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Homocysteine (Hcy) is a sulfur-containing amino acid, which 
forms as an intermediate during methionine metabolism. High levels of 
plasma Hcy, also known as hyperhomocysteinemia (HHcy), are always 
associated with kidney insufficiency [4,5,26,31]. Results from recent 
studies have indicated that HHcy downregulates hydrogen sulfide (H2S) 
level [22] and reduces endothelial nitric oxide synthase (eNOS) [18]. 
In addition, through imbalance of matrix metalloproteinases (MMP) 
and tissue inhibitor of metalloproteinases (TIMP), Hcy accumulates 
extracellular matrix (ECM) protein in the peri-glomerular space 
[21,23,24]. These contribute to renovascular remodeling including 
renal fibrosis and dysfunction. Although Hcy is known for independent 
vascular risk factor, the mechanism of renal fibrosis in HHcy is largely 
unknown. In the tissue, Hcy however metabolizes by three endogenous 
enzymes: cystathionine β-synthase (CBS), cystathionine γ-lyase 
(CSE) and 3-mercaptopyruvate sulfurtransferase (3-MST) to produce 
H2S, a gaseous molecule of tremendous biological importance. This 
editorial highlights some of the recent updates and future directions of 
renoprotection by H2S in HHcy. 

Significance 
Several mechanisms are proposed of which, a) sustained and ab-

normal elevation of glomerular arterial wall stress,  b) initiation of com-
plex and progressive glomerular remodeling, and c) renal microvascu-
lar impairment and vasoconstriction [20] are well documented, and 
may contribute to pathophysiological renal disorders during kidney 
insufficiency. The mechanism of glomerulosclerosis and increased wall 
stress in HHcy is due to alter extracellular matrix (ECM) components 
[33,34] in the glomerulus. Among ECM components, collagen, elastin, 
proteinases and their tissue inhibitors play major roles in the formation 
and degradation of ECM under physiological and pathological condi-
tions [29,30]. Matrix metalloproteinases (MMPs) maintain collagen/
elastin homeostasis in the matrix and therefore, contribute to ECM 
modulation. Endogenously MMPs activities are regulated by inhibitors 
of metalloproteinases (TIMPs) [25,28,33]. Although, reduction of Hcy 
level is directly associated with amelioration of MMP activity [24] and 
matrix accumulation in the kidney mesangial cells [33], the mecha-
nism of MMP activation and collagen accumulation in Hcy-induced 
glomerulo-vascular nephropathy is still incompletely defined. On the 
other hand, decreased bioavailability of nitric oxide (NO) is the prima-
ry reason for endothelial injury and vascular dysfunction in HHcy [17]. 
While endothelial NO synthase (eNOS) is the main enzyme producing 
endothelial-dependent NO production [6], the generation of NO from 
eNOS is dependent on many factors. One of them is caveolar protein, 
caveolin-1. Through scaffolding domain caveolin-1 binds to and inhib-
its eNOS [2]. In addition, by increasing intracellular calcium caveolin-1 
indirectly affects eNOS function [32]. Nevertheless, there is a lack of in-
formation to these above mechanisms, which may contribute to HHcy 
related renovascular diseases and deserves thorough investigation. 

While scientists are striving to find out possible mechanism(s) and 
effective therapy, it is important to mention that in the recent past, 
several interventional trials have failed to demonstrate any clinical 
benefit of Hcy-lowering therapy [1,3,7,15,16,27]. There were several 
limitations of these trials, including limitations of Hcy measurement; 
where tissue levels of Hcy were never been measured. Interestingly, 

previous studies from our laboratory have demonstrated elevated tissue 
levels of Hcy in kidney [24] and heart [19]. In HHcy kidney the levels 
of CSE, an enzyme responsible for conversion of Hcy to H2S, (which 
is a potent antioxidant, vasorelaxing and anti-hypertensive agent) was 
decreased [23], suggesting the mechanism of increased tissue levels 
of Hcy in HHcy. Also, this result indirectly emphasized insufficient 
production of H2S in HHcy. In addition, we have recently reported 
that gene therapy of CBS and CSE reduced mesangial inflammation, 
a contributing mechanism of vascular remodeling and dysfunction, 
through H2S generation [22]. 

