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Abstract
Background: Post-transplant diabetes mellitus (PTDM) encompasses new-onset and previously unrecognized type 2 
diabetes. Kidney failure masks type 2 diabetes. Branched-chain amino acids (BCAA) are closely associated with glucose 
metabolism. Therefore, understanding BCAA metabolism both in kidney failure and after kidney transplantation may inform 
PTDM mechanisms.
Objective: To understand the impact of present or absent kidney function on plasma BCAA concentrations.
Design: Cross-sectional study of kidney transplant recipients and kidney transplant candidates.
Setting: Large kidney transplant center in Toronto, Canada.
Measurements: We measured plasma BCAA and aromatic amino acid (AAA) concentrations in 45 pre-kidney transplant 
candidates (15 with type 2 diabetes, 30 without type 2 diabetes) and 45 post-kidney transplant recipients (15 PTDM, 30 
non-PTDM), along with insulin resistance and sensitivity by 75 g oral glucose loading for those in each group without type 2 
diabetes.
Methods: Plasma AA concentrations were analyzed using MassChrom AA Analysis and compared between groups. The 
insulin sensitivity for oral glucose tolerance tests or Matsuda index (a measure of whole-body insulin resistance), Homeostatic 
Model Assessment for Insulin Resistance (a measure of hepatic insulin resistance), and Insulin Secretion-Sensitivity Index-2 
(ISSI-2, a measure of pancreatic β-cell response) was calculated from fasting insulin and glucose concentrations, and compared 
with BCAA concentrations.
Results: Each BCAA concentration was higher in post-transplant subjects than pre-transplant subjects (P < .001 for leucine, 
isoleucine, valine). In post-transplant subjects, each BCAA concentration was higher in PTDM versus non-PTDM (odds ratio 
for PTDM 3-4 per 1 SD increase in BCAA concentration, P < .001 for each). Tyrosine concentrations were also higher in 
post-transplant subjects than pre-transplant subjects, but tyrosine did not differ by PTDM status. By contrast, neither BCAA 
nor AAA concentrations were different in pre-transplant subjects with or without type 2 diabetes. Whole-body insulin 
resistance, hepatic insulin resistance, and pancreatic β-cell response did not differ between nondiabetic post-transplant and 
pre-transplant subjects. Branched-chain amino acid concentrations correlated with the Matsuda index and Homeostatic 
Model Assessment for Insulin Resistance (P < .05 for each) only in nondiabetic post-transplant subjects—not in nondiabetic 
pre-transplant subjects. Branched-chain amino acid concentrations did not correlate with ISSI-2 in either pre-transplant or 
post-transplant subjects.
Limitations: The sample size was small, and subjects were not studied prospectively for the development of type 2 diabetes.
Conclusions: Plasma BCAA concentrations are higher post-transplant in type 2 diabetic states, but do not differ by diabetes 
status in the presence of kidney failure. The association of BCAA with measures of hepatic insulin resistance among nondiabetic 
post-transplant patients is consistent with impaired BCAA metabolism as a characteristic of kidney transplantation.

