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BACKGROUND

Evidence suggests that vitamin C supplementation could be a potential therapy in
type 2 diabetes. However, its effectiveness and evidence quality require further
evaluation.

PURPOSE
To investigate the efficacy of oral vitamin C supplementation in improving glycemic

control, cardiovascular risk factors, and oxidative stress in people with type 2
diabetes.

DATA SOURCES

Databases (PubMed, Embase, Scopus, Cochrane Library) and clinical trial registries were
searched for randomized controlled trials up to 8 September 2020.

STUDY SELECTION

Trials in adults with type 2 diabetes were included. Trials were excluded if supplements
were not exclusive to vitamin C and if <2 weeks in duration.

DATA EXTRACTION

Primary outcomes were HbA,. glucose, cholesterol, triglycerides, and blood
pressure (BP). Data were extracted for changes in outcomes between vitamin
C and control groups. Evidence certainty was assessed using Grading of Recom-
mendations, Assessment, Development, and Evaluation methods.

DATA SYNTHESIS

Twenty-eight studies (N = 1,574 participants) were included in the review.
Outcomes that changed to a statistically and clinically significant extent with
vitamin Cwere systolic BP (mean difference —6.27 [95% Cl —9.60, —2.96] mmHg;
P = 0.0002), with moderate evidence certainty, and HbA;. (—0.54%
[—0.90, —0.17]; P = 0.004) and diastolic BP (—3.77 [—6.13, —1.42] mmHg;
P = 0.002) with very low evidence certainty.

LIMITATIONS

Studies were predominantly short term (<6 months) with a small number of
participants (n < 100).
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While evidence from short-term studies suggests that vitamin C supplementation may improve glycemic control and BP in
people with type 2 diabetes, vitamin C supplementation cannot currently be recommended as a therapy until larger, long-
term, and high-quality trials confirm these findings.

Type 2 diabetes remains a serious driver
of chronic diseases, including cardiovas-
cular disease. Improving glycemic control
is important for managing type 2 diabe-
tes; however, improving blood pressure
(BP), lipid levels, and insulin sensitivity
are also important targets to reduce the
risk of cardiovascular disease in type 2
diabetes (1). Excess reactive oxygen spe-
cies and oxidative stress are among
the pathophysiological factors underly-
ing impaired glucose metabolism and
vascular complications of type 2 diabetes
(2,3). Emerging evidence from predom-
inantly short-term and small randomized
controlled trials (RCTs) has suggested
thatantioxidant therapy may be effective
in improving glycemic control and car-
diovascular risk factors in people with
type 2 diabetes (4-7).

Vitamin C is a water-soluble antioxi-
dant that has been investigated thera-
peutically in people with type 2 diabetes.
Prior systematic reviews of RCTs have
focused on the effects of vitamin C
supplementation on glycemic control
(8), lipids (9), BP (10), and endothelial
function (11), although these were not
specific to people with type 2 diabetes.
Other meta-analyses investigated effects
of vitaminsin people with type 2 diabetes
(12-14); however, supplements were not
exclusive to vitamin C only. While these
prior reviews included many relevant
studies, the substantial increase in pub-
lished studies over recent years warrants
an updated and more focused evaluation
of vitamin C supplementation on cardi-
ometabolic risk factors in people with
type 2 diabetes. Furthermore, limited in-
formation on evidence quality and evi-
dence certainty also warrants further
evaluation to ascertain potential clinical
translatability of vitamin C supplementa-
tion. The aim of this review, therefore, is 1)
to investigate the efficacy of oral vitamin C
supplementation in improving glycemic
control, blood lipids, BP, and oxidative
stress in people with type 2 diabetes
and 2) to assess evidence certainty on
the basis of the Grading of Recommenda-
tions, Assessment, Development, and Eval-
uation (GRADE) approach.

RESEARCH DESIGN AND METHODS

Data Searches and Sources

A systematic review and meta-analysis of
RCTs (PROSPERO registry CRD42019140113)
was undertaken, targeting effects of oral
vitamin C supplementation on primary
outcomes of glycemic control (HbA,,
fasting glucose), blood lipids (triglycer-
ides, total cholesterol, HDL cholesterol,
LDL cholesterol), and BP (systolic, diastolic).
Secondary outcomes were postprandial
glucose, fasting insulin, HOMA of insulin
resistance (HOMA-IR), clamp insulin sensi-
tivity, and oxidative stress markers. Data-
bases searched were Cochrane Library,
Scopus, Embase, and MEDLINE-PubMed.
Clinical trial registries (ClinicalTrials.gov,
ANZCTR, EU Clinical Trial Register, and
ISRCTN) were also searched for additional
completed studies. Searches were not lim-
ited to English-language records. Database
and registry searches were conducted three
times from 5 September 2019 to 8 Septem-
ber 2020. Specific search strategies used are
outlined in Supplementary Table 1.

