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Elevated plasma dimethylglycine is a
risk marker of mortality in patients
with coronary heart disease

Gard FT Svingen', Hall Schartum-Hansen"z, Per M Ueland"3,
Eva R Pedersen', Reinhard Seifert?, Marta Ebbing4,

Kaare H Bgnaa®, Gunnar Mellgren"“, Dennis WT Nilsen'",
Jan E Nordrehaug', Jannike @yen”'® and Ottar Nygard'?*’

Abstract

Aim: To investigate whether plasma dimethylglycine was associated with and improved risk prediction of mortality
among patients with coronary heart disease (CHD).

Methods: By Cox modelling, we explored the association between plasma dimethylglycine and mortality in two inde-
pendent cohorts of patients with suspected stable angina pectoris (SAP) (n =4156) and acute myocardial infarction (AMI)
(n=3733). We also assessed any improvement in risk prediction by adding plasma dimethylglycine to established CHD
risk factors.

Results: Median follow-up time was 4.7 and 7.0 years among patients with SAP and AMI, respectively. Across both
cohorts, elevated plasma dimethylglycine levels were linearly associated with increased risk of all-cause mortality (age and
gender adjusted hazard ratios (95% confidence interval, Cl) were 1.72 (1.21-2.46) and 1.76 (1.42-2.18) when comparing
the fourth versus the first plasma dimethylglycine quartile in patients with SAP and AMI, respectively). There was a
particularly strong risk association between plasma dimethylglycine and cardiovascular, as compared with non-cardio-
vascular, mortality (age and gender adjusted hazard ratios (95% CI) 1.94 (1.21-3.11) and 1.43 (0.83—2.47) among patients
with SAP and 1.97 (1.50-2.59) and 1.44 (1.02-2.04) among patients with AMI, respectively). The relationship between
dimethylglycine and all-cause and cardiovascular mortality was only slightly attenuated in analyses adjusted for established
CHD risk factors. Plasma dimethylglycine also improved risk prediction for all-cause and cardiovascular mortality, and
especially among patients with AMI.

Conclusions: Elevated plasma dimethylglycine was associated with and improved risk prediction of mortality in patients
with suspected or verified CHD. This relationship was stronger for death from cardiovascular, as compared with non-
cardiovascular, causes.
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Background

The one-carbon metabolite dimethylglycine (DMG) is a
component of the choline oxidation pathway, and is
formed from betaine during the remethylation of
homocysteine to methionine, catalysed by the enzyme
betaine-homocysteine methyl transferase (BHMT).
BHMT induction is associated with increased hepatic
production of apolipoprotein (apo) B,! and BHMT
activity also determines hepatic levels of the ubiquitous
methyl donor S-adenosylmethionine (SAM).? Both apo
B and SAM are crucial components for the synthesis and
assembly of very low density lipoproteins,® the remnants
of which are causally related to atherosclerosis. Further,
the one-carbon metabolism and the availability of SAM
may affect epigenetic regulation,* which has been asso-
ciated with cardiovascular disease (CVD),” a major
cause of death in most European countries.®

Elevated plasma DMG levels are related to increased
risk of acute myocardial infarction (AMI) in patients
with either suspected or established coronary heart dis-
case (CHD).”® The relationship between circulating
DMG and mortality risk has not been studied in
larger cohorts or over longer periods of time, although
a small study with short follow-up time suggested a link
between plasma DMG and all-cause mortality.®

We investigated whether plasma DMG was asso-
ciated with and improved risk prediction of all-cause,
cardiovascular and non-cardiovascular mortality in
7889 participants of two large, independent cohorts of
patients with suspected stable angina pectoris (SAP) or
AMI, of whom the majority were enrolled in two, large
B-vitamin intervention trials. The results are presented
according to the STrengthening the Reporting of
OBservational studies in Epidemiology: Molecular
Epidemiology (STROBE-ME) guidelines.’

