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Prospective Associations of Systemic and Urinary
Choline Metabolites with Incident Type 2 Diabetes

Gard F.T. Svingen,”” Hall Schartum-Hansen,? Eva R. Pedersen,’ Per M. Ueland,"® Grethe S. Tell,**
Gunnar Mellgren,’¢” Pal R. Njglstad,”-® Reinhard Seifert,? Elin Strand,” Therese Karlsson," and
Ottar Nygard'27

BACKGROUND: Several compounds in the choline oxida-
tion pathway are associated with insulin resistance and
prevalent diabetes; however, prospective data are scarce.

We explored the relationships between systemic and uri-
nary choline-related metabolites and incident type 2 di-
abetes in an observational prospective study among Nor-
wegian patients.

METHODS: We explored risk associations by logistic re-
gression among 3621 nondiabetic individuals with sus-
pected stable angina pectoris, of whom 3242 provided
urine samples. Reclassification of patients was investi-
gated according to continuous net reclassification im-
provement (NRI >0).

RESULTS: After median (25th to 75th percentile) follow-
up of 7.5 (6.4—8.7) years, 233 patients (6.4%) were reg-
istered with incident type 2 diabetes. In models adjusted
for age, sex, and fasting status, plasma betaine was in-
versely related to new-onset disease [odds ratio (OR) per
1SD, 0.72; 95% CI, 0.62—0.83; 2 < 0.00001], whereas
positive associations were observed for urine betaine
(1.25; 1.09-1.43; P = 0.001), dimethylglycine (1.22;
1.06-1.40; P = 0.007), and sarcosine (1.30; 1.13—1.49;
P < 0.001). The associations were maintained in a mul-
tivariable model adjusting for body mass index, hemoglo-
bin A, urine albumin-to-creatinine ratio, estimated glo-
merular filtration rate, C-reactive protein, HDL
cholesterol, and medications. Plasma betaine and urine
sarcosine, the indices most strongly related to incident
type 2 diabetes, improved reclassification [NRI >0 (95%
CI) 0.33 (0.19-0.47) and 0.16 (0.01-0.31), respec-
tively] and showed good within-person reproducibility.

CONCLUSIONS: Systemic and urinary concentrations of
several choline metabolites were associated with risk of
incident type 2 diabetes, and relevant biomarkers may
improve risk prediction.

© 2016 American Association for Clinical Chemistry

The choline oxidation pathway comprises the sequential
metabolism of choline to betaine, dimethylglycine, and
sarcosine (Fig. 1). This pathway yields 1-carbon units
for the production of the universal methyl donor,
S-adenosylmethionine, concentrations of which may be
low among patients with type 2 diabetes (T2D)° (1).
Both choline and betaine are involved in mobilizing lip-
ids from the liver (2), and betaine supplementation may
alleviate hepatic lipid accumulation (3) that is commonly
related to insulin resistance (IR) and T2D. In addition,
several steps in the choline oxidation pathway take place
within the mitochondrion and are tightly connected to
the mitochondrial respiratory chain (4), linking choline
metabolism to adequate mitochondrial function.

Lower circulating betaine concentrations have been
reported among patients with T2D than among those
without established T2D (5, 6), and a recent report pro-
posed a relationship between low plasma dimethylglycine
and incident diabetes (7). Moreover, the intestinal mi-
croflora take part in turning dietary choline into trimeth-
ylamine N-oxide (TMAO) (8), and higher plasma
TMAO concentrations have been observed among pa-
tients with T2D than among those without T2D (9).
Also, several studies have found very high urinary betaine
concentrations among patients with diabetes (10, 11).
We previously observed strong positive correlations be-
tween urine betaine, dimethylglycine, and sarcosine
among patients with coronary heart disease and found
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Fig. 1. Choline metabolism and its ramifications to homo-
cysteine and methyl group metabolism.

BADH, betaine-aldehyde dehydrogenase; CHDH, choline dehy-
drogenase; DDH, dimethylglycine dehydrogenase; DMG,
dimethylglycine; GNMT, glycine-N-methyltransferase; SAH,
S-adenosylhomocysteine; SAM, S-adenosylmethionine; SDH, sar-
cosine dehydrogenase.

that high urine betaine was associated with new-onset
diabetes during follow-up for approximately 3 years (11).

These findings suggest that IR and diabetes are as-
sociated with altered downstream choline metabolism,
and potentially also dietary choline intake. Moreover,
patients with diabetes seem to have increased excretion of
several choline metabolites in the urine. However, it is
not known whether compounds related to the choline
oxidation pathway other than plasma dimethylglycine
and urine betaine are associated with incident T2D in
long-term prospective studies; hence, we now report on
these issues in a large prospective observational cohort
study with long-term follow-up.

Materials and Methods

STUDY DESIGN

The source population has been described elsewhere
(12).In short, 4164 patients were evaluated for suspected
stable angina pectoris at 2 Norwegian university hospitals
from 2000 to 2004. About two-thirds were included in
the Western Norway B-Vitamin Intervention Trial
(WENBIT) and randomized to receive folic acid + vita-
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min B, + vitamin By, folic acid + vitamin B, vitamin
By alone, or placebo (13).

For baseline analyses, we excluded 94 patients with
type 1 diabetes or without data on glycated hemoglobin
(Hb A,)) or plasma glucose, choline, betaine, and dim-
ethylglycine, leaving 4070 patients (see Supplementary
Fig. 1, which accompanies the online version of this ar-
ticle at htep://www.clinchem.org/content/vol62/issue5).
When carrying out analyses on end points and repeated
measurements, we further excluded 449 patients with
established T2D. This left 3621 patients for follow-up, of
whom 3242 had provided urine samples.

CLINICAL AND BIOCHEMICAL DATA

The collection of anamnestic, clinical, and routine bio-
chemical information has been described (11, 12). We
measured plasma TMAO, choline, betaine, and dimeth-
ylglycine; serum sarcosine; and urine choline, betaine,
dimethylglycine, and sarcosine by LC-MS/MS (14) or
GC-MS/MS (15). Within-day CVs for the assays were as
follows: choline, 5.4%-5.9%; betaine, 5.5%~7.2%; di-
methylglycine, 6.7%-11.7%; (14); sarcosine 5%; and
TMAO 2.1%-3.1% (16). Concentrations of com-
pounds in the urine were given per mole creatinine to
correct for dilution.