Study Selection
Studies included were RCTs involving par-
ticipants with type 2 diabetes. Exclusion
criteria included comparisons that used
intravenous (or nonoral) vitamin C admin-
istration, involved participants with type 1
diabetes, involved participants who were
pregnant or <18 years old, lacked a control
group, included other supplements besides
vitamin C, and were <2 weeks in duration.
The selection of the studies was per-
formed by two reviewers (S.AM. and
G.D.W.) independently using Covidence sys-
tematic review software (Veritas Health In-
novation, Melbourne, Victoria, Australia).
Studies were screened on the basis of their
titles and abstracts. Studies that could not be
ruled out had their full texts evaluated, and
their eligibility was determined. Any discrep-
ancies during selection of studies were re-
solved by reviewer consensus, although if a
consensus could not be reached, a third
reviewer (M.A.K.) adjudicated the decision.

Data Extraction and Quality
Assessment

The following data were extracted from
selected RCTs by two reviewers (S.A.M.

and G.D.W.) independently: author, pub-
lication year, study design, number of
subjects per arm, losses per arm, sex,
mean age, mean BMI, mean duration of
diabetes, duration of supplementation,
dose/dosage regimen, baseline vitamin C
concentration, baseline HbA,, diabetes and
other medications, and outcome data.
Quantitative and qualitative reports on ad-
verse effects observed were also recorded.

Any discrepancies during data extrac-
tion were resolved by reviewer consen-
sus, although if a consensus could not be
reached, a third reviewer (M.A.K.) adju-
dicated the decision. Authors of studies
were contacted in instances where full-text
articles could not be obtained or if data were
unclear in the articles. Two full-text studies
could not be obtained (15,16), and accurate
BP values could not be established for two
studies (17,18). The latter studies were
subsequently excluded from BP analyses.

The Cochrane risk-of-bias tool (19) was
used to evaluate bias in studies, including
domains of random sequence genera-
tion, allocation concealment, blinding of
participants and researchers, blinding of
outcome assessment, incomplete outcome
data, and selective reporting. Other biases,
including compliance with treatment and
diet and lifestyle confounding, were also
assessed. Two reviewers (S.A.M. and G.D.W.)
evaluated biases independently, with any
discrepancies adjudicated by consensus.

Data Synthesis and Analysis

Between-group differences in (within-
group) pre-post changes were deter-
mined for outcomes. For parallel design
trials, mean pre-post differences and SDs
were used or calculated from the pre-
treatment and posttreatment data. If not
provided, the pre-post change SD was
calculated assuming a correlation coef-
ficient of 0.7. This value was established
on the basis of correlation coefficient
values determined using data from two
studies in our review (5,20). We also un-
dertook sensitivity analyses of all outcomes
using a correlation coefficient value of 0.5
for which no changes in statistical out-
comes occurred compared with use of a
0.7 correlation coefficient (Supplementary
Table 2). One study (21) did not provide
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variance data, and for that study, SD values
consistent with average vitamin C and
control group data across all other included
studies were imputed.

Crossover trials were regarded simi-
larly to parallel trials, with separate vi-
tamin C and control arms. One crossover
study (22) did not provide pretreatment
values, and therefore, for that study, only
posttreatment data were used.

Three studies (21-23) included multi-
plevitamin C groups with different doses.
For these studies, all vitamin C groups
were combined into a single group, with
collective means and SDs determined ac-
cording to recommended methods (24).
Other studies (23,25-28) did not include
posttreatment data for some outcomes.
These studies were not included in the main
analyses; however, they were included in
sensitivity analyses, where pretreatment
data were carried forward as posttreatment
data. Significant results of main analyses
were not affected by inclusion of these
studies (Supplementary Table 2).

Pooled estimates and 95% Cls of effect
sizes were calculated using random-
effects modeling with DerSimonian-Laird
methods in Review Manager software
(29). Heterogeneity between studies was
assessed using Cochran Q and /° statis-
tics. Ninety-five percent prediction inter-
vals (95% Pls) were additionally calculated
to highlight study heterogeneity. A 95% PI
estimates where the possible effects of
vitamin C supplementation are to be ex-
pected for 95% of similar studies that might
be conducted in the future (30). Mean
difference (MD) effect sizes were used for
all outcomes except clamp insulin sensi-
tivity and oxidative stress outcomes, for
which standardized MDs were used to
account for significant variations in mea-
surements/methods used. Data generated
from Review Manager software were used
to generate forest plots with Stata IC 16.1
software (StataCorp, College Station, TX).
P < 0.05 was used to establish statistical
significance for all statistical tests used.

Subgroup and meta-regression analy-
ses were conducted on outcome mea-
sures that contained at least 10 studies.
Prespecified subgroup analyses were
based on BMI (nonobese <30 kg/m2
vs. obese =30 kg/mz), plasma vitamin
C concentration (hypovitaminosis C <23
pmol/L vs. =23 umol/L), vitamin C dose
used (lower dose <1,000 mg/day vs. high
dose =1,000 mg/day), and treatment
duration (shorter term <12 weeks vs.

longer term =12 weeks). The rationale
for these analyses was to assess potential
sources of heterogeneity and to identify
possible subgroups of differing vitamin C
efficacy. Post hoc subgroup analyses in-
vestigating the potential impact of the
control comparator group (active control
vs. placebo) and overall study risk of bias
(four or more of seven low-risk domains
of bias vs. fewer than four of seven low-
risk domains of bias) on outcomes were
also undertaken. Heterogeneity as a re-
sult of potential modifying effects of
various factors were further explored
in (post hoc) meta-regression analyses
using Stata software. Baseline biological
factors of HbA,., BMI, age, duration of
diabetes, and vitamin C concentration
may plausibly affect the relative efficacy
of treatment as explored previously
(8-10), while trial-related factors, such
as vitamin C dose, treatment duration,
and study participant number, might
further explain heterogeneity and effi-
cacy of outcomes (8—10). Sensitivity anal-
yses were conducted to evaluate only
low-risk-of-bias studies on the basis of
individual Cochrane risk-of-bias domains
(Supplementary Table 2).

