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Vitamin D blunts inflammatory miRs 
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Abstract 

Inflammation of adipose tissue is believed to be a contributing factor to many chronic diseases associated with obesity. 

Vitamin D (VD) is now known to limit this metabolic inflammation by decreasing inflammatory marker expression and 

leukocyte infiltration in adipose tissue. In this study, we investigated the impact of VD on microRNA (miR) expression 

in inflammatory conditions in human and mouse adipocytes, using high-throughput methodology (miRNA PCR arrays). 

Firstly, we identified three miRs (miR-146a, miR-150, and miR-155) positively regulated by TNFα in human 

adipocytes. Interestingly, the expression of these miRs was strongly prevented by 1,25(OH)2D preincubation. These 

results were partly confirmed in 3T3-L1 adipocytes (for miR-146a and miR-150). The ability of VD to control the 

expression of these miRs was confirmed in diet-induced obese mice: the levels of the three miRs were increased 

following high fat (HF) diet in epididymal white adipose tissue and reduced in HF diet fed mice supplemented with 

VD. The involvement of NF-κB signaling in the induction of these miRs was confirmed in vitro and in vivo using aP2-

p65 transgenic mice. Finally, the ability of VD to deactivate NF-κB signaling, via p65 and IκB phosphorylation 

inhibition in murine adipocyte, was observed and could constitute a driving molecular mechanism. This study 
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demonstrated for the first time that VD modulates the expression of miRs in adipocytes in vitro and in adipose tissue in 

vivo through its impact on NF-κB signaling pathway, which could represent a new mechanism of regulation of 

inflammation by VD. 
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Introduction 

Adipose tissue was originally considered as a passive reservoir for energy storage, mechanical and heat insulation, and 

participating to the regulation of thermogenesis 
1
. Now, this tissue, and especially visceral adipose tissue, is also known 

to synthesize and secrete a large variety of pro-inflammatory and anti-inflammatory adipokines, cytokines, and 

chemokines 
2
 that act at both autocrine/paracrine and endocrine level 

3
. 

Other markers such as microRNAs (miRs) have been associated with inflammatory response in adipose tissue during 

obesity 
4-6

. miRs are small noncoding RNAs that can modulate transcriptional networks, influencing most of biological 

processes. miRs regulate gene expression by degrading complementary mRNA targets or by inhibiting translation, and 

their function depends on the complementarity of sequence with the target mRNA 
7
. Several miRs are involved in 

adipocyte differentiation 
8
, fat cell behavior, 

9
 and oxidative stress 

4
. The relevance of miRs in adipose tissue biology is 

increasingly recognized, being intrinsically linked to different pathways, including obesity-related inflammation. This is 

notably the case for miR-155, which was reported to be increased in inflamed adipocytes 
10

, but also in subcutaneous 

adipose tissue biopsies of obese subjects 
11

, and which displays a strong impact on the regulation of inflammatory tone 

and adipocyte differentiation. 
11

 

Similar to the increased pro-inflammatory markers, a low vitamin D (VD) status is common and well documented in 

obesity 
12

. Whether low VD status is the consequence of obesity, or whether this factor accelerates the development of 

obesity in humans is presently unknown. However, VD insufficiency could influence the development of obesity-

related diseases, including inflammation and insulin resistance 
12-16

. Indeed, it was shown that 1,25(OH)2D significantly 

decreased the release of cytokines and chemokines by human preadipocytes 
17

 and adipocytes 
18

. We also demonstrated 

the anti-inflammatory properties of 1,25(OH)2D in murine and human adipocytes, in both basal and TNFα-stimulated 

conditions 
19

. Similarly, 1,25(OH)2D reduced the expression of cytokines in human adipose tissue biopsies submitted to 

IL-1β stimulation in vitro 
20

. The molecular mechanisms have been investigated, and vitamin D receptor (VDR) and 

NF-κB signaling pathways and p38 MAP kinases were shown to be involved in 3T3-L1 adipocytes 
19

 and in human 

adipocytes 
21

. Interestingly, Zoico et al. recently demonstrated that VD, similarly to 1,25(OH)2D, was able to blunt the 

LPS-mediated pro-inflammatory effect in human adipocytes 
22

. Using a microarray approach, we recently demonstrated 

that 1,25(OH)2D was able to downregulate a large set of chemokines in human and murine adipocytes, and 
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consequently reduced macrophage migration mediated by adipocyte-conditioned medium 
23

. Finally, we demonstrated 

for the first time this effect in vivo, in acute and chronic models of adipose inflammation 
23

. 

