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Vitamin D supplementation for improvement of chronic
low-grade inflammation in patients with type 2 diabetes: a
systematic review and meta-analysis of randomized
controlled trials

Aya Mousa, Negar Naderpoor, Helena Teede, Robert Scragg, Barbora de Courten

Background: Vitamin D has been proposed to have anti-inflammatory properties;
however, the effect of vitamin D supplementation on inflammation in type 2 diabe-
tes has not been established. Objective: The aim of this systematic review and
meta-analysis was to examine the effect of vitamin D supplementation on inflam-
matory markers in patients with type 2 diabetes and to identify relevant gaps in
knowledge. Data sources: MEDLINE, CINAHL, Embase, and EBM Reviews were
searched systematically from inception to January 25, 2017. Study selection:
Randomized controlled trials (RCTs) investigating the effects of vitamin D supplemen-
tation (any form, route, and duration, and with any cosupplementation) compared
with placebo or usual care on inflammatory markers in patients with type 2 diabetes
were selected. Data extraction: Study and sample characteristics and aggregate
outcome data were extracted, risk of bias was determined, and quality of evidence
was assessed using the Grading of Recommendations, Assessment, Development,
and Evaluation (GRADE) approach. Results: Twenty-eight RCTs were included, 20 of
which had data available for pooling. In meta-analyses of 20 RCTs (n = 1270 partici-
pants), vitamin D-supplemented groups had lower levels of C-reactive protein (stan-
dardized mean difference [SMD] —0.23; 95%Cl, —0.37 to —0.09; P=0.002) and
tumor necrosis factor o. (SMD —0.49; 95%Cl, —0.84 to —0.15; P=0.005), a lower
erythrocyte sedimentation rate (SMD —0.47; 95%Cl, —0.89 to —0.05; P=0.03), and
higher levels of leptin (SMD 0.42; 95%Cl, 0.04-0.81; P = 0.03) compared with control
groups. No differences were observed for adiponectin, interleukin 6, or E-selectin (all
P> 0.05). In meta-regression and subgroup analyses, age, sex, body mass index,
duration of diabetes, baseline vitamin D status, and dose and duration of supple-
mentation did not alter the results. Conclusions: This meta-analysis provides level 1
evidence that vitamin D supplementation may reduce chronic low-grade inflamma-
tion in patients with type 2 diabetes. Systematic Review Registration:
PROSPERO (CRD42016047755. Available at: https.//www.crd.york.ac.uk/prospero/
display_record.php?RecordID=47755 (9/15/2016).
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INTRODUCTION

Type 2 diabetes is a major cause of morbidity and mor-
tality, and its prevalence has nearly doubled since 1980,
largely reflecting the rise in associated risk factors, pri-
marily obesity and physical inactivity.'" Chronic
low-grade inflammation is common in most chronic
diseases, including obesity, type 2 diabetes, and cardio-
vascular disease.” While reducing obesity is effective in
delaying the onset and progression of type 2 diabetes,
weight loss strategies on a population scale are difficult
to achieve and maintain over the long term.” Therefore,
the identification of additional, easily modifiable risk
factors is urgently needed to slow the increasing inci-
dence of type 2 diabetes.

Increasing evidence suggests that vitamin D may be
involved in the pathophysiology of type 2 diabetes via
its effects on glucose metabolism, insulin signaling, and
inflammation.” The anti-inflammatory properties of
vitamin D are thought to be a primary mechanism by
which vitamin D affects glycemic control and risk of
type 2 diabetes.” This is supported by studies in human
cells and animal models showing that 1,25-
dihydroxyvitamin D (1,25[OH]D) improves insulin
sensitivity by inhibiting cytokine-induced apoptosis of
beta cells.*” Cross-sectional studies in type 2 diabetes
reported inverse associations between circulating 25-
hydroxyvitamin D (25[OH]D) concentrations and lev-
els of inflammatory markers, including C-reactive pro-
tein (CRP),° tumor necrosis factor « (TNF-«),” and
interleukin (IL) 6,° yet results are conflicting.”’
Intervention studies have also reported inconsistent
results. Some showed that vitamin D supplementation
improved inflammatory marker profiles in patients
with type 2 diabetes,'”'" while others did not.'>"

Despite evidence suggesting that the link between
vitamin D and type 2 diabetes may be mediated by in-
flammation, the effect of vitamin D supplementation on
inflammation in type 2 diabetes has not been summa-
rized quantitatively. To date, meta-analyses of
vitamin D supplementation in patients with type 2 dia-
betes have not examined inflammation, but instead
have focused on glycemic endpoints, with conflicting
results.'*"'® Meta-analyses of vitamin D supplementa-
tion in other populations, such as patients with chronic
heart failure,'” obese or overweight adults,'® and mixed
participant samples (healthy, overweight/obese, or with
various chronic diseases)'®** also showed varying
results: some showed improved inflammatory profiles
following vitamin D supplementation,'”'” while others
did not.'®*

There is a lack of consensus regarding the effects of
vitamin D supplementation on inflammation, particu-
larly in type 2 diabetes. This systematic review and

meta-analysis of all existing randomized controlled tri-
als (RCTs) examining the effect of vitamin D supple-
mentation on inflammatory markers in patients with
type 2 diabetes aims to address this knowledge gap.

METHODS

This systematic review conforms to the Preferred
Reporting Items for Systematic Reviews and Meta-
analyses (PRISMA) standards (see Appendix S1 in the
Supporting Information online)*' and is part of a wider
evidence synthesis of the effects of vitamin D on inflam-
mation in multiple diseases. The methods for this work
were specified a priori in a published protocol.”* A pro-
tocol for this meta-analysis is registered on PROSPERO
(no. CRD42016047755).