GRADEpro GDT software (31) was used
to assess certainty of evidence for pri-
mary outcomes on the basis of areas of
study design, risk of bias, inconsistency,
indirectness, imprecision, and other con-
siderations, such as publication bias,
effect size, and potential confounding.
Grades of evidence and their explana-
tions include the following:

e High certainty: We are very confident
that the true effect lies close to that of
the estimate of the effect.

e Moderate certainty: We are moder-
ately confident in the effect estimate:
The true effect is likely to be close to
the estimate of the effect, but there
is a possibility that it is substantially
different.

e Low certainty: Our confidence in the
effect estimate is limited: The true
effect may be substantially different
from the estimate of the effect.

e Very low certainty: We have very little
confidence in the effect estimate: The
true effect is likely to be substantially
different from the estimate of effect (32).

We regarded a threshold of 1> > 50%
todenote inconsistency. Forimprecision,
we rated outcomes down if 95% Cls
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overlapped with nonclinically important
effects. Minimal thresholds of clinically
important changes considered were
HbA;. =0.5% (33), fasting glucose =1
mmol/L (34), total cholesterol =1 mmol/
L(35), LDL cholesterol =0.3 mmol/L (36),
HDL cholesterol =0.03 mmol/L (37),
triglycerides =1 mmol/L, and systolic
BP (SBP) and diastolic BP (DBP) >2
mmHg (38). We rated evidence certainty
of outcomes down for risk of bias if
sensitivity analyses investigating only
low-risk studies on the basis of individual
Cochrane risk-of-bias domains yielded
inconsistent statistical outcomes across
domains. We also rated evidence cer-
tainty of outcomes down for indirectness
because our primary outcomes are sur-
rogate rather than patient-important
outcomes (39).

Publication Bias

Small study effects were assessed using
funnel plots and the Egger regression test
when there were at least 10 studies,
including at least 1 medium/large sample
study (40).

RESULTS

Of 2,318 studies identified for screening,
68 full-text articles were reviewed in
depth (Supplementary Fig. 1). Of these
studies, 28 were deemed eligible for
inclusion in the review (Table 1). Clinical
trial registry searches yielded no addi-
tional studies to those found published
in the searched databases. The main
reasons for study exclusion were the
wrong study design, repeat or redundant
data, and the wrong participant popula-
tion. Only eight studies (5,6,20,41-45)
were rated as low risk in at least four of
seven Cochrane risk-of-bias domains
(Supplementary Fig. 2).

Vitamin C supplementation decreased
HbA,. to a statistically and clinically
significant degree (MD —0.54% [95%
Cl —0.90, —0.17%]; P = 0.004 [95% PI
—2.02, 0.94%]; n = 1,133 in 16 studies)
(Fig. 1A), whereas fasting glucose was
decreased to a statistically significant but
not a clinically significant degree (MD
—0.74 [95% Cl —1.17, —0.31] mmol/L;
P = 0.0007 [95% Pl —2.44,0.96 mmol/L];
n = 1,305 in 19 studies) (Fig. 1B) com-
pared with control. Vitamin C also
decreased postprandial glucose to a
statistically significant degree (MD
—0.95 [95% CI —1.83, —0.06] mmol/L;
P = 0.04 [95% Pl —4.67, 2.77 mmol/L];
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HbAlc (%)
Vitamin C  Control/Placebo Mean difference  Weight
Study N N with 95% CI (%)
Bhatt 2012 30 29 L i 0.54[~1.19, 0.11] 628
Dakhale 2011 33 3 W oz [-0.52,-0.04] 7.59
Devanandan 2020 68 67 —8— -1.30[-3.27, 0.67] 2.39
El_Aal 2018 10 10 - 0.81 [~1.60,-0.02] 5.76
Foroghi 2018 38 40 B -030[-075 015 7.02
Gillani 2017 139 142 | | -2.34[-2.72,-1.96] 723
Kunsongkeit 2019 15 16 M 0.15[-045, 0.75] 649
Lu 2005 17 17 M- 0.10[-0.86, 0.66] 586
Mahmoudabadi 2011 17 17 - 037[-0.35, 1.09] 6.00
Mason 2016 7 7 B 0.18[-034, 0.70] 678
Mason 2019 27 27 B 03 [-0.59,-0.05] 7.51
Paolisso 1995 40 40 8- -0.80[-1.63, 0.03] 5.60
Rafighi 2013 44 40 ] 1.21 [-1.60,-0.82] 720
Ragheb 2020 20 13 —— -0.36[-1.37, 0.65] 4.90
Sanguanwong 2016 50 50 B -092[-1.23,-061] 742
Siavash 2014 15 15 - -0.20[-0.93, 0.53] 598
Overall 570 563 & 054[-090,-0.17] 100
95% Prediction !ntcr\'a] X o T [-1.97, 0.89]
Heterogeneity: = 0.44, I’ = 88.70% Fevors Vidiniin Clisvoes Contial
Test of g = q: Q(15) = 132.73, p < 0.0001
Testof q=0: z=-2.89, p = 0.004
3-2-10 1
Fasting glucose (mmol/L)
Vitamin C  Control/Placebo Mean Difference  Weight
Study N N with 95% CI (%)
Bhatt 2012 30 29 - -1.36[-2.79, 0.07] 4.21
Chen 2006 15 17 - 0.56[-0.91, 2.03] 4.02
Dakhale 2011 33 33 | ] -0.61 [-1.12,-0.10] 7.05
Devanandan 2020 68 67 | 111 [~1.69,-0.53] 6.84
El_Aal 2018 10 10 ECN 2.15[~3.43,-0.87] 4.58
Foroghi 2018 38 40 | | 0.11 [-0.77, 0.55] 6.60
‘Ghaffari 2015 17 14 —a— -1.03[-3.15, 1.09]
Gillani 2017 139 142 | —-2.28[-2.85,-1.71]
Kunsongkeit 2019 15 16 ——  034[-142, 2.10]
Lu 2005 17 17 —— 220 041, 3.99]
Mahmoudabadi 2011 17 17 - 0.01 [-1.53, 1.51]
Mason 2016 7 7 - 0.27[-1.13, 1.67]
Mason 2019 27 27 E —0.69 [-1.46, 0.08]
Paolisso 1995 40 40 k3 -0.10[-1.32, 1.12]
Rafighi 2013 44 40 = 0.67 [~1.24,-0.10]
Ragheb 2020 20 13 —— 2.32 [-4.06,-0.58]
Rekha 2013 55 28 L 0.36 [-1.27, 0.55]
Sanguanwong 2016 50 50 ] -1.83 [-2.38,-1.28]
Siavash 2014 15 15 — —-1.87[-3.50,—-0.24]
Tousoulis 2007 13 13 E J 0.00[-1.21, 1.21]
Overall 670 0.74 [-1.17,-0.31]

