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Abstract
Purpose  Cardiovascular diseases and cognitive decline, predominant in ageing populations, share common features of 
dysregulated one-carbon (1C) and cardiometabolic homeostasis. However, few studies have addressed the impact of multi-
faceted lifestyle interventions in older adults that combine both nutritional supplementation and resistance training on the 
co-regulation of 1C metabolites and cardiometabolic markers.
Methods  95 institutionalised older adults (83 ± 6 years, 88.4% female) were randomised to receive resistance training with 
or without nutritional supplementation (Fortifit), or cognitive training (control for socialisation) for 6 months. Fasting plasma 
1C metabolite concentrations, analysed by liquid chromatography coupled with mass spectrometry, and cardiometabolic 
parameters were measured at baseline and the 3- and 6-month follow-ups.
Results  Regardless of the intervention group, choline was elevated after 3 months, while cysteine and methionine remained 
elevated after 6 months (mixed model time effects, p < 0.05). Elevated dimethylglycine and lower betaine concentrations were 
correlated with an unfavourable cardiometabolic profile at baseline (spearman correlations, p < 0.05). However, increasing 
choline and dimethylglycine concentrations were associated with improvements in lipid metabolism in those receiving sup-
plementation (regression model interaction, p < 0.05).
Conclusion  Choline metabolites, including choline, betaine and dimethylglycine, were central to the co-regulation of 1C 
metabolism and cardiometabolic health in older adults. Metabolites that indicate upregulated betaine-dependent homocysteine 
remethylation were elevated in those with the greatest cardiometabolic risk at baseline, but associated with improvements in 
lipid parameters following resistance training with nutritional supplementation. The relevance of how 1C metabolite status 
might be optimised to protect against cardiometabolic dysregulation requires further attention.
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Introduction

Metabolic dysregulation, leading to cardiovascular diseases, 
diabetes and cognitive decline are major causes of morbidity 
and mortality in the ageing population [1, 2]. One central 
metabolic pathway impaired with ageing is that of one-
carbon (1C) metabolism [3, 4]. Traditionally identified on 
the basis of elevated homocysteine (Hcy), 1C metabolism 

is central to aspects of both cognitive [5, 6] and cardiometa-
bolic health [7, 8].

Hcy is at a critical branch point in 1C metabolism, 
with circulating concentrations dependent upon compet-
ing actions of the 1C cycle. Hcy is synthesised from the 
conversion of methionine to S-adenosylmethionine (SAM) 
and S-adenosylhomocysteine (SAH), and is remethylated 
through either folate and vitamin B12 or betaine-dependent 
pathways to support the methionine cycle, or is removed 
through the vitamin B6-dependent transsulfuration pathway 
to form cysteine [9] (Fig. 1). There is a shift towards analys-
ing a more comprehensive 1C metabolite profile to provide 
greater insights into the coordination of circulating Hcy.
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There is substantive evidence that supports the associa-
tion of 1C metabolites beyond Hcy with cardiometabolic 
health. Cysteine is proposed as an obesogenic amino acid 
[10] and elevated glycine conversely with a favourable car-
diometabolic profile [11]. Of particular interest is choline 
and its downstream metabolites, betaine and dimethylgly-
cine (DMG). These metabolites reflect Hcy remethylation by 
betaine-homocysteine methyltransferase (BHMT). Choline 
plays a critical role in lipid metabolism, as phosphatidyl-
choline is required for very low-density lipoprotein synthe-
sis and hepatic lipid transport. Evidence supports divergent 
associations between choline and betaine and markers of 
cardiometabolic health. Elevated choline concentrations are 
typically associated with an unfavourable metabolic profile, 
and conversely, elevated betaine with a more protective 
profile for indices of anthropometry, lipid metabolism, and 
insulin sensitivity [12–15].

Those in their oldest years of life represent a vulnerable 
group, with an increased risk of dysregulated 1C metabo-
lism [4] and cardiometabolic disease markers [2], yet the 
relationship between these processes is not well understood. 
Although the pathways of 1C metabolism are tightly inter-
connected, there is little evidence from studies that consider 
metabolites beyond distinct, targeted 1C metabolites (e.g. 
Hcy or choline and betaine alone). Furthermore, nutritional 
supplementation becomes more frequent with advancing age 
to support dietary adequacy and counteract age-related func-
tional decline [16, 17]. Resistance training (RT) is another 
important lifestyle intervention particularly in elderly sub-
jects, shown to improve cardiometabolic parameters [18] and 
1C metabolism with evidence of circulating Hcy reduction 
[19, 20], and favourably impact related health outcomes such 
as cognition [21, 22]. Given the overlap of 1C metabolism 
and cardiometabolic markers in multiple related health out-
comes, there is potential to provide various health benefits 
to older adults. However, the impact of RT and nutritional 
supplementation containing B vitamins on profiles of 1C 
metabolites and cardiometabolic parameters requires further 
investigation in an elderly population.