Data sources and literature searches

Studies were identified by systematically searching elec-
tronic databases using the relevant search terms and
prespecified criteria outlined in the protocol.**
Literature was searched up to January 25, 2017, and was
limited to studies in humans, with no limits on lan-
guage or publication date. The search was conducted
using the following electronic databases: MEDLINE via
Ovid; Medline In-Process and Other Nonindexed
Citations via Ovid; CINAHL (Cumulative Index to
Nursing and Allied Health Literature); Embase via
Ovid; and Evidence-Based Medicine Reviews via
Ovid.”

Reference lists of relevant studies or systematic
reviews were searched manually for additional studies.
Conference abstracts and protocols were excluded but
were used to search for relevant full-text articles. Where
required data were not reported, corresponding authors
were contacted and asked to provide de-identified ag-
gregate outcome measures for the purpose of meta-
analysis. To identify gray literature, a manual online
search was performed along with searches of the US
National Library of Medicine (ClinicalTrials.gov) and
the Australian New Zealand Clinical Trials (anzctr.org.
au) registries.

Study selection

Selection criteria using the PICOS (Population,
Intervention, Comparison, Outcomes, Study design)
framework established a priori were used to determine
eligibility of articles (Table 1).% Briefly, eligibility crite-
ria were as follows: (1) RCTs or systematic reviews of
RCTs; (2) male or female participants of any age, eth-
nicity, socioeconomic status, or pregnancy status, with
controlled or uncontrolled type 2 diabetes for any
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Table 1 PICOS criteria for inclusion and exclusion of studies

Inclusion criteria

Exclusion criteria

Participants

Males and female patients with type 2 diabetes mellitus
(controlled or uncontrolled) on any treatment regimen for
any duration; of any age, ethnicity, socioeconomic status,

Individuals with prediabetes, type 1 diabetes,
or gestational diabetes, or any studies in
participants without type 2 diabetes

geographic area, or pregnancy status; with any comorbidity

Intervention

Any type of vitamin D supplementation (D,, D3, calcitriol,

Studies without vitamin D supplementation

analogues) administered in any form (oral, intravenous, or
intramuscular) alone or combined with other interven-

tion(s), of any dosage, and for any duration

Studies with no control/comparator group

Studies with no inflammatory marker
outcomes measured

Comparison Placebo or usual care; any other nonpharmacological
interventions or pharmacological interventions

Outcomes Inflammatory biomarkers, including but not limited to the
following: all interleukins, TNF-o, TGF-p 1, CRP, MCP-1, IFN-7,
NF-xB, MIF, fibrinogen, leptin, resistin, visfatin, adiponectin,
omentin

Study type RCTs in humans; systematic reviews of RCTs

Language No limit

Year of publication  No limit

Abbreviations: CRP, C-reactive protein; IFN-y, interferon gamma; MCP-1, monocyte chemoattractant protein 1; MIF, macrophage
migration inhibitory factor; NF-xB, nuclear factor «B; RCTs, randomized controlled trials; TGF-£31, transforming growth factor %1, TNF-o,

tumor necrosis factor o.

duration, with or without comorbidities, on any treat-
ment regimen; (3) vitamin D supplementation in any
form (including active metabolites and analogues),
dose, or duration, administered orally, intravenously, or
intramuscularly or added to food, alone or combined
with calcium or other pharmacological or nonpharma-
cological interventions; (4) vitamin D compared with
placebo, usual care, or any pharmacological or non-
pharmacological interventions; (5) measurement of in-
flammatory markers (including but not limited to CRP,
TNF-a, IL-6, and adipokines such as leptin and adipo-
nectin) as outcomes (Table 1).

The literature search process is shown in Figure 1.
Titles and abstracts were screened, and those meeting
or suspected to meet eligibility criteria were retrieved
for full-text review. To avoid missing articles in which
inflammatory markers were not the primary endpoints,
the full texts of all studies of vitamin D supplementation
in type 2 diabetes were scanned for inflammatory
markers. Full-text articles were assessed for eligibility by
2 independent reviewers (A.M. and N.N.), and disagree-
ments were resolved by consensus or by consulting a
third reviewer (B.dC.).

Data extraction and quality assessment

Data were extracted by 2 independent reviewers (A.M.
and N.N.), both of whom cross-checked all extracted
data and computed data entries for meta-analysis.
Information extracted included the following: author of
study; year of study publication; study design and set-
ting; country of study; primary endpoint; inclusion/
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exclusion criteria; number of participants (male/fe-
male); age, ethnicity, smoking status, baseline body
mass index (BMI), baseline 25(OH)D level, diabetes du-
ration, and comorbidities of participants; type of inter-
vention; dose, administration route, frequency, and
duration of vitamin D supplementation and control; in-
flammatory markers assessed and methods of assess-
ment; and mean or median follow-up value with SDs,
SEs, 95%ClIs, or interquartile ranges for all inflamma-
tory markers.

Risk of bias was assessed at the study level by 2 in-
dependent reviewers (A.M. and N.N.) using a critical
appraisal template (see Appendix S2 in the Supporting
Information online) with prespecified criteria.””
Aspects of study quality were investigated using a de-
scriptive component approach as described previ-
ously’’; these included randomization and allocation
methods; blinding of participants, investigators, and
outcome assessors; conflicts of interest of authors; pres-
ence of prespecified selection criteria; outcome assess-
ment and reporting; and statistical issues, including
powering and data analysis. Using this approach, each
study was assigned a risk-of-bias rating (see
Appendix S2 in the Supporting Information online).
Disagreement was resolved by consensus.