95% Prediction Interval

Heterogeneity: ' = 0.61, I' = 74.95%
Test of g, = q;: Q(19) = 76.48, p < 0.0001
Testof q = 0: z=-3.37, p = 0.0007

C

Systolic blood pressure (mmHg)

635 +

[-2.44, 0.96]

Favors Vitamin C Favors Control

4-20 2 4

Vitamin € Control/Placebo Mean difference  Weight
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Figure 1—Forest plots of effect of vitamin C
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supplementation on primary glycemic control and BP

outcomes in people with type 2 diabetes. Effects on HbA, (A), fasting glucose (B), SBP (C), and DBP (D).

n = 235 in four studies) (Supplementary
Fig. 3) but had no significant effects on
fastinginsulin, HOMA-IR, or clamp insulin
sensitivity (Supplementary Fig. 3) com-
pared with control.

Vitamin C supplementation decreased
SBP (MD —6.27 [95% Cl —9.60, —2.96]
mmHg; P = 0.0002 [95% Pl —15.36,
2.82 mmHg]; n = 466 in eight studies)
(Fig. 1C) and DBP (MD —3.77 [95%

Cl —6.13, —1.42] mmHg; P = 0.002
[95% Pl —10.65, 3.11 mmHgl; n =
466 in eight studies) (Fig. 1D) to a sta-
tistically and clinically significant degree
compared with control. A study excluded
from BP analyses reported changes in BP
as a proportion of participants above or
below the threshold of 130/80 mmHg
(18). Although raw data were not pro-
vided, that study showed a decrease in
the proportion of participants above
130/80 mmHg from 88.8 to 42.1% after
12 months of vitamin C supplementation
compared with a change from 92.1 to
83.5% after placebo supplementation.

Vitamin C supplementation decreased
triglycerides (MD —0.20 [95% CI —0.36,
—0.04] mmol/L; P =0.01[95% Pl —0.79,
0.39 mmol/L]; n = 1,065 in 17 studies)
(Fig. 2A) and total cholesterol (MD —0.27
[95% ClI —0.43, —0.10] mmol/L; P =
0.001 [95% PI —0.89, 0.35 mmol/L];
n = 1,014 in 17 studies) (Fig. 2B) to a
statistically significant but not clinically
significant degree compared with con-
trol. Vitamin C had no statistically or
clinically significant effects on LDL cho-
lesterol (MD —0.23 [95% CI —0.48, 0.03]
mmol/L; P = 0.08 [95% PI —1.25, 0.79
mmol/L]; n = 988 in 16 studies) (Fig. 2C),
althoughitincreased HDLcholesteroltoa
clinically important but not statistically
significant degree (MD 0.06 [95% CI 0.00,
0.13] mmol/L; P = 0.06 [95% PI —0.17,
0.29 mmol/L]; n = 1,022 in 17 studies)
(Fig. 2D) compared with control.