Thus, in this secondary analysis of the Vienna Active 
Ageing Study, we undertook a targeted approach to better 
understand the relationship between 1C metabolism and 
cardiometabolic health in the elderly. First, by exploring 
6-month shifts in 1C metabolites and cardiometabolic mark-
ers, and their correlation, in the context of lifestyle inter-
ventions including RT with or without nutritional supple-
mentation (containing protein and micronutrients, including 
folic acid, vitamins B6 and B12). Second, by investigating 
the cross-sectional association between markers of cardio-
metabolic health and 1C metabolites and the influence of B 
vitamin status.

Methodology

Study design

The present article reports on data from the Vienna Active 
Ageing Study [23], which uses a randomised, controlled, 
observer-blind design. Participants were randomly assigned 
to three parallel intervention groups—RT, RT with nutri-
tional supplementation (RTS), or cognitive training (CT), 
which acted as the control group. Blood samples and anthro-
pometric measurements were taken at baseline, and after 3 
and 6 months of intervention. Informed written consent was 
obtained from all participants before they were enrolled in 
the trial following the Declaration of Helsinki. The Vienna 
Active Ageing Study was approved by the ethics committee 
of the City of Vienna (EK-11-151-0811) and registered at 
ClinicalTrials.gov, NCT01775111. This article reports on 
secondary exploratory outcomes; the primary outcome of 
the Vienna Active Ageing Study was to evaluate the effect 
of RT or RTS on functional parameters, including mark-
ers of chromosomal damage [24], oxidative stress [25], and 
DNA damage [26]. The secondary outcomes reported in this 
analysis include the assessment of plasma 1C metabolite 
concentrations and markers of cardiometabolic health.

Subjects

Over six months, 117 institutionalised older men and women 
(aged 65–98 years) were recruited to participate in the 
Vienna Active Ageing Study from five senior residences in 
the area of Vienna (Curatorship of the Viennese Retirement 
Homes). At the six-month follow-up, 95 participants were 
included for analysis in the current study, and a detailed 
participant flow diagram describing the loss of participants 
during follow-up has previously been reported [23]. Partici-
pants were eligible to participate if they were mentally (Mini 
Mental State Examination ≥ 23) [27] and physically (Short 
Physical Performance Battery > 4) stable. Inclusion and 
exclusion criteria have previously been described in detail 
[23]. Briefly, participants were sedentary (< 1 h of physical 
activity or exercise per week), aged ≥ 65 years, and referring 
to the recommendations of the American Heart Associa-
tion [28], were free of diseases that pose contraindication to 
medical training therapy, including serious cardiovascular 
diseases, diabetic retinopathy, and regular use of cortisone-
containing drugs. Subjects were excluded if they performed 
regular resistance training (> once/week in the last six 
months before inclusion) or were using dietary supplements 
and were not willing to abstain during the intervention.
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Study intervention

Resistance training

Groups receiving the training-based intervention (RT and 
RTS) performed two sessions of RT per week. The train-
ing protocol was developed in line with the guidelines of 
the American College of Sports Medicine for RT with 
older adults [29]. Exercise sessions were conducted on 
non-consecutive days and supervised by a sport scientist 
who recorded attendance. The training program has been 
described in detail by Oesen et al. [23]. Briefly, each ses-
sion lasted approximately one hour, consisting of an initial 
ten-minute warm-up, a 30–40 min strength training using 
exercise bands and a chair, and a ten-minute cooldown, and 
the intensity and volume of the exercise were progressively 
increased.

Resistance training with nutritional supplementation

Participants in the RTS group followed the same training 
protocol as those in the RT group and additionally consumed 
a nutritional supplement every morning as well as directly 
after the bi-weekly training session. The nutritional supple-
ment was a single 150 ml serve of FortiFit (Nutricia, Vienna, 
Austria), a supplement which is freely available to purchase 
and designed to prevent sarcopenia in older adults. Of note, 
each 150 kcal serve of this supplement provided 200 µg 
of folic acid, 3.0 µg of vitamin B12, 750 µg of vitamin B6, 
55 mg of choline, and 20.7 g of protein. Complete details of 
the composition of this nutritional supplement can be found 
in Supplementary Table 1. Participants were instructed to 
consume the supplement at breakfast each morning.

Cognitive training

The CT group served as the control group to minimise the 
bias of being part of a social group activity, as those in the 
RT and RTS groups received twice a week during training 
sessions. Those in the CT group performed coordinative or 
cognitive tasks [30], which were mainly memory training 
and finger dexterity exercises in a sitting position.

Participants in all intervention groups were instructed to 
maintain regular food intake, which was checked with 24 h 
diet recalls when blood samples were taken at three- and 
six-month follow-ups.

