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                    Abstract
Purpose
To assess the effect of immune modulators, cyclosporin A and fingolimod, on high fat diet-induced obesity and insulin resistance.
Methods
C57BL/6 mice were fed a high fat diet and injected intraperitoneally with cyclosporine A, fingolimod, or vehicle twice weekly for 15 weeks. Body weight and food intake were manually measured every other day. Glucose tolerance test, insulin sensitivity, and body composition were examined and compared between the control and the immune modulator treated animals. Tissue samples were collected at the end of the experiment and examined for serum biochemistry, histology, and mRNA levels of marker genes for inflammation, and glucose and lipid metabolism in white and brown adipose tissues and in the liver.
Results
Cyclosporine A and fingolimod suppressed high fat diet-induced weight gain, reduced hepatic fat accumulation, and improved insulin sensitivity. The beneficial effects are associated with altered expression of F4/80, Cd68, Il-6, Tnf-α, and Mcp-1 genes, which are involved in macrophage-related chronic inflammation in adipose and hepatic tissues.
Conclusion
Immune modulation represents an important intervention for obesity and obesity-associated insulin resistance.
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	ACC:
	
                    Acetyl-CoA carboxylase

                  
	BAT:
	
                    Brown adipose tissue

                  
	CsA:
	
                    Cyclosporine A

                  
	DMSO:
	
                    Dimethyl sulfoxide

                  
	FAS:
	
                    Fatty acid synthase

                  
	FFA:
	
                    Free fatty acid

                  
	FTY720:
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	G6P:
	
                    Glucose 6 phosphatase

                  
	HFD:
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	IFN:
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	IL-12:
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	IL-17:
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	IL-4:
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	IPGTT:
	
                    Intra-peritoneal glucose tolerance test

                  
	ITT:
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	MCP:
	
                    Monocyte chemoattractant protein

                  
	SCD:
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	TGF:
	
                    Transforming growth factor

                  
	TNF:
	
                    Tumor necrosis factor

                  
	WAT:
	
                    White adipose tissue

                  



References
	Ouchi N, Parker JL, Lugus JJ, Walsh K. Adipokines in inflammation and metabolic disease. Nat Rev Immunol. 2011;11:85–97.
Article 
    PubMed Central 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Han JM, Levings MK. Immune regulation in obesity-associated adipose inflammation. J Immunol. 2013;191:527–32.
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Bu L, Gao MM, Qu S, Liu D. Intraperitoneal injection of clodronate liposomes eliminates visceral adipose macrophages and blocks high-fat diet-induced weight gain and development of insulin resistance. AAPS J. 2013;15:1001–11.
Article 
    PubMed Central 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Gao MM, Zhang CB, Ma Y, Bu L, Yan L, Liu L. Hydrodynamic delivery of mIL10 gene protects mice from high fat diet-induced obesity and glucose intolerance. Mol Ther. 2013;21:1852–61.
Article 
    PubMed Central 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Flechner SM. Cyclosporine: a new and promising immunosuppressive agent. Urol Clin North Am. 1983;10:263–75.
CAS 
    PubMed 
    
                    Google Scholar 
                

	García JE, López AM, De Cabo MR, Rodríguez FM, Losada JP, Sarmiento RG, et al. Cyclosporin a decreases human macrophage interleukin-6 synthesis at post-transcriptional level. Mediators Inflamm. 1999;8:253–9.
Article 
    PubMed Central 
    PubMed 
    
                    Google Scholar 
                

	Randak C, Brabletz T, Hergenrother M, Sobotta I, Serflin E. Cyclosporin A suppresses the expression of the interleukin 2 gene by inhibiting the binding of lymphocyte-specific factors to the IL-2 enhancer. EMBO J. 1990;9:2529–36.
PubMed Central 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Andersson J, Nagy S, Groth CG, Andersson U. Effects of FK506 and cyclosporin A on cytokine production studied in vitro at a single-cell level. Immunology. 1992;75:136–42.
PubMed Central 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Jiang M, Wang C, Meng Q, Li F, Li K, Luo L, et al. Cyclosporin attenuates weight gain and improves glucose tolerance in diet-induced obese mice. Mol Cell Endocrinol. 2013;370:96–102.
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Kappos L, Antel J, Comi G, Montalban X, O’Connor P, Polman CH, et al. Oral fingolimod (Fty720) for relapsing multiple sclerosis. N Engl J Med. 2006;355:1124–40.
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Budde K, Schütz M, Glander P, Peters H, Waiser J, Liefeldt L, et al. FTY720 (Fingolimod) in renal transplantation. Clin Transplant. 2006;20(s17):17–24.
Article 
    PubMed 
    
