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SUMMARY

Branched-chain amino acids (BCAAs) are effectors of metabolic diseases, but their
impact on mortality is largely unknown. We investigated the association of BCAA
with risk factors and mortality in 2,236 participants of the Ludwigshafen Risk and
Cardiovascular Health (LURIC) study using linear and Cox regression. Adiponec-
tin, hemoglobin, C-peptide, hemoglobin A,., and homoarginine showed the
strongest association with BCAA concentration (all p < 0.001). During a median
follow-up of 10.5 years, 715 participants died, including 450 cardiovascular-
related deaths. BCAA concentrations were inversely associated with the risk of
all-cause and cardiovascular mortality (HR [95% CI] per 1-SD increase in log-
BCAA: 0.75 [0.69-0.82] and 0.72 [0.65-0.80], respectively) after adjustment for
potential confounders. BCAAs are directly associated with metabolic risk but
inversely with mortality in persons with intermediate-to-high cardiovascular
risk. Further studies are warranted to evaluate the diagnostic and therapeutic
utility of BCAA in the context of cardiovascular diseases.

INTRODUCTION

Branched-chain amino acids (BCAAs; leucine, isoleucine, and valine) are essential amino acids, which
account for up to 40% of the preformed amino acids required by humans."? Increasing intake of proteins
in general or specifically, BCAAs is associated with both elevated circulating BCAA levels and changes in
body composition in mice and humans.” BCAA serum concentrations therefore partly reflect total protein
intake whose association with mortality has been studied extensively. For the intake of plant proteins,
most studies report inverse associations with mortality and no or direct associations for the intake of an-
imal proteins.*”” Mechanistic studies in animals have provided evidence that BCAAs play an integral role
in glucose homeostasis and cardiac physiology with partly differing effects of the individual three amino
acids.*7

It has been shown that under a high-fat diet, leucine mediates beneficial effects on adiposity and insulin
sensitivity in mice while valine feeding leads to reduced glucose tolerance/insulin sensitivity.'” Another
study demonstrated that reducing isoleucine or valine but not leucine rapidly restores metabolic health
in obese mice by increasing hepatic insulin sensitivity and ketogenesis and increasing energy expendi-
ture."” Mice with incomplete catabolism of BCAAs due to a genetic defect showed arrhythmias as well
as cardiac conduction and repolarization disturbances.'? A study in a murine model of myocardial infarc-
tion (MI) found that myocardial BCAA catabolism was significantly impaired in response to permanent
MI leading to elevated myocardial BCAA abundance, with oral BCAA administration further increasing
cardiac BCAA concentrations, which lead to the activation of mammalian target of rapamycin (mTOR)
signaling and exacerbated cardiac dysfunction and remodeling."”*

In human heart failure (HF), impaired cardiac BCAA catabolism and insulin signaling were demonstrated,
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Furthermore, restricting dietary BCAA intake increases health span and longevity in mice.'” Metabolomic
profiling in large community-based cohorts indicated that elevated BCAA concentrations are related to
facets of the metabolic syndrome, incident hyperglycemia, and diabetes mellitus.'®'® Shah et al. observed
higher blood concentrations of BCAAs in patients with coronary artery disease (CAD) and a positive asso-
ciation between BCAAs and prevalent, but not incident Ml as compared to persons without CAD."” In a
large study of patients undergoing coronary angiography, higher BCAAs in conjunction with related
metabolites emerged as independent predictors of the risk of death and MI.”° A mendelian randomized
study provided evidence for causal impacts of genetically predicted circulating BCAA levels on blood
pressure (BP).?

While BCAAs appear to augment cardiometabolic risk and reflect prevalent CAD, the association between
BCAAs and the risk of incident cardiovascular mortality irrespective of related metabolites remains
obscure. In a large-scale metabolomics study opposite associations with mortality were observed for the
individual BCAAs with leucine and valine being associated with reduced risk and isoleucine with increased
risk.?

Understanding the impact of BCAAs on cardiovascular risk may afford additional insight into the com-
plex mechanisms involved in the development of and/or progression of cardiovascular diseases. We
used ten-year longitudinal data from the Ludwigshafen Risk and Cardiovascular Health (LURIC) study,
a prospective cohort study in patients routinely referred to coronary angiography, to examine the asso-
ciations between serum BCAA concentrations and cardiometabolic risk factors while further evaluating
the association between circulating BCAA concentrations with the risk of overall and cardiovascular
death.

RESULTS

Distribution of BCAA and baseline characteristics

Among the 2,236 Caucasian participants with a mean age of 62.5 + 10.8 years, 29.9% were women. Overall,
1,566 (68.7%) had angiographically proven CAD (1, 2, and 3 vessels disease: 17.7%, 19.8%, and 31.2%,
respectively). Of the 1,566 individuals with CAD, 934 (59.6%) presented with stable CAD, while the remain-
ing patients were admitted with unstable angina pectoris (n = 357), non-ST-elevation myocardial infarction
(NSTEMI) (troponin-T > 0.1 mg/L, n = 74), or ST-elevation MI (STEMI) (troponin-T > 0.1 mg/L, n = 191). The
prevalence of diabetes mellitus and arterial hypertension was 37.7% (women: 38.8%; men 37.2%; p = 0.495)
and 73.1% (women: 76.5%; men: 71.6%, p = 0.017), respectively. The mean estimated glomerular filtration
rate, eGFR was 85.5 + 23.6 mL/min/1.73 m?.

Baseline characteristics of the 2,236 patients according to quartiles of serum BCAA concentration are
shown in Table 1. Compared with participants in the lowest BCAA quartile, those with higher concentra-
tions were more frequently women and had a higher prevalence of diabetes mellitus and insulin resistance.
Also, individuals with higher serum BCAA concentrations had higher left ventricular ejection fraction (LVEF)
and homoarginine concentrations as well as lower concentrations of N-Terminal pro B-type natriuretic pep-
tide-1 (NT-pro-BNP) and galectin-3.

Diabetic patients (481.2 + 4.0 vs. 442.1 + 1.0 pmol/L; p < 0.001) and patients with CAD (461.0 + 1.2 vs.
440.7 £ 1.3 umol/L; p < 0.001) had higher BCAA values compared with nondiabetic patients and those
without CAD, respectively. In contrast, patients with New York Heart Association stage (NYHA) llI/IV had
lower concentrations of BCAA compared with those with NYHA I/1l (458.7 + 1.2 vs. 448.1 + 1.2 umol/L;
p = 0.041).