Three markers of lipid oxidation (ma-
londialdehyde [MDA], F,-isoprostanes,
and LDL oxidation) were measured across
more than one study and were included
in meta-analyses. Vitamin C supplemen-
tation decreased plasma MDA to a sta-
tistically significant degree (standardized
MD —1.25 [95% Cl —1.88, —0.62]; P =
0.0001 [95% PI —3.44,0.94]; n = 220 in
five studies) but had no significant effects
on F,-isoprostanes or LDL oxidation com-
pared with control (Supplementary Fig.
3). A study that measured susceptibility
of LDL to oxidation that was not included
in the analysis (28) reported no effect of
vitamin C supplementation on this out-
come. Another study found significantly
lower plasma superoxide with vitamin C
supplementation compared with pla-
cebo after 4 months (6). Also, skeletal
muscle 2,7-dichlorodihydrofluorescein
oxidation was found to decrease during
insulin-stimulated conditions with vita-
min C supplementation (42), although no


https://doi.org/10.2337/figshare.13171967
https://doi.org/10.2337/figshare.13171967
https://doi.org/10.2337/figshare.13171967
https://doi.org/10.2337/figshare.13171967
https://doi.org/10.2337/figshare.13171967
http://care.diabetesjournals.org

624  Vitamin C Supplementation and Type 2 Diabetes

Diabetes Care Volume 44, February 2021

Figure 2—Forest plots of effect of vitamin C supplementation on primary lipid outcomes in people
with type 2 diabetes. Effects on triglycerides (A), total cholesterol (B), LDL cholesterol (C), and HDL

cholesterol (D).
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changein whole-blood or skeletal muscle
glutathione/glutathione disulfide ratio
was found in that study.

Study heterogeneity was significant
(* > 50%) for all glycemic control and
lipid outcomes, DBP, and MDA, although
not for other outcomes. Subgroup and
meta-regression analyses of potentially
modifying factors revealed that the
most prominent effects on heterogene-
ity and efficacy were due to study sample
size, study duration, and baseline HbA,,
(Supplementary Tables 3 and 4). Residual
heterogeneity decreased below /> = 50%
for HbA,, triglycerides, total cholesterol,
and HDL cholesterol when the modify-
ing factor was sample size in meta-
regression analyses (Supplementary Table
4). With each increase of one participant
per study, vitamin Csignificantlyimproved
HbA;. (—0.009%), fasting glucose (—0.007
mmol/L), triglycerides (—0.003 mmol/L),
total cholesterol (—0.004 mmol/L), LDL
cholesterol (—0.004 mmol/L), and HDL
cholesterol (0.002 mmol/L). With each
increase of 1 day in study duration, vitamin
Csignificantly improved HbA;. (—0.006%),
fasting glucose (—0.005 mmol/L), trigly-
cerides (—0.003 mmol/L), total cholesterol
(—0.003 mmol/L), LDL cholesterol (—0.004
mmol/L), and HDL cholesterol (0.002
mmol/L). Meta-regression also revealed
some significant effects when the mod-
ifying factors were baseline HbA,;. and
daily vitamin Cdose. For every 1%increase
in baseline HbA,, vitamin C significantly
decreased HbA;. (—0.47%), fasting glu-
cose (—0.57 mmol/L), triglycerides (—0.18
mmol/L), total cholesterol (—0.32 mmol/L),
and LDL cholesterol (—0.55 mmol/L). For
every 100 mg/day increase in vitamin C
dose, vitamin Cincreased fasting glucose
(0.09 mmol/L) and LDL cholesterol (0.07
mmol/L). Baseline age, BMI, diabetes
duration, and vitamin C concentration
had no significant modifying effect on
heterogeneity or efficacy with vitamin C
supplementation in subgroup or meta-
regression analyses for any outcome
except HDL cholesterol, which decreased
with increasing baseline age (—0.01
mmol/L per 1-year increase) and increas-
ing baseline BMI (—0.04 mmol/L per
1 kg/m2 BMI increase). The number of
low-risk-of-bias domains in studies were
not found to significantly modify the effi-
cacy and heterogeneity findings in either
subgroup or meta-regression analyses.

Sensitivity analyses that were based
on individual Cochrane risk-of-bias domains
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Table 2—Summary of primary glycemic and cardiovascular risk factor outcomes with vitamin C supplementation

Anticipated absolute
Outcome effects* (95% Cl)

Participants

(RCTs), n

Certainty of the
evidence (GRADE)

Minimal clinically
important difference

Comments

HbA;. (%) MD 0.54 lower (0.90
lower to 0.17 lower)

Fasting glucose MD 0.74 lower (1.17
(mmol/L) lower to 0.31 lower)

SBP (mmHg) MD 6.27 lower (9.6
lower to 2.95 lower)

DBP (mmHg) MD 3.77 lower (6.13
lower to 1.42 lower)

Triglycerides MD 0.2 lower (0.36
(mmol/L) lower to 0.04 lower)

1,133 (16)

1,305 (20)

466 (8)

466 (8)

1,065 (17)

©000
Very lowt3§]||

HO00
Very low§||

DDDO
Moderate§#

@000
Very low§]|

©O000
Very low§**

Vitamin C supplementation may
improve HbA;. to a clinically
meaningful extent. Evidence
rated down for inconsistency
(1 level), imprecision (1 level),
and indirectness (1 level).
Subgroup and meta-regression
analyses suggest the largest
improvements with 1) higher
baseline HbA;., 2) a longer
supplementation duration, and
3) larger study sample sizes.