Challenges 
a) One of the mechanisms by which plasma Hcy increases is CBS

mutation. However, mutation or alteration of methylenetetrahydrofolate 
reductase (MTHFR) gene has been identified in people with 
homocystinuria. While CBS, CSE and 3-MST metabolizes Hcy to 
produce H2S, MTHFR remethylate Hcy in the presence of co-factor 
(such as B12 vitamin) back to methionine, the homocysteine precursor. 
Therefore, in addition to CBS, CSE and 3-MST triple gene therapy, 
exploration of MTHR gene therapy may also delineate whether similar 
results can be achieved by reverting Hcy back to methionine. 

b) The prevalence of modest Hcy elevations in chronic renal disease
is far greater than the prevalence of genetic mutations leading to marked 
HHcy. Although gene therapy can provide a “proof of principle”, studies 
to define relative enzyme activity in the setting of chronic renal disease 
would provide more immediately clinically-relevant information. 

Future directions 
At elevated levels Hcy converts to Hcy-thiolactone [10-

12]. Hcy-thiolactone is a reactive metabolite that causes protein 
N-homocysteinylation through the formation of amide bonds with 
protein lysine residues [11], which alters or impairs the protein’s 
function [12], and has been reported to be elevated in HHcy 
[8,9,13,14]. In addition to caveolin-1 upregulation, it is possible that 
HHcy may homocysteinylate eNOS, which will further decrease NO 
production resulting in renovascular impairment. The H2S has a sulfur 
molecule and may uncouple protein-S-S-Hcy bridge [12], thereby 
dehomocysteinylate protein, including eNOS. Also, Hcy has been 
reported to homocysteinylate Cytochrome c [12] of mitochondrial 
electron transport chain causing depolarization of mitochondria that 
may lead to mitochondrial damage or even death (mitophagy). H2S 
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by cross linking with disulfide bridges may repolarize mitochondria 
and protects from mitophagy. These possible mechanisms need to be 
explored in future. 

Acknowledgements

This work was supported by, in part, NIH grant (HL 104103) to US.

References
1. Albert CM, Cook NR, Gaziano JM, Zaharris E, Mac Fadyen J, et al. (2008) 

Effect of folic acid and B vitamins on risk of cardiovascular events and total 
mortality among women at high risk for cardiovascular disease: a randomized 
trial. JAMA 299: 2027-2036. 

2. Bernatchez P, Sharma A, Bauer PM, Marin E, Sessa WC (2011) A noninhibitory 
mutant of the caveolin-1 scaffolding domain enhances eNOS-derived NO 
synthesis and vasodilation in mice. J Clin Invest 121: 3747-3755. 

3. Bonaa KH, Njolstad I, Ueland PM, Schirmer H, Tverdal A, et al. (2006) 
Homocysteine lowering and cardiovascular events after acute myocardial 
infarction. N Engl J Med 354: 1578-1588. 

4. Bostom AG, Culleton BF (1999) Hyperhomocysteinemia in chronic renal 
disease. J Am Soc Nephrol 10: 891-900. 

5. Buysschaert M, Dramais AS, Wallemacq PE, Hermans MP (2000) 
Hyperhomocysteinemia in type 2 diabetes: relationship to macroangiopathy, 
nephropathy, and insulin resistance. Diabetes Care 23: 1816-1822. 

6. Chen CA, Druhan LJ, Varadharaj S, Chen YR, Zweier JL (2008) Phosphorylation 
of endothelial nitric-oxide synthase regulates superoxide generation from the 
enzyme. J Biol Chem 283: 27038-27047. 

7. den Heijer M, Willems HP, Blom HJ, Gerrits WB, Cattaneo M, et al. (2007) 
Homocysteine lowering by B vitamins and the secondary prevention of deep 
vein thrombosis and pulmonary embolism: A randomized, placebo-controlled, 
double-blind trial. Blood 109: 139-144. 

8. Glowacki R, Jakubowski H (2004) Cross-talk between Cys34 and lysine 
residues in human serum albumin revealed by N-homocysteinylation. J Biol 
Chem 279: 10864-10871. 

9. Jakubowski H (2002) Homocysteine is a protein amino acid in humans. 
Implications for homocysteine-linked disease. J Biol Chem 277: 30425-30428. 

10.	Jakubowski H (1997) Metabolism of homocysteine thiolactone in human cell 
cultures: Possible mechanism for pathological consequences of elevated 
homocysteine levels. J Biol Chem 272: 1935-1942. 

11.	Jakubowski H (2008) The pathophysiological hypothesis of homocysteine 
thiolactone-mediated vascular disease. J Physiol Pharmacol 59 Suppl 9: 155-167. 