Predictors of serum BCAA concentrations
In the overall cohort, adiponectin (B = —0.27), hemoglobin ( = 0.25), and C-peptide (8 = —0.17; p < 0.001 for
all) emerged as the strongest predictors of serum BCAA concentrations, whereas age, sex, BMI, ongoing

antidiabetic, antihypertensive and/or lipid-lowering treatment, CAD, and NT-pro-BNP were not predictors
(Table 2).

Repeating the analysis in the subgroup of participants with LVEF measurement at baseline, yielded similar
results but without showing an association between LVEF and serum BCAA concentrations.
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Table 1. Baseline characteristics of participants of the Ludwigshafen Risk and Cardiovascular Health (LURIC) study stratified by baseline serum
branched-chain amino acid (BCAA) concentrations (N = 2236)

Variable

Quartiles of serum BCAA sum

1°* quartile (n = 559)

< 398.7 pmol/L

2" quartile (n = 559)
398.7-462.5 pmol/L

3 quartile (n = 559)
462.5-528.1 pmol/L

4thquartile (n = 559)

> 528.1 pmol/L

p Value

BCAA sum, pmol/L
Leucine, pmol/L

Isoleucine, umol/L

Valine, umol/L

Age (years)

Sex (male), %

Diabetes mellitus, %
Hemoglobin A, mmol/mol
Fasting glucose, mmol/L
Fasting C-peptide, mg/dL
HOMA-IR

Oral antidiabetic treatment, %
Insulin therapy, %

BMI, kg/m?
LDL-cholesterol, mmol/L
HDL-cholesterol, mmol/L
Triglycerides, mmol/L
Lipid-lowering therapy, %
Adiponectin, pM
Hypertension, %
Antihypertensive medication, %

Systolic blood pressure,

mm Hg

Diastolic blood pressure,
mm Hg

Mean heart rate, bpm
Physical activity: inactive, %
Current smokers, %
Coronary artery disease, %

Previous myocardial

infarction, %
Acute coronary syndrome, %
NYHA classification

NYHA |

NYHA I

NYHA 11l

NYHA IV

Left ventricular ejection
fraction, %

NT-pro-BNP, pg/mL
Galectin-3, ng/mL
Homoarginine, pmol/L

High-sensitivity-CRP, mg/L

346 + 42.4
102 + 14.2
53 £ 9.1

191 + 26.4
62.4 + 11.1
53.1

30.6

38.8 (35.5-44.3)
4.9 (4.4-5.4)
2.8 + 2.1

1.8 (1.1-2.9)
4.1

3.9

262 + 4.0
3.0 (2.4-3.6)
1.0 (0.8-1.2)
1.4 (1.1-2.0)
38.6

10.9 (7.7-16.9)
72.3

83.5

140 + 24

80 + 12

70 £ 13
9.5

21.3
62.7
37.6

24.3

451

31.3

19.5

4.1

552 + 18.8

394 (130.0-1499.0)

14.6 (11.5-19.0)
23 +10
3.5(1.2-8.9)

432 + 182
129 + 9.2
66 + 7.7
238 + 14.6
62.0 + 11.3
71.0

27.9

39.9 (36.6-45.4)
4.9 (4.5-5.7)
28+ 15
1.9 (1.2-3.0)
55

4.7

26.8 + 3.8
2.9 (2.5-3.5)
1.0 (0.8-1.2)
1.6 (1.2-2.1)
46.0

8.6 (6.1-12.9)
70.1

84.6

140 + 24

80 £+ 11

68 + 12
7.2

19.5
68.1
40.4

27.5

53.8

263

16.1

3.8

573 +£17.2

303 (104.0-949.5)
13.8(11.0-17.7)
2.6 £ 1.1
3.1(1.1-8.4)

494 +19.0
147 +12.2
75 + 9.0
272 + 15.1
63.0 + 10.6
74.4

37.9

42.1 (36.6-48.6)
5.1 (4.6-5.8)
28+ 1.6
2.2 (1.4-3.6)
8.9

5.4

27.7 + 3.8
2.9 (2.4-3.5)
0.9 (0.8-1.1)
1.7 (1.3-2.3)
49.6

7.8 (5.4-11.3)
74.4

88.0

143 + 23

81+ 11

67 £ 11
9.7

16.5
74.4
44.9

32.4

49.9

29.3

18.1

2.7

58.7 £ 17.4

270 (108.0-629.0)
13.7 (11.3-17.0)
27 £11
3.5(1.3-8.5)

597 + 58.7
179 + 20.8
91+ 12.4
326 + 34.7
62.6 + 10.2
81.9

54.4

44.3 (38.8-54.1)
5.4 (4.8-6.9)
29+18
2.9 (1.8-4.7)
147

7.0

283 + 3.8
2.9 (2.3-3.5)
0.9 (0.8-1.0)
1.9 (1.4-2.6)
51.9

6.7 (4.9-9.4)
75.5

90.0

144 + 24

82 + 12

69 + 12
6.1

17.4
73.3
46.0

35.2

48.5

32.4

15.2

3.9

58.5 + 16.6

264 (93.0-664.0)
13.5(11.0-17.1)
28 +£1.0

3.6 (1.5-8.8)

<0.001
<0.001
<0.001
0.294
<0.001
<0.001
<0.001
<0.001
0.599
<0.001
<0.001
0.020
0.761
0.894
0.139
<0.001
<0.001
<0.001
0.096
<0.001
0.610

0.893

0.006

0.044
<0.001
0.001

<0.001
0.213

0.026

<0.001
0.001
<0.001
0.196

(Continued on next page)
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Table 1. Continued

Quartiles of serum BCAA sum

1%t quartile (n = 559)  2"? quartile (n = 559) 3™ quartile (n = 559)  4t"quartile (n = 559)

Variable < 398.7 pmol/L 398.7-462.5 pmol/L 462.5-528.1 pmol/L > 528.1 umol/L p Value
eGFR, mL/min per 1.73 m? 825 + 21.8 84.3 + 19.9 82.6 + 20.4 82.0 + 19.2 0.848
Hemoglobin, g/dL 132+ 1.6 137 £ 1.3 139+ 1.4 143+ 1.4 0.175
De Ritis ratio 0.87 (0.70-1.13) 0.80 (0.63-1.00) 0.75 (0.60-1.00) 0.71 (0.60-0.89) <0.001

Values are given as median (25th, 75th percentile), as mean with SD and as percentage for categorical data. ANOVA with P for trend was used for continuous, %2

test for categorical variables.
Abbreviations: BCAA, branched-chain amino acids; eGFR estimated glomerular filtration rate.