Quality of the evidence was assessed at the outcome
level wusing the Grading of Recommendations,
Assessment, Development, and Evaluation (GRADE) ap-
proach.”® The quality of each outcome was graded by 2
independent reviewers (A.M. and N.N.) as high, moder-
ate, low, or very low, on the basis of risk of bias, inconsis-
tency (heterogeneity), indirectness (heterogeneous
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Figure 1 Flow diagram of the literature search process.

participants, outcomes, or interventions), and impreci-
sion (upper or lower limit of 95%CI > 0.5).
Interpretation of the grading scores is presented in Table
S1 in the Supporting Information online.*’

Data synthesis and analysis

Aggregated effect measures (means and SDs) at the end
of the supplementation period were extracted and
pooled for meta-analysis where appropriate. Where SE
was reported, it was converted to SD using the follow-
ing formula: SD = SE x (y/n). For studies reporting

A 4

authors (n = 6)

e Pooling not possible-marker measured
in single study (n=1)

e No control group (n = 1)

more than 1 time point for follow-up, data from the
longest period were used in the primary analysis. Other
time points were used in subgroup analysis by duration,
where applicable. Because studies used different meth-
ods and assays and reported substantially different
concentrations of inflammatory markers, data were an-
alyzed in line with Cochrane guidelines® using
DerSimonian and Laird random-effects models along
with Cohen’s d to calculate the standardized mean dif-
ference (SMD) = the pooled SD for differences between
the intervention and placebo groups at follow-up.
For clinical reference, the weighted mean differences
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(WMDs) have also been reported; however, all meta-
analyses were performed using SMDs. Results are pre-
sented in forest plots.

Statistical heterogeneity was assessed using the I°
test, where I values greater than 50% indicated moder-
ate to high heterogeneity. Sensitivity analyses were per-
formed in which studies with high risk of bias were
excluded to determine the effect of those studies on the
results. Descriptive analyses were conducted for studies
deemed clinically heterogeneous or for studies that pre-
sented insufficient data for pooling.

Where the number of studies was sufficient, sub-
group and meta-regression analyses were performed to
adjust for predetermined factors presumed to cause var-
iations in outcomes, including age, sex, BMI and
vitamin D status at baseline, duration of diabetes, and
dose and duration of the intervention. Publication bias
was assessed by visual inspection of funnel plots and by
the Egger et al.”® and Begg and Mazumdar®® statistical
tests. Meta-analyses and subgroup analyses were per-
formed using Review Manager version 5.3, and meta-
regression and publication bias were analyzed using the
Comprehensive Meta-Analysis software version 3.
Statistical significance for all analyses was set at
P <0.05.

RESULTS

The literature search and screening process is shown in
Figure 1. The database search and the screening of bibli-
ographies and gray literature yielded 9762 articles, of
which 870 were duplicates (Figure 1). After titles and
abstracts of the remaining 8892 articles were screened,
40 articles remained eligible for full-text assessment.
Three additional eligible articles were identified by
manual search and by search of the clinical trials regis-
tries for gray literature. In total, 43 articles were
screened in full text, of which 29 articles with 28 unique
samples (n = 1780) met the inclusion criteria for quali-
tative synthesis (2 articles by Shab-Bidar et al.'"*” used
the same sample and were treated as 1 study).

Study characteristics

Descriptive data of the studies included in the qualita-
tive synthesis are summarized in Table 2'°"'>*" ! and
detailed in Table S2 in the Supporting Information on-
line. Of the 28 included studies, 12 were conducted in
Iran and all were published in English and were of par-
allel design. Sample sizes ranged from 15 to 118 partici-
pants. The mean age of participants ranged from 39 to
69 years, and the mean BMI ranged from 24.9 to
37.8kg/m”. The mean duration of diabetes, reported in
17 studies, ranged from 3.7 to 12.7 years. The baseline
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25(OH)D level was reported in 26 studies, and ranged
from 21.8 to 102.1 nmol/L. Most studies (n=20) had
vitamin D-deficient participants (25[OH]D < 50 nmol/
L) at baseline. For studies that included both male and
female participants (n=26), the mean proportion of
females was 48.6% (range, 24.1%-86.7%). Eleven studies
included participants with diabetic complications such
as heart, kidney, or fatty liver disease (Table 2).

All studies reported using cholecalciferol supple-
mentation, apart from 1 that did not specify*® and 4
that used active forms of vitamin D (calcitriol,
n =224, paricalcitol, n= 1*%; alfacalcidol, n=1%).
Cholecalciferol doses ranged from 200IU to 6000IU
daily (n = 16), or from 50 000 to 60 000 IU weekly or bi-
weekly (n=4), to a single bolus dose of 300 000 IU
(n=3) (Table 2). Oral supplementation was used in
most studies, although intramuscular injections were

. . 37,46
used in 2 studies

and vitamin D-fortified yogurt in
3 studies'®'"*”?% 1 study did not specify the form of
supplementation.*' Intervention duration ranged from
8 weeks to 12 months, being 12 weeks (n=11) or
24 weeks (n=9) in most studies. Cosupplementation
with calcium was used in 4 studies,'”'"*”*®** and 1
study used both calcium and vitamin K.** Most studies
used a placebo control group (n = 24), although 2 com-
pared vitamin D with usual care,”®*’ 3 compared
vitamin D with calcium supplementation,'®'"*”** and
1 compared 2 different doses of vitamin D supplemen-
tation (ie, no control group)41 (Table 2).

Eight studies reported inflammatory markers as
primary outcomes.'%*%13>42464751 C_reactive protein
was the most commonly reported inflammatory
marker, measured in 20 of the 28 studies. Other com-
monly measured markers included TNF-« (n=38), IL-6
(n=7), total adiponectin (n=7), leptin (n=>5), IL-10
(n=2), E-selectin (n=2), erythrocyte sedimentation
rate (ESR) (n=2), and osteoprotegerin (n=2)
(Table 2).

Risk-of-bias assessment

Results of the risk-of-bias assessment are shown in
Table S3 in the Supporting Information online. Of the
28 studies, 1 did not perform® and 2 did not report®®*!
blinding of both the participants and the investigators,
and 2 reported blinding of the participants only.'"*”*
Four studies did not report dropout rates,”****"** and
1 did not report baseline characteristics of partici-
pants.'? Selective reporting was evident in 7 studies
(Table S3 in the Supporting Information online).
Opverall, most studies were rated as having low (n=13)
or moderate (n=>5) risk of bias, while 7 had high risk
of bias and 3 had unclear risk of bias due to insufficient
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information (see Table S3 in the

Information online).

