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Abstract 

Background 
Globally, cardiovascular diseases (CVD), including myocardial infarction (MI) 
and stroke, are the leading cause of illness and death and constitute a significant 
part of the disease burden in Sweden and Western Europe. Age, hypertension, 
smoking, obesity, dyslipoproteinemia, diabetes, and impaired renal function are 
considered established risk factors for CVD. However, these factors do not 
explain all MI cases, and much is still unknown. Homocysteine is a sulfur-
containing amino acid used in clinical practice as a biomarker of functional 
vitamin B12 and folate status. Earlier observational studies have shown 
associations with higher plasma homocysteine concentrations (tHcy) and CVD. 
The causal relationship between tHcy and MI has been debated as homocysteine-
lowering prevention studies have not shown a protective effect on MI, although 
there may be a protective effect on ischemic stroke. Still, tHcy is a prognostic 
biomarker or risk determinant of MI. There is a need for more knowledge on the 
pathophysiologic mechanisms of how homocysteine interacts with its 
determinants, and other risk factors, on the risk of MI. 

Aims 
The overall aim of the thesis was to expand knowledge about how homocysteine, 
as a risk determinant, can have an impact on cardiovascular disease. Specifically, 
the purposes were to explore the associations between tHcy, determinants of 
homocysteine and risk factors of CVD, and the associated risk of prospectively 
developing a first-ever MI. 

Material and methods 
In papers I, III, and IV, a prospective incident nested case-referent study design 
was used with 545 cases of MI and 1054 matched referents. In paper II the design 
was cross-sectional, comparing strictly defined smokers and snus users. All study 
subjects emanated from the Northern Sweden Health and Disease Study 
(NSHDS). Blood samples stored frozen at -80ºC were later thawed, and analyses 
of biomarkers for renal function, lipids, B-vitamins, tHcy, cotinine, and genetic 
polymorphisms related to homocysteine metabolism were performed.  

Results 
In a prospective setting, folate, but not tHcy, was positively associated with 
apolipoprotein A1 (Apo A1). The association was seen among referents and not 
among those later developing an MI.  



 

iv 

Among strictly defined smokers and snus users, cotinine was positively 
associated with tHcy among smokers but not among snus users, despite higher 
cotinine concentrations in snus users. No association was observed between tHcy 
and the number of cigarettes/day. 
 
The CTH G1208T and MTHFR A1298C polymorphisms were, among women, 
associated with a higher risk of developing a first-ever MI with a fatal outcome. 
No such associations were seen among men or all MI patients. Further, no 
associations were seen between the MTHFR C677T polymorphism and the risk 
of having an MI, fatal or non-fatal.  
 
Mild impairment of renal glomerular function defined by eGFRcystatin C 

/eGFRcreatinine ratio and the associated risk of MI is previously not studied 
prospectively. In the present study, a lower eGFRcystatin C/eGFRcreatinine ratio was 
associated with a higher risk of later developing a first-ever MI among women, 
both when analyzed as a continuous variable and across the quartiles of the 
ratio. These associations did not appear among men. 

Conclusions 
The independent association of folate but not tHcy with Apo A1 emphasizes the 
need to adjust for possible confounding effects in studies on homocysteine and 
endpoints or biomarkers. The results suggest a possible link between one-carbon 
metabolism and lipid metabolism.  
 
The independent association between cotinine and tHcy in smokers and not 
among snus users indicate that nicotine per se may not mediate higher tHcy 
concentrations. Cotinine concentrations in plasma appeared as a better predictor 
of tHcy than self-reported smoking data. Thus, whenever possible, self-reported 
smoking should be supplemented by biomarkers, such as cotinine, in 
epidemiological studies.  
 
After outcome stratification, fatal or non-fatal MI, the associated higher risk 
among women of a fatal MI and CTH G1208T and MTHFR A1298C 
polymorphisms, respectively, may indicate that women with the minor alleles risk 
having a more serious MI leading to death than women with the wild-type alleles.  
 
In a prospective setting, the eGFRcystatin C/eGFR creatinine ratio was associated with 
an increased risk of later developing a first-ever MI among women. The 
eGFRcystatin C/eGFRcreatinine ratio may be a tool, easily implemented at clinical 
laboratories, for evaluating the risk of having a future first-ever MI. 
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Abbreviations 

AMI  acute myocardial infarction 
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Enkel sammanfattning på svenska 

Bakgrund 
Hjärtinfarkt och stroke står för en stor del av sjukdomsbördan i Sverige. I vår 
västerländska befolkning har hjärt- och kärlsjukligheten minskat under 2000-
talet men hör fortfarande till de sjukdomar som orsakar mest sjukdom och 
dödlighet globalt. Välkända riskfaktorer som ålder, högt blodtryck, övervikt, 
rökning, diabetes och blodfettsrubbningar anses kunna förklara en stor andel av 
insjuknandet, men det finns familjer som drabbas hårdare än andra och det är 
fortfarande mycket som inte är förklarat eller känt.  

Homocystein är en aminosyra som bildas i kroppen och används i klinisk rutin i 
sjukvården som biomarkör för B-vitamin brist. I tidigare observationsstudier har 
man dessutom sett en ökad risk för hjärtkärl sjukdom vid förhöjda 
homocysteinnivåer. Det är inte klarlagt att homocystein i sig själv är en orsakande 
faktor för insjuknande i hjärtinfarkt men det är en klar prognostisk biomarkör 
och det är möjligt att den påverkar insjuknandet i stroke. Det är därmed 
intressant att undersöka hur homocystein kan bidra till den ökade risken, via 
andra riskfaktorer eller möjliga mekanismer. De viktigaste faktorerna som 
påverkar nivån av homocystein är folat och vitamin B12 men även till exempel 
njurfunktionen kan påverka koncentrationen i blodet.  

Hjärtkärlsjukdom föregås i blodkärlen av en process som kallas åderförkalkning 
eller åderförfettning. Det innebär att den innersta kärlväggen i artären byggs upp 
av fett och fibrös vävnad och bildar till slut ett plack. Åderförkalkning har som 
begrepp använts länge men det är en komplex process där mycket fortfarande är 
okänt. Den sker över lång tid innan det leder till sjukdom och det är därför 
fördelaktigt att kunna studera material som är insamlat innan individer har fått 
symtom och blivit sjuka, vilket möjliggörs med biobanksmaterial. 

Blodfettpartiklar finns i olika former i blodet och mäts till exempel som total 
kolesterol, low-density lipoprotein (LDL) kolesterol och high-density lipoprotein 
(HDL) kolesterol. I dessa lipoproteiner finns också apolipoproteiner. 
Apolipoprotein A1 (Apo A1) hittar man framför allt i HDL fettmolekyler och 
cellstudier har visat att genuttrycket av Apo A1 påverkas av homocystein. Ett 
möjligt samband mellan högre nivåer av HDL/Apo A1 och lägre risk för 
hjärtkärlsjukdom har setts. Tidigare har HDL kallats det goda kolesterolet och 
gör det fortfarande ibland. Enligt senare kunskap är det inte entydigt sant längre. 
Apolipoprotein B (Apo B) finns bland annat i LDL fettmolekyler och högre nivåer 
är direkt relaterade till en ökad risk för att insjukna i hjärt-kärlsjukdom. 
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Rökning är en välkänd riskfaktor för hjärt-kärlsjukdom och i cigaretter finns 
nikotin tillsammans med många andra komponenter. Studier har visat att rökare 
har högre nivåer av homocystein än icke-rökare men orsaken är inte känd. Det är 
heller inte välstuderat hos snusare. Genom att mäta kotinin som är en 
nedbrytningsprodukt av nikotin i blod kan man jämföra sambanden hos rökare 
och snusare och studera om nikotinet är det som möjligen leder till högre 
homocystein nivåer.  

Det finns några vanliga genvarianter i enzymer som påverkar 
homocysteinomsättningen men också bildandet av divätesulfid. Divätesulfid är 
ett ämne i kroppen som på liknande sätt som kväveoxid påverkar 
hjärtkärlfunktionen. Kväveoxid används i klinisk rutin bland annat som akut 
behandling i samband med kärlkramp och hjärtinfarkt medan kliniska 
behandlingsstudier med divätesulfid pågår i dagsläget. 

Nedsatt njurfunktion är en känd riskfaktor för hjärt-kärlsjukdom. 
Njurfunktionen har länge bedömts med hjälp av biomarkören kreatinin i blodet, 
och de senaste 15 åren har även cystatin C införts som njurfunktionsmarkör i 
klinisk rutin inom sjukvården. Formler har utarbetats och förfinats för att 
beräkna (estimera) njurfunktionen i form av glomerulär filtrations hastighet 
(eGFR). De senaste åren har man beskrivit nedsatt njurfunktion med ett nytt 
begrepp; ”krympt por syndrom” och det kan liknas vid att porerna i njuren 
skrumpnar. Kreatinin och cystatin C påverkas olika av de skrumpna porerna, och 
genom att mäta dessa ämnen i blodet och jämföra dem i form av en beräknad kvot 
(eGFRcystatin C/eGFR kreatinin), kan de användas som ett tidigt tecken på nedsatt 
njurfunktion och diagnostik av krympt por syndrom. Inga prospektiva studier 
med avseende på eGFRcystatin C/eGFR kreatinin kvoten och hjärtinfarkt är gjorda 
tidigare. 

Hypoteser och mål 
Det övergripande målet med avhandlingen var att öka kunskapen om hur 
homocystein som riskdeterminant kan vara relaterat till hjärt-kärlsjukdom hos 
kvinnor och män. Syftet var att utforska sambanden mellan homocystein, dess 
determinanter och kända riskfaktorer för hjärt-kärlsjukdom samt undersöka 
sambanden med risken att insjukna i en första hjärtinfarkt.  

De specifika målen i arbetena var: 

1. Att undersöka om homocystein och dess viktigaste determinanter folat, 
vitamin B12 och genvariationer är associerade med Apo A1 och om 
sambanden skiljer mellan personer som senare insjuknar i hjärtinfarkt 
jämfört med de personer som inte drabbas av hjärtinfarkt. 
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2. Att studera om rökning påverkar homocysteinkoncentrationer i 
blodplasma mer än vad snus gör. Samt att undersöka om kotinin 
koncentrationer är starkare kopplat till homocystein än själv-
rapporterad mängd rökning. 

3. Att studera om vanliga genvariationer i enzymer som påverkar 
homocysteinomsättningen även påverkar risken att senare i livet 
insjukna i en första hjärtinfarkt och om det är någon skillnad i 
sambanden för dem som avlidit av sin hjärtinfarkt inom 28 dagar. 

4. Att undersöka om ett nytt mått för njurfunktion ”krympt-por syndrom” 
kvot är associerat med risken att senare i livet insjukna i en första 
hjärtinfarkt. 

Material och metoder 
Studierna utgår från Northern Sweden Health and Disease Study (NSHDS), en 
insamlad biobank med tillhörande enkätdata och blodprover tänkta att kunna 
sparas och användas framöver. Materialet kommer från individer i Norrbotten 
och Västerbotten och är insamlat via befolkningsstudierna Västerbotten 
Intervention Programme (VIP), MONItoring of trend and Determinants in 
CArdiovascular Disease survey (MONICA) och Mammography Screening Project 
(MSP). Vid deltagande i befolkningsstudierna besvaras enkäter om 
sjukdomshistoria, aktuella mediciner och livsstils frågor. Blodtryck, längd och 
vikt mäts, samt kolesterol och blodsocker analyseras. Med detta upplägg kan man 
gå tillbaka för att undersöka vad som kan finnas i blodet innan sjukdom inträffar. 

I tre av delarbetena (I, III och IV) studerade vi 545 individer som drabbats av 
hjärtinfarkt (fall). Alla var undersökta och hade lämnat blodprov innan de 
insjuknat. Dessa jämfördes mot 1054 personer (kontroller) som inte drabbats av 
hjärtinfarkt och med motsvarande ålder, kön, ort och tidpunkt för deltagande i 
NSHDS. Hjärtinfarkt diagnoserna genomgicks och klassades enligt gemensamma 
WHO kriterier. Information om förekomst av riskfaktorer, sjukdomshistoria och 
aktuell medicinering hämtades in.  

Delarbete II utformades som en tvärsnittsstudie utgående från 1375 personer. 
Enkätdata för rökning och snusning samt information om förekomst av 
riskfaktorer analyserades. Vi grupperade strikt in de som endast rökte, respektive 
snusade eller aldrig hade använt tobak. 

I delarbete III studerade vi även gruppen bland hjärtinfarkter som inneburit att 
patienterna avlidit inom 28 dagar och undersökte sambandet med vanliga 
variationer i några gener som påverkar homocystein men också tillgängligheten 
av divätesulfid.  
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Material från biobanken användes till båda studiepopulationerna. Efter förvaring 
i lågtempererade frysar (-80º C) tinades blodproverna och njurfunktionsprover, 
blodfetter, B-vitaminer, homocystein, kotinin och genvariationer analyserades. 

Resultat  
Artikel I: Homocystein var inte associerat med mängden blodfettpartiklar med 
Apo A1 utan istället var Apo A1 associerat med högre nivåer av folat. Detta 
samband sågs hos personer i kontrollgruppen som inte drabbats av hjärtinfarkt. 
 
Artikel II: Högre nivåer av nikotins nedbrytningsprodukt kotinin var associerat 
med högre nivåer av homocystein hos rökare men inte hos snusare. Kotinin i 
plasma hade ett tydligare samband med homocystein jämfört med 
självrapporterad mängd rökning. 

Artikel III: För kvinnor sågs ett samband mellan vanliga genvarianter för 
enzymer som påverkar homocysteinomsättningen och ökad risk att drabbas av 
en hjärtinfarkt med dödlig utgång. Motsvarande samband sågs inte bland män.  

Artikel IV: En lätt nedsatt njurfunktion uttryckt som ”krympt-por syndrom” kvot 
var för kvinnor associerat med en ökad risk att senare i livet insjukna i 
hjärtinfarkt. Ett tydligare samband sågs mellan den beräknade kvoten och risken 
jämfört med om kreatinin eller cystatin C beräkningar användes separat. Bland 
män sågs inte samma samband. 
 

Slutsatser 
De slutsatser som avhandlingen visar, är att en av homocysteins viktigaste 
determinanter, folat, är relaterad till mängden av blodfettpartiklar med Apo A1 
hos de som inte insjuknar i hjärtinfarkt. Detta indikerar att studier om 
homocystein vid sjukdom behöver ta hänsyn till dess determinanter. Resultaten 
stödjer också en möjlig påverkan av folat på genuttrycket av Apo A1.  

Kotinin har ett samband med homocystein bland rökare men inte snusare, vilket 
talar för att det inte är nikotinet i tobak som orsakar högre nivåer av homocystein 
hos rökare utan sannolikt andra substanser som bildas när man röker tobak. Att 
homocystein hade ett samband med kotinin i plasma men inte till 
självrapporterad mängd rökning visar på behovet av att objektivt mäta 
biomarkörer som komplement till enkätdata.  