Associations between baseline serum BCAA concentration and outcomes

During a median follow-up of 10.5 years (25"'-75" percentile: 8.3-11.0), corresponding to 22,648 person-
years, 450 (20.1%) patients experienced fatal cardiovascular and 265 (11.9%) had fatal non-cardiovascular
events, respectively. Among specific cardiovascular events, we recorded 174 (7.8%) SCDs, 79 (3.5%) fatal
myocardial infarctions, 108 (4.8%) deaths due to HF, and 89 deaths due to other cardiovascular causes.
Fatal non-cardiovascular events comprised fatal infection 54 (2.4%), fatal cancer 104 (4.7%), and other
causes of death 93 (4.2%).

Kaplan-Meier curves for overall and cardiovascular mortality according to quartiles of serum BCAA concentra-
tions are shown in Figures 1A and 1B. Decreasing quartiles of baseline serum BCAA concentrations were
strongly associated with the risk of subsequent fatal cardiovascular and fatal non-cardiovascular events (Table 3),
all three BCAAs (leucine, isoleucine, and valine) are independently associated with mortality (Figures S1-S3). Par-
ticipants in the lowest quartile of serum BCAA concentrations had a 2.2 times higher risk of overall death and a
2.1 times higher risk of death from cardiovascular causes in comparison with the highest quartile, after adjusting
for demographics and established cardiovascular risk factors. Additional consideration of ongoing antihyperten-
sive medication, eGFR, hemoglobin, and liver function as potential confounders did not materially attenuate
these associations (i.e., fourth vs. first BCAA quartile for all-cause mortality: Hazard ratio (HR) 1.98 [95% confi-
dence intervals (Cl), 1.58-2.49] and cardiovascular mortality: HR 1.95 [95% CI 1.46-2.60]).

Analyzing specific causes of cardiovascular death, persons in the lowest quartile of BCAA had a 2.5-, 2.0-,
and 2.1-fold higher risk for death due to MI, sudden cardiac death (SCD), and HF, respectively, compared
with persons in the highest BCAA quartile. Analyses performed using BCAA as a continuous variable (per
SD) showed a 25% decreased risk of all-cause and a 28% decreased risk of cardiovascular mortality for each
increment per one SD BCAA in the fully adjusted model. Serum BCAA concentrations were associated with
a decreased risk of incident fatal Ml, death due to HF, and SCD (HR, 0.68; 95% ClI, 0.52-0.89; HR, 0.76; 95%
Cl, 0.61-0.94; and HR, 0.75; 95% Cl, 0.63-0.89 per one SD increment in BCAA, respectively) (Table 3).

When serum BCAA concentration was considered as a continuous variable by calculating restricted cubic
splines, a non-linear association of BCAA with all-cause (p = 0.005) and cardiovascular mortality risk (p =
0.01) was revealed (Figures 2A and 2B).

C-statistic, discrimination and reclassification

The additional consideration of BCAA to the fully adjusted model increased the area under the receiver
operating characteristic curve (C-statistic) for the prediction of all-cause mortality and cardiovascular mor-
tality from 0.716 to 0.724 and 0.711 to 0.718, respectively (Table 4).

Reclassification as assessed by area under the curve (AUC) and net reclassification improvement metrics
(NRI) was significantly improved with the addition of serum BCAA concentrations to the fully adjusted
model for all-cause mortality, cardiovascular mortality, SCD, and death due to HF (Table 4).

BCAA concentration-associated cardiovascular mortality in various subgroups

To determine whether the association between serum BCAA concentrations and cardiovascular mortality
was homogeneous across the cohort, we conducted subgroup analyses with formal testing for interactions

4 iScience 26, 106459, April 21, 2023
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Table 2. Predictors of serum BCAA concentrations determined by linear regression

Overall (n = 2236) No DM (n = 1392) DM (n = 844)

(R?:0.31) B-coefficient  (R?: 0.24) B-coefficient  (R% 0.35) B-coefficient
Adiponectin (missing n = 67) —0.27%* Adiponectin (missing n = 42) —0.29** Hemoglobin 0.28**
Hemoglobin 0.25** Hemoglobin 0.27** Adiponectin (missing n = 25) —0.23**
C-peptide (missing n = 188) —0.17** eGFR (missing n = 6) —0.19** Hemoglobin A 0,17
Hemoglobin A (missingn =3)  0.16** HOMA-IR (missing n = 49) 0.15** Homoarginine (missingn =4)  0.15**
HOMA-IR (missing n = 74) 0.16** C-peptide (missing n = 118) —0.14** C-peptide (missing n = 70) —0.13**
eGFR (missing n = 9) —0.15** Galectin-3 (missing n = 442) —0.11** Triglycerides 0.13*
Galectin-3 (missing n = 728) —0.10** hsCRP (missing n = 4) 0.10** Mean heart rate —0.08**
Triglycerides 0.10** Current smokers —-0.06 HOMA-IR (missing n = 25) 0.08**
hsCRP (missing n = 6) 0.10** Homoarginine (missing n = 6) 0.04 hsCRP (missing n = 2) 0.07**
Homoarginine (missing n = 10) 0.09**

Current smokers —0.06**

Mean heart rate —0.05*

Excluded variables: age, sex, BMI, fasting glucose, oral antidiabetic treatment, insulin therapy, HDL-cholesterol, LDL-cholesterol, lipid-lowering treatment, De
Ritis ratio, physical activity, arterial hypertension, antihypertensive treatment, acute coronary syndrome, coronary artery disease, and NT-pro-BNP. Abbreviations:
BMI, body-mass index; eGFR, estimated glomerular filtration rate; HDL, high-density lipoproteins; HOMA-IR, homeostasis model assessment of insulin resis-
tance; hsCRP, high-sensitivity-CRP; LDL, low-density lipoproteins; NT-pro-BNP, N-terminal pro-B-type natriuretic peptide-1; significance levels: ** (0.01), * (0.05).

(Table S1). A decrement per one SD decrease in BCAAs for cardiovascular mortality was stronger in
participants with lower age, male sex, higher BMI, lower serum triglyceride concentrations, higher
LDL-cholesterol, increasing severity of HF, higher NT-pro-BNP concentrations, and lower homoarginine
concentrations. The associations between BCAA concentrations and risk of mortality persisted in patients
with and without diabetes, respectively.

DISCUSSION

We found strong associations between serum BCAA concentrations and clinical correlates of metabolic
risk. Paradoxically, increased circulating concentrations of BCAAs were related to lower long-term risk of
all-cause death and death from cardiovascular causes. The association between serum BCAA concentra-
tions and risk of death persisted irrespective of prevailing obesity and/or diabetes. Furthermore, serum
BCAA concentrations substantially improved the risk prediction model for cardiovascular mortality based
on traditional cardiovascular risk factors. Our findings offer potentially new insights regarding the role of
serum BCAA concentrations in the pathogenesis of cardiovascular diseases.