We estimated daily total intake of energy, as well as
choline and betaine according to the USDA Database for
the Choline Content of Common Foods (77), among
1939 patients who provided information on average di-
etary habits during the last year from food frequency
questionnaires, as described elsewhere (18). We also cal-
culated B-cell function, insulin sensitivity, and IR among
877 fasting patients without established type 2 diabetes at
baseline with the computer-based updated homeostatic
model assessment (HOMA2), as previously reported
(19).

All patients provided written informed consent, and
the study was carried out according to the Declaration of
Helsinki.

STUDY END POINTS

Patients were classified as having incident T2D when
diagnosed according to the International Classification of
Diseases, Revision 10 (codes E11-E14) at their discharge
summary from a stay in a Norwegian public hospital.
Data were obtained from the Cardiovascular Disease in
Norway project (http://www.cvdnor.no) (20), and
follow-up ended on December 31, 2009. For the subset
included in WENBIT and during in-trial follow-up,
cases were additionally identified as incident self-
reported T2D or newly diagnosed T2D according to
fasting or nonfasting plasma glucose =126 and =200
mg/dL (=7.0 and =11.1 mmol/L), respectively (21 ).


http://www.clinchem.org/content/vol62/issue5
http://www.cvdnor.no
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STATISTICAL ANALYSES

Continuous and categorical variables are given as medi-
ans (25th to 75th percentiles) and counts (%), respec-
tively. Between-group differences were tested by use of
age, sex, and fasting status (fasting defined as =8 h since
last meal) adjusted mixed linear regression models for
continuous and logistic regression models for categorical
dependent variables. We explored associations between
choline metabolites and indices of IR and glucose ho-
meostasis with partial Spearman rank correlation, ad-
justed for age, sex, and fasting status. We investigated
changes in choline metabolites from baseline to the
1-year WENBIT study visit according to study treatment
allocation, with mixed linear modeling.

All metabolites had right-tailed distributions and
were log-transformed and standardized before entry into
logistic regression models when investigating their rela-
tionships with incident T2D. Estimates are reported as
per 1 SD, and obtained unadjusted; adjusted for age, sex,
and fasting status; and additionally adjusted for several
established risk factors of T2D and potential confound-
ers: body mass index (BMI), Hb A, urine albumin-to-
creatinine ratio, estimated glomerular filtration rate
(eGFR), C-reactive protein (CRP), HDL cholesterol
(HDL-C), and the use of loop diuretics, thiazides,
B-blockers, statins, ACE inhibitors, and angiotensin re-
ceptor blockers at discharge from the baseline hospital
visit. Potential nonlinear relationships between choline-
related metabolites (as continuous, nontransformed vari-
ables) and incident type 2 diabetes were investigated by
generalized additive modeling of the logistic regression
models adjusted for age, sex, and fasting and potential
break-points as tested by the Davies test for segmented
regression. To identify the choline metabolites that were
most strongly associated with incident T2D, we simulta-
neously included choline metabolites that were indepen-
dently associated with the end point in the univariate
analyses into a stepwise backward elimination logistic
regression model otherwise containing the variables in
the multivariate model. The selection was determined by
improvement in the Akaike information criterion. For
the choline metabolites still left in the model, we explored
their individually added improvement in model discrim-
ination by calculating the c-statistic and the integrated
discrimination index and assessed reclassification by de-
termining the continuous (category-free) net reclassifica-
tion improvement (NRI >0). Within-individual repro-
ducibility for the same variables was explored by
calculating  their intraclass correlation coefficients
(ICCs), with values 0f 0.40 to 0.75 and =0.75 suggesting
fair to good and excellent reproducibility, respectively
22).

The software packages IBM SPSS Statistics for Win-
dows, version 22.0 (IBM Corp.) and R version 3.0.2 (R
Foundation for Statistical Computing; packages n/me,

ppeor, mgev, segmented, Hmisc, ROCR, PredictABEL, and
ICC) were used for statistical analyses, and the signifi-
cance level was 0.05 for all models.

Results

BASELINE CHARACTERISTICS

Among 4070 patients at baseline, 71.9% were men,
26.6% were fasting, and overall median (25th to 75th
percentile) age, BMI, and Hb A,  were 62 (55-70) years,
26.3 (24.2-29.0) kg/m?, and 6.1% (5.4%—6.8%), re-
spectively. Compared with nondiabetic patients, those
with T2D had higher serum CRP and triglycerides and
lower HDL-C. Patients with T2D also had higher
plasma TMAO and choline but lower plasma betaine;
however, the daily intake of neither choline nor betaine
differed according to diabetic status. Urinary concentra-
tions of all choline metabolites were approximately 2- to
3-fold higher among patients with T2D than among
those without T2D, and as expected, patients with T2D
had higher urine albumin-to-creatinine ratios (Table 1).
Because the diagnosis of diabetes requires 2 independent
measurements in otherwise symptom-free individuals
(21), we did similar calculations after excluding 1108
patients having Hb A, =6.5%, fasting plasma glucose
=126 mg/dL (7.0 mmol/L), or random plasma glucose
=200 mg/dL (11.1 mmol/L), but without a diagnosis of
T2D at baseline, indicating possible but yet not verified
diabetes. Similar trends were observed (see online Sup-
plementary Table 1).

As depicted in online Supplementary Figs. 2 and 3,
higher plasma choline and lower plasma betaine concen-
trations were related to a generally more adverse diabetes
risk profile. Plasma dimethylglycine had positive associ-
ations with HOMA2-IR and CRP. Serum sarcosine was
associated with a favorable risk profile, especially among
patients with T2D. Plasma TMAO correlated positively
with HOMAZ2-IR, as well as with plasma choline, dim-
ethylglycine, and serum sarcosine. In urine, most choline
metabolites were positively related to an adverse risk pro-
file, and particularly strong associations were observed
with plasma glucose and Hb A, among patients with
established T2D.

All choline oxidation pathway metabolites in plasma
and serum showed moderately strong positive intercorre-
lations. Even stronger associations were seen among the
various choline metabolites in urine, and in particular
between betaine, dimethylglycine, and sarcosine (partial
Spearman p = 0.69, P < 0.001). However, systemic and
urinary concentrations of each metabolite were only
moderately positively correlated, and among patients
with T2D, we observed a negative correlation between
plasma and urine betaine.
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Table 1. Baseline characteristics according to type 2 diabetes at baseline.?