Sambandet mellan vanliga genvariationer i enzymer som påverkar 
homocysteinomsättningen och ökad risk att drabbas av en hjärtinfarkt med 
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dödlig utgång sågs bland kvinnor men inte män. Fynden talar för att de 
biokemiska processerna som leder till hjärtinfarkt kan skilja sig något åt hos män 
och kvinnor. 

Lätt nedsatt njurfunktion uttryckt som sänkt kvot för krympt-por syndrom var 
associerat med ökad risk att insjukna i en första hjärtinfarkt för kvinnor men inte 
män. Kvoten kan vara en möjlig markör för hjärtkärlsjukdom i framtiden. 
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Background 

Homocysteine  
Homocysteine is a sulfur-containing amino acid derived from methionine, an 
essential amino acid in the diet. It was first identified in mentally disabled 
children with an inborn error of metabolism; homocystinuria, in 1962 by Carson 
and Neill (1). The reduced function in the enzyme cystathionine β-synthase 
(CBS), causing very high homocysteine levels detected as homocystin in urine, 
was later described (2). This patient group suffered from premature 
atherosclerosis, stroke, and other forms of thromboembolism (3). In 1969 
McCully presented the idea that moderately high homocysteine concentrations 
might be related to CVD, based on a comparison of a patient with an abnormality 
in vitamin B12 metabolism and a patient with CBS deficiency. The vascular 
pathology observations were very similar, and both patients had elevated 
homocysteine, though abnormality in separate metabolic pathways led to this 
conclusion. 

Homocysteine is formed in the methionine and folate cycles as part of the one-
carbon metabolism providing methyl groups (one-carbon units) (see Figure 1). 
The methyl groups are essential for cellular function and are involved in 
synthesizing DNA, polyamines, amino acids, creatine, and phospholipids (4). The 
methionine and folate cycle occurs in all tissues in mammals (5).  

 

Figure 1. Homocysteine metabolism; the folate and methionine metabolic cycle, and the 
transsulfuration pathway. Enzymes:1=Methionine adenosyltransferase, 2=S-Adenosylmethinonine-
dependent methyltransferase, 3=S-Adenosylhomocysteine hydrolase, 4=5-
Methyltetrahydrofolate:homocysteine methyltransferase, 5=Betaine:homocysteine 
methyltransferase, 6= cystathionine β-synthase (CBS), 7= Cystathionine gamma-lyase, 8=Serine 
hydroxyl-methyltransferase, 9=5,10-methylenetetrahydrofolate reductase (MTHFR), 
10=Tetrahydrofolate dehydrogenase 
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The transportation of methyl groups from folate passes through remethylation of 
homocysteine and conversion to S-adenosyl-methionine (SAM), the donor of 
methyl groups in most methylation reactions.  

There are many genetic polymorphisms in methionine and folate metabolism, 
and rare mutations resulting in inborn errors of metabolism can also be found. 
They affect enzyme activity or receptor functions. The most studied gene in this 
metabolism is the methylenetetrahydrofolate gene. Two polymorphic variants, 
methylenetetrahydrofolate reductase (MTHFR) C677T rs1801133 and MTHFR 
A1298C rs1801131, were identified about 30 years ago and are shown to lead to a 
mild reduction in the enzyme function, which in turn is linked to mild and 
moderate hyperhomocysteinemia (6). Further on, as the MTHFR C677T 
polymorphism has a more pronounced effect on function, this polymorphism has 
most often been included in studies. 

The transsulfuration pathway 
An alternative pathway for homocysteine is catabolism in the irreversible 
transsulfuration pathway. First, it is converted to cystathionine by CBS, 
dependent on vitamin B6 as a cofactor. In the next step, cystathionine is 
converted to cysteine by the B6-dependent enzyme cystathionine gamma-lyase 
(CSE), coded by the CTH gene. CSE can generate hydrogen sulfide (H2S) either 
from cysteine or homocysteine. These enzymes involved in the transsulfuration 
pathway are present in the liver, kidney, heart, vasculature, brain, and small 
intestine (7, 8), and they have been found in the circulation, secreted by 
endothelial cells and hepatocytes. 

As H2S and cysteine are involved in a wide variety of physiological processes, the 
production is under strict control and critical for the maintenance of optimal 
cellular function. CSE can use homocysteine alone to generate H2S, and under 
conditions of hyperhomocysteinemia, it is responsible for the clearance of 
homocysteine, unlike CBS, which is unresponsive under these conditions (9). The 
transsulfuration pathway and the production of the peptide glutathione are 
linked as cysteine is one of the contained amino acids. Excesses of either SAM or 
homocysteine may also be excreted from the cell to the liver and kidney for 
extraction and metabolizing.  

Homocysteine in plasma 
Most of the plasma homocysteine is bound to plasma proteins, mainly to albumin 
but exists physiologically also in reduced and oxidized (homocystin) forms (10). 
A small amount of homocysteine exists in free form. Current biochemical 
methods include a reduction process to determine the total amount of 
homocysteine (tHcy) in plasma (11). 
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In the literature, upper reference interval limits for fasting tHcy vary between 10-
18 µmol/L for serum and plasma (12), and populations with folate enrichment 
often have a lower reference interval. In Sweden in the counties Norrbotten and 
Västerbotten, the origin of the study base used in this thesis, the reference interval 
at the Clinical Chemistry Departments is <15 µmol/L in serum and plasma for 
individuals from the ages of 12 years and above, and children 0-12 years, and 
pregnant women, <10 µmol/L. Albeit hyperhomocysteinemia is most often 
defined by tHcy values >15 µmol/L in scientific studies (13), an increase in risk 
can be observed at lower concentrations (14).  

Determinants of homocysteine  
Vitamin B12 (cobalamin), and folate (vitamin B9), are the most critical 
determinants of tHcy. Homocysteine accumulates if there is a functional 
deficiency of vitamin B12, folate, or both. In most subjects, vitamin B6 is not a 
determinant of fasting tHcy. Elevated tHcy concentrations can be a consequence 
of all diseases interfering with the uptake of folate or B12, for example, atrophic 
gastritis, after gastric bypass, malabsorption in the small intestine, celiac disease, 
pancreatic disease, and inflammatory intestinal disease. Reduced hepato-biliary 
recirculation may also lead to B12 deficiency. Drugs that can interfere with B12 
are gastric acid-blocking drugs such as proton pump inhibitors.  

Vitamin B12 consists of a group of physiologically active substances with complex 
molecular structures, all involving a cobalt atom in the center. Vitamin B12 is 
transported in plasma by haptocorrin (previously transcobalamin I) and 
transcobalamin (previously transcobalamin II). Only the transcobalamin bound 
fraction can use receptor-mediated uptake in the cells and therefore is the 
bioactive fraction. Transcobalamin accounts for 16-20% of endogenous plasma 
vitamin B12, and the remaining B12 is bound to haptocorrin (15). Haptocorrin is 
released by granulocytes, but the function is unknown. Vitamin B12, bound to 
transcobalamin, is taken up by hepatocytes, stored in the liver, and released in 
blood to meet physiologic demands. The liver storage usually is sufficient for daily 
metabolic requirements for more than five years.  

Reference intervals of serum or plasma vitamin B12 vary widely, depending on 
the laboratory and the method used. Deficiency has been defined as a 
concentration less than 150 pmol/L (16). It is to be noted that concentrations 
within reference intervals may not reflect adequate vitamin B12 status because 
tissue stores can be draining, while plasma concentrations may be maintained.  

Folates are a family of compounds that function as coenzymes and methyl donors 
in the processing of one-carbon units (17). Folate in the diet is enzymatically 
hydrolyzed from polyglutamated forms to monoglutamates in the enterocyte  



 

4 

 

brush border. The monoglutamated forms are then absorbed in cells in the colon. 
After cellular uptake in the intestine, most folate enters the circulation as 
tetrahydrofolates (THF). Folate usually is present in various forms in human 
serum, but the dominant form is 5-methyl tetrahydrofolate (5-MTHF). If 
cobalamin deficiency is present, folate is trapped as 5-MTHF. Folic acid is 
commonly used in supplements.  

Lifestyle factors have an impact on tHcy concentrations. Smoking is a known 
determinant, with reported higher tHcy concentrations among smokers (18-22) 
and lower concentrations of B-vitamins, including folate (22) and vitamin B12 
(23). In smokers, the lower concentrations of folate may reflect a lower dietary 
intake of vegetables than in non-smokers (24). 

Overconsumption of ethanol may influence tHcy. Dietary habits may be affected. 
A well-known fact is that high ethanol intake will reduce intestinal uptake of B-
vitamins, including folate. There are also many effects on the liver (17), one 
resulting in reduced uptake of haptocorrin-bound B12 from plasma. Thus, 
recirculation of B12 via the bile fluid to the duodenum, followed by binding to 
intrinsic factor and receptor-mediated B12-uptake in the intestine, will be 
reduced. Thus, tHcy will increase despite a high B12 in plasma, which mainly 
consists of inactive haptocorrin-bound B12. The intestinal microbiota may also 
be affected which can have an effect on folate uptake (25). 

The main genetic determinant of tHcy is the common variant in the MTHFR-
gene, C677T (26). In Sweden, homozygotes for the minor T allele comprise about 
8% of the population, see Table 1 in papers I and II, respectively. These subjects 
have higher tHcy, which is more pronounced in cases with low folate status (<7 
nmol/L) or when P-Folate is in the lower range of the reference interval (<15 
nmol/L). There are many more SNP:s influencing tHcy (27). Different variants of 
genes coding for enzymes in the metabolism of B12, folate, and B6 are also 
examples with known or possible influences on tHcy (26-28). Also, variations in 
receptors of cellular uptake of B12 and folate, for example, the soluble 
transcobalamin receptor, sCD320 (29), may affect tHcy concentrations.  

The renal glomerular function influences tHcy (30). The association between 
tHcy and creatinine is complex. Methyl groups are needed for the synthesis of 
creatine. Thus, homocysteine may accumulate because of creatinine synthesis. 
Homocysteine may also increase due to a lower GFR, reflected by an increase in 
creatinine. 
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Cardiovascular disease and myocardial infarction 
Cardiovascular disease (CVD) includes diseases of the heart, vascular diseases of 
the brain, and diseases of blood vessels. CVD is the leading cause of all deaths in 
the world (31). The subgroup coronary heart disease (CHD) is the major cause of 
death and ischemic heart disease (IHD) the leading cause of all health loss 
globally, and in 2015 there was an estimation of 7.29 million acute MI (32). In 
2020 in Sweden, CVD caused 27 973 deaths (33). A myocardial infarction (MI) 
occurs when the blood supply is reduced, and the affected myocardium becomes 
ischemic and necrotic. This is most often caused by thrombus formation in the 
lumen of coronary arteries. 

Atherosclerosis and atherothrombosis 
Atherosclerosis manifests in all major vascular structures, and when it affects 
the hearth's own circulation, it can cause acute coronary syndromes, including 
MI. Stable angina, i.e., chest pain or discomfort caused by insufficient perfusion 
of the heart muscle, can be a consequence. Other manifestations are ischemic 
strokes and transient cerebral ischemic attacks. In the abdominal aorta, an 
aneurysm can be formed.  
 
The atherosclerotic process is a gradual, complex disorder of the arteries, 
evolving over time, and the exact pathophysiological process is still in many 
aspects unclear. Figure 2 shows an overview picture of atherosclerosis. It can be 
described in three phases; initiation, progression, and complications (34). The 
normal artery has a subendothelial trilaminar structure consisting of the intima, 
media, and adventitia. The healthy endothelium maintains balance in the 
vascular homeostasis via different functions, including constriction and 
dilatation of the blood vessels, anticoagulation, fibrinolysis, proliferation, and 
inhibition of smooth muscle cells, and leukocyte interactions (35). Endothelial 
cell dysfunction can impair the crucial regulation within the arterial wall. Nitric 
oxide (NO) is an important regulator, and its production process is subject to 
both transcriptional and post-translational regulation. H2S also has a prominent 
role in regulating endothelial and cardiovascular function (36). 
 
The atherosclerotic plaque is formed in the innermost layer of the intima. 
Initially, Low-density lipoprotein (LDL) particles accumulate and undergo 
oxidation and other modifications (34). Constituents of oxidized LDL particles 
may induce inflammation, and pro-inflammatory monocytes then enter the 
intima. Monocytes circulating in the bloodstream can bind to adhesion 
molecules expressed by activated endothelial cells. Chemoattractant cytokines, 
chemokines can promote the monocytes into the artery wall. Monocytes then 
mature into macrophages expressing scavenger receptors that can bind  
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lipoprotein particles and become foam cells. From the media, smooth muscle 
cells migrate into the intima and contribute to the accumulation of smooth 
muscle cells in the growing atherosclerotic plaque. During the progression of 
plaques, over the years, these cells can proliferate and produce extracellular 
matrix molecules such as collagen and elastin, as well as proteoglycans and 
glycosaminoglycans. This process leads to a thickening of the intimal layer and 
later the formation of an established plaque. 
 

 

Figure 2. Atherosclerosis. By courtesy of Encyclopædia Britannica, Inc., copyright 2007; used with 
permission. 

 
The leading cause of acute MI and sudden death is the rupture of vulnerable 
plaques in the coronary artery. Activated macrophages increase the production 
of the enzymes metalloproteinases that degrade the interstitial collagen. This 
destabilizes the fibrous cap, which increases the susceptibility of plaque rupture 
(37). Significant thrombus formation can alternatively result from superficial 
intima erosions without evidence of plaque rupture, which has been suggested 
to be a consequence of endothelial cell apoptosis with localized endothelial 
denudation. 
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Risk marker, risk determinant and risk factor 
Historically biomarkers have been used for many decades in etiologic and clinical 
research, beginning with seminal studies of infectious diseases followed by 
research on chronic diseases such as CVD (38). A biomarker is a biological 
observation, objectively measured and evaluated, that substitutes for a clinically 
relevant endpoint or intermediate outcome (39). Often a biomarker has the 
advantage of being more accessible and less expensive than direct measurement 
of the final clinical endpoint. Risk stratification of CVD could be improved when 
new variables are identified and used in conjunction with established risk factors 
in models (40). The term "risk" can be explained as a danger or hazard or the 
probability of suffering harm (41). The Swedish agency for health technology 
assessment and assessment of social services defines the term as "a characteristic 
or condition that indicates an increased risk of a person getting one or more 
diseases." A more distinct differentiation between related terms is (42):  

• Risk marker = an attribute or an exposure that is linked to an increased 
risk of disease without a causal link. 

• Risk determinant = an attribute or an exposure that is linked to an 
increased risk. A causal relationship may exist but has not been shown. 

• Risk factor = risk determinant that is probably causally linked to 
increased disease risk and can modify the disease risk during an 
intervention. 