BCAA and metabolic risk factors

BCAAs contribute to the maintenance of B-cell mass and stimulate insulin release in pancreatic B-cells.
The effect of BCAA and particularly of leucine on insulin secretion is elusive, as mTOR, which mediates
leucine-induced insulin signaling by triggering auto-phosphorylation of insulin substrate 1 (IRS-1), creates
negative feedback loops by inhibiting IRS-1 and subsequently insulin secretion”® This notion is supported
by Wang et al., who reported that BCAA concentrations predicted incident diabetes independent of
stimulatory effects on insulin secretion.'’

23-25

Elevated concentrations of circulating BCAA concentrations induce skeletal muscle insulin resistance by
inhibition of glucose transport and phosphorylation.?” Large-scale metabolomic profiling studies docu-
mented that high circulating BCAA concentrations are related to the development of obesity,'®""#2
impaired glucose tolerance, insulin resistance, and incident diabetes. Our study highlights the associations
between increasing BCAA concentrations and aggravated insulin resistance resulting in worsened
glycemic controls in participants with and without diabetes.

High adiponectin concentrations predict increased risk of HF and cardiovascular mortality in the general

population and in patients at cardiovascular risk.*”>" Studies in rodents indicate modulatory effects of
leucine on adiponectin concentrations.>*® The current study revealed a strong inverse relationship

iScience 26, 106459, April 21, 2023 5
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Figure 1. Kaplan-Meier curve for the time to all-cause and cardiovascular mortality according to serum branched-
chain amino acid (BCAA) concentrations in quartiles at baseline

(A) Kaplan-Meier curve for the time to all-cause mortality according to serum BCAA concentrations in quartiles at
baseline.

(B) Kaplan-Meier curve for the time to cardiovascular mortality according to serum BCAA concentrations in quartiles at
baseline.

between serum adiponectin and BCAA concentrations in diabetic and nondiabetic participants. Adiponec-
tin resistance at the level of the skeletal muscle is frequently found in the setting of chronic HF.* Hence,
impaired energy formation due to lower fatty acid oxidation might hypothetically favor BCAAs as an alter-
native energy substrate but may result in decreased protein synthesis contributing to a worse cardiovascu-
lar outcome observed in patients with lower BCAA concentrations.

BCAAs and risk of mortality

Increased BCAA serum concentration is associated with a lower risk of overall and cardiovascular mortality inde-
pendent of related metabolites. While the risk of all-cause mortality steadily declines with increasing serum con-
centration of BCAASs, this is not the case for cardiovascular mortality, where the risk only declines up to a con-
centration of approximately 500 pmol/L (Figure 2). Besides cardiovascular death, the main causes of death
were cancer and fatal infections. When looking at specific causes of death in study participants with BCAA con-
centrations below or above 500 pmol/L, we noticed slightly lower percentages of patients that died from stroke
(2.4% vs. 1.9%), fatal infection (2.6% vs. 2.2%), cancer (4.8% vs. 4.5%), and other causes of death (4.5% vs. 3.6%),
while the percentages for cardiac death were comparable (Table S2). A role of the dysregulated BCAA meta-
bolism in cancer has been described.™ This highlights the potential role of BCAA as an eminent factor of overall
and cardiovascular prognosis. In our analysis, each of the individual BCAAs was inversely associated with mor-
tality. That differs from the results of Deelen et al. who reported in their meta-analysis a reduced risk only for
leucine and valine but an increased risk for higher levels of isoleucine.””
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Table 3. Hazard ratios (95% Cl) for ten-year all-cause and cardiovascular mortality and cardiovascular death

Quartiles (n)

BCAA Quartiles

Linear Model

1°* quartile (n = 559)

2" quartile (n = 559)

3 quartile (n = 559)

4™ quartile (n = 559)

Per SD BCAA p Value

Events (cardiovascular events)

Person-years

Incidence Rate for death/cardiovascular
death per 100 person-years

212 (127)
5796
3.66 (2.19)

176 (112)
5843
3.01(1.92)

165 (103)
5156
3.20 (2.00)

162 (108)
5853
2.77 (1.85)

All-cause mortality

Event rate (%) 37.9 (212/559) 31.5 (176/559) 29.5 (165/559) 29 (162/559) - -

Crude 1.40 (1.14-1.72) 1.09 (0.88-1.35) 1.01 (0.82-1.26) 1.00 (ref) 0.87 (0.80-0.93) <0.001

Model 1 1.60 (1.30-1.97) 1.18 (0.95-1.4¢) 1.00 (0.80-1.23) 1.00 (ref) 0.82 (0.76-0.89) <0.001

Model 2 1.67 (1.34-2.08) 1.28 (1.02-1.60) 1.00 (0.80-12¢) 1.00 (ref) 0.82 (0.75-0.89) <0.001

Model 3 1.98 (1.58-2.49) 1.43 (1.14-1.80) 1.13(0.91-1.42) 1.00 (ref) 0.76 (0.69-0.82) <0.001

Cardiovascular mortality

Event rate (%) 23.0 (127/551) 20.2 (112/554) 18.5 (103/556) 19.4 (108/558) - -

Crude 1.26 (0.98-1.63) 1.04 (0.80-1.36) 0.95(0.73-1.24) 1.00 (ref) 0.91 (0.82-1.00) 0.04

Model 1 1.43 (1.10-1.8¢) 1.12(0.86-1.47) 0.93(0.71-1.22) 1.00 (ref) 0.86 (0.78-0.95) <0.001

Model 2 1.49 (1.12-1.97) 1.24 (0.94-1.65) 0.90 (0.68-1.20) 1.00 (ref) 0.73 (0.66-0.82) <0.001

Model 3 1.95 (1.46-2.60) 1.45(1.09-1.91) 1.08 (0.82-1.43) 1.00 (ref) 0.76 (0.69-0.85) <0.001
Isoleucine Quartiles Linear Model

Quartiles (n) 1%t quartile (n = 559) 2nd quartile (n = 559) 3rd quartile (n = 559) th quartile (n = 559)  Per SD Isoleucine p Value

Events (cardiovascular events) 196 (118) 175 (108) 181 (113) 163 (111)

Person-years 5796 5843 5156 5853 - -

Incidence Rate for death/cardio- 3.38 (2.04) 3.00 (1.85) 3.51(2.19) 2.78 (1.90) - -

vascular death per 100 person-years

All-cause mortality

Event rate (%) 35.1 (196/559) 31.3 (175/559) 32.4 (181/559) 29.2 (163/559) - -

Crude 1.24 (1.00-1.52) 1.07 (0.86-1.32) 1.11 (0.90-1.38) 1.00 (ref) 0.93 (0.87-1.01) 0.08