Characteristic
Age, years
Male sex
Prior cardiovascular disease.
Current smoking
Estimated total daily intake
Energy, kcal
Choline, mg
Betaine, mg
BMI, kg/m?
Hb A, %
Plasma glucose, mg/dL
HOMA-2¢
B-cell function, %
Insulin sensitivity, %
Insulin resistance
eGFR, mL+min~"-(1.73 m?)™’
Plasma/serum
CRP, mg/L
HDL-C, mg/dL
Triglycerides, mg/dL
Alanine aminotransferase, |U/L
Total homocysteine, pmol/L
Methionine, pmol/L
Choline metabolites, umol/L
TMAO
Choline
Betaine
Dimethylglycine
Sarcosine
B-vitamins
Riboflavin, nmol/L
Folate, nmol/L
Cobalamin, pmol/L
5'-pyridoxal phosphate, nmol/L
Urine
Choline metabolites, mmol/mol creatinine
Choline
Betaine
Dimethylgycine
Sarcosine

Albumin, g/mmol creatinine

Type 2 diabetes at baseline

No

Yes

3621
3621
3621
3621
1735

3618
3621
3621

877

3621

3620
3620
3617
3025
3621
3621

3610
3621
3621
3621
3345

3605
3619
3181
3605

3242
3242
3242
3242
2952

Median (25th-75th
percentile) or n (%)

2 (55-69)
2603 (71.9)
2044 (56.4)
1175(32.4)

2052 (1663-2503)
242 (193-302)
136 (105-169)

26.1(24.1-28.7)

0(5.3-6.6)
9(90-112)

3(43-80)
238 (88-265)
0.40 (0.40-1.10)

1(79-99)

1.74 (0.85-3.51)
39-58)

130.2 (94-185)

9(

(

8 (20-38)

10.4(8.7-12.5)

25.6(22.5-31.9)
6(3.6-9.3)
6(8.2-11.4)

39.4(32.5-48.1)
1(3.4-5.1)
5(1.2-1.8)

11.0(7.4-18.0)
10.0 (7.3-14.6)
362 (275-466)
41.5(29.6-59.8)

1.98 (1.47-2.69)
6.96 (4.67-42.25)

0(1.98-4.64)
0.13(0.09-0.20)
0.52 (0.38-0.86)

n

449
449
449
449
204

449
449
449

448

449
449
449
378
449
449

446
449
449
449
422

442
449
400
442

399
399
399
398
375

Median (25th-75th
percentile) or n (%)

65 (58-72)
325(72.4)
298 (66.4)
113(25.2)

1912 (1530-2384)
240 (182-299)
133 (104-168)
28.1(25.4-31.4)

7(6.7-8.9)

180 (139-225)

90 (74-99)

2.15(1.09-4.81)

43 (35-50)
160 (114-233)
0(22-42)
10.7 (8.6-12.9)
26.7(22.5-33.1)

2(4.3-12.3)
10.1(8.4-12.2)
35.6(28.3-45.0)

2(3.2-5.2)

4(1.1-1.8)

12.9(8.6-21.2)
10.8 (7.9-15.6)
358 (270-464)
39.0(27.4-59.4)

2.81(1.85-4.28)

22.27 (10.21-45.25)

0.25(0.15-0.42)

(

(
5.61(3.50-8.09)

(
1.01(0.55-3.06)

P

<0.000001
0.48
0.001
0.09

0.12

0.83

0.20
<0.000001
<0.000001
<0.000001

<0.001

0.009
<0.000001
<0.000001

0.005

0.30

0.31

0.0004

0.10
<0.000001

0.88

0.92

<0.001
0.008
0.53
0.21

<0.000001
<0.000001
<0.000001
<0.000001
<0.000001

Continued on page 759
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Table 1. Baseline characteristics according to type 2 diabetes at baseline.? (Continued from page 758)

Type 2 diabetes at baseline

No

Yes

Characteristic n®

Medications and supplements, n (%)

Before baseline

Statin 3621

Folic acid 3407

Multivitamins 3407
At discharge from hospital

Statin 3621

Folic acid® 3407

Multivitamin® 3407

Median (25th-75th

Median (25th-75th

percentile) or n (%) n® percentile) or n (%) P
2601 (71.8) 449 349 (77.9) 0.009
313(9.2) 408 42 (10.3) 0.39
520 (15.3) 408 46 (11.3) 0.05
2875 (79.4) - - -
226 (6.6) - - -
203 (6.0) - - -

triglycerides from mg/dL to mmol, multiply by 0.01129.
® Patients with valid measurements.
€ Fasting patients without established diabetes.
9 Patients in WENBIT were instructed not to use any additional vitamin supplements.

2 Pvalues were adjusted for age, sex, and fasting status. To convert plasma glucose from mg/dL to mmol, multiply by 0.05556; HDL-C from mg/dL to mmol, multiply by 0.02586; and

CHANGES IN CHOLINE METABOLITES OVER 1 YEAR

Among patients allocated to placebo treatment in
WENBIT, we observed a slight increase in the systemic
concentrations of all 4 choline metabolites, as well as for
urine choline, dimethylglycine, and sarcosine (see online
Supplementary Table 2). Relative to placebo, treatment
with folic acid + vitamin B, augmented the increase in
plasma choline and betaine but lowered plasma and urine
dimethylglycine and urine sarcosine. Compared with
placebo, vitamin B treatment was associated with an
even larger increase in plasma dimethylglycine but less
prominent increments in serum sarcosine and urine cho-
line concentrations. No significant differences in tempo-
ral plasma TMAO were found, nor were differences
found according to WENBIT study treatment.

ASSOCIATIONS BETWEEN CHOLINE METABOLITES AND
INCIDENT T2D
By the end of 2009, and during a total follow-up time of
median (25th to 75th percentile) 7.5 (6.4, 8.7) years,
88.2% of 3621 patients without known T2D at baseline
had been admitted to any Norwegian public hospital at
least once, among whom we identified 191 cases of inci-
dent T2D according to hospital discharge diagnoses. Ad-
ditionally, 42 cases of new-onset T2D were reported dur-
ing WENBIT follow-up study visits throughout 2006,
bringing the number of end points to 233 (6.4% overall
incidence rate).

As expected, patients who later received a diagnosis

of new T2D had higher baseline BMI, Hb A, plasma

glucose, and HOMA2-IR than those who did not de-
velop T2D (Table 2). Patients who developed T2D also
had lower plasma betaine but higher urine betaine and
sarcosine concentrations, whereas we observed no differ-
ences in plasma TMAO or reported total intake of cho-
line and betaine.

