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Abstract

Background: Obesity, dyslipidemia and type 2 diabetes (T2D) contribute 

substantially to increased cardiovascular morbidity and mortality in patients after 

orthotopic liver transplantation (OLTx). Elevated plasma branched chain amino acids 

(BCAA) are linked to metabolic disturbances and cardiovascular disease (CVD) risk 

profiles in several non-OLTx populations. 

Methods: Cross-sectional analysis of liver transplant recipients from 

TransplantLines, a single-center biobank and cohort study. BCAA plasma levels were 

measured by means of nuclear-magnetic resonance spectroscopy. CVD and 

cardiometabolic factors were collected by using data from electronic patient records. 

Associations were determined between BCAA plasma levels and T2D, Metabolic 

Syndrome (MetS), CVD as well as mTOR inhibition in liver transplant recipients. 

Results: 336 Patients were divided into sex-stratified tertiles of total BCAA. MetS 

(P<0.001) and T2D (P=0.002) were significantly more frequent in subjects in the 

highest BCAA tertile. In logistic regression analyses, the multivariable adjusted odds 

ratio (OR) per 1 standard deviation increase in BCAA was 1.68 (95%CI: 1.18–2.20, 

P=0.003) for MetS and 1.60 (95%CI: 1.14–2.23, P=0.006) for T2D. Use of Sirolimus 

(mTOR inhibitor) was significantly associated with higher BCAA plasma levels, 

independent of age, sex, time after OLTx, MetS and other immunosuppressive 

medication (adjusted P=0.002).  
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Conclusion: Elevated BCAA plasma levels are associated with T2D, MetS and use 

of Sirolimus in liver transplant recipients. BCAA plasma levels may represent a 

valuable biomarker for cardiometabolic complications after OLTx. 

Keywords: Branched Chain Amino Acids; Type 2 Diabetes; dyslipidemia; Metabolic 

Syndrome; Liver transplantation; Sirolimus
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1. Introduction

End stage liver disease is a major cause of morbidity and mortality worldwide and 

orthotopic liver transplantation (OLTx) is the only curative treatment [1]. However, 

OLTx leads to its own risks and adverse sequelae. An increased rate of 

cardiovascular and cardiometabolic morbidities, including obesity, hypertension, 

dyslipidemia, metabolic syndrome (MetS), type 2 diabetes (T2D), as well as a greater 

risk of cardiovascular death, are common among liver transplant recipients [2–4]. 

Furthermore, cardiovascular disease (CVD) and renal failure are frequently observed 

non-hepatic long-term causes of morbidity and mortality after OLTx [4]. 

Immunosuppressive medication, primary liver disease and lifestyle have, among 

others, been identified as factors contributing to the pathogenesis of these 

morbidities [4–8]. However, alterations of amino acid and free fatty acid metabolism 

also remain present after OLTx [9,10]. The role of amino acids and their metabolism 

have recently gained more attention in this field of research. Specifically, branched-

chain amino acids (BCAA) have repeatedly been associated with multiple 

cardiovascular and cardiometabolic morbidities that are observed in liver transplant 

recipients [11].

The BCAA, valine, leucine and isoleucine, are essential amino acids [12]. Besides 

being important building blocks for proteins, they are involved in various physiological 

processes during normal growth of cells and organs[11]. Particularly leucine 

promotes cell growth by overt nutrient signaling activity via the mTOR pathway 

[11,13]. In general, amino acid metabolism takes place in the liver, however, BCAA in 

particular are largely catabolized in extra hepatic tissues, due to the low activity of 

branched-chain amino acid transferase in the liver [14]. It is well established that the 

plasma concentration of BCAA decreases while the concentration of aromatic amino 

acids (AAA) increases in patients with advanced cirrhosis and that the BCAA/AAA 
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ratio (Fischer’s ratio) has been considered to be prognostic in liver cirrhosis [15,16]. 

However, little is known about plasma BCAA levels and their possible implications 

when studied after OLTx. 

Plasma BCAA are elevated in individuals with obesity, insulin-resistance and 

T2D [17–20]. Moreover, plasma BCAA levels have been identified as strong risk 

predictors for CVD and T2D [21,22]. Although the role of BCAA metabolism in 

cardiometabolic disorders is not yet fully understood, rodent models suggest that 

mTOR signaling may be involved [23]. In concordance with elevated BCAA levels, an 

increase in mTORC1, a functional multiprotein complex of mTOR signaling, has been 

observed in the context of obesity and metabolic syndrome [23,24]. Increased mTOR 

signaling has been implicated in suppression of autophagy in the heart, as well as in 

endothelial senescence in the vasculature, contributing to cardiac hypertrophy and 

ischemic injury, respectively. Interestingly, rapamycin, an mTOR-inhibitor, has been 

shown to reverse these effects [25,26]. In liver transplant recipients, mTOR inhibitors, 

in particular sirolimus, are usually given as a non-nephrotoxic alternative to 

calcineurin inhibitors [27]. However, the relationship between sirolimus and BCAA 

plasma levels has not yet been investigated, and the role of BCAA plasma levels in 

metabolic and cardiovascular comorbidities of liver transplant recipients still remains 

poorly understood. In the present cross-sectional study, we aimed to investigate the 

associations of BCAA plasma levels with MetS, T2D and mTOR inhibition treatment 

in liver transplant recipients.

2. Materials and Methods

2.1 Study population

TransplantLines is a single-center prospective biobank and cohort study that 

comprises recipients of solid organ transplantations, such as, heart, lungs, kidney, 
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liver and small bowel [28]. The study was approved by the local ethics committee of 

the University Medical Center Groningen (METc 2014/077) and all procedures were 

performed in accordance with the Declaration of Helsinki. Subjects were included if 

they were older than 18 years at the time of transplantation and had provided written 

informed consent. Exclusion criteria were no mastery of the Dutch language or 

intellectual incapability to comprehend questionnaires or physical tests. 

