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Abstract
Aims/hypothesis Interventions that reduce inflammation may delay progression of microvascular and macrovascular complica-
tions in diabetes. We examined the effects of vitamin D3 and/or n-3 fatty acid supplementation vs placebo on 5 year changes in
serum inflammatory and cardiac biomarkers in adults with type 2 diabetes.
Methods This study reports pre-specified secondary outcomes of the Vitamin D andOmega-3 Trial to Prevent and Treat Diabetic
Kidney Disease, in which 1312 US adults with type 2 diabetes and without known cardiovascular disease, malignancy, or end-
stage kidney disease were randomised using computer-generated random numbers in blocks of eight to vitamin D3 (2000 IU/day)
vs placebo and n-3 fatty acids (eicosapentaenoic acid [EPA] and docosahexaenoic acid [DHA]; 1 g/day) vs placebo in a 2 × 2
factorial design. Participants, examiners, and researchers assessing outcomes were blinded to intervention assignment. We
measured serum IL-6, high-sensitivity C-reactive protein (hsCRP) and N-terminal pro-B-type natriuretic peptide (NT-
proBNP) at baseline and after 2 and 5 years.
Results A total of 333 participants were randomised to vitamin D3 and placebo n-3 fatty acids, 289 to n-3 fatty acids and placebo
vitamin D3, 370 to vitamin D3 and n-3 fatty acids, and 320 to 2 placebos; 989 (75%) and 934 (71%) participants returned blood
samples at 2 and 5 years, respectively. Participants had a mean age of 67.6 years (46% women). Overall, baseline geometric
means of IL-6, hsCRP and NT-proBNPwere 1.2 pg/ml, 1.9 mg/l and 262 ng/l, respectively. After 5 years, mean IL-6 and hsCRP
remained within 6% of their baseline values while mean NT-proBNP increased by 55% overall. Compared with placebo,
participants assigned to vitamin D3 had a 1.24-fold greater increase in NT-proBNP over 5 years (95% CI 1.09, 1.41; p =
0.003), while IL-6 and hsCRP did not have a significant difference in change. Comparing n-3 fatty acids with placebo, there
was no significant difference in change in IL-6, hsCRP or NT-proBNP. No heterogeneity was observed in subgroup analyses
accounting for baseline eGFR, urine albumin to creatinine ratio, initial biomarker concentration, 25-hydroxyvitamin D level or
EPA+DHA index.
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Conclusions/interpretation Among adults with type 2 diabetes, supplementation with vitamin D3 or n-3 fatty acids did not reduce
IL-6, hsCRP or NT-proBNP over 5 years.
Trial registration ClinicalTrials.gov NCT01684722
Funding The study was funded by grant R01DK088762 from the National Institute of Diabetes and Digestive and Kidney
Diseases.
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Abbreviations
ACEi ACE inhibitor
ARB Angiotensin II receptor blocker
BNP B-type natriuretic peptide
CRP C-reactive protein
DHA Docosahexaenoic acid
EPA Eicosapentaenoic acid
FGF23 Fibroblast growth factor 23
hsCRP High-sensitivity C-reactive protein
NT-proBNP N-terminal pro-B-type natriuretic peptide
1,25(OH)2D Dihydroxyvitamin D
25(OH)D 25-hydroxyvitamin D
UACR Urine albumin to creatinine ratio
VITAL Vitamin D and Omega-3 Trial
VITAL-DKD Vitamin D and Omega-3 Trial to Prevent

and Treat Diabetic Kidney Disease
VITAL-HF Vitamin D and Omega-3

Trial—Heart Failure

Introduction

Inflammation has been increasingly implicated in type 2
diabetes and its complications. Immune system activation
has been observed in type 2 diabetes and is thought to contrib-
ute to the development of atherosclerotic disease, heart failure,
kidney disease, retinopathy, neuropathy and impaired wound
healing through various mechanisms including leucocyte
infiltration, cytokine upregulation and endothelial dysfunction
[1, 2]. These processes lead to activation of apoptotic, throm-
botic and fibrotic pathways which result in microvascular
disruption and tissue damage. Vitamin D compounds and n-
3 fatty acids have been demonstrated to reduce inflammation
in animal models and human experimental studies, and as
such may provide benefit in the management of type 2
diabetes.

