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ARTICLE INFO ABSTRACT

Keywords: Background and aim: It has been suggested that taking vitamin C supplements may improve glycemic control in
Glycemic profile patients with type 2 diabetes mellitus (T2DM). However, there has not been a thorough evaluation of the actual
Hyperglycemia

impact or certainty of the findings. This systematic review and meta-analysis was conducted to determine the
effect of vitamin C supplementation on glycemic profile in T2DM patients.

Methods: A systematic search was performed across online databases including Scopus, Web of Science, and
PubMed/Medline to identify relevant randomized controlled trials (RCTs) published until July 2022. A random-
effects model was applied for the meta-analysis.

Results: The present meta-analysis included a total of 22 RCTs with 1447 patients diagnosed with T2DM.A pooled
analysis revealed a significant decrease in levels of serum hemoglobin Alc (HbAlc), fasting insulin, and fasting
blood glucose (FBG) in vitamin C-treated T2DM patients compared with their untreated counterparts. The dose-
response evaluation displayed a substantial linear association between the intervention duration and changes in
serum HbAlc levels. However, the analysis did not demonstrate any significant effect of vitamin C on serum
values of homeostasis model assessment of insulin resistance(HOMA-IR) in diabetic patients. Subgroup analyses
indicated that high-dose vitamin C administration (>1000 mg/d) considerably decreased serum HOMA-IR levels.
Conclusion: These findings suggest that long-term (>12 weeks) and high-dose vitamin C supplementation (>1000
mg/d) may ameliorate glycemic profile in T2DM patients. However, additional high-quality RCTs are necessary
to validate these results.
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Fig. 1. Flowchart of study selection.

1. Introduction

Type 2 diabetes mellitus (T2DM) is a chronic condition that results
from insufficient insulin secretion or insulin resistance [1]. Diabetes
affects almost half a billion people globally, and this number is expected
to reach 700 million by 2045 [2]. The prevalence of abnormal glucose
tolerance in the adult population is projected to be 8.0% in 2030,
increasing to 8.6% by 2045 [3]. Poor glycemic control can lead to
complications such as retinopathy, neuropathy, and nephropathy [4].
Physical activity (PA), diet, and dietary supplements have been pro-
posed as potential ways to improve T2DM complications [5-9]. In
addition, there is evidence to suggest that oxidative stress and chronic
low-grade inflammation may contribute to the progression, complica-
tions, and onset of T2DM. Therefore, consuming a healthy diet rich in
antioxidants may be beneficial in reducing the risk of T2DM [10,11].

Consuming an optimal amount of antioxidants may lower the risk of
developing T2DM and diabetic complications [10]. Antioxidant vitamin
supplements can help to normalize levels of lipid peroxidation and
cellular markers of oxidative stress [12]. Ascorbic acid (AA), which is a
major component of vitamin C, has antioxidant properties [13]. It can be
obtained from fruits and vegetables or taken as a dietary supplement
[14]. Previous research has shown a negative relationship between
vitamin C levels and the risk of T2DM [15,16]. Oxidative reactions may
contribute to the progression of T2DM by causing insulin resistance and
impeding insulin secretion [17]. The antioxidant capacity of vitamin C
can help to reduce oxidative stress and lower the risk of T2DM [18].

The impacts of supplementation with vitamin C on glycemic profile
in T2DM patients and the certainty of evidence were equivocal in

previous studies [19-22]. Some studies have reported that taking
vitamin C supplements can significantly reduce the levels of hemoglobin
Alc (HbAlc) and fasting blood glucose (FBG) in the blood [19,20].
However, another study found no significant impact of vitamin C sup-
plements on HbAlc, FBG, or insulin levels [21].

Although vitamin C supplementation plays an essential role in
treating diabetes, its effects on patients with T2DM have not been
thoroughly examined. While a recent meta-analysis evaluated the
effectiveness of vitamin C supplementation to improve glycemic control
in T2DM patients [23], it did not include several randomized controlled
trials (RCTs) [24-26]. Therefore, a new systematic review and
meta-analysis were conducted to investigate the impact of vitamin C
supplementation on the glycemic profile of patients with T2DM.

2. Methods

The Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) framework was utilized in conducting this system-
atic review and meta-analysis [27]. The protocol of the study was
registered in the international prospective register of systematic reviews
(PROSPERO) (registration number: CRD42021289736).