In the present study, we aimed to explore the impact of VD on adipose inflammation associated miRs. To this end, we 

evaluated the impact of 1,25(OH)2D on miR expression in inflammatory conditions in human and mouse adipocytes, 

using a high-throughput methodology (miRNA PCR arrays). We also confirmed the anti-inflammatory effects of VD in 

vivo, in a chronic mice model of adipose tissue inflammation, and identified molecular mechanisms involved in miR 

regulation by VD. 

Results 

1,25(OH)2D modulates microRNA expression in human and murine adipocytes 

To examine, in detail, the impact of 1,25(OH)2D on the modulation of miRs in human adipocytes submitted to 

inflammatory stress, human adipocytes primary cell cultures were preincubated with or without 1,25(OH)2D for 24 h 

followed by incubation with TNFα. Using a miRNA PCR array approach, we quantified 84 miRs and 6 housekeeping 

genes. Analysis of the results showed that 76 miRs were expressed in adipocytes in basal condition. Among these miRs, 

only 3 were positively regulated by TNFα in our conditions. As shown in Figure 1, the inflammatory response mediated 

by TNFα significantly increased the expression levels of miR-146a, miR-150, and miR-155 (4.3-, 1.9-, and 2.1-fold, 

respectively; Figure 1). Interestingly, their expression in adipocytes preincubated with 1,25(OH)2D in inflammatory 

conditions only increased by 1.8-, 0.9-, and 1.3-fold, respectively, compared with control condition (Figure 1). 

Our results were partly confirmed in 3T3-L1 adipocytes, where the levels of miR-146a and miR-155 increased in 

TNFα-treated cells (by 6.7- and 8-fold, respectively) and in the adipocytes pretreated with 1,25(OH)2D and incubated 

with TNFα (by 2.1- and 6.5-fold, respectively; Figure 2). No effect on miR-150 was observed in this cell model. 

Vitamin D3 supplementation limits microRNA expression in epididymal white adipose tissue 

To further examine the effect of VD on miR expression in vivo, a model of chronic inflammation induced by a high-fat 

(HF) diet was used. In this preclinical model, the induction of miR-146a, miR-150, and miR-155 levels was observed 

after 10 weeks of HF diet (by 2.4-, 1.4- and 1.5-fold, respectively) compared with control mice (Figure 3). Interestingly, 
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VD supplementation for 10 weeks strongly limited the expression of these three miRs in epididymal adipose tissue (1.1-

, 1.1-, and 1.1-fold, respectively; Figure 3). 

1,25(OH)2D limits microRNA expression through NF-κB signaling in 3T3-L1 adipocytes. 

To identify signaling pathways involved in miR-146a and miR-155 regulation by TNFα, 3T3-L1 cells were incubated 

with specific inhibitors of MAP kinases (JNK, p38) and NF-κB signaling, and then stimulated or not with TNFα. NF-

κB signaling inhibition resulted in a significant decrease in miR-146a and miR-155 expression (by 2.7- and 1.6-fold 

compared with TNFα condition; Figure 4A), whereas no effects of JNK and p38 inhibitors were observed. To confirm 

the role of NF-κB in miR-146a and miR-155 regulation in vivo, we used a transgenic model overexpressing NF-κB p65 

subunit in adipose tissue (aP2-p65 mice 
24

). Results showed that miR-146a and miR-155 were significantly increased in 

epididymal adipose tissue of aP2-p65 mice compared with controls (by 2.2- and 10-fold, respectively; Figure 4B). All 

together, these data strongly support the specific role of NF-κB on the regulation of these two miRs. 