While primarily recognised for its role in bone mineral
metabolism, 1,25-dihydroxyvitamin D [1,25(OH)2D] also
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may have important immunomodulatory functions. Immune
cells are able to directly synthesise 1,25(OH)2D as well as
alter signalling pathways in response to this hormone [3, 4].
Laboratory studies have demonstrated that by regulating gene
transcription, 1,25(OH)2D affects the proliferation and differ-
entiation of dendritic cells, macrophages and lymphocytes [5].
These processes have been suggested to result in decreased
production of proinflammatory cytokines and immune cell
reactivity, though overall results have been inconsistent. In
line with these findings, administration of vitamin D receptor
agonists has been found to reduce production of inflammatory
markers in isolated human monocytes and rat podocytes [6,
7]. Additionally, some but not all epidemiologic studies have
demonstrated an inverse association between serum 25-
hydroxyvitamin D [25(OH)D] concentrations and diabetes
complications, and administration of vitamin D compounds
in adults with type 2 diabetes has been observed to reduce
markers of endothelial dysfunction and cardiovascular risk,
including N-terminal pro-B-type natriuretic peptide (NT-
proBNP), in some short-term studies [8–10]. However, results
have been inconsistent and limited to short-term treatment.

n-3 fatty acids influence immune cell function by altering
cell membrane properties, serving as substrates for anti-
inflammatory lipid mediators and affecting gene transcription
[11]. These mechanisms have primarily been explored in
experimental studies in which n-3 fatty acids have been
reported to reduce concentrations of inflammatory cytokines,
endothelial cell and platelet adhesion, and leucocyte respon-
siveness [12]. A potential beneficial impact of n-3 fatty acid
supplementation on insulin resistance and diabetes complica-
tions, including hyperlipidemia, atherosclerotic disease,
ventricular remodelling and kidney disease, has also been
recognised [13, 14]. Published clinical trials evaluating these
effects have been limited, with mixed results [15].

To address whether the previous association study findings
underly causal relationships, we examined the effects of vita-
min D3 and/or n-3 fatty acid supplementation vs placebo on
5 year changes in serum inflammatory markers (IL-6 and
high-sensitivity C-reactive protein [hsCRP]) in a large,
randomised, controlled trial of adults with type 2 diabetes.
Additionally, we compared concentrations of serum NT-
proBNP as a measure of cardiac stress following these inter-
ventions. We hypothesised that administration of vitamin D3

and n-3 fatty acids would reduce concentrations of these circu-
lating biomarkers.

Methods

Study design The Vitamin D and Omega-3 Trial to Prevent
and Treat Diabetic Kidney Disease (VITAL-DKD) was
designed as an ancillary study to the Vitamin D and Omega-
3 Trial (VITAL), which randomised 25,871 participants to

vitamin D3 and/or n-3 fatty acids using a placebo-controlled,
double-blind, 2 × 2 factorial design and followed them for a
median of 5.3 years (ClinicalTrials.gov registration no.
NCT01169259) [16]. VITAL-DKD is composed of a subset
of participants from the parent VITAL trial with type 2 diabe-
tes for whom longitudinal clinical and laboratory data were
collected with the objective of gaining insight into the effects
of these interventions on diabetes complications
(ClinicalTrials.gov registration no. NCT01684722) [17].

The primary outcome of the VITAL-DKD trial was change
in eGFR, for which results were null [18]. This study reports
results of pre-specified secondary outcomes of the VITAL-
DKD trial: changes in serum concentrations of inflammatory
and cardiac markers (IL-6, hsCRP and NT-proBNP) at 2 and
5 years of follow-up.

The study was approved by the institutional review board
of Partners HealthCare-Brigham and Women’s Hospital. All
participants provided written, informed consent before study
enrolment.

Study populationThe VITAL trial enrolledmen ≥50 years old
and women ≥55 years old throughout the USA. Participants
with known cardiovascular disease or malignancy (except
non-melanoma skin cancer) were excluded from the study,
as well as individuals with end-stage kidney disease or on
dialysis and individuals at elevated risk for adverse effects
from vitamin D supplementation, including those with
hypercalcaemia, parathyroid abnormalities, severe liver
disease or granulomatous disease [16]. Among these, partici-
pants with self-reported physician diagnosis of type 2 diabetes
at screening were identified during the VITAL trial placebo
run-in period for enrolment in the VITAL-DKD study. Of the
3244 individuals initially invited to take part in the study,
ultimately 1312 were included [17, 18]. Those with a diagno-
sis of diabetes present only during pregnancy (presumed
gestational diabetes) or a diagnosis of diabetes made prior to
age 30 and requiring treatment with insulin (presumed type 1
diabetes), as well as those with established non-diabetic
kidney disease or who had received a kidney transplant, were
excluded.

Intervention Participants in the VITAL study were
randomised to one of four treatment groups: (1) vitamin D3

and placebo n-3 fatty acids; (2) n-3 fatty acids and placebo
vitamin D3; (3) vitamin D3 and n-3 fatty acids; or (4) both
placebos. Participants were asked to limit vitamin D and calci-
um intake to ≤800 IU and ≤1200mg daily, respectively, and to
avoid n-3 fatty acid supplementation outside of the study
protocol. Study investigators and participants were blinded
to treatment assignments.