Evidence shows a statistically
significant but clinically
insignificant reduction in fasting
glucose. Evidence rated down for
risk of bias (1 level), inconsistency
(1 level), imprecision (1 level),
and indirectness (1 level).
Subgroup and meta-regression
analyses suggest the largest
improvements with 1) higher
baseline HbA,., 2) a longer
supplementation duration, 3)
larger study sample sizes, and 4)
lower vitamin C supplementation
doses.

Evidence is suggestive of
a hypotensive effect of vitamin C,
with significant reductions
observed that are consistent with
a clinical improvement. Evidence
rated down for indirectness
(1 level).

Evidence is suggestive of a
hypotensive effect of vitamin C,
with significant reductions
observed that are consistent with
a clinical improvement. Evidence
rated down for inconsistency
(1 level), imprecision (1 level),
and indirectness (1 level).

Evidence shows a small statistically
significant but clinically
insignificant reduction in
triglycerides with vitamin C.
Evidence rated down for risk of
bias (1 level), inconsistency
(1 level), imprecision (1 level),
and indirectness (1 level).
Subgroup and meta-regression
analyses suggest the largest
improvements with 1) higher
baseline HbA;,, 2) a longer
supplementation duration, and
3) larger study sample sizes.

Continued on p. 626
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Table 2—Continued

Anticipated absolute
effects* (95% Cl)

Participants
(RCTs), n

1,125 (19)

Certainty of the
evidence (GRADE)

Minimal clinically
important difference

HSOO00O =1
Very lowt§**

Outcome Comments

Total cholesterol
(mmol/L)

MD 0.27 lower (0.43
lower to 0.1 lower)

Evidence shows a small significant
but clinically insignificant
reduction in total cholesterol
with vitamin C. Evidence rated
down for risk of bias (1 level),
inconsistency (1 level),
imprecision (1 level), and
indirectness (1 level). Subgroup
and meta-regression analyses
suggest the largest
improvements with 1) higher
baseline HbA;., 2) a longer
supplementation duration, and
3) larger study sample sizes.

LDL cholesterol
(mmol/L)

MD 0.23 lower (0.48
lower to 0.03 higher)

988 (16) &000 =0.3

Very low§**

Overall, evidence is not supportive
of a statistically or clinically
significant reduction in LDL
cholesterol with vitamin C.
Evidence rated down for
inconsistency (1 level),
imprecision (1 level), and
indirectness (1 level). Subgroup
and meta-regression analyses
suggest the largest
improvements with 1) higher
baseline HbA;., 2) a longer
supplementation duration, 3)
larger study sample sizes, and 4)
lower vitamin C supplementation
doses.

HDL cholesterol
(mmol/L)

MD 0.06 higher (0.00—
0.13 higher)

1,022 (17) D000 =0.03

Very low#§|

Overall, evidence is not supportive
of a statistically significant
change in HDL cholesterol with
vitamin C, although mean
changes found are potentially
clinically meaningful. Evidence
rated down for risk of bias
(1 level), inconsistency (1 level),
imprecision (1 level), and
indirectness (1 level). Subgroup
and meta-regression analyses
suggest the largest
improvements with 1) a lower
baseline BMI, 2) a lower adult
age, 3) a longer study duration,
and 4) larger sample sizes.

*Theriskin theintervention group andits 95% Cl are based on the assumed riskin the comparison group and the relative effect of the intervention and its
95% Cl). tOverall, findings alternated from significantly favoring vitamin C (5 domains) to borderline (P = 0.05) significant effects (2 domains) when
undertaking sensitivity analyses on the basis of different individual Cochrane risk-of-bias domains when using only low-risk studies; a decision was made
to not rate down for risk of bias because of this relative consistency. tSignificant heterogeneity in meta-analysis (/> > 50%). §Surrogate outcome
measure, not a patient-important end point. ||Upper bound 95% Cl of estimate outside of clinical meaningfulness. Overall findings alternated from
significantly favoring vitamin C to null effects when undertaking sensitivity analyses on the basis of different individual Cochrane risk-of-bias domains
when using only low-risk studies. #Overall findings alternated from significantly favoring vitamin C to null effects when undertaking sensitivity analyses
on the basis of different individual Cochrane risk-of-bias domains (P < 0.05 for all domains except for allocation concealment [P = 0.06] and blinding of
outcome assessment [P = 0.06]) when using only low-risk-of-bias studies; a decision was made to not rate down for risk of bias because of this relative
consistency. **Upper and/or lower bounds of 95% Cl not clinically meaningful. | Lower bound 95% CI of estimate outside of clinical meaningfulness.

bias domains (LDL cholesterol, HDL cho-

found mostly consistent significant ef-
fects favoring vitamin C when consid-
ering only low-risk-of-bias studies for
DBP, MDA, HbA,, and SBP (Supplementary
Table 2). Other measures either did not
significantly favor vitamin C across most

lesterol, F,-isoprostanes, LDL oxidation,
clamp insulin sensitivity, HOMA-IR) or
produced statistically mixed results across
individual bias domains (fasting glucose,
fasting insulin, triglycerides, total cholesterol)

when considering only low-risk-of-bias
studies (Supplementary Table 2). There
were no statistically significant small
study effects found that were sugges-
tive of publication bias (40) (Supplementary
Fig. 4).
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Table 2 presents a summary of findings
with GRADE evidence for primary outcomes,
and Supplementary Table 5 shows GRADE
evidence profiles for these outcomes. SBP
was found to have a moderate certainty of
decreasing statistically and clinically with
vitamin C supplementation. HbA;. and
DBP were found to have a very low
certainty of decreasing statistically and
clinically with vitamin C supplementa-
tion. Fasting glucose, triglycerides, total
cholesterol, LDL cholesterol, and HDL
cholesterol were evaluated as having
very low evidence certainty, whether
changes with vitamin C were statistically
significant or not.