Abrégé 
Contexte: Le diabète post-transplantation (DPT) englobe les nouvelles manifestations du diabète de type 2 nouveau et le 
diabète précédemment non reconnu. L’insuffisance rénale masque le diabète de type 2. Les acides aminés à chaîne ramifiée 
(AACR) sont étroitement liés au métabolisme du glucose. Par conséquent, la compréhension du métabolisme des acides 
aminés à chaîne ramifiée (AACR) à la fois dans l’insuffisance rénale et après la transplantation rénale peut informer les 
mécanismes de DPT.
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Objectifs: Comprendre l’impact de la présence ou de l’absence de fonction rénale sur les concentrations plasmatiques 
d’AACR.
Type d’étude: Étude transversale portant sur des receveurs d’une greffe rénale et des candidats à une transplantation de 
rein.
Cadre: Un grand centre de transplantation rénale de Toronto (Canada).
Mesures: Nous avons mesuré les concentrations plasmatiques d’AACR et d’AA aromatiques (AAA) chez 45 candidats 
pré-transplantation rénale (15 atteints de diabète de type 2; 30 non-diabétiques) et 45 patients ayant reçu une greffe rénale 
(15 DPT, 30 non-DPT). Les patients des groupes non-diabétiques ont en outre subi un test de résistance et de sensibilité à 
l’insuline à la suite de l’administration orale de 75 g de glucose.
Méthodologie: Les concentrations plasmatiques d’AA ont été analysées à l’aide de l’appareil Mass Chrom AA Analysis 
et comparées entre les groupes. La sensibilité à l’insuline pour les tests oraux de tolérance au glucose ou l’indice Matsuda 
(mesure de la résistance à l’insuline dans tout l’organisme), l’évaluation du modèle homéostatique de la résistance à l’insuline 
(mesure de la résistance hépatique à l’insuline) et l’indice de sensibilité à la sécrétion d’insuline-2 (mesure de la réponse 
des cellules β pancréatiques) ont été calculés à partir des concentrations d’insuline et de glucose à jeun, et comparés aux 
concentrations d’AACR.
Résultats: Chacune des concentrations en AACR était plus élevée chez les sujets post-transplantation que chez les sujets pré-
transplantation (p < 0,001 pour la leucine, l’isoleucine, la valine). Chez les sujets post-transplantation, chaque concentration 
d’AACR était plus élevée chez les sujets DPT que chez le cas des sujets non-DPT (RC pour DPT: entre 3 et 4 pour chaque 
augmentation de l’écart-type; p < 0,001 pour chacun). Les concentrations de tyrosine étaient également plus élevées chez 
les sujets post-transplantation que chez les sujets pré-transplantation, mais ne différaient pas selon le statut du DPT. En 
revanche, ni les concentrations d’AACR ni les concentrations d’AAA n’étaient différentes chez les sujets pré-transplantation 
qu’ils soient ou non atteints de diabète de type 2. La résistance de tout l’organisme à l’insuline, la résistance hépatique à 
l’insuline et la réponse des cellules β pancréatiques ne différaient pas entre les sujets non-diabétiques avant ou après la 
transplantation. Les concentrations d’AACR étaient corrélées avec l’indice Matsuda et l’évaluation du modèle homéostatique 
de la résistance à l’insuline (p<0,05 pour chacun) uniquement chez les sujets non-diabétiques après la transplantation, et non 
chez les sujets non-diabétiques avant la transplantation. Les concentrations d’AACR n’étaient pas en corrélation avec l’ISSI-2, 
que ce soit chez les sujets avant ou après la transplantation.
Limites: L’échantillon était de petite taille et les sujets n’ont pas été étudiés prospectivement pour le développement du 
diabète de type 2.
Conclusion: Les concentrations plasmatiques d’AACR sont plus élevées après la transplantation chez les sujets diabétiques 
de type 2, mais ne diffèrent pas selon le statut du diabète en présence d’une insuffisance rénale. Les associations entre les 
AACR et les mesures de la résistance hépatique à l’insuline chez les patients non-diabétiques post-transplantation sont 
cohérentes avec une altération du métabolisme des AACR comme caractéristique de la transplantation rénale.
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Introduction

Post-transplant diabetes mellitus (PTDM) is an important 
cardiovascular risk factor in kidney transplant recipients 
(KTR), developing in about 10% to 20% of patients.1 The 
term PTDM replaced new-onset diabetes after transplanta-
tion (NODAT) to acknowledge unrecognized type 2 diabe-
tes present before transplantation.2 It is recognized that 
end-stage kidney disease (ESKD) can mask a new diagno-
sis of type 2 diabetes through multiple mechanisms, includ-
ing impaired kidney gluconeogenesis, kidney insulin 
clearance, and impaired insulin breakdown by the kidney, 
liver, and muscle.3 When KT restores kidney function, 
PTDM can manifest at any time, resulting in an adverse 
post-transplant prognosis similar to KTR with known type 
2 diabetes.4

Clinical risk factors for PTDM are well known and involve 
both insulin resistance and β-cell dysfunction.5 However, lit-
tle is known about how the restored kidney function per se 
that KT provides contributes to PTDM occurrence. Studying 
plasma branched-chain amino acid (BCAA) concentrations 
both before and after kidney transplantation may assist in this 
regard. In the general population without kidney failure, the 

mailto:ramesh.prasad@unityhealth.to


Prasad et al 3

BCAA profile links to new-onset type 2 diabetes,6 and high 
BCAA concentrations associate with insulin resistance inde-
pendent of β-cell function.7 However, BCAA metabolomic 
signatures for predicting type 2 diabetes in the general popu-
lation do not reproduce in hemodialysis patients.8 On the 
other hand, high-plasma BCAA concentrations when first 
measured a year post-transplant associate with subsequent 
PTDM development.9 Branched-chain amino acid profiles in 
kidney transplant candidates (KTC) with kidney failure and 
KTR with restored kidney function have not been directly 
compared. Assessing BCAA profiles in pre-transplant KTC 
with advanced chronic kidney disease (CKD) stage 5 or on 
dialysis (stage 5D)10 both with and without known type 2 dia-
betes, post-transplant KTR (CKD stage 5T) both with and 
without PTDM, and comparing BCAA profiles with glucose 
and insulin responses in the nondiabetic subgroups may pro-
vide further insights into PTDM mechanisms that include the 
role of absent and restored kidney function to glucose metab-
olism. We therefore tested the hypothesis that plasma BCAA 
concentrations would be higher in type 2 diabetes indepen-
dent of the kidney function.

