were signifi-

cant at the genome-wide level, therewas a

pleiotropic effect of the variant at FADS1,

which was associated with a large number

of glycerophospholipids or sphingolipids

(Fig. 2). Thus, we excluded this SNP from

our MR analysis, using the other 10 SNPs

in a genetic instrument to examine the

causal association of plasma vitamin Cwith

type 2 diabetes (Supplementary Table 7).

Genetic predisposition to a higher

level of plasma vitamin C was not asso-

ciated with odds of type 2 diabetes, with

an estimated odds ratio of 1.03 (95% CI

0.96, 1.10) per 1-SD difference in plasma

vitamin C level (Fig. 3). There was no

evidence of directional horizontal pleiot-

ropy (P 5 0.41 for the test of MR-Egger

intercept) and heterogeneity for the ge-

netic instrument used (Supplementary

Table 8), which confirmed the validity of

our genetic instrument. Sensitivity anal-

ysis using different methods (MR-Egger,

weighted median) of MR did not find a

substantial difference compared with the

inverse variance–weighted method. The

reverse MR analysis suggested that ge-

netically higher risk of type 2 diabetes

Figure 2—Volcano plot for the association of the plasma vitamin C genetic score with blood metabolites. Associations of the 11 variant scores and the

score excluding the FADS1 variantwere estimatedusingfixed-effectsmeta-analyses of individual variant-metabolite associations aligned to theplasma

vitamin C-raising alleles. The horizontal dashed line indicates a Bonferroni-corrected significance threshold (corrected for 175 tests), and diameters of

points are proportional to abs(effect size)*50, where “abs” is the function to calculate the absolute value of the effect size.
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wasnot significantly associatedwithplasma

vitamin C levels (Supplementary Fig. 14).

In the observational analysis, a 1-SD dif-

ference in plasma vitamin C level was

associated with a lower hazard of type 2

diabetes (hazard ratio 0.88; 95% CI 0.82,

0.94) (Fig. 3).

Association of Vitamin C-Raising

Genetic Risk Score With Glycemic

Traits

In the MR analysis, a genetically pre-

dicted higher plasma vitamin C level was

not significantly associated with any of

the examined glycemic markers, includ-

ing fasting insulin, glucose, 2-h glucose,

HOMA-IR, HOMA-b, and HbA1c (Supple-

mentary Fig. 15). This is consistent with

the lack of association seen for type 2

diabetes. The associations of individual

vitamin C-raising alleles with these traits

are presented in Supplementary Fig. 16.

CONCLUSIONS

This study represents the first GWAS to

be conducted for plasma vitamin C, iden-

tifying 11 genomic regions associated

with plasma vitamin C, including 10 that

were novel loci and confirming the pre-

viously identified candidate locus at SLC23A1

(rs33972313). The results from using

these newly identified genome-wide

significant lead SNPs at corresponding

loci in a genetic instrument suggested

that a genetically higher level of plasma

vitaminCwasnot significantly associated

with type 2 diabetes risk or with glyce-

mic traits.

Findings in Context of Other Evidence:

MR Findings

There is no prior published MR analysis

of plasma vitamin C and type 2 diabetes

or glycemic traits to compare with our

current findings. However, our finding of

no evidence for an association of genetic

markers of plasma vitamin C with type 2

diabetesorwith anyof theglycemic traits

is consistent with prior null findings from

RCTs of vitamin C supplementation (2,3).

An obvious explanation for the discrep-

ancy between the observational and

the MR or RCT evidence is likely to be

confounding by several factors, including

socioeconomic, dietary, and lifestyle be-

havioral factors, as previously discussed

(21), and as we found in the current

analyses.

Findings in Context of Other Evidence:

GWAS Findings

Our novel GWAS findings stimulate greater

understanding of the biology of plasma

vitamin C. Prior evidence suggests that

vitamin C homeostasis is mainly regu-

lated by two categories of genes. Some

genesare involved indirect transport and

regulation of vitamin C concentrations,

including vitamin C absorption from food,

renal reabsorption, and cellular uptake,

particularly the sodium-dependent vita-

min C transporters of the SLC23 family

(e.g., SLC23A1 and SLC23A2), whereas

others are related to antioxidant and

oxidative stress (22). SLC23A1 encodes a

well-known protein SVCT1 affecting the

circulating vitamin C levels (6,22), and

the lead SNP rs33972313 identified in

the current study also showed consis-

tent, reproducible evidence in a pre-

vious study (6).

Unlike SLC23A1, we did not identify

SNPs of genome-wide significance at

SLC23A2, although both genes encode

SVCTs, which are specific for vitamin C

transportation. It may be that SVCT2

encoded by SLC23A2 mainly regulates

tissue levels of vitamin C and that its

impact on circulating vitamin C is min-

imal, as indicated in a recent review (22).