2.1. Search strategy

A single reviewer conducted a comprehensive search of Scopus,
PubMed/Medline, and Web of Science databases to identify relevant
randomized controlled trials (RCTs) published until July 2022. Two
separate reviewers (ZN and FH) evaluated the articles and selected
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Table 1
Characteristics of included studies in the meta-analysis.
Study country Study Sex Study Sample size Participant’s age Participant’s BMI Intervention
design duration (interventions/ (years) (kg/mz)
(weeks) controls)
IG CG IG CG 1G CG IG CG

Paolisso et al., Italy Cross- M/F 16 40 40 72 + 72 + 27.7 27.7 Vitamin C 500 mg (2/ Placebo

1995 [10] over 19/ 0.5 0.5 + 0.3 + 0.3 day)
21)

Evans et al., 2003 United Parallel M/F 6 10 10 52.7 53.6 29-2 286 Vitamin C 1000 mg Placebo-insulin

[24] Kingdom a7/ + 6.9 +7.9 (1/day)
3)

Lu et al., 2005 Sweden Cross- M/F 2 17 17 54.00 54.00 NR NR Vitamin C 1000 mg Placebo

[22] over az/ (3/day)
5)

Chen et al., 2006 USA Parallel M/F 4 15 17 49 + 47 + 34.00 36.00 Vitamin C800 mg (1/  Placebo

[36] a3/ 7.7 12.3 day)
19)

Tousoulis et al., Greece Parallel M/F 4 13 13 59.1 60.9 29.10 28.00 Vitamin C 2000 mg No treatment

2007 [37] 14/ +8.65 (1/day)
12) 11.17

Dakhale et al., India Parallel M/F 12 33 33 48.33 45.88 NR NR Vitamin C 500 mg (2/ Placebo-metformin

2011 [38] 28/ +7.9 +8.1 day)
38)

Shakouri- Iran Parallel M 8 17 17 52.6 50.3 29.30 28.90 Vitamin C 200 mg (1/ Placebo
Mahmoudabadi (34) +5.4 + 8.9 day)
et al., 2011(A)

[20]

Shakouri- Iran Parallel M 8 15 16 52.1 54.2 29.3 30.4 EPA 500 mg (1/day) EPA 500 mg (1/
Mahmoudabadi 31 +6.3 + 4.8 + 4.2 + 3.4 + vitamin C 200 mg day) + placebo
et al., 2011(B) (1/day)

[20]

Rafighi et al., Iran Parallel ~ M/F 12 39 40 54.40 51.09 30.43 29.29 Vitamin C 266.7 mg Placebo

2011 (A) [39] 40/ + 4.74 +7.83 +3.91 +3.17 (3/day)
39)

Rafighi et al., Iran Parallel  M/F 12 43 43 51.26 52.47 33.17 30.86 Vitamin C 266.7 mg Vitamin E 300 IU

2011 (B) [39] (44/ +5.83 +553 +£332 +£3.76 (3/day), vitamin E (3/day)
42) 300 IU (3/day)

Bhatt et al., 2012 India Parallel M/F 12 30 29 57.53 63.17 25.82 24.92 Vitamin C500 mg (1/  No treatment

[40] a7/ +7.44 +£9.07 day)
44)

Siavash et al., Iran Parallel M/F 6 15 15 53.47 52.53 26.7 28.0 Vitamin C 1000 mg Gemfibrozil (600

2014 [41] a2/ +9.95 +897 +48 + 3.6 (1/day), gemfibrozil mg)
18) 600 mg (1/day)

Ghaffari et al., Iran Parallel M/F 8 17 14 51.9 51.9 NR NR Vitamin C800 mg (1/  Placebo

2015 [42] 13/ +5.92 +5.92 day)
17)

Nayaka et al., India Parallel  M/F 8 28 14 48 47.26 26.7 26.8 Vitamin C 500 mg (2/  Glibenclamide 5 mg

2015 (A) [26] (60) day), glibenclamide 5  (2/d)
mg (2/d)

Nayaka et al., India Parallel  M/F 8 27 14 48.33 47.26 26.7 26.8 vitamin C 500 mg (4/  Glibenclamide 5 mg

2015 (B) [26] (60) day), glibenclamide 5 2/d)
mg (2/d)

Masonetal., 2016  Australia Cross- M/F 16 14 14 59.4 59.4 30.60 30.70 Vitamin C 500 mg (2/  Placebo

[43] over az/ + 3.5 + 3.5 day)
2)

Sanguanwong Thailand Parallel  M/F 8 50 50 57.50 58.00 25.40 25.60 Vitamin C 1000 mg Placebo
etal., 2016 [44] (100) (1/day)