                    Google Scholar 
                

	Sommerer C, Giese T, Schmidt J, Meuer S, Zeier M. Ciclosporin a tapering monitored by Nfat-regulated gene expression: a new concept of individual immunosuppression. Transplantation. 2008;85:15–21.
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Schaier M, Vorwalder S, Sommerer C, Dikow R, Hug F, Gross ML, et al. Role of Fty720 on M1 and M2 macrophages, lymphocytes, and chemokines in nephrectomized rats. Am J Physiol Renal Physiol. 2009;297:F769–80.
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Moon MH, Jeong JK, Lee JH, Park YG, Lee YJ, Seol JW, et al. Antiobesity activity of a sphingosine 1-phosphate analogue FTY720 observed in adipocytes and obese mouse model. Exp Mol Med. 2012;44:603–14.
Article 
    PubMed Central 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time quantitative PCR and the 2(−Delta Delta C(T)) method. Methods. 2001;25:402–8.
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Ye JP, Gao ZG, Yin J, He Q. Hypoxia is a potential risk factor for chronic inflammation and adiponectin reduction in adipose tissue of ob/ob and dietary obese mice. Am J Physiol Endocrinol Metab. 2007;293:E1118–28.
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Feuerer M, Herrero L, Cipolletta D, Naaz A, Wong J, Nayer A, et al. Lean, but not obese, fat is enriched for a unique population of regulatory T cells that affect metabolic parameters. Nat Med. 2009;15:930–9.
Article 
    PubMed Central 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Weisberg SP, McCann D, Desai M, Rosenbaum M, Leibel RL, Ferrante Jr AW. Obesity is associated with macrophage accumulation in adipose tissue. J Clin Invest. 2003;112:1796–808.
Article 
    PubMed Central 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Lumeng CN, Deyoung SM, Bodzin JL, Saltiel AR. Increased inflammatory properties of adipose tissue macrophages recruited during diet-induced obesity. Diabetes. 2007;56:16–23.
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Nishimura S, Manabe I, Nagasaki M, Eto K, Yamashita H, Ohsugi M, et al. CD8+ effector T cells contribute to macrophage recruitment and adipose tissue inflammation in obesity. Nat Med. 2009;15:914–20.
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Yang HW, Youm YH, Vandanmagsar B, Ravussin A, Gimble JM, Greenway F, et al. Obesity increases the production of proinflammatory mediators from adipose tissue T cells and compromises TCR repertoire diversity: implications for systemic inflammation and insulin resistance. J Immunol. 2010;185:1836–45.
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Rausch ME, Weisberg S, Vardhana P, Tortoriello DV. Obesity in C57BL/6J mice is characterized by adipose tissue hypoxia and cytotoxic T-cell infiltration. Int J Obes (Lond). 2008;32:451–63.
Article 
    CAS 
    