Materials and Methods

St. Michael’s Hospital is an urban tertiary care medical-sur-
gical hospital that performs approximately 120 adult single-
organ KT procedures annually and provides long-term 
post-transplant care to approximately 1800 KTR. There are 
also approximately 300 ESKD patients on the KT waiting 
list. We performed a cross-sectional observational study of 
plasma AA concentrations in pre-transplant KTC and in 
post-transplant KTR who were at least 3 months post-trans-
plant. Pre-transplant patients with estimated glomerular fil-
tration rate (eGFR) ≥15 mL/min/1.73m2 and KTR with 
eGFR ≤30 mL/min/1.73m2 were excluded to ensure clear 
separation of the 2 groups. Other exclusions included unsta-
ble kidney function in the opinion of the investigators, dialy-
sis patients unlikely to be transplanted as determined by the 
investigator as they are less comparable to post-transplant 
patients in many respects, type 1 diabetes where insulin 
resistance is not the major contributor to glucose metabo-
lism, and hepatitis B, hepatitis C, or HIV infection, all of 
which are significant risk factors for PTDM. Post-transplant 
diabetes mellitus was defined according to 2013 Canadian 
Diabetes Association guidelines.11 Diabetic and nondiabetic 
participants were matched 1:2 within each of the 2 groups by 
age ±10 years. Pre-transplant subjects were recruited from 
pre-transplant assessment clinics and post-transplant sub-
jects from post-transplant clinics, and each subject attended 
1 research study visit.

The primary objective was to compare fasting BCAA 
concentrations (leucine, isoleucine, valine) and 2 control 
non-BCAA (phenylalanine, tyrosine) profiles between pre-
transplant subjects and post-transplant subjects. Secondary 
objectives included comparing BCAA profiles between 

nondiabetic and diabetic subjects within each group, and 
whole-body insulin resistance (measured by the insulin sen-
sitivity index for oral glucose tolerance tests [OGTT], or 
ISOGTT, otherwise called the Matsuda index) and hepatic 
insulin resistance (measured by the Homeostatic Model 
Assessment for Insulin Resistance [HOMA-IR]),12 as well as 
pancreatic β-cell response (measured by the Insulin 
Secretion-Sensitivity Index [ISSI-2])13 between nondiabetic 
pre-transplant and post-transplant subjects. After providing 
informed consent, each post-transplant subject provided 
approximately 20 mL of fasting morning blood samples for 
measuring AA concentrations, with all nondiabetic subjects 
providing in addition 1- and 2-hour insulin and glucose con-
centrations through a standard 75 g OGTT. In the case of 
pre-transplant subjects on dialysis, testing was performed on 
a nondialysis day.

Plasma AA concentrations were analyzed using the 
MassChrom AA Analysis (item no. 75111; Chromsystems, 
Munich, Germany). Calibrator, quality control (QC), and 
internal standards were reconstituted and prepared according 
to the manufacturer’s instructions. Calibrators, QC, and 
patient samples were pipetted (25 µL) into micro-centrifuge 
tubes, and 50 µL of internal standard mix solution was added. 
A 400-µL aliquot of the precipitating reagent was added to 
each sample and vortex-mixed for 10 seconds. Samples were 
centrifuged at 16 000g for 5 minutes to precipitate proteins. A 
200-µL aliquot of supernatant was transferred to ultra-high-
performance liquid chromatography (UHPLC) auto-sampler 
vials containing a limited-volume glass insert, and a 5-µL 
aliquot was analyzed by liquid chromatography tandem mass 
spectrometry. The analytical system consisted of a Sciex 
5500 QTRAP mass spectrometer and a Shimadzu UHPLC. 
Mass spectrometry was performed in positive electrospray 
ionization mode. Scheduled multiple reaction monitoring 
acquisition consisted of specific ion transitions to monitor 
each AA and its respective isotope-labeled internal standard. 
Chromatography consisted of a binary gradient of mobile 
phases. The AA analytical column was maintained at 25°C.

The ISOGTT or Matsuda index was defined by the fol-
lowing formula: 10 000 Gluc0 × Ins0 × mean glucose × 
mean insulin, and the HOMA-IR was defined as (Gluc0 × 
Ins0)/22.5.12 The ISSI-2 was defined as the ratio of the area-
under-the-insulin-curve to the area-under-the-glucose curve, 
multiplied by the Matsuda index.13

Continuous variables were compared between groups 
using student paired or unpaired t test, whereas categorical 
variables were compared by χ2 or Fisher exact test as appro-
priate. Bivariate logistic regression analyses were used to 
compare relationships between AA profiles and the presence 
of type 2 diabetes. Relationships among AA and insulin sen-
sitivity indices were compared by Pearson correlation coef-
ficient. In all cases, a P value <.05 was taken as statistically 
significant. SAS version 9.4 (Cary, North Carolina) was the 
statistical software used. The study was approved by the 
Research Ethics Board at St. Michael Hospital (REB 15-030).