Model 1 1.36 (1.10-1.68) 1.14 (0.92-1.42) 1.16 (0.94-1.43) 1.00 (ref) 0.90 (0.83-0.98) 0.01

Model 2 1.79 (1.42-2.26) 1.40 (1.12-1.76) 1.28 (1.03-1.60) 1.00 (ref) 0.80 (0.73-0.87) <0.001

Model 3 1.80(1.42-2.27) 1.47 (1.17-1.83) 1.30(1.05-1.62) 1.00 (ref) 0.80 (0.73-0.87) <0.001

Cardiovascular mortality

Event rate (%) 21.4 (118/559) 19.6 (108/559) 20.5 (113/559) 20.1 (111/559) - -

Crude 1.10 (0.85-1.42) 0.97 (0.75-1.27) 1.02 (0.79-1.33) 1.00 (ref) 0.98 (0.89-1.08) 0.688

Model 1 1.19 (0.91-1.55) 1.03 (0.79-1.35) 1.06 (0.81-1.38) 1.00 (ref) 0.95 (0.87-1.05) 0.338

(Continued on next page)

92UBI0GI

SSaicl®) ¢

®)
9
m
Z
>
(@)
0O
=
n
"




8

Table 3. Continued

Isoleucine Quartiles Linear Model
Quartiles (n) 1%t quartile (n = 559) ond quartile (n = 559) 3rd quartile (n = 559) 4th quartile (n = 559)  Per SD Isoleucine p Value
Model 2 1.71(1.28-2.28) 1.32 (1.00-1.75) 1.19 (0.91-1.56) 1.00 (ref) 0.83 (0.74-0.92) <0.001
Model 3 1.71 (1.28-2.28) 1.39 (1.06-1.83) 1.22 (0.93-1.59) 1.00 (ref) 0.82 (0.73-0.91) <0.001

SS300V N3dO

Valine Quartiles Linear Model

Quartiles (n) 1°t quartile (n = 559) ond quartile (n = 559) 3rd quartile (n = 559) 4th quartile (n = 559) Per SD Valine p Value

€202 '1Z |4dy ‘65901 ‘97 @2us10S!

Events (cardiovascular events) 219 (135) 174 (107) 159 (100) 163 (108) - -
Person-years 5796 5843 5156 5853 - -
Incidence Rate for death/cardiovascular 3.78 (2.33) 2.98(1.83) 3.08 (1.94) 2.78 (1.85) - -

death per 100 person-years

All-cause mortality

Event rate (%) 39.2 (219/559) 31.1 (174/559) 28.4 (159/559) 29.2 (163/559) - -

Crude 1.45(1.18-1,78) 1.07 (0.86-1.33) 0.97 (0.78-1.21) 1.00 (ref) 0.87 (0.80-0.94) <0.001

Model 1 1.71 (1.39-2.30) 1.17 (0.94-1.45) 1.02 (0.82-1.27) 1.00 (ref) 0.81 (0.75-0.88) <0.001

Model 2 2.22(1.78-2.77) 1.48 (1.18-1.85) 1.14 (1.18-1.85) 1.00 (ref) 0.73 (0.67-0.79) <0.001

Model 3 2.01 (1.61-2.52) 1.40 (1.14-1.78) 1.11 (0.89-1.40) 1.00 (ref) 0.76 (0.70-0.83) <0.001

Cardiovascular mortality

Event rate (%) 24.2 (135/559) 19.1 (107/559) 17.9 (100/559) 19.3 (108/559) - -

Crude 1.35(1.05-1.74) 1.00 (0.76-1.30) 0.92 (0.70-1.21) 1.00 (ref) 0.90 (0.82-0.99) 0.029

Model 1 1.59 (1.23-2.05) 1.09 (0.83-1.43) 0.97 (0.74-1.27) 1.00 (ref) 0.85(0.77-0.93) <0.001

Model 2 2.24 (1.70-2.95) 1.42(1.07-1.87) 1.09 (0.83-1.44) 1.00 (ref) 0.73 (0.66-0.81) <0.001

Model 3 2.02 (1.53-2.68) 1.37 (1.03-1.82) 1.07 (0.81-1.41) 1.00 (ref) 0.77 (0.69-0.85) <0.001
Leucine Quartiles Linear Model

Quartiles (n) 1%t quartile (n = 559) 2" quartile (n =559) 3" quartile (n =559) 4" quartile (n = 559) Per SD Leucine p Value

Events (cardiovascular events) 218 (133) 175 (111) 167 (104) 155 (102)

Person-years 5796 5843 5156 5853

Incidence Rate for death/cardiovascular 3.76 (2.29) 3.01 (1.90) 3.2(2.02) 2.77 (1.74)

death per 100 person-years

All-cause mortality

Event rate (%) 39.0 (218/559) 31.3 (175/559) 29.9 (167/559) 27.7 (155/559) - -

Crude 1.53 (1.24-1.88) 1.15(0.93-1.43) 1.09 (0.88-1.36) 1.00 (ref) 0.85(0.79-0.92) <0.001

Model 1 1.66 (1.34-2.05) 1.19 (0.96-1.47) 1.05 (0.84-1.31) 1.00 (ref) 0.83 (0.76-0.89) <0.001

(Continued on next page)
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Table 3. Continued

Leucine Quartiles Linear Model
Quartiles (n) 1%t quartile (n = 559) ond quartile (n = 559) 3rd quartile (n = 559) 4th quartile (n = 559) Per SD Leucine p Value
Model 2 2.09 (1.67-2.62) 1.49 (1.19-1.87) 1.18 (0.95-1.48) 1.00 (ref) 0.74 (0.68-0.81) <0.001
Model 3 1.98 (1.57-2.49) 1.45 (1.16-1.82) 1.19 (0.95-1.49) 1.00 (ref) 0.76 (0.70-0.83) <0.001
Cardiovascular mortality
Event rate (%) 23.8 (133/559) 0.0 (111/559) 18.7 (104/559) 18.3 (102/559) - -
Crude 1.42 (1.10-1.84) 1.11 (0.85-1.45) 1.03 (0.79-1.36) 1.00 (ref) 0.89 (0.81-0.98) 0.016
Model 1 1.52 (1.17-1.99) 1.14 (0.87-1.49) 0.99 (0.75-1.30) 1.00 (ref) 0.87 (0.79-0.96) 0.006
Model 2 2.10(1.58-2.79) 1.50 (1.13-1.99) 1.12 (0.84-1.48) 1.00 (ref) 0.75 (0.68-0.84) <0.001
Model 3 1.99 (1.49-2.65) 1.48 (1.12-1.96) 1.14 (0.86-1.51) 1.00 (ref) 0.77 (0.69-0.86) <0.001

Abbreviations: BMI, body-mass index; eGFR, estimated glomerular filtration rate; hemoglobin A, HbA:; LDL, low-density lipoproteins.