The present study is a cross-sectional analysis of patients in the liver transplant 

subgroup of TransplantLines. In all patients that underwent OLTx between February 

1982 and July 2018 analyses were performed at the University Medical Center 

Groningen. Subjects with data collected ≤1 year after OLTx or absent BCAA 

measurements were excluded since most of the weight gain and therefore metabolic 

changes occur within the first year after transplantation [7]. 

2.2 Data Collection 

Data was collected between June 2015 and September 2019. During visits at the 

outpatient clinic, questionnaires, blood samples, 24-hour urine, feces, nails and hair 

were collected from all participants according to the TransplantLines protocol. Tissue 

samples and transplant biopsies were taken during transplant surgery. A 

standardized protocol was used to obtain blood pressure and anthropometric 

measurements (height, weight, hip-, waist - circumference and body mass index 

[BMI]) [28]. All medical records of the study participants were reviewed in order to 

retrieve all relevant additional data from electronic patient records, such as, medical 

(discharge) letters, operation-, anesthesiology- and intensive care unit (ICU) reports, 

pre-transplant and explant histology reports as well as biochemical testing results.

2.3 Clinical procedures, definitions and laboratory measurements
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BMI was calculated as weight (kg) divided by height squared (m2). Subjects with a 

BMI between 25 kg/m2 and 30 kg/m2 were classified as overweight and subjects with 

a BMI ≥ 30 kg/m2 were classified as obese. A diagnosis of T2D was confirmed when 

a subject had either self-reported T2D, used glucose lowering medication, had a 

fasting glucose >7.0 mmol/L or had a HbA1c ≥48 mmol/mol. Blood pressure (mmHg) 

was measured according to a standard clinical protocol using an automatic device 

(Philips Suresign VS2+, Andover, Massachusetts, USA). The median of 4 

measurements was used for further data analysis. At the time of measurement, 

patients continued their regular medication, including antihypertensive drugs. High 

blood pressure was defined as systolic blood pressure ≥130 mmHg or diastolic blood 

pressure ≥85 mmHg and/or the use of antihypertensive medication. MetS was 

defined by the revised diagnostic criteria from the American Heart Association by the 

National Cholesterol Education Program Adult Treatment Panel III [29]. Chronic 

impaired renal function was defined by an estimated glomerular filtration rate (eGFR) 

< 60 ml/min/1.73m2, calculated by applying the combined creatinine cystatin C-

based Chronic Kidney Disease Epidemiology Collaboration equation [30].

For the assessment of the severity of the underlying liver disease the model of end-

stage liver disease (MELD) score was used [31]. 

The presence of CVD was confirmed if a patient had a history of myocardial 

infarction, coronary artery disease, angina pectoris, congestive heart failure, stroke or 

transient ischemic attack (TIA) between the timepoint of transplantation and the 

drawing of blood. 

Blood samples were drawn after an overnight fasting period of 8-12 hours. 24-

hour urine specimens were collected at the same time. Both procedures were 

performed by experienced nurses at the outpatient clinic. Subsequently, all blood 

samples were centrifuged by qualified technicians and stored alongside the urine 
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samples at -80°C until further analysis. C-reactive protein (CRP), alanine 

aminotransferase (ALT), aspartate aminotransferase (AST), gamma-glutamyl 

transferase (GGT), alkaline phosphatase (ALP), albumin, HbA1c, fasting glucose, 

total cholesterol, high-density lipoprotein (HDL) cholesterol, low-density lipoprotein 

(LDL) cholesterol, triglycerides (TG), cytomegalovirus (CMV), Epstein Barr virus  

(EBV), eGFR, 24-hour urine protein and creatinine clearance were analyzed with 

standardized laboratory measurements and quality assessment control at the 

department of laboratory medicine of the University Medical Center Groningen. 

Valine, leucine and isoleucine concentrations were measured in EDTA 

anticoagulated plasma samples using a Vantera Clinical Analyzer (Labcorp, 

Morrisville, NC), a fully automated, high-throughput, 400 MHz proton (1H) nuclear 

magnetic resonance (NMR) spectroscopy platform; in a standalone assay that has 

been optimized to quantify BCAA concentrations. Plasma samples were prepared on 

board the instrument and automatically delivered to the flow probe in the NMR 

spectrometer's magnetic field. The NMR method for quantification of BCAA has been 

previously described. Briefly, coefficients of variation for inter- and intra-assay 

precision ranged from 1.8% to 6.0%, 1.7% to 5.4%, 4.4% to 9.1%, and 8.8% to 

21.3%, for total BCAA, valine, leucine, and isoleucine, respectively. The fairly high 

inter-assay variation of isoleucine is caused by  the low sensitivity of NMR to detect 

small molecule analytes circulating at lower concentrations and to quantify them from 

spectra that include overlapping NMR signals from proteins and lipoproteins. Nonetheless, 

BCAA quantified from the same samples using NMR and LC-MS/MS were highly 

correlated, showing a r2 = 0.97, 0.95 and 0.90 for valine, leucine, and isoleucine, 

respectively [17,19].

2.4 Statistical Analysis 



11

Statistical analyses were performed with SPSS (version 25.0, SPSS Inc., Chicago, 

IL, USA). Normality of distribution was assessed and checked for skewness. 

Continuous variables with normal distribution were reported as means with standard 

deviations, non-normally distributed variables were reported as medians with 

interquartile ranges. Categorical variables were expressed as numbers with 

percentages. Linear associations across sex-stratified tertiles were determined using 

one-way ANOVA for normally distributed data, Kruskal-Wallis tests for skewed data 

and Pearson Chi-Square tests for categorical data. Skewed distributed data were log-

transformed when appropriate. Missing values were labeled as user-missing values 

and excluded from statistical analyses by pairwise-deletion. Univariate relationships 

were calculated using Spearman’s rank correlation analyses. Subsequently, 

multivariate linear regressions were employed to assess independent associations of 

the study outcomes with BCAA plasma levels, while accounting for relevant clinical 

covariates. The selection of the covariates was based on statistically significant 

correlations with BCAA values in univariate analyses (P<.05) and in view of our study 

objectives. The models were built in a stepwise fashion adjusting for age, sex, time 

since OLTx, BMI, smoking, renal function, primary liver disease, medication use and 

immunosuppressive therapy. Results are presented as P-values with their 

corresponding beta standardized regression coefficients (ß), defined as the degree of 

change in the outcome variable for every 1-unit of change in the predictor variable. 

