
1

1 Vitamin D and Macrophage Polarization in Epicardial Adipose 

2 Tissue of Atherosclerotic Swine

3 Short title : Vitamin D and Macrophages in EAT

4 Palanikumar Gunasekar1, Vicki J. Swier1, Jonathan P. Fleegel1, Chandra S. Boosani1, Mohamed 

5 M. Radwan1, and Devendra K. Agrawal1,*

6

7 1Department of Clinical and Translational Science, Creighton University School of Medicine, 

8 Omaha, NE, USA

9

10 *Corresponding author:

11 E-mail : dkagr@creighton.edu (DKA)

12

13 Author Contribution Statement

14 DKA conceived and designed the experiments; PG, JPF, MMR performed the experiments; PG, 

15 JPF, VJS analyzed and interpreted the results; PG prepared the figures and wrote the initial draft 

16 of the manuscript; CSB, DKA revised and edited the revised manuscript.



2

17 Abstract

18 Vitamin D functions as a potent immunomodulator by interacting with many immune cells 

19 however, its role in regulating inflammation in the epicardial adipose tissue (EAT) is unclear.  In 

20 the EAT of atherosclerotic microswine that were fed with deficient, sufficient or supplemented 

21 levels of vitamin D, we evaluated the phenotype of the macrophages. Vitamin D treatment was 

22 continued for 12 months and serum 25(OH)D levels were measured regularly. Infiltration of 

23 M1/M2 macrophage was investigated by immunostaining for CCR7 and CD206, respectively in 

24 conjunction with a pan macrophage marker CD14. Significant difference in the number of 

25 CCR7+ cells was observed in the EAT from vitamin D-deficient swine compared to vitamin D-

26 sufficient or -supplemented swine. Expression of CD206 correlated with high levels of serum 

27 25(OH)D indicating a significant increase in M2 macrophages in the EAT of vitamin D-

28 supplemented compared to -deficient swine. These findings suggest that vitamin D-deficiency 

29 exacerbates inflammation by increasing pro-inflammatory M1 macrophages, while vitamin D-

30 supplementation attenuates the inflammatory cytokines and promotes M2 macrophages in EAT. 

31 This study demonstrates the significance of vitamin D mediated inhibition of macrophage 

32 mediated inflammation in the EAT during coronary intervention in addition to its 

33 immunomodulatory role. However, additional studies are required to identify the cellular 

34 mechanisms that transduce signals between macrophages and smooth muscle cells during 

35 restenosis in the presence and absence of vitamin D.
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58 There are some reports implicating a detrimental effect of vitamin D-deficiency in promoting 

59 atherosclerosis (Wang et al. 2008; Norman and Powell 2005). However, most of these reports are 

60 based on epidemiological pooled data from observational studies and there is still a controversial 

61 role of vitamin D-deficiency in causation or worsening of CAD and whether vitamin D-

62 supplements can help prevent ischemic heart diseases (Ku et al. 2013). 

63

64 Vitamin D exerts its function through vitamin D receptor (VDR). Many studies have 

65 indicated a clear link between vitamin D-deficiency and cardiovascular diseases, however, the 

66 reports showed conflicting results which were attributed to the variations in the study design, 

67 bioavailability, mutations in the VDR, and the variable concentration of vitamin D in different 

68 tissues. Specific details about the benefits of vitamin D supplementation and its association with 

69 cardiovascular diseases was recently reviewed (Mozos and Marginean 2015). Gene 

70 polymorphism and genetic differences in VDR have been identified as variable factors in human 

71 population which would account for the individual differences in response to vitamin D 

72 treatment (Levin et al., 2012). The ethnic and geographical distribution of the population, and the 

73 incidence of cardiovascular diseases in these populations suggests the need for vitamin D 

74 supplementation in reducing the risk associated with different cardiovascular diseases (Levin et 

75 al., 2012). In a recent randomized placebo controlled human clinical trial, supplementation with 

76 vitamin D3 was found to effectively raise higher vitamin D levels in the blood than 

77 supplementation with vitamin D2 (Lehmann 2013). Thus, suggesting that the bioavailability of 