Vitamin D3 2000 IU daily and matching placebo were
donated by Pharmavite LLC (USA). n-3 fatty acid 1 g daily
(Omacor, 465 mg eicosapentaenoic acid [EPA]+375 mg
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docosahexaenoic acid [DHA]) and matching placebo were
donated by Pronova BioPharma/BASF (USA). All medica-
tions were dispensed to participants by mail in monthly calen-
dar packs.

Outcomes Blood and urine samples were obtained prior to
randomisation (hereafter referred to as ‘baseline’), and at 2
and 5 years after randomisation. Samples were collected local-
ly by participants and mailed with frozen gel packs overnight
to the central laboratory at the Brigham Women’s Hospital
Division of Preventive Medicine. Blood samples were centri-
fuged then stored at <−80°C as serum aliquots prior to ship-
ment to the University of Washington for measurement of
inflammatory markers and NT-proBNP.

A pilot study was performed to confirm the integrity of
serum analytes within this sample collection. In the pilot,
biomarker concentrations from samples processed immediate-
ly correlated strongly (r > 0.99) with those processed after
being stored with a frozen gel pack for 24 h prior to process-
ing, with no evidence of bias (electronic supplementary mate-
rial [ESM] Fig. 1).

hsCRPwas measured with a Beckman Coulter (USA) DxC
chemistry analyser. Serum IL-6 and NT-proBNP measure-
ments were performed using commercial multiplex
electrochemiluminescence assays (Meso Scale Discovery,
Rockville, MD, USA). The lower limits of detection for
measures of IL-6, hsCRP and NT-proBNP were 0.06 pg/ml,
0.2 mg/l and 0.58 ng/l, respectively. Samples below detection
limits were found for hsCRP and these were assigned the
value 0.2 mg/l. Values of measurements for blind replicates
introduced into the assay platform on different dates were
highly correlated, using the Pearson method: IL-6, r = 0.91;
hsCRP, r > 0.99; NT-proBNP, r > 0.99. To avoid laboratory
drift, all reagents, kits, calibrators and controls were obtained
from the same lot.

Clinical characteristics and covariatesQuestionnaire data from
the parent VITAL trial obtained at baseline and yearly there-
after provided information on participant demographics,
changes in health status, use of non-study vitamin D and n-3
fatty acid supplements, dietary vitamin D and fish intake, and
adherence to study medications. High adherence over 2 and
5 years was defined as self-reported adherence to at least two-
thirds of study medications on at least two out of three ques-
tionnaires over 2 years, and on at least four out of six ques-
tionnaires over 5 years, respectively (with questionnaires
administered at 6 months and 1, 2, 3, 4 and 5 years after
randomisation). Additional VITAL-DKD questionnaire data
were obtained at baseline with a focus on diabetes-related
issues, namely use of anti-hyperglycaemic and antihyperten-
sive agents and the presence of diabetes complications.

Serum 25(OH)D measurements were obtained using LC-
MS/MS [19]. Plasma n-3 fatty acids were assayed by LC-MS/

MS and quantified as combined EPA and DHA indices indi-
cating percentage of total fatty acids [20]. Measurements of
creatinine and cystatin C were performed with a Beckman
Coulter DxC chemistry analyser.

Statistical analyses Linear mixed models tested the effects of
each intervention independently on changes in log-
transformed concentrations of inflammatory markers and
NT-proBNP. Time (modelled as indicator variables for years
2 and 5), treatment and interactions of treatment with time
were included as independent variables. A single Wald test
of the coefficients for the interaction of treatment with both
time indicators was used as the measure of treatment effect for
each outcome. We assessed three outcomes for each interven-
tion and used a Bonferroni correction to adjust for multiple
corrections, thus considering a p value of less than 0.05/3 =
0.0167 as statistically significant. Multiple imputation using
chained equations was employed to account for missing data,
including missing outcomes, with resulting estimates
combined using Rubin’s rules [21]. Analyses were adjusted
for pre-specified baseline characteristics including age, sex,
baseline eGFR and baseline urine albumin to creatinine ratio
(UACR) by adding covariates and interactions of covariates
with time into each linear mixed model.

We performed exploratory sensitivity analyses to consider
participants’ self-reported adherence to each treatment.
Additionally, for each intervention we explored effect modi-
fication for changes in biomarker concentrations from base-
line to year 5 by the following pre-specified covariates: race,
baseline BMI, UACR, eGFR and biomarker concentrations.
In the vitamin D3 arm we examined the treatment effect of
baseline total serum 25(OH)D concentration stratified by clin-
ical cutoffs for vitamin D sufficiency. In the n-3 fatty acid arm
we examined the treatment effects of baseline EPA+DHA
indices and dietary fish intake stratified by their overall medi-
an values. Effect modification was assessed by adding an
indicator of the covariate of interest stratum as well as its
interaction with time to the linear mixed models. We used
linear combinations of resulting estimates to report changes
in study outcomes according to covariate subgroup and treat-
ment assignment.