                    Google Scholar 
                

	Mraz M, Haluzik M. The role of adipose tissue immune cells in obesity and low-grade inflammation. J Endocrinol. 2014;222:R113–27.
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Strissel KJ, Stancheva Z, Miyoshi H, Perfield JW, DeFuria J, Jick Z, et al. Adipocyte death, adipose tissue remodeling, and obesity complications. Diabetes. 2007;56:2910–8.
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Winer S, Chan Y, Paltser G, Truong D, Tsui H, Bahrami J, et al. Normalization of obesity-associated insulin resistance through immunotherapy. Nat Med. 2009;15:921–9.
Article 
    PubMed Central 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Szabo SJ, Kim ST, Costa GL, Zhang X, Fathman CG, Gilmcher LH. A novel transcription factor, T-bet, directs Th1 lineage commitment. Cell. 2000;100:655–69.
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Rocha VZ, Folco EJ, Sukhova G, Shimizu K, Gotsman I, Vermon AH, et al. Interferon-gamma, a Th1 cytokine, regulates fat inflammation: a role for adaptive immunity in obesity. Circ Res. 2008;103:467–76.
Article 
    PubMed Central 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Zheng WP, Flavell RA. The transcription factor GATA-3 is necessary and sufficient for Th2 cytokine gene expression in CD4 T cells. Cell. 1997;89:587–96.
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Pai SY, Truitt ML, Ho IC. GATA-3 deficiency abrogates the development and maintenance of T helper type 2 cells. Proc Natl Acad Sci U S A. 2004;101:1993–8.
Article 
    PubMed Central 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Tong Q, Tsai J, Hotamisligil GS. GATA transcription factors and fat cell formation. Drug News Perspect. 2003;16:585–8.
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Gregor MF, Hotamisligil GS. Inflammatory mechanisms in obesity. Annu Rev Immunol. 2011;29:415–45.
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Shu CJ, Benoist C, Mathis D. The immune system’s involvement in obesity-driven type 2 diabetes. Semin Immunol. 2012;24:436–42.
Article 
    PubMed Central 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	McNelis JC, Olefsky JM. Macrophages, immunity, and metabolic disease. Immunity. 2014;41:36–48.
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Feuerer M, Herrero L, Cipolletta D, Naaz A, Wong J, Nayer A, et al. Lean, but not obese, fat is enriched for a unique population of regulatory T cells that affect metabolic parameters. Nat Med. 2009;15:930–9.
Article 
    PubMed Central 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Olefsky JM, Glass CK. Macrophages, inflammation, and insulin resistance. Annu Rev Physiol. 2010;72:219–46.
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Stolarczyk E, Vong CT, Perucha E, Jackson I, Cawthorne MA, Wargent ET, et al. Improved insulin sensitivity despite increased visceral adiposity in mice deficient for the immune cell transcription factor T-bet. Cell Metab. 2013;17:520–33.
Article 
    PubMed Central 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Stolarczyk E, Lord GM, Howard JK. The immune cell transcription factor T-bet: a novel metabolic regulator. Adipocyte. 2014;3:58–62.
Article 
    PubMed Central 
    PubMed 
    
                    Google Scholar 
                

	Deiuliis JA, Oghumu S, Duggineni D, Zhong J, Rutsky J, Banerjee A, et al. CXCR3 modulates obesity-induced visceral adipose inflammation and systemic insulin resistance. Obesity. 2014;22:1264–74.
Article 
    PubMed Central 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Kendall MR, Hupfeld CJ. FTY720, a sphingosine-1-phosphate receptor modulator, reverses high-fat diet-induced weight gain, insulin resistance and adipose tissue inflammation in C57BL/6 mice. Diabetes Obes Metab. 2008;10:802–5.
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Bruce CR, Risis S, Babb JR, Yang C, Lee-Young RS, Henstridge DC, et al. The sphingosine-1-phosphate analog FTY720 reduces muscle ceramide content and improves glucose tolerance in high fat-fed male mice. Endocrinology. 2013;154:65–76.
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Pan X, Wang P, Luo J, Wang Z, Song Y, Ye J, et al. Adipogenic changes of hepatocytes in a high-fat diet-induced fatty liver mice model and non-alcoholic fatty liver disease patients. Endocrine. 2015;48:834–47.
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Gerriets VA, MacIver NJ. Role of T cells in malnutrition and obesity. Front Immunol. 2014;5:379.
Article 
    PubMed Central 
    PubMed 
    
                    Google Scholar 
                

	Huber J, Kiefer FW, Zeyda M, Ludvik B, Silberhumer GR, Prager G, et al. CC chemokine and CC chemokine receptor profiles in visceral and subcutaneous adipose tissue are altered in human obesity. J Clin Endocrinol Metab. 2008;93:3215–21.
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                


Download references




Acknowledgments and Disclosures
We thank Miss Francisca Carlson for proofreading the manuscript and Mr. Sary Alsanea for his help in preparing the figures. This work was supported in part by grants from NIH (RO1HL098295).