Materials and methods
Study population

The current study population consisted of patients from
two separate cohorts: one included 4164 patients,
undergoing elective coronary angiography due to sus-
pected SAP during the time period from 2000 to 2004,
and has been characterized elsewhere.” Of these patients,
2568 (61.8%) were enrolled in the Western Norway
B-vitamin Intervention Trial (WENBIT),'? a secondary
prevention study with B-vitamins among patients with
CHD. The other cohort included 3749 participants hos-
pitalized with an AMI and enrolled in the Norwegian
Vitamin Trial (NORVIT). This was a multicentre study
recruiting patients between 1998 and 2002, and had
identical study treatment design to the WENBIT.
Patients with missing data on plasma DMG at base-
line were excluded, leaving 4156 and 3733 patients with

SAP and AMI for the final analyses, respectively
(Supplemental Figure 1 online).

All patients provided written, informed consent. The
study was approved by the regional ethics committee and
was carried out according to the Declaration of Helsinki.

Baseline data and biochemical analyses

Earlier reports have described the collection of baseline
data and biochemical analyses, including the routine
laboratory measurements carried out at each participat-
ing hospital.””'" Among patients with SAP, processed
blood samples were immediately stored, whereas such
samples among NORVIT participants were sent by
mail within 48 hours to the Bevital AS core laboratory,
Bergen, Norway (www.bevital.no), and frozen at —80°C
until undergoing study-specific analyses as previously
described. We obtained data on serum cardiac troponin
T concentrations from 4070 patients with SAP, using a
high sensitive cardiac troponin T (hs-cTnT) assay on
Modular E170 from Roche Diagnostics, with a lower
detection limit of 3 ng/l. Among 888 (21.4%) fasting,
non-diabetic patients with SAP we also calculated the
computer based homeostatic model assessment
(HOMA2)"? of insulin resistance (IR), B-cell function
and insulin sensitivity, based upon serum insulin,
which was measured together with serum C-peptide in
citrate-based samples by a solid phase, two-site chemi-
luminescent immunometric assay (Immulite 2000) from
Siemens Healthcare Diagnostics.

Follow-up and clinical endpoints

Study participants were followed from enrolment and
until death or until 1 January 2008, as part of the
extended follow-up of the combined WENBIT and
NORVIT cohort (www.clinicaltrials.gov;
NCT00671346), with the addition of patients with
SAP who were not enrolled in the WENBIT
(Regional Ethics Approval number 2010/1880). We
obtained information on fatal events from the Cause
of Death Registry at Statistics Norway (http://
www.ssb.no/en). The primary endpoint was all-cause
mortality, whereas deaths from cardiovascular or
non-cardiovascular causes were regarded as secondary
outcomes. Similar to what was previously described for
the WENBIT participants,'® patients enrolled in the
NORVIT were scheduled for follow-up visits including
blood sampling two months after randomization and at
the end of the study intervention period.''

Statistical analyses

We used the computer software packages PASW
Statistics 21 (SPSS IBM, NY, USA) and R version
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3.0.0 (The R Foundation for Statistical Computing,
Vienna, Austria) for statistical analyses.

Continuous variables are reported as median (5th—
95th percentile) and categorical variables as counts
(%). Patient baseline characteristics across plasma
DMG quartiles were assessed by binary and ordinal
logistic regression for nominal and ordinal data,
respectively, whereas median linear regression'® was
applied for continuous data.

We used Cox regression models to obtain hazard
ratios (HRs) of all endpoints, according to quartiles of
plasma DMG and as per one standard deviation (SD)
increment of logarithmically transformed plasma
DMG. The multivariate Cox model included the con-
tinuous variables age, and serum total cholesterol, and
the categorical variables sex, current smoking, dia-
betes, and hypertension. For the primary survival ana-
lyses, missing data were accounted for by using
multiple imputation among two patients with SAP
and 170 patients with AMI. The imputation models
included the same covariates as the multivariate Cox
model. To test the assumption of proportional haz-
ards, we inspected survival plots and calculated
scaled Schoenfeld residuals. When analysing second-
ary endpoints, we also estimated subdistribution haz-
ards of competing events.

Survival analyses were performed also according to
subgroups of established CHD risk factors in both
cohorts, and according to study treatment with
either folic acid or vitamin B6 among WENBIT and
NORVIT participants. We previously reported the
association between plasma DMG and AMI to be
stronger among patients with SAP having low levels
of serum triglycerides or apo B100.” Hence, we
searched for similar effect modifications regarding
mortality in patients with SAP, among whom we
also stratified analyses according to fasting status
and the number of coronary arteries with significant
stenosis at angiography. Among patients with AMI,
we did not have information on either of these latter
variables.