All analyses were done using the R 3.6.0 statistical comput-
ing environment (R Foundation for Statistical Computing,
Vienna, Austria).

Results

Participant characteristics A total of 1312 individuals were
included in the study (see ESM Fig. 2 for CONSORT Flow
Diagram). At baseline, the mean age of participants was
67.6 years; 46% of participants were women, and 22% iden-
tified as black (Table 1). Over half of participants had had
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diabetes for greater than 5 years, with the median reporting a
diabetes duration of 6–10 years. The mean BMI was 31.4 kg/
m2. Among this cohort, biguanides were the most commonly

reported glucose-loweringmedications used (in 68%), follow-
ed by sulfonylurea agents (in 30%) and insulin (in 20%). The
majority of participants were prescribed antihypertensive

Table 1 Baseline characteristics of participants in the VITAL-DKD trial

Characteristic All participants Vitamin D3 n-3 fatty acids

Active Placebo Active Placebo
N 1312 703 609 659 653

Demographics
Female sex 609 (46) 327 (47) 282 (46) 315 (48) 294 (45)
Age, years 67.6 (6.9) 67.4 (7.0) 67.8 (6.8) 67.7 (7.0) 67.4 (6.8)
Race & ethnicity (N = 1284)

Non-Hispanic white 857 (67) 451 (66) 406 (68) 439 (68) 418 (65)
Black 278 (22) 148 (22) 130 (22) 132 (20) 146 (23)
Hispanic 75 (6) 41 (6) 34 (6) 36 (6) 39 (6)
Asian/Pacific Islander 35 (3) 21 (3) 14 (2) 20 (3) 15 (2)
American Indian/Alaskan Native 13 (1) 10 (1) 3 (1) 7 (1) 6 (1)

Greater than high school education 1099 (84) 586 (83) 513 (84) 546 (83) 553 (85)
Medical history and lifestyle
Duration of diabetes, years

<1 42 (3) 28 (4) 14 (2) 18 (3) 24 (4)
1–2 177 (14) 95 (14) 82 (14) 97 (15) 80 (12)
3–5 290 (22) 150 (21) 140 (23) 140 (21) 150 (23)
6–10 360 (28) 190 (27) 170 (28) 181 (28) 179 (27)
11–20 315 (24) 172 (25) 143 (24) 159 (24) 156 (24)
>20 124 (9) 66 (9) 58 (10) 62 (9) 62 (10)

Current smoking 79 (6) 39 (6) 40 (7) 37 (6) 42 (7)
Current alcohol usea 694 (54) 375 (54) 319 (54) 342 (53) 352 (55)

Medication and supplement use at randomisation
Glucose-lowering medications

Biguanides 889 (68) 469 (67) 420 (69) 446 (68) 443 (68)
Sulfonylureas 393 (30) 209 (30) 184 (30) 194 (29) 199 (30)
Insulin 258 (20) 135 (19) 123 (20) 124 (19) 134 (21)
Thiazolidinediones 124 (9) 64 (9) 60 (10) 56 (8) 68 (10)
DPP-4 inhibitors 115 (9) 59 (8) 56 (9) 55 (8) 60 (9)
GLP-1 receptor agonists 48 (4) 23 (3) 25 (4) 25 (4) 23 (4)

Antihypertensive medications 1045 (80) 556 (80) 489 (81) 524 (80) 521 (81)
Number of classes 1.4 (1.2) 1.4 (1.2) 1.4 (1.1) 1.4 (1.2) 1.4 (1.1)
ACEi or ARB 803 (61) 428 (61) 375 (62) 400 (61) 403 (62)
ACEis 565 (43) 311 (44) 254 (42) 284 (43) 281 (43)
Diuretics 364 (28) 198 (28) 166 (27) 193 (29) 171 (26)
β-blockers 295 (22) 165 (23) 130 (21) 153 (23) 142 (22)
Calcium channel blockers 275 (21) 151 (21) 124 (20) 133 (20) 142 (22)
ARBs 260 (20) 131 (19) 129 (21) 127 (19) 133 (20)
Mineralocorticoid receptor antagonists 9 (1) 5 (1) 4 (1) 2 (0) 7 (1)