78 vitamin D depends on the type of isoform of vitamin D and its intake which is critical to 

79 maintaining the normal healthy levels of vitamin D in the blood.
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80

81 The purpose of the present study is to identify the influence of vitamin D treatment on the 

82 EAT which reflects on the pro-inflammatory signaling in the coronary arteries that may have a 

83 profound influence on stenosis. We hypothesize that vitamin D deficiency enhances production 

84 of pro-inflammatory regulators in the EAT. Therefore, inhibition of EAT dependent regulation of 

85 pro-inflammatory signaling through vitamin D supplementation is critical to lower cellular 

86 inflammation in coronary arteries. In this study, we examined if vitamin D deficiency increases 

87 the M1/M2 macrophage ratio in EAT and thus predisposes to the development of coronary artery 

88 disease, and also evaluated whether vitamin D-supplementation would decrease M1/M2 

89 macrophage ratio in atherosclerotic swine model.

90

91 Materials and Method

92 The Institutional Animal Care and Use Committee of Creighton University approved the 

93 research protocol (IACUC#0830) and the animals were housed and maintained in the Animal 

94 Resource Facility of Creighton University, following the rules and regulations of NIH and 

95 USDA.  Yucatan female microswine of 30-40 lbs were obtained from Sinclair Laboratories, 

96 Columbia, MO, USA. The microswine were fed a high cholesterol diet (Harlan Laboratories) 

97 contained the following major ingredients: 19% casein “vitamin free”, 23.5% sucrose, 23.9% 

98 corn starch, 13% maltodextrin, 4% soybean oil, 4% cholesterol, 20% chocolate mix, and 10% 

99 cellulose. Vitamin D-sufficient high cholesterol diet (Harlan, USA) was prepared with the 

100 following major ingredients: 37.2% corn (8.5% protein), 23.5% soybean meal (44% protein), 

101 20% chocolate mix, 5% alfalfa, 4% cholesterol, 4% peanut oil, 1.5% sodium cholate, and 1% 
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102 lard. The diet was either deficient in vitamin D or supplemented with 2,000 IU/d or 4,000 IU/d of 

103 Vitamin D3. Serum 25(OH)D levels were measured regularly by collecting the blood from 

104 auricular vein at baseline, before the coronary intervention and before the time of euthanasia. 

105 Serum levels of 25(OH)D were measured to determine the vitamin D status in the swine which 

106 were placed into their respective experimental groups based on the 25(OH)D levels and diets.  

107

108 The animals were fed with the experimental diet for 6 months. Steps to prevent the 

109 thrombosis were taken by administering aspirin (325 mg/day) and ticlopidine (250 mg/day) to all 

110 animals three days prior to the procedure. After scrubbing and sterile draping access to the 

111 vascular system will be obtained after femoral cut down and exposure of the femoral artery. 

112 After puncturing the femoral artery, the 6F sheath was introduced to keep the artery open. After 

113 placement of sheath, an angiographic guiding catheter (6F AR2/100cm) is introduced and pushed 

114 all the way to coronary arteries on a guiding wire. Fluoroscopic evaluation is performed by 

115 administering non-ionic contrast media which is injected into the coronary arteries for 

116 fluoroscopic evaluation using C arm (OEC 9900 Elite Vas 8, GE Healthcare). Clinical 

117 "coronary-type" angioplasty catheter with a balloon size of 2.5 mm x 15 mm will be gently 

118 pushed on the guide wire, until its deflated balloon is inside the left circumflex (LCX) coronary 

119 artery, single complete balloon inflation to 10-15 atm. pressure, depending upon the vessel 

120 diameter using the inflation device with a pressure gauge (basix touchTM), then balloon is 

121 deflated, and the patency of the artery will be checked by performing angiography. Following the 

122 completion of the procedure, the catheters were removed, and the femoral artery was sutured 

123 with prolene, and the leg incision was closed with vicryl.
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124 Angiogram and optical coherence tomography (OCT) imaging were performed using C7-XR 

125 OCT intravascular imaging system (St. Jude Medical, St. Paul, MN) at 6 months post-coronary 

126 intervention. High dose of barbiturates (Beuthanasia-D, 0.1 ml/lb, i.v.) was administered to 

127 euthanize the animal. Swine hearts were removed quickly after euthanasia and the EAT 

128 surrounding the coronary arteries were stripped and fixed in 10% formalin buffer for 24 hrs. The 

129 tissues were handled in a Sakura Tissue Tek VIP Tissue Processor and embedded in paraffin. 