Author information
Author notes
Authors and Affiliations
	Department of Pharmaceutical and Biomedical Sciences, University of Georgia College of Pharmacy, Athens, Georgia, USA
Linna Yan, Kexiu Song, Mingming Gao & Dexi Liu

	Department of Endocrinology, Tongji University School of Medicine, and Shanghai Tenth People’s Hospital, Shanghai, People’s Republic of China
Kexiu Song & Shen Qu


Authors	Linna YanView author publications
You can also search for this author in
                        PubMed Google Scholar



	Kexiu SongView author publications
You can also search for this author in
                        PubMed Google Scholar



	Mingming GaoView author publications
You can also search for this author in
                        PubMed Google Scholar



	Shen QuView author publications
You can also search for this author in
                        PubMed Google Scholar



	Dexi LiuView author publications
You can also search for this author in
                        PubMed Google Scholar





Corresponding author
Correspondence to
                Dexi Liu.


Additional information
Linna Yan and Kexiu Song contributed equally to this work.


Rights and permissions
Reprints and permissions


About this article
       



Cite this article
Yan, L., Song, K., Gao, M. et al. Modulation of Cell-Mediated Immunity to Suppress High Fat Diet-Induced Obesity and Insulin Resistance.
                    Pharm Res 33, 395–403 (2016). https://doi.org/10.1007/s11095-015-1797-9
Download citation
	Received: 16 June 2015

	Accepted: 16 September 2015

	Published: 28 September 2015

	Issue Date: February 2016

	DOI: https://doi.org/10.1007/s11095-015-1797-9


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        


KEY WORDS
	cyclosporine A
	FTY720
	inflammation
	insulin resistance
	obesity








                    
                

            

            
                
                    

                    
                        
                            
    

                        

                    

                    
                        
                    


                    
                        
                            
                                
                            

                            
                                
                                    
                                        Access this article


                                        
                                            
                                                
                                                    
                                                        Log in via an institution
                                                        
                                                            
                                                        
                                                    
                                                

                                            
                                        

                                        
                                            
 
 
  
   
    
     
     
      Buy article PDF USD 39.95
     

    

    Price excludes VAT (USA)

     Tax calculation will be finalised during checkout.

    Instant access to the full article PDF.

   

  

  
 

 
  
   
    Rent this article via DeepDyve
     
      
     

   

  

  
 


                                        

                                        
                                            Institutional subscriptions
                                                
                                                    
                                                
                                            

                                        

                                    

                                
                            

                            
                                
    
        Advertisement

        
        

    






                            

                            

                            

                        

                    

                
            

        

    
    
    


    
        
            Search

            
                
                    
                        Search by keyword or author
                        
                            
                            
                                
                                    
                                
                                Search
                            
                        

                    

                
            

        

    



    
        Navigation

        	
                    
                        Find a journal
                    
                
	
                    
                        Publish with us
                    
                
	
                    
                        Track your research
                    
                


    


    
	
		
			
			
	
		
			
			
				Discover content

					Journals A-Z
	Books A-Z


			

			
			
				Publish with us

					Publish your research
	Open access publishing


			

			
			
				Products and services

					Our products
	Librarians
	Societies
	Partners and advertisers


			

			
			
				Our imprints

					Springer
	Nature Portfolio
	BMC
	Palgrave Macmillan
	Apress


			

			
		

	



		
		
		
	
		
				
						
						
							Your privacy choices/Manage cookies
						
					
	
						
							Your US state privacy rights
						
						
					
	
						
							Accessibility statement
						
						
					
	
						
							Terms and conditions
						
						
					
	
						
							Privacy policy
						
						
					
	
						
							Help and support
						
						
					


		
	
	
		
			
				
					
					44.195.19.82
				

				Not affiliated

			

		
	
	
		
			
		
	
	© 2024 Springer Nature




	






    