Thus, we examined the impact on NF-κB signaling by 1,25(OH)2D preincubation (10 nM and 100 nM) for 24 hours 

followed by a 24-hour incubation with TNFα. To this end, the phosphorylation levels of p65 and IκB were quantified 

by ELISA. Expectedly, the phosphorylation levels of p65 and IκB were significantly increased into 3T3-L1 adipocytes 

incubated with TNFα (by 4.1- and 3.6-fold, respectively), whereas incubation with 1,25(OH)2D strongly limited the 

phosphorylation of p65 and IκB, suggesting that 1,25(OH)2D reduced NF-κB activation in 3T3-L1 adipocytes (Figure 

4C). 

Discussion 

Our results indicate that TNFα-mediated inflammation increased the production of miR-146a, miR-150, and miR-155 

in adipocytes. We also reported a beneficial role of VD or its active form (1,25(OH)2D) on the expression of these miRs 

in human and murine adipocytes, but also in inflamed adipose tissue of mice. Molecular mechanisms for these effects 

were investigated and the NF-κB signaling pathway is suggested to be involved in miR regulation and to be targeted by 

1,25(OH)2D. If the anti-inflammatory effect of VD has largely been reported based on cytokines and chemokines 

expression in adipocytes, as described in the introduction; its impact regarding its ability to modulate inflammatory-

linked miRs has never been reported. 
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In this study, we identified miR-146a, miR-150, and miR-155 as adipocyte inflammatory stimulus modulated miR. 

These miRs have been largely suspected to be involved in inflammatory tone regulation; indeed, miR-155, which is 

described as a typical multifunctional microRNA 
25

, has been associated with the regulation of different immune-related 

processes, such as hematopoiesis 
26

, innate immunity 
27

, cancer, 
28

 and B-cell and T-cell differentiation 
29

. In the context 

of obesity onset and/or obesity comorbidities, we have recently shown that miR-155 was induced in adipocytes 

submitted to inflammatory stress and in subcutaneous adipose tissue biopsies of obese subjects 
11

. We also showed that 

this miR induced inflammatory response, chemokine expression, and macrophage migration in 3T3-L1 adipocytes 
11

. A 

recent study also demonstrated that the deletion of miR-155 in female mice prevented diet-induced obesity, improved 

insulin sensitivity and energy uncoupling machinery, and abrogated HF diet-induced adipocyte hypertrophy and white 

adipose tissue inflammation 
30

. Together, these data confirm the importance of miR-155 in adipose tissue function, 

notably in the control of inflammation. 

To the best of our knowledge, no specific effect of miR-146a in adipocyte or adipose tissue biology has been reported. 

However, in inflammatory context, it has been reported that miR-146a is involved in the control of innate immunity. 

Indeed, miR-146a was found to be inducible upon stimulation with LPS in a NF-κB-dependent manner in human 

monocytes 
31

. Such induction of miR-146a could contribute to the establishment of endotoxin tolerance in monocytes 

and to the regulation of TNFα production 
32

. In addition, exposure of human lung alveolar epithelial cells resulted in a 

pronounced increase of miR-146a levels, that in turn induced a decrease of IL-8 and RANTES chemokines 
33

. Finally, 

miR-146a deficiency during diabetes led to increased expression of M1 activation markers and pro-inflammatory 

cytokines and suppression of M2 markers in macrophages 
34

. Together, these data strongly suggest that miR-146a 

displays an anti-inflammatory effect. However, its role in adipose tissue will require further investigation. 

Regarding miR-150, inflammatory or anti-inflammatory properties are less clear. A recent study demonstrated that 

miR-150 could physiologically modulate metabolic activities and inflammatory response both in cells and animals by 

regulating lipid metabolism and inflammatory response. Indeed, overexpression of miR-150 in macrophages resulted in 

an increase in lipid accumulation, associated with an elevated expression of several pro-inflammatory cytokines 
35

. 

Conversely, when miR-150 knockout mice were challenged with a HF diet, these mice presented reduced whole body 

weight with less fat accumulation, improved systemic glucose tolerance, and insulin sensitivity 
35

. In contrast, another 
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study reported that miR-150 knockout mice showed exacerbated obesity-associated tissue inflammation and systemic 

insulin resistance 
36

. Such versatility has already been suggested in human cancer, where the role of miR-150 is context-

dependent, i.e., this miR can have either oncogenic or tumor suppressor activity in cells that originate from different 

tissues 
37

. Thus, its specific role in adipose tissue and, notably, in the control of inflammatory tone will require further 

investigation. 