Supporting

Meta-analysis and sensitivity analysis

Of the 28 studies, 1 was excluded from meta-analysis
because it did not have a control group,*' and 6 were
excluded because necessary outcome data were not

121347485051 Einally, 1 study could not be

available.
pooled because it reported on a single inflammatory
marker not measured in any other study (thioredoxin-
binding protein 2)* (Figure 1). Overall, 20 studies with
a total of 1270 participants were included in the meta-
analysis. Fifteen studies were pooled for CRP (n =978),
5 for adiponectin (n=252), 3 for leptin (n=107) and
TNF-o0 (n=135), and 2 for E-selectin (n=164), IL-6
(n=130), and ESR (n=90). Forest plots of the results
are shown in Figures 2, 3, and 4 and Figures S1A, S1B,
and S1C in the Supporting Information online.

Using a random-effects model, pooling of 15 stud-
ies showed a significant difference in CRP levels
between the vitamin D and control groups (SMD
—0.23, 95%CI, —0.38 to —0.09, P=0.002; Py = 0.2,
> =23%; WMD —0.65 mg/L, 95%CI, —1.20 to —0.11)
(Figure 2) '028—3032—343637,00,43—4649  Girnilar results
were observed when studies that did not use cholecalcif-
erol supplementation were excluded”®**>**** (SMD
—0.32, 95%CI, —0.50 to —0.13, P=0.0008; Py = 0.2,
P =29%; WMD —1.23 mg/L, 95%CI, —2.16 to —0.30).
Further exclusion of studies that cosupplemented
vitamin D with calcium'***** did not significantly alter
the results (SMD —0.30, 95%CI, —0.50 to —0.09,
P=0.006; Phe=0.3, I’=22%; WMD —1.35mg/L,

95%CI, —2.77 to 0.08). The effect of vitamin D supple-
mentation on CRP levels remained significant in a sen-
sitivity analysis that only included studies deemed as
having low risk of bias (n=10) (SMD —0.33, 95%CI,
—0.52 to —0.14, P = 0.0006; Ppe, = 0.2, I> = 32%; WMD
—1.44 mg/L, 95%CI, —2.52 to —0.36).

Levels of TNF-o were lower after vitamin D supple-
mentation vs after placebo, as shown by a pooled SMD
of —0.49 (95%CI, —0.84 to —0.15), P=0.005; Ppe; = 0.4,
F=0% (WMD —3.38 ng/L, 95%CI, —6.79 to 0.03)
(Figure 3)'>*>*°. All studies reporting data for TNF-x
used cholecalciferol supplementation, and exclusion of
1 study that used cosupplementation with calcium'® did
not alter the results (SMD —0.69, 95%CI, —1.16 to
—0.22, P=0.004; Pyo; = 0.6, I = 0%; WMD —3.35ng/L,
95%CI, —6.79 to 0.08). However, the effect on TNF-o was
attenuated in sensitivity analysis when 1 study judged as
having a high risk of bias® was excluded (SMD —0.33,
95%CI, —0.76 to 0.10, P=0.1; Ppe;= 0.6, I* = 0%. WMD
—1.85ng/L, 95%CI, —4.57 to 0.87).

Leptin levels were higher after
supplementation than after placebo, with a pooled SMD
of 0.42 (95%CI, 0.04 to 0.81), P=0.03; Py = 0.5,
F=0% (WMD 7.20 ng/L, 95%CI, 0.92 to 13.47)
(Figure 4A). ***>* All studies reporting data for leptin
had supplemented cholecalciferol alone. Results were
no longer significant in sensitivity analysis after 1 study
with high risk of bias was excluded® (SMD 0.49,
95%CI, —0.33 to 1.31, P=0.2; Pp = 0.1, I* = 56%;
WMD 5.75 ng/L, 95%CI, —2.88 to 14.38).

For adiponectin levels, the pooled SMD was 0.18
(95%CI, —0.07 to 0.43; P=0.2; Ppe = 0.5, I = 0%),
and the WMD was 0.89 ug/L (95%CI, —2.17 to 3.95)

vitamin D

Vitamin D Placebo Std. Mean Difference Std. Mean Difference
Author, year (ref) Mean SD Total Mean SD Total Weight IV,Random,95% CI IV,Random, 95% CI
Akbarzadeh, 2013 28 1.98 2 35 2.1 1.8 35  7.2% -0.07 [-0.54, 0.40] T
Asemi, 2016 2 2.7019 2.3321 33 6.3248 5.8809 33  6.5% -0.80 [-1.30, -0.30]
Barchetta, 2016 3 16.5 29 29 16.1 22 26 6.0% 0.02 [-0.51, 0.54] -1
Breslavsky, 2013 32 4 4 19 5 5 13 3.7% -0.22 [-0.93, 0.49] A B
Dalan, 2016 3 34 42 33 49 72 31 6.7% -0.25[-0.75, 0.24] I
Farrokhian, 2017 34 5.1 8.5 30 6.4 5.6 30 6.4% -0.18 [-0.69, 0.33] 1
Jafari, 2016 36 0.98 0.22 30 1.21 0.54 29  6.1% -0.55[-1.07, -0.03]
Jehle, 2014 37 1.4 2 29 1.8 5.4 26 6.0% -0.10 [-0.63, 0.43] e B
Munisamy, 2016 4° 277  3.38 28 271 3.77 32 6.4% 0.02 [-0.49, 0.52] .
Neyestani, 2012 10 1.9 2.1 30 2.9 44 30 6.4% -0.29 [-0.80, 0.22] —
Razzaghi, 2016 43 12.8 4.2 30 17.3 5.2 30 59% -0.94 [-1.47, -0.40]
Ryu, 2014 44 1433 2121 32 1451 2.063 30 6.6% -0.01[-0.51, 0.49] D
Sadiya, 2015 45 8.03 949 43 996 13.02 39 8.1% -0.17 [-0.60, 0.27] 1
Shaseb, 2016 46 3.3145 3.4485 48 3.8567 3.7507 47  9.0% -0.15[-0.55, 0.25] 1
Tiryaki, 2016 4° 337 3.68 48 3.34  3.61 50 9.2% 0.01[-0.39, 0.40] -1
Total (95% Cl) 497 481 100.0% -0.23 [-0.38, -0.09] <