Cholesterol-lowering medication 910 (71) 488 (71) 422 (71) 449 (70) 461 (72)
Supplemental vitamin D (≤800 IU/day) at randomisation 536 (41) 284 (40) 252 (41) 270 (41) 266 (41)
Supplemental calcium (≤1200 mg/day) at randomisation 312 (24) 150 (21) 162 (27) 165 (25) 147 (23)

Physical characteristics
BMI, kg/m2 31.4 (6.7) 31.6 (6.5) 31.2 (7.0) 31.1 (6.5) 31.7 (6.9)

Laboratory values at baseline
Serum creatinine (μmol/l) 75.8 (23.8) 76.2 (25.3) 75.3 (21.9) 75.0 (23.4) 76.6 (24.1)
Cystatin C (mg/l) 0.9 (0.3) 0.9 (0.3) 0.9 (0.3) 0.9 (0.3) 0.9 (0.3)
Baseline eGFR (ml min−1 1.73 m−2) 85.8 (22.1) 86.3 (22.8) 85.3 (21.3) 85.7 (21.3) 86.0 (22.9)
UACR (mg/mmol Cr) 0.34 (0.06–0.83) 0.32 (0.06–0.93) 0.35 (0.07–0.79) 0.33 (0.06–0.83) 0.34 (0.06–0.83)
25(OH)D (nmol/l) 74.1 (25.4) 73.1 (25.5) 75.2 (25.3) 74.5 (26.2) 73.7 (24.6)

<50 nmol/l 226 (18) 128 (19) 98 (17) 117 (19) 109 (17)
50 to <75 nmol/l 456 (36) 244 (36) 212 (36) 210 (33) 246 (39)
≥75 nmol/l 575 (46) 300 (45) 275 (47) 302 (48) 273 (43)

Entries are mean (SD) for continuous variables and n (%) for categorical variables. For UACR, median (IQR) is listed. Percentages are calculated as
percentage of non-missing responses
a Daily, weekly or monthly use of alcohol

DPP-4, dipeptidyl peptidase-4; GLP-1, glucagon-like peptide-1
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medications (predominantly ACE inhibitors [ACEis] or
angiotensin II receptor blockers [ARBs]) and cholesterol-
lowering agents. Most participants had normal eGFR at base-
line, with a mean eGFR of 85.8 ml min−1 1.73 m−2 and medi-
an UACR of 0.34mg/mmol. Fifty-four per cent of participants
had a baseline 25(OH)D level of <75 nmol/l . At
randomisation, 41% reported supplemental vitamin D use of
≤800 IU/day. Demographic and clinical factors were well
balanced across treatment arms.

Participant retention and adherence At least one follow-up
blood sample was provided by 83% of participants (n = 1090)
over the study duration. Baseline demographic and clinical
variables were generally similar when comparing participants
who did not return a follow-up blood sample with those who
did (ESM Table 1). Seventy-five per cent (n = 989) and 71%
of participants (n = 934) provided samples at 2 and 5 years,
respectively [18]. Among all participants randomised into the
trial, participant adherence to vitamin D3 treatment
randomisation was 91% and 79% over 2 and 5 years,
respectively, while adherence to n-3 treatment randomisation
was 91% and 79%.

Significant differences in mean serum 25(OH)D and EPA+
DHA indices were observed at 2 years in intervention groups
compared with placebo (p < 0.001). Participants assigned to
vitamin D3 achieved a mean serum 25(OH)D concentration of
103.4 nmol/l compared with 74.4 nmol/l in those receiving
placebo, and participants assigned to n-3 achieved a mean
plasma EPA+DHA index of 3.6% compared with 2.3% in
those receiving placebo [18].

There were no changes in measures of kidney function
including eGFR and UACR by treatment assignment at 2 or
5 years of follow-up [18]. Biguanide, sulfonylurea, insulin and
ACEi use among participants was largely stable over the
course of the study. Over 5 years, use of dipeptidyl
peptidase-4 inhibitors and ARBs increased by 5% and 9%,
respectively. Five per cent of participants were started on a
sodium–glucose cotransporter 2 inhibitor. These changes
were similar across intervention groups.

Change in biomarker concentrations Overall, concentrations
of IL-6 and hsCRP remained stable throughout the follow-up
period while NT-proBNP increased over time (Fig. 1). In the
full population, baseline geometric means of IL-6, hsCRP and
NT-proBNPwere 1.21 pg/ml (SD, 3.02), 1.94mg/l (SD, 3.13)
and 262 ng/l (SD, 3.7), respectively.Whereas IL-6 and hsCRP
remained within 6% of their initial concentrations after 5 years
of follow-up (ESM Table 2), concentrations of NT-proBNP
rose by 55% (geometric mean at 5 years 406.6 ng/l, SD 4.1).