We used case-control analyses as described by
Clarke et al.' to test whether the BHMT 742 G > A
single nucleotide polymorphism (SNP) (rs3733890) was
related to all endpoints among 2427 patients with SAP
and 3433 patients with AMI, due to its established rela-
tionship with plasma DMG levels.”!

We explored model discrimination by calculating the
C statistic according to the multivariate Cox models
with and without DMG. Any added improvement in
reclassification by DMG was investigated by calculat-
ing the continuous net reclassification improvement
(NRI > 0) and the integrated discrimination improve-
ment (IDI),'® using logistic regression models contain-
ing the same variables as the Cox models. For the

reclassification analyses, follow-up was censored
beyond 1000 days among patients with SAP and 2000
days among those with AMI, roughly corresponding to
the minimum follow-up time in either cohort.

Similar to what was previously studied among
patients with SAP,” we investigated temporal changes
in plasma DMG concentrations throughout follow-up
among patients with AMI, according to study treat-
ment allocation. Among those receiving B-vitamin pla-
cebo, we applied linear mixed modelling to assess the
coefficient of reliability (CoR) for plasma DMG, to
explore its within-subject reproducibility.

The two-sided significance level was set to 0.05 in all
statistical models.

Results
Baseline characteristics of the study populations

Supplemental Tables 1 and 2 show the baseline charac-
teristics of the two cohorts. Among patients with AMI,
the median (5th-95th percentile) timespan from the
index AMI to study specific blood sampling was 4
(2-7) d. Median plasma DMG was slightly higher
among patients with SAP than among those with
AMI (p=0.02). As depicted in Supplemental Figure
2, there was a positive association between the timespan
from the index AMI to study specific blood sampling
(median (5th-95th percentile) 4 (2-7) d) and plasma
DMG concentrations (8=0.10 in a linear median
regression model adjusted for age and gender;
p<0.001). As compared with the patients with SAP,
those with AMI were older and had lower estimated
glomerular filtration rate (¢GFR), but less often pre-
existing CVD, hypertension (all p <0.001) or diabetes
(»=0.003).

In both cohorts, patients with higher plasma DMG
levels were more likely to be current smokers, older and
men with pre-existing CVD, and using B-blockers,
angiotensin converting enzyme inhibitors (ACEIs)
and/or angiotensin receptor blockers (ARBs) than
those with lower plasma DMG levels. Patients with
higher DMG also had higher serum creatinine and
lower eGFR levels, and we observed an inverse rela-
tionship between DMG and serum total cholesterol.
Among patients with SAP there was a strong associ-
ation between plasma DMG and serum hs-cTnT,
whereas left ventricular ejection fraction (LVEF)
levels were not statistically significantly related to
DMG levels once adjusted for age and gender. DMG
was inversely related to insulin sensitivity, as shown by
a positive association with serum C-peptide and
HOMA?2 B-cell function and IR, among 888 fasting,
non-diabetic patients with SAP.
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Plasma DMG and mortality risk

The median (5th-95th percentile) follow-up time was
4.7 (2.8-6.8) and 7.0 (1.1-8.8) years, constituting
19,556 and 24,578 patient-years among patients with
SAP and AMI, respectively. Among patients with
SAP, 308 (7.4%) died (mortality rate 15.7/1000
patient-years), of whom 168 from cardiovascular
causes. Among patients with AMI 772 (20.7%) patients
died (mortality rate 31.4/1000 patient-years), and 470
deaths had CVD as underlying death cause. Kaplan—
Meier curves (Supplemental Figure 3) show an
increased risk of all-cause mortality across plasma
DMG quartiles in both populations. There were
linear relationships between plasma DMG concentra-
tions and all-cause mortality in both cohorts (Figure 1).
In age and gender adjusted Cox models the HRs (95%
confidence interval (CI)) were 1.72 (1.21-2.46;
p=0.003) and 1.76 (1.42-2.18; p <0.001) for patients
with SAP and AMI, respectively, when comparing the
fourth to the first quartile of plasma DMG. These esti-
mates were only slightly attenuated in the multivariate
models (Table 1) and consistent also when excluding
patients who  originally had missing data
(Supplemental Tables 3 and 4). The associations were
similar across subgroups (Supplemental Figure 4), and
no statistically significant interactions were seen
according to WENBIT and NORVIT study treatment
allocation. However, a trend towards a stronger rela-
tionship between DMG and mortality was observed
among patients with lower serum apo B100 and trigly-
ceride levels (Supplemental Table 5).