Causality  
In epidemiological research, causality means that the exposure must always 
precede an effect in time. It is important to emphasize that 
correlation/association does not equal causation. To qualify as a causal risk 
factor, ideally, removal or modification of the factor will prevent or ameliorate 
the disease.  

The classical essay by Sir Austin Bradford Hill describes nine perspectives that 
one should consider before deciding if an association is causally linked; strength, 
consistency, specificity, temporality, biologic gradient, plausibility, coherence, 
experimental evidence, and analogy (43). These criteria form the basis of the 
evaluation of causality. Still, the author Hill was ambivalent about their use and 
did not advocate the strict use of them, and common sense should also be applied, 
assessing cause and effect. Observational studies cannot prove causality. 
Randomized controlled trials (RCT) are considered the gold standard for 
establishing a causal relationship. However, to study the effect of biomarkers, an 
RCT is often not an alternative. One methodological approach to obtain a more 
reliable indication of a potential causal role of biomarkers is the use of Mendelian 
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randomization (MR) (44). The basis of MR studies is the principle of random 
allocation for genes, and if a gene variant is responsible for a higher concentration 
of a biomarker, the random allocation of the gene creates a randomized trial of 
low versus high concentrations of a biomarker. Since the conditions are set from 
birth and onward, long-term effects can be assessed. For tHcy, the MTHFR C677T 
polymorphism is an example (45), though there are limitations to consider 
regarding MR and homocysteine, compared to assumptions and the ideal model 
of MR depicted in Figure 3.  

 
Figure 3. The ideal model of Mendelian randomization. No arrows are present between the gene and 
possible confounding factors, and the gene and the disease, respectively. 

The term “reverse causality” describes the dilemma of “the chicken or the egg.” 
This is considered one of the most important biases in cardiovascular research 
and needs attention when conclusions about possible causal relationships are 
made (46). For the debated causal relationship between tHcy and CVD, a 
discrepancy has been noted between prospective and retrospective case-control 
studies. This may be due to reversed causation. Prospective studies minimize the 
risk of this bias.  

Risk factors of cardiovascular disease 
The ongoing Framingham Heart study started in 1948 in the United States of 
America (USA) as a health research project in Framingham, Massachusetts. 
Together with other epidemiologic cohorts, they contributed in the second half of 
the 20th century to shift focus from treatment of established cardiovascular 
disease to the prevention of the disease in those at risk (47, 48). Later on, many 
prospective population-based and clinical studies have identified independent 
cardiovascular risk factors; increasing age, male sex, smoking, hypertension, 
dyslipidemia, obesity, and diabetes. Several of these are integrated into risk 
scores (49). 

At the beginning of the 1980s in the USA, the Coronary Primary Prevention Trial, 
including men, demonstrated that cholesterol-lowering treatment reduces the  
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incidence of CHD (50). The cholesterol metabolism and particularly the role of 
the low-density lipoprotein (LDL) receptor were described by Joseph L. Goldstein 
and Michael S. Brown, rewarded with Nobel Prize in medicine in 1985 (51).  

Between 1990 and 2017, the leading risk factors of overall early death and 
disability changed considerably (52), from being child wasting, short gestation 
for birth weight, and low birth weight for gestation, to the five leading risks in 
2017; high systolic blood pressure (SBP), smoking, high fasting plasma glucose, 
high body-mass index (BMI), and short gestation for birthweight.  

Lipids 
Dyslipidemia plays a central role in the development of atherosclerotic CVD, and 
lipid modification is a cornerstone to reducing cardiovascular risk (53). Lipids, 
whether synthesized or absorbed from the diet, must be transported to various 
tissues for lipid deposition, energy utilization, steroid hormone production, and 
bile acid formation. Due to their relatively aqueous insolubility, they are 
transported in plasma in macromolecular complexed lipoproteins. These 
complexes also contain apolipoproteins. Low-density lipoprotein cholesterol 
(LDL-C) in plasma is a measure of the cholesterol mass transported by LDL 
particles, the most frequent lipoprotein that carries apolipoprotein B (Apo B). 
Apo B contains a binding site that causes LDL-C to be deposited in tissues' 
extracellular matrix (ECM). In the ECM, LDL-C is prone to oxidation (54) and is 
involved in the atherosclerotic process. 
 
Apo B exists in two forms, apo B-100 and apo B-48, where apo B-100 is the most 
common in plasma in the fasting state. Every LDL particle has a single apo B 
polypeptide on it. The clinical benefit of LDL-C lowering therapies is determined 
by the reduction of the number of circulating LDL particles, and this is estimated 
by apo B. However, LDL particle mass is often proportional to the absolute 
reduction in the molarity of LDL particles as they will be concordant (55, 56).  
 
Evidence for the causal association of LDL-C and atherosclerotic CVD is 
considered compelling (57, 58). A log-linear relationship between the absolute 
change in LDL-C and the risk of atherosclerotic CVD has been demonstrated in 
epidemiological studies as well as in RCTs and MR studies (55, 59).  
 
Apolipoprotein A-II (Apo A-II), and A1 (Apo A1), in a ratio of 1:3, are the major 
proteins in high-density lipoprotein (HDL). HDL is previously described to be 
the most important part of reverse cholesterol transport, maintaining 
cholesterol homeostasis by removing excess cholesterol from peripheral cells to 
the liver. This process is more recently referred to as HDL-mediated trafficking 
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of cholesterol, and the pathway has been identified as more complex involving 
other lipoproteins as well. In contrast to the LDL-particle, which is associated  
with some other proteins (60), the HDL-particle is much more complex in 
function as it transports many different proteins. Recently, around 1000 HDL-
associated proteins have been described (61). Besides proteins involved in lipid 
metabolism and transport, many other proteins are found engaged in 
hemostasis/protease inhibition, immune response, inflammation, metal 
binding, transport of fat-soluble vitamins, and binding to cells and heparin.  
 
The variable non-HDL is recently implemented in SCORE2 (49). This is an 
estimate of the total concentration of all apo B-containing lipoproteins. It is 
suggested that the reduced risk of atherosclerotic CVD seen with triglyceride-
lowering treatment by fibrates is mediated by the changes in triglyceride-rich 
lipoproteins estimated by non-HDL (53, 59). It is a calculated parameter (total 
cholesterol - HDL cholesterol), which can be presented from clinical laboratories 
without further measurements. 
 
Lipoprotein(a), [Lp(a)] is recognized as one of the most proatherogenic 
lipoproteins. It is structurally related to LDL, and to each particle, one apo B-100 
particle is linked (62). To this apo B-100, a carbohydrate-rich protein named 
apolipoprotein (a) [apo a] is bound with a single disulfide bond. The apo (a) can 
consist of different-sized isoforms, described as large, high molecular weight, or 
small, low molecular weight forms, depending on the number of kringle units. It 
is believed that LMW isoforms are more atherogenic than HMW, but probably 
due to their greater particle concentration than to the particle characteristics. The 
composition of Lp(a) in an individual is genetically determined (63). Lp(a) in 
mg/dL refers to the amount of cholesterol transported in Lp(a) particles. These 
methods do not discriminate between a few big particles vs. a high number of 
small particles (64). The method measuring nmol/L, i.e., number of particles, is 
less influenced by isoform size. Therefore, there is a discordance between Lp(a) 
mass and Lp(a) particles, a situation similar to that of LDL vs. apo B. There are 
no established lipid-lowering treatments to reduce Lp(a) specifically, but there 
are ongoing trials. The proprotein convertase subtilisin/kexin type 9 (PCSK9) 
inhibitors increase the numbers of LDL-cholesterol receptors on the surface of 
liver cells by blocking the receptor degradation and thereby increasing the turn-
over of LDL-C in plasma. They have been shown to reduce Lp(a) levels (65), and 
this might independently reduce the CHD risk (66). 

Hypertension 
Hypertension is an established risk factor of CVD, and high blood pressure 
treatment will decrease the risk of CVD, heart failure, atrial fibrillation, chronic 
kidney disease, and peripheral arterial disease (67). In recent years, the definition 
of hypertension has remained as SBP ≥140 mmHg and or diastolic blood pressure  
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(DBP) ≥ 90 mmHg (68). More intensive blood pressure lowering, including SBP 
below 140 mmHg, has shown additional benefits in high-risk patients (69). 

Tobacco use 
Smoking is one of the major preventable lifestyle-related risk factors for CVD. 
Globally it is responsible for 10% of all CVD cases (70). Smoking delivers nicotine 
increases inflammation, thrombosis, and oxidation of low-density lipoprotein 
cholesterol (71). Other key processes in the smoking-induced atherogenesis 
initiation and endothelial dysfunction include a decrease of high-density 
lipoprotein (70).  

The associated risk between CVD and moist smokeless tobacco, snus is less 
studied than smoking. It is mainly a Swedish phenomenon but is used in Nordic 
countries, and is becoming popular in the USA as well, e.g., in sports circles. A 
pooled analysis of observational studies on snus use and MI risk showed no 
associated risk (72), but an increased risk of ischemic heart disease (IHD) deaths 
may exist. Meta-analyses on the risk of IHD and acute MI specifically have found 
no excess risk among snus users (73, 74).  
 
In recent years, new forms of tobacco “heat-not-burn tobacco products” have 
been introduced on the market, sometimes launched as less harmful than 
combusted nicotine products. Current evidence suggests they are not without risk 
for cardiovascular health (75). 

Diabetes Mellitus 
The two primary forms of diabetes are type 1 (T1DM) and type2 (T2DM), of which 
the latter is much more common. Worldwide the prevalence of diabetes continues 
to increase, and in 2017, 60 million adult Europeans were estimated to have 
T2DM, half of them undiagnosed (76). Predictions are made that more than 600 
million individuals will develop T2DM By 2045, and the effects of this condition 
on cardiovascular health create further public health challenges. T1DM usually 
occurs at earlier ages and is caused by the destruction of pancreatic islet β-cells, 
leading to insulinopenia. T2DM differs from T1DM, and a sedentary lifestyle and 
obesity often accompany the former. Insulin concentrations may be normal, 
decreased, or increased, and the major part of this patient group has impaired 
insulin action.  

The importance of strict lifestyle management, risk factor control, and good 
glucose levels is emphasized in guidelines (77), as individuals with diabetes 
mellitus have a doubled risk of CVD (78). 
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Obesity 
In the papers of this thesis, obesity was assessed by BMI, calculated after 
measurements of height and weight. As a marker for obesity, increased BMI is a 
cardiovascular risk factor traditionally used in ischemic heart disease, and it is 
also a risk factor for all-cause mortality (79). Obesity can be assessed with 
different measurements such as hip and waist circumferences. The magnitude of 
the relationship of hip and waist circumferences compared to BMI with CVD 
mortality has been broadly the same (80). BMI has been reported to be inversely 
associated with tHcy (81), but the contrary has been seen in adjusted models (82). 

Renal function and hyperfiltration 
Chronic kidney disease is a well-known risk factor for CVD. This is partly due to 
the high prevalence of traditional risk factors such as diabetes and hypertension 
(83). However, the associations of renal function and albuminuria with 
cardiovascular risk are independent of these established risk factors. Even mild 
impairment of renal glomerular function is associated with an increased risk of 
CVD and death (84).  

In general, the glomerular filtration rate (GFR), together with assessment of the 
integrity of the filtration barrier by investigation of present albuminuria/ 
proteinuria, are the most valuable indices to assess severity and progress of 
kidney damage. 

The “gold standard” method for determining GFR is considered to be the urinary 
clearance of inulin, an exogenous marker, although this is not used in clinical 
routine. A simpler and more common exogenous alternative is the non-
radioactive contrast agent iohexol, which can be administrated as a single-bolus. 
Though more straightforward, it still needs high-pressure liquid chromatography 
(HPLC) or liquid chromatography/tandem mass spectrometry (LC-MS/MS) 
technique to be measured. Instead, the endogenous biomarkers creatinine and 
cystatin C, with validated GFR estimations (eGFR), are used in high-volume 
throughput clinical use. Cystatin C-based GFR-estimations (eGFRcystatin C) are 
superior to GFR-estimations based upon creatinine (eGFRcreatinine) to predict 
CVD, end-stage renal disease, death, and hospitalization (85-88). GFR can be 
estimated with different formulas, though in Sweden, the Caucasian, Asian, 
Pediatric, Adult cohorts (CAPA) for eGFRcystatin C (89) and Lund-Malmö-Revised 
formula (LMrev) (90, 91) for eGFRcreatinine are the most commonly used. From an 
international perspective, CKD-EPI equations for cystatin C and creatinine-based 
eGFR are recommended in the USA (92). 

A GFR reduction is not seen in the early stage of impaired renal function. 
Creatinine (0.118 kDa), a small molecule, and cystatin C, with a larger molecular 
mass (13.3 kDa), have different renal sieving coefficients (93). Depending on the 
type of kidney affection, this difference quantitated by the ratio  
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eGFRcystatin C/eGFRcreatinine is suggested as a more refined estimate of glomerular 
function, and this ratio can add clinical prognostic value (93-95). The term 
“Shrunken pore Syndrome” (SPS) was introduced in the later years, initially 
defined as eGFRcystatin C, being less than 60% of eGFRcreatinine (96). However, the 
eGFRcystatin C/eGFRcreatinine ratio is also used as a continuous variable. 

Glomerular hyperfiltration implying increased GFR is often a part but not always 
present in the initiation of chronic kidney disease (CKD). The definition of 
hyperfiltration differs among studies (97), and different GFR formulas are used, 
which entails comparison somewhat tricky. Cardiovascular disease (98) and all-
cause mortality (99) have been found to be associated with glomerular 
hyperfiltration based on creatinine, and only a few have used cystatin C (100). 
The association was independent of other cardiovascular risk factors in the cross-
sectional Tromsø study on subclinical coronary atherosclerosis and 
hyperfiltration based on iohexol clearance (101, 102). We have shown that 
smoking is independently associated with a higher eGFRcreatinine among men and 
women, but not eGFRcystatin C (103). 

C-reactive protein 
The sensitive, non-specific inflammation marker C-reactive protein (CRP) is well 
established as a biomarker of systemic inflammation. In CVD, CRP 
concentrations below those seen in infections, but above values considering 
healthy, can be a marker of the atherosclerotic process. Even lower values < 2 
mg/L can predict an increased risk of CVD (104, 105). CRP itself can enhance the 
inflammatory and prothrombotic response, although it has not been proven that 
it actually participates in atherogenesis and CHD pathogenesis. The meta-
analyses for the U.S. Preventive Service Task Force (106) show strong evidence 
that CRP and CHD events are associated. Adding CRP to risk stratification among 
initially intermediate-risk persons can improve risk stratification. There is not 
sufficient evidence that reduction of CRP levels prevents CHD events. 