Cardiometabolic parameters

Waist and hip circumference, body mass and body height 
were measured following standardised anthropometric 

procedures. Body mass was measured to the nearest 0.1 kg 
(BWB 700, Tanita, Amsterdam, Netherlands) and height was 
measured to the nearest 0.5 cm using a portable stadiometer 
(SECA Model 217, Seca GmbH & Co. KG, Hamburg, Ger-
many). Body mass index (BMI) was calculated as body mass 
relative to height in meters squared (kg/m2).

Lipid profile (low-density lipoprotein cholesterol (LDL-
C), high-density lipoprotein cholesterol (HDL-C), total/
HDL-C) and triglycerides), high-sensitive insulin, plasma 
glucose (FPG) and glomerular filtration rate (GFR) were 
analysed immediately after blood sampling at a routine 
laboratory (study lab GmbH, Vienna, Austria). Renal func-
tion is a determinant of circulating Hcy concentrations [31, 
32], and GFR was therefore used as a confounding variable 
in regression models. To determine Homeostatic Model 
Assessment of Insulin Resistance (HOMA-IR) as a marker 
of insulin resistance, fasting plasma glucose (mg/dl) and 
insulin (IU/ml) values were converted into mmol/L (glucose) 
and pmol/L (insulin), and then entered into the validated 
HOMA2 calculator (HOMA2 v2.2.3 © β, Diabetes Trials 
Unit, University of Oxford).

One‑carbon metabolites

Following an overnight fast, blood samples were collected 
into EDTA-coated vacutainers. Samples were placed on 
ice prior to separation of plasma for analysis [33], and 
then separated into aliquots and stored in Eppendorf tubes 
at  − 80 °C until required for analysis. Samples were thawed 
only immediately before analysis. Ultra-high performance 
liquid chromatography coupled with mass spectrometry 
was performed to determine plasma concentrations of 11 
metabolites (betaine, choline, DMG, S-adenosylhomocyst-
eine (SAH), and SAM) and amino acids (cysteine, cystathio-
nine, glycine, Hcy, methionine, and serine) involved in the 
regulation of 1C metabolism. Product/precursor ratios were 
calculated to provide insight into pathway regulation for 
betaine/choline, and DMG/betaine, which have previously 
been used as an index of endogenous betaine synthesis and 
its use, allowing inference of betaine-dependent remethyla-
tion of Hcy [34, 35].

Samples were randomised to ensure a balance of inter-
vention group and sex across batches. The methods have 
been reported in detail elsewhere[36]. Briefly, plasma 
samples were prepared using an automated robotic liquid 
handling system (Eppendorf epMotion® 5075vt, Hamburg, 
Germany). First, 300 μl of 1% formic acid in methanol was 
pipetted into a 96-well IMPACT® protein precipitation 
plate (Phenomenex, Torrance, California, USA). Next, all 
standards (100 μl), quality controls (100 μl) and standards 
(100 μl) were spiked with 20 μl of internal standard solu-
tion, agitated for 5 min (800 rpm), then filtered into a (2 mL) 
96-well square collection plate (Phenomenex, Torrance, 
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California, USA) by applying a vacuum (450 mbar). 100 μl 
of Tris (2-carboxyethyl) phosphine was then dispensed into 
each well to allow for the separate quantification of Hcy 
and cysteine.

Three sets of quality control samples were included to 
assess recovery of standards and reproducibility of samples. 
Metabolites were considered acceptable if standard recover-
ies were between 80 and120%, and coefficients of variance 
were below 20%. Cystathionine and SAH did not satisfy 
these requirements and were excluded from further analy-
sis, as were SAM samples from one of three batches (34%, 
n = 76). For samples where a peak was not detected, a miss-
ing value was calculated as half of the minimum value of 
each batch [37]. A missing value was not calculated for the 
SAM samples that were excluded from the analysis.

B vitamin status

Plasma vitamin B12 and erythrocyte folate status were ana-
lysed using a radioimmunoassay technique, according to 
Müllner et al. [38]. Standard curves were drawn and sam-
ple values calculated according to the protocol provided by 
the kit producer (MP Biomedicals, Germany). Coefficient 
of variance was calculated as 5.5% for folate and 5.6% for 
vitamin B12. Inadequate plasma vitamin B12 and erythrocyte 
folate status was defined as < 150 pmol/L and < 340 nmol/L, 
respectively, according to recommendations by the World 
Health Organization [39, 40].

Dietary intake

Dietary intake was assessed by interview-based 24 h recalls, 
which were performed at baseline and after 6 months. The 
evaluation of the records was performed using the nutritional 
software NUT.S (Dato Denkwerkzeuge, Vienna, Austria), 
which is based on the German Food Composition Database 
Version II.3 (Berlin, Germany) but was adapted for Aus-
trian eating habits through the addition of typical Austrian 
recipes.

Statistical analysis

Before analysis, normality was assessed graphically. Due 
to a skewed distribution, HOMA-IR, DMG and the DMG/
betaine ratio were log-transformed for analysis. Non-trans-
formed values were used to construct tables and graphs of 
summary statistics. All statistical analyses were performed 
using R 3.6.3 statistical software [41]. Unless otherwise 
specified, Alpha was set at p ≤ 0.05, and data presented as 
mean (standard deviation).