12.	Jakubowski H (1999) Protein homocysteinylation: possible mechanism 
underlying pathological consequences of elevated homocysteine levels. 
FASEB J 13: 2277-2283. 

13.	Jakubowski H (2001) Translational accuracy of aminoacyl-tRNA synthetases: 
implications for atherosclerosis. J Nutr 131: 2983S-2987S. 

14.	Jakubowski H, Boers GH, Strauss KA (2008) Mutations in cystathionine 
beta-synthase or methylenetetrahydrofolate reductase gene increase 
N-homocysteinylated protein levels in humans. FASEB J 22: 4071-4076. 

15.	Jamison RL, Hartigan P, Kaufman JS, Goldfarb DS, Warren SR, et al. (2007) 
Effect of homocysteine lowering on mortality and vascular disease in advanced 
chronic kidney disease and end-stage renal disease: a randomized controlled 
trial. JAMA 298: 1163-1170. 

16.	Lonn E, Yusuf S, Arnold MJ, Sheridan P, Pogue J, et al. (2006) Homocysteine 
lowering with folic acid and B vitamins in vascular disease. N Engl J Med 354: 
1567-1577. 

17.	Loscalzo J (1996) The oxidant stress of hyperhomocyst(e)inemia. J Clin Invest 98: 5-7. 

18.	Meye C, Schumann J, Wagner A, Gross P (2007) Effects of homocysteine 
on the levels of caveolin-1 and eNOS in caveolae of human coronary artery 
endothelial cells. Atherosclerosis 190: 256-263. 

19.	Rodriguez WE, Sen U, Tyagi N, Kumar M, Carneal G, et al. (2008) PPAR gamma 
agonist normalizes glomerular filtration rate, tissue levels of homocysteine, and 
attenuates endothelial-myocyte uncoupling in alloxan induced diabetic mice. 
Int J Biol Sci 4: 236-244. 

20.	Rodriguez WE, Tyagi N, Joshua IG, Passmore JC, Fleming JT, et al. (2006) 
Pioglitazone mitigates renal glomerular vascular changes in high-fat, high-
calorie-induced type 2 diabetes mellitus. Am J Physiol Renal Physiol 291: 
F694-701. 

21.	Sen U, Basu P, Abe OA, Givvimani S, Tyagi N, et al. (2009) Hydrogen sulfide 
ameliorates hyperhomocysteinemia-associated chronic renal failure. Am J 
Physiol Renal Physiol 297: F410-419. 

22.	Sen U, Givvimani S, Abe OA, Lederer ED, Tyagi SC (2011) Cystathionine beta-
synthase and cystathionine gamma-lyase double gene transfer ameliorate 
homocysteine-mediated mesangial inflammation through hydrogen sulfide 
generation. Am J Physiol Cell Physiol 300: C155-163. 

23.	Sen U, Munjal C, Qipshidze N, Abe O, Gargoum R, et al. (2010) Hydrogen 
sulfide regulates homocysteine-mediated glomerulosclerosis. Am J Nephrol 31: 
442-455. 

24.	Sen U, Rodriguez WE, Tyagi N, Kumar M, Kundu S, et al. (2008) Ciglitazone, 
a PPARgamma agonist, ameliorates diabetic nephropathy in part through 
homocysteine clearance. Am J Physiol Endocrinol Metab 295: E1205-1212. 

25.	Sharma R, Suzuki K, Nagase H, Savin VJ (1996) Matrix metalloproteinase 
(stromelysin-1) increases the albumin permeability of isolated rat glomeruli. J 
Lab Clin Med 128: 297-303. 

26.	Stam F, van Guldener C, Ter Wee PM, Jakobs C, de Meer K, et al. (2005) Effect 
of folic acid on methionine and homocysteine metabolism in end-stage renal 
disease. Kidney Int 67: 259-264. 

27.	Toole JF, Malinow MR, Chambless LE, Spence JD, Pettigrew LC, et al. (2004) 
Lowering homocysteine in patients with ischemic stroke to prevent recurrent 
stroke, myocardial infarction, and death: the Vitamin Intervention for Stroke 
Prevention (VISP) randomized controlled trial. JAMA 291: 565-575. 