4 Canadian Journal of Kidney Health and Disease

Table 1. Demographic Comparisons Between the Post- Transplant and Pre-Transplant Subjects.

Parameter

Post-transplant
(N = 45)

P value

Pre-transplant
(N = 45)

P value

P value
Post-transplant vs 

pre-transplant

P value
Diabetes vs  
no diabetes

PTDM
(N = 15)

No PTDM
(N = 30)

Type 2 diabetes
(N = 15)

No type 2 
diabetes
(N = 30)

Demographics
 Age, y 59.8 ± 9 55.1 ± 13 .23 61.3 ± 8 52.4 ± 10 .005 .07 .006
Sex (M/F) 11/4 17/13 .27 11/4 20/10 .64 .50 .27
Ethnicity (N) .42 .71 .45 .25
 White 8 15 5 11  
 Black 2 4 4 8  
 East Asian 3 2 4 5  
 South Asian 1 1 2 3  
 Other 1 8 0 3  
End-stage kidney disease 

cause (N)
.16 <.0001 .003 <.0001

 Diabetes 0 0 11 0  
 Hypertension 4 6 1 3  
 Glomerulonephritis 4 17 1 12  
 Polycystic kidney 4 2 2 4  
 Others 3 5 0 11  
Waist-hip ratio 0.97 ± 0.8 0.89 ± 0.1 .01 0.98 ± 0.1 0.93 ± 0.1 .12 .55 .004
Body mass index (kg/m2) 27.4 ± 4 27.6 ± 5 .91 27.6 ± 4 26.5 ± 5 .49 .47 .68
Smoking (Y/N) 7/8 12/18 .66 10/5 15/15 .28 .20 .29
Glycosylated hemoglobin, % 0.069 ± 0.006 0.055 ± 0.004 <.0001 0.068 ± 0.014 0.053 ± 0.004 <.0001 .53 <.0001
Apolipoprotein A1, g/L 1.38 ± 0.2 1.57 ± 0.2 .04 1.46 ± 0.2 1.47 ± 0.2 .92 .39 .11
Apolipoprotein B, g/L 0.76 ± 0.1 0.75 ± 0.2 .81 0.56 ± 0.2 0.79 ± 0.2 .001 .10 .03
T. cholesterol, mmol/L 3.83 ± 0.9 4.19 ± 0.9 .22 3.23 ± 0.7 3.96 ± 1.0 .02 .11 .01
Non-HDL cholesterol, 

mmol/L
2.72 ± 0.7 2.85 ± 0.9 .63 1.96 ± 0.1 2.76 ± 0.9 .006 .11 .02

HDL cholesterol, mmol/L 1.11 ± 0.35 1.34 ± 0.36 .04 1.27 ± 0.55 1.19 ± 0.39 .56 .57 .40
Hemoglobin, g/L 137 ± 13 129 ± 16 .08 105 ± 15 110 ± 15 .23 <.0001 .74

Note. PTDM = post-transplant diabetes mellitus; HDL = high-density lipoprotein.

Results
A total of 90 subjects with ESKD who were either awaiting 
kidney transplantation (pre-transplant, N = 45) or had 
already received a kidney transplant (post-transplant, N = 
45) were recruited. Within each group of 45 participants, 
there were 15 with established type 2 DM and 30 without 
known DM. All diabetic post-transplant subjects had newly 
recognized PTDM of at least 3 months’ duration. 
Demographic and comparable baseline metabolic compari-
sons among these 4 groups are shown in Table 1. Four sub-
jects received pre-emptive transplants. All post-transplant 
subjects received mycophenolate except 2 subjects who 
received sirolimus instead, and all received prednisone ther-
apy. There was no difference in statin use between the PTDM 
and non-PTDM post-transplant subjects (2 vs 12 subjects, P 
= .66) or between the diabetic and nondiabetic pre-trans-
plant subjects (4 vs 13 subjects, P = .27).