Genetics 
Evidence that a family history of CVD in a parent or sibling is associated with CVD 
has been developed over the years. Potentially related genes have been explored 
in genome-wide linkage studies and gene association studies with candidate 
genes (107). The genome-wide association studies (GWAS) have added the 
possibility of discovering new genes, and more than 320 candidate genes have 
been identified contributing to the risk of coronary artery disease (CAD) and MI 
(108). Most of the SNPs are located on DNA sequences that do not code for 
proteins, which makes interpretation of the biological functions and 
pathophysiological processes challenging. There are only a few monogenic 
disorders linked to CVD, for example, variants in the gene encoding LDL-receptor 
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protein, apolipoprotein B, or in the PCSK9 genes. These variants cause familiar 
hypercholesterolemia (109), one of the most common genetic cardiovascular 
diseases with a prevalence of 0.3-0.5% in Sweden, but it is considered an 
underdiagnosed condition. It is characterized by elevated LDL cholesterol. 
Though these single variations are scarce, they confer a high risk of premature 
CVD and MI. Still, most CAD and MI cases are polygenic disorders and, adding 
to this influenced by environmental factors. GWAS studies have the potential to 
detect associations but not causation. A given SNP that may be useful in risk 
prediction may not play a prominent role in the pathophysiology of the disease. 
The MR studies have the possibility to support causality and study life-long 
exposure of, for example, LDL-C compared with RCTs with LDL-lowering 
treatment during a shorter time (110). Several MR studies of lipids have 
strengthened the casual relation between CVD and LDL-C, triglycerides (58, 111), 
and apo B (112), respectively. The recent MR study investigated the associations 
of the polymorphisms in the NPC1L1 gene (target of ezetimibe) and the HMGCR 
gene (target of statins) with CHD (56). The results suggested that LDL's effects 
on the atherosclerotic CVD risk appear to be by both the absolute magnitude of 
exposure to LDL and the duration.  

The association of HDL-C with CHD has, in contrast, not shown a similar robust 
association in studies (58, 112). Therefore, the causal relationship is more 
uncertain between CVD and HDL and apo A1, respectively.  

Homocysteine, its determinants, and cardiovascular disease 
During the last 30 years, many studies have been published, exploring tHcy and 
folate concentrations with CVD, as well as prevention studies on CVD. The large 
secondary prevention trials with high-dose vitamin therapy of B6 (pyridoxine), 
B9 (folic acid), and B12 (cobalamin) were initiated in the 1990s in subjects with 
established vascular disease. Cardiovascular disease in the NORVIT and HOPE2 
trials (113, 114) and in the VISP (115), cerebrovascular diseases were included. 
The treatment periods were at most five years. They showed no reduction in 
stroke or heart attack or improvement in mortality from these interventions. In 
HOPE2, a significant 24% reduction in stroke was observed from B vitamin 
therapy (114). A subgroup analysis of VISP participants without malabsorption of 
B12 or renal failure had a significant 21% reduction in adverse events (116). In 
subjects with advanced vascular disease and adequate dietary B vitamins, these 
intervention studies showed little benefit of high-dose B vitamins.  

In a meta-analysis from 2010 including fourteen studies of RCT of folate 
supplementation and CVD (117), no overall effect of primary cardiovascular 
clinical end points, relative risk (RR) 1.02 and 95% confidence interval (CI) 0.93-
1.13, p = 0.66) or stroke, RR 0.95 (CI 0.84-1.08), p = 0.43) were proven. 
Specifically, risks of primary clinical CVD events were 1.06 (CI 1.00-1.13) in strata  
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with mean baseline tHcy levels >12 µmol/L and 0.94 (CI 0.86-1.03) in strata with 
baseline tHcy levels <12 µmol/L(117).  

In a meta-analysis using the MTHFR C677T polymorphism as a MR approach to 
assessing tHcy levels and CVD risk, previously unpublished data set were 
included to avoid publication bias (118). The study showed that lifelong moderate 
tHcy elevation has little or no effect on CHD. Previously published studies are 
suggested to reflect publication bias or methodological problems, though the 
tHcy concentrations were not measured in this study population.  

The Cochrane meta-analyses from 2017 on tHcy-lowering interventions and MI 
as an outcome showed RR 1.02 (CI 0.95-1.10) (119). There is still a need for 
additional trials comparing tHcy-lowering interventions combined with 
antihypertensive medication versus antihypertensive medication and tHcy-
lowering interventions at high doses versus tHcy-lowering interventions at low 
doses (119).  

The meta-analysis of MTHFR C677T, A1298C, and MI (120), showed an increased 
risk of MI in African populations, but not in European, Asian, and North 
American populations for the MTHFR C677T polymorphism. Furthermore, in 
North American populations, CT genotype was associated with a decreased risk 
of MI. No significant associations between the A1298C polymorphism and MI 
were evident.  

Wang et al. were first to describe the CTH G1208T rs1021737 polymorphism, 
previously annotated either as G1364T or C1352T, in patients with 
cystathioninuria (121). They also found increased tHcy concentrations among 
homozygotes (122). The associated risk with CVD is only studied with a 
retrospective design, including a small number of individuals. One recent study 
with coronary artery bypass grafting (CABG) patients (n=178) and controls 
(n=156) did not show any significant different frequency among cases and 
referents. Another CTH study with the insertion allele of CTH rs113044851 
showed less susceptibility to sudden cardiac death (SCD) in subjects with the 
insertion allele in a dominant model. The possible role of the CTH gene 
polymorphism in cardiovascular pathology are thus unsettled.  

The most recent Cochrane meta-analysis considering tHcy and renal function 
published 2016 showed that tHcy-lowering treatment in dialysis patients led to 
little or no effect on cardiovascular mortality; 4 studies, 1186 participants, RR 
0.93 (CI 0.70-1.22) (123) and the secondary outcome, fatal and non-fatal MI 
showed RR 1.04 (CI 0.66-1.62).  

 



 

16 

The association between eGFRcystatin C/eGFRcreatinine ratio and tHcy has not been 
assessed previously. 

Homocysteine and atherosclerosis 
The mechanistic role of tHcy in the atherosclerotic process remains largely 
unknown. However, some biochemical mechanisms by which high 
concentrations of tHcy contribute to atherosclerosis have been summarized as 
the following (124, 125) in Table 1. 
 
 
Table 1. Biochemical mechanisms of hyperhomocysteinemia suggested to contribute to the 
atherosclerotic process. 

Process Mechanism Resulting effect 
Hypomethylation Increased formation of 

SAH from SAM. 
Inhibits biological 
transmethylation 

Metabolic conversion of Hcy 
to Hcy-thiolactone 

Results in a chemically 
reactive metabolite. 

Protein homocysteinylation by 
thiolactone may contribute to 
Hcy toxicity in humans, and 
Hcy-thiolactone and N-Hcy-
protein can induce 
endoplasmic reticulum (ER) 
stress. It also leads to foam cell 
formation from phagocytosis of 
LDL aggregates 

The redox status of 
aminothiols 

Hcy represents part of the 
redox-thiol system, 
Changes in extra- or 
intracellular Hcy 
concentrations may alter 
redox-thiol status. 

Could modulate the activity of 
nuclear transcription factor-kB 
(NF-kB) and the folding of 
newly synthesized 
glycoproteins in the ER, which 
depends on the proper 
formation of intra-chain 
disulfide bonds. 

Oxidative stress Hcy generates reactive 
oxygen species through 
auto-oxidation.  

Can cause endothelial cell 
injury. 

Oxidative stress Decreases the expression of 
antioxidant enzymes or 
through nitrosylation by 
binding to nitric oxide 
(NO) to form Hcy-NO. 

May induce cell injury 

 
 

Epigenetics  
Epigenetics can be described as the mechanisms that regulate which gene will be 
transcribed and hence translated to a protein in a specific cell type. These 
mechanisms can be heritable states but also results from modifications in 
chromatin structure at histone tails site and nucleotide series, occurring without 
alterations in the DNA sequence (126). The epigenetic markers are propagated in 
mitosis and transmitted to the next generation. However, throughout life, some  
 



 

17 

of these markers may be changed by, for instance, starvation, toxic chemicals, 
radiation, hyperglycemia, cancerization, age (the “epigenetic clock”), etc. The 
epigenome is thus paradoxically both transgenerational and thus long-term 
stable, and yet to some degree dynamic throughout life. Methylation is the most 
studied epigenetic mechanism in mammalian cells, and 5-methyl 
tetrahydrofolate is the primary source of methyl groups used, for example, by 
DNA methyltransferases in methylation reactions. This epigenetic mechanism 
may either activate or silence a gene, mainly targeting promotor sites of genes. In 
atherosclerosis, altered DNA methylation patterns, both hypo-and 
hypermethylation, are suggested to be secondary to a decrease in SAM, which is  
highly dependent on the bioavailability of vitamin B12 and folate (127). One 
carbon metabolism can possibly be linked to lipid metabolism through folate-
dependent epigenetic effects such as the modulation of peroxisome proliferator-
activated receptor (PPAR) α in mice (128, 129). PPARs represent a family of 
ligand-activated nuclear hormone receptors belonging to the steroid receptor 
superfamily, which of three isotypes α, δ, and γ, have been described (130). 
Fibrates, used in CVD treatment, act as PPAR α agonists and have been shown to 
upregulate the human Apo A1 gene transcription, but the exact mechanism in 
humans is not known (131, 132). The PPAR γ acting as a transcriptional regulator 
of lipid metabolism appears to play an important role within the endothelium, 
controlling metabolic and vascular responses to high fat diet, and the 
pharmacologic effects of certain anti-diabetic agents (133). It is suggested that 
elevated concentrations of tHcy results in hypermethylation of this promoter 
regions resulting in reduced gene expression, contributing to cardiomyopathy. In 
obesity other mechanisms such as an interaction with the microbiota and mediate 
programmed cell death; pyroptosis in adipocytes, and interactions with 
transcription factors like zinc finger protein 407, are proposed (134). 
 
It has also been described that the toxic substance formaldehyde can form when 
THF and other folate derivates decompose by oxidation or in conjunction with 
other epigenetic demethylations (135). Formaldehyde can damage DNA, but the 
toxicity is limited by the route involving the enzyme alcohol dehydrogenase. 
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Aims 

The overall aim of the thesis was to expand knowledge about how homocysteine, 
as a risk determinant, can be connected to cardiovascular disease. Specifically, 
the purposes were to explore the associations between tHcy, determinants of 
homocysteine and risk factors for cardiovascular disease, and the associated risk 
of prospectively developing a first-ever myocardial infarction. 

The study-specific aims were: 

1. To investigate if tHcy and its major determinants folate, vitamin B12, and 
MTHFR polymorphism are correlated with Apo A1 levels in a population 
without folate fortification. Also, to investigate if this correlation was 
present among those who did and did not develop a first-ever myocardial 
infarction. 

 
2. To investigate if smoking is a stronger determinant for tHcy in plasma 

than the smokeless tobacco product snus after adjustment for potential 
confounders. We also wanted to explore whether plasma cotinine 
concentrations were a better predictor of tHcy concentrations than self-
reported smoking data. 

 
3. To study the associations of the polymorphisms CTH G1208T, rs1021737, 

MTHFR C677T, rs1801133, and MTHFR A1298C, rs1801131 with the 
prospective risk of developing a fatal or non-fatal myocardial infarction. 
Also, investigate the tHcy concentrations among MTHFR C677T, 
A1298G, and CTH G1208T genotypes, respectively. 
 

4. To test the hypothesis that an impaired renal function defined by the 
eGFRcystatin C/eGFRcreatinine ratio independently associates with an 
increased risk of a first-ever myocardial infarction. 
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Materials and Methods 

Study population 
All subjects in the studies emanate from Norrbotten and Västerbotten in Sweden 
and the Northern Sweden Health and Disease Study (NSHDS). It consists of three 
sub-cohorts; The Northern Sweden Monitoring of trends and determinants in 
cardiovascular disease (MONICA) project, the Västerbotten Intervention 
Programme (VIP), and the local Mammography screening project (MSP), merged 
for research purposes.  

The Västerbotten Intervention Programme, VIP 
VIP started in 1985 in the Västerbotten municipal Norsjö as a pilot project of a 
community intervention program for cardiovascular and diabetes prevention. 
The aim was to reduce morbidity and mortality from CVD and diabetes, and the 
program is still ongoing (136). In the VIP, all men and women at 30, 40, 50, and 
60 years of age were invited to the local primary health care center for a physical 
examination, answering a questionnaire, and donating blood samples for future 
research. The invitation of 30-year-old subjects was discontinued by the end of 
1995. By December 2009, 132747 answered questionnaires, and 114791 blood 
samples had been collected. The mean participation has been between 57-65%. 

The Northern Sweden MONICA project 
In the early 1980s, the World Health Organization (WHO) established the 
MONICA project to monitor trends and risk factors in ischemic cardiovascular 
morbidity and mortality (137). In the Northern Sweden MONICA project, the first 
participant was included in 1986. A random sample of inhabitants was invited in 
1986 and 1990; 1000 men and 1000 women between the ages of 25-64 years. In 
the following surveys (1994, 1999, 2004, 2009, and 2014), 2500 inhabitants aged 
25-74 were invited. The three latest investigations are not used in the present 
studies. The mean participation rate was 77%. The Northern Sweden MONICA 
study is continued, but the planned invitation for the 2020 survey was postponed 
due to the covid-19 pandemic situation.  

In the Northern Sweden MONICA project, a similar approach as in the VIP was 
used, concerning anthropometry measurements, blood samples, OGTT, 
cholesterol measurements, and lifestyle and diet questionnaires completion. 
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The mammography screening project, MSP 
The MSP was founded in 1995. The women within the age of 40-70 years 
attending their local mammography screening examination every two or three 
years were asked to donate blood samples (138). The participants completed a 
short questionnaire. It was finished in 2006 and then included 28 790 women 
(blood samples and/or questionnaire). The participation rate was about 57% for 
the donation of blood samples.  

Questionnaires 
The participants in VIP and MONICA are asked to complete a comprehensive 
questionnaire on several lifestyle factors, including social background, tobacco- 
and alcohol use, physical activity, social support, demand and control at work, 
migration, heredity, and history of CVD and when applicable menopause and 
hormonal therapy. One part includes a food frequency questionnaire. A trained 
nurse obtained information about medications. The questionnaires have been 
validated (139). MSP has a shorter questionnaire on reproductive factors, 
medicines, and smoking habits. In the MONICA screening of 2022, questions 
regarding covid-19 have been added.  