Hamed et al., Palestine Parallel M/F 12 19 20 36-60 40-60 27-31 27-32 Vitamin C 500 mg (2/  No treatment
2016 [25] 20/ day)

19)

Gillani et al., Malaysia Parallel ~ M/F 48 139 142 38.12 37.93 23.50 24.30 Vitamin C500 mg (1/  Placebo-metformin
2017 [45] (281) +8.16 +7.89 day)

El-Aal et al., 2018 Palestine Parallel M 12 10 10 51.02 51.02 33.86 29.43 Vitamin C and Placebo-metformin
(A) [46] (20) metformin 500 mg 500 mg (2/day)

(2/day)

El-Aal et al., 2018  Palestine Parallel M 12 10 10 51.02 51.02 30.74 29.82 Metformin500mg (2/ Metformin500mg

(B) [46] (20) day), vitamin C 500 (2/day), vitamin E
mg (2/day), vitamin E 400 mg (2/day)
400 mg (2/day)

Froghietal., 2018 Iran Parallel M/F 8 38 40 56/87 56/48 27/56 27/47 250 mg (2/day) Placebo

[47] @37/ +6/ +5/
41) 59 46
Mason etal., 2018  Australia Parallel M/F 16 31 31 61.8 61.8 29.1 29.1 500 mg (2/day) Placebo
[21] 26/ + 6.8 + 6.8 + 3.1 + 3.1
5)
(continued on next page)
3
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Study country Study Sex Study Sample size Participant’s age Participant’s BMI  Intervention
design duration (interventions/ (years) (kg/m?)
(weeks) controls)
IG CG 1G CG 1G CG IG CG
Kunsongkeit Thailand Parallel  M/F 8 15 16 59.87 57.94 NR NR 500 mg (1/day) Placebo
etal., 2019 [48] o/ +11.3 +14.0
22)
Ragheb et al., Egypt Parallel  M/F 8 20 13 55.95 57.15 34.40 32.31 500 mg (1/day) No treatment
2020 [50] o/ +7.49 +8.41
23)
Devanandan India Parallel ~ M/F 36 68 67 48.2 41.6 23.20 24.30 500 mg (1/day) Placebo-metformin
etal., 2020 [49] (84/ +7.2 +8.2
51)

Abbreviations: IG, intervention group; CG, control group; NR, not reported; F, female; M, male; NR, not reported; EPA, eicosapentaenoic acid.

Table 2
Quality assessment.

Study Random Allocation Selective Other Blinding Blinding Incomplete General
sequence concealment reporting sources of (participants and (outcome outcome data quality
generation bias personnel) assessment)

Paolisso et al., 1995 [10] L L L U L U L Good

Evans et al., 2003 [24] H U L H H H L Weak

Lu et al., 2005 [22] L L 18) L U U L Good

Chen et al., 2006 [36] U L L H L H L Fair

Tousoulis et al., 2007 U H L 0) H H L Weak

[37]
Dakhale et al., 2011 [38] L L H U L H L Weak
Shakouri- 0] U L 0) L U L Good
Mahmoudabadi et al.,
2011 [20]

Rafighi et al., 2011 [39] H H L L H U L Weak

Bhatt et al., 2012 [40] H U L L L L L Fair

Siavash et al., 2014 [41] L L U H H H L Weak

Ghaffari et al., 2015 [42] H L L H L L L Fair

Nayaka et al., 2015 [26] H U L U L L L Good

Mason et al., 2016 [43] L L 18) L L U L Good

Sanguanwong et al., L L §) 0) L U L Good

2016 [44]

Hamed et al., 2016 [25] H U H H H U L Weak

Gillani et al., 2017 [45] L L 18) U H H L Fair

El-Aal et al., 2018 [46] U H L H H H L Weak

Froghi et al., 2018 [47] L L L U L U L Good

Mason et al., 2018 [21] L L L U L U L Good

Kunsongkeit et al., 2019 L L U H L U H Fair

[48]
Ragheb et al., 2020 [50] L H H H H H L Weak
Devanandan et al., 2020 L U H H 18] 8] L Fair

[49]

Abbreviations: L, low risk of bias; H, high-risk of bias; U, unclear risk of bias.

General quality: Good<2 high-risk of bias; Fair = 2 high-risk of bias, Weak> 2 high-risk of bias.

eligible RCTs based on the established inclusion criteria. The following
medical subject headings (MeSH) and non-MESH were selected in the
search strategy: ((“ascorbic acid” OR “vitamin C” OR “ascorbate”) AND
(“T2DM” OR “Type 2 diabetes” OR “diabetes™) AND (“controlled trial”
OR “intervention” OR “random” OR “randomly” OR “clinical trial” OR
“placebo” OR “randomized controlled trial” OR “trial” OR “randomized
clinical trial” OR “blinded” OR “RCT” OR “double-blinded” OR “double-
blind” OR “Cross-Over” OR “parallel”).

