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Abstract
Controlled trials of vitamin supplementation have clarified that, whereas moderately elevated
homocysteine (Hcy) is a risk factor for cardiovascular events, it is not a mediating risk factor in
this regard, but rather is serving as a marker for other metabolic factors that are genuinely
pernicious to vascular health. There is limited evidence that interleukin-6 (IL-6) and tumor
necrosis factor-alpha (TNF-alpha) can suppress methionine adenosyltransferase activity in
hepatocytes – an effect which would be expected to raise plasma homocysteine by lessening
cystathionine beta-synthase activity. Moreover, there is ample reason to suspect that both IL-6
and TNF-alpha play a role in mediating the cardiovascular risk associated with metabolic
syndrome and chronic inflammation – in part by promoting hepatic synthesis of the acute phase
reactant serum amyloid A, which is emerging as a potent determinant of vascular risk. Hence, it
is hypothesized that Hcy’s utility as a vascular risk factor reflects the fact that it can serve as a
marker for elevated plasma levels of IL-6 and TNF-alpha. Further clinical, cell culture, and
epidemiological studies are required to test this hypothesis.

Homocysteine – a Marker but not Mediator of Vascular Risk
Although considerable prospective epidemiology has linked moderate elevations of plasma
homocysteine (Hcy) to increased risk for cardiovascular events, the failure of homocysteinelowering vitamin supplementation to decrease risk for such events in controlled clinical trials
(aside from a possible small reduction in stroke risk that might or might not reflect Hcy
lowering) strongly suggests that can Hcy is serve as a marker for some metabolic state which is
the true mediator of excess cardiovascular risk.1-5 It is proposed here that systemic elevations of
interleukin-6 (IL-6) and tumor necrosis factor-alpha (TNF-alpha), associated with metabolic
syndrome and chronic inflammatory disorders, can increase plasma Hcy via their impact on the
liver, and that these cytokines are genuine mediating risk factors for atherogenic disease.
Cystathionine Beta-Synthase Activity Determines Homocysteine Levels
The predominant catabolic fate of methionine is conversion to homocysteine, following which
the enzyme cystathionine beta-synthase (CS) irreversibly condenses homocysteine with serine to
generate cystathionine.6 In steady state, the net rate at which homocysteine is generated from
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methionine and then converted to cystathionine (the homocysteine flux) is evidently determined
by the habitual dietary intake of methionine. However, at any given rate of methionine intake,
the equilibrium concentration of homocysteine will necessarily vary inversely with the activity
of CS. Not surprisingly, the exceptionally high homocysteine levels associated with
homocystinuria often reflect homozygosity for mutations that severely impair the expression or
activity of CS.6, 7
S-adenosylmethionine (SAM) is a strong allosteric activator of CS, and also boosts its level by
protecting it from proteolysis;6, 8, 9 this makes good sense homeostatically, since when SAM
levels are unduly low, it is desirable to conserve Hcy as a precursor for SAM synthesis. The
elevations of plasma Hcy observed when folate and/or B12 status is poor reflect the fact that
hepatic SAM levels (and hence CS activity) are relatively low owing to inefficiency of the
folate/B12-dependent remethylation pathway that regenerates methionine from Hcy. More
generally, hepatic SAM content can be expected to correlate inversely with plasma Hcy.
Circumstances which put increased demand on hepatic methylating capacity (and hence lower
hepatic SAM) – such as administration of high-dose niacin - are associated with increased
plasma Hcy.10, 11 The Hcy “gender gap” – men tend to have higher levels – likely reflects the
fact that the methyl requirement for hepatic creatine synthesis is greater in men.12, 13
IL-6 and TNF-alpha Mediate Vascular Risk, in Part via Serum Amyloid A
Elevated IL-6, primarily of adipose origin, is a key feature of metabolic syndrome.14 Plasma IL6 correlates directly with risk for coronary disease in prospective studies, and Mendelian