130 Sections were cut at a thickness of 5µm using a microtome (Leica, Germany) and subsequently 

131 placed on slides for immunofluorescence evaluation.

132

133 Hematoxylin and Eosin staining

134 Tissue sections were routinely stained with hematoxylin and eosin; Tissue sections were 

135 viewed with a Nikon™ Eclipse Ci microscope and images were photographed with a Nikon™ DS-

136 L3 camera. The percentage of stenosis ([1-(Lumen area/Internal elastic lamina area)] *100) of post 

137 angioplasty coronaries were grouped and analyzed statically by using one way ANOVA from 

138 Graphpad Prism6™ software.

139

140 Immunofluorescence

141 Tissue sections on the slides were deparaffinized in xylene, rehydrated in ethanol, washed in 

142 double-distilled water and treated with Lab Vision™ HIER Buffer L ph9 (Thermo Fisher Scientific 

143 Inc,) at 90oC for 20 minutes. The slides were then washed three times for 3 minute each using 1x 

144 phosphate buffered saline (PBS) and then were blocked in normal horse serum from Vector™ 
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189

190 Hematoxylin and eosin stain

191 The area of neo-intimal region (Fig 2A-C) following angioplasty of coronary arteries was 

192 greater in vitamin D-deficient compared to vitamin D-sufficient and vitamin D-supplemented 

193 swine. The percentage restenosis (Fig 2G) in post angioplasty coronary arteries was greater in 

194 vitamin D-deficient swine (62.41 ± 4.067%) compared to vitamin D-sufficient (37.90 ± 4.264%) 

195 (p<0.003) and to vitamin D-supplemented swine (31.94 ± 2.780%) (p<0.0005).

196

197 Fig 2: Hematoxylin and Eosin (H&E) staining and expression of vitamin D receptor (VDR). 

198 (A-C) shows the H&E staining of post-balloon angioplasty site of the left circumflex coronary 

199 artery (LCx); (D-F) shows the effect of vitamin D on vitamin D receptor (VDR) expression in 

200 EAT of: vitamin D-deficient (Vit.D.Def.), vitamin D-sufficient (Vit.D.Suf.) and vitamin D-

201 supplemented (Vit.D.Sup.) groups; (G) shows the percent stenosis. (n=3 in each treatment group); 

202 ***p<0.0005, **p<0.003. (H) The mean fluorescent intensity (MFI) was measured for VDR+cells 

203 in each treatment group. (n=3 in each experimental group); *p<0.04. (I) A scatter plot showing the 

204 MFI of VDR with change in the serum 25(OH) D level.

205

206 Expression of VDR in EAT 

207 VDR expression in EAT (Fig 2D-F) was significantly higher in the vitamin D-deficient 

208 (MFI 13.06 ± 2.40) swine compared to vitamin D-sufficient (MFI 5.04 ± 1.54) (p=0.03) and 

209 vitamin D-supplemented (MFI 5.59 ± 0.17) (p=0.04) swine (Fig 2H). But, no significant 
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252 The double immunostaining with CD14 and CD206 (Fig 5A-I) was performed to identify 

253 macrophages of the M2 phenotype in the EAT. The density of CD206+ cells in the EAT of vitamin 

254 D-deficient swine (mean 4.86 ± 0.41) was found to be significantly less than those in vitamin D-

255 sufficient swine (mean 10.63 ± 0.55) (p<0.0001) and in vitamin D-supplemental swine (mean 

256 12.60 ± 0.66) (p<0.0001). The CD206+ M2 macrophages in the EAT were significantly greater in 

257 the vitamin D-supplemented than vitamin D-sufficient swine (p<0.05) (Fig 5J).