Total BCAA plasma levels were log-transformed to achieve normal distribution. In 

order to avoid multi-collinearity, variables with correlations >0.5 were excluded from 

the analyses. Furthermore, all variables in the equations defining MetS (waist 

circumference, triglycerides, use of antihypertensive medication or statins) were 

excluded to preclude interaction with the dependent variable MetS. Finally, binary 

logistic regression analyses were performed to identify independent associations with 
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MetS and T2D. For the continuous variables eGFR and BCAA, z-transformation was 

applied. Results are presented by odds ratios (OR) with 95% confidence intervals 

(CI).

3. Results

After applying exclusion criteria, data from 336 participants were eligible for this 

study. The study group had a median age of 59 (IQR 46.0-67.0) years and was 

predominantly male (n=157; 57%). The median BMI was 26.1 (IQR 23.4-29.9) kg/m2 

and the median time between OLTx and measurement was 10 (IQR 4.0-19.0) years. 

Baseline characteristics of the population are presented in total numbers and sex-

stratified tertiles of total BCAA values (Table 1). The median of the total BCAA values 

was 358.5 (IQR 298.5-407.5) µmol/L in males and 300.0 (IQR 268.0-351.0) µmol/L in 

females. Subjects in the highest tertile of BCAA values were more likely to have a 

higher BMI, higher systolic blood pressure (both P<.05) and higher prevalence of 

T2D, high blood pressure and MetS (all P<.01). Accordingly, antihypertensive 

medication, statins and glucose-lowering medication were prescribed more frequently 

in participants with higher BCAA values. Plasma BCAA amounted to 367.5 (IQR 

300.3-420.5) µmol/L in subjects with T2D (n=88) vs. 319.5 (IQR 272.3-374.8) µmol/l 

in subjects without T2D (n=249) (P<0.001), and to 369.5 (IQR 311.5-424.0) µmol/L in 

subjects with MetS (n=120) vs. 309.0 (IQR 271.3-366.0) µmol/l in subjects without 

MetS (n=216) (P<0.001).  Additionally, subjects with higher BCAA values had higher 

TG and lower HDL-cholesterol concentrations. Elevated HbA1c and fasting glucose 

values were also more frequently present in patients with higher BCAA values, while 

their eGFR was lower. Age, time since OLTx, smoking status, MELD score and the 

occurrence of HCC did not differ significantly between BCAA tertiles. The MELD 

score could only be calculated for 155 subjects that underwent OLTx between 
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January 2009 and September 2019, due to the lack of data in electronic patient files 

before 2009. Participants with higher BCAA values were significantly less likely to 

take immunosuppressive medication such as glucocorticoids (P<0.001), azathioprine 

(P=0.007) and cyclosporine (P=0.02). Conversely, tacrolimus (P=0.009) and 

sirolimus (P = 0.001) were associated with higher BCAA values. Metabolic-

dysfunction associated fatty liver disease (MAFLD) and viral disease were more 

frequently the underlying etiology of liver disease requiring OLT in participants with 

the highest BCAA levels.

Univariate analyses were performed to identify linear correlations of BCAA levels with 

clinical parameters in the total study population as well as between group differences 

in subjects with and without MetS or T2D, respectively (Table 2). In the total 

population as well as all subgroups, male sex, and TG were positively associated 

with BCAA plasma levels. Conversely, HDL-cholesterol levels were inversely 

associated with BCAA plasma levels among all subgroups. BMI was positively 

associated with BCAA in all groups except in the MetS subgroup. While we observed 

a positive correlation between MAFLD as the primary liver disease and BCAA plasma 

levels in the total study population and the T2D group, no significant correlation was 

seen in subjects with and without MetS or T2D. In subjects with viral liver disease a 

significant correlation with BCAA plasma levels could be observed in the total 

population, the group without metabolic syndrome and the T2D subgroup. The use of 

corticosteroids was inversely correlated with BCAA plasma levels in the total 

population and the subgroups with and without T2D. Also, the use of azathioprine 

was inversely associated with BCAA in all groups, except the MetS and T2D 

subgroup. While the use of sirolimus was correlated with BCAA levels in the total 

population, MetS, non-MetS and non-diabetic groups, this was not seen in the T2D 
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subgroup. There were no statistically significant correlations between eGFR, smoking 

status, high blood pressure, CVD and BCAA plasma levels.  

Subsequently, we determined the extent to which the associations between BCAA 

and the variables MetS, the individual components of MetS and T2D were modified 

by the inclusion of other clinical parameters in multivariable linear regression models 

(Table 3, Table 4 and Supplementary Table 1). In the first model adjusted for age, 

sex and time since OLTx, BCAA plasma levels were positively associated with MetS 

(Table 3, Model 1, ß=0.25, 95% CI: 0.03-0.08, P<.001). This association remained 

significant in all subsequent models, adjusting in a stepwise fashion for eGFR, 

smoking status, MAFLD as the primary liver disease (Table 3, Model 2, ß=0.23, 

P<.001), use of corticosteroids, tacrolimus, sirolimus (Table 3, Model 3, ß=0.25, 

P<.001), as well as when adjusting for all variables simultaneously (Table 3, Model 4, 

ß=0.23, P<.001).

In consecutive analyses the individual components of MetS were included, in order to 

determine their individual contribution to the association of MetS with BCAA plasma 

levels (Supplementary Table 1). BCAA plasma levels were positively associated with 

elevated waist circumference and elevated TG in all models (all P-values <0.05) and 

with hyperglycemia in models 1, 2 and 3. The association of BCAA with reduced 

HDL-cholesterol and elevated blood pressure did not reach statistical significance. 