Comparing vitamin D3 with placebo, there were no signif-
icant differences in change of IL-6 or hsCRP concentrations
over time (Table 2). Ratios of change at 5 years were 0.96
(95% CI 0.79, 1.16) for IL-6 and 0.90 (95% CI 0.79, 1.03) for

hsCRP. NT-proBNP increased by 72% over 5 years among
those receiving vitamin D3 vs 38% among those receiving
placebo. This represents a 1.24-fold greater increase in NT-
proBNP concentration over time in response to vitamin D3

(95% CI 1.09, 1.41; global test for ratio of change p =
0.003). Comparing n-3 fatty acids with placebo, there were
no significant differences in change of IL-6, hsCRP or NT-
proBNP concentrations over time after accounting for multi-
ple comparisons (Table 3). Ratios of change at 5 years were
1.08 (95% CI 0.88, 1.31) for IL-6, 0.86 (95% CI 0.76, 0.98)
for hsCRP and 1.01 (95% CI 0.88, 1.16) for NT-proBNP.

Sensitivity analyses Results among highly adherent partici-
pants mirrored those obtained in the complete cohort analyses.
In this group, the ratio of change in NT-proBNP concentration
among those receiving vitamin D3 compared with placebo
was 1.24 at 5 years (95% CI 1.09, 1.43; global test for ratio
of change p = 0.007; ESM Table 3). No significant differences
in change in biomarker concentrations were observed with
high adherence to n-3 compared with placebo (ESM Table 4).

Differences in change in biomarker concentrations from
baseline to 5 years were compared across pre-specified
subgroups. No significant heterogeneity was observed for
biomarkers with either of the assigned interventions (ESM
Tables 5–10, ESM Figs 3–8). Furthermore, no heterogeneity
was observed by baseline vitamin D status when considering
concentrations <30 nmol/l, though these sample sizes were
small (data not included).

Discussion

Among adults with type 2 diabetes, daily supplementation with
vitamin D3 or n-3 fatty acids did not reduce serum concentra-
tions of IL-6, hsCRP or NT-proBNP over 5 years of follow-up.
Concentrations of IL-6 and hsCRP remained steady while NT-
proBNP increased over time, with greater increases among
those randomised to vitamin D3 compared with placebo.
Results remained consistent in adherence-based sensitivity
analyses. There was no difference in biomarker concentration
in response to supplementation in subgroup analyses.

Our findings are consistent with the parent VITAL trial,
which did not demonstrate a reduction in major cardiovascular
events or invasive cancer with either intervention, though
treatment with vitamin D showed a signal for reduction in
cancer death and n-3 fatty acids were associated with
decreased incidence of myocardial infarction, evaluated as a
secondary outcome [19, 20]. Within this same population,
VITAL-HF (Vitamin D and Omega-3 Trial—Heart Failure)
found no effect of vitamin D3 and n-3 fatty acids on incidence
of first heart failure hospitalisation, though daily n-3 fatty
acids had a beneficial effect on recurrent heart failure
hospitalisation [22]. VITAL-DKD found no effect of either
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intervention on change in eGFR or urine albumin excretion
[18].

In the context of null results for most clinical outcomes to
date, examining effects of intermediate mechanistic outcomes
serves several important purposes. First, a decrease in inflam-
matory markers would suggest potential value for these
supplements on diabetes outcomes not assessed in the studies
above, such as retinopathy or neuropathy. Second, changes in
biomarkers could portend a delayed benefit on cardiovascular
or kidney outcomes that were not observed during the afore-
mentioned trials. However, in this study we did not observe
any reductions in three key hypothesised mediators in
response to either of the VITAL interventions. Consistent with
our findings, another recently published ancillary study from
VITAL evaluating 1 year changes in IL-6, TNF receptor 2 and
hsCRP in a subset of 1561 individuals from the general
VITAL study cohort who had provided blood samples found

that neither vitamin D3 nor n-3 fatty acids reduced these
inflammatory markers, noting instead a significant increase
in IL-6 concentration with vitamin D3 compared with placebo
[23].

Three meta-analyses reported a reduction in hsCRP with
use of vitamin D compounds, while treatment effects varied
for other inflammatory markers including IL-6, TNF-α and
erythrocyte sedimentation rate [24–26]. Subgroup analyses
did not reveal significant heterogeneity when considering
baseline vitamin D status and dose and duration of vitamin
D supplementation [25, 26], though they demonstrated greater
reductions in hsCRP in the presence of coronary heart disease
and end-stage kidney disease on haemodialysis [24], two
populations that were excluded in our study. Notably, two of
the three meta-analyses reported publication bias for the effect
of vitamin D supplementation on hsCRP [24, 26].
Additionally, results of these meta-analyses are limited by

Fig. 1 Distributions of serum
concentrations of IL-6, hsCRP
and NT-proBNP over time, by
treatment assignment.
Concentrations are presented as
median values with 25th and 75th
percentiles. Numbers are shown
below each graph and the y-axes
are on a log-scale. n-3 FA, n-3
fatty acids
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short follow-up periods and use of varied formulations, doses
and durations of vitamin D therapy across included studies.
Studies assessing vitamin D supplementation in other popula-
tions have also reported mixed results—a meta-analysis of
seven RCTs consisting of participants with chronic heart fail-
ure observed significant decrease in C-reactive protein (CRP)
and TNF-α [27], while a meta-analysis of 13 RCTs of over-
weight and obese individuals did not find a reduction in CRP,
IL-6 or TNF-α with intervention [28].