Baseline differences in markers of metabolic health and 
B vitamin status between males and females were assessed 

by Students t test, and 1C metabolites by linear mixed mod-
els to correct for batch effect as a random factor. Baseline 
correlations between markers of metabolic health and 1C 
metabolites were assessed by Spearman rank correlation. 
Changes in markers of metabolic health and 1C metabo-
lites were analysed by linear mixed models, where subject 
and batch effect (1C metabolites only) were fit as a random 
factor, and time and intervention were fit as fixed factors, 
including an interaction term between time and interven-
tion. For significant interaction terms, the Sidak adjustment 
was applied to correct for multiple comparisons. To evalu-
ate associations between shifts in 1C metabolites and mark-
ers of metabolic health, and the effect of the intervention 
received on this, multiple regression modelling was per-
formed. Change (baseline—follow-up) in each metabolic 
marker was set as the dependent variable, and change in 
each metabolite was set as the independent variable in the 
following models. Model 1—unadjusted; Model 2—adjusted 
(age, sex, GFR, baseline metabolite status, and BMI for non-
anthropometric-dependent variables); Model 3—adjusted 
model including an interaction term between the independ-
ent variable (change in metabolite concentration) and the 
intervention group.

Results

Participant characteristics

This secondary analysis of the Vienna Active Ageing Study 
included 95 participants at baseline, of which 67 had data 
available for 1C metabolites and cardiometabolic parameters 
at the six-month follow-up. Participants had an average age 
of 83 (± 6) years and were predominantly female (88.4%), 
which reflects the gender distribution of this age group near 
their statistical life expectancy in the houses of the Curator-
ship of Viennese Retirement homes (Table 1).

Differences in B vitamins, one‑carbon metabolites 
and cardiometabolic parameters according to sex.

At baseline, females had a higher BMI (p = 0.045), but 
lower waist/hip ratio (p ≤ 0.001) than their male coun-
terparts, with a trend towards higher serum triglycerides 
(p = 0.051) and HOMA-IR, or greater insulin resistance, 
(p = 0.064). Minor differences were seen between 1C 
metabolite status at baseline; females had higher plasma 
glycine concentrations at baseline (p = 0.003), and a 
trend towards higher plasma serine (p = 0.050) and lower 
methionine (p = 0.061) concentrations. No difference in B 
vitamin status (plasma vitamin B12 and erythrocyte folate) 
or adequacy was found between males and females. Nota-
bly, there was a high prevalence of folate inadequacy in the 
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total population (93% with concentrations < 340 nmol/L, 
the adequacy threshold recommended by the World Health 
Organization [39]) (Table 1).

Baseline correlations between one‑carbon 
metabolites and cardiometabolic parameters

According to Spearman correlation analyses, cysteine con-
centration was positively correlated with BMI (ρ = 0.202) 
and the waist/hip ratio (ρ = 0.223). The waist/hip ratio was 
also positively correlated with both methionine (ρ = 0.219) 
and glycine (ρ = 0.398). HDL-C was positively correlated 
with glycine (ρ = 0.345), and the total/HDL-C ratio with 
DMG (ρ = 0.208) and DMG/betaine (ρ = 0.230). Choline 
metabolites were also correlated with triglycerides, with an 
inverse correlation between both betaine (ρ =  − 0.300) and 
betaine/choline (ρ = − 0.287), while a positive correlation 
was found with both DMG (ρ = 0.233) and DMG/betaine 
(ρ = 0.335). An inverse correlation with betaine (ρ = − 0.254) 
and positive correlation with DMG/betaine (ρ = 0.207) was 
also found for HOMA-IR, but FPG was not correlated with 
1C metabolites (Table 2).

Changes in one‑carbon metabolites 
and cardiometabolic parameters according 
to intervention group

Across all intervention groups, an increase of the waist/
hip ratio (time effect, p = 0.008) and LDL-C (time effect, 
p = 0.028) was found at the six-month follow-up, while a 
decrease in HOMA-IR was found for the three-month follow-
up, but was not sustained at the 6-month follow-up (time 
effect, p ≤ 0.001). In the control group, we also found a reduc-
tion in FPG at the three-month follow-up, but again was not 
sustained at the 6-month follow-up (interaction, p = 0.006). 
Plasma choline concentrations increased at the 3-month 
follow-up only (time effect, p = 0.013), while Hcy, methio-
nine and cysteine concentrations remained elevated at the 
six-month follow-up (time effect, p ≤ 0.001). An interaction 
effect was found for serine (p = 0.024). However, post hoc 
comparisons were not significant upon applying the Sidak 
correction (Table 3, Fig. 1). Changes in B vitamin concentra-
tions from baseline to follow-up have been presented else-
where [24]. Of relevance to the present findings, an increase 
in erythrocyte folate and plasma vitamin B12 concentrations 
was reported to increase in the RTS group only [24].