randomization analysis suggests that IL-6 bioactivity is indeed a mediating factor in this
regard.15-19 This could reflect its stimulatory impact on hepatic production of certain acute phase
reactants20 – hepatocyte-specific knockout of the IL-6 receptor suppresses atherogenesis and
vascular remodeling in mice21, 22 - and possibly direct effects on the vasculature.23, 24 Although a
role for plasma TNF-alpha in the mediation of cardiovascular risk associated with metabolic
syndrome is less clear, the favorable impact of anti-TNF therapy on arterial stiffness, carotid
intima-media thickness, and risk for cardiovascular events in patients with rheumatoid arthritis (
who are at greatly increased cardiovascular risk) strongly suggests that TNF-alpha, like IL-6,
participates in the adverse impact of chronic systemic inflammation on vascular health.25-29
It is notable that IL-6 and TNF-alpha interact synergistically in hepatic induction of serum
amyloid A.30, 31 Whereas Mendelian randomization studies have tended to discount the acute
phase reactants C-reactive protein and fibrinogen as mediators of cardiovascular risk,32-37 there is
considerable and growing evidence that serum amyloid A (SAA) may in fact be a mediator of
this risk. SAA plasma levels correlate positively with risk for cardiovascular events, SAA acts
directly on endothelial cells, vascular smooth muscle and monocytes to exert pro-inflammatory
effects, injections of SAA promote atherogenesis in rodents, and polymorphisms of the SAA
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gene have been linked clinically to carotid intima-media thickness and ankle-to-brachial index.3848
Moreover, a number of studies show that statin therapy tends to lower elevated SAA49-53 –
possibly explaining why statin therapy targeting elevated C-reactive protein in normolipemic
patients has been associated with favorable outcomes.54 Hence, in light of evidence that IL-6
and TNF-alpha cooperate to boost SAA expression, it is reasonable to suspect that SAA is a key
mediator of the adverse impact of IL-6 and TNF-alpha on vascular health.
IL-6/TNF-alpha May Boost Homocysteine by Lowering Hepatocyte SAM Levels
The chief source of SAM in mature hepatocytes is methionine adenosyltransferase I/III (MAT
I/III); the enzyme MAT II also participates in SAM generation, primarily in fetal hepatocytes
and in regenerating liver. Frago and colleagues have demonstrated that IL-6 and TNF-alpha
each act on rat primary hepatocytes and on H35 rat hepatoma cells to suppress transcription of
the gene coding for MAT I/III, and to decrease total hepatocyte MAT activity (a reduction of 3447%).55 This phenomenon may play a key role in hepatic regeneration (in which hepatic IL-6
and TNF-alpha are markedly elevated), as SAM has been found to act as an antagonist of the
activity of hepatocyte growth factor.56
If IL-6 and TNF-alpha likewise suppress MAT activity in human hepatocytes, then – assuming
that other factors remain equal - the associated reduction in hepatic SAM would be expected to
reduce CS activity, and hence elevate hepatic and systemic levels of Hcy. A literature search
does indeed reveal several clinical studies in which Hcy levels have been shown to correlate
directly with plasma IL-6 and/or TNF-alpha in patients with diabetes or metabolic syndrome57-61
– albeit such findings have not been universal.62, 63
In aggregate, these considerations suggest that a moderate elevation of Hcy may serve as a
marker for increased plasma levels of IL-6 and/or TNF-alpha, and, in light of the fact that the
latter are likely to play mediating roles in atherogenic disease, this may account for the clear
association between Hcy elevation and cardiovascular risk. And the fact that IL-6 levels tend to
rise with age may help to explain why Hcy likewise increases during aging.64 Further studies
evaluating the impact of IL-6/TNF-alpha on hepatocyte Hcy metabolism (preferably employing
human hepatocytes), assessing clinical correlations of plasma levels of IL-6, TNF-alpha, and
attempting to determine whether correction for IL-6/TNF-alpha markedly attenuates the
association between Hcy and cardiovascular outcomes in epidemiological studies, would be
warranted to test this hypothesis.