The age and gender adjusted HRs (95% CI) for car-
diovascular mortality were 1.94 (1.21-3.11); p =0.006
and 1.97 (1.50-2.59); p <0.001 for the fourth versus
the first quartiles of plasma DMG among patients
with SAP and AMI, respectively. Again, there was a
tendency towards a stronger relationship with plasma
DMG among patients with serum apo B100 or triglycer-
ides below the median value (Supplemental Table 6).
For non-cardiovascular death, the age and gender
adjusted HRs (95% CI) were 1.43 (0.83-2.47; p=0.20)
and 1.44 (1.02-2.04; p =0.04) for the fourth versus the
first quartiles of plasma DMG among the SAP and AMI
patients, respectively. When performing competing risk
analyses according to non-cardiovascular and cardio-
vascular death, we found similar estimates as in the ori-
ginal analyses (Supplemental Table 7).

Adjusting for fasting status, body mass index, base-
line coronary revascularization, medications at dis-
charge (including statins, aspirin, f-blockers and
ACEIs and/or ARBs), HOMA2-IR or the time span
from the index AMI to blood sampling did not materi-
ally influence the association between plasma DMG
and either endpoint (data not shown).

Homocysteine and betaine are the immediate meta-
bolic precursors of methionine and DMG, and elevated
plasma tHcy has been associated with increased risk of
mortality among patients with CHD.!” Elevated DMG
levels have been found among patients with chronic
renal disease,'® hence we also included plasma tHcy
and betaine, eGFR and serum creatinine separately
from the multivariate Cox models. Among patients
with SAP, including plasma tHcy or serum creatinine
slightly weakened the relationship between DMG and
the endpoints, whereas adjusting for eGFR attenuated
the associations to a greater extent. Adjusting for serum
hs-cTnT or plasma betaine left the risk estimates essen-
tially unaltered (Supplemental Table §). Among
patients with AMI, including either plasma tHcy and
betaine, serum creatinine or eGFR did not influence the
risk estimates (Supplemental Table 9).

When including LVEF in the multivariate model
among the patients with SAP, the HRs (95% ClIs)
between DMG and all-cause and CVD death were
1.49 (1.04-2.13); p=0.03 and 1.56 (0.97-2.52);
p=0.07, respectively, comparing the fourth versus the
first quartiles. Among patients with AMI we did not
have information on left ventricular systolic function or
several other important parameters associated with a
high risk of short-term mortality,'” although the
NORVIT did not include patients with short life
expectancy.!' Thus, we attempted to correct the rela-
tionship between plasma DMG and adverse prognosis
for such potential confounders by excluding all AMI
patients with less than one year of follow-up (n=184
(4.9%)), yielding similar results as the original analyses
(data not shown).

The BHMT 742 G > A SNP and its relationship with
plasma DMG and endpoints

For patients with SAP, we observed no departure from
Hardy—Weinberg equilibrium regarding the BHMT 742
G>A SNP (p=0.09), whereas among patients with
AMI, such a deviation was present (p =0.001). Those
with higher DMG levels more often carried the G allele
in both cohorts. However, we did not find any relation-
ship between the BHMT 742 G > A genotypes and
either outcome in case—control analyses
(Supplemental Tables 10-15).

Discrimination and risk reclassification

For both cohorts, adding DMG to the multivariate
Cox models made modest increments in the C statistics
for all-cause and cardiovascular mortality, but not for
non-cardiovascular mortality (Supplemental Table 16).
However, the improvement was statistically significant
only among patients with AMI. Accordingly, when
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Figure 1. The age and gender adjusted association between plasma dimethylglycine and all-cause, cardiovascular and non-cardio-
vascular mortality among patients with suspected stable angina pectoris and acute myocardial infarction, respectively. The shaded areas
surrounding the solid splines depict 95% confidence intervals. Kernel density plots are superimposed along the X-axis of the lower
panels. The vertical, dotted lines depict the 25th, 50th and 75th percentiles, respectively.