Model 1: adjusted for age and sex.

Model 2: additionally adjusted for BMI, LDL-cholesterol, triglycerides, active smoking status, systolic blood pressure, daily physical activity, coronary artery disease, and HbA.
Model 3: additionally adjusted for intake of antihypertensive medication, eGFR, hemoglobin, and De Ritis ratio.
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Figure 2. Cubic spline graph depicting the association of continuous serum concentrations of branched-chain
amino acids (BCAAs) with all-cause and cardiovascular mortality

(A) Cubic spline graph depicting the association of continuous serum concentrations of BCAAs with all-cause mortality.
The model is adjusted for age, sex, BMI, LDL-cholesterol, triglycerides, active smoking status, systolic blood pressure,
daily physical activity, coronary artery disease, hemoglobin A;, intake of antihypertensive medication, eGFR,
hemoglobin, and De Ritis ratio.

(B) Cubic spline graph depicting the association of continuous serum BCAA concentrations of BCAAs with cardiovascular
mortality. The model is adjusted as in (A).

There are several mechanisms by which BCAA may be related to the development of cardiovascular dis-
eases, in particular HF and arrhythmia. The myocardium is a known site for multiple BCAA-mediated
effects. Although inappropriately elevated concentrations of BCAAs contribute to the development of
dilated and hypertrophic cardiomyopathy, insufficient concentrations of BCAAs may also play an important

role in the development and progression of cardiovascular diseases.”

The catabolism of BCAAs is tightly regulated via oxidative decarboxylation by a mitochondrial branched-
chain a-ketoacid dehydrogenase complex (BCKDC), which is highly expressed in the heart.”’:?® The down-
regulation of BCKDC and the subsequent branched-chain a-keto-acid accumulation in hypertrophic and
failing hearts supports a higher demand of BCAAs in the setting of myocardial ischemia and dysfunction.*
However, restoring BCAA catabolic flux in hearts through the application of BCKDC inhibitors are a prom-
ising new therapeutic target for the treatment of HF."!

In contrast, a combined marked increase in BCAA catabolism (e.g., due to inflammation) might play a
pivotal role in promoting myocardial muscle wasting and subsequent HF development.”” In fact, BCAA
infusion in postabsorptive patients with CAD resulted in increased protein synthesis and BCAA uptake
in the myocardium independent of prevailing cardiac output, and myocardial oxygen consumption.** Dur-
ing a median follow-up of 3.1 years Shah et al. revealed in CAD risk patients a decreasing risk for fatal Ml
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Table 4. Performance of risk prediction models with and without inclusion of BCAA

C-statistics AUC NRI (95% ClI)
All-cause death
All univariate prediction 0.716 0.748 (0.726-0.770) Ref.
All univariate prediction. + BCAA 0.724 0.756 (0.734-0.778) p =0.038 18.7 (9.65-31.3)
Cardiovascular death
All univariate prediction 0.711 0.747 (0.722-0.773) Ref.
All univariate prediction + BCAA 0.718 0.752(0.727-0.777) p = 0.237 18.1 (6.46-30.6)

Abbreviations: BCAA, branched-chain amino acids; Harrell’s C (C statistics); AUC (Area under the curve and NRI (95% Cl), net
reclassification improvement Comparisons are adjusted to a baseline model according to Model 3 (see Table 3).

with increasing concentrations of combined BCAA and related catabolites.?’ Notably, we extend these
findings by documenting that BCAA concentrations without conjointly considering related metabolites
predict long-term mortality even under consideration of established cardiovascular risk factors.
A restricted cubic spline regression analysis, however, indicates a U-shaped association of serum BCAA
concentrations with mortality.

Cardiac mTOR activity is strongly involved in myocardial hypertrophy.***4=*¢ Notably, we found inverse
correlations between serum BCAA concentrations and galectin-3, an indicator of cardiac fibrosis, particu-
larly in diabetic patients. Besides fibrosis, bioenergen defects are established critical contributors to the
disease progression of HF. Hence, circulating BCAAs might serve as a potential alternative energy
substrate, particularly in the setting of myocardial dysfunction and ischemia.”” We observed a strong pos-
itive correlation between homoarginine, an indicator of myocardial energy metabolism, and serum BCAA
concentrations and a stronger impact on BCAA-related mortality risk in patients with lower homoarginine
concentrations.*®4?

Finally, animal studies identified cigarette smoke as a potential factor that decreases BCAA concentrations
both in plasma and skeletal muscle.*

This is in line with both the inverse relationship between active smoking status and serum BCAA concen-
trations and the significant interaction between smoking and BCAA-related risk of mortality, respectively,
documented in the present study.

Lower hemoglobin concentrations are an independent predictor of incident HF and adverse mortality.”" In
elite rugby players, supplementation of an amino acid mixture containing BCAAs resulted in significantly
increased hemoglobin concentrations.” With this in line, we observed a strong positive correlation be-
tween hemoglobin and serum BCAA concentrations and revealed a strong interaction between BCAA-
related cardiovascular mortality risk and hemoglobin. Whether BCAA supplementation reduces cardiovas-
cular risk by increasing hemoglobin concentrations remains to be determined. However, the effect is
unlikely to be related to the erythropoiesis alone, as previous clinical trials testing the hypothesis of
increasing hemoglobin in the absence of severe chronic kidney diseases were unable to show any clinical
benefit.”

Limitations of the study

Several limitations of the present investigation merit consideration. Our cohort was primarily composed of
elderly of European ancestry referred to for coronary angiography; thus, generalizations to other ethnicities
and younger individuals cannot be made. Furthermore, despite extensive adjustments of the statistical
models, we cannot exclude residual confounding. The observational design of our study precludes conclu-
sions with regard to causal relationships.

Measurements of muscle and fat-free mass were not available. As increased leucine intake prevented
excessive protein waste in conditions of large weight loss, we cannot exclude the possibility, that the as-
sociation between serum BCAA concentrations and mortality is significantly related to wasting.”* However,
the additional consideration of hemoglobin and BMI did not significantly attenuate the relationship be-
tween serum BCAA concentrations and mortality risk.
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In view of the shared anabolic and catabolic pathways of BCAA metabolism, we conducted the present
study by using the sum of leucine, isoleucine, and valine. It has been suggested that the simultaneous sup-
plementation of all three BCAAs is necessary to reveal the potential of leucine-mediated effects.”® Dietary
pattern might not have strongly impacted our findings as it was previously indicated that the association
between BCAAs and insulin resistance and risk for diabetes was not materially influenced by dietary protein
intake.'’"*° A serious limitation of this study is that dietary data are not available.