2.2. Study selection criteria

The EndNote reference management software was used to import the
identified references. Two reviewers (ZN and FH) independently
screened the titles and abstracts of the articles. Any discrepancies were
resolved through discussion or with the help of a third investigator (OA).
This systematic review and meta-analysis included all RCTs (with par-
allel or crossover design) that investigated the impact of vitamin C
supplementation on the levels of FBG, HbAlc, homeostasis model

assessment of insulin resistance(HOMA-IR), and fasting insulin in T2DM
patients who received vitamin C treatment compared to those who did
not.

Included RCTs in this review involved adult patients diagnosed with
T2DM and had a parallel or cross-over design with a control or placebo
group. They lasted for more than 2 weeks and had pre-post measure-
ments of the selected outcomes in both groups at the endpoint and
baseline. The study focused on assessing the effects of vitamin C sup-
plementation on glycemic indices in T2DM patients and did not consider
vitamin C as part of a multi-component supplement in the intervention
or control group. RCTs that did not meet these criteria, such as uncon-
trolled or non-placebo-controlled studies, studies with participants
below 18 years of age, studies lasting less than 2 weeks, non-RCTs or
observational studies, and studies that had insufficient data on the
selected outcomes at baseline or follow-up measurements, were
excluded.
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Table 3
GRADE profile of vitamin C supplementation for FBG, fasting insulin, HbAlc, and HOMA-IR scores in the T2DM patients.
Quality assessment Summary of findings Quality of
R R R B - . R evidence
Outcomes Risk of bias Inconsistency  Indirectness Imprecision Publication Bias Number of WMD (95%CI)
intervention/control
FBG No serious Very serious  No serious No serious No serious 736/736 -10.67 (-18.46, @>OQO
limitations limitations limitations limitations —2.89) Low
Fasting No serious Very serious”  No serious No serious No serious 259/253 —1.74 (-3.16, 000
insulin limitations limitations limitations limitations —-0.33) Low
HbAlc No serious Very serious® No serious No serious No serious 623/624 —0.51 (—0.81, Q0]
limitations limitations limitations limitations —0.20) Low
HOMA-IR No serious Very serious’  No serious Serious No serious 143/140 —0.85 (-2.04, OO0
limitations limitations Limitations® limitations 0.33) Very low

Abbreviations: FBG, fasting blood glucose; HbAlc, hemoglobin Alc; HOMA-IR, homeostasis model assessment for ilnsulin resistance.

2 The test for heterogeneity is significant, and the I? is moderate, 85.6%.
b The test for heterogeneity is significant, and the I is moderate, 82.6%.
© The test for heterogeneity is significant, and the I? is moderate, 89.6%.
4 The test for heterogeneity is significant, and the I is moderate, 86.9%.
¢ Values are distributed in opposite directions across studies.

2.3. Data extraction

The necessary information was extracted by two independent re-
searchers (ZN and FH) from eligible full-text articles. They discussed any
differences and came to a consensus. They gathered data on various
aspects of the studies, such as the publication year, sample size, study
design, first author’s name, trial duration and location, and dose of
vitamin C supplement. Additionally, they collected demographic infor-
mation about the participants, such as mean age, BMI, and gender. Pre-
and post-measurements of selected outcomes at baseline and endpoints
of the study were also collected. The primary outcomes were serum
levels of FBG, fasting insulin, HOMA-IR, and HbAlc.

2.4. Risk of bias assessment

Two independent investigators (ZN and FH) appraised the quality of
RCTs based on the Cochrane risk of bias (RoB) tool [28]. It identified
probable sources of bias comprising blinding of participants and
outcome evaluation, allocation concealment, selective reporting,
random sequence generation, incomplete outcome data, and other
sources of bias. Unclear, high, and low risk of bias scores were consid-
ered for each domain [28].

2.5. Certainty assessment

The quality of evidence was evaluated using the GRADE (Grading of
Recommendations Assessment, Development, and Evaluation) guide-
line, which classifies it into categories such as high, moderate, low, or
very low [29].