Fig. 1   Overview of one-carbon metabolism, and the impact of inter-
vention with resistance training (RT), resistance training with sup-
plementation (RTS), or cognitive training (CT) for 6 months on one-
carbon metabolites. Metabolites analysed in this paper are highlighted 
in bold and outlined in a box, B vitamins acting as co-enzymes are in 
a grey circle, and enzymes are outlined in an oval. A red arrow indi-
cates a change from baseline to follow-up (↑, increase; ↓, decrease) 
and time point (T2, 3-month; T3, 6-month) for metabolites where a 
significant time effect (p < 0.05) was found in linear mixed models. 
No changes according to the intervention group were found for any 

metabolites (interaction, p > 0.05). AHCY S-adenosylhomocysteine 
hydrolase, BHMT betaine-homocysteine methyltransferase, CBS 
cystathionine β-synthase, CHDH choline dehydrogenase, CTH cys-
tathionine λ-lyase, DMG dimethylglycine, GNMT glycine N-meth-
yltransferase, MAT methionine adenosyltransferase, MS methionine 
synthase, PC phosphatidylcholine, PE phosphatidylethanolamine, 
PEMT phosphatidylethanolamine methyltransferase, SAH S-adenosyl-
homocysteine, SAM S-adenosylmethionine, SARDH sarcosine dehy-
drogenase, SHMT serine hydroxymethyltransferase (SHMT1, cyto-
solic; SHMT2, mitochondrial), THF tetrahydrofolate
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Longitudinal associations between changes 
in one‑carbon metabolites and cardiometabolic 
parameters

Increasing Hcy concentrations were associated with a rise in 
the waist/hip ratio in both unadjusted (β = 0.020, p = 0.008) 
and adjusted models (β = 0.020, p = 0.042), while a positive 
association between shifts in cysteine concentrations and the 
waist/hip ratio was significant in an unadjusted model only 

(β = 8.2–4, p = 0.035). Increasing DMG concentrations were 
associated with a decline of BMI (β =  − 0.410, p = 0.009) 
and LDL-C (β = − 10.8, p = 0.031), although only that with 
BMI remained significant when adjusted for confounding 
variables (β = − 0.400, p = 0.038). Increasing DMG was 
also associated with a rise in HOMA-IR in an adjusted 
model only (β = 0.72, p = 0.018). A positive association was 
also found between shifts in the ratio of total/HDL-C and 
DMG/betaine, a marker of upregulated betaine-dependent 

Table 1   Baseline status of one-carbon metabolites, cardiometabolic parameters and B vitamins according to sex

Data presented as mean (standard deviation). All biochemical measures are fasting samples. Abbreviations: DMG dimethylglycine
a Inadequate plasma vitamin B12 was defined as < 150 pmol/L according to the World Health Organization[40]
b Inadequate erythrocyte folate was defined as < 340 nmol/L according to the World Health Organization[39]
*Indicates a significant difference (p < 0.05) between sex for variables at baseline

Characteristic Variable Total
(n = 95)

Males
(n = 11)

Females
(n = 84)

p value

Age (years) 83.1 (5.8) 83.4 (5.2) 82.4 (6.7) 0.110
Metabolic Health Body mass index (kg/m2) 29.1 (4.8) 26.9 (3.4) 29.4 (4.9) 0.045*

Waist/Hip ratio 0.86 (0.07) 0.93 (0.04) 0.85 (0.07)  < 0.001*

Serum LDL Cholesterol (mmol/L) 3.17 (0.97) 2.77 (0.98) 3.22 (0.96) 0.178
Serum HDL cholesterol (mmol/L) 1.65 (0.44) 1.51 (0.36) 1.67 (0.44) 0.200
Serum Total/HDL-cholesterol ratio 3.47 (1.01) 3.23 (0.66) 3.50 (1.04) 0.240
Serum Triglycerides (mmol/L) 1.31 (0.51) 1.09 (0.34) 1.33 (0.52) 0.051
Plasma glucose (mmol/L) 5.71 (1.10) 5.43 (0.84) 5.74 (1.13) 0.280
HOMA-IR 2.41 (2.30) 1.65 (1.18) 2.51 (2.39) 0.064

One-carbon metabolites Betaine (µM) 30.8 (9.36) 35.0 (10.5) 30.3 (9.13) 0.193
Choline (µM) 14.3 (2.59) 14.4 (3.49) 14.3 (2.48) 0.477
Cysteine (µM) 103 (21.9) 104 (13.6) 102 (22.8) 0.539
DMG (µM) 2.84 (1.26) 2.74 (1.25) 2.85 (1.27) 0.749
Glycine (µM) 195 (48.1) 157 (25.6) 200 (48.2) 0.003*