Regarding T2D, we observed positive associations with BCAA plasma levels in the 

first model (Table 4, Model 1, ß=0.18, P=0.002), after adjusting for BMI and eGFR 

(Table 4, Model 2, ß=0.14, P=0.021), after adjusting for smoking status, MAFLD as 

the primary liver disease and the use of statins (Table 4, Model 3, ß=0.13, P=0.039), 

as well as after adjusting for the use of corticosteroids, tacrolimus and sirolimus 

(Table 4, Model 4, ß=0.17, P=0.002). Remarkably, we observed that the use of 
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sirolimus was significantly correlated with BCAA plasma levels in all models except in 

Model 4 of Supplementary Table 1. 

Finally, stepwise multivariable logistic regression analyses were applied in order to 

disclose the independent associations of MetS and T2D with BCAA plasma levels 

and other clinical characteristics (Table 5). In age-, sex- and time since OLTx- 

adjusted models BCAA plasma levels (OR: 1.68, 95% CI: 1.23–2.27, P=0.001) and 

age were significantly associated with MetS. Likewise, BCAA plasma levels (OR: 

1.60, 95% CI: 1.14–2.23, P=0.006) as well as age, smoking status, MAFLD as 

primary liver disease and statins were associated with T2D.

4. Discussion

In the present study we demonstrated a positive association of BCAA plasma levels 

with MetS and T2D in liver transplant recipients. The prevalence of MetS increased 

by 67.5% and the prevalence of T2D increased by 59.5% per 1 SD increase in BCAA 

plasma levels, even after adjusting for traditional CVD risk factors, such as age, sex, 

renal function and smoking. Of the individual MetS components waist circumference, 

elevated TG and hyperglycemia showed the strongest associations with BCAA 

levels. Although such associations have been observed in other observational 

studies before, to the best of our knowledge, they have not been documented in liver 

transplant recipients yet. Furthermore, we demonstrated a positive relationship 

between the use of sirolimus and BCAA plasma levels. 

Liver transplant recipients are known to be at high risk of developing T2D [4]. In 

addition to general adverse effects of T2D, liver transplant recipients frequently suffer 

from poor graft survival and increased mortality [3,32]. Recently, elevated levels of 

circulating BCAA have been repeatedly associated with insulin resistance, T2D and 
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the future development of T2D [14,17–19,21,22]. Notably, dividing the study 

population according to sex-stratified tertiles of BCAA values demonstrated that T2D 

prevalence was almost 2-fold higher in the highest BCAA tertile compared with the 

lowest tertile. Subsequent analyses confirmed this trend by demonstrating that BCAA 

plasma levels are positively associated with T2D, independently of traditional T2D 

risk factors, such as age, sex, smoking and immunosuppressive medication. 

The prevalence of MetS among liver transplant recipients of our study (35.7%) was 

considerably elevated when compared to the estimated age-adjusted prevalence in 

the general western population (23.7%) [33]. Previously, BCAA plasma levels have 

been associated with MetS in non-OLTx populations [34]. Resembling the trend in 

T2D, we found a more than two-fold increase in MetS prevalence when comparing 

the third to the first BCAA tertile. Subsequent analyses revealed a positive and 

independent association between plasma BCAA and MetS, even after adjusting for 

MetS-associated factors, such as age, sex, MAFLD as primary liver disease, and 

immunosuppressive medication. We repeated the analyses with the individual 

components of MetS. Hyperglycemia, elevated TG and enlarged waist circumference 

showed the strongest independent associations with BCAA. Our findings are 

consistent with those seen in non-OLTx patient groups [18,20,35]. Although we could 

not demonstrate a statistically significant association of reduced HDL-cholesterol with 

BCAA plasma levels in multivariable linear regression analyses (Supplementary table 

1), we were able to observe a statistically significant trend of HDL-cholesterol values 

being lower in tertiles of higher BCAA values (Table 1). This trend is consistent with 

other data comprising associations of BCAA with HDL-cholesterol values [36]. This 

may underscore a role for establishing BCAA levels as a new biomarker in the T2D 

and MetS risk assessment in liver transplant recipients. 
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Interestingly, a direct association between BCAA plasma levels and incident CVD 

has been demonstrated [21,37]. However, we were not able to reproduce such an 

association. Primarily, we attribute this to differences in study design. Hu et al. [37] 

used a cross-section of the general Chinese population, whereas Tobias et al. [21] 

analyzed a prospective cohort of U.S. women. In contrast, our single center study 

was carried out in liver transplant recipients from the Netherlands. Another important 

difference is that subjects with pre-existing CVD, which may strongly affect patient 

survival after OLTx, were excluded from transplantations in our medical center. 

Moreover, liver transplant recipients receive regular follow-up and more frequent 

medical examinations than the general population and most other patient groups. 

Consequently, this may have led to earlier recognition of adverse cardiovascular risk 

profiles and thereby more efficient prevention of CVD in our study group. Besides, 

our sample size, as well as the varying timespan of individual participant follow-up 

may have contributed to the small number of CVD cases in our study group. 

Treatment with immunosuppressive medication is widely known to inflict adverse 

effects upon human metabolism. In particular, mTOR inhibitors (sirolimus) are known 

to be associated with dyslipidemia and new onset diabetes after transplantation 

[27,38]. Notably, in the present study associations of T2D and MetS with BCAA 

plasma levels remained statistically significant, despite adjusting for concomitant use 

of other immunosuppressives. Consequently, it appears that a relationship between 

BCAA and metabolic derangements is present beyond the effects of 

immunosuppressive therapy. Also, in our study we found significant associations 

between BCAA plasma levels and the use of sirolimus, even after adjustment for age, 

sex, BMI, MetS, T2D and other immunosuppressive medications. BCAA levels are 

currently not used to guide treatment decisions in immunosuppressive therapy, 

suggesting that the use of sirolimus may lead to elevated circulating BCAA. The 
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mechanism by which means sirolimus may raise BCAA levels remains subject of 

discussion. Newgard proposes that a rise in circulating BCAA can be driven by an 

obesity-related decline in BCAA catabolism. Accordingly, the abundance of glucose 

as well as lipid substrates in overnutrition or obesity obviates the need for utilizing 

amino acids as a source of energy, thereby leading to their accumulation [39]. 