Adverse effects reporting was included
in 13 studies (5,6,18,20,21,41,42,46-51)
(Supplementary Table 6). Five studies
(6,20,41,46,49) reported no adverse ef-
fects of supplementation without spec-
ifying actual outcomes assessed. One
study (42) reported temporary gastroin-
testinal upset in one participant with
vitamin C, while another study (5)
mentioned a feeling of depression in
one participant with placebo supplemen-
tation. Another study (21) reported no
significant difference between vitamin C
and control groups for symptoms includ-
ing nausea, vomiting, diarrhea, giddiness,
headache, oral mucosal erosion, and
fatigue, although the number of af-
fected individuals was not specified.
Foroghi et al. (48) noted that 15% of
participants in the vitamin C treatment
group complained of physical discom-
fort, with no reports in the placebo
group. Ragheb et al. (51) found signifi-
cantly better quality-of-life survey scores
following vitamin C supplementation in
relation to role limitation to physical
health and emotional problems com-
pared with control. The most compre-
hensive reporting of adverse effects was
documented in the study of Gillani et al.
(18) in which significantly fewer adverse
events were reported with vitamin C
supplementation (n = 23, including two
hypoglycemic episodes, three hypergly-
cemicepisodes, and five wrong timing of
medication intake) compared with pla-
cebo (n =89, including 30 hypoglycemic
episodes, 45 hyperglycemic episodes,
and 11 wrong timing of medication).
Finally, renal and hepatic function
tests were conducted in several studies
(5,6,18,41,42,50), which found no signif-
icant differences in outcomes between
vitamin C and control groups.

CONCLUSIONS

The major findings of this review are that
vitamin C supplementation significantly
lowers HbA,., fasting and postprandial
glucose, triglycerides, total cholesterol,
SBP and DBP, and MDA in people with
type 2 diabetes. However, because of
study biases, heterogeneity between
studies, indirectness of outcomes, and
imprecision of findings, evidence cer-
tainty is mostly very low across these
measures. The 95% Pl included zero for
most significant outcomes. This means
that while on average vitamin C might
have beneficial effects, it might not al-
ways be beneficial in an individual (i.e.,
clinical, study) setting. A notable limitation
of studies included was that they were
predominantly short term (<6 months)
with a relatively small participant number
(n < 100). Interestingly, the only study that
was >6 months and with >250 participants
yielded the largest improvements in glyce-
mic control, lipids, and BP (18). Therefore,
this review highlights that vitamin C sup-
plementation may be beneficial for im-
proving glycemic control and reducing risk
factors associated with cardiovascular dis-
ease in type 2 diabetes. However, further
investigations using larger sample sizes and
longer supplementation periods are re-
quired to confirm these potential cardi-
ometabolic benefits.

The mean magnitude of change in
HbA,. across studies is consistent with a
clinical improvement (—0.54%). In contrast, a
prior systematic review found no signif-
icant effect of vitamin C supplementation
on HbA,.in asubgroup analysis of people
with type 2 diabetes (—0.15%) (8). We
also found a larger effect size for fasting
glucose than did that prior review (—0.74
vs. —0.44 mmol/L) (8). Notably, our re-
view contained 10 additional studies (n =
812) for these outcomes that were pub-
lished since that prior review. For glyce-
mic control outcomes, subgroup analyses
revealed greater effects of vitamin C when
study duration was =12 weeks. Meta-
regression analyses found that factors of
increasing baseline HbA,, increasing study
duration, and increasing sample size were
potential modifying factors in terms of
treatment efficacy. Thus, vitamin C might
have greater effects on glycemic control
when taken long term and for patients with
higher HbA;. levels.

Potential antihyperglycemic mecha-
nisms of vitamin C action have not been
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well established but might plausibly in-
clude antioxidant effects of vitamin C that
promote improved insulin sensitivity (5,6).
However, direct evidence is scant and weak
to support this effect in people with type 2
diabetes, with no significant effects and very
low evidence certainty found for effects of
vitamin C supplementation on clamp insulin
sensitivity and HOMA-IR in our review.

The mean decreases in SBP (—6.27
mmHg) and DBP (—3.77 mmHg) were
consistent with clinically meaningful im-
provements. These findings lend support
to a prior systematic review (10) that
found improvements in both SBP (—4.71
mmHg) and DBP (—4.07 mmHg) with
vitamin Cin a subgroup analysis in people
with type 2 diabetes. However, that re-
view included studies with concomitant
intake of other antioxidant compounds
along with vitamin C, thus limiting con-
clusions about vitamin C specifically.
Given the moderate level of evidence
certainty for SBP findings, it is possible
that one of the strongest beneficial effects
of vitamin C supplementation in people
with type 2 diabetes is a reduction in BP.