2.6. Statistical analysis

The meta-analysis was conducted using Stata software (version 14).
The changes in glycemic indices due to vitamin C supplementation were
analyzed using weighted mean differences (WMDs) and 95% confidence
intervals (CIs) to determine the effect size. Mean and standard deviation
(SD) were used to report the outcome measures. The effect size was
calculated as the mean difference between the interventional and con-
trol groups at baseline and endpoints. In addition, the subsequent for-
mula was employed to compute SD changes from baseline to the
endPOintS:\/SD [2] baseline + SD [2] final — (2 X R X SD paseline X SD fina1)
[30]. Pooled WMDs were computed using the random-effects model
[31]. Heterogeneity between trials was assessed using the I? statistic
[32]; 12 values of 75%, 25%, and 50% were allocated as high, low, and
medium heterogeneity, respectively [33].

Sub-group analyses were performed to identify potential reasons for

differences between the studies. They analyzed the data based on the
dosage of vitamin C administered (<1000 mg/day vs. >1000 mg/day)
and the length of the trials (<12 weeks vs. >12 weeks). Leave-one-out
sensitivity analyses were carried out to identify the impact of each
trial on the overall analysis. Furthermore, funnel plots, Begg’s and
Egger’s tests were used to detect any potential publication bias [34]. A
p-value <0.05 was used to determine statistical significance. A frac-
tional polynomial model wasapplied to detect any potential non-linear
relationship between vitamin C dosage (mg/day) and trial duration
(weeks). Furthermore, they employed meta-regression to assess any
linear correlation between vitamin C dosage, intervention duration, and
effect size [35].

3. Results
3.1. Study selection

A primary multi-database search identified 3305 records. After removing
duplicates (n = 692), 2613 records were screened and 2586 reports were
omitted. The full texts of 27 articles were evaluated and 22 eligible RCTs
[10,20-22,24-26,36-50] were identified for this meta-analysis (Fig. 1).

3.2. Study characteristics

The current systematic review and meta-analysis included 22 RCTs
that enrolled 1447 T2DM patients. The characteristics of the trials were
summarized in Table 1. Nineteen trials had a parallel design, while three
were cross-over studies [10,22,43]. The articles were published between
1995 and 2020. These trials were carried out in the United States (US)
[36], Iran [20,39,41,42,47], the United Kingdom (UK) [24], Italy [10],
Sweden [36], Australia [21,43], Greece [37], India [26,38,40,49],
Thailand [44,48], Malaysia [45], Palestine [25,46], and Egypt [50]. The
length of interventions and sample sizes ranged from 2 to 48 weeks and
7 to 139 diabetic patients, respectively. The mean age and body mass
index (BMI) of the participants ranged from 36 to 72 years and
25.4-34.4 kg/m?, respectively. The majority of RCTs (n = 20) were
performed among both sexes, while two studies included only men [46,
51]. A daily dose of vitamin C was between 250 and 2000 mg.