Consistently, we observed that almost 2/3 (62.9%) of the subjects undergoing 

sirolimus treatment were either overweight or obese. Moreover, Sipula et al. 

demonstrated that the use of sirolimus, similarly to a high fat diet, causes a metabolic 

shift from glucose utilization to fatty-acid oxidation [40]. We hypothesize that this 

switch may in part be due to insulin resistance induced by the use of sirolimus. 

Subsequently, this may mimic a state of overnutrition by liberating excess energy 

sources from the breakdown of free fatty acids, despite the abundance of glucose, 

resulting in elevated circulating BCAA as proposed in Newgard’s model. 

Remarkably, our study group of liver transplant recipients exhibited lower overall 

BCAA values when compared with another Dutch study population of non-OLTx 

patients. While we found a median BCAA concentration of 358.5 µmol/L in males and 

of 300.0 µmol/L in females, Flores-Guerrero et al. reported a mean of 405.4 ± 90 

µmol/L in males and 366.11 ± 72.43 µmol/L in females in a group of 6244 non-

diabetic subjects of the PREVEND cohort recruited from the same region of The 

Netherlands [22]. In non-diabetic Japanese adults even higher BCAA levels, assayed 

by liquid chromatography and triple quadrupole mass spectrometry have been 

reported (431 µmol/L in males and females combined) [41]. However, BCAA plasma 

levels in non-diabetic US participants from the Insulin Resistance and Atherosclerosis 

Study (IRAS), assayed using the same NMR technique as in the current study, 

averaged 337 µmol/L [17]. Thus, no overall conclusions can be drawn as to whether 
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BCAA levels remain low more than 1 year after OLT compared to the general 

population [10]. 

The present study has several strengths. Firstly, this is the first study to investigate 

relationships between BCAA plasma levels and CVD risk factors in liver transplant 

recipients. Secondly, extensive data on clinical endpoints provided by the 

TransplantLines Biobank and Cohort study allowed us to describe our patient 

population in close detail and thoroughly address potential confounding factors. 

Limitations should also be considered. First, the single-center study design limits the 

external validity of our study. Second, the number of CVD cases was relatively small, 

thereby limiting the generalizability of our results concerning CVD. Third, the cross-

sectional study design does not allow for the establishment of cause-effect 

relationships between BCAA plasma levels and CV risk factors over time. 

In conclusion, elevated BCAA plasma levels are associated with T2D, MetS and the 

use of Sirolimus in stable OLTx recipients. BCAA plasma levels may be considered a 

biomarker that reflects an unfavorable metabolic status in liver transplant recipients. 
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Tables: 

Table 1.
Baseline characteristics of 336 participants after OLTx, divided into sex-stratified tertiles of BCAA plasma 
levels.

BCAA tertile (range)Total study
population

T1 T2 T3

P – 
Value 

BCAA plasma levels
327.0 (277.5-388.0) 262.0 (237.8-

279.3)
327.0 (302.5-
365.0)

420.0 (384.5 -
469.5)

< 0.001

358.5 (298.5-407.5) 273.0 (248.0-
298.0)

358.5 (334.0-
374.8)

436.5 (408.8-
482.8)

< 0.001

Total BCAA (µmol/L)

- Male, median (IQR)

- Female, median (IQR) 300.0 (268.0-351.0) 252.0 (231.0-
268.0)

300.0 (289.5-
316.0)

373.0 (351.0-
431.0)

< 0.001

Valine (µmol/L) 189.0 (158.0-220.0) 150.5 (133.8-
162.8)

190.0 (175.0-
209.0)

231.0 (209.5-
260.0)

< 0.001

- Male, median (IQR) 203.0 (168.5-230.0) 158.0 (141.0-
175.0)

204.0 (189.3-
219.5)

243.5 (228.8-
266.0)

< 0.001

- Female, median (IQR) 176.0 (150.0-203.0) 141.0 (125.0-
155.0)

176.0 (161.5-
183.5)

211.0 (200.0-
237.0)

< 0.001

Leucine (µmol/L) 95.0 (76.0-118.8) 72.5 (58-85.3) 95.0 (81.0-107.0) 131.0 (111.0-
150.0)

< 0.001

- Male, median (IQR) 99.0 (80.0-126.0) 73.0 (60.0-85.0) 99.5 (90-112.8) 137.0 (116.0-
154.0)

< 0.001

- Female, median (IQR) 88.0 (73.0-108.0) 72.0 (58.0-87.0) 84.0 (73-96) 123.0 (101.0-
135.0)

< 0.001

Isoleucine (µmol/L) 47.0 (36.0-57.0) 36.5 (30.8-44.3) 47.0 (38.5-55.5) 59.0 (48.5-69.5) < 0.001
- Male, median (IQR) 51.0 (39.5-62.0) 39.0 (32.0-48.0) 50.0 (42.0-57.8) 65.0 (54.8-73.3) < 0.001
- Female, median (IQR) 42.0 (34.0-49.0) 34.0 (29.0-38.0) 43.0 (37.5-48.5) 51.0 (42.0-64.0) < 0.001

Baseline Characteristics
Participants, n (%) 336 110 (32.7) 117 (34.8) 109 (32.4)
Sex: males, n (%) 193 (57.0%) 63 (57.3) 68 (58.1) 62 (56.9) 0.982
Age at BCAA measurement (year), median (IQR) 59 (46.0-67.0) 58 (43.0-66.3) 58 (41.5-66.0) 61 (52.0-67.0) 0.090
Time since OLTx (year), median (IQR) 10 (4.0-19.0) 14.5 (5.0-21.0) 9 (4.0-18.5) 9 (4.0-16.5) 0.711
Primary liver disease 