Specific to the post-transplant subjects, the urine albumin-
to-creatinine ratio was 13.5 ± 27 mg/mmol in PTDM versus 
7.2 ± 14 mg/mmol in those without PTDM (P = 0.36), serum 

creatinine was 103.0 ± 32 versus 109.7 ± 26 µmol/L (P = 
.46), eGFR was 62.8 ± 17 versus 61 ± 16 mL/min/1.73m2 (P 
= .23), time post-transplant was 9.4 ± 8 versus 5.6 ± 6 years 
(P = .06), and 5 of 15 (33%) versus 15 of 30 (50%) received 
living donor transplants (P = .28). Time-to-PTDM was 4.9 ± 
6.0 years. There were 12 of 15 (80%) patients with PTDM 
and 28 of 30 (93%) without PTDM who received tacrolimus; 
the remainder received cyclosporine. Trough tacrolimus con-
centration was 6.48 ± 3.8 versus 6.57 ± 2.8 ng/mL (P = 
0.56), and C2 cyclosporine concentration was 365 ± 80 ver-
sus 543 ± 97 ng/mL (P = .15).

Specific to the pre-transplant subjects, among the type 2 
diabetes group, 10 of 15 (67%) received hemodialysis and 
5 of 15 (33%) received peritoneal dialysis, whereas in the 
nondiabetic group the corresponding numbers were 16 of 
30 (53%) and 10 of 30 (33%), with 4 of 30 (14%) being 
pre-dialysis CKD5. Three patients had previously failed 
transplants. Dialysis duration was 3.54 ± 5.0 years in the 
diabetic group and 2.74 ± 2.2 years in the non-diabetic 
group (P = .88).
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Plasma AA concentrations are shown in Table 2. The BCAA 
(leucine, isoleucine, valine) concentrations were consistently 
higher in PTDM than in non-PTDM post-transplant subjects, 
but aromatic AA concentrations did not differ. Branched-chain 
amino acid and tyrosine concentrations, but not phenylalanine 
concentrations, were higher in post-transplant than pre- 
transplant subjects. By contrast, BCAA concentrations did 
not differ between diabetic and nondiabetic pre-transplant 
subjects (Table 2). Branched-chain amino acid concentrations 
trended higher when subjects with type 2 diabetes were com-
bined across the post-transplant and pre-transplant groups 
compared with nondiabetic subjects, while aromatic AA con-
centrations were similar.

When PTDM subjects were assessed as diabetes events in 
a bivariate case-control comparison, each of the 3 BCAA 
was significantly associated with the presence of type 2 dia-
betes, with odds ratios varying between 1.02 and 1.08 per 1 
µmol/L increase in AA concentration and between 3 and 4 
for each standard deviation increase, as shown in Table 3. 
Combining AA concentrations did not provide additional 
predictive value (data not shown). Odds ratios for the aro-
matic AA concentrations were insignificant. In pre-transplant 

subjects, there was no significant relationship between any 
AA concentration (BCAA or aromatic AA) and the presence 
of type 2 diabetes.

Table 4 provides the results from OGTT in the nondia-
betic post-transplant and pre-transplant subjects. There was 
no significant difference in glucose or insulin concentrations 
between these 2 groups. Similarly, there was no difference in 
the derived ISOGTT, HOMA-IR, and ISSI-2 scores between 
them. Table 5 provides a series of Pearson correlation coef-
ficients in nondiabetic post-transplant and pre-transplant 
subjects, calculated between each AA and the other AA, as 
well as between each AA and ISOGTT, HOMA-IR, and 
ISSI-2 scores. In post-transplant subjects, each BCAA con-
centration positively correlated with each other and with 
phenylalanine, but not with tyrosine. Each of these 4 AA (3 
BCAA and phenylalanine) negatively correlated with the 
ISOGTT and positively with the HOMA-IR, but not with the 
ISSI-2. There was no additive correlative value to combin-
ing AA with any of the indices (data not shown). In pre-
transplant subjects, correlations among the AA themselves 
were generally similar to post-transplant subjects, other than 
some correlations seen with tyrosine. By contrast however, 

Table 2. Plasma Amino Acid Concentrations in Post-Transplant and Pre-Transplant Subjects.

Parameter

Post-transplant
(N = 45)

P value

Pre-transplant
(N = 45)

P value

Post-
transplant 
versus pre-
transplant

Diabetes 
versus no 
diabetes

PTDM
(N = 15)

No PTDM
(N = 30)

Type 2 diabetes
(N = 15)

No
type 2 diabetes

(N = 30) P value P value

Leucine 165.1 ± 32 131.1 ± 25 .0003 104.6 ± 29 105.5 ± 23 .91 <.0001 .06
Isoleucine 79.8 ± 19 61.7 ± 13 .0006 59.8 ± 12 57.6 ± 14 .59 .005 .01
Valine 283.1 ± 45 233.5 ± 43 .0008 176.7 ± 45 181.7 ± 34 .67 <.0001 .12
Phenylalanine 79.0 ± 12 76.6 ± 9 .45 75.3 ± 18 73.3 ± 13 .67 .20 .48
Tyrosine 71.0 ± 12 75.4 ± 17 .37 42.2 ± 9 44.8 ± 11 .43 <.0001 .44

Note. Plasma amino acid concentrations are expressed in micromoles per liter. PTDM = post-transplant diabetes mellitus.