AMI: acute myocardial infarction; CVD: cardiovascular disease; SAP: stable angina pectoris
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Table I. The association between plasma dimethylglycine and all-cause, cardiovascular and non-cardiovascular death

Univariate Adjusted for age and sex Multivariate model®
HR (95% ClI) p-value HR (95% ClI) p-value HR (95% ClI) p-value
All-cause death
Patients with SAP
Fourth vs. first quartile 2.52 (1.78-3.57) <0.001 1.72 (1.21-2.46) 0.003 1.63 (1.14-2.33) 0.007
Per | SD® 1.30 (1.21-1.41) <0.001 1.19 (1.09-1.31) <0.001 1.15 (1.05-1.26) 0.003
Patients with AMI
Fourth vs. first quartile 2.80 (2.27-3.44) <0.001 1.76 (1.42-2.18) <0.001 1.68 (1.36-2.09) <0.001
Per | SD® 1.49 (1.40-1.58) <0.001 1.27(1.19-1.35) <0.001 1.25 (1.17-1.33) <0.001
Cardiovascular death
Patients with SAP
Fourth vs. first quartile 2.96 (1.87-4.70) <0.001 1.94 (1.21-3.11) 0.006 1.82 (1.13-2.92) 0.0l
Per | SD® 1.36 (1.24-1.50) <0.001 1.25 (1.12-1.40) <0.001 1.19 (1.06—1.33) 0.002
Patients with AMI
Fourth vs. first quartile 3.12 (2.39-4.07) <0.001 1.97 (1.50-2.59) <0.001 1.89 (1.43-2.48) <0.001
Per | SD° 1.58 (1.47-1.71) <0.001 1.36 (1.25-1.47) <0.001 1.34 (1.23-1.45) <0.001
Non-cardiovascular death
Patients with SAP
Fourth vs. first quartile 1.99 (1.17-3.40) 0.0l 1.43 (0.83-2.47) 0.20 1.37 (0.79-2.37) 0.26
Per | SD® 1.21 (1.06-1.39) 0.005 .11 (0.95-1.29) 0.20 1.08 (0.93-1.26) 0.33
Patients with AMI
Fourth vs. first quartile 2.31 (1.65-3.24) <0.001 1.44 (1.02-2.04) 0.04 1.38 (0.97-1.95) 0.07
Per | SD® 1.33 (1.20-1.48) <0.001 1.12 (1.00-1.26) 0.05 1.10 (0.98-1.23) 0.11

%Including age, gender, hypertension, diabetes, current smoking and serum total cholesterol; "Log transformed; AMI: acute myocardial infarction; Cl:
confidence interval; DMG: dimethylglycine; HR: hazard ratio; SAP: stable angina pectoris; SD: standard deviation

adding plasma DMG to traditional CHD risk factors,
we obtained a more substantial increase in the continu-
ous NRI (NRI>0) and IDI for all-cause and CVD
mortality among patients with AMI as compared with
those with SAP.

Within-subject reproducibility and variability of
plasma DMG

Among 935 patients randomized to placebo in the
NORVIT, the CoR for plasma DMG was 0.72 (0.66
for log-transformed plasma DMG@G), based on repeated
measurements over median (5th-95th percentile) 7.1
(1.0-8.8) years. This estimate compares to a CoR of
0.93 (0.73 for log-transformed plasma DMG) among
the patients with SAP, as reported earlier.”

We found an increase in estimated median plasma
DMG levels from baseline to the final study visit
among patients with AMI allocated to placebo or vita-
min B6 therapy. DMG levels did not, however, differ
over time among the patients receiving folic acid
(Supplemental Table 17). Similar observations have
previously been made among the patients with SAP.”

Discussion
Principal findings

In the current study plasma DMG was associated
with long-term mortality, and in particular cardio-
vascular death, in two independent populations, total-
ling almost 8000 patients with SAP or AMI
Accordingly, risk prediction was improved by adding
plasma DMG to established CHD risk factors, espe-
cially among patients with AMI. The high within-sub-
ject reproducibility of plasma DMG previously
reported among patients with SAP’ was validated
throughout repeated measurements in patients with
AMI.