- Storage disease, n (%) 36 (10.7) 15 (13.6) 13 (11.1) 8 (7.3) 0.317
- Autoimmune hepatitis, n (%) 16 (4.8) 11 (10.0) 2 (1.7) 3 (2.8) 0.603
- PSC/PBC, n (%) 92 (27.4) 31 (28.2) 34 (29.1) 27 (24.8) 0.750
- Viral Hepatitis, n (%) 42 (12.5) 9 (8.2) 10 (8.5) 23 (21.1) 0.004
- Alcohol, n (%) 34 (10.1) 13 (11.8) 12 (10.3) 9 (8.3) 0.682
- MAFLD, n (%) 27 (8.0) 1 (0.9) 12 (10.3) 14 (12.9) 0.030
- Vascular, n (%) 3 (0.9) 0 1 (0.9) 2 (1.8) 0.352
- Other, n (%) 86 (25.6) 30 (27.3) 33 (28.2) 23 (21.1) 0.420

MELD score *, median (IQR) 17.5 (12.0-23.0) 18 (13.0-23.0) 18 (12.0-23.3) 16 (11.0-22.3) 0.525
Smoking, n (%) 34 (10.1) 15 (13.6) 10 (8.5) 9 (8.3) 0.344

26.1 (23.4-29.9) 23.9 (22.1-27.1) 25.8 (23.2-29.9) 27.5 (25.6-31.0) < 0.001
132 (39.2) 61 (55.5) 48 (41.0) 23 (20.9) < 0.001
119 (35.3) 30 (27.3) 40 (34.2) 49 (44.5) 0.026

BMI (kg/m2), median (IQR)
- Normal; ≤ 25 (kg/m2), n (%)
- Overweight; 25-30 (kg/m2), n (%)
- Obese; ≥ 30 (kg/m2), n (%) 82 (24.3) 16 (14.5) 28 (23.9) 38 (34.5) 0.003

100.5 (91.2 -110.0) 94.5 (85.7-105.3) 100.8 (91.9-
111.2)

104 (97.6-114) 0.001
Waist circumference (cm)

- Male, median (IQR) 
- Female, median (IQR)

90.1 (81.5 -101.9) 88.3 (81.0-94.1) 85 (77.0-96.6) 100.3 (89.8-
113.3)

0.000

Systolic blood pressure(mmHg), mean ±SD 132.3 ±16.7 129.7 ±16.2 130.8 ±16.1 136.4 ±17.3 0.006
Diastolic blood pressure(mmHg), mean ±SD 79.8 ± 10.6 80.2 ±11.5 78.9 ±9.5 80.4 ±11.0 0.537

Laboratory tests
 hsCRP (mg/L), median (IQR) 2.1 (0.9-4.8) 1.9 (0.7-5.0) 1.9 (0.9-4.5) 2.5 (1.3-4.8) 0.151
ALT (U/L), median (IQR) 25.0 (18.0-35.0) 24.0 (18.0-35.0) 24.0 (18.0-35.0) 25.0 (19.0-33.0) 0.942
AST (U/L), median (IQR) 26.0 (20.0-33.0) 28.0 (22.0-34.0) 26.0 (20.0-33.0) 24.0 (20.0-33.0) 0.078
GGT (U/L), median (IQR) 39.0 (21.0-81.0) 36.0 (19.0-92.5) 39.0 (19.0-77.0) 42.0 (25.0-69.0) 0.556
ALP (U/L), median (IQR) 86.0 (69.0-122.0) 86.0 (63.3-122.8) 88.0 (67.0-129.0) 84.0 (72.0-112.0) 0.814
Albumin (g/L), median (IQR) 44.0 (42.0-46.0) 44.0 (41.0-46.0) 44.0 (43.0-47.0) 45.0 (43.0-46.0) 0.100
HbA1c (mmol/mol), median (IQR) 35.0 (31.8-42.0) 34.0 (31.0-38.0) 35.0 (31-39) 38.0 (33.0-48.0) < 0.001
HbA1c (%), median (IQR) 5.4 (5.0-6.0) 5.3 (5.0-5.6) 5.3 (5.0-5.7) 5.7 (5.2-6.5) < 0.001
Fasting glucose (mmol/L), median (IQR) 5.6 (-5.2-6.6) 5.5 (5.0-6.2) 5.5 (5.1-6.4) 6.1 (5.4-7.9) < 0.001
Total cholesterol (mmol/L), median (IQR) 4.4 (3.8-5.2) 4.5 (3.7-5.3) 4.4 (3.7-5.2) 4.4 (4.0-5.1) 0.811
HDL cholesterol (mmol/L), median (IQR) 1.4 (1.1-1.8) 1.7 (1.4-2.0) 1.4 (1.0 –1.8) 1.3 (1.0-1.6) < 0.001
LDL cholesterol, median (IQR) 2.8 (2.2-3.3) 2.7 (2.2-3.2) 2.8 (1.0-3.3) 2.8 (2.2-3.3) 0.460
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Triglycerides, median (IQR) 1.2 (0.9-1.8) 1.0 (0.8-1.3) 1.0 (0,7-1.7) 1.5 (1.1-2.4) < 0.001
eGFR, mean ±SD 72 (54.0-90.0) 74 (55.8-91.3) 74 (55.0-92.0) 65.5 (51.0-81.5) 0.049
Comorbidities
Type 2 diabetes, n (%) 88 (26.2) 21 (19.1) 25 (21.4) 42 (38.5) 0.002
High blood pressure, n (%) 240 (71.4) 75 (68.2) 75 (64.1) 90 (82.6) 0.006
Metabolic Syndrome, n (%) 120 (35.7) 25 (22.7) 37 (31.6) 58 (53.2) 0.004
Cardiovascular disease, n (%) 24 (7.1) 8 (7.3) 4 (3.4) 12 (11.0) 0.086
Impaired renal function, n (%) 112 (33.3) 33 (30.0) 34 (29.1) 45 (41.3) 0.099
Medication use 
Antihypertensive medication, n (%) 158 (47.0) 46 (41.8) 50 (42.7) 62 (56.9) 0.043
Statins, n (%) 76 (22.6) 19 (17.3) 23 (19.7) 34 (31.2) 0.031
Glucose-lowering medication, n (%) 57 (17.0) 11 (10.0) 17(14.5) 29 (26.6) 0.030