Blood collection  
Participants are informed about fasting for at least four hours in the MONICA 
and VIP projects. In the MSP the time since the last meal was registered. After 
15 minutes of rest in a sitting position, venous blood samples were drawn into 
evacuated tubes containing EDTA. Plasma was obtained by centrifugation at 
1500 g for 15 minutes. Plasma, buffy coat, and packed red cells are aliquoted in 
smaller plastic tubes and frozen within one hour. The samples are stored frozen 
at -80º C until analysis or DNA preparation.  
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Study cohort and design I, III, and IV  
These studies were conducted with a prospective incident nested case-referent 
study design. The prospective design is possible since blood samples and 
information about exposure are available and collected before the outcome 
development. The term "nested" describes that the study subjects are participants 
in a larger study base, in this case, the NSHDS. Identification of cases and 
referents in the studies were performed by linking with personal numbers, the 
study base, and the Northern Sweden MONICA incidence registry. An incident 
case-referent study is less time-consuming and more cost-effective than cohort 
studies, where the cases are compared to all subjects in the study base. This 
approach is well suited, while biomarkers entail costs in this study.  

Case identification  
All cases with fatal and non-fatal first MI and suspected fatal MI; ICD-9 410, ICD-
10 I21-3 from 25 years of age, and from January 1, 1985, to December 31, 1999, 
were included. In the MONICA study, the recording of MI cases included the ages 
between 25-64 years of age. For the NSHDS, an additional recording was 
conducted to include individuals over 64 years of age. The case identification was 
made standardized, following WHO and MONICA criteria (140). Performing the 
case ascertainment, research nurses screened general practitioners' reports, 
hospital records, death certificates, and autopsy reports.  

MI events that were fatal by the 28th day from the onset of symptoms were 
classified as fatal (paper III) (141). Exclusion criteria for MI cases were previous 
MI, stroke, or a cancer diagnosis within five years before and one year after MI. 
Cases with lipid-lowering drugs (N=5) were excluded. In paper IV, Figure 2, a 
flowchart describes the inclusion of study participants. Finally, 545 MI cases were 
included from VIP (n=431), MONICA (n=44) and MSP (n=70), respectively. 

After 2009, MI cases of all ages have been included in the Northern Sweden 
MONICA incidence registry. 

Referent selection 
When possible, up to six referents per case were selected from the initial study 
base. Matching was made for age (±2 years), sex, date of health examination, and 
geographical site. 

For referents, exclusion criteria were MI, stroke, cancer, or death before the time 
of diagnosis of the index case or moving out of the region. For later biochemical 
analyses, the two first referents were selected. Referents with lipid-lowering 
drugs (n=4) were excluded. One thousand fifty-four referents were finally 
included (for details, see paper IV, Figure 2). 
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Study variables I, III, and IV 

Blood pressure and hypertension 
In the MONICA survey, blood pressure was measured after 5 minutes of rest in a 
sitting position. In every subject, two measurements were performed, and the 
mean value was registered. In the VIP, blood pressure was measured after rest in 
a horizontal position. An adjustment was made for sitting posture based on a 
comparison between sitting and horizontal positions in subjects from the VIP  
health screening. In the MSP, blood pressure was not measured. Hypertension 
was defined as SBP ≥ 140 mm Hg and/or DBP ≥ 90 mm Hg and or use of 
antihypertensive medication during a period of 14 days before the health 
examination.  

Body mass index (BMI) 
Subjects were weighed in indoor clothing and without shoes. Measurements of 
height were without shoes. BMI was calculated as weight (kilograms) divided by 
height (meters squared).  

Diabetes 
Information on diabetes was obtained from the questionnaire, and at the health 
examination, fasting glucose concentrations were measured in plasma with a 
Reflotron® bench-top analyzer (Boehringer Mannheim GmbH, Mannheim, 
Germany). A two-hour glucose tolerance test was performed using 75 g glucose 
dissolved in 300 mL water. The definition of diabetes was a fasting plasma 
glucose ≥ 7.0 mmol/L and or post-load plasma glucose ≥ 11.0 mmol/L (12.2 
mmol/L in VIP, in which capillary plasma was used) and or self-reported 
diabetes. Measurement of fasting or post-load glucose was required for 
classification as non-diabetic. Fasting glucose and or 2-hour oral glucose load 
tests were available for 444 cases and 855 referents. 

Smoking 
Current smoking was defined as daily smoking, excluding non-, previous- and 
nondaily smokers. 
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Study cohort and design II 
The study base in paper II originates from the NSHDS, only including subjects 
from the VIP. Initially, subjects were selected for prospective nested case-
referent studies on colorectal cancer (142, 143), case-referent ratio 1/2. The 
study design used was cross-sectional. The plasma analyses were collected years 
before the cases developed colorectal cancer (median follow-up time 8.2 years). 
A sensitivity analysis concerning case-referent status was performed. 

Study variables II 

Body mass index (BMI) 
BMI was calculated and classified as follows, according to WHO and the 
definition of normal weight < 25, overweight/pre-obesity 25–<30, and obesity 
≥30 kg/m2 of adults over 20 years. 
 

Definition of smokers and snus users 
Among all subjects cotinine categories were defined according to Bevital´s in 
laboratory cut-offs, as <5 = I (n = 831), 5–85 = II (n = 94), >85–1700 = III (n = 
332), and >1700 nmol/L = IV (n = 118). Special effort was made to define smokers 
and snus users as strictly as possible, categorizing was made as shown in Table 2. 
For a subset (n=170), information about nicotine habits was missing. The 
frequency corresponding to the possible amount of smoking, classified by 
cotinine concentrations (nmol/L), is shown in Table 3. 
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Table 2 Categorizing smokers, snus users, and never tobacco users (n=1205). Missing smoking data 
(n=170). 

  N (M/W) Never tobacco 
users  

Always only 
smokers 

Always only 
snus users 

Excluded  

Smokers and snus 
users," dual users" 

20 (17/3)    x 

Smokers and 
former snus users 

20 (19/1)    x 

Smokers and non-
snus users 

194 (84/110)  x   

Former smokers 
and snus users 

70 (66/4)    x 

Former smokers 
and former snus 
users 

54 (51/3)    x 

Former smokers 
and non-snus 
users 

186 (89/97)    x 

Non-smokers and 
snus users 

31 (30/1)   x  

Non-smokers and 
former snus users 

19 (17/2)    x 

Non-smoker and 
non-snus users 

479 (214/265) x    

Occasional 
smokers and snus 
users 

7 (6/1)   x  

Occasional 
smokers and 
former snus users  

2 (1/1)    x 

Occasional 
smokers and non-
snus users 

23 (4/19) (x)a   x a 

Former occasional 
smokers and  snus 
users 

16 (15/1)   x  

Former occasional 
smokers and 
former  snus users 

11 (10/1)    x 

Former occasional 
smokers and non-
snus users 

73 (26/47) x    

 N  552  194  54   405 
Excluded  -12 b   -7 c  
Included   540 194 47  

a  Excluded due to high cotinine concentrations. b Cotinine concentrations >cut-off for passive smokers. c  Missing 
analyses. 
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Table 3. 170 subjects with missing questionnaire data on nicotine habits, classified by  
cotinine concentrations (nmol/L). 

Frequency N Percent 
Valid non-smoker <5 106 62.4 
Passive smoker 5-<85 13 7.6 
Smoker 85-<1700 20 20.0 
Heavy smoker ≥1700 
>25 cig per day 
 

17 10.0 
 

Total 170 100.0 

 

Preanalytical factors  
Preanalytical factors impact the quality and usefulness of blood-derived 
biomarkers in a clinical or research setting. Preanalytical errors can occur at any 
step of the phase before the analytical phase, and it is essential to have good 
routines and protocols for the handling of specimens (144). Types of collection 
tubes, additives, time and temperature to centrifugation, degree of hemolysis, 
storage time, and the number of freeze-thaw cycles are all factors that may 
influence the obtained measurement results. Diurnal and seasonal variations 
can also affect population studies (38). Homocysteine is significantly affected by 
glycolysis, and the time and temperature prior to centrifugation are crucial 
(145). Unspun specimens at room temperature can double tHcy values. In 
obtaining correct handling, refrigerated and quickly centrifuged specimens are 
recommended. Of the biomarkers discussed in this thesis, triglycerides and LDL 
cholesterol are the ones usually recommended to be sampled after overnight 
fasting. For tHcy see the paper I. The other markers are not highly dependent 
on fasting time. In Table 4, the fasting status of the subjects in papers I, III, and 
IV are shown. 
 

Table 4. Fasting status in papers I, III, and IV.  

Fasting status Men  Women  

 N % N % 

>8 h 762 66.9  168 36.5  

4-8 h 179 15.7  68 14.8  

<4 h 41 3.6  198 43.0  

Missing data 157 13.8  26 5.7  
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Biochemical methods 
To minimize inter-assay variability, laboratory technicians analyzed plasma 
specimens in batch. The positions within the triplets of one case and two referents 
varied randomly to avoid systematic bias. The laboratory staff was unaware of the 
case and referent status. In paper II Bevital AS (Bergen, Norway) performed the 
biochemical analyses. The coefficients of variation (C.V.s) are presented in Table 
5. 
 
Table 5. Assay coefficient of variation (C.V.s) for the plasma of frozen samples. 

 Intra-assay CV (%)a (paper I, 
III, and IV) 

CV (%)b according to Bevital 
(paper II) 

Homocysteine 2.7 ; 1.9 0.9 ; 2.1 
Vitamin B12 16.5 ; 10.4 4 ; 5 
Folate  15.8 ; 12.1 4 ; 5 
MMA n.a. 2 ; 2.6 
Creatinine 1.59 ; 3.21 4 ; 4 
Cotinine  n.a. 2.3 ; 6 
Apo A1 0.96 ; 0.61 n.a. 
Apo B 1.21 ; 0.81 n.a. 
Albumin 0.89 ; 2.25 n.a. 
Cystatin C 2.90 ; 1.20 n.a. 
CRP < 6% c n.a. 

a Analyses were done in batch, and intra-assay CV for two concentrations (high and low) are presented. 

b Within-and between-day CV is presented. c Inter-assay coefficient of variation.  

Homocysteine, B12, folate and MMA 
In papers I, III, and IV, tHcy was analyzed with fluorescence polarization 
immunoassay on an IMx® unit (Abbott Laboratories, IL, USA). B12 and folate 
were analyzed using DPC® Solid Phase No Boil Dualcount radio assay 
(Diagnostic Products Corporation, CA, USA). In paper II, tHcy and MMA were 
determined by an isotope dilution gas chromatography-mass spectrometry 
method (G.C.–M.S.). Vitamin B12 and folate were analyzed with a 
microbiological assay, using Lactobacillus leichmannii for measuring vitamin 
B12 (146) and Lactobacillus casei to determine plasma folate (147). 

Apo A1 and Apo B 
Apo A1 and Apo B were analyzed with immune turbidimetry on a Hitachi 911 
multi analyzer with reagents from DAKO (Copenhagen, Denmark). 

Albumin, cystatin C, creatinine, and CRP 
Albumin, cystatin C and creatinine were analyzed with a Hitachi 911 multi 
analyzer. Albumin was analyzed with immune turbidimetry and Cystatin C with  
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an immunological method, both with reagents from DAKO (Copenhagen, 
Denmark). Creatinine was analyzed by (Crea plus, enzymatic method) with kits 
from Roche/Boehringer (Mannheim, Germany). The enzymatic methods are not 
sensitive to pseudocreatinines as older color-based Jaffe methods are. CRP was 
analyzed with an automated high sensitive method, IMMULITE 1 (Diagnostic 
Products Corporation, Los Angeles, CA, USA). In paper II, creatinine 
concentrations were measured with LC-MS/MS. 

Calculation of eGFRcystatin C/eGFRcreatinine ratio  
Calculation of the estimated relative glomerular filtration rate (eGFR) was made 
according to Caucasian, Asian, Pediatric, Adult cohorts (CAPA) for eGFRcystatin C 

(89) and Lund-Malmö-Revised formula (LMrev) for eGFRcreatinine (90, 91), stated 
below.  
 
CAPA: eGFR = 130 × cystatin C-1.069 × age-0.117 – 7 
 
LMrev: eGFR = ex-0.0158×age+0.438×ln(age) 
 
Female and creatinine<150: x = 2.50+0.0121×(150-creatinine) 
Female and creatinine≥150: x = 2.50-0.926×ln(creatinine/150) 
Male and creatinine<180: x = 2.56+0.00968×(180-creatinine) 
Male and creatinine≥180: x = 2.56-0.926×ln(creatinine/180) 
 
eGFRcystatin C/eGFRcreatinine ratio was used as a continuous variable. Creatinine 
results were isotope depletion mass spectrometry (IDMS) adjusted prior to the 
calculation of eGFR.  

Cotinine 
Cotinine concentrations were measured with LC-MS/MS (148). The limit of 
detection for cotinine was 1.0 nmol/L (0.18 ng/mL). 

Polymorphisms analysis 

DNA-extraction and PCR 
DNA prepared from the buffy coat with the chloroform/phenol method was 
provided from the Medical Biobank, Umeå. 10 ng DNA from each sample was 
dispensed in 96-well plates. 

MTHFR  
The single nucleotide polymorphisms MTHFR C677T and A1298C genotyping 
was performed by the TaqMan allelic discrimination method, using Minor Groove 
Binder (MGB) probes (paper I, III, and IV). In paper II, MTHFR 677C>T 
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was determined by MALDI-TOF mass spectrometry (149). 

CTH  
The CTH gene polymorphism G1208T, rs1021737 was genotyped by reverse 
pyrosequencing (see Figure 4), as detailed in paper III, Methods section. 

 

 
C/C=GG  
wild-type 
 

 
 
A/A=TT 
homozygote 
variant 

 
 
A/C=TG 
heterozygote 
variant 

 
 
Figure 4. Pyrograms of three possible genotypes of the CTH G1208T polymorphism.  
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Statistics 
For most of the statistical calculations, IBM SPSS version 19.0-26.0 (IBM, 
Armonk, NY, USA) were used. To determine Hardy-Weinberg equilibrium on 
the MTHFR and CTH polymorphisms, χ2-test was used. Visual inspection and 
formal tests were applied to assess distributions, and when needed, data were 
transformed to a logarithmic scale. Missing values were treated as missing 
throughout the calculations. 
 
To compare baseline characteristics and study variables between groups, Chi-
square test for independence was used for categorical variables (paper I, II, and 
IV). For comparison of continuous variables, T-test and Mann-Whitney (paper 
II) were used. The relationship between the tHcy concentration and the 
polymorphisms was investigated with the Kruskal-Wallis test. P-values < 0.05 
were considered significant. 
 
Quartiles were calculated (paper I, IV) for men and women separately and based 
on the distribution of the referents. They were treated as categorical variables, 
except when testing for trend, where they were included as continuous linear 
variables in the regression analyses.  
 
Genotypes in papers I and III were coded in one recessive model, including wild 
type and heterozygote variant vs. homozygote variant, and the other, dominant 
model; wild type vs. heterozygote and homozygote variants. 
 
To find influencing factors of Apo A1 and B, we used linear regression analysis 
(paper I). In the models where we wanted to adjust for influencing factors, we 
used multiple regression analysis. We excluded variables that were not 
associated. As an exception, tHcy was included since we wanted to test the 
hypothesis regardless of the result in univariate analysis.  
 