To identify molecular mechanisms involved in miR regulation, several approaches were combined. First, we 

demonstrated that miR-146a and miR-155 regulations were primarily NF-κB-dependent in 3T3-L1 adipocytes, through 

the use of specific NF-κB inhibitor that blunted TNFα-mediated induction of these two miRs. The involvement of this 

signaling pathway was also confirmed in vivo through the use of aP2-p65 transgenic mice that display specific adipose 

tissue overexpression of p65 
24

 and that presented a strong induction of these two miRs. Based on this putative role of 

NF-κB in the induction of miR-146a and miR-155, the effect of the VD on the phosphorylation of two intermediates of 

the NF-κB signaling pathway (p65 and IκB) has been investigated. As previously demonstrated 
19, 23

, we reported that 

1,25(OH)2D has a strong limiting effect on NF-κB signaling in 3T3-L1 adipocytes through the reduction of the 

phosphorylation levels of p65 and IκB. This effect could be related to the ability of 1,25(OH)2D to bind VDR and to 

interact with IκB kinase (IKK) 
38

 or could result from the induction of phosphatases involved in the dephosphorylation 

of p65 and IκB. All together these data strongly suggested that the inhibition of miRs by VD is largely mediated by its 

ability to reduce NF-κB signaling, which is consistent with data generated in macrophages 
39

 

Interestingly, we observed both in vitro (in human and murine adipocytes) and in vivo (in mice) global upregulation of 

the miRs in pro-inflammatory conditions, suggesting that these three miRs, independently of their inflammatory effect 

(pro- or anti-), actively participated in inflammatory process in adipocytes and adipose tissue. We also observed that 

VD, through the downregulation of these three miRs, displayed an overall blocking effect of the inflammatory pathway 

in adipocytes. The modulation of miRs by VD is reported here for the first time in the context of obesity-associated 

comorbidities; similar ability has been widely described in cancer context. Indeed, differential regulation of miR 

expression profiles by 1,25(OH)2D has been demonstrated in prostate cancer cells 
40

, bladder cancer cells, 
41

 and in lung 

cancer. 
42
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These original observations not only reinforce the role of VD as an anti-inflammatory agent in adipose tissue and 

adipocytes, but also demonstrate the relevance of miR regulation as a new anti-inflammatory mechanism in adipose 

tissue/adipocytes, which could represent an interesting new target to limit metabolic inflammation. 

 

Material and Methods 

Reagents 

Dulbecco’s modified Eagle’s medium (DMEM) was purchased from Life Technologies (Cergy Pontoise, France); fetal 

bovine serum (FBS) was obtained from PAA Laboratories (Les Mureaux, France). Isobutylmethylxanthine, 

dexamethasone, and insulin were purchased from Sigma-Aldrich (Saint Quentin Fallavier, France). TRIzol reagent was 

obtained from Life Technologies (Saint Aubin, France). QuantiTect SYBR Green PCR Master Mix, miScript Universal 

Primer and miScript Primer assays were purchased from Qiagen (Courtabœuf, France). 

Cell culture 

Adipocyte cells were grown at 37°C in a 5% CO2 humidified atmosphere. The human preadipocytes (3 independent 

cultures) were obtained from Promocell and cultured with preadipocyte differentiation medium, according to the 

manufacturer’s instructions. Mature adipocytes (day 12) were incubated with 1,25(OH)2D (100 nM, 24 h) followed by a 

24-hour incubation with TNFα (15 ng/mL). Experiments were performed in triplicate, on 3 independent cultures. 