Notably, we identified GWAS hits at

SLC23A3 associated with plasma vitamin

Figure 3—Genetically predicted and observational associations of plasma vitamin C with type 2

diabetes.A:MRandobservational estimateof plasma vitaminCwith type2 diabetes.MRestimate

of theassociationbetweenageneticallypredicteddifferenceof1SD inplasmavitaminCand type2

diabetes (odds ratio [OR]) was determined using different methods: inverse-variance weighted,

MR Egger, and weighted median. Ten lead genetic variants (excluding FADS1 variant due to

pleiotropic effects) identified in the present genome-wide meta-analysis were used for the MR

analysis. Observational estimate of the association of plasma vitamin C with type 2 diabetes

(hazard ratio [HR]) was estimated in EPIC-InterAct using Prentice-weighted Cox regression,

adjusting for potential confounders.B: Scatter plot of genetic associationwith type 2 diabetes and

genetic association with the plasma vitamin C levels.
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C levels. SLC23A3 encodes SVCT3, which

is an orphan transporter, and its functional

role is largely unknown (23). There is

evidence showing that SVCT3 is mainly

expressed in the kidney (23) and that

the SLC23A3 mRNA expression level is

highly correlated with the estimated glo-

merular filtration rate, a marker of renal

function (24). Therefore, genetic variation

at SLC23A3may affect circulating vitamin

C levels by regulating renal function

andrelatedvitaminC reabsorptionby the

kidney. In addition, we identified several

other genomic regions that might affect

vitamin C levels potentially through reg-

ulating renal function and renal reab-

sorption of vitamin C, including RGS14,

MAF, and BCAS3 (25).

Other genetic loci identified in the

present GWAS may be related to anti-

oxidant and oxidative stress. The GSTA5

gene encodes glutathione S-transferase

(GST)-a5, a detoxifying enzyme belong-

ing to theGST families,which contributes

to the glutathione–vitamin C antioxidant

cycle (22). Genetic variants at FADS1

were associated with lipid peroxides, as

well as other oxidative stress markers

(26), andmight influence vitamin C levels

through the oxidative stress-related path-

way. The RER1 may be related to endo-

plasmic reticulum stress, which is closely

related to oxidative stress (27). Genetic

variation at CHPT1may lead to disruption

of phosphatidylcholine synthesis, which is

closely related to the antioxidant system

(28). Finally,we identifiedgenetic variants

at SNRPF gene associated with plasma

vitamin C, but a potentially functional link

between this gene and vitamin C metab-

olism is unclear.

Strengths and Limitations

This study has several strengths. We

conducted the first GWAS for plasma

vitamin C using a large sample frommul-

tiple cohorts and identified 10 novel

genetic loci for plasma vitamin C in ad-

dition to confirming the single variant

described previously from candidate

gene analysis (6). The current work ex-

pandsourunderstandingabout vitaminC

biology, and it enabled thederivation of a

genetic instrument to use inMR analysis.

Our study is thefirst largeMRanalysis for

circulating vitamin C and type 2 diabetes,

with a large number of case participants

in the genotype–type 2 diabetes associ-

ation. We examined the association of

genetically predicted vitamin C levels

with a variety of diabetes-related traits,

which also confirmed the observed null

results for type 2 diabetes.

Limitations of our work include that

despite the large GWAS meta-analysis

we conducted, the variation of vitamin C

explained by the SNPs used in the MR

was still relatively small. The low vari-

ability of plasma vitamin C explained by

theseSNPsmay limit thestatistical power

and precision for the MR analysis. Our

analyses included White European pop-

ulations; hence, our findings may not be

generalizable to other populations. It is

possible that pleiotropic effects of ge-

netic variants used inMRmay potentially

exist, although we did not find evidence

of pleiotropic effects (i.e., none of the

SNPs used in the MR were associated

with tested confounders) or heteroge-

neity across the genetic variants. There-

fore, confoundingmay not be a substantial

concern, and our instrument is specific

for vitamin C, which fulfils an important

criterion to identify causality. In addi-

tion, the MR estimate may be biased by

gene-environment interaction or cana-

lization, which should be investigated in

future research.

Implications of the Current Findings

Clarification of the potential role of vi-

tamin C in type 2 diabetes development

is important as the prevalence of type

2 diabetes continues to expand globally

and identification of modifiable risk fac-

tors is critical to curb the type 2 diabetes

pandemic. Despite interest in vitamin

C supplement use, the current findings

indicate that there is unlikely to be a

causal role of vitamin C as an isolated

micronutrient on type 2 diabetes and

its related traits in general populations.

This should be distinguished from the

use of plasma vitamin C as a biomarker

to objectively estimate or be a proxy

indicator for the consumption of fruit

and vegetables (29). The latter provides

support for the previous interpretation

that the inverse observational prospec-

tive associations between plasma vita-

min C and cardiometabolic diseases,

including type 2 diabetes (1,30–32), re-

flect the potential benefits of promoting

higher dietary consumption of fruit and

vegetables. It is important to clarify the

two distinct phenomena: the current

findings suggest no evidence for an as-

sociation with type 2 diabetes of genet-

ically predicted plasma vitamin C level

as a nutrient per se, but this does not rule

out the utility of plasma vitamin C as a valid

biomarker of fruit and vegetable intake,

reducing measurement error and recall

bias of subjective reporting. It is likely

that a synergetic effect of various constit-

uents in fruits and vegetables (including

vitamins,minerals, numerousphytochem-

icals, anddietaryfiber) rather than vitamin

C alone may be responsible for observed

inverse association of fruit and vegetable

consumption on type 2 diabetes risk.

In summary, using a genome-wide

meta-analysis approach, we identified 10

novel genetic loci and confirmedaknown

locus at SLC23A1 for plasma vitamin C

levels. With these newly identified ge-

netic variants as a genetic instrument,

our MR analysis found that there was no

evidence to support a causal association

between plasma vitamin C and type 2

diabetes or with related metabolic traits

among European populations. These

findings suggest that previous observa-

tionsonhigher vitaminC levels and lower

type 2 diabetes risk may be attributed

to a dietary pattern high in fruit and

vegetable intake rather than to vitamin C

level as an isolated nutrient. The impli-

cation of the current study is that vitamin

C supplementation aiming to increase

circulating vitamin C levels is unlikely to

be helpful for the prevention of type 2

diabetes among individuals of European

ancestries.
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