An unexpected finding in our study was that those taking
vitamin D3 had a 24% greater increase in NT-proBNP
compared with placebo. Participants in our study had mean
NT-proBNP concentrations that were in the normal range at
baseline and rose to the upper-normal range over time,
perhaps due to vitamin D3 supplementation. This contradicts
animal studies demonstrating reduced B-type natriuretic
peptide (BNP) transcription with vitamin D receptor activa-
tion [29–31] and clinical studies reporting either a neutral or
beneficial impact of vitamin D receptor agonists onmarkers of
endothelial and cardiac function [10, 27, 32]. In a large cohort
study of patients with systolic heart failure, low 25(OH)D
levels were associated with elevated NT-proBNP [33]. One
clinical trial randomising 61 participants with type 2 diabetes
to a single high dose of oral vitamin D3 vs placebo reported a
significant decrease in BNP after 16 weeks [9]. Additionally,
the Paricalcitol Capsule Benefits in Renal Failure-Induced
Cardiac Morbidity (PRIMO) study found that randomisation

to paricalcitol compared with placebo attenuated rise of BNP
concentrations in participants with [34]. It also seems unlikely
that vitamin D supplementation would result in abnormal
cardiac remodelling by means of increased fibroblast growth
factor 23 (FGF23) considering that in Chronic Renal
Insufficiency Cohort Study (CRIC) participants increased left
ventricular mass was most strongly observed in those with
high FGF23 in the presence of low 25(OH)D [35]. Our
contrasting findings are particularly surprising considering
that neither the parent VITAL trial nor VITAL-HF reported
a parallel increase in major cardiovascular events or heart
failure hospitalisations in the vitamin D supplementation
group, though our study sample with diabetes is a subset of
those included in these other trials [22]. We were unable to
find evidence from basic science or clinical research literature
to explain our results, though regression to the mean could
partially account for our findings as the vitamin D3 group
had lower concentrations of NT-proBNP at baseline
compared with the placebo group.

Large clinical trials of n-3 fatty acids have reported a reduc-
tion in cardiovascular events andmortality as well as improve-
ment in left ventricular structure and function in heart failure
populations [36–38]. Many smaller trials have focused on the
effects of n-3 fatty acids on inflammatory markers. A meta-
analysis of 68 RCTs reported significant decreases in CRP,
TNF-α and IL-6 in response to a variety of n-3 fatty acid
preparations and doses [39]. In meta-regression analysis, each

Table 2 Effects of vitamin D3 on serum concentrations of IL-6, hsCRP and NT-proBNP

Biomarker Vitamin D3 Placebo Difference in change from
baselinea

N Geometric mean (SD) Change from
baseline (ratio),
geometric mean (SD)

N Geometric mean (SD) Change from
baseline (ratio),
geometric mean (SD)

Ratio of change from
baseline, active to
placebo (95% CI)

p value

IL-6 (pg/ml)

Baseline 696 1.19 (3.03) 1.00 (Ref.) 606 1.24 (3.02) 1.00 (Ref.) 1.00 (Ref.)

Year 2 530 1.31 (3.82) 1.17 (4.34) 458 1.21 (3.59) 1.06 (4.49) 1.10 (0.90, 1.33)

Year 5 495 1.18 (3.45) 1.04 (4.48) 438 1.24 (3.31) 1.09 (4.44) 0.96 (0.79, 1.16) 0.38

hsCRP (mg/l)

Baseline 699 1.93 (3.22) 1.00 (Ref.) 607 1.95 (3.02) 1.00 (Ref.) 1.00 (Ref.)

Year 2 531 1.81 (3.26) 0.99 (2.6) 457 1.92 (3.01) 1.02 (2.82) 0.96 (0.86, 1.09)

Year 5 491 1.65 (3.32) 0.93 (2.71) 425 1.90 (3.36) 1.03 (3.03) 0.90 (0.79, 1.03) 0.33

NT-proBNP (ng/l)

Baseline 700 246.0 (3.8) 1.00 (Ref.) 606 281.1 (3.5) 1.00 (Ref.) 1.00 (Ref.)