The 3T3-L1 cells (ATCC, Manassas, VA) were seeded in 3.5 cm-diameter dishes at a density of 15 × 10
4
 cells/well, 

and grown in DMEM supplemented with 10% FBS, at 37°C, as previously reported 
43

. To induce differentiation, two-

day postconfluent 3T3-L1 preadipocytes (day 0) were stimulated for 72 h with 0.5 mM isobutylmethylxanthine, 0.25 

µmol/L dexamethasone and 1 µg/mL insulin in DMEM supplemented with 10% FBS. The cultures were then treated 

with DMEM supplemented with 10% FBS and 1 µg/mL insulin. The mature adipocytes (day 8) were incubated with 

1,25(OH)2D (100 nM, 24 h) followed by a 24-hour incubation with TNFα (15 ng/mL). Experiments were performed in 

triplicate, on 3 independent cultures. 
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3T3-L1 adipocytes incubations 

To identify signaling pathways involved in microRNA regulation, 3T3-L1 cells were treated with specific inhibitors of 

mitogen activated protein (MAP) kinases (JNK, p38) and NF-κB signaling [JNK inhibitor II (10 µM), SB 202190 (20 

µM) and BAY 117082 (10 µM), respectively] for 1 h (all obtained from Calbiochem, Merck Millipore, Darmstadt, 

Germany) and then stimulated or not with TNFα (15 ng/mL) for 24 h. All the treatments were performed on day 8. 

NF-κB activation 

The levels of p65 (Ser536) and IκBα (Ser32/36) phosphorylation were quantified using the ELISA Instant One kit 

according to the manufacturer’s instructions (eBiosciences SAS, Paris, France). 

miRNA PCR arrays 

miRNA PCR arrays (Qiagen, Courtabœuf, France) were used to quantify miRs extracted from human culture 

adipocytes, according to the manufacturer’s instructions. Reactions were performed in a 12.5 μL volume containing 

6.25 μL 2X QuantiTect SYBR Green PCR Master Mix (Qiagen, Courtabœuf, France), 1.25 μL 10X miScript Universal 

Primer (Qiagen, Courtabœuf, France). After an initial incubation step of 15 min at 95°C, amplification reaction was 

performed in 40 cycles comprising 3 steps (94°C, 15 sec, 55°C, 30 sec, and 70°C, 30 sec). For each condition, the 

expression was quantified in duplicate and the SNORD68 was used as the endogenous control in the comparative cycle 

threshold (CT) method. 

RNA isolation and qPCR 

Total cellular RNA was extracted using TRIzol reagent, according to the manufacturer’s instructions. To quantify miR-

146a, miR-150, and miR-155, cDNAs were first synthesized from 1 µg of total RNA in 20 μL using 5X miScript Hiflex 

Buffer, 10X nucleic mix and miScript reverse transcriptase according to the manufacturer’s instructions (Qiagen). Real-

time quantitative RT-PCR analyses were performed using the Mx3005P Real-Time PCR System (Stratagene, La Jolla, 

CA), as previously described 
44

. Reactions were performed in a 12.5 μL volume containing 6.25 μL of 2X QuantiTect 

SYBR Green PCR Master Mix (Qiagen), 1.25 μL of 10X miScript Universal Primer (Qiagen), 1.25 μL of 10X miScript 

Primer Assay [Mm_miR146_1 miScript Primer Assay, Mm_miR-150_1 miScript Primer Assay, Mm_miR-155_1 
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miScript Primer Assay and Hs_SNORD68 miScript Primer Assay (Qiagen)] and 2.5 μL of RNase-free water. For each 

condition, the expression was quantified in duplicate, and the SNORD68 was used as the endogenous control in the 

comparative cycle threshold (CT) method. 

Animal experiments 

The protocol was approved through the local ethics committee. Six-week-old male C57BL/6J mice were obtained from 

Janvier (Le Genest Saint Isle, France). The mice were fed ad libitum (chow diet A04, Safe, Augy, France), with full 

access to drinking water. The animals were maintained at 22°C under a 12 h light: 12 h dark cycle with a 50% humidity 

level. 

To assess the impact of vitamin D (cholecalciferol) on miRs expression, three experimental groups of mice were fed ad 

libitum with a low (10% of total energy as fat; TD06416; Harlan, Indianapolis, Indiana, USA) or HF diet, providing 

45% of total energy as fat (TD06415, Harlan, Indianapolis, Indiana, USA), supplemented (3000 IU/kg of body weight, 

i.e., around 90 UI/j/mouse, Sigma-Aldrich, Saint Quentin Fallavier, France) or not (300 IU/kg of body weight, i.e., 

around 9 UI/j/mouse) with cholecalciferol. Mice (10 per group) were assigned into one of the three experimental groups 

depending on the diet, i.e., control, HF, and HF plus vitamin D (HFVD), for 10 weeks, as previously described 
45

. 