In logistic regression analyses adjusted for age, sex,
and fasting status, incident T2D was strongly associated
with lower baseline plasma betaine [odds ratio (OR) per
1 SD, 0.72; 95% CI, 0.62-0.83; P < 0.00001] and
higher urine betaine (1.25; 1.09-1.43; P = 0.001), di-
methylglycine (1.22; 1.06-1.40; P = 0.007), and sar-
cosine (1.30; 1.13-1.49; P < 0.001). No statistically
significant associations were found for plasma or urinary
choline, plasma TMAO, plasma dimethylglycine, or se-
rum sarcosine (Table 3), nor was there any relationship
between urine creatinine and incident T2D (data not
shown).

The generalized additive modeling plots in Fig. 2
show age-, sex-, and fasting-adjusted dose—response rela-
tionships between metabolites of the choline oxidation
pathway and incident T2D. The inverse relationship ob-
served for plasma betaine leveled off at higher plasma
betaine concentrations (? = 0.03). No statistically sig-
nificant nonlinear relationships were observed between
any of the other metabolites and incident T2D (P =
0.08).

The risk associations were not statistically signifi-
cantly different when excluding the 1108 patients with
indices of possible T2D at baseline (see online Supple-

Clinical Chemistry 62:5(2016) 759



Table 2. Baseline characteristics according to incident type 2 diabetes during follow-up.?

Characteristic
Age, years
Male sex
Prior cardiovascular disease
Current smoking
Estimated total daily intake
Energy, kcal
Choline, mg
Betaine, mg
BMI, kg/m?
Hb A, %
Plasma glucose, mg/dL
HOMA-2¢
B-cell function, %
Insulin sensitivity, %
Insulin resistance
eGFR, mL+min™"-(1.73 m?)™’
Plasma/serum
CRP, mg/L
HDL-C, mg/dL
Triglycerides, mg/dL
Alanine aminotransferase, IU/L
Total homocysteine, pmol/L
Methionine, pmol/L
Choline metabolites, pmol/L
TMAO
Choline
Betaine
Dimethylglycine
Sarcosine
B-vitamins
Riboflavin, nmol/L
Folate, nmol/L
Cobalamin, pmol/L
5'-pyridoxal phosphate, nmol/L
Urine
Choline metabolites, mmol/mol creatinine
Choline
Betaine
Dimethylgycine
Sarcosine

Albumin, g/mmol creatinine

Type 2 diabetes during follow-up

No

Yes

3388
3388
3388
3388
1605

3385
3388
3388

835

3388

3387
3387
3384
2835
3388
3388

3378
3388
3388
3388
3127

3372
3386
2969
3372

3037
3037
3037
3037
2778

Median (25th-75th
percentile) or n (%)

2 (54-69)
2434 (71.8)
1897 (56.0)
1103 (32.6)

2053 (1672-2509)
242 (193-302)
136 (105-169)
26.0(23.9-28.4)

9(5.3-6.6)

9 (20-110)

3(43-80)
247 (90-266)
0. O(O 40-1.10)

1(79-99)

1.71(0.84-3.43)
0 (42-58)

127 (93-182)

7 (20-38)

10. 4(8 7-12.5)

26.5(22.5-31.8)

5(3.6-9.3)
6(8.2-11.4)
39.5(32.8-48.2)
1(3.4-5.1)
5(1.2-1.8)

11.0(7.3-17.8)
10.0(7.3-14.6)
363 (275-467)
41.5(29.7-59.9)

1.97 (1.47-2.69)
6.91(4.67-10.86)
3.02 (1.96-4.56)
0.13(0.08-0.20)
0.51(0.37-0.84)

n

233
233
233
233
130

233
233
233

42

233

233
233
233
190
233
233

232
233
233
233
218

233
233
212
233

205
205
205
205
192

Median (25th-75th
percentile) or n (%)

2(56-70)
169 (72.5)
147 (63.1)

2(30.9)

1997 (1596-2418)
242 (182-301)
135(105-169)
28.9 (26.3-31.4)

2(5.5-7.0)

119 (104-150)

7 (46-106)
101 (39-219)
1.00 (0.48-2.55)

1(80-98)

234(1 17-4.32)
43 (35-50)
174(120 238)
2 (24-48)
105(86 12.9)

(

26.9(22.4-33.9)

9(4.2-9.4)
10. 0(8 2-11.4)
36.9(28.8-44.6)

2(3.4-5.2)

5(1.2-1.8)

12.2(7.7-20.2)
10.2 (7.8-15.6)
350 (275-445)
41.8(28.4-59.8)

2.03 (1.45-2.93)
8.18 (4.97-13.60)
3.32(2.15-5.43)
0.16(0.09-0.24)
0.67 (0.46-1.33)

P

0.06
0.61
0.06
0.96

0.77

0.71

0.59
<0.00001
<0.00001
<0.00001

0.19
<0.00001
<0.00001

0.13

0.09
<0.00001
<0.00001

0.008

0.79

0.08

0.77
0.73
0.0009
0.56
0.84

0.42
0.78
0.27
0.21

1.00
<0.00001

0.61
<0.00001

0.89

Continued on page 761
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Table 2. Baseline characteristics according to incident type 2 diabetes during follow-up.? (Continued from page 760)

Type 2 diabetes during follow-up

No Yes

Characteristic n®

Medications and supplements, n (%)

Before baseline

Statin 3388

Folic acid 3184

Multivitamins 3184
At discharge from hospital

Statin 3388

Folic acid® 3184

Multivitamin® 3184

triglycerides from mg/dL to mmol, multiply by 0.01129.
® Patients with valid measurements.
€ Fasting patients without established diabetes.
9 Patients in WENBIT were instructed not to use any additional vitamin supplements.

2 Pvalues were adjusted for age, sex, and fasting status. To convert plasma glucose from mg/dL to mmol, multiply by 0.05556; HDL-C from mg/dL to mmol, multiply by 0.02586; and

Median (25th-75th Median (25th-75th

percentile) or n (%) n® percentile) or n (%) P
2432 (71.8) 233 169 (72.5) 0.76
294 (9.2) 223 19(8.5) 0.74
488 (15.3) 223 32(14.3) 0.73
2678 (79.0) 233 197 (84.5) 0.05
215 (6.8) 223 11(4.9) 0.71
191 (6.0) 223 12 (5.4) 0.76

mentary Table 3; P for interaction =0.17), of whom 99
(8.9%) received a later diagnosis of T2D. The risk esti-
mates were similar also when considering only end points
registered during the in-trial follow-up period among
participants in WENBIT (see online Supplementary
Table 4).