An important strength of the current investigation is the high in-depth clinical and biochemical character-
ization of the patients. Moreover, multiple established risk factors representing key pathways implicated in
the pathogenesis of cardiovascular diseases were available for conjoint and comparative multivariate
analyses. Finally, our results are strengthened by the high number of participants eligible for mortality
analyses and a considerable number of deaths within a long-term follow-up of almost ten years.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Critical commercial assays

NT-pro-BNP electro-chemiluminescence on an Elecsys N/A
2010 analyzer (Roche Diagnostics, Mannheim, Germany)

hsCRP N Latex CRP mono/Behring nephelometer II N/A
(Dade Behring, Marburg, Germany)

Triglycerides WAKO (Neuss, Germany) N/A

LDL-cholesterol WAKO (Neuss, Germany) N/A

HDL-cholesterol WAKO (Neuss, Germany) N/A

Fasting plasma glucose GLU/Hitachi 717 (Roche, Mannheim, Germany) N/A

Glycated hemoglobin Alc (HbA1c) Hemoglobin Alc UNI-MATE 5 (Hoffmann-La N/A
Roche, Grenzach-Whylen, Germany)

C-peptide AlA-Pack C-Peptide/AlA 1200 (Eurogenetics N/A
Germany, Eschborn, Germany)

Serum aspartate transaminase (AST) AST / Hitachi 717 (Roche, Mannheim, Germany) N/A

Alanine transaminase (ALT) ALT / Hitachi 717 (Roche, Mannheim, Germany) N/A

Adiponectin ELISA (Biovendor Laboratory Medicine, Brno, N/A

Czech Republic)
Homoarginine Reversed phase high-performance liquid chromatography, N/A
Clinical Institute of Medical and Chemical Laboratory

Diagnostics, Medical University of Graz, Austria

Galectin-3 ARCHITECT analyzer (Abbott Diagnostics, Abbott Park, N/A
IL, USA)
Hemoglobin Technicon H-1 (Technicon, Bad Vilbel, Germany) and N/A

Advia 120 (Bayer Diagnostics (Tarrytown,LA, USA)

Software and algorithms

SPSS Statistics Version 27.0.0.0 IBM, Chicago, IL, USA https://www.ibm.com/products/spss-statistics

R version 4.1.1 R Foundation for Statistical Computing, Vienna, Austria https://www.r-project.org

Deposited data

code availability for BCAA Figures only ISCIENCE-D-22-03679R2.R  http://dx.doi.org/10.17632/rjnc3xéyyr. 1

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, MD Prof. Dr. Winfried M&rz (winfried.maerz@synlab.com)

Materials availability
This study did not generate new unique reagents.

Data and code availability

® The data reported in this study cannot be deposited in a public repository due to the articles of the LURIC
Study GmbH, which needs to acknowledge the German Data Protection Act and the consent given by
the study participants. The exploitation of the (LURIC) Study database is governed by the articles of
the LURIC Study GmbH (non-profit LLC), registered under number HRB 7668 at the commercial registry
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of Freiburg in Breisgau, Germany. To request access, contact Kai Grunwald (Kai.Grunwald@weitnauer.
net) or the Principal Investigator of the LURIC Study, Winfried Marz (winfried.maerz@luric-online.de).

® This paper does only report original code for figures. Raw data R code from figure 1 and 2 were deposited
on Mendeley at http://dx.doi.org/10.17632/rjnc3xbyyr.1.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS
Study population

The LURIC study is an ongoing prospective cohort study designed to investigate environmental and
endogenous risk factors for cardiovascular diseases. Recruitment of patients was performed consecutively
on regular working days. Inclusion criteria were availability of a coronary angiogram, Caucasians of German
ancestry to limit genetic heterogeneity, and clinical stability, with the exception of acute coronary syn-
dromes (ACS). Coronary angiography was performed as part of the clinical routine and indications were
mainly chest pain or non-invasive tests consistent with myocardial ischemia. Participants with a history of
malignancy within the past five years, or any predominant non-cardiac disease were excluded from the
study. The LURIC study was approved by the ethics committee at the Landesérztekammer Rheinland-Pfalz
(Mainz, Germany). Informed written consent was obtained from all participants.

Samples of 3316 Caucasian patients hospitalized for coronary angiography were collected from June 1997
to May 2001 .°/ Concentrations of leucine, isoleucine and valine were determined in a random sample of
2,236 participants (males, n = 1568 (mean age 62.6 years); females, n = 668 (mean age 65.1 years), who
did not significantly differ from participants without BCAA measurement at baseline regarding to age
(p = 0.147), sex (p = 0.404), and prevalence of ACS (p = 0.127). CAD was defined as the occurrence of 1,
2 or 3vessel disease. Angiograms were analyzed as described previously.”” In addition, in 700 participants,
LVEF, which showed a high correlation with semiquantitative left ventricular function assessment (Spear-
man's correlation coefficient —0.834, p < 0.001), was calculated from the right anterior oblique view during
catheterization.

METHOD DETAILS

Blood sampling and biomarker measurement

Blood samples were drawn (in the supine position) by venous puncture in the morning before cardiac cath-
eterization, after participants had fasted overnight. The blood was allowed to clot at room temperature,
and serum was obtained by centrifugation at 3220 x g for 15 min. Remaining blood samples were shock
frozen in liquid nitrogen and stored at —80°C for later use. Routine laboratory parameters were immedi-
ately measured on a daily basis as previously described.>’

Concentrations of leucine, isoleucine and valine were measured in serum by ion-exchange chromatog-
raphy followed by post-column continuous reaction with ninhydrin after about one year of storage at
—80° and had not been thawed before.*® Within-day and between-day coefficients of variation at different
concentrations were below 9% throughout.

The measurements of selected biomarkers, representing key pathways implicated in the pathogenesis of
CAD, HF and diabetes mellitus [N-terminal pro-B-type natriuretic peptide-1 (NT-pro-BNP), high-sensitivity
C-reactive protein (hsCRP), triglycerides, LDL-cholesterol, HDL-cholesterol, fasting plasma glucose,
glycated hemoglobin As. (HbA;.), C-peptide, hemoglobin, serum aspartate transaminase (AST) and
alanine transaminase (ALT)] have been described.”” All variables have finally been converted into Sl units.