Potential hypotensive mechanisms of
vitamin C might relate to its potential to
enhance nitric oxide (NO) synthesis and
bioavailability through its antioxidant ac-
tions. Vitamin C is believed to scavenge
superoxide (52) and, therefore, may de-
crease NO reactivity with superoxide and
limit formation of the potential vasculature-
damaging reactive species peroxynitrite.
Vitamin C has also been shown to preserve
concentrations of the endothelial NO syn-
thase cofactor tetrahydrobiopterin, in turn
maintaining NO production through en-
dothelial NO synthase (53).

The significant improvements for tri-
glycerides (—0.2 mmol/L) and total cho-
lesterol (—0.27 mmol/L) observed are
arguably not of clinical significance.
These findings partially support sub-
group analyses in people with type 2
diabetes in a previous systematic review
that similarly reported a statistically sig-
nificant decrease in triglycerides (—0.15
mmol/L) with vitamin C supplementation
(9). Despite small effect sizes for lipid
outcomes overall, effects were larger for
most lipid outcomes in subgroup analy-
ses when study duration was =12 weeks
and vitamin C dose was <1,000 mg/day.
Meta-regression analyses found that fac-
tors of increasing baseline HbA,., in-
creasing study duration, and increasing
sample size were potential modifying
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factorsin terms of treatment efficacy on
lipid outcomes. Findings of increased
efficacy with lower vitamin C doses
implies an upper dose limit of effective-
ness of vitamin C. However, it should be
noted that there were only four studies
in the review that used doses >1,000-
mg/day and only two studies that used a
dose of <500 mg/day. Thus, beneficial
lipid-related effects may be most evi-
dent when modest doses are taken
long term and for patients with higher
HbA;..

We found significant effects of vitamin
C supplementation on plasma MDA. A
prior systematic review found significant
effects of vitamin supplementation on
MDA in people with type 2 diabetes (12).
However, that review was not specific to
vitamin C. Evidence for effects of vitamin
C as a single-compound supplement on
MDA is limited to a small number of
studies and has significant between-
study heterogeneity. Studies have shown
vitamin Cto be an effective antioxidant at
reducing lipid peroxidation in human
plasma (54,55). However, given current
low-quality evidence in people with
type 2 diabetes, further studies are re-
quired to evaluate effects of vitamin Con
lipid peroxidation and other oxidative
stress markers in type 2 diabetes.

A limitation of this review was a failure
to extract relevant data from four studies
(15—-18) that may have been included in
the analyses of lipids and BP. However, it
is unlikely that inclusion of these studies
would have decreased the effect sizes
observed because abstract (15) and re-
sults (18) data from these studies have
suggested significantimprovements with
vitamin C supplementation. Also, while
we reported few notable adverse effects
in studies, our review did not involve a
comprehensive search of adverse ef-
fects. More focused reviews of adverse
effects of vitamin C supplementation in
people with type 2 diabetes are required.

Studies included in the review did
not include patient-important outcomes,
such as diabetic complications, cardio-
vascular disease incidence, or mortality.
The lack of evidence on these outcomes
in RCTs with vitamin C supplementation
in people with type 2 diabetes is a gap
in the literature that requires further
investigation.

While we did include exploratory sub-
group and meta-regression analyses of
outcomes on the basis of plasma vitamin

C status, most studies included in the
review did not measure participants’
vitamin C concentrations. Therefore, it
remains unclear whether baseline vita-
min C status might affect the outcomes
explored in our review. Finally, most
studies included in the review involved
the concomitant use of diabetes treat-
ments, and some studies allowed BP-
and lipid-lowering medications. Therefore,
we cannot draw any clear conclusions
about the efficacy of vitamin C as a stand-
alone therapeutic agent for diabetes
management but more so as an add-on
therapy to existing diabetic therapies.

Vitamin C supplements are relatively
inexpensive and widely available. Thus,
vitamin C might be a potentially cost-
effective treatment for people with type
2 diabetes. However, there is currently a
lack of investigation of the cost-effectiveness
of this approach. Thus, further investiga-
tion is required to evaluate the potential
cost-effectiveness of vitamin C supplemen-
tation for the management of people with
type 2 diabetes.

While our study only investigated ef-
fects of supplemental vitamin C on out-
comes, it is possible that regular high
dietary intakes of vitamin C could yield
similar outcomes for people with type 2
diabetes, although there is a paucity of
well-controlled studies in this area. Fur-
thermore, foods rich in vitamin C may
also be rich in additional nutrients, like
vitamins, minerals, phytonutrients, and
dietary fiber, that may have additional
beneficial effects for people with diabetes.
Future research should address effects
of vitamin C supplements versus other
antioxidant compounds or antioxidant-
rich diets to establish whether the effects
are specific to vitamin C or are more general
with regard to vitamin C as an antioxidant.

Our findings, which are based largely
on short-term studies with low evidence
quality, suggest that vitamin C supplemen-
tation may be potentially effective for
improving glycemic control and BP in
people with type 2 diabetes. These ef-
fects may be greatest in people with
higher HbA1. and in those who regularly
supplement with vitamin C. However,
given limitations of studies, vitamin C
supplementation cannot currently be rec-
ommended for type 2 diabetes manage-
ment, with further investigations using
larger sample sizes and longer supplemen-
tation periods that are powered to stratify
effects on the basis of baseline glycemic
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control required to confirm beneficial ef-
fects of vitamin C supplementation.
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