Table 3. Bivariate Analysis for the Presence of Type 2 Diabetes in Post-Transplant and Pre-Transplant Subjects.

Amino acid Group

Likelihood ratio Maximum likelihood
Odds ratio per  

1 µmol/L
Odds ratio per unit 1 SD 

estimateχ2 P value Intercept P value

Leucine Post-transplant 12.90 .0003 0.0014 .0033 1.044 31.38 3.91
Pre-transplant 0.01 .91 0.70 .91 0.999 24.64 0.97

Isoleucine Post-transplant 11.54 .0007 0.0019 .0051 1.075 17.62 3.56
Pre-transplant 0.30 .58 0.32 .58 1.014 12.85 1.19

Valine Post-transplant 11.09 0.0009 0.0021 .0043 1.025 49.21 3.36
Pre-transplant 0.19 .66 0.99 .67 0.996 37.56 0.87

Tyrosine Post-transplant 0.86 .35 0.64 .36 0.98 15.42 0.74
Pre-transplant 0.68 .41 0.74 .42 0.973 10.05 0.76

Phenylalanine Post-transplant 0.56 .44 0.30 .45 1.024 10.16 1.28
Pre-Transplant 0.19 .66 0.40 .66 1.010 14.39 1.15

Note. Plasma amino acid concentration unit is expressed in micromoles per liter.
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Table 4. Indices of Glucose Homeostasis in Nondiabetic Post-Transplant and Pre-Transplant Subjects.

Post-transplant
No PTDM
(N = 30)

Pre-transplant
No diabetes

(N = 30) P value

Glucose, mmol/L
 Fasting 5.11 ± 0.5 4.82 ± 0.7 .10
 1 h 7.95 ± 2.2 8.3 ± 2.4 .56
 2 h 6.50 ± 1.5 6.8 ± 2 .43
 Area-under-the-curve 826 ± 181 849 ± 185 .63
Insulin, IU/L
 Fasting 59.5 ± 41 65.9 ± 39 .54
 1 h 445.3 ± 341 449.3 ± 256 .96
 2 h 292.4 ±232 383.8 ± 250 .15
 Area-under-the- curve 37278 ± 25934 39542 ± 22032 .72
 ISOGTT 7.97 ± 5.0 6.81 ± 4.4 .35
 HOMA-IR 1.89 ± 1.3 1.99 ± 1.2 .78
 ISSI-2 278.7 ± 148 265.6 ± 103 .70

Note. PTDM = post-transplant diabetes mellitus; ISOGTT = insulin sensitivity index for oral glucose tolerance tests; HOMA-IR = Homeostatic Model 
Assessment for Insulin Resistance; ISSI-2 = Insulin Secretion-Sensitivity Index.

Table 5. Pearson Correlation Coefficients Between Plasma Amino Acid Concentrations and Indices of Glucose Homeostasis in 
Nondiabetic Post-Transplant and Pre-Transplant Subjects.