3

References
(1) Albert CM, Cook NR, Gaziano JM et al. 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 2008 May 7;299(17):2027-36.
(2) Bazzano LA, Reynolds K, Holder KN, He J. Effect of folic acid supplementation on risk
of cardiovascular diseases: a meta-analysis of randomized controlled trials. JAMA 2006
December 13;296(22):2720-6.
(3) Miller ER, III, Juraschek S, Pastor-Barriuso R, Bazzano LA, Appel LJ, Guallar E. Metaanalysis of folic acid supplementation trials on risk of cardiovascular disease and risk
interaction with baseline homocysteine levels. Am J Cardiol 2010 August 15;106(4):51727.
(4) Clarke R, Halsey J, Lewington S et al. Effects of lowering homocysteine levels with B
vitamins on cardiovascular disease, cancer, and cause-specific mortality: Meta-analysis
of 8 randomized trials involving 37 485 individuals. Arch Intern Med 2010 October
11;170(18):1622-31.
(5) Yang HT, Lee M, Hong KS, Ovbiagele B, Saver JL. Efficacy of folic acid
supplementation in cardiovascular disease prevention: an updated meta-analysis of
randomized controlled trials. Eur J Intern Med 2012 December;23(8):745-54.
(6) Jhee KH, Kruger WD. The role of cystathionine beta-synthase in homocysteine
metabolism. Antioxid Redox Signal 2005 May;7(5-6):813-22.
(7) Miles EW, Kraus JP. Cystathionine beta-synthase: structure, function, regulation, and
location of homocystinuria-causing mutations. J Biol Chem 2004 July 16;279(29):298714.
(8) Prudova A, Bauman Z, Braun A, Vitvitsky V, Lu SC, Banerjee R. S-adenosylmethionine
stabilizes cystathionine beta-synthase and modulates redox capacity. Proc Natl Acad Sci
U S A 2006 April 25;103(17):6489-94.
(9) Pey AL, Majtan T, Sanchez-Ruiz JM, Kraus JP. Human cystathionine beta-synthase
(CBS) contains two classes of binding sites for S-adenosylmethionine (SAM): complex
regulation of CBS activity and stability by SAM. Biochem J 2013 January 1;449(1):10921.
(10) Wang W, Basinger A, Neese RA et al. Effect of nicotinic acid administration on hepatic
very low density lipoprotein-triglyceride production. Am J Physiol Endocrinol Metab
2001 March;280(3):E540-E547.
(11) Basu TK, Makhani N, Sedgwick G. Niacin (nicotinic acid) in non-physiological doses
causes hyperhomocysteineaemia in Sprague-Dawley rats. Br J Nutr 2002
February;87(2):115-9.
4

(12) Stead LM, Au KP, Jacobs RL, Brosnan ME, Brosnan JT. Methylation demand and
homocysteine metabolism: effects of dietary provision of creatine and guanidinoacetate.
Am J Physiol Endocrinol Metab 2001 November;281(5):E1095-E1100.
(13) McCarty MF. Supplemental creatine may decrease serum homocysteine and abolish the
homocysteine 'gender gap' by suppressing endogenous creatine synthesis. Med
Hypotheses 2001 January;56(1):5-7.
(14) Ritchie SA, Connell JM. The link between abdominal obesity, metabolic syndrome and
cardiovascular disease. Nutr Metab Cardiovasc Dis 2007 May;17(4):319-26.
(15) Ridker PM, Rifai N, Stampfer MJ, Hennekens CH. Plasma concentration of interleukin-6
and the risk of future myocardial infarction among apparently healthy men. Circulation
2000 April 18;101(15):1767-72.
(16) Danesh J, Kaptoge S, Mann AG et al. Long-term interleukin-6 levels and subsequent risk
of coronary heart disease: two new prospective studies and a systematic review. PLoS
Med 2008 April 8;5(4):e78.
(17) Hingorani AD, Casas JP. The interleukin-6 receptor as a target for prevention of coronary
heart disease: a mendelian randomisation analysis. Lancet 2012 March
31;379(9822):1214-24.
(18) Sarwar N, Butterworth AS, Freitag DF et al. Interleukin-6 receptor pathways in coronary
heart disease: a collaborative meta-analysis of 82 studies. Lancet 2012 March
31;379(9822):1205-13.
(19) Boekholdt SM, Stroes ES. The interleukin-6 pathway and atherosclerosis. Lancet 2012
March 31;379(9822):1176-8.
(20) Heinrich PC, Horn F, Graeve L et al. Interleukin-6 and related cytokines: effect on the
acute phase reaction. Z Ernahrungswiss 1998;37 Suppl 1:43-9.
(21) Salguero G, Schuett H, Jagielska J et al. Hepatocyte gp130 deficiency reduces vascular
remodeling after carotid artery ligation. Hypertension 2009 November;54(5):1035-42.
(22) Luchtefeld M, Schunkert H, Stoll M et al. Signal transducer of inflammation gp130
modulates atherosclerosis in mice and man. J Exp Med 2007 August 6;204(8):1935-44.
(23) Schuett H, Luchtefeld M, Grothusen C, Grote K, Schieffer B. How much is too much?
Interleukin-6 and its signalling in atherosclerosis. Thromb Haemost 2009
August;102(2):215-22.
(24) Hashizume M, Mihara M. Atherogenic effects of TNF-alpha and IL-6 via up-regulation
of scavenger receptors. Cytokine 2012 June;58(3):424-30.
(25) Avouac J, Allanore Y. Cardiovascular risk in rheumatoid arthritis: effects of anti-TNF
drugs. Expert Opin Pharmacother 2008 May;9(7):1121-8.
5