Homocysteine (µM) 2.20 (1.07) 2.00 (1.12) 2.23 (1.07) 0.943
Methionine (µM) 22.45 (3.19) 24.3 (3.21) 22.2 (3.12) 0.061
S-adenosylmethionine (nM) 56.6 (16.8) 53.3 (22.0) 57.1 (16.1) 0.555
Serine (µM) 95.8 (26.6) 79.9 (16.1) 97.9 (27.0) 0.050
Betaine/choline 2.20 (0.69) 2.44 (0.46) 2.16 (0.71) 0.211
DMG/betaine 0.10 (0.05) 0.09 (0.06) 0.10 (0.05) 0.940

B vitamin status Plasma Vitamin B12 (pmol/L) 380 (333) 460 (410) 370 (324) 0.456
Prevalence of vitamin B12 inadequacya 21% 20% 30% 0.479
Erythrocyte folate (nmol/L) 181 (107) 185 (95.4) 181 (109) 0.962
Prevalence of folate inadequacyb 93% 94% 89% 0.589

Dietary intake Energy (kcal) 1556 (354) 1705 (298) 1544 (357) 0.176
Protein (% energy intake) 16.2 17.3 16.1
Fat (% energy intake) 35.0 34.4 35.1
Carbohydrate (% energy intake) 48.8 48.3 48.8
Fibre (g) 21.7 (30.6) 21.7 (7.0) 21.7 (31.8) 0.176
Protein (g/kg/body weight) 0.83 (0.30) 0.85 (0.24) 0.83 (0.27) 0.701
Folate (µg) 261 (124) 300 (121) 257 (125) 0.450
Riboflavin (mg) 1.17 (0.41) 1.02 (0.35) 1.18 (0.42) 0.347
Vitamin B6 (mg) 1.56 (0.78) 1.73 (0.47) 1.55 (0.80) 0.205
Vitamin B12 (µg) 5.05 (3.03) 5.59 (3.64) 5.01 (2.99) 0.618
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Hcy remethylation, in unadjusted (β = 6.17, p = 0.034) and 
adjusted (β = 8.74, p = 0.014) models (Table 4, Supplemen-
tary Table 2).

The most consistent effect of the intervention was seen 
in markers of lipid metabolism. In the RTS group, increas-
ing concentrations of choline, cysteine, DMG, glycine, and 
serine were associated with a decline in the ratio of total 
cholesterol/HDL-C compared to the CT and RT groups. 
Similarly, increasing concentrations of choline, cysteine, 
DMG, and methionine were associated with reduced triglyc-
eride concentrations (interaction, p < 0.05) in the RTS group 
compared to the CT and RT groups. Rising betaine and ser-
ine concentrations were also associated with a decline in 
HOMA-IR in the RTS group compared to the CT and RT 
groups, while positive associations between shifts in methio-
nine and cysteine with HOMA-IR were found in both the 
RTS and RT groups compared to those in the CT group 
(Fig. 2). Full details of these effects can be found in Sup-
plementary Table 2.

Discussion

This study is a novel investigation into the impact of lifestyle 
interventions on a comprehensive profile of 1C metabolites 
and cardiometabolic parameters in an elderly population 
(65–98 years). Metabolites reflecting upregulated betaine-
dependent Hcy remethylation were associated with an unfa-
vourable lipid profile at baseline. However, increasing DMG, 
cysteine, and choline concentrations were associated with 
improved lipid parameters in those receiving nutritional 
supplementation, which likely reflects underlying shifts in 
methylation status and choline availability, both of which 
play a critical role in lipid metabolism. This study highlights 

the complex relationship between 1C metabolism and car-
diometabolic health, which choline metabolites appear cen-
tral to. Notably, our findings highlight that the relationship 
between 1C metabolites and cardiometabolic health may be 
modified by resistance training combined with nutritional 
supplementation. These findings bolster the relevance of 
1C metabolites in healthy ageing, and further research is 
required to understand whether optimising 1C metabolite 
status might confer cardiometabolic and related benefits in 
very old adults.

Hcy is an established risk factor for cardiovascular dis-
ease [7]. Despite growing interest in the association between 
Hcy and the metabolic syndrome, this has yielded inconsist-
ent findings and is poorly characterised [8, 42–46]. While 
associations between Hcy and cardiometabolic markers were 
limited, metabolites reflective of betaine-dependent Hcy 
remethylation were more closely associated with parameters 
of glucose and lipid metabolism. Our findings indicate that 
upregulation of the BHMT pathway to support Hcy rem-
ethylation is associated with an unfavourable cardiometa-
bolic profile; betaine and the ratio of betaine/choline were 
inversely correlated with HOMA-IR and triglycerides, while 
DMG and the ratio of DMG/betaine were positively corre-
lated with triglycerides, total/HDL-C and HOMA-IR. Shifts 
in DMG concentrations were associated with changes in 
cardiometabolic markers, yet the direction of response was 
inconsistent, as increasing DMG concentrations were associ-
ated with improvements in LDL-C and BMI, but worsening 
insulin sensitivity in adjusted models. These findings in part 
support previous reports of betaine being associated with 
a more favourable cardiometabolic profile, although based 
on the available evidence, we would have expected to find 
a more divergent association between betaine and choline 
with these metabolic markers rather than between betaine 