258

259 Fig 5: Effect of vitamin D on CD14/CD206 expression. (A-I) Double immunofluorescence 

260 staining for CD206 and CD14 in EAT of: vitamin D-deficient (Vit.D.Def.), vitamin D-sufficient 

261 (Vit.D.Suf.) and vitamin D-supplemented (Vit.D.Sup.) groups. (A-C) Cy-3 (red) images are 

262 CD206+ Cells.  (D-F) FITC (green) images are all CD14+ Cells.  (J) Data reveals that few cells 

263 were expressing CD206 in vitamin D-deficient swine and more in vitamin D-supplemented 

264 swine than with vitamin D-sufficient swine. (n=3 in each treatment group); *p <0.05, ****p 

265 <0.0001.

266

267 We compared the relationship between serum 25(OH)D levels with inflammatory parameters 

268 in the EAT of all swine. The presence of M1 and M2 macrophages in the EAT of each animal is 

269 shown in Fig 6A. Decrease in M1 macrophages with a concomitant increase in M2 macrophages 

270 was observed with the increase in the serum 25(OH)D levels. The level of serum 25(OH)D at 

271 which the net polarization state of the macrophages switched from a predominately M1 state to a 

272 predominately M2 state occurred around 30 ng/mL of serum 25(OH)D. After this point, the rate 

273 of macrophage phenotypic change stabilized. This data was best modeled by exponential decay in 

274 which the R-squared value for the M1 macrophage polarization state is 0.83 and the M2 





15

298 2014).  Also, vitamin D deficiency associates with increased inflammatory markers in EAT and 

299 was shown to induce hypertrophy in cardiac myocytes (Gupta et al. 2012). 

300

301 Vitamin D acts through VDR, which is a member of steroid hormone nuclear receptor 

302 superfamily. This regulates transcription of many target genes. VDR is expressed in most of human 

303 tissues, including macrophages, pancreatic beta-cells, epithelial cells, osteoblast. The presence of 

304 VDR in most of the tissues provides a mechanistic link between vitamin D deficiency and the 

305 pathophysiology of the disorders. Recently, increased VDR expression in the medial smooth 

306 muscle cells of the coronary artery was observed in vitamin D deficient rats (Hadjadj L et al., 

307 2018). Although the exact mechanism is still unclear, the report suggests that the insulin- mediated 

308 coronary arteriole relaxation was affected in the absence of vitamin D and this correlates with 

309 increased expression of VDR. 

310

311 In this study, we demonstrated the immunomodulatory effect of vitamin D supplementation 

312 in EAT of hypercholesterolemic swine. The findings of the M1:M2 ratio in our study 

313 demonstrate that there was a significant increase in the number of M1 macrophages in vitamin 

314 D-deficient swine. Vitamin D sufficiency or supplementation significantly increases the density 

315 of M2 macrophages in EAT. Activated M2 macrophages show increased expression of CD206 

316 (mannose receptor) and are involved in tissue repair (Folias et al. 2014). Mannose receptor 

317 (CD206) expression is upregulated by IL-10, thereby recruiting more M2 macrophages and 

318 reduce the inflammatory process (Ding et al. 2012). The M1 macrophages are characterized by 

319 the cell surface expression of CCR7 that plays a role in the activation of inflammatory M1 
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365

366 Conclusion

367 In conclusion, vitamin D deficiency increases the pro-inflammatory adipokine expression 

368 and the recruitment of M1 macrophages in the EAT.  Vitamin D supplementation decreases 

369 inflammatory processes in the EAT and promotes the anti-inflammatory responses in the EAT. 

370 Fig 7 summarizes the key findings and interpretations from our study. Considering the 

371 epidemiological data showing the protective role of vitamin D in several inflammatory diseases, 

372 this study further supports the beneficial effect of vitamin D supplementation in reducing the 

373 burden of coronary artery diseases. To our knowledge this is the first report that shows vitamin 

374 D3 supplementation would regulate inflammatory responses in the EAT and alter macrophage 

375 polarization. 

376

377 Fig 7: Pictorial representation of the effects of vitamin D in regulating pro-inflammatory 

378 signaling in the epicardial adipose tissue (EAT).  Vascular smooth muscle cells (VSMC).

379
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