In the multivariate model (n = 2949, 191 events),
the risk associations were essentially unaltered (Table 3),

also when further adjusting for estimated daily total in-
take of either choline or betaine in the subgroup of pa-
tients with dietary data (data not shown). B-vitamin sta-
tus is closely metabolically linked to the choline
oxidation pathway, but adjusting for serum folate, serum
cobalamin, plasma riboflavin, plasma 5’-pyridoxal phos-
phate, or WENBIT study treatment did not influence
overall risk estimates (data not shown).

Table 3. Associations of systemic and urine choline metabolites with incident type 2 diabetes.”

2 Data are OR (95% CI) per 1 SD of logarithmically transformed variable.

angiotensin receptor blockers.
¢ Corrected for urine creatinine.

Adjusted for age, sex,
Metabolite Univariate model P and fasting status P Multivariate model® P

Plasma/serum

TMAO 1.05 (0.92-1.20) 0.46 1.02 (0.88-1.17) 0.81 1.08 (0.91-1.27) 0.39

Choline 1.06 (0.93-1.22) 0.37 1.01(0.87-1.16) 0.94 0.89(0.75-1.06) 0.19

Betaine 0.78(0.69-0.89)  <0.001 0.72(0.62-0.83) <0.00001 0.74 (0.63-0.88) <0.001

Dimethylglycine 0.99 (0.86-1.13) 0.83 0.94 (0.82-1.09) 0.42 0.92 (0.77-1.09) 0.33

Sarcosine 0.97 (0.84-1.11) 0.65 0.93(0.81-1.08) 0.34 1.07 (0.91-1.26) 0.43
Urine©

Choline 1.09 (0.96-1.25) 0.20 1.07 (0.92-1.23) 0.39 1.09 (0.93-1.29) 0.30

Betaine 1.27 (1.11-1.45) 0.001 1.25(1.09-1.43) 0.001 1.23 (1.06-1.43) 0.006

Dimethylglycine 1.23(1.07-1.42) 0.003 1.22(1.06-1.40) 0.007 1.19(1.01-1.39) 0.03

Sarcosine 1.31(1.14-1.50)  <0.001 1.30(1.13-1.49) <0.001 1.25(1.07-1.46) 0.004

® Includes age, sex, fasting status, BMI, Hb A,, eGFR, CRP, HDL-C, urine albumin-to-creatinine ratio, and the use of loop diuretics, thiazides, B-blockers, statins, ACE inhibitors, and
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Fig. 2. Relationships between systemic and urinary choline-related metabolites and incident type 2 diabetes.
Solid lines depict the smoothed spline of the generalized additive logistic regressions model, adjusted for age, sex, and fasting status. The
shaded areas depict 95% Cls. Density plots are aligned along the x axes.

When stepwise backwards elimination was used for ~ improved the reclassification of patients at risk, as well
the multivariate model also including plasma betaine as as the integrated discrimination index, although the
well as urine betaine, dimethylglycine, and sarcosine, increments in c-statistics did not reach statistical
only plasma betaine and urine sarcosine remained of the ~ significance.
choline metabolites in the final model.

TEST-RETEST RELIABILITY OF PLASMA BETAINE AND URINE

MODEL DISCRIMINATION AND RECLASSIFICATION SARCOSINE
As shown in Table 4, adding plasma betaine or urine  On the basis of 560 paired measurements among patients

sarcosine to the multivariate logistic regression model allocated to placebo treatment, the ICC was 0.62 (95% CI,

Table 4. Model discrimination and reclassification.?

c-statistic (95% Cl) P NRI >0 (95% CI) P IDI (95% CI) P

Basic model® 0.750(0.714-0.786) — — — —
+ plasma betaine  0.751(0.715-0.787) 0.79 0.33(0.19-0.47) <0.000001 0.0084 (0.0038-0.0130) <0.001
+ urine sarcosine  0.757 (0.721-0.793) 0.19 0.16(0.01-0.31) 0.03 0.0048 (0.0002-0.0094) 0.04

2 The basic model included age, sex, fasting status, BMI, Hb A, , eGFR, CRP, HDL-C, urine albumin-to-creatinine ratio, and the use of loop diuretics, thiazides, B-blockers, statins, ACE
inhibitors, and angiotensin receptor blockers.
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0.56-0.66) for plasma betaine and 0.69 (95% CI, 0.64—
0.74) for urine sarcosine. Similar results were obtained
among patients receiving vitamin B alone, whereas lower
ICCs were found among those allocated to folic acid +
vitamin B, (see online Supplementary Table 5).

Discussion

In the current prospective cohort study, we found that
lower plasma concentrations of betaine and higher uri-
nary concentrations of several metabolites downstream in
the choline oxidation pathway were associated with inci-
dent T2D among patients evaluated for coronary heart
disease and followed for an average of >7 years. The
relationships were robust in sensitivity analyses and when
adjusting for several traditional diabetes risk factors and
potential confounders. Moreover, plasma betaine and
urine sarcosine improved risk prediction of incident T2D
and showed good within-person reproducibility.

Patients with T2D had slightly higher baseline
plasma choline than nondiabetic patients, a finding sup-
ported by positive associations between plasma choline
and components of the metabolic syndrome in a Norwe-
gian general population sample (23). Increased plasma
TMAO among patients with T2D is consistent with
findings from a small cross-sectional study among pa-
tients with heart failure (9). However, the prospective
associations between choline, TMAQO, and diabetes are
somewhat inconsistent, as lower plasma TMAO and
higher urine choline have been associated with develop-
ment of gestational diabetes (24), whereas we found no
associations between either choline or TMAO and inci-
dent T2D in the current investigation.

The present study also shows for the first time that low
plasma betaine concentrations strongly predicted new-onset
T2D, and that patients who later developed T2D had base-
line plasma betaine concentrations comparable to those
with existing disease. As opposed to the findings from a
recent Swedish Mendelian randomization study (7), we did
not observe significant associations between plasma dimeth-
ylglycine and incident T2D. Also, there was no overall rela-
tionship between serum sarcosine and incident T2Dj; how-
ever, lower serum sarcosine was observed among patients
with established T2D both in the current study and in a
survey among US men (25).