Adiponectin serum concentrations were measured by ELISA (Biovendor Laboratory Medicine, Brno, Czech
Republic). Homoarginine was measured using reverse phase high-performance liquid chromatography.
Galectin-3 concentrations were measured in plasma samples taken at baseline and stored at —80°C until
analysis on an ARCHITECT analyzer (Abbott Diagnostics, Abbott Park, IL, USA). The De Ritis ratio was calcu-
lated by dividing AST through ALT and used as an index of liver damage.
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Clinical definitions

A detailed questionnaire was used to collect a range of demographic characteristics from the study partic-
ipants, including lifestyle factors such as smoking and physical activity. Daily physical activity was recorded
using an eleven-point scale (i.e., key points were as follows: 1, bed rest, 2, mostly supine, 3, not very active,
6, usual office work, 9, heavy work or sports, and 11, extremely sportive) and was categorized into three
groups according to “below average” (not very active, ranged from daily physical activity 1 to 3), “average”
(usual office work, ranged from daily physical activity 4 to 8) and “above average” (heavy work or sports,
ranged from daily physical activity >9).

Diabetes mellitus was diagnosed according to the revised recommendations of the American Diabetes As-
sociation.”” The homeostasis model assessment of insulin resistance (HOMA-IR) was calculated.

BP was measured with an automated oscillometric device (Omron MX4, Omron Healthcare, Hamburg, Ger-
many) while in the supine position for at least 10 min. Five consecutive measures of systolic and diastolic BP
were taken 30 s apart, with the average obtained from the last two. Hypertension was diagnosed (j) if the
systolic and/or diastolic BP was 140 and/or 90 mm Hg or higher or (ii) if individuals were on antihypertensive
medication (e.g., angiotensin-converting enzyme (ACE)-inhibitors, angiotensin-Il type-1 (AT1) receptor
antagonists, beta-blockers, calcium channel blockers, and/or diuretics).

The eGFR was calculated using the Chronic Kidney Disease Epidemiologic Collaboration formula.®”

Severity of HF was assessed using the NYHA classification.

Follow-up on mortality

No patient was lost to follow-up. Information on vital status was obtained from local community registries.
During a median follow-up of 10.5 (8.3-11.0) years, 715 (32.0%) patients died. Death certificates were
reviewed to classify the deceased into those who died from cardiovascular and non-cardiovascular events.
Death from cardiovascular causes included SCD, fatal MI, death due to HF, death after intervention to treat
CAD, stroke, and other deaths due to heart disease. The cause of death of 23 participants was unknown.
Two experienced physicians that were masked to any data of the study participants except for information
regarding death certificates independently classified the causes of death. In the case of disagreement
concerning classification, it was discussed, and the final decision was made by one of the principal inves-
tigators of LURIC (W.M.), who was also masked to any data except for death certificates. 450 participants
(20.1%) died from cardiovascular causes.

Quantification and statistical analysis

Participants were divided into quartiles according to their baseline serum BCAA (sum of leucine, isoleucine
and valine) concentrations. We also conducted analyses for the individual amino acids leucine, valine and
isoleucine.

Baseline characteristics were compared across BCAA quartiles using analysis of variance (ANOVA) for
continuous variables and the %2 trend test for categorical variables. Normally distributed continuous vari-
ables were reported as means (+SD), while variables with nonnormal distribution were reported as
medians with interquartile ranges.

Categorical variables were presented as proportions. For parametric procedures, all non-normally distrib-
uted variables were logarithmically (log-10) transformed, when appropriate.

Multivariate linear regression models were constructed to assess the relation between BCAA and cardio-
metabolic risk factors in the overall cohort and in patients with and without diabetes, respectively.

The models were adjusted for age, sex, body-mass index (BMI), HbA, fasting C-peptide, fasting glucose,
HOMA-IR, oral antidiabetic treatment, insulin therapy, HDL-cholesterol, LDL-cholesterol, serum triglycer-
ides, lipid-lowering treatment, adiponectin, hemoglobin, De Ritis ratio, hsCRP, smoking status, eGFR,
physical activity, arterial hypertension, antihypertensive treatment, ACS, CAD, galectin-3, NT-pro-BNP,
homoarginine and mean heart rate.
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A Kaplan-Meier curve was employed to calculate the cumulative event rates according to quartiles of
BCAA, which were compared by use of a trend test.

The association between serum BCAA concentrations and outcomes was examined using Cox propor-
tional-hazard regression models reporting hazard ratios (HR) with 95% CI. The final step derived from back-
ward procedures is presented. Besides a crude model, the additional models were adjusted for the
following clinical risk factors: age and sex (model 1), age, sex, BMI, LDL-cholesterol, triglycerides, active
smoking, systolic BP, daily physical activity, CAD, HbA,. (model 2), intake of antihypertensive drugs,
eGFR, hemoglobin and De Ritis ratio (model 3).

To increase statistical power, we additionally modeled BCAA concentrations continuously, estimating
changes in mortality per 1 SD. The proportional-hazard assumption was estimated by using Schoenfeld’s
tests and by visual inspection.

Restricted cubic splines were used in fully adjusted Cox models to evaluate whether there is a dose
response or non-linear association of BCAA as a continuous variable with all-cause and cardiovascular
mortality risk. Five knots were pre-specified located at the minimum, 25%, 50%, 75" percentile and
maximum.

To test for effect modification, fully adjusted Cox proportional-hazard analyses (according to model 3) were
created that included interaction terms between BCAA and age, sex, body-mass index (BMl), HOMA-IR,
diabetes mellitus, HbA., CAD, arterial hypertension, triglycerides, LDL-cholesterol, NYHA, NT-pro-
BNP, adiponectin, galectin-3, smoking status, homoarginine, hemoglobin and De Ritis ratio.

Subcategorization was done by stratifications according to (i) the median of age, HOMA-IR, HbA;, serum
triglycerides, LDL-cholesterol, NT-pro-BNP, adiponectin, galectin-3, homoarginine, hemoglobin and De
Ritis ratio; (ii) by BMI </> 25 kg/m2; and (iii) by sex, presence of diabetes, presence of CAD, NYHA classi-
fication I/1l and I1I/1V, history of arterial hypertension and no/active smoking status.

The incremental utility of BCAAs was also evaluated by calculating changes in the C-statistic, AUC, and
by NRI.

All P-values were two-sided and values of p < 0.05 were considered statistically significant. Data were
analyzed using SPSS Statistics Version 27.0.0.0 (IBM, Chicago, IL, USA) and R version 4.1.1 (http://www.r-
project.org).
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