Post-operative immunosuppressive therapy 

Prednisone, n (%) 148 (44.0) 65 (59.1) 38 (32.5) 45 (41.3) < 0.001
Cellcept, n (%) 84 (25.0) 20 (18.2) 30 (25.6) 34 (31.2) 0.083
Cyclosporine, n (%) 37 (11.0) 20 (18.2) 6 (5.1) 11 (10.1) 0.007
Azathioprine, n (%) 87 (25.9) 39 (35.5) 25 (21.4) 23 (21.1) 0.020

202 (60.1) 57 (51.8) 83 (70.9) 62 (56.9) 0.009Tacrolimus, n (%)
- Whole blood levels, median (IQR) 3.3 (2.3-4.7) 3.5 (2.3-4.5) 3.3 (2.4-5.0) 2.9 (2.0-5.0) 0.529

35 (10.4) 3 (2.7) 12 (10.3) 20 (18.3) 0.001Sirolimus, n (%)
- Whole blood levels, median (IQR) 4.2 (3.1-4.9) 4.3 4.0 (3.1-4.4) 4.2 (2.8-5.4) 0.424

Data are represented as mean ± standard deviation (SD) for normally distributed data, median and interquartile range (IQR) for non-normally 
distributed data or number with percentages (%) for categorical data. P-values among the BCAA tertiles were obtained by using Kruskal-Wallis tests for 
continuous data and Chi-Square tests for categorical data. Abbreviations: BCAA, Branched Chain Amino Acid, BMI, Body Mass Index, MELD, Model 
for End-stage Liver Disease, HCC, Hepatocellular Carcinoma, CMV, Cytomegalovirus, EBV, Epstein-Barr Virus, PSC, Primary Sclerosing Cholangitis, 
PBC, Primary Biliary Cholangitis, MAFLD, Metabolic Associated Fatty Liver Disease, CRP, C-Reactive Protein, ALT, alanine aminotransferase, AST, 
aspartate aminotransferase, GGT, gamma-glutamyl transferase, ALP, alkaline phosphatase, HbA1c, glycated hemoglobin, HDL, high density 
lipoprotein, LDL, low density lipoprotein, eGFR, estimated glomerular filtration rate. 

* Participants with available MELD score data (OLTx between 2009 - 2019): n = 142 (89 males, 53 females)
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Table 2.
Univariate correlations of BCAA values with clinical parameters in subjects with and without MetS and with and without 
T2D. 

Total 
Population (n = 
336)

MetS                   
(n = 120)

No MetS                
(n = 216)

T2D                    
(n = 88)

No T2D                 
(n = 248)

Sex: male 0.28*** 0.31*** 0.26*** 0.28** 0.28**

Age 0.09 - 0.09 0.03 - 0.02 0.03

Time since OLTx -0.14* - 0.19* - 0.06 - 0.00 - 0.17**
BMI 0.31*** 0.17 0.251*** 0.24* 0.29***
Primary liver disease: 
MAFLD

0.20*** 0.18 0.13 0.25* 0.12

Primary liver disease: 
Viral 

0.16** 0.09 0.16** 0.32** 0.06

eGFR -0.10 - 0.04 0.01 - 0.08 - 0.05

Smoking -0.03 - 0.07 0.02 0.04 - 0.02

Triglycerides 0.34*** 0.37*** 0.18* 0.34** 0.25***

HDL-Cholesterol -0.39*** - 0.36*** - 0.24*** - 0.34** - 0.36***

Overweight/Adiposity 0.28*** 0.15 0.20** 0.26* 0.26***
High blood pressure 0.10 - 0.04 0.02 0.02 0.09

MetS 0.28*** - - 0.07 0.28***
T2D 0.20*** 0.03 0.15* - -
CVD 0.04 - 0.02 0.01 0.10 - 0.03
Statins 0.12* - 0.01 0.05 0.10 0.02
Antihypertensive 
medication

0.10 0.03 0.03 0.05 0.05

Glucose-lowering 
medication

0.20*** 0.19 0.19** 0.12 -

Corticosteroids -0.15** - 0.13 - 0.13 - 0.27* - 0.13*
Cyclosporine -0.07 -0.04 - 0.04 - 0.01 - 0.08
Azathioprine -0.17** - 0.16 - 0.14* - 0.08 - 0.19**
Tacrolimus 0.05 0.08 -0.02 - 0.01 0.06
Sirolimus 0.21*** 0.24** 0.16* 0.20 0.20**

Abbreviations: See Table 1. Results of Spearman’s rank correlation coefficients are depicted. 
    * P < .05
  ** P < .01
*** P < .001
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Table 3.
Multivariable linear regression analyses demonstrating the positive associations of MetS with BCAA plasma levels. 

Model 1 Model 2 Model 3 Model 4
ß P ß P ß P ß P

Age -0.01 0.886 - 0.07 0.268 - 0.01 0.799 - 0.06 0.370
Sex (male vs. female) 0.26 < 0.001 0.27 < 0.001 0.25 <0.001 0.26 < 0.001
Time since OLTx -0.04 0.438 - 0.01 0.845 0.02 0.731 0.03 0.615
MetS 0.25 < 0.001 0.23 < 0.001 0.25 <0.001 0.23 < 0.001
eGFR - 0.08 0.230 - 0.06 0.380
Smoking - 0.06 0.260 - 0.05 0.370
Primary liver disease: MAFLD 0.15 0.011 0.10 0.083
Corticosteroids - 0.10 0.104 - 0.09 0.188
Tacrolimus - 0.04 0.601 - 0.03 0.683
Sirolimus 0.17 0.002 0.13 0.031
Abbreviations: See Table 1. ß: standardized regression coefficient. BCAA plasma levels were log10-transformed. All 
models are adjusted for age, sex and time since OLTx. In Model 2 eGFR, smoking status and MAFLD as primary liver 
disease are added to Model 1. In Model 3 corticosteroids, Tacrolimus and Sirolimus are added to Model 1. In Model 4 
all variables were included into one Model.
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Table 4. 
Multivariable linear regression analyses demonstrating associations between T2D and BCAA plasma levels.