In paper II, cotinine categories in all subjects were defined according to Bevital's 
laboratory cut-offs. Spearman's rho correlations were performed to explore 
associations between biochemical variables and lifestyle. In the main effects 
multiple regression models, we included potential confounders and significant 
variables from the univariate analyses. Vitamin B12 was not included since we 
used methylmalonic acid (MMA), mainly determined by bioavailable vitamin 
B12. A sensitivity analysis was performed for case-control status as cases years 
later developed colorectal cancer. 
 
In the nested, matched case-referent study (paper I, III, and IV), odds ratio 
(OR) for disease and 95% confidence intervals (CI) were calculated by 
conditional logistic regression analysis and the conditional maximum likelihood 
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routine designed for matched analysis, as cases and referents, had equal follow-
up times. Univariable and multivariable models were used. 
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Ethical considerations 
The study protocols for all studies have been approved by The Research Ethics 
Committee of Umeå University, Umeå. The National Computer Data Inspection 
Board has approved the data handling procedures. 
 
The studies were conducted following the ethical principles of the Declaration of 
Helsinki. All subjects were informed at the time of the survey and gave written 
consent for future research purposes (Appendix 1). In addition, all non-fatal MI 
cases got written information regarding the registration in the MONICA 
incidence registry with the possibility to request to be removed. After selecting 
the cases and referents, all data handling procedures and further analyses were 
done using an anonymous dataset. All identifiable subject data was archived to 
protect research subjects' confidentiality. The identification key is stored at 
"Enheten för Biobanksforskning" (EBF) at Umeå University. 
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Results  

Paper I 
The study population in papers I, III, and IV included 545 cases, 387 men, and 
158 women with the outcome first-ever MI and 1054 matched referents, 752 men, 
and 302 women. The mean age (±SD) for the selected cases was 59 (± 7.8) years 
at the time of the outcome. In univariate linear regression analysis, no association 
was seen for tHcy and Apo A1 among referents or cases, nor after stratification 
for sex. In multiple regression analysis, adjusting for possible confounding 
factors, folate, but not tHcy, was positively associated with Apo A1 among 
referents, in men (β-value of 0.004, P = 0.009) and women (β-value of 0.007, P 
= 0.03). The association was not seen among those later developing an MI.  
 
Univariate analyses of variance of the plasma variables and alcohol intake are 
presented in Table 6, showing that alcohol intake defined as g/day is associated 
with Apo A1 and folate but not with tHcy. Data were available for a smaller subset 
of the material, at the most (n=642). 

 

Table 6. Univariate analysis of variance. 

 Alcohol intake 

 Beta (S.E.) R2 P 

Apo A1 0.005 (0.002) 0.013 0.002 

Apo B -0.002 (0.002) <0.001 0.352 

Apo B / Apo A1 ratio -0.005 (0.002) 0.008 0.014 

Homocysteine -0.006 (0.029) -0.002 0.828 

Vitamin B12 -1.304 (1.332) <0.001 0.328 

Folate 0.093 (0.041) 0.006 0.024 
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Paper II 
Paper II included 1375 individuals, and after assessing strict definitions of never 
tobacco user (n = 540), smokers (n = 194), and snus users (n = 47), comparisons 
were made in a cross-sectional design. Cotinine was positively associated with 
tHcy among all individuals and in the defined group of smokers (Spearman’s rho 
correlation coefficient 0.270, p < 0.01). There was no significant association 
between cotinine and tHcy among snus users (Spearman’s rho correlation 
coefficient -0.008, p = 0.96). In multiple regression analyses, cotinine remained 
positively associated with tHcy (log) in all subjects and among smokers, with the 
effect size, partial eta2 of 0.019 (p < 0.001) and 0.029 (p = 0.023), respectively. 
Among the snus users, no association was observed (effect size, partial eta2 0.006, 
p = 0.655), though higher cotinine concentrations were present in snus users. The 
number of cigarettes did not show any association with tHcy concentrations 
(Spearman’s rho correlation coefficient 0.149, p = 0.054). This was in contrast to 
the correlation found between cotinine and tHcy concentrations in all subjects 
and among smokers. In the sensitivity analysis, adding case-referent status to the 
multiple regression models, the results did not change. The case-referent status 
was not associated with tHcy. 

Paper III 
No associations with the risk of developing a first-ever MI were seen for all MI 
cases, even after stratification for sex. After stratification in fatal and non-fatal 
MI, a positive association for fatal MI and the CTH G1208T and MTHFR A1298C 
heterozygotes were observed among women, OR (95% confidence interval) 3.14 
(1.16-8.54), and 3.24 (1.26-8.34), respectively, and in the dominant model 3.22 
(1.22-8.51), and 2.63 (1.06-6.50) respectively. This was not found among men. 
The MTHFR C677T polymorphism seemed unrelated to the risk of MI, fatal or 
non-fatal. Another finding was that tHcy concentrations were higher in fatal cases 
compared to non-fatal cases, Mann-Whitney U test (P = 0.013). 

 
Among the polymorphisms studied, a difference in tHcy concentrations 
remaining after stratification for sex was evident for MTHFR C677T (Table 7). 
For MTHFR A1298C, a difference in tHcy concentrations was seen for men. For 
the CTH polymorphism, no significant difference in tHcy concentrations was 
found among all, nor after stratification for sex. Homocysteine concentrations in 
the CTH polymorphism stratified for MTHFR CC-allele and CC+CT alleles (Table 
8) showed no differences. 
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Table 7. Total homocysteine in relation to genotypes, in all and stratified by sex. Median values (25-
75 %) are shown. 

Genotypes Homocysteine  N Pa 

MTHFR C677T rs1801133   <0.001 

  CC 10.3 (8.7-12.1) 719  

  CT 10.6 (9.0-12.7) 566  

  TT 11.8 (9.9-14.9) 126  

Men   <0.001 

  CC 10.4 (8.8-12.1) 510  

  CT 10.7 (9.4-12.8) 402  

  TT 12.1 (10.1-16.3) 85  

Women   0.039 

  CC 9.9 (8.4-12.0) 209  

  CT 9.8 (8.2-12.3) 164  

  TT 11.5 (9.3-13.0) 41  

MTHFR A1298C rs1801131    0.089 

  AA 10.6 (9.0-12.8) 568  

  AC 10.4 (8.8-12.3) 659  

  CC 10.9 (9.0-13.3) 186  

Men   0.024 

  AA 10.8 (9.2-12.9) 385  

  AC 10.4 (9.0-12.4) 483  

  CC 11.2 (9.2-13.3) 129  

Women   0.959 

  AA 9.9 (8.5-12.2) 183  

  AC 10.0 (8.2-12.3) 176  

  CC 10.0 (8.4-12.4) 57  

CTH G1208T rs1021737    0.148 

  GG 10.4 (8.9-12.5) 742  

  GT 10.7 (9.0-12.7) 466  

  TT 10.1 (9.1-11.6) 61  

Men   0.533 

  GG 10.6 (9.1-12.7) 534  

  GT 10.6 (9.1-12.7) 319  

  TT 10.3 (9.3-11.6) 41  

Women   0.095 

  GG 9.8 (8.3-12.0) 208  

  GT 10.8 (8.6-13.0) 147  

  TT 9.8 (7.9-11.7) 20  
a P-values calculated with Kruskal-Wallis. Significant P-values <0.05 are shown in bold. 
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Table 8. Total homocysteine in relation to the CTH polymorphism, stratified for MTHFR CC-allele 
and CC+CT alleles. Median values (25-75%) are shown.  

 MTHFR 677CC n Pa MTHFR 677 CC/CT n Pa 

CTH  G1208T    0.81   0.168 

  GG 10.2 (8.6-12.0) 394  10.3 (8.8-12.3) 670  

  GT 10.4 (8.8-12.0) 219  10.6 (8.9-12.5) 422  

  TT 10.9 (9-1-11.9) 26  10.2 (8.9-11.6) 58  

Men   0.822   0.53 

  GG 10.5 (8.8-12.4) 287  10.5 (9.1-12.4) 484  

  GT 10.3 (8.8-11.8) 153  10.5 (9.1-12.5) 294  

  TT 10.9 (9.2-11.9) 16  10.3 (9.3-11.6) 39  

Women   0.185   0.237 

  GG 9.7 (8.3-11.8) 107  9.7 (8.2-12.0) 186  

  GT 10.9 (8.5-12.3) 66  10.6 (8.5-12.5) 128  

  TT 10.3 (8.7-11.9) 10  9.7 (7.9-11.4) 19  

a P-values calculated with Kruskal-Wallis. 

 

 

Table 9. Total homocysteine in relation to the CTH polymorphism, presented for folate status above 
and equal/below median concentrations. Median values (25th; 75th percentile) are shown. 

 Folate ≤ mediana n Pb Folate > mediana n Pb 

CTH G1208T   0.329   0.243 

  GG 11.5 (9.6-13.6) 401  9.5 (8.2-11.1) 341  

  GT 11.7 (9.8-14.1) 265  9.7 (8.5-11.4) 200  

  TT 11.1 (9.7-12.0) 36  9.3 (7.7-10.5) 25  

Men   0.701   0.277 

  GG 11.5 (9.7-13.7) 292  9.8 (8.6-11.2) 242  

  GT 11.3 (9.8-14.0) 181  10.0 (8.8-11.6) 138  

  TT 11.0 (9.8-12.0) 24  9.4 (7.7-10.9) 17  

Women   0.075   0.752 

  GG 11.4 (9.4-12.9) 109  8.8 (7.5-10.5) 99  

  GT 11.9 (10.4-14.5) 84  9.1 (7.8-10.6) 63  

  TT 11.1 (8.4-12.1) 12  8.5 (7.5-9.8) 8  
a Folate median-values were for men 9.06 and women 10.0 nmol/L. b P-values calculated with Kruskal-
Wallis. 
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Homocysteine concentrations in individuals with folate status above and 
equal/below median concentrations show no significant difference with the CTH 
polymorphism (Table 9). For the MTHFR C677 polymorphism (Table 10) higher 
tHcy are seen among men with the TT variant and lower folate status, but no 
significant difference are found among women.  

 

 

Table 10. Total homocysteine in relation to the MTHFR c677T polymorphism, presented for folate 
status above and equal/below median concentrations. Median values (25th; 75th percentile) are shown.  

 Folate ≤ mediana n Pb Folate > mediana n Pb 
MTHFR C677T   <0.001   0.276 
  CC 11.4 (9.4-13.3) 351  9.5 (8.3-11.0) 368  
  CT 11.2 (9.7-13.6) 335  9.6 (8.4-11.4) 231  
  TT 12.9 (10.9-16.9) 88  9.8 (8.4-11.4) 38  
Men   <0.001   0.029 
  CC 11.4 (9.5-13.5) 244  9.7 (8.4-11.3) 266  

  CT 11.3 (9.8-13.6) 245  10.3 (9.0-11.8) 157  
  TT 13.1 (11.0-18.0) 60  10.4 (8.9-12.1) 25  
Women   0.067   0.772 
  CC 11.5 (9.4-13.0) 107  9.0 (7.7-10.6) 102  
  CT 11.2 (9.0-13.2) 90  8.7 (7.4-10.0) 74  
  TT 12.1 (10.7-14.7) 28  8.4 (7.8-10.9) 13  

a Folate median-values were for men 9.06 and women 10.0 nmol/L. b P-values calculated with Kruskal-
Wallis. 
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Paper IV 
In this study, the eGFRcystatin C/eGFRcreatinine ratio did not differ between male 
cases and referents. However, in females, there was a difference in the eGFRcystatin 

C/eGFRcreatinine ratio mean values (±SD), 0.87 (±0.17) among cases and 0.93 
(±0.17) in referents, P = 0.001. 
A high eGFRcystatin C/eGFRcreatinine ratio was associated with a lower risk of 
developing a first-ever MI among women, both when analyzed as a z-scored, 
continuous variable and across the quartiles of the ratio. After adjustments with 
apo B/A1 ratio, CRP, tHcy, SBP, BMI, and diabetes, the related risk remained (OR 
0.58, 95% CI 0.34–0.99). These associations did not appear among men. 
Sensitivity analysis excluding the MSP survey resulted in unchanged OR results. 
 
In our material, Spearman correlation coefficients were significant for tHcy vs 
eGFRcreatinine, eGFRcystatin C, eGFRcystatin C/eGFRcreatinine ratio for both men (-0.19,  
-0.22, -0.10), and women (-0.30, -0.36, -0.21). Linear regression for tHcy in our 
material stratified for sex showed R2 = 0.024 for eGFRcreatinine and R2 = 0.036 
for eGFRcystatin C in men (Figure 5). In women, corresponding values were R2 = 
0.059 for eGFRcreatinine and R2 = 0.089 for eGFRcystatin C (Figure 6). The lowest R2 

was seen for the eGFRcystatin C/eGFRcreatinine ratio, in men R2 = 0.013 and women R2 

= 0.022.  
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 eGFRcystatin C/eGFRcreatinine 

 
Figure 5. Linear regression tHcy and eGFR, and eGFRcystatin C/eGFRcreatinine ratio respectively, in 
men. One outlier tHcy = 102 µmol/L is not displayed in the figure. A) tHcy = 17.01-0.06× 
eGFRcreatinine; R2 = 0.024. B) tHcy = 15.03-0.04× eGFRcystatin C; R2 = 0.036. C) tHcy = 15.03-0.04× 
(eGFRcystatin C/eGFRcreatinine); R2 = 0.013. 
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Figure 6. Linear regression tHcy and eGFR, and eGFRcystatin C/eGFRcreatinine ratio respectively, in 
women. One outlier tHcy = 71.7 µmol/L is not displayed in the figure. A) tHcy = 18.18-0.09× 
eGFRcreatinine; R2 = 0.059. B) tHcy = 16.59-0.07× eGFRcystatin C; R2 = 0.089. C) tHcy = 14.02-3.64× 
(eGFRcystatin C/eGFRcreatinine); R2 = 0.022. 
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Discussion 

Main findings  
Paper I remains the largest prospective case-referent study to date, including 
both men and women on the relationship between apolipoproteins, B-vitamins, 
tHcy, and MTHFR polymorphisms. Our findings support a positive association 
between Apo A1 and folate, and we have previously shown an inverse association 
between folate and the risk of MI (150). The association was seen among all men 
and women and referents but not among the individuals later developing an MI. 
These results are in line with animal studies (128, 129) showing a possible 
pathophysiological mechanism such as folate-dependent epigenetic effects in 
genes, as the modulation of PPAR α in mouse embryos. However, the possible 
mechanism in humans is unknown (131, 132). In a large study, including men 
(n=2775) with multiple biomarkers linked to coronary heart disease, an 
association with the gene cluster APOA5-A4-C3-A1 and folate after adjustment 
was found (151).  
 