Heterogeneity: Tau? = 0.02; Chi? = 18.09, df = 14 (P = 0.20); I* = 23%
Test for overall effect: Z = 3.13 (P = 0.002)

2 B
Favours vitamin D Favours placebo

o
-
N

Figure 2 Forest plot showing results of a meta-analysis of the effects of vitamin D supplementation on C-reactive protein. Data

reported as standardized mean differences with 95%(Cls.
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Vitamin D Placebo Std. Mean Difference Std. Mean Difference

Author, year (ref) Mean SD Total Mean SD Total Weight IV,Random, 95% CI IV, Random, 95% CI
Ghavamzadeh, 2014 35 489 6.32 26 10.26 7.3 25 36.4% -0.78 [-1.35, -0.20] —

Maggi, 2014 3° 11.94 3.55 13 13.77 3.24 1M1 17.7% -0.52 [-1.34, 0.30] —=
Neyestani, 2012 10 707.4 3526 30 797.3 329.8 30 45.9% -0.26 [-0.77, 0.25] -

Total (95% Cl) 69 66 100.0% -0.49 [-0.84, -0.15] ' 2

Heterogeneity: Tau? = 0.00; Chi? = 1.75, df = 2 (P = 0.42); 1= 0%

Test for overall effect: Z = 2.81 (P = 0.005) 4 2 0 2 4

Favours vitamin D Favours placebo

Figure 3 Forest plot showing results of a meta-analysis of the effects of vitamin D supplementation on tumor necrosis factor «. Data
reported as standardized mean differences with 95%Cls.

A

( ) Vitamin D Placebo Std. Mean Difference Std. Mean Difference
Author, year (ref) Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Breslavsky, 2013 32 224 173 19 208 128 13 30.1% 0.10 [-0.61, 0.81] ——
Ghavamzadeh, 20143 2527 2534 26 1495 1295 25 48.2% 0.50 [-0.06, 1.06] i
Maggi, 2014 3° 21.3  16.1 13 10.88 11.97 11 21.7% 0.70[-0.13, 1.53] T
Total (95% ClI) 58 49 100.0% 0.42 [0.04, 0.81] > 2

Heterogeneity: Tau? = 0.00; Chi? = 1.31, df =2 (P = 0.52); I? = 0% '

4 2 0 2 4
Test for overall effect: Z = 2.14 (P = 0.03) Favours vitamin D Favours placebo

(B) Vitamin D Placebo Std. Mean Difference Std. Mean Difference
Author, year (ref) Mean SD Total Mean SD Total Weight IV,Random,95%CI IV, Random, 95% CI
Barchetta, 2016 3° 1.97 2 29 1.54 1.1 26  21.9% 0.26 [-0.27, 0.79]

Baziar, 2014 31 3,730 2,000 41 4,220 4,990 40 32.6% -0.13 [-0.56, 0.31]

Breslavsky, 2013 32 13.1 12.2 19 10.9 8.9 13 12.4% 0.19[-0.51, 0.90] -
Maggi, 2014 3 16,528 20,919 13 9,602.7 6,132.3 11 9.4% 0.42 [-0.40, 1.23] -
Neyestani, 2012 '° 156.9 89.6 30 1256 56.3 30 23.7% 0.41[-0.10, 0.92] T
Total (95% Cl) 132 120 100.0% 0.18 [-0.07, 0.43] ’

2 1 0 1 2
Favours vitamin D Favours placebo

Heterogeneity: Tau? = 0.00; Chi?2 = 3.13, df = 4 (P = 0.54); 12 = 0%
Test for overall effect: Z = 1.39 (P = 0.17)

Figure 4 Forest plot showing results of a meta-analysis of the effects of vitamin D supplementation on the adipokines leptin (A)
and adiponectin (B). Data reported as standardized mean differences with 95%(Cls.

(Figure 4B10:30—32.39y indicating no effect of vitamin D —0.89 to —0.05, P=0.03; Ppe = 0.6, I* = 0%; WMD
supplementation. All studies reporting data for adipo- —8.14 mm/h, 95%CI, —17.39 to 1.12) (see Figure S1C in
nectin levels used cholecalciferol supplementation, and the Supporting Information online). For IL-6, E-selec-
results were unchanged when 1 study that cosupple- tin, and ESR, further exploratory analysis to account for
mented vitamin D with calcium'® was excluded heterogeneity, risk of bias, or other moderating varia-
(P=0.5). None of the studies that assessed adiponectin bles was not possible because only 2 studies were pooled
had a high risk of bias. for each marker.