Higher urine betaine concentrations have previously
been observed among patients with T2D or the metabolic
syndrome (10, 11), and increased urinary betaine and sar-
cosine concentrations were found among patients with
T2D vs patients with maturity-onset diabetes of the young
(26), indicating a role of IR. Accordingly, the current study
showed that the highly correlated urine betaine, dimethylg-
lycine, and sarcosine concentrations were all positively asso-

ciated with HOMAZ2-IR and incident T2D, and that urine

sarcosine was the urinary choline metabolite most strongly
associated with new-onset disease.

Betaine is obtained either directly from the diet or via
the irreversible conversion of choline inside the mitochon-
drion. In the present study, the dietary intake of neither
choline nor betaine differed according to established or in-
cident T2D, and adjusting for intake did not influence the
risk estimates. It is therefore likely that the current associa-
tions between downstream choline metabolites and new-
onset T2D reflect metabolic traits rather than dietary habits.

In line with a study in the general population (23),
plasma betaine and choline demonstrated divergent associ-
ations with several indices of IR. This suggests impaired
oxidation of choline to betaine in patients at higher risk of
developing T2D, potentially linking the current findings
with mitochondrial dysfunction, a hallmark of IR (27).
Low plasma betaine concentrations may also reflect altered
flux over the cytosolic enzyme betaine-homocysteine
S-methyl transferase (BHMT). BHMT is abundant in the
liver and the kidneys (28) and catalyzes the betaine-
dependent remethylation of homocysteine, forming methi-
onine and dimethylglycine. The hepatic BHMT pathway
has wide metabolic ramifications, including methylation
status and lipid handling (29), as well as insulin and energy
homeostasis (30). A potential interplay between betaine sta-
tus, BHMT activity and transcription, and expression of the
nuclear transcription factor peroxisome proliferator-
activated receptor a might also affect pancreatic B-cells (37—
33). Altered BHMT flux in the kidneys—which, in addi-
tion to the liver, harbor most of the betaine in the body
(10 )—may partly explain higher urine dimethylglycine and
sarcosine concentrations among patients at higher risk of
T2D. Treatment with folic acid + vitamin B,, seemed to
increase betaine and decrease dimethylglycine and sarcosine
in both plasma/serum and urine during follow-up. This in-
dicates reduced flux over BHMT, although folic acid may
also lower sarcosine production via reduced remethylation
of glycine by glycine-/V-methyltransferase in the cell cytosol
(34). However, adjusting for study treatment did not alter
the associations between choline metabolites and incident
T2D among WENBIT participants, nor did a recent Men-
delian randomization study find any association between
BHMT polymorphisms and T2D risk (35). Our observa-
tional data on steady-state concentrations does not allow
conclusions regarding flux through complex metabolic
pathways. Nevertheless, these results point to a direction of
causality in which IR or the diabetic states affect the BHMT
reaction, rather than the other way around.

Possible mechanisms behind increased urinary betaine,
dimethylglycine, and sarcosine include increased renal cho-
line uptake, metabolism, and excretion. Betaine is freely fil-
tered in the glomeruli but has a low fractional renal clear-
ance, probably because of extensive reuptake in the proximal
tubular system (36). Sarcosine undergoes similar renal han-
dling (37), whereas the renal processing of dimethylglycine
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has not been described. However, all 3 metabolites were
strongly correlated in the urine, suggesting common han-
dling by the kidneys. Individuals at increased risk of diabe-
tes, but without overt renal insufficiency, have signs of re-
nal tubular dysfunction (38). Thus, it is plausible that
impaired tubular reuptake may have influenced the positive
associations between incident T2D and urinary concentra-
tions of betaine, dimethylglycine, and sarcosine in our pop-
ulation, who had overall eGFRs within reference intervals
and no signs of albuminuria at baseline.

Adding either plasma betaine or urinary sarcosine to
other established predictors of incident T2D improved
model performance and risk prediction. Among patients
randomized to placebo or treatment with vitamin Bg
alone, these metabolites also showed good within-person
reproducibility. For plasma betaine, this confirms recent
results obtained from data in the Nurses” Health Study
(39), and high reproducibility is imperative when con-
sidering novel clinical biomarkers, as biomarker status
can be obtained from a single measurement.

The strengths of this study are the size of the well-
characterized cohort, including data on all choline metabo-
lites in both blood and urine, as well as the long follow-up
time. In addition, the results were robust in multivariate
models and sensitivity analyses; however, residual con-
founding is an inherent limitation of observational data.
Our results also need to be validated in populations with
different characteristics, especially patients who are younger
and without coronary heart disease, the latter condition be-
ing connected to IR (40). The proportion of patients who
developed T2D was comparable to similar cohorts (41);
however, since the diagnosis of T2D partly relied on hospi-
tal discharge reports, we cannot rule out misclassification of
cases. Nevertheless, the relationships between choline me-
tabolites and incident T2D were similar when only includ-
ing WENBIT patients with end points occurring during
close in-trial follow-up, thereby strengthening the reliability
of our findings.

Baseline plasma glucose and Hb A,_ were high
among 1108 patients with possible, yet not verified, T2D
at baseline. If not diabetic, these patients were probably
prediabetic, with a high risk of subsequently developing
T2D (42). On the other hand, the reproducibility of
prediabetes has been questioned (43), and only approx-
imately 1 of 10 patients with possible T2D was reported
with incident disease during follow-up in the current
study. This suggests that it may not be appropriate to
classify all patients with possible T2D as having T2D at
baseline. Although no significant interaction was ob-
served when excluding these patients, most risk estimates
became statistically nonsignificant, probably owing to
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loss of statistical power. The concentrations of choline
metabolites were similar when comparing those without
T2D and those with possible T2D. In addition, the ma-
jority of end points (57.5%) were registered among those
without any signs of T2D at baseline; hence, including
patients with possible T2D in the prospective analyses
was unlikely to introduce any serious bias, although some
influence by reverse causation cannot be excluded. There
is, however, a need for validation of our results among
patients who are more rigorously classified according to
diabetes status both at baseline and during follow-up.

We applied the widely used NRI > 0 for reclassifi-
cation analyses, although we do acknowledge the limita-
tions of the method (44). The potential clinical utility for
plasma betaine and urine sarcosine should therefore be
assessed in future studies by also exploring alternative
reclassification measures (45).