3.3. Risk of bias assessment

Risk of bias evaluation was provided for 22 eligible RCTs in Table 2.
Eight studies had good quality in all domains of bias [10,20,21,26,43,
44,47,52]. The quality of six [36,40,42,45,48,49] and eight trials [24,
25,37-39,41,46,50] were fair and poor, respectively.
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Effect % Duration Dose
Study (@5% i) Weight (week)  (mgiday)
|
Paolisso et al. 1995 [10] —_— 180 (-20.86, 17.26) 384 16 1000
Evans et al. 2003 [24] | 4—— 9.00 (236, 20.36) 451 6 1000
Luetal. 2005 [22] \ 39.60 (1227, 66.93) 309 2 3000
Chen et al. 2006 [36] :——o— 11.00 (-9.27, 31.27) 373 4 800
Tousoulis et al. 2007 [37] L 0.00 (-99.61, 99.61) 054 4 2000
Dakhale et al. 2011 [38] -+ 103 (1647,659) 487 12 1000
Shakouri-Mahmoudabadi et al. 2011 (A) [20] —:— -0.32 (-25.80, 25.16) 3.25 8 200
Shakouri-Mahmoudabadi et al. 2011 (B) [20] | —— 15.83 (3.1, 34.77) 385 8 200
R ol 2011 (438 —— 2082078032 46 w w00
Rafighi et al. 2011 (8) 39] | 20.35 (1213, 28.57) 472 12 800
Bhatt et al. 2012 40] —_— 2420 (45.50,-3.08) 364 12 500
Siavash etal. 2014 (41] —_— 3100 (50.93,1107) 376 6 1000
Ghaffari et al. 2015 [42] —_ 18.41(5033,1351) 271 8 800
Nayaka ot al. 2015 (A) [26] B 420 (2082,1242) 406 s 1000
Nayaka et al. 2015 (B) [26] —_— : 43.71(-60.40,-27.03) 4.6 8 2000
Mason et al. 2016 [43] —t— 5.40 (-18.99, 29.79) 335 16 1000
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Fig. 2. Forest plot detailing weighted mean difference and 95% confidence intervals (CIs) for the effect of vitamin C supplementation on; a) fasting blood glucose
(FBG), b) fasting insulin, ¢) hemoglobin Alc(HbA1c), and d) homeostasis model assessment for insulin resistance(HOMA-IR). Y-axis: the zero-line, x-axis: changes in a
variable; the dotted red vertical line: mean difference, DL: The DerSimonian and Laird is a method to estimate the between-study variance, horizontal lines: con-
fidence interval of each study, singular dot in the middle of horizontal lines: mean changes of each study.
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Fig. 2. (continued).
3.4. GRADE assessment 3.5. Effect of vitamin C supplementation on serum FBG
The certainty of evidence was determined by applying the GRADE Twenty-two RCTs [10,20-22,24-26,36-50] with 1447 participants
protocol for measured outcomes (Table 3). There was a low certainty of (n = 773 vitamin C group, n = 745 control group) were selected for this
the evidence for FBG, fasting insulin, and HbA1C outcomes due to the meta-analysis; the pooled analysis indicated that supplementation with
risk of inconsistency. HOMA-IR outcome was considered to have a very vitamin C effectively decreased serum levels of FBG in vitamin C-treated
low quality of evidence and was downgraded for the serious risk of T2DM patients compared with their untreated counterparts (WMD:
imprecision and inconsistency. 10.67 mg/dL, 95% CI: 18.46, —2.89; P = 0.007). In addition, there was

substantial between-studies heterogeneity @ = 88.0%, P < 0.001)
(Fig. 2A). Sub-group analyses identified similar outcomes in RCTs that
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Subgroup analyses of vitamin C supplementation on glycemic control in patients with T2DM.

Number of effect sizes WMD (95%CI)

P within group heterogeneity

P heterogeneity 2 P between sub-groups
Subgroup analyses of vitamin C supplementation on FBG level (mg/dL)
Overall effect 26 —10.67 (—18.46, —2.89) 0.007 <0.001 88.0%
Trial duration (week)
<12 14 —8.15 (—21.87, 4.98) 0.224 <0.001 85.5% 0.575
>12 12 —12.93 (-23.22, —2.63) 0.014 <0.001 90.6%
Vitamin C Dose (mg/d)
<1000 13 —8.73 (-21.42, 3.95) 0.177 <0.001 90.9% 0.074
>1000 13 —12.86 (—22.78, —2.94) 0.011 <0.001 83.9%
Subgroup analyses of vitamin C supplementation on fasting insulin level (uU/mL)
Overall effect 11 —1.74 (-3.16, —0.33) 0.016 <0.001 80.9%
Trial duration (week)
<12 6 —1.26 (—4.08, 1.55) 0.379 <0.001 83.3% 0.604
>12 5 -2.17 (—4.11, —0.22) 0.029 0.001 79.9%
Vitamin C Dose (mg/d)
<1000 5 —0.29 (—2.34, 1.75) 0.779 0.176 36.8% 0.123
>1000 6 —2.49 (—4.38, —0.59) 0.010 <0.001 87.3%
Subgroup analyses of vitamin C supplementation on HbAlc (%)
Overall effect 21 —0.51 (—0.81, —0.20) 0.001 <0.001 90.4%
Trial duration (week)
<12 10 —0.23 (—0.48, 0.01) 0.064 0.009 58.8% 0.045
>12 11 —0.82 (-1.30, —0.31) 0.001 <0.001 94.0%
Vitamin C Dose (mg/d)
<1000 11 —0.65 (—1.18, —0.13) 0.014 <0.001 92.2% 0.263
>1000 10 —0.33 (-0.55, —0.11) 0.003 0.004 63.1%
Subgroup analyses of vitamin C supplementation on HOMA-IR
Overall effect 6 —0.85 (—2.04, 0.33) 0.157 <0.001 86.9%
Trial duration (week)
<12 4 —0.48 (—1.86, 0.89) 0.490 <0.001 87.4% 0.626
>12 2 —1.82 (-5.88, 2.24) 0.380 <0.001 93.0%
Vitamin C Dose (mg/d)
<1000 4 0.18 (—0.43, 0.80) 0.566 0.297 18.6% <0.001
>1000 2 —2.54 (—4.99, —0.09) 0.042 0.011 84.4%

Abbreviations: CI, confidence interval; FBG, fasting blood glucose; HbAlc, hemoglobin Alc; HOMA-IR, homeostasis model assessment of Iinsulin resistance; WMD,

weighted mean differences; T2DM, type 2 diabetes mellitus.

used high daily doses of vitamin C (>1000 mg) and had a longer
duration (>12 weeks) (Table 4).