ISOGTT HOMA-IR ISSI-2 Leucine Isoleucine Valine Phenylalanine Tyrosine

Post-transplant (N = 30)
 ISOGTT 1.00

0
−0.65
<0.0001

0.14
0.44

−0.40
0.02

−0.43
0.01

−0.34
0.05

−0.39
0.03

0.01
0.96

 HOMA-IR −0.65
<0.0001

1.00
0

−0.37
0.03

0.46
0.009

0.50
0.004

0.45
0.01

0.49
0.004

0.005
0.97

 ISSI-2 0.14
0.44

−0.37
0.03

1.00
0

−0.19
0.29

−0.22
0.24

−0.14
0.44

−0.17
0.34

0.16
0.37

 Leucine −0.40
0.02

0.46
0.009

−0.19
0.29

1.00
0

0.94
<0.0001

0.93
<0.0001

0.76
<0.0001

0.20
0.26

 Isoleucine −0.43
0.01

0.50
0.004

−0.22
0.24

0.94
<0.0001

1.00
0

0.87
<0.0001

0.81
<0.0001

0.20
0.27

 Valine −0.34
0.05

0.45
0.01

−0.14
0.44

.93
<0.0001

0.87
<0.0001

1.00
0

0.65
<0.0001

0.25
0.17

 Phenylalanine −0.39
0.03

0.49
0.004

−0.17
0.34

0.76
<0.0001

0.81
<0.0001

0.65
<0.0001

1.00
0

0.08
0.63

 Tyrosine 0.01
0.96

0.005
0.97

0.16
0.37

0.20
0.26

0.20
0.27

0.08
0.63

0.08
0.63

1.00
0

Pre-transplant (N = 30)
 ISOGTT 1.00

0
−0.64

0.0002
0.41
0.02

0.06
0.74

0.05
0.76

0.02
0.90

−0.27
0.15

0.26
0.16

 HOMA-IR −0.64
0.0002

1.00
0

−0.39
0.03

0.08
0.67

0.01
0.93

0.20
0.27

0.55
0.001

0.23
0.21

 ISSI-2 0.41
0.02

−0.39
0.03

1.00
0

−0.11
0.55

0.01
0.97

−0.17
0.35

−0.24
0.20

−0.14
0.45

 Leucine 0.06
0.74

0.08
0.67

−0.11
0.55

1.00
0

0.80
<0.0001

0.90
<0.0001

0.55
0.001

0.53
0.002

 Isoleucine 0.05
0.76

0.01
0.93

0.01
0.97

0.80
<0.0001

1.00
0

0.71
<0.0001

0.30
0.10

0.31
0.09

 Valine 0.02
0.90

0.20
0.27

−0.17
0.35

0.90
<0.0001

0.71
<0.0001

1.00
0

0.64
<0.0001

0.54
0.001

 Phenylalanine −0.27
0.15

0.55
0.001

−0.24
0.20

0.55
0.001

0.30
0.10

0.64
<0.0001

1.00
0

0.51
0.003

 Tyrosine 0.26
0.16

0.23
0.21

−0.14
0.45

0.53
0.002

0.31
0.09

0.54
0.001

0.51
0.003

1.00
0

Note. The first value in each box refers to the correlation coefficient. The second number is the associated P value. ISOGTT = insulin sensitivity index for 
oral glucose tolerance tests; HOMA-IR = Homeostatic Model Assessment for Insulin Resistance; ISSI-2 = Insulin Secretion-Sensitivity Index.
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in pre-transplant subjects there was no correlation between 
BCAA or aromatic AA with ISOGTT, HOMA-IR, or ISSI-2 
apart from one positive correlation between phenylalanine 
and HOMA-IR (Table 5). Taken together, the greatest consis-
tency of correlations was seen among the BCAA.

Discussion

This study demonstrates that plasma BCAA concentrations 
significantly correlate with the ISOGTT, a measure of whole-
body insulin sensitivity, and the HOMA-IR, a measure of 
hepatic glucose metabolism, when a functional kidney is 
present. These correlations are not significant for subjects 
with kidney failure. Branched-chain amino acid concentra-
tions in PTDM do not differ from known type 2 diabetes in 
the general population, although PTDM often appears sud-
denly and its occurrence can be reasonably predicted through 
pre-transplant and early post-transplant clinical risk factors. 
Pre-transplant BCAA concentrations are unlikely to predict 
PTDM because of the lost relationship to glucose metabo-
lism in the environment of kidney failure, indicating that 
PTDM causality may relate less to the pre-transplant envi-
ronment and more to the post-transplant environment, in 
which any of the BCAA concentrations may serve as a better 
marker.

As both the ISOGTT and the HOMA-IR correlate with 
BCAA concentrations in nondiabetic post-transplant sub-
jects, it is clear that BCAA affect post-transplant glucose and 
insulin metabolism. In the presence of PTDM, higher BCAA 
concentrations could indicate a resultant impaired glucose 
and insulin metabolism, although the direction of causality 
remains to be established. In this regard, PTDM does not 
metabolically differ from type 2 diabetes in the presence of 
intact native kidney function. As the ISSI-2 score does not 
correlate with BCAA metabolism in either the presence or 
absence of kidney function, this study does not provide evi-
dence of a role for insulin secretion (or β-cell compensation) 
in PTDM.

The 5 selected AA in this study strongly correlated with 
the prediction of type 2 diabetes as early as 12 years prior to 
onset in the Framingham Offspring Study that consisted of 
healthy, normoglycemic individuals.14 Odds ratios adjusted 
by insulin measures for future type 2 diabetes development 
varied from 1.5 to 2, and associations persisted even after 
adjusting for standard type 2 diabetes risk factors.14 These 
odds ratios are very similar to the findings in this study. 
Stimulating the insulin axis through the OGTT did not elicit 
differential AA changes between post-transplant and pre-
transplant subjects. We were able to measure only baseline 
AA concentrations, and we were unable to assess patients 
longitudinally for the development of PTDM. Nonetheless, 
this study confirms that further analysis of BCAA profiles in 
nondiabetic post-transplant patients with adequate kidney 
function may help identify those at risk of subsequent PTDM, 
as has been shown in a previous cross-sectional analysis,9 

whereas measuring BCAA concentrations is unlikely to be 
helpful in pre-transplant patients with ESKD. While the 
post-transplant BCAA profile was consistent with that of the 
general population, the aromatic AA profile was less so, with 
only pre-transplant tyrosine concentrations lower than post-
transplant concentrations similar to the BCAA and only phe-
nylalanine concentrations correlating with the BCAA in 
nondiabetic post-transplant subjects.