Table 2   Baseline correlation analysis between one-carbon metabolites and cardiometabolic parameters

Correlation coefficients presented according to Spearman correlation analysis. *p < 0.100, **p < 0.05, ***p < 0.01. Abbreviations: DMG dimeth-
ylglycine, SAM S-adenosylmethoinine

BMI Waist/hip ratio LDL-Cholesterol HDL-Cholesterol Total/HDL-
Cholesterol

Triglycerides Glucose HOMA-IR

Betaine − 0.191* 0.180* 0.076 0.196* − 0.116 − 0.300** − 0.086 − 0.254**
Choline − 0.135 0.050 0.031 0.032 − 0.035 − 0.053 − 0.201* − 0.104
Cysteine 0.202** 0.223** − 0.094 − 0.167 0.061 0.158 0.053 0.091
DMG 0.043 − 0.022 0.122 − 0.083 0.208** 0.233** − 0.182 0.077
Glycine 0.071 − 0.398 0.044 0.345*** − 0.173* − 0.128 − 0.125 − 0.063
Homocysteine 0.170 0.065 − 0.080 − 0.145 0.045 0.097 0.101 0.080
Methionine − 0.046 0.219** − 0.099 − 0.004 − 0.127 − 0.199* 0.039 − 0.088
S-adenosylmethionine 0.143 0.134 − 0.032 − 0.238 0.206 − 0.150 0.083 0.142
Serine 0.109 − 0.088 0.078 0.074 0.004 − 0.049 − 0.092 − 0.046
Betaine/choline − 0.100 0.146 − 0.019 0.180* − 0.147 − 0.287** 0.043 − 0.176
DMG/Betaine 0.144 − 0.057 0.081 − 0.160 0.230** 0.335*** − 0.068 0.207**
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Fig. 2   Effect of intervention 
with resistance training (RT), 
resistance training with supple-
mentation (RTS), or cognitive 
training (CT) on associations 
between six-month shifts in 
one-carbon metabolites and 
cardiometabolic parameters. 
Scatter plots depict asso-
ciations between changes in 
choline concentrations with 
a total/HDL-cholesterol and 
b triglyceride concentrations; 
cysteine concentrations with 
c total/HDL-cholesterol and d 
triglyceride concentrations, and 
dimethylglycine concentrations 
with e total/HDL-cholesterol 
and f triglyceride concentra-
tions. Data are based on linear 
regression analyses presented 
in Table 4 and Supplementary 
Table 2, and refer to a model 
adjusted for confounding 
variables (age, sex, glomerular 
filtration rate, baseline metabo-
lite concentrations, and BMI), 
and includes an interaction term 
between the intervention group 
and the dependent variable. 
Change (baseline—follow-up) 
in metabolites are set as depend-
ent variables, and change in 
cardiometabolic markers are set 
as independent variables
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and DMG [12–15]. There is a relative paucity of literature 
regarding DMG, although lower concentrations have previ-
ously been associated with higher blood glucose, increased 
insulin resistance, and an increased risk of incident diabetes 
[47]. The only known pathway for DMG synthesis results 
from betaine donating a methyl group for the remethylation 
of Hcy, and thus is considered to reflect BHMT activity [48, 
49]. Upregulation of this pathway is evidently implicated in 
numerous aspects of cardiometabolic risk, which, for the 
most part, appears to be an unfavourable relationship.

Interestingly, supplementation modified the longitudinal 
relationship between shifts in these markers of Hcy rem-
ethylation and lipid metabolism. Increasing DMG, choline, 
and cysteine concentrations were associated with improve-
ments in the lipid profile only in those receiving supplemen-
tation. Although we are unable to provide further insight into 
mechanisms, this is plausibly mediated by shifts in meth-
ylation status and choline availability for the synthesis of 
phosphatidylcholine. With increased flux through BHMT, 
phosphatidylcholine synthesis from choline is restricted, 
as there is greater demand for choline oxidation to sup-
port betaine availability. In turn, this places an increased 
demand on the synthesis of phosphatidylcholine from phos-
phatidylethanolamine, which requires labile methyl groups 
[50]. Indeed, betaine supplementation has been shown to 
increase hepatic phosphatidylcholine concentrations and 
the ratio of phosphatidylcholine/phosphatidylethanolamine 
[51]. In another study, betaine supplementation improved 
whole-body glucose homeostasis and energy expenditure 
[52]. Supplementation with krill oil has been shown to 
reduce triglycerides, which was suggested to be through 
increased phosphatidylcholine intake (1750 mg/day) and 
choline availability leading to enhanced processes depend-
ent on methyl donors, including flux over BHMT [53]. The 
Fortifit supplement used in the current study contains only 
a small amount of choline (55 mg). Although B vitamin 
supplementation may increase choline status [54], greater 
supplemental concentrations, or a longer follow-up period 
may have been required to see similar improvements in the 
lipid profile of our participants.