Vitamin D supplementation did not change IL-6
levels (SMD —0.37, 95%CI, —0.82 to 0.07, P=0.1; Subgroup analysis and meta-regression
Phec = 0.2, P = 38%; WMD —9.35 ng/L, 95%CI, —30.60
to 11.89) (see Figure SIA in the Supporting Prespecified study and sample characteristics thought to
Information online), and there was no effect for E- be clinically relevant to the outcomes were assessed in
selectin, but significant heterogeneity was observed subgroup analyses and by meta-regression, but only for
(SMD 0.03, 95%CI, —0.88 to 0.94, P=0.9; Py = 0.004, CRP and adiponectin, as there were not enough studies
I* = 88%; WMD 2.26 ng/ml, 95%CI, —8.82 to 13.34) (n<3) to evaluate the remaining markers. Studies were
(see Figure S1B in the Supporting Information online). stratified by age (< 60 years, > 60 years), sex (> 50%
The ESR was lower in vitamin D supplementation female, < 50% female), baseline BMI (< 30 kg/m®
groups than in placebo groups (SMD —0.47, 95%CI, > 3Okg/m2), baseline vitamin D status (deficient,
Nutrition Reviews® Vol. 0(0):1-15 9
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25(0OH)D <50 nmol/L;  nondeficient, 25(OH)D >
50 nmol/L), dosage regimen (<2000 IU/d, > 2000 IU/d;
and daily vs bolus dose), and duration of vitamin D
supplementation (<12 weeks, > 12 weeks). For both
CRP and adiponectin, there were no significant differ-
ences between any of the subgroups analyzed (all
P> 0.05) (data not shown).

Meta-regression analyses using the study and sam-
ple characteristics described above showed no influence
of age, sex, BMI, diabetes duration, baseline vitamin D
status, or the dose or duration of supplementation on
either CRP or adiponectin (all P>0.05) (data not
shown).

Publication bias and GRADE assessment

Based on visual inspection of funnel plots (see Figure S2
in the Supporting Information online) and on the tests
of Egger et al.”> and Begg and Mazumdar®® (see Table
S4 in the Supporting Information online), there was no
evidence of publication bias for CRP, TNF-q, leptin, or
adiponectin. Levels of IL-6, ESR, and E-selectin were
not assessed for publication bias because of the small
number of studies (all n =2).

The quality of the evidence for each outcome, eval-
uated using the GRADE approach,” is presented in
Table S5 in the Supporting Information online. For
CRP and adiponectin, the quality of evidence was high,
since most studies had a low risk of bias with low statis-
tical and clinical heterogeneity and narrow Cls. For lep-
tin, the evidence was deemed to be of moderate quality,
owing to imprecision (wide 95%Cls). The evidence for
TNF-a, IL-6, E-selectin, and ESR was deemed to be of
low quality, owing to both imprecision and indirectness
as well as to low numbers of studies and potential
reporting bias (see Table S5 in the Supporting
Information online).

Descriptive analysis

Five studies measuring CRP, TNF-¢, and IL-6 were ex-
cluded because of unavailable data. Of these, 1 reported
reduced CRP, TNF-o, and IL-6 following 1000IU of
cholecalciferol daily for 12 weeks,'' and another
reported reduced TNF-o and IL-6, but not CRP, after
50 000 1U of cholecalciferol weekly for 8 weeks.*” The
remaining 3 studies found no effect on IL-6 or TNEF-
o'>1>* or on CRP"***? after 5000 TU of cholecalciferol
or 1 pg of paricalcitol daily for 12 weeks (Table 2). Of
the 2 excluded studies that measured leptin and adipo-
nectin, 1 found no effect of 5000 IU of cholecalciferol
supplementation daily for 12 weeks,'” while the other
found reduced leptin levels after 50 000 IU of cholecal-
ciferol weekly for 8 weeks*” (Table 2).

10

For IL-10 and osteoprotegerin, 2 studies reported
that cholecalciferol supplementation of 1000IU daily
for 3 months or a single bolus of 300 000 IU (with levels
measured 6 months later) resulted in increased IL-10
and osteoprotegerin, respectivelyu’”; however, no ef-
fect was found in 2 studies of 5000IU daily for
3 months'*!? (Table 2). For markers reported in single
studies, 1000 to 2000IU of cholecalciferol daily for
3 months decreased IL-1p, retinol-binding protein 4, fi-
brinogen, and endothelin-1 and increased omentin lev-
els,'»*”* and a bolus of 300 000 TU increased fibroblast
growth factor 23 after 6 months.”” No differences were
observed in single studies reporting on IL-2, IL-18,
thioredoxin-binding protein 2, interferon gamma,
monocyte chemoattractant protein 1, lipocalin 2, or
osteopontinlo’l1’28’42’48 (Table 2).

DISCUSSION

This is the first systematic review and meta-analysis of
RCTs investigating the effects of vitamin D supplemen-
tation on inflammatory markers in type 2 diabetes.
Beneficial effects of vitamin D supplementation on
CRP, TNEF-q, leptin, and ESR were observed, with most
studies found to have low heterogeneity and low to
moderate risk of bias. Results for CRP remained signifi-
cant in sensitivity analysis; however, differences in
TNF-o and leptin were attenuated after studies with
high risk of bias were excluded. Subgroup and meta-
regression analyses for CRP and adiponectin showed
that results were not influenced by age, sex, diabetes du-
ration, or baseline BMI or vitamin D status. Dose and
duration of supplementation also did not influence the
results in meta-regression; however, the number of
studies may have been too small to detect influences
from these parameters.