Baseline characteristics and their relationship to
plasma DMG levels

Median plasma DMG levels were marginally higher
among patients with SAP than among those with
AMI. However, the average plasma DMG concentra-
tion increased slightly with time from the index AMI to
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baseline study blood sampling among AMI patients in
the NORVIT. This may be explained by stress-related
increments in plasma cortisol,” decreased insulin
concentrations and impaired insulin sensitivity,?! as
glucocorticoids induce and insulin inhibit BHMT tran-
scription.”? In addition, increased plasma DMG has
been observed among patients with renal impairment.'®
Since eGFR was lower among patients with AMI, renal
dysfunction, which is common in patients with acute
coronary syndrome,> may have contributed to the in-
hospital time-dependent increase in plasma DMG
levels.

An association between plasma DMG and an
adverse cardiovascular risk profile was previously
reported among the patients with SAP,” and was now
validated among patients with AMI. Accordingly, a
strong relationship was observed between plasma
DMG and serum hs-cTnT levels among patients
with SAP.

The inverse association between baseline serum
folate and plasma DMG, previously described among
fasting patients with SAP,” was confirmed among
patients with AMI.

Plasma DMG and the risk of adverse outcomes

Little is known about the association between DMG
and health outcomes in general. Plasma DMG pre-
dicted AMI among essentially the same patients consti-
tuting the current study population with SAP,” as well
as among 534 patients with a recent acute coronary
syndrome.® Moreover, in the latter population higher
levels of DMG and betaine were associated with all-
cause mortality throughout approximately two years
of follow-up.®

In the current study, the relationship between
plasma DMG and all-cause mortality was consistent
across both cohorts. However, it tended to be more
robust among patients with AMI, possibly due to a
higher mortality rate. Among patients with SAP, we
previously observed a trend towards a stronger relation
between plasma DMG and fatal, as compared with
non-fatal, AMI during follow-up. In line with this,
our present results suggest that DMG is even more
strongly associated with cardiovascular than with
non-cardiovascular mortality.

Possible mechanisms

A relationship between plasma DMG and an adverse
cardiovascular risk profile seems consistent. However,
the association with adverse outcomes does not appear
to be mediated by traditional CHD risk factors alone,
nor is it explained by increased levels of the metabolic
precursors betaine and homocysteine.

The kidneys contain large amounts of betaine and,
together with the liver, harbour most of the BHMT in
the body.® Low eGFR, indicating impaired renal func-
tion, is considered a major risk factor of both all-cause
and cardiovascular mortality,* and increased plasma
DMG levels have been observed among patients with
uremia.'® In the current study populations, the eGFR
was somewhat lower among patients with AMI as com-
pared with patients with SAP, but indicated adequate
renal function in most patients. Still, the risk estimates
were attenuated after adjusting for eGFR and serum
creatinine among patients with SAP, but not among
those with AMI. Notably, the production of creatinine
is dependent on glycine,” which can be methylated into
sarcosine via glycine-N-methyltransferase (GNMT).
Activation of the peroxisome proliferator receptor
(PPAR) « in rats reduces the genetic transcription of
enzymes involved in DMG catabolism, but also
GNMT, reflected by a rise in urinary DMG and
plasma glycine levels.”® PPARo agonists are also well-
known for their ability to elevate circulating creatinine
concentrations, independent of a decline in renal func-
tion.”” We previously showed that the association
between plasma DMG levels and risk of AMI was par-
ticularly strong among patients with either low serum
apo B100 or triglyceride levels, indicating a possible
link between plasma DMG and endogenous PPAR«
stimulation.” In the present study we found a similar
trend according to both all-cause and cardiovascular
mortality among the patients with SAP. Thus,
endogenous PPAR«a stimulation, rather than declined
kidney function alone, might explain the association
between creatinine and DMG metabolism.

Adjusting for hs-cTnT among the patients with SAP
did not influence the association between plasma DMG
and the endpoints, although these biomarkers were
strongly related at baseline. While ischaemic myocardial
cell death mainly has been explained by necrosis, cardi-
omyocyte apoptosis was suggested to confer the
increased risk of cardiovascular mortality related to
higher levels of hs-cTnT among patients with stable
CHD.?® Apoptosis of cardiomyocytes seems partly
dependent on mitochondrial processes.”’ and DMG
metabolism inside the mitochondrion may influence
the production of nucleotides,” potentially affecting
the cells’ regenerative abilities. However, DMG did not
relate to LVEF among patients with SAP, once adjusted
for age and gender, although the risk estimates were
somewhat attenuated when adding LVEF to the Cox
models. Although data on left ventricular systolic func-
tion and cardiac cell death were lacking among patients
with AMI, plasma DMG predicted death also beyond
one year post discharge from hospital. This suggests that
DMG levels do not solely reflect increased cardiomyo-
cyte death and left ventricular systolic function. More
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importantly, knowledge of plasma DM G may add prog-
nostic information beyond that obtained by conven-
tional biomarkers of myocardial damage.