Our findings do not support the suggested mechanism linking tHcy and Apo A1 
previously shown in animal models (152-154) or the association studies between 
tHcy and Apo A1 in humans with CVD (152, 155, 156). These previous studies in 
humans include only men and fewer individuals (152, 155) compared to our study 
and have a cross-sectional design (156). An early small hospital-based, case-
referent study (MI cases n=107) showed associations in all subjects between Apo 
A1 and tHcy and folate, respectively. After stratification in cases and referents, 
the association between tHcy and Apo A1 was seen only among cases, and no 
association was seen between ApoA1 and folate (157). 
 
A later minor cross-sectional study (n=258) showed a negative association 
between Apo A1 and tHcy (158). The study included hypothyroid, subclinical 
hypothyroid patients, and referents, divided into subgroups according to tHcy 
concentrations. This was also reported in a study on 1768 individuals defined as 
healthy (159). None of these studies analyzed folate, B12, or MTHFR 
polymorphisms.  
 
The association in our study seen between Apo A1 and folate was not evident 
among the cases, who later developed an MI after a median follow-up time of 4.3 
(±2.5) years for men and 3.4 (±2.4) years for women. The reason could be due to 
lower statistical power as the beta-values for male cases and referents are similar 
(paper I, Table 5).  
 
In Sweden, folate fortification is not used. Instead, the Swedish Food Agency 
recommends supplementary folic acid intake before and during pregnancy. The 
absence of mandatory folate fortification in our cohort is a strength in this study  
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concerning tHcy and determinants, compared to other population-based studies, 
for example, in the USA. They applied voluntary folate fortification of food in 1997 
and mandatory fortification in 1998. After that, serum concentrations of B-
vitamins and tHcy in the population have been changed (160). In our cohort, we 
can thus study possible effects of folate in a lower range of the spectrum, not 
possible in the USA, where many subjects may have reached a threshold above 
which no association may be found. An example of this can be seen in Table 9, 
where the MTHFR C677T polymorphism was associated with tHcy in subjects 
with P-Folate ≤ median only.  

A limitation was that we could not adjust for alcohol intake (Table 5), as alcohol 
data only were available in a subset of the participants. It is possible that residual 
confounding by alcohol use or other lifestyle factors such as a healthy diet could 
explain the associations. However, total alcohol intake has slowly but steadily 
declined over several decades in Sweden, probably switching from brandy-type 
of liquors to wines. The confounding by ethanol is thus likely not increase in this 
population. 

In paper II, associations between tHcy and cotinine concentrations were 
observed in smokers and not among snus users. The association between tHcy 
and cotinine among all individuals and smokers is in agreement with prior 
NHANES studies (161). No previous studies have investigated the association 
between tHcy and cotinine concentrations among snus users. Regarding smoke-
less tobacco users, only NHANES (1999-2008) had a mixed group of chewing 
tobacco and moist snuff users (n=69) where they reported higher tHcy 
concentrations and lower folate concentrations in this group compared to non-
tobacco consumers (21). The association between tHcy and cotinine was not 
investigated in that study. Despite the fact that higher cotinine concentrations 
were present in snus users, no association with tHcy was evident among snus 
users in our study. The result could reflect possible power issues, but the different 
directions of the β–values in the associations in smokers compared to snus users 
speak against this as the only explanation. There are only a few retrospective 
studies investigating tHcy concentrations in previous smokers (22). One small 
intervention study reported no short-term changes in tHcy among smokers using 
conventional cigarettes, randomized to smoking abstinence (n=40), menthol 
cigarettes (n=42), or menthol tobacco heating systems (n=78) (162). There are no 
prospective studies investigating long-term changes of tHcy comparing those 
who continue to smoke to those who stop smoking cigarettes. Such studies would 
be of value. Questionnaire data to classify smokers and non-smokers are usually 
accurate, but when performing studies on tobacco use, analyzing cotinine is more 
accurate for quantifying smoking than questionnaire data of the number of 
smoked cigarettes/day.  
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The main findings in paper III, including and stratified for fatal MI, demonstrate 
that women in the dominant model for the CTH G1208T polymorphism have a 
potentially higher risk of developing a first-ever MI with a fatal outcome within 
28 days, compared to female individuals with the wild type. These are novel 
findings since this study, for the first time, also includes fatal cases. One case-
referent study based on a limited number of cases (163) found no association with 
CAD and the CTH G1208T polymorphism. The previous study had only a few 
female cases, notably based on another insertion allele of the CTH rs113044851. 
These cases were less prone to suffer from sudden cardiac death among those 
with the insertion allele in a dominant model (164). 

The association between the MTHFR A1298C polymorphism and MI is sparsely 
studied. Our findings of no association with all MI agree with a recent meta-
analysis (120), based on seven studies, most of them relatively small, however 
including paper I in this thesis as the largest. We are not aware of any previous 
study of MTHFR polymorphism in relation to a first MI stratified for fatal and 
non-fatal outcomes. Thus, the positive association of MTHFR A1298C 
polymorphism and fatal MI among women is novel. 

Our results of no associations in the full dataset between MI and MTHFR C677T 
contradict an early meta-analysis (165), including six unpublished and 34 
published studies before June 2001.  

A meta-analysis using the MTHFR C677T polymorphism in an MR approach to 
assessing tHcy concentrations showed little or no effect on CHD (118). The 
authors concluded that previously published studies reflect publication bias or 
methodological problems. However, it is worth pointing out that tHcy was never 
measured in the dataset used; instead, an assumption of the tHcy concentrations 
was made, which may be affected by fortification in the population. 

Our finding is supported by the results in a more recent meta-analysis, including 
47 studies (120). In this meta-analysis, subgroup analysis of ethnicity showed no 
associations for the MTHFR C677T in European, Asian, and North American 
populations. At the same time, C677T polymorphism was associated with the risk 
of MI in African, North American, and elderly populations. Thus, there are other 
population factors influencing the association between MI and MTHFR C677T.  

A recently published study assessing future cardiac death, including 265 patients 
surviving their first STEMI at a young age, suggested that homozygosity of the TT 
methylenetetrahydrofolate reductase C677T genotype was an independent long-
term predictor of cardiac death (166). In that study, MTHFR A1298C was not 
assessed. 
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A possible association between the MTHFR C677T genetic polymorphism TT 
genotype and an increased risk for peripheral arterial disease was reported in a 
very recent review, including 15 studies with 1929 patients (167). 

Since our study's MTHFR C677T polymorphism influenced tHcy concentrations, 
we explored the tHcy concentrations and the CTH polymorphism, stratified for 
the MTHFR C677T alleles and folate status above and equal/below median 
concentrations, respectively. No differences appeared for the CTH 
polymorphism. This is in contrast to the pattern seen for the MTHFR C677T, 
where individuals with folate concentrations ≤ median values show a more 
substantial relationship between the tHcy concentration and the polymorphic 
variants compared to individuals with folate concentrations above this.  

In paper IV, a higher eGFRcystatin C/eGFRcreatinine ratio expressed as a z-score was 
associated with approximately a 40% lower risk of prospectively developing a 
first-ever MI among women per one SD increase in the ratio, a finding that was 
independent of SBP, diabetes, BMI and apo B/A1 ratio, tHcy, and CRP. This first 
prospective study of the eGFRcystatin C/eGFRcreatinine ratio and the risk of a first-ever 
MI underscores the importance of early laboratory-based vigilance of declining 
renal function in preventing CVD. 
 
The findings in paper IV agree with previous retrospective studies on CVD, 
including patients with heart failure where associated risks between eGFRcystatin 

C/eGFRcreatinine ratio were described among those with poor right ventricular 
systolic function (168) and proteins involved in atherosclerosis (169). Among 
patients undergoing elective coronary bypass grafting, shrunken pore syn 
associated with higher mortality (170). The fact that the association only was seen 
among women in this study agrees with the prospective study on the risk of future 
surgery for aortic stenosis (171), where the associated risk was seen only among 
women with coronary artery disease at the time of surgery. 
 
eGFRcystatin C used as a marker of CVD has been studied prospectively in a few 
studies. One including only men, where the independent association with CHD 
was not evident after adjustments including CRP (172). In the NHANES study, 
eGFRcystatin C used alone was stronger associated with risk of CVD and all-cause 
mortality in adjusted models than adding creatinine to the eGFR (173). However, 
the eGFRcystatin C/eGFRcreatinine ratio was not assessed. In the prospective ULSAM 
study on men, cystatin C was associated with all-cause and cardiovascular 
mortality (174). In our prospective study, including men and women, the 
association with a first MI was confined to women. A meta-analysis of cross-
sectional studies showed that cystatin C concentrations were associated with MI. 
However, that study did not address possible differences in risk for men and 
women (175). In contrast to other studies, no association was found in men, and  
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this is the first study reporting prospective results for women and MI. In MSP, 
some cardiovascular risk factors were not registered, and therefore we performed 
a sensitivity analysis excluding those participants, which led to unchanged OR 
results, supporting the overall findings.  
 
There is a well-known strong association between tHcy and renal function, with 
higher tHcy seen in those with low GFR (30), which can be calculated from 
creatinine and cystatin C in plasma. Also, as methyl groups are needed for the 
synthesis of creatine, tHcy is thus influenced by the production of creatinine. 
Despite this, we found relatively weak associations between tHcy and eGFR based 
on creatinine and cystatin C. A reason for this weak association is probably 
because most of the subjects had normal GFR: s. Very few had a reduced eGFR 
below 60 mL/min/1.73m2; in all individuals, only 0.8% for eGFRcreatinine, and only 
6.3% for eGFRcystatin C. The eGFRcystatin C/eGFRcreatinine ratio had the lowest R2, 
suggesting that the eGFRcystatin C/eGFRcreatinine ratio is not associated with tHcy in 
the range of the ratio found in this study. 
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General considerations 

Methodological aspects 

Selection bias 
Selection bias which reflects systematic errors that arise from the way in which 
subjects are collected, can be a problem in case-control studies. The cases and 
referents (papers I, III, and IV) were identified and selected from the same 
defined population, minimizing selection bias that can appear if cases and 
referents originate from different populations. The high participation rate in 
NSHDS should also reduce the effect of potential selection bias due to a low 
participation rate. Participation in health surveys is more common among people 
with less risky behavior (176), which may, for example, lead to the under-
representation of smokers compared to the general population. The cohort is 
well-defined, and this ensures that the referents represent all individuals in the 
study base with a risk of later becoming a case (136, 140). Exclusion of a small 
proportion of individuals was made due to previous diagnoses, and 0.4% of all 
survived cases did not consent to personal recording in the MONICA Incidence 
Registry (140). A minor part of the frozen plasma samples was excluded due to 
insufficient volume. These exclusions are random and limited and likely have no 
significant impact on internal validity. The genotype distributions of the referents 
were in Hardy-Weinberg Equilibrium which argues a selection bias of referents 
and genotype errors. One bias that cannot be ruled out is a selected survival bias 
since the inclusion criteria for collected referents are survival. The external 
validity has been assessed in a comparison between participants and non-
participants in the northern Sweden MONICA surveys from 1986, 1990, and 1994 
(177) and the VIP (178), altogether indicating that the populations are 
representative of the people in northern Sweden. Quality assessments of the case 
registry in the Northern Sweden MONICA Incidence Registry have shown good 
quality during the study period (139). 

Information bias 
Information bias can be introduced if the classification of exposure or outcome is 
incorrect. In papers I, and IV with a prospective design, the potential 
misclassification of exposure would be “nondifferential” since the event was 
evident after data collection. One possibility would have been to use data from 
FFQ on intake of folate and vitamin B12. However, in an evaluation study, 
correlation of individual ranking between reported dietary intake and measured 
vitamin levels, Vitamin B12 correlated to a lesser extent than folate (179). Thus, 
by using biomarkers, the misclassification of exposure is minimized. In the 
adjusted models in papers I, and IV, self-reported smoking data is included. This 
might have an impact on the strength of the adjusted associations. In a previous 
MONICA cohort, self-reported smoking habits and biochemical markers of  
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tobacco exposure correlated well (180). The amount of smoking is not assessed 
in these papers, and probable underreporting should not affect differently in 
referents and cases. In paper II, self-reported never tobacco use, smoking, and 
snus use data were used in combination with cotinine assay to improve accuracy 
in the classification of tobacco habits. Misclassification of tobacco habits would 
likely result in a dilution of associations. In paper III, exposure is determined by 
genetic markers. Race and ethnicity can have an impact on results in genetic 
studies, but no differences between cases and referents are expected in this 
cohort.  

Fluctuations in biomarkers as within-person variability could be a limitation 
since a single health examination, and blood sampling were performed in the 
studies. The sample collection done in a standardized manner after 15 minutes of 
rest minimizes the effects of differences in fluid distribution. Diurnal variations 
have probably been minimized since the majority of the samples are collected in 
the morning. The seasonal variation may be considered for some analytes. No 
variation has been found for tHcy or B12, and only a slight seasonal variation has 
been seen for folate (181). Also, samples from cases and the referents are matched 
for the time of blood sampling. All the analytes, including DNA, are stable in the 
freezer. Adding to this, the use of small, well-sealed tubes, which decrease 
evaporation and storage in low-temperature freezers (-80º C), will optimize 
conditions of long-time storage. There is no significant difference in storage time 
between cases and referents. Accredited analytical methods are used validated by 
external controls, which reduce potential variability related to measurement.  

Multiple testing can be a problem if you have a large number of results variables 
in the analyses, though this is not the case in these clinical studies. 
Multicollinearity may exist in multiple models. To minimize the influence of 
possible multicollinearity in the adjusted models, we added systolic blood 
pressure, and diastolic blood pressure was omitted (papers I and IV). In paper II, 
MMA was included, while vitamin B12 was not for the same reason. If 
multicollinearity is present, multiple regression analysis would have difficulty 
separating the unique contribution of each predictor, and some of them may be 
reported as non-significant. 

Reverse causality is one of the most important biases to consider in 
cardiovascular research. Inclusions of only a first-ever MI and blood samples 
collected at baseline of NSHDS reduce the potential problem of reverse causality 
from alterations in biomarkers, medical therapy, and lifestyle after an MI.  
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Confounding 
Confounding factors were handled by matching cases and referents and with 
multiple adjustments in the statistical models when possible. The matching 
variables are described in the materials and methods section. The matching 
approach has a disadvantage as the possibility of evaluating the associated risk 
with the matched variables is lost. However, these variables, such as age and sex, 
are already so well-studied that this is not a disadvantage. Stratification for sex to 
evaluate possible sex differences for risk markers is still possible. Potential 
confounders, including established CVD risk factors, were statistically adjusted 
for (papers I, II, and IV). 

The possibility of residual confounding, such as alcohol consumption and other 
potential confounding factors that may be distributed differently between cases 
and referents and that we have not taken into account, cannot be excluded. 