28.	Torres L, Garcia-Trevijano ER, Rodriguez JA, Carretero MV, Bustos M, et 
al. (1999) Induction of TIMP-1 expression in rat hepatic stellate cells and 
hepatocytes: a new role for homocysteine in liver fibrosis. Biochim Biophys 
Acta 1455: 12-22. 

29.	Tummalapalli CM, Tyagi SC (1999) Responses of vascular smooth muscle cell 
to extracellular matrix degradation. J Cell Biochem 75: 515-527. 

30.	Wallner EI, Yang Q, Peterson DR, Wada J, Kanwar YS (1998) Relevance of 
extracellular matrix, its receptors, and cell adhesion molecules in mammalian 
nephrogenesis. Am J Physiol 275: F467-477. 

31.	Wollesen F, Brattstrom L, Refsum H, Ueland PM, Berglund L, et al. (1999) 
Plasma total homocysteine and cysteine in relation to glomerular filtration rate 
in diabetes mellitus. Kidney Int 55: 1028-1035. 

32.	Xu Y, Buikema H, van Gilst WH, Henning RH (2008) Caveolae and endothelial 
dysfunction: filling the caves in cardiovascular disease. Eur J Pharmacol 585: 
256-260. 

33.	Yang ZZ, Zou AP (2003) Homocysteine enhances TIMP-1 expression and cell 
proliferation associated with NADH oxidase in rat mesangial cells. Kidney Int 
63: 1012-1020. 

34.	Yi F, Xia M, Li N, Zhang C, Tang L, et al. (2009) Contribution of guanine 
nucleotide exchange factor Vav2 to hyperhomocysteinemic glomerulosclerosis 
in rats. Hypertension 53: 90-96. 

35.	Yi F, Zhang AY, Li N, Muh RW, Fillet M, et al. (2006) Inhibition of ceramide-
redox signaling pathway blocks glomerular injury in hyperhomocysteinemic 
rats. Kidney Int 70: 88-96.

http://www.ncbi.nlm.nih.gov/pubmed/18460663
http://www.ncbi.nlm.nih.gov/pubmed/21804187
http://www.ncbi.nlm.nih.gov/pubmed/16531614
http://www.ncbi.nlm.nih.gov/pubmed/10203375
http://www.ncbi.nlm.nih.gov/pubmed/11128359
http://www.ncbi.nlm.nih.gov/pubmed/18622039
http://www.ncbi.nlm.nih.gov/pubmed/16960155
http://www.ncbi.nlm.nih.gov/pubmed/14701829
http://www.ncbi.nlm.nih.gov/pubmed/12093791
http://www.ncbi.nlm.nih.gov/pubmed/8999883
http://www.ncbi.nlm.nih.gov/pubmed/19261978
http://www.ncbi.nlm.nih.gov/pubmed/10593875
http://www.ncbi.nlm.nih.gov/pubmed/11694633
http://www.ncbi.nlm.nih.gov/pubmed/18708589
http://www.ncbi.nlm.nih.gov/pubmed/17848650
http://www.ncbi.nlm.nih.gov/pubmed/16531613
http://www.ncbi.nlm.nih.gov/pubmed/8690803
http://www.ncbi.nlm.nih.gov/pubmed/16616146
http://www.ncbi.nlm.nih.gov/pubmed/18690293
http://www.ncbi.nlm.nih.gov/pubmed/16609149
http://www.ncbi.nlm.nih.gov/pubmed/19474193
http://www.ncbi.nlm.nih.gov/pubmed/20943958
http://www.ncbi.nlm.nih.gov/pubmed/20395677
http://www.ncbi.nlm.nih.gov/pubmed/18780770
http://www.ncbi.nlm.nih.gov/pubmed/8783637
http://www.ncbi.nlm.nih.gov/pubmed/15610249
http://www.ncbi.nlm.nih.gov/pubmed/14762035
http://www.ncbi.nlm.nih.gov/pubmed/10524225
http://www.ncbi.nlm.nih.gov/pubmed/10536373
http://www.ncbi.nlm.nih.gov/pubmed/9755118
http://www.ncbi.nlm.nih.gov/pubmed/10027940
http://www.ncbi.nlm.nih.gov/pubmed/18423600
http://www.ncbi.nlm.nih.gov/pubmed/12631082
http://www.ncbi.nlm.nih.gov/pubmed/19029489
http://www.ncbi.nlm.nih.gov/pubmed/16688115

	Title
	Corresponding author
	Acknowledgements
	References
	Significance
	Challenges
	Future directions