Epidydimal adipose tissue was collected and stored at -80°C. 

aP2-p65 mice were generated on the C57BL/6J background, as described elsewhere 
24, 46

. Mice were housed in the 

animal facility at the Pennington Biomedical Research Center with a 12:12-h light-dark cycle and constant temperature 

(22-24°C). Male mice were fed with a chow diet (MF 5001, 11% calorie in fat) and the epididymal fat tissue was 

collected at 20 weeks. The mice were housed at four per cage with free access to water and diet. 

Statistical analysis 

Data are expressed as mean ± SEM. Significant differences between the control and treated group were determined 

using ANOVA, followed by the PLSD Fischer post hoc test using Statview software, and P<0.05 was considered 

statistically significant. Significant differences between two groups were determined using t test. 
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Figure 1. 1,25(OH)2D limits microRNA expression levels in human adipocytes. Human adipocytes were 

preincubated with 1,25(OH)2D (100 nM) for 24 h followed by a second 24-h incubation with TNFα (15 ng/mL). miR 

expression levels were quantified through miRNA PCR arrays approach. SNORD68 was used as the endogenous 

control. The values are presented as means ± SEM. Bars not sharing the same letters are significantly different 

(P<0.05). Experiments were performed in triplicate, at least 3 independent times. 
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Figure 2. 1,25(OH)2D limits microRNA expression levels in murine adipocytes. 3T3-L1 adipocytes were 

preincubated with 1,25(OH)2D (100 nM) for 24 h followed by a second 24-h incubation with TNFα (15 ng/mL). 

Expression levels of miR-146a and miR-155 were quantified by qPCR in 3T3-L1 adipocytes. SNORD68 was used as 

the endogenous control. Values are presented as means ± SEM. Bars not sharing the same letters are significantly 

different (P<0.05). Experiments were performed in triplicate, at least 3 independent times. 
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Figure 3. Vitamin D limits miR-146a, miR-150, and miR-155 expression in mice epididymal adipose tissue. The 

expression levels of miR-146a, miR-150, and miR-155 were quantified through qPCR in epididymal adipose tissue of 

mice fed standard, high fat (HF) diet or VD-supplemented HF diets for 10 weeks (n = 10) and expressed relative to 

SNORD68 in the white adipose tissue. Data are expressed as relative expression ratios. Values are presented as means ± 

SEM. Bars not sharing the same letters are significantly different (P<0.05). 
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Figure 4. 1,25(OH)2D limits NF-κB activation. A. 3T3-L1 cells were treated with specific inhibitors of MAP kinases 

(JNK, p38) or NF-κB signaling [(JNK inhibitor II (10 µM), SB 202190 (20 µM) and BAY 117082 (10 µM), 

respectively] for 1 h and then stimulated with TNFα (15 ng/mL) for 24 h, and miR-146a and miR-155 expression were 

measured by qPCR. SNORD68 was used as the endogenous control. The data are expressed as relative expression 

ratios. Values are presented as means ± SEM. Bars not sharing the same letters are significantly different (P<0.05). 

Experiments were performed in triplicate, at least 3 independent times. B. Expression of miR-146a and miR-155 were 

quantified by qPCR in epididymal adipose tissue of aP2-p65 transgenic mice. SNORD68 was used as the endogenous 

control. Data are expressed as relative expression ratios. The values are presented as means ± SEM. Bars not sharing 

the same letters are significantly different (P<0.05). C. 3T3-L1 cells were preincubated with 1,25(OH)2D (10 and 100 

nM) for 24 h in dose-dependent manner and incubated with TNFα (15 ng/mL) for 5 min. Phosphorylation levels of the 

NF-κB subunits (p65 and IκB) were evaluated using ELISA. Data are expressed as relative expression ratios. Values 
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are presented as means ± SEM. Values not sharing the same letters are significantly different (P<0.05). Experiments 

were performed in triplicate, at least 3 independent times. 