While increasing cysteine concentrations were associated 
with favourable changes in lipid parameters in those receiv-
ing supplementation, this should be considered alongside 
the relationship between cysteine and body composition. 
Cysteine concentrations were correlated with higher BMI 
and waist/hip ratio at baseline. Increasing cysteine concen-
trations were also associated with a rise in waist/hip ratio 
during the six-month follow-up in simple regression analy-
ses regardless of the intervention received, but not when 
adjusted for confounding variables. These findings in part 
align with those from the Hordaland Homocysteine study 
[55, 56], where cysteine was positively associated with 
BMI and fat mass in both cross-sectional and longitudinal 

analyses in a large cohort of middle-aged and older adults 
[10]. Beyond cysteine’s link to methylation status, mecha-
nisms have been extensively reviewed and proposed by 
Elshorbagy et al. [10]. Our findings support the role of 
cysteine in body composition, but require careful interpreta-
tion in elderly populations, as there is a shift upwards in the 
BMI range that is considered healthy and protective against 
mortality in older adults [57]. Vitamin B6 is required for 
cysteine synthesis (through cystathionine-β-synthase and 
cystathionine-λ-lyase), yet vitamin B6 deficiency is prevalent 
amongst elderly populations [58, 59]. The balance is com-
plex, and further studies are required to better understand the 
mechanisms underlying the role of cysteine in the regulation 
of body composition and lipid metabolism, particularly in 
vulnerable populations that require special consideration, 
such as those in their oldest years.

It is interesting to note that Hcy did not decline in those 
receiving the RT or RTS intervention, an observation pre-
viously been reported with both B vitamin supplementa-
tion [60, 61] and RT [19, 20] in older adults. This might be 
explained by the nutritional supplement used here, which 
contained a moderate amount of 200  µg folic acid per 
serve compared to 400 µg shown to reduce Hcy in other 
elderly populations [60, 61]. The Fortifit supplement also 
provided 20.7 g of protein per serve, thus increasing the 
supply of dietary methionine. Further, participants in the 
current study were older (mean, 83 ± 6 years) than other 
elderly populations who have shown a decline in Hcy with 
RT interventions (range 60–80 years) [19, 20]. However, 
caution should be given to the interpretation of these find-
ings given the analytical technique used. While the mass 
spectrometry technique used has been peer-reviewed with 
good internal reproducibility [36], the concentrations of Hcy 
are below expected reference ranges [63] which limits the 
clinical interpretation of our results. The discrepancy in Hcy 
concentrations can be explained by a lower concentration 
of Tris (2-carboxyethyl) phosphine used, an agent used in 
sample preparation to reduce disulfide bonds in cystine and 
homocystine to allow quantification of cysteine and Hcy, 
compared to other studies [64].

This study provides valuable insight into the response 
of 1C metabolism to intervention those in their old-
est years of life. A key strength of our study lies in the 
elderly population included (83 ± 6 years). Octogenarians 
and nonagenarians are the fastest growing proportion of 
our ageing population [65], yet are under-represented in 
research on 1C metabolism. Lifestyle interventions, such 
as supplementation and exercise, are promoted to optimise 
health in this vulnerable population, yet to our knowledge, 
this is the first study to investigate the effect of such inter-
ventions on cardiometabolic parameters in advanced age. 
These results, of course, should not be generalised to early 
agers where B vitamin status might be expected to be more 
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adequate than in our cohort. Further, while the mass spec-
trometry technique used here gave a comprehensive profile 
of plasma 1C metabolites, but does not quantify sarcosine, 
trimethylamine N-oxide, or other choline species (e.g. 
phosphatidylcholine). The inclusion of these metabolites 
would help to interpret the findings in the current study, as 
would quantifying urinary 1C metabolites [66].

Conclusion

This study highlights the complex relationship between 
1C metabolites and cardiometabolic health in an elderly 
institutionalised population, which choline metabolites 
were central to. While RT or RTS did not improve plasma 
1C metabolites or cardiometabolic risk profiles after six 
months, more subtle changes in pathway regulation were 
indicated. 1C metabolites reflecting upregulated betaine-
dependent Hcy remethylation were correlated with an 
unfavourable cardiometabolic profile. However, the direc-
tion of association between these 1C metabolites and the 
lipid profile was modified in those receiving RT with 
nutritional supplementation. These findings highlight the 
potential to promote successful ageing through improv-
ing health outcomes underpinned by these interconnected 
pathways, however, further research is required to demon-
strate the potential of optimising 1C metabolite status such 
that cardiometabolic benefit is conferred in older adults.
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