Comparison with previous studies

The biological plausibility of these findings is supported
by experimental and epidemiological studies. Results of
this meta-analysis showed that CRP, TNF-o, and ESR
were lower in vitamin D-supplemented groups than in
control groups. Involvement of vitamin D in the func-
tioning of these cytokines is supported by the presence
of the nuclear vitamin D receptor in nearly all immune
cells, including monocytes, macrophages, and activated
T and B lymphocytes.” Cell culture studies showed that
vitamin D promotes monocyte differentiation to mac-
rophages and diminishes the ability of macrophages to
release inflammatory cytokines and chemokines.’
Vitamin D also suppresses the proliferation and stimu-
latory abilities of T cells and monocytes from healthy
participants and patients with type 2 diabetes, thereby
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downregulating proinflammatory cytokines such as
CRP, TNF-a, IL-1, IL-6, and IL-8 while upregulating
anti-inflammatory cytokines such as IL-10.>> Moreover,
absence of the vitamin D receptor has been shown to
enhance the activity of nuclear factor kB, a transcription
factor that plays a key role in inflammation and immu-
noregulation, whereas vitamin D treatment arrested nu-
clear factor xB translocation and weakened nuclear
factor kB activity.”* Cell culture studies also suggest that
vitamin D may produce anti-inflammatory effects by
targeting cellular stress response and signaling path-
ways.” For instance, vitamin D stimulates the
redox-sensitive transcription factor nuclear factor
erythroid-derived 2-related factor 2, which in turn
induces a network of cytoprotective genes, termed vita-
genes.”>>® These vitagenes play a key role in cellular de-
fense mechanisms such as redox homeostasis and
detoxification.”® They also regulate a number of pro-
teins, including heat-shock proteins, which have been
shown to promote cytoprotection in several conditions
and processes such as inflammation, cancer, aging, and
neurodegenerative disorders.”®

Data from animal studies have shown that intraper-
itoneal injection of vitamin Dj attenuated diabetic peri-
odontitis by reducing serum TNF-o levels in diabetic
mice,”” while administration of 1,25(OH)D to nonob-
ese, diabetes-prone mice modulated chemokine and cy-
tokine expression and prevented or delayed the onset of
diabetes.* Experimental and animal models therefore
support the finding that vitamin D may have important
anti-inflammatory effects.

With regard to observational studies, some
researchers have found inverse associations between
25(0OH)D and inflammatory markers such as CRP,°
TNF-o,” and IL-6° in patients with type 2 diabetes,
while others have not.”” Interventions have also shown
inconsistent findings, as evident from the RCTs in this
review; some have found that vitamin D supplementa-
tion reduced CRP,'** TNF-0,”*” and IL-6*"*" and in-
creased IL-10 and osteoprotegerin,'*” while others
found no effect.'>'>*® Discrepancies between study
results may be attributable to different dosage regimens
of vitamin D and different comorbidities in participants
as well as to insufficient power to detect differences in
inflammatory markers. It is possible that differences in
IL-6 were not detected in this meta-analysis because of
the small number of included studies, since data for
pooling were available for only 2 of the 7 studies that
measured IL-6 (Table 2). Importantly, 2 good-quality
RCTs'"* that were excluded from meta-analysis (be-
cause requested data was not available) both reported
that 1000 IU daily and 50 000 IU weekly of cholecalcif-
erol supplementation for 2 to 3 months reduced IL-6
concentrations in patients with type 2 diabetes.

Nutrition Reviews® Vol. 0(0):1-15

Inclusion of these studies may have altered the effects
for IL-6, and results should therefore be interpreted
with caution. Similarly, ESR and E-selectin were mea-
sured in only 2 studies, highlighting the need for further
studies before the effects of vitamin D supplementation
on these markers can be ascertained.

In the present meta-analysis, leptin levels at
follow-up were higher in the vitamin D group than in
the placebo group. Direct regulation of adipokine gene
expression by vitamin D is supported by the presence of
the vitamin D receptor in adipose tissue and preadipo-
cytes.”® Moreover, data from in vivo and ex vivo animal
models have shown that 1,25(OH)D directly stimulates
leptin production by adipose tissue in a vitamin D
receptor-dependent manner.”® However, the opposite
effect was shown in human adipose tissue: vitamin D
treatment in vitro inhibited leptin secretion.’
Discrepancies in the relationship between vitamin D
and leptin are also seen in observational studies and
RCTs. A systematic review of 14 cross-sectional studies
in humans (none of which included patients with type 2
diabetes) reported both positive and negative associa-
tions between vitamin D and leptin in the included
studies.”” Similarly, RCTs identified in the present re-
view reported both higher’>** and lower*” leptin levels
following vitamin D supplementation. It is possible that
these inconsistent results reflect a U-shaped, rather than
dose-linear, response of leptin to vitamin D in
humans.®’ It should be noted that results in this meta-
analysis may have been nullified by the addition of 2
excluded studies, 1 that reported decreased leptin fol-
lowing vitamin D supplementation®” and another that
found no effect.'* Indeed, results were no longer signifi-
cant after a study with high risk of bias®” was excluded
and should therefore be interpreted with caution.
Future research elucidating the molecular interactions
between vitamin D and leptin is needed to accurately
define the role of each of these molecules in mitigating
inflammation in chronic diseases such as type 2
diabetes.

Lastly, no differences in adiponectin levels were
found between vitamin D and placebo groups. This
conflicts with findings from experimental studies in
which 1,25(OH)D increased adiponectin levels by
downregulating the TNF-o gene, known to regulate adi-
ponectin synthesis.”> Moreover, vitamin D is thought to
increase adiponectin by downregulating the adipose tis-
sue renin-angiotensin system, since higher angiotensin
levels lead to the production of dysfunctional adipocytes
and decreased adiponectin production.’’ Observational
studies have also found positive associations between
serum 25(OH)D and circulating adiponectin levels in
patients with type 2 diabetes® or metabolic syndrome.**
In contrast, with the exception of 1 trial,'® all RCTs
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included in this review reported that vitamin D supple-
mentation had no effect on adiponectin levels. Residual
confounding may explain why the associations seen in
observational studies are not consistent with results
from RCTs. Moreover, the lack of findings in this meta-
analysis could be due to the measurement of total adi-
ponectin instead of high-molecular-weight adiponectin
in the included RCTs. High-molecular-weight adipo-
nectin is the active form and could therefore be a more
sensitive measure for assessing adiponectin levels
in vivo,”® and it is more strongly associated with diabe-
tes than total adiponectin.®® Since the included RCTs
measured only total adiponectin, results should be
interpreted in light of this potential limitation.
Nevertheless, these findings suggest that total adiponec-
tin levels may not be affected by vitamin D supplemen-
tation, and therefore further studies are needed to
establish the effects of vitamin D supplementation on
high-molecular-weight adiponectin in type 2 diabetes.