3.6. Effect of vitamin C supplementation on serum fasting insulin

The impact of supplementation with vitamin C on serum fasting in-
sulin levels was assessed in 10 RCTs [10,21,24,36,42-44,46,47,50] that
involved 450 T2DM patients (259 cases and 253 controls). The pooled
estimation from random-effects models revealed a significant reduction
in serum fasting insulin values between the two groups (WMD: 1.74
uU/mL, 95% CI: 3.16, —0.33; P = 0.016) with significant heterogeneity
between trials (I2 = 80.9%, p < 0.001) (Fig. 2B). Similar results were
observed in subgroup analyses of trials with a duration >12 weeks and
high-dose vitamin C supplementation (>1000 mg/d) (Table 4).

3.7. Effect of vitamin C supplementation on serum HbAlc

The meta-analysis of 18 trials (21 arms) [10,20-22,24,25,38,39,
41-50] with 1247 participants indicated a significant reduction in serum
values of HbAlc in the vitamin C-treated group compared to controls
(WMD: 0.51%, 95% CI: 0.81, —0.20; p = 0.001) with a high degree of
between-study heterogeneity (I2 = 90.4%, p < 0.001) (Fig. 2C). Out-
comes were similar based on sub-analyses in trials with duration >12
weeks and vitamin C dose >1000 (mg/d) (Table 4).

3.8. Effect of vitamin C supplementation on serum HOMA-IR

Five trials [36,44,46,47,50] with six effect sizes and 283 participants
explored the effect of vitamin C administration on serum HOMA-IR
levels (intervened versus untreated group); the meta-analysis did not
detect any considerable differences in serum HOMA-IR values between
the two groups (WMD: 0.85, 95% CI: 2.04, 0.33; P = 0.157) (Fig. 2D). In
addition, there was considerable heterogeneity between studies (I> =
86.9%, p < 0.001). Subgroup analysis displayed a substantial reduction
in serum HOMA-IR levels in trials with the administration of high-dose
vitamin C (>1000 mg/d) (Table 4).

3.9. Publication bias

There were different degrees of asymmetry for all evaluated out-
comes when the funnel plots were visually inspected (Fig. 7). No pub-
lication bias was exhibited by Begg’s and Egger’s tests for all outcomes
(fasting insulin, HbAlc, FBG, and HOMA-IR).

3.10. Linear and non-linear dose-response relations

There was no linear (Figs. 5 and 6) and non-linear (Figs. 3 and 4)
association between vitamin C dose and trial duration with changes in
serum FBG, fasting insulin, and HOMA-IR based on the dose-response
evaluation. However, a substantial linear relationship (P < 0.001;
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Fig. 3. Non-linear dose-response relations between daily dose (mg) of vitamin C supplementation and absolute mean differences in (a) fasting blood glucose (FBG),
(b) fasting insulin, (c) hemoglobin Alc(HbAlc), and (d) homeostasis model assessment of insulin resistance (HOMA-IR). The 95% CI (confidence interval) is

demonstrated in the shaded parts.

Fig. 6C) was found between intervention duration and changes in serum
levels of HbAlc.

3.11. Sensitivity analysis

Sensitivity analyses depicted that the outcomes related to serum
levels of FBG, HOMA-IR, and HbAlc were not influenced by removing
any specific study. Meanwhile, after excluding one study [43], the re-
sults for serum fasting insulin levels were changed.

4. Discussion

This meta-analysis aimed to investigate the effects of vitamin C
supplementation on glycemic profile in patients with T2DM. The results
showed a significant decrease in serum levels of HbAlc, fasting insulin,
and FBG in T2DM patients treated with vitamin C compared to those
who were not treated. Subgroup analyses revealed similar outcomes in
RCTs that administered high daily doses of vitamin C (>1000 mg) for a
longer duration (>12 weeks). The dose-response evaluation showed a
significant linear association between intervention duration and
changes in serum levels of HbAlc. However, there was no significant
effect of vitamin C on serum levels of HOMA-IR. Subgroup analyses

indicated a significant decrease in serum HOMA-IR values in trials with
high-dose vitamin C administration (>1000 mg/d).