Branched-chain amino acid concentrations are higher in 
overweight and obese subjects, playing a role in type 2 dia-
betes development once insulin resistance develops.15 It was 
shown previously that BCAA correlate with PTDM only 
before prediabetes develops.9 Adiponectin, an adipokine 
whose plasma concentration is lower in those at risk for type 
2 diabetes, decreases circulating BCAA and is low in insulin-
resistant states.16 Decreased adiponectin concentrations have 
been demonstrated in KTR who are ethnically already at 
higher risk of type 2 diabetes.17 Adiponectin gene variants 
also associate with PTDM.18 Conversely, adjusting for adi-
ponectin did not alter the relationship between BCAA and 
insulin resistance in 70 subjects.19 Adiponectin concentra-
tions decrease after successful KT.20 Therefore, restored 
BCAA concentrations from restored kidney function in the 
early post-transplant period may lead to PTDM once insulin 
resistance develops from other mechanisms such as cortico-
steroid administration and weight gain. Although not studied 
here, correlating BCAA to adiponectin concentrations may 
help further understanding of the mechanisms of adiponectin 
involvement in diabetes development.

We measured apolipoprotein levels and the lipid panel to 
understand whether cardiovascular risk profiles were similar, 
and the groups therefore comparable, to add clinical context 
to any BCAA differences found. Apolipoprotein levels are 
also associated with late PTDM, but these were not analyzed 
further because there was no difference between the PTDM 
and non-PTDM groups, likely due to statin therapy. The 
hemoglobin was measured to understand large differences, if 
any, in glycosylated hemoglobin. There were no differences 
beyond what was expected, and so these were not analyzed 
further.

Despite similar HbA1c, indicating a similar range of dia-
betes control, BCAA are elevated in post-transplant but not 
pre-transplant subjects. Current therapeutic modalities are 
insufficient to address a major component of aberrant AA 
metabolism in patients with PTDM, in whom a functioning 
kidney is associated with increased BCAA. This finding 
suggests that the liver-alpha cell axis includes kidney func-
tion. Future studies should test the hypothesis that the liver-
alpha cell-kidney network results in impaired BCAA 
metabolism. This could be due to, but not limited to, differ-
ences in the handling of urea generated by hepatic AA 
metabolism. In the absence of additional investigation, the 
role of both adiponectin and urea metabolism in connection 
with BCAA metabolism in ESKD must remain speculative 
at this time.
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The liver and muscle have an important role in BCAA 
metabolism as it relates to type 2 diabetes. Mammals do not 
synthesize BCAA. Branched-chain amino acids enter the cir-
culation directly from the gut, bypassing the liver due to the 
absence of hepatic branched-chain aminotransferase. 
Branched-chain amino acid affect both energy metabolism 
and glycolysis. Patients with type 2 diabetes have high 
BCAA concentrations in their skeletal muscle, favoring 
accumulation of fatty acids and contributing to insulin resis-
tance. Insulin resistance relates to excess BCAA catabolites 
and partially esterified lipids in muscle tissue, eventually 
leading to type 2 diabetes. Type 2 diabetes in turn may alter 
BCAA gene transcription.21

This study has some limitations. The sample size was 
based on convenience rather than calculation, and so the 
study must be considered hypothesis-generating at this time. 
We did not assess associations of BCAA with adiponectin or 
urea, as well as apolipoprotein concentrations that are associ-
ated with PTDM.22 As this was a cross-sectional study, sub-
jects were not studied prospectively from the pre-transplant 
to post-transplant stage of their CKD and could not be stan-
dardized by time elapsed post-transplant. Certain subgroups 
(eg, subjects on peritoneal dialysis or classified by levels of 
adiposity) were especially small, precluding their separate 
analysis.

In summary, the utility of measuring pre-transplant 
plasma BCAA concentrations to predict PTDM is impaired 
by kidney failure, but plasma BCAA concentrations may 
become useful again post-kidney transplantation. Kidney 
function is required to demonstrate the relationship of BCAA 
to glucose metabolism. Kidney transplantation provides the 
opportunity to further evaluate the role of BCAA in type 2 
diabetes development in CKD patients, knowing that BCAA 
metabolism mediates PTDM through insulin resistance. 
Studying pre-transplant BCAA concentrations as a predictor 
of future PTDM is unlikely to be rewarding, but BCAA mea-
surement may again become helpful in the post-transplant 
period.
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