(26) Maki-Petaja KM, Hall FC, Booth AD et al. Rheumatoid arthritis is associated with
increased aortic pulse-wave velocity, which is reduced by anti-tumor necrosis factoralpha therapy. Circulation 2006 September 12;114(11):1185-92.
(27) Del PF, Lagana B, Lai S et al. Response to anti-tumour necrosis factor alpha blockade is
associated with reduction of carotid intima-media thickness in patients with active
rheumatoid arthritis. Rheumatology (Oxford) 2007 July;46(7):1111-5.
(28) Jacobsson LT, Turesson C, Gulfe A et al. Treatment with tumor necrosis factor blockers
is associated with a lower incidence of first cardiovascular events in patients with
rheumatoid arthritis. J Rheumatol 2005 July;32(7):1213-8.
(29) Cugno M, Ingegnoli F, Gualtierotti R, Fantini F. Potential effect of anti-tumour necrosis
factor-alpha treatment on reducing the cardiovascular risk related to rheumatoid arthritis.
Curr Vasc Pharmacol 2010 March;8(2):285-92.
(30) Thorn CF, Lu ZY, Whitehead AS. Regulation of the human acute phase serum amyloid A
genes by tumour necrosis factor-alpha, interleukin-6 and glucocorticoids in hepatic and
epithelial cell lines. Scand J Immunol 2004 February;59(2):152-8.
(31) Yoshizaki K. Pathogenic role of IL-6 combined with TNF-alpha or IL-1 in the induction
of acute phase proteins SAA and CRP in chronic inflammatory diseases. Adv Exp Med
Biol 2011;691:141-50.
(32) Timpson NJ, Lawlor DA, Harbord RM et al. C-reactive protein and its role in metabolic
syndrome: mendelian randomisation study. Lancet 2005 December 3;366(9501):1954-9.
(33) Casas JP, Shah T, Cooper J et al. Insight into the nature of the CRP-coronary event
association using Mendelian randomization. Int J Epidemiol 2006 August;35(4):922-31.
(34) Kivimaki M, Lawlor DA, Eklund C et al. Mendelian randomization suggests no causal
association between C-reactive protein and carotid intima-media thickness in the young
Finns study. Arterioscler Thromb Vasc Biol 2007 April;27(4):978-9.
(35) Kivimaki M, Lawlor DA, Smith GD et al. Does high C-reactive protein concentration
increase atherosclerosis? The Whitehall II Study. PLoS ONE 2008;3(8):e3013.
(36) Wensley F, Gao P, Burgess S et al. Association between C reactive protein and coronary
heart disease: mendelian randomisation analysis based on individual participant data.
BMJ 2011;342:d548.
(37) Keavney B, Danesh J, Parish S et al. Fibrinogen and coronary heart disease: test of
causality by 'Mendelian randomization'. Int J Epidemiol 2006 August;35(4):935-43.
(38) Johnson BD, Kip KE, Marroquin OC et al. Serum amyloid A as a predictor of coronary
artery disease and cardiovascular outcome in women: the National Heart, Lung, and
Blood Institute-Sponsored Women's Ischemia Syndrome Evaluation (WISE). Circulation
2004 February 17;109(6):726-32.
6

(39) Hua S, Song C, Geczy CL, Freedman SB, Witting PK. A role for acute-phase serum
amyloid A and high-density lipoprotein in oxidative stress, endothelial dysfunction and
atherosclerosis. Redox Rep 2009;14(5):187-96.
(40) Filep JG, El KD. Serum amyloid A as a marker and mediator of acute coronary
syndromes. Future Cardiol 2008 September;4(5):495-504.
(41) Uurtuya S, Kotani K, Koibuchi H, Taniguchi N, Yamada T. Serum amyloid A protein
and carotid intima-media thickness in healthy young subjects. J Atheroscler Thromb 2009
June;16(3):299-300.
(42) Witting PK, Song C, Hsu K et al. The acute-phase protein serum amyloid A induces
endothelial dysfunction that is inhibited by high-density lipoprotein. Free Radic Biol Med
2011 October 1;51(7):1390-8.
(43) Zhao Y, Zhou S, Heng CK. Impact of serum amyloid A on tissue factor and tissue factor
pathway inhibitor expression and activity in endothelial cells. Arterioscler Thromb Vasc
Biol 2007 July;27(7):1645-50.
(44) Wang X, Chai H, Wang Z, Lin PH, Yao Q, Chen C. Serum amyloid A induces
endothelial dysfunction in porcine coronary arteries and human coronary artery
endothelial cells. Am J Physiol Heart Circ Physiol 2008 December;295(6):H2399H2408.
(45) King VL, Thompson J, Tannock LR. Serum amyloid A in atherosclerosis. Curr Opin
Lipidol 2011 August;22(4):302-7.
(46) Dong Z, Wu T, Qin W et al. Serum amyloid A directly accelerates the progression of
atherosclerosis in apolipoprotein E-deficient mice. Mol Med 2011;17(11-12):1357-64.
(47) Xie X, Ma YT, Yang YN et al. Polymorphisms in the SAA1/2 gene are associated with
carotid intima media thickness in healthy Han Chinese subjects: the Cardiovascular Risk
Survey. PLoS ONE 2010;5(11):e13997.
(48) Xie X, Ma YT, Yang YN et al. Polymorphisms in the SAA1 gene are associated with
ankle-to-brachial index in Han Chinese healthy subjects. Blood Press 2011
August;20(4):232-8.
(49) Kanadasi M, Cayli M, Demirtas M et al. The effect of early statin treatment on
inflammation and cardiac events in acute coronary syndrome patients with low-density
lipoprotein cholesterol. Heart Vessels 2006 September;21(5):291-7.
(50) Wiklund O, Mattsson-Hulten L, Hurt-Camejo E, Oscarsson J. Effects of simvastatin and
atorvastatin on inflammation markers in plasma. J Intern Med 2002 April;251(4):338-47.
(51) Schillinger M, Exner M, Mlekusch W et al. Statin therapy improves cardiovascular
outcome of patients with peripheral artery disease. Eur Heart J 2004 May;25(9):742-8.