Model 1 Model 2 Model 3 Model 4 Model 5
ß P ß P ß P ß P ß P

Age 0.03 0.660 - 0.06 0.407 - 0.01 0.815 0.01 0.863 - 0.06 0.381
Sex (male vs. female) 0.25 < 0.001 0.26 < 0.001 0.26 < 0.001 0.25 < 0.001 0.26 < 0.001
Time since OLTx - 0.09 0.114 - 0.05 0.408 - 0.05 0.355 0.00 0.996 0.03 0.658
T2D 0.18 0.002 0.14 0.021 0.13 0.039 0.17 0.002 0.10 0.092
BMI - 0.12 0.069 0.21 < 0.001
eGFR 0.21 < 0.001 - 0.07 0.278
Smoking - 0.03 0.579 - 0.03 0.661
Primary liver disease: 
MAFLD

0.16 0.008 0.08 0.210

Statins 0.04 0.564 0.01 0.857
Corticosteroids - 0.12 0.061 - 0.07 0.288
Tacrolimus - 0.03 0.692 - 0.01 0.856
Sirolimus 0.17 0.003 0.15 0.018
Abbreviations: See Table 1. ß: standardized regression coefficient. BCAA plasma levels were log10-transformed. All models are 
adjusted for age, sex and time since OLTx. In Model 2 BMI and eGFR are added to Model 1. In Model 3 smoking status, MAFLD as 
primary liver disease and the use of statins are added to Model 1. In Model 4 Corticosteroids, Tacrolimus and Sirolimus are added to 
Model 1. In Model 5 all variables were included into one Model. 
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Table 5.
Multivariable logistic regression analyses demonstrating independent associations of MetS and T2D with BCAA plasma levels. 

Model 1: MetS Model 2: T2D
OR 95% CI P-value OR 95% CI P-value

Age (years) 1.05 1.02 – 1.08 < 0.001 1.05 1.01 - 1.08 0.010
Sex (male vs. female) 1.10 0.61 – 1.99 0.743 1.52 0.76 - 3.03 0.233
Time since OLTx (years) 1.04 0.99 – 1.09 0.140 1.03 0.98 - 1.08 0.247
Total BCAA (per SD) 1.68 1.23 – 2.27 0.001 1.60 1.14 – 2.23 0.006
eGFR (per SD) 0.70 0.48 - 1.00 0.052 0.98 0.41 -1.02 0.061
Smoking (yes/no) 0.55 0.23 – 1.28 0.164 4.00 1.18 – 13.55 0.026
Primary liver disease: MAFLD 
(yes/no)

0.44 0.15 – 1.28 0.133 0.20 0.06 - 0.62 0.005

Statins (yes/no) 3.67 1.78 – 7.59 < 0.001
Corticosteroids(yes/no) 0.98 0.49 – 1.99 0.963 1.71 0.75 – 3.90 0.204
Tacrolimus (yes/no) 0.66 0.31 – 1.41 0.282 2.08 0.88 – 4.93 0.098
Sirolimus (yes/no) 1.77 0.60 – 5.21 0.299 0.55 0.15 – 1.98 0.357
Abbreviations: See Table 1. OR: Odds Ratio, CI: Confidence Interval. For time variables ORs are expressed per year increase, 
other continuous variables are expressed per SD increase. Binary logistic regression analyses were used for all models. Model 1: 
Dependent variable is MetS. The use of statins is excluded. Model 2: Dependent variable is T2D. The use of statins is included.
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Supplementary Tables: 

Supplementary Table 1.
Multivariable linear regression analyses demonstrating associations between sex, waist circumference, triglycerides, 
Sirolimus and BCAA plasma levels.

Model 1 Model 2 Model 3 Model 4
ß P ß P ß P ß P

Age - 0.07 0.228 - 0.11 0.114 - 0.07 0.250 -0.10 0.162
Sex (male vs. female) 0.19 < 0.001 0.21 < 0.001 0.19 0.001 0.20 < 0.001
Time since OLTx 0.00 0.993 0.02 0.788 0.05 0.464 0.05 0.418
MetS components:
- Elevated waist circumference 0.19 0.002 0.18 0.006 0.19 0.003 0.19 0.005
- Hyperglycemia 0.13 0.025 0.18 0.052 0.12 0.037 0.12 0.052
- Elevated blood pressure 0.01 0.924 0.01 0.883 0.00 0.959 0.01 0.929
- Elevated Triglycerides  0.18 0.002 0.15 0.013 0.15 0.010 0.14 0.021
- Reduced HDL-cholesterol 0.10 0.060 0.10 0.086 0.09 0.107 0.09 0.112
eGFR - 0.06 - 0.871 - 0.04 0.531
Smoking - 0.06 0.303 - 0.04 0.435
Primary liver disease: MAFLD 0.09 0.130 0.05 0.385
Corticosteroids - 0.08 0.211 - 0.08 0.235
Tacrolimus - 0.03 0.674 - 0.03 0.702
Sirolimus 0.14 0.017 0.12 0.051
Abbreviations: See Table 1. ß: standardized regression coefficient. BCAA plasma levels were log10-transformed. All 
models are adjusted for age, sex and time since OLTx. In Model 2 eGFR, smoking status and MAFLD as primary liver 
disease are added to Model 1. In Model 3 Corticosteroids, Tacrolimus and Sirolimus are added to Model 1. In Model 5 
all variables were included into one Model. All MetS components are defined according to the revised diagnostic 
criteria from the American Heart Association. For the definition, see section: Material & Methods, Metabolic 
Measurements & Definition of comorbid diseases.