Year 2 530 320.2 (4.0) 1.27 (2.78) 459 304.8 (3.5) 1.13 (2.7) 1.12 (0.99, 1.28)

Year 5 496 411.4 (4.0) 1.72 (3.24) 438 369.3 (3.8) 1.38 (3.02) 1.24 (1.09, 1.41) 0.0034

a From a linear mixed model that includes adjustment for age, sex, baseline eGFR and baseline UACR, and accounts for missing data using multiple
imputation

p value comes from a global test of the ratio of change from baseline at years 2 and 5

Ref., reference group
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g/day higher dose of EPAwas associatedwith a 17.7% reduction
in geometric mean of CRP. However, only seven of the included
studies focused on a diabetes population, and these reported
inconsistent effects of n-3 fatty acids on inflammatory markers.
We found that 5 year hsCRP concentrations were lower in the
group receiving n-3 fatty acid compared with placebo, though
this association was not significant when accounting for multiple
testing. Notably, the dose of n-3 fatty acids used in our study is
small compared with the majority of those in the meta-analysis,
with most included studies using >1 g of total EPA+DHA. In
addition, a newer formulation of purified n-3 acids was recently
found to be superior vs placebo in reducing cardiovascular events
[40]. Higher doses and/or higher proportions of EPA within n-3
fatty acid formulations may have more success in reducing
inflammatorymarkers andNT-proBNP comparedwith that stud-
ied in VITAL.

Strengths of our study include its randomised placebo-
controlled design, large sample size, long follow-up period
and strong participant adherence. Our study also has several
limitations. Only a limited number of inflammatory and cardi-
ac markers were selected for study. It is possible that our
interventions had effects on immune activity and cardiac func-
tion that were not reflected in these selected serum
biomarkers. Also, biomarker concentrations could have been
affected by unaccounted participant-specific events such as
changes in dietary practices or acute illness, though these are
unlikely to have differed by treatment assignment.
Additionally, our study included relatively few participants

with baseline serum 25(OH)D concentrations <30 nmol/l,
among whom vitamin D supplementation may plausibly have
a larger effect [41, 42], though we did not observe heteroge-
neity in treatment effect by baseline 25(OH)D concentration.

In conclusion, supplementation with 2000 IU daily of vita-
min D3 or 1 g daily of n-3 fatty acids in adults with type 2
diabetes did not reduce concentrations of inflammatory
biomarkers or NT-proBNP. Contrary to our expectations, we
observed a significant increase in NT-proBNP with vitamin
D3 compared with placebo. Our study contributes to a grow-
ing body of literature that suggests the observed benefits of
vitamin D3 and n-3 fatty acids in laboratory studies may not
directly translate to clinical benefit.
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Biomarker n-3 fatty acids Placebo Difference in change from baselinea

N Geometric
mean (SD)

Change from baseline
(ratio), geometric mean
(SD)

N Geometric
mean (SD)

Change from baseline
(ratio), geometric mean
(SD)

Ratio of change from
baseline, active to
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p value
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Year 2 497 1.19 (3.21) 1.09 (3.76) 491 1.34 (4.23) 1.14 (5.1) 0.95 (0.78, 1.16)

Year 5 472 1.26 (3.65) 1.1 (4.33) 461 1.16 (3.11) 1.02 (4.6) 1.08 (0.88, 1.31) 0.46

hsCRP (mg/l)

Baseline 656 2.03 (3.16) 1.00 (Ref.) 650 1.85 (3.10) 1.00 (Ref.) 1.00 (Ref.)

Year 2 498 1.88 (3.21) 0.97 (2.69) 490 1.85 (3.09) 1.04 (2.72) 0.94 (0.83, 1.06)

Year 5 462 1.72 (3.36) 0.9 (2.82) 454 1.80 (3.33) 1.05 (2.89) 0.86 (0.76, 0.98)b 0.067

NT-proBNP (ng/l)

Baseline 656 276.9 (3.5) 1.00 (Ref.) 650 247.2 (3.8) 1.00 (Ref.) 1.00 (Ref.)

Year 2 498 369.6 (3.7) 1.27 (2.76) 491 264.3 (3.7) 1.14 (2.73) 1.11 (0.97, 1.25)

Year 5 472 424.9 (3.9) 1.56 (3.07) 462 359.3 (3.8) 1.54 (3.24) 1.01 (0.88, 1.16) 0.24

a From a linear mixed model that includes adjustment for age, sex, baseline eGFR and baseline UACR, and accounts for missing data using multiple
imputation
b p value = 0.02 for ratio of change from baseline at year 5

p value comes from a global test of the ratio of change from baseline at years 2 and 5
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