In summary, this large-scale, prospective, observa-
tional cohort study of patients with suspected stable an-
gina pectoris showed that lower plasma betaine and
higher urine betaine, dimethylglycine, and sarcosine pre-
dicted incident T2D, and that the relationships were not
explained by traditional risk factors or potential con-
founders. Firm conclusions about pathophysiologic
mechanisms cannot be drawn from epidemiological
studies alone; however, the current findings may reflect
impaired renal tubular uptake, alterations in BHMT
flux, and activation of key elements in energy and insulin
homeostasis, with potential ramifications also to mito-
chondrial function and methyl group metabolism. Infor-
mation on plasma betaine and urine sarcosine status also
improved the reclassification of patients at risk of T2D,
and high within-person reproducibility for plasma be-
taine and urine sarcosine allows the assessment of bio-
marker status by a single measurement.

Author Contributions: All authors confirmed they have contributed to the
intellectual content of this paper and have met the following 3 requirements: (a)
significant contributions to the conception and design, acquisition of data, or
analysis and interpretation of data; (b) drafting or revising the article for intel-
lectual content; and (c) final approval of the published article.

Authors’ Disclosures or Potential Conflicts of Interest: No authors
declared any potential conflicts of interest.

Role of Sponsor: No sponsor was declared.

Acknowledgments: We acknowledge all WENBIT study personnel
and the staff at Bevital AS. We thank Tomislav Dimoski at the Norwe-
gian Knowledge Centre for the Health Services, Oslo, Norway, for his
contribution by developing the software necessary for obtaining admis-
sion data from Norwegian hospitals and conducting the data collection
and quality assurance of data in this project.



Choline Metabolites and Risk of Type 2 Diabetes

1

(=]

1

pury

1

N

1

w

1

-

1

o

16.

. Poirier LA, Brown AT, Fink LM, Wise CK, Randolph CJ, De-

longchamp RR, Fonseca VA. Blood S-adenosylmethionine
concentrations and lymphocyte methylenetetrahydrofo-
late reductase activity in diabetes mellitus and diabetic ne-
phropathy. Metabolism 2001;50:1014-8.

. Ueland PM. Choline and betaine in health and disease.

J Inherit Metab Dis 2011;34:3-15.

. Mukherjee S. Betaine and nonalcoholic steatohepatitis:

back to the future? World J Gastroenterol 2011;17:
3663-4.

. Tibbetts AS, Appling DR. Compartmentalization of

mammalian folate-mediated one-carbon metabolism.
Annu Rev Nutr2010;30:57-81.

. Lever M, Slow S, McGregor DO, Dellow WJ, George PM,

Chambers ST. Variability of plasma and urine betaine in
diabetes mellitus and its relationship to methionine
load test responses: an observational study. Cardiovasc
Diabetol 2012;11:34.

. Lever M, George PM, Slow S, Bellamy D, Young JM, Ho

M, etal. Betaine and trimethylamine-N-oxide as predic-
tors of cardiovascular outcomes show different patterns
in diabetes mellitus: an observational study. PloS One
2014;9:6114969.

. Magnusson M, Wang TJ, Clish C, Engstrom G, Nilsson P,

Gerszten RE, Melander 0. Dimethylglycine deficiency
and the development of diabetes mellitus. Diabetes
2015;64:3010-6.

. Wang Z, Klipfell E, Bennett BJ, Koeth R, Levison BS,

Dugar B, et al. Gut flora metabolism of phosphatidyl-
choline promotes cardiovascular disease. Nature 2011;
472:57-63.

. Tang WH, Wang Z, Shrestha K, Borowski AG, Wu Y,

Troughton RW, et al. Intestinal microbiota-dependent
phosphatidylcholine metabolites, diastolic dysfunc-
tion, and adverse clinical outcomes in chronic systolic
heart failure. J Card Fail 2015;21:91-6.

. Lever M, Slow S. The clinical significance of betaine, an

osmolyte with a key role in methyl group metabolism.
Clin Biochem 2010;43:732-44.

. Schartum-Hansen H, Ueland PM, Pedersen ER, Meyer

K, Ebbing M, Bleie O, et al. Assessment of urinary be-
taine as a marker of diabetes mellitus in cardiovascular
patients. PloS One 2013;8:e69454.

. Svingen GF, Ueland PM, Pedersen EK, Schartum-

Hansen H, Seifert R, Ebbing M, et al. Plasma dimethyl-
glycine and risk of incident acute myocardial infarction
in patients with stable angina pectoris. Arterioscler
Thromb Vasc Biol 2013;33:2041-8.

. Ebbing M, Bleie O, Ueland PM, Nordrehaug JE, Nilsen

DW, Vollset SE, et al. Mortality and cardiovascular
events in patients treated with homocysteine-lowering
B vitamins after coronary angiography: a randomized
controlled trial. JAMA 2008;300:795-804.

. Midttun O, Kvalheim G, Ueland PM. High-throughput,

low-volume, multianalyte quantification of plasma me-
tabolites related to one-carbon metabolism using
HPLC-MS/MS. Anal Bioanal Chem 2013;405:2009-
17.

. Ueland PM, Midttun O, Windelberg A, Svardal A, Ska-

levik R, Hustad S. Quantitative profiling of folate and
one-carbon metabolism in large-scale epidemiological
studies by mass spectrometry. Clin Chem Lab Med
2007;45:1737-45.

BEVITAL. Assessment of nutritional status by vitamin
markers. http://bevital.no (Accessed August 2015).

17

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32

References

. USDA Agricultural Research Service. USDA Database for
the Choline Content of Common Foods, Release 2
(2008).  http://www.ars.usda.gov/Services/docs.htm?
docid=6232 (Accessed June 2015).

Manger MS, Strand E, Ebbing M, Seifert R, Refsum H,
Nordrehaug JE, et al. Dietary intake of n-3 long-chain
polyunsaturated fatty acids and coronary events in Nor-
wegian patients with coronary artery disease. Am J Clin
Nutr2010;92:244-51.

Svingen GF, Schartum-Hansen H, Ueland PM, Peder-
sen ER, Seifert R, Ebbing M, etal. Elevated plasma dim-
ethylglycineis a risk marker of mortality in patients with
coronary heart disease. Eur J Prev Cardiol 2015;22:
743-52.

Gerhard Sulo JI, Stein Emil Vollset, Ottar Nygard, Nina
@yen, Grethe S. Tell. Cardiovascular disease and diabe-
tes mellitus in Norway during 1994-2009 CVDNOR: a
nationwide research project. Nor Epidemiol 2013;23:
101-7.

American Diabetes Association. Diagnosis and classifi-
cation of diabetes mellitus. Diabetes Care 2010;
33(Suppl 1):562-9.