A recent review that examined the effects of vitamin C supplemen-
tation on glycemic control in T2DM patients found similar results to the
present study, but it did not include some relevant RCTs [23]. On the
other hand, a different meta-analysis that included 22 RCTs suggested
that vitamin C supplementation did not improve the glycemic profile of
T2DM patients [53]. However, the majority of the studies in that review
did not report baseline levels of vitamin C, so the impact of preexisting
vitamin C deficiency could not be determined. Additionally, the studies
did not report dietary intake of vitamin C [53].

Patients with T2DM who have low serum levels of AA may benefit
from vitamin C supplementation, as it may lower seum levels of FBG and
fasting insulin, or improve insulin resistance [36]. Previous studies have
shown that T2DM patients tend to have lower serum vitamin C levels
compared to healthy individuals [54,55]. There are several possible
explanations for this hypovitaminosis C in T2DM patients. One possible
reason is the structural similarity between AA and glucose, which may
reduce the rate of reconversion of intracellular DHA to ascorbate during
hyperglycemic conditions, possibly due to increased oxidative stress
[17]. Additionally, the excessive formation of free radicals related to
hyperglycemia can further diminish the antioxidant capacity of vitamin
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Fig. 6. Linear dose-response relations between intervention duration (weeks) of vitamin C supplementation and absolute mean differences in (a) fasting blood
glucose (FBG), (b) fasting insulin, (c) hemoglobin Alc(HbAlc), and (d) homeostasis model assessment of insulin resistance (HOMA-IR).

C, leading to vitamin C depletion [56]. T2DM may also be associated
with decreased renal reuptake of vitamin C, and diabetic patients with
microalbuminuria may excrete more vitamin C in their urine [57].

Diabetes development is significantly associated with oxidative
stress [58]. Hyperglycemia stimulates the production of free radicals,
but it also impairs the endogenous antioxidant defense system [59].
Impaired cellular enzymes and organelles, raised lipid peroxidation, and
the development of insulin resistance may result from high levels of free
radicals and a reduced antioxidant defense capacity [59]. Consuming
antioxidant-rich foods or taking antioxidant supplements may be a
beneficial strategy for managing T2DM and other chronic diseases
[60-62]. Furthermore, there is an inverse relationship between serum
levels of vitamin C and the risk of T2DM [63]. These findings highlight
the potential benefits of vitamin C supplementation in patients with
T2DM.

In diabetes, high blood sugar levels lead to the production and
development of reactive oxygen species (ROS), causing oxidative stress
[64]. Oxidative stress is associated with dysfunction of beta cells and
mitochondria, insulin resistance, and abnormal glucose tolerance [65].
Studies have identified various mechanisms by which ROS-induced in-
sulin resistance occurs, including activation of c-Jun N-terminal protein
kinase (JNK), reduction in glucose uptake, and increment of tumor ne-
crosis factor-alpha (TNF-a) [66-68]. Vitamin C has been found to reduce
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both TNF-a gene expression and JNK activation, both in vitro and in
vivo. The decrease in scavenger system efficiency, such as that of
vitamin C, is the main cause of oxidative stress development [69], and
thus vitamin C supplementation can help reduce oxidative stress in
diabetic patients [59]. Inflammation also plays a role in insulin resis-
tance and vitamin C administration has been shown to suppress the
proinflammatory process by preventing the activation of nuclear
factor-kappa B (NF-kB), which contributes to the development of
chronic inflammation in T2DM patients [70,71].

The present meta-analysis had some limitations, including variations
in supplement dosage, differences in sample characteristics of the
studies, discrepancies in the timing of outcome measurements, and
differences in the length of follow-up. There was also between-studies
heterogeneity [72,73]. Additionally, most of the RCTs did not assess
baseline serum AA or the dietary intake of vitamin C, which could be
another source of heterogeneity due to differences in the vitamin C
status of participants.

5. Conclusion
In summary, this meta-analysis explored a substantial decrease in

serum HbAlc, fasting insulin, and FBG levels in vitamin C-treated T2DM
patients compared with their untreated counterparts. The review
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Fig. 7. Funnel plots for the effect of vitamin C supplementation on; a) FBG, b) fasting insulin, ¢) HbAlc, and d) HOMA-IR.

suggests that long-term (>12 weeks) and high-dose vitamin C supple-
mentation (>1000 mg/d) could ameliorate glycemic profile in T2DM
patients. Additional high-quality RCTs are required to confirm these
findings.
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