Comparison with previous meta-analyses

Findings from this meta-analysis in type 2 diabetes are
consistent with those of some, but not all, previous sys-
tematic reviews and meta-analyses in different popula-
tion groups. Vitamin D supplementation reduced CRP
and TNF-o in a meta-analysis of patients with chronic
heart failure (7 RCTs)'” and reduced CRP in another
meta-analysis of mixed population groups (healthy,
overweight/obese, and with different diseases; 10
RCTs).' In contrast, vitamin D had no effect on CRP,
TNF-o, or IL-6 in a meta-analysis of overweight and
obese adults (13 RCTs),'® or on adipokines, including
leptin and adiponectin, in another meta-analysis of
mixed population groups (9 RCTs).”® Systematic
reviews of RCTs (without meta-analyses) also found
that vitamin D supplementation had no effect on in-
flammation in healthy individuals.>®” Discrepancies
between existing meta-analyses as well as disagreement
between previous findings and the findings of the pre-
sent review could be partly attributable to the inclusion
of healthy populations in previous reviews, as it is sug-
gested that vitamin D has more pronounced effects
when the immune system is stimulated, such as in the
presence of inflammatory or chronic diseases, including
type 2 diabetes.®® Randomized controlled trials and sys-
tematic reviews of RCTs have consistently shown that
vitamin D improves inflammation in those with exist-
ing inflammatory diseases such as systemic lupus ery-
thematosus,” inflammatory bowel disease,”” and
chronic obstructive pulmonary disease.”’ The present
study extends current knowledge by showing that

vitamin D supplementation also  improves
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inflammatory profiles in type 2 diabetes, another dis-
ease characterized by systemic inflammation.

Strengths and weaknesses

This meta-analysis has several strengths. All studies in-
cluded had a randomized controlled design, which is
the gold standard for establishing causality. Rigorous
international gold-standard methodology was applied,
and international reporting standards were followed;
moreover, the protocol was published a priori to ensure
transparency. The search strategy was comprehensive
and included non-English language publications and
gray literature. The results report data for several in-
flammatory marker endpoints, providing a comprehen-
sive overview of the effects of vitamin D on the
inflammatory milieu that underlies type 2 diabetes.

Some limitations should be noted. First, as for any
meta-analysis, the strength of the evidence depends on
the number and quality of the included studies.
Although most studies had a low to moderate risk of
bias, results for TNF-o and leptin were no longer signif-
icant after excluding studies with a high risk of bias and
thus should be interpreted with caution. Nevertheless,
randomization, blinding, and the use of a control group
were considered the most important aspects in the
meta-analysis, and only 3 studies did not satisfy these
criteria®®***’  (see Table S3 in the Supporting
Information online). Second, the inclusion of several in-
flammatory marker endpoints resulted in a small num-
ber of studies for some markers, including IL-6, ESR,
and E-selectin, for which exploratory analyses and
meta-regression could not be performed. Third, meta-
regression may not have detected the influence of rele-
vant clinical factors because of the small number of
studies, and it was not possible to adjust for all potential
effect modifiers such as insulin or statin use or comor-
bidity status. Fourth, publication bias for some markers
cannot be ruled out when there were few studies or
when it was not possible to obtain all necessary data
from authors. Finally, most studies were conducted in
Iran, which limits the generalizability of these findings
to other ethnic groups.

This review also highlights important weaknesses
in the literature. Most studies had small samples, with
100 or fewer participants reported for all but 1 study
(n=118)."” Although individual studies had mostly low
to moderate risk of bias, the quality of evidence across
studies was low for several markers (see Table S5 in the
Supporting Information online). Most studies did not
report ethnicity, which has been linked to vitamin D re-
ceptor polymorphisms that affect the metabolism and
biological function of vitamin D, particularly in type 2
diabetes.® Smoking status and diabetes duration, both
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factors that may influence inflammatory status in
patients with type 2 diabetes, were also not reported in
several studies. Finally, none of the studies reported
long-term outcomes, hence inferences about whether
improved inflammation following vitamin D supple-
mentation translates to decreased morbidity or mortal-
ity in type 2 diabetes cannot be made.

Clinical implications

The finding of a beneficial effect of vitamin D supple-
mentation on inflammation has potentially important
implications in the context of diabetes. First, it is widely
accepted that a systemic low-grade inflammatory state
not only coexists but also precedes the development of
diabetes.”” Second, if vitamin D supplementation can
improve inflammatory marker levels, as shown here,
there may be important benefits for patients with type 2
diabetes, given that elevated cytokines promote insulin
resistance, dyslipidemia, and atherosclerosis, while dys-
regulated adipokines can affect energy homeostasis,
lipid and glucose metabolism, angiogenesis, and vascu-
lar remodeling.” Although reducing obesity through
lifestyle modification is the front-line treatment for pre-
venting progression of type 2 diabetes, weight loss strat-
egies are often hindered by low participant adherence
and poor sustainability.” This meta-analysis suggests
that vitamin D supplementation may be a beneficial ad-
junct therapy to reduce subclinical inflammation in
patients with type 2 diabetes, potentially preventing or
delaying disease progression. However, large-scale RCTs
investigating the effects of vitamin D supplementation
on inflammatory markers, with assessment of clinical
endpoints and long-term outcomes, are needed to estab-
lish whether reduced inflammation translates into im-
proved health outcomes for patients with type 2 diabetes.

CONCLUSION

In summary, this meta-analysis provides level 1 evi-
dence of the beneficial effect of vitamin D supplementa-
tion on inflammatory markers in type 2 diabetes. Larger
and longer-term clinical trials are needed to establish
whether improvements in inflaimmation following
vitamin D supplementation would result in clinically
meaningful health outcomes for these patients.
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Figure S1 Forest plot of meta-analysis of effects of
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