Rosner B. Fundamentals of Biostatistics, 7th ed.
Boston: Brooks/Cole; 2011.

Konstantinova SV, Tell GS, Vollset SE, Nygard O, Bleie
0, Ueland PM. Divergent associations of plasma cho-
line and betaine with components of metabolic syn-
drome in middle age and elderly men and women.
JNutr2008;138:914-20.

Diaz SO, Pinto J, Graca G, Duarte IF, Barros AS, Galhano
E, etal. Metabolic biomarkers of prenatal disorders: an
exploratory NMR metabonomics study of second tri-
mester maternal urine and blood plasma. J Proteome
Res2011;10:3732-42.

Koutros S, Meyer TE, Fox SD, Issaq HJ, Veenstra TD,
Huang WY, et al. Prospective evaluation of serum sar-
cosine and risk of prostate cancer in the Prostate, Lung,
Colorectal and Ovarian Cancer Screening Trial. Carcino-
genesis 2013;34:2281-5.

Gloyn AL, Faber JH, Malmodin D, Thanabalasingham G,
Lam F, Ueland PM, et al. Metabolic profiling in
maturity-onset diabetes of the young (MODY) and
young onset type 2 diabetes fails to detect robust uri-
nary biomarkers. PloS One 2012;7:¢40962.
SzendroediJ, Phielix E, Roden M. The role of mitochon-
dria in insulin resistance and type 2 diabetes mellitus.
Nat Rev Endocrinol 2012;8:92-103.

Pajares MA, Perez-Sala D. Betaine homocysteine
S-methyltransferase: just a regulator of homocysteine
metabolism? Cell Mol Life Sci 2006;63:2792-803.
Teng YW, Mehedint MG, Garrow TA, Zeisel SH. Deletion
of betaine-homocysteine S-methyltransferase in mice
perturbs choline and 1-carbon metabolism, resulting
in fatty liver and hepatocellular carcinomas. J Biol
Chem 2011;286:36258-67.

Zeisel SH. Metabolic crosstalk between choline/1-
carbon metabolism and energy homeostasis. Clin
Chem Lab Med 2013;51:467-75.

Bergeron R, Yao J, Woods JW, Zycband El, Liu C, Li Z,
et al. Peroxisome proliferator-activated receptor
(PPAR)-alpha agonism prevents the onset of type 2 di-
abetes in zucker diabetic fatty rats: a comparison with
PPAR gamma agonism. Endocrinology 2006;147:
4252-62.

. Dahlhoff C, Desmarchelier C, Sailer M, Furst RW, Haag

33.

34.

35.

36.

37.

38.

39.

40.

a1.

42,

43.

44.

45,

Clinical Chemistry 62:5 (2016)

A, Ulbrich SE, et al. Hepatic methionine homeostasis is
conserved in ¢57bl/6n mice on high-fat diet despite
major changes in hepatic one-carbon metabolism. PloS
One 2013;8:e57387.

Wang L, Chen L, Tan Y, Wei J, Chang Y, Jin T, Zhu H.
Betaine supplement alleviates hepatic triglyceride ac-
cumulation of apolipoprotein E deficient mice via re-
ducing methylation of peroxisomal proliferator-
activated receptor alpha promoter. Lipids Health Dis
2013;12:34.

Luka Z, Mudd SH, Wagner C. Glycine N-methyltransferase
and regulation of S-adenosylmethionine levels. J Biol
Chem 2009;284:22507-11.

Xie W, Wood AR, Lyssenko V, Weedon MN, Knowles
JW, Alkayyali S, et al. Genetic variants associated with
glycine metabolism and their role in insulin sensitivity
and type 2 diabetes. Diabetes 2013;62:2141-50.
Dellow WJ, Chambers ST, Lever M, Lunt H, Robson RA.
Elevated glycine betaine excretion in diabetes mellitus
patients is associated with proximal tubular dysfunc-
tion and hyperglycemia. Diabetes Res Clin Pract 1999;
43:91-9.

Glorieux FH, Scriver CR, Delvin E, Mohyuddin F. Trans-
portand metabolism of sarcosine in hypersarcosinemic
and normal phenotypes. J Clin Invest 1971;50:2313-
22.

Csernus K, Lanyi E, Erhardt E, Molnar D. Effect of child-
hood obesity and obesity-related cardiovascular risk
factors on glomerular and tubular protein excretion.
EurJ Pediatr 2005;164:44-9.

Midttun O, Townsend MK, Nygard O, Tworoger SS,
Brennan P, Johansson M, Ueland PM. Most blood bio-
markers related to vitamin status, one-carbon metabo-
lism, and the kynurenine pathway show adequate pre-
analytical stability and within-person reproducibility to
allow assessment of exposure or nutritional status in
healthy women and cardiovascular patients. J Nutr
2014;144:784-90.

Reaven G. Insulin resistance and coronary heart disease
in nondiabetic individuals. Arterioscler Thromb Vasc
Biol 2012;32:1754-9.

Sattar N, Preiss D, Murray HM, Welsh P, Buckley BM, de
Craen AJ, et al. Statins and risk of incident diabetes: a
collaborative meta-analysis of randomised statin trials.
Lancet 2010;375:735-42.

Tabak AG, Herder C, Rathmann W, Brunner EJ, Kivimaki
M. Prediabetes: a high-risk state for diabetes develop-
ment. Lancet 2012;379:2279-90.

Balion CM, Raina PS, Gerstein HC, Santaguida PL, Mor-
rison KM, Booker L, Hunt DL. Reproducibility of im-
paired glucose tolerance (IGT) and impaired fasting
glucose (IFG) classification: a systematic review. Clin
Chem Lab Med 2007;45:1180-5.

Leening MJ, Vedder MM, Witteman JC, Pencina MJ,
Steyerberg EW. Net reclassification improvement: com-
putation, interpretation, and controversies: a literature
review and clinician’s guide. Ann Intern Med 2014;
160:122-31.

Duprez DA, Otvos J, Tracy RP, Feingold KR, Greenland
P, Gross MD, et al. High-density lipoprotein subclasses
and noncardiovascular, noncancer chronic inflammatory-
related events versus cardiovascular events: the Multi-
Ethnic Study of Atherosclerosis. J Am Heart Assoc 2015;4:
002295.

765


http://bevital.no
http://www.ars.usda.gov/Services/docs.htm?docid=6232
http://www.ars.usda.gov/Services/docs.htm?docid=6232