7

(52) Horiuchi Y, Hirayama S, Soda S et al. Statin therapy reduces inflammatory markers in
hypercholesterolemic patients with high baseline levels. J Atheroscler Thromb 2010 July
30;17(7):722-9.
(53) Hu Y, Tong G, Xu W et al. Anti-inflammatory effects of simvastatin on adipokines in
type 2 diabetic patients with carotid atherosclerosis. Diab Vasc Dis Res 2009
October;6(4):262-8.
(54) Ridker PM, Danielson E, Fonseca FA et al. Rosuvastatin to prevent vascular events in
men and women with elevated C-reactive protein. N Engl J Med 2008 November
20;359(21):2195-207.
(55) Frago LM, Paneda C, Fabregat I, Varela-Nieto I. Short-chain ceramide regulates hepatic
methionine adenosyltransferase expression. J Hepatol 2001 February;34(2):192-201.
(56) Garcia-Trevijano ER, Martinez-Chantar ML, Latasa MU, Mato JM, Avila MA. NO
sensitizes rat hepatocytes to proliferation by modifying S-adenosylmethionine levels.
Gastroenterology 2002 May;122(5):1355-63.
(57) Araki A, Hosoi T, Orimo H, Ito H. Association of plasma homocysteine with serum
interleukin-6 and C-peptide levels in patients with type 2 diabetes. Metabolism 2005
June;54(6):809-14.
(58) Yun J, Kim JY, Kim OY et al. Associations of plasma homocysteine level with brachialankle pulse wave velocity, LDL atherogenicity, and inflammation profile in healthy men.
Nutr Metab Cardiovasc Dis 2011 February;21(2):136-43.
(59) Bogdanski P, Pupek-Musialik D, Dytfeld J, Lacinski M, Jablecka A, Jakubowski H.
Plasma homocysteine is a determinant of tissue necrosis factor-alpha in hypertensive
patients. Biomed Pharmacother 2008 July;62(6):360-5.
(60) Akalin A, Alatas O, Colak O. Relation of plasma homocysteine levels to atherosclerotic
vascular disease and inflammation markers in type 2 diabetic patients. Eur J Endocrinol
2008 January;158(1):47-52.
(61) Abdel Aziz MT, Fouad HH, Mohsen GA, Mansour M, Abdel GS. TNF-alpha and
homocysteine levels in type 1 diabetes mellitus. East Mediterr Health J 2001 July;7(45):679-88.
(62) Veryard L, Jones E, Weaving G et al. Pro-inflammatory cytokines IL-1beta and TNFalpha are not associated with plasma homocysteine concentration in Alzheimer's disease.
Curr Alzheimer Res 2013 February;10(2):174-9.
(63) Erren M, Reinecke H, Junker R et al. Systemic inflammatory parameters in patients with
atherosclerosis of the coronary and peripheral arteries. Arterioscler Thromb Vasc Biol
1999 October;19(10):2355-63.
(64) Ershler WB, Keller ET. Age-associated increased interleukin-6 gene expression, late-life
8

diseases, and frailty. Annu Rev Med 2000;51:245-70.

9