In paper III on genetic markers, using SNPs, one must consider that alterations 
in a nearby genetic locus may affect the risk if “linkage disequilibrium” is present. 
This is the case for MTHFR SNPs 677 and 1298, which are within the same gene 
on chromosome one (1p36.22), but not for CTH, situated approximately 50 
million base pairs away (1p31.1), and thus not linked to the MTHFR SNPs. The 
possible effect of gene-environment interactions is considered partially as tHcy 
concentrations in the polymorphisms are presented for folate status above and 
equal/below median concentrations. The matching process where the 
geographical location of the health care unit is one criterion might complicate the 
possibility of finding associated risks for the specific SNPs investigated, as the 
effect of another unknown or not considered a genetic determinant of CVD might 
override the investigated associations. 

Sample size and power 
Calculations of statistical power ahead of a study are sometimes performed. 
Ideally, this is done to dimension a study correctly. Estimated expected 
differences between cases and referents based on previous results or literature 
data are needed. Calculations can be done with, for example, ClinCalc 
(https://clincalc.com/Stats/SampleSize.aspx). As an example, eGFRcystatin 

C/eGFRcreatinine ratio with a mean value of 0.90 and SD of 0.15 for referents, and a 
3% difference compared to cases (enrollment ratio 2:1) show that a minimum of 
726 referents and 363 cases are needed for a statistical power of 80% of finding a 
difference. This estimation used an α of 0.05 (probability of type I error) and a β 
of 0.2 (probability of a type II error). Choosing two referents instead of one for 
each case increases power and dilutes possible differences among referents. Thus, 
545 MI cases and 1054 referents would be sufficient. 

https://clincalc.com/Stats/SampleSize.aspx
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In many cases, a pre-study power calculation is more difficult to perform, as many 
study cohorts with cases and referents have already been designed before the 
withdrawal of blood samples from a biobank. This is the case for cohorts in this 
thesis, as all available MI cases according to standardized criteria during the 
actual time period were included. These studies have been based on power 
calculations for some, but not for all, variables. In situations like this, post-hoc 
power calculations can be performed using, for example, ClinCalc 
(https://clincalc.com/Stats/Power.aspx ). Using data from paper IV (Table 1) on 
the eGFRcystatin C/eGFRcreatinine ratio as an example showed that in women with a 
mean (SD) of 0.87 (0.17) for 154 cases and 0.93 (0.17) for 290 referents (6.9% 
difference), there was a post-hoc power of 94.3%. For men, with mean (SD) 0.91 
(0.20) for 366 cases, and 0.93 (0.19) for 695 referents (3.3% difference) there was 
a post-hoc power of 35%. These calculations were performed using α=0.05.  

Limitations 
Limitations in our studies are that only specific age groups are available, and in 
the Swedish population, the minor allele frequencies of both the CTH and the two 
MTHFR polymorphisms are relatively low compared to South/Central European 
populations. This reduces our power to detect significant effects. In paper II, the 
strict definition of smokers and snus users, which is a strength, entails a relatively 
low number of exclusively snus users since dual use of both smoking and snus use 
is common. Other limitations are that no other compounds in cigarette smoke, 
such as thiocyanate, were measured. The population was initially a case-referent 
cohort, which could be a possible limitation. However, adding case-referent 
status to the multiple regression models in a sensitivity analysis did not change 
the results. 

Concerning renal function, one limitation is that the reference method, Iohexol-
clearance, or other invasive methods, are not available in our biobank samples. 
We also do not have access to urine for measuring the U-albumin/creatinine 
ratio, another established marker for renal dysfunction.  

Sex differences 
Male sex is considered an established risk factor of MI. The mean age (SD) of a 
first-ever MI among men in the Northern Sweden MONICA study is 55.4 (±6.9) 
years and among females 56.4 (±6.9) years (182). The age-standardized total 
event trends in a first-ever MI in this population have declined between 1985 and 
2004, more prominent among men than women. Explanations may be different 
clinical manifestations, but traditional risk factors have been suggested to explain 
a major part. Globally smoking ranks first among men as a risk factor for all-cause 
all-age deaths, while among women, smoking is ranked as number eighth (52).  
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Traditional risk factors are generally lower in females compared to males in 
Sweden, though smoking is an exception (182).  
 
In the Northern Sweden MONICA Study, women showed better long-term 
survival after a first MI than men (183). Women are less susceptible to sudden 
cardiac death than men, but plaque erosion as the cause of AMI in 25-30% of 
cases of acute coronary syndrome is more common in women (184).  
 
We noted sex differences in our main findings concerning the risk of a first-ever 
MI in papers III and IV, where the associated risk was found among females but 
not among males. The sex differences in risk and pathophysiology of 
cardiovascular disease, in general, have been explained in various ways (185). Sex 
hormones, especially estrogen, have been suggested as protective, although the 
mechanisms are not fully understood. During menopause, estrogen levels drop 
90% from pre-menopausal levels, and it may in part contribute to the rise in CVD 
events in post-menopausal women. LDL cholesterol levels confer similar CVD 
risk in women and men, while non-fasting triglycerides affect women's risk of MI 
to a greater extent than in men (185). In post-menopausal women, an apparent 
rise is seen in LDL cholesterol levels, while HDL cholesterol levels decrease.  
 
A cross-sectional study with data from the population-based Dallas Heart Study 
noted differences between men and women among many cardiometabolic 
biomarkers (186). Cystatin C and eGFRcreatinine were among those that differed, 
with lower concentrations of cystatin C among women than men in models 
adjusted for traditional risk factors. 
 
Differences in muscle mass may be another reason for creatinine (paper IV). 
However, in part, this is taken into account, as sex and age are included in the 
formula as calculating eGFRcreatinine (91). Differences based on sex or muscle mass 
are not seen for eGFRcystatin C (89). Also, in our studies, cases and referents were 
matched for age and sex.  
 
In paper IV, the different findings in men and women are in agreement with the 
study on the prospective risk of future surgery for aortic stenosis and the 
eGFRcystatin C/eGFRcreatinine ratio (171), where the associated risk in models 
adjusted for traditional risk factors including smoking, was found only among 
women with coronary artery disease at the time of surgery. Our results strengthen 
the indication that changes in the eGFRcystatin C/eGFRcreatinine ratio may be 
associated with atherosclerosis in women. 
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Homocysteine as a risk determinant of MI 
 
Homocysteine is determined by interactions between genes, diet, lifestyle, and 
other diseases. An association has been seen with MI and tHcy, but it has not been 
proven as causal. A recent MR study has not strengthened any causal relationship 
(187). However, there are aspects to consider when interpreting these studies, 
such as assumptions of MR not met (45). One example is that folate status has a 
known impact on the association between tHcy and MTHFR C677T (188). 

If tHcy associates not only with MI but also with cardiovascular risk factors not 
adjusted for, the effects of these related factors might bias the association with 
MI. However, the association with MI persists in studies adjusted with known 
determinants of tHcy and established risk factors. This indicates that additional 
mechanisms mediate the impact of homocysteine on the risk of MI. The 
contribution of different genetic backgrounds may partly explain differences in 
findings for the genetic polymorphisms between populations. The frequencies of 
the MTHFR TT allele are reported lowest (<10%) in Canadian Inuit and highest 
(close to 60%) in Mexico (189). Also, the approach to mandatory folate 
fortification varies in countries, which leads to differences in gene-environment 
interactions, which may explain the dissimilarity in results. Multiple factors, 
including genes, diet, and lifestyle, influence the risk of CVD as well as tHcy. Parts 
of these different, multi-faceted aspects regarding homocysteine and MI have 
been the subjects of this thesis. 

The association between Apo A1 and folate (paper I) remained after adjusting 
with established CVD risk factors and was evident among the referents only. Since 
folate is inversely associated with MI in this cohort (150), our results may suggest 
that it mirrors a protective effect of folate for MI, possibly mediated by epigenetic 
effects of methylation. However, a consequence of lower statistical power for 
cases cannot be excluded. The absence of an association between tHcy and Apo 
A1 may be explained by a low frequency among all subjects (13%) having tHcy 
concentrations above 15 µmol/L. An association between ApoA1 and tHcy in 
individuals having higher tHcy concentrations cannot be excluded. In recent 
years HDL-C has been challenged concerning its protective effect on CVD. The 
relationship between HDL-C and CVD mortality in the elderly is U-shaped (190). 
The many HDL-associated proteins (61) and HDL's complex functions may be 
why RCTs have failed to show a beneficial effect of increasing HDL or Apo A1 
(191). Thus, it is no longer correct to refer to HDL-C as solely the “good 
cholesterol.” 

Impaired renal function is a risk factor for CVD, and tHcy was associated with an 
increased risk of a first MI independent of cystatin C (150). In paper IV, renal  
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function estimated by eGFRcystatin C and eGFRcystatin C/eGFRcreatinine ratio were 
related to the risk of MI for women. This was also seen in models including tHcy. 
Many studies emphasize the strong correlation between glomerular filtration rate 
and tHcy (192). In one study, subjects older than 65 showed an increase in 
creatinine of 1%, which was associated with a 1% increase of tHcy (193). In our 
material, eGFRcreatinine and eGFRcystatin C were statistically significantly associated, 
but R2 values were low. Thus, it is not clinically significant, and there is no clinical 
value to adjust tHcy in patients with an eGFR >60 mL/min/1.73m2. 

A primary strength of the studies in this thesis compared to many observational 
studies in this field is the design where we could study subjects that did not have 
previous MI, stroke, or cancer at inclusion. This minimizes the risk for reverse 
causation.  

The cohort origins in the Northern Swedish population with a high mean 
participation rate and outcome, including both men and women, enable to 
address and identify potential sex differences. The standardized and quality 
assessed laboratory procedures, both preanalytical and analytical, and the strict 
definition of tobacco use (paper II) are other important strengths adding to good 
generalizability. The prospective case-referent design also has the advantage of 
including fatal MI cases (paper III) with a reasonably large number of female 
cases compared to previous studies. Albeit the findings in this paper were evident 
after stratification entailing the interpretations are made with caution, the 
findings can be regarded as hypothesis-generating.  

A healthy lifestyle and optimal treatment for known causal risk factors are 
essential in relation to CVD. Population screening of tHcy for CVD risk is not 
recommended, though in young CVD patients <40 years, it is recommended to 
exclude homocystinuria, and in CVD patients or patients at high risk, high tHcy 
concentrations should be used as a prognostic factor, with >15 µmol/L belongs to 
a high-risk group (11). Still, there is an indication for tHcy in routine clinical 
diagnosis of B12- and folate deficiency in anemia and neurological diseases. A 
recent review concludes that the optimal concentration of tHcy where action to 
lower concentrations is appropriate can for major diseases such as stroke or 
cognitive impairment, or dementia be lower. The risk of adverse effects may be 
seen from 11 µmol/L, where concentrations above 13 µmol/L more certainly can 
lead to harmful impacts (188).  
 
The causal relationship between tHcy and CVD is not established but is still 
debated. There are many aspects to consider that may impact the relationship. 
Some of them are difficult to take into consideration or adjust for in research 
studies involving humans. Intervention studies are performed over a limited time 
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while the atherosclerotic process, on the other hand, is evolving over a lifetime. 
Adding to this, the one-carbon metabolism, including homocysteine, is a 
fundamental metabolic process in every tissue and the methylation processes 
may lead to epigenetic effects that may remain over time. 
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Conclusions and future perspectives 

This thesis shows that folate, but not tHcy, was independently associated with 
Apo A1, which emphasizes that studies on homocysteine and endpoints or 
biomarkers need to adjust for the possible confounding effects. The association 
was evident among the referents but not among those who developed a first-ever 
MI. The results suggest a possible link between one-carbon metabolism and lipid 
metabolism via folate-dependent epigenetic effects in genes.  
 
The independent association between cotinine and tHcy among smokers but not 
among snus users shows that smoking is a stronger determinant for tHcy in 
plasma than snus use. This indicates that nicotine per se may not be the cause or 
mediator of higher tHcy concentrations. Instead, other substances formed from 
combusted tobacco may cause an increase in tHcy. This aspect is of interest for 
the future since newer forms of tobacco, “heat-not-burn tobacco products” 
containing different proportions of nicotine and generating different amounts of 
combustion products, are introduced on the market. However, future studies on 
these newer types of tobacco are needed to establish possible relationships.  
 
Plasma cotinine appears to be a better predictor of tHcy concentrations than self-
reported smoking data. Whenever possible, self-reported smoking should be 
supplemented by biomarker assays, such as cotinine, in epidemiological studies. 
Our cross-sectional study design cannot establish a causal relationship. 
Intervention studies on smoking or snus cessation would be a possibility to 
evaluate the relationship further.  
 
The polymorphisms CTH G1208T rs1021737 and MTHFR A1298G rs1801131 
were associated with a higher risk of prospectively developing a first-ever MI with 
fatal outcome among women. No associations were seen among all MI patients. 
For the CTH G1208T polymorphism, tHcy concentrations did not differ between 
subjects with GG, GT, or TT genotypes, while an expected difference was seen for 
MTHFR C677T. A difference in tHcy concentrations was seen for the MTHFR 
A1298C polymorphism among men. After outcome stratification (fatal or non-
fatal MI), the results may indicate that women with the minor allele are at risk of 
having a more serious MI leading to death than women with the wild-type alleles. 
The genotype may have a differential influence on a fatal or non-fatal outcome in 
men and women. This may reflect differences in biochemical and 
pathophysiological mechanisms that need to be further studied. CVD is the 
leading cause of all deaths globally (31), and the possibility of additional primary 
prevention strategies would most likely reduce mortality. The results need to be 
verified in other populations in future studies. The ongoing NSHDS and the 
Northern Sweden MONICA incidence registry with later MI cohorts give this 
opportunity.  
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In a prospective setting, mild impairment of renal function defined by eGFRcystatin 

C/eGFR creatinine ratio was independently associated with an increased risk of later 
developing a first-ever MI among women both through quartiles and continually 
expressed as z-scores. The risk association was stronger compared to both 
eGFRcystatin C and eGFRcreatinine used separately. The eGFRcystatin C/eGFRcreatinine ratio 
is a possible tool in accessing CVD risk. However, the potential predictive ability 
for the eGFRcystatin C/eGFRcreatinine ratio of MI needs to be assessed further. This 
requires analytical approaches that are different from those used in this thesis. If 
further studies confirm our findings on MI, the eGFRcystatin C/eGFRcreatinine ratio 
can be used in clinical practice for this indication in the future. One advantage is 
the easy implementation in hospital laboratory practice since no additional 
measurement methods are needed. 
 
The studies included in this thesis did find associations between determinants of 
tHcy, and Apo A1 and the risk of a future first-ever MI. Our results suggest 
differences in findings both in the aspect of sex and fatal vs. non-fatal MI. These 
findings are worth considering and evaluating further since previous studies in 
this field often not have approached these aspects. Also, knowledge of one-carbon 
metabolism is evolving in all areas, including genetics, epigenetics, proteomics, 
metabolomics, and microbiota. This will probably facilitate the use of 
personalized medicine for different diseases and conditions, including CVD, in 
the future.  
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