The link between BHMT induction and hepatic apo
B and SAM production has previously been discussed
more thoroughly,” and could partly account for the
association between plasma DMG and adverse progno-
sis, especially regarding cardiovascular events.
However, a somewhat paradoxical inverse association
between serum total cholesterol levels and plasma
DMG was consistent in both cohorts. This is in line
with a trend towards an inverse relationship between
DMG and serum apo B and low-density lipoprotein
(LDL)-cholesterol, but also apo Al and high-density
lipoprotein (HDL)-cholesterol, among patients with
SAP, as reported carlier.” However, the use of statins
did not differ according to DMG quartiles, and adjust-
ing the multivariate Cox model for statin treatment did
not change the risk estimates, suggesting that mechan-
isms other than those conferred by statin therapy are
responsible for the associations observed between
plasma DMG and serum lipid levels.

We did not have data on dietary intake of either
choline or betaine, which may affect plasma DMG
levels due to substrate availability for the BHMT path-
way. However, no relationship has been found between
estimated choline and betaine intake and CVD risk in
the general population.’ Moreover, a recent report sug-
gested that the association between circulating choline
and betaine levels and adverse cardiovascular prognosis
may be modified by gut microbial dependent elevations
in circulating trimethylamine-N-oxide (TMAO)
levels.*! Unfortunately, we did not have information
on plasma TMAO levels, thus we were unable to
carry out any interaction analyses with DMG.
Explaining the risk associations in the current study
by increased DMG production alone may fall short
also because B-vitamin intervention in neither the
WENBIT nor the NORVIT showed any overall effect
on outcomes,'*!" despite a likely decreased BHMT flux
by folic acid supplementation. Moreover, we did not
observe any increased mortality risk according to
BHMT G742A genotypes. On the other hand, a low
minor allele frequency may cause insufficient power to
detect any associations with hard clinical outcomes,
and the full pleiotropic effects of genes might not be
captured by measuring one single metabolite.

Among patients with SAP we also observed a strong
relationship between plasma DMG and insulin resist-
ance, potentially attributable to BHMT induction.?
However, despite low statistical power in this subgroup,
adjusting for HOMA2-IR did not seem to attenuate the
risk estimates, indicating that the association of ele-
vated DMG levels with adverse prognosis is not
mediated solely by impaired insulin sensitivity.

Taken together, whether the risk association
between DMG and mortality in the current study is
explained by mechanisms involved in increased DMG
production, impaired DMG catabolism or excretion, or
a combination thereof, is still elusive.

Strengths and limitations

The major strength of this prospective cohort study is
the large number of well-characterized patients evalu-
ated for CHD in two separate populations. Detection
bias of the endpoints is unlikely, because we used each
patient’s unique 11 digit personal identification number
to link with health registries with almost 100% national
coverage. Also, the high within-subject reproducibility
of plasma DMG was similar among patients with AMI
as previously reported among patients with SAP’ and
in the general population.*

In the NORVIT, the study centres sent the blood
samples by mail to Bevital AS, thus exposing the sam-
ples to room temperature for several days. However,
plasma DMG is highly stable even when not stored in
a cold environment for up to eight days.** By using one
core laboratory for investigating samples from all the
study centres in both cohorts, we have minimized the
potential for analytical bias.

Conclusion

This study of two large, independent cohorts of patients
with either presumed or verified CHD suggests
plasma DMG to be a potential risk marker of all-
cause mortality. The association between DMG and
adverse prognosis seems to be driven by cardiovascular,
rather than non-cardiovascular, events. Furthermore,
plasma DMG improves risk prediction beyond
traditional CHD risk factors, and we confirmed
a high within-subject reproducibility, allowing one
time point assessment of biomarker status. Our
results motivate further investigation into the relation-
ship between one-carbon and choline metabolism
and CHD.
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