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chronic kidney disease (CKD) in people with type 2 diabetes and establish whether
this association is causal.

Materials and Methods: The Hoorn Diabetes Care System cohort is a large prospec-
tive cohort consisting of individuals with type 2 diabetes from the northwest part of
the Netherlands. In this cohort we assessed the association of baseline plasma levels of
172 metabolites with incident (Niota = 462/Ncase = 81) and prevalent (Niown = 1247/
Nease = 120) CKD using logistic regression. Additionally, replication in the UK Biobank,
body mass index (BMI) mediation and causality of the association with Mendelian ran-
domization was performed.

Results: Elevated levels of total and individual branched-chain amino acids (BCAAs)—
valine, leucine and isoleucine—were associated with an increased risk of incident
CKD, but with reduced odds of prevalent CKD, where BMI was identified as an effect
modifier. The observed inverse effects were replicated in the UK Biobank. Mendelian
randomization analysis did not provide evidence for a causal relationship between
BCAAs and prevalent CKD.

Conclusions: Our study shows the intricate relationship between plasma BCAA levels

and CKD in individuals with type 2 diabetes. While an association exists, its
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manifestation varies based on disease status and BMI, with no definitive evidence

supporting a causal link between BCAAs and prevalent CKD.
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cohort study, diabetic nephropathy, observational study, type 2 diabetes

1 | INTRODUCTION

Chronic kidney disease (CKD) is a complication affecting approxi-
mately 40% of people with type 2 diabetes. CKD is defined by albu-
minuria (urine albumin-creatinine ratio [UACR] > 3 mg/mmol) and/or
a reduced estimated glomerular filtration rate (eGFR < 60 mL/
min/1.73m?).2 Previous studies have highlighted the association
between various metabolites in plasma and CKD, as well as diabetic
kidney disease (DKD).%>~® However, the relationship between different
metabolites and the development of CKD, as well as their correlation
with existing cases of CKD in type 2 diabetes, remains unclear. Conse-
quently, this study aims to investigate the potential association
between plasma metabolites and incident and prevalent CKD in peo-
ple with type 2 diabetes. We also investigate the genetic influences
on these metabolites and the extent to which they play a suggestive
causal role in CKD, using two-sample Mendelian randomization (MR).

2 | MATERIALS AND METHODS

21 |
cohort

The Hoorn Diabetes Care System study

The Hoorn Diabetes Care System (DCS) cohort is an open prospective
cohort that started in 1998 with individuals with type 2 diabetes from
the northwest part of the Netherlands. People visit the DCS annually
to monitor their type 2 diabetes. Repeated measurements are col-
lected as part of routine care during this visit, including anthropomet-
ric and laboratory measurements. Individuals in the Hoorn DCS
cohort were asked to participate in the Hoorn DCS biobank, from
which, after obtaining informed consent, we also collected and stored
serum, plasma and urine for future research. Blood samples were col-
lected during two phases of biobanking in 2008/2009 and
2012/2013/2014. The Ethical Review Committee of the VU Univer-
sity Medical Center, Amsterdam, approved the study. All participants
provided written informed consent and this study was conducted in

accordance with the Declaration of Helsinki.

2.2 | Study design

We used two subcohorts from the Hoorn DCS cohort biobank,”
encompassing incident CKD (N¢ontrol = 381/Ncase = 81) and prevalent
CKD (Ncontrol = 1127/Ncase = 120) (Figure S1). CKD risk stage was
defined based on the Kidney Disease: Improving Global Outcomes

(KDIGO) criteria that combines eGFR and UACR (0 = low risk;
3 = very high risk). However, the source of CKD has not been verified
by kidney biopsies. Incident cases and controls were identified during
an average follow-up of 9 years. Cases had CKD risk stage (KDIGO)
0 at baseline and at least the year before and developed CKD (risk
stage > 2) in at least two consecutive years (n = 81), whereas controls
remained stable in stage O during at least 3 years of follow-up
(n = 381). For the prevalent CKD study, the following inclusion cri-
teria were used: cases are those that have CKD (risk stage = 2 [high
risk] at the moment of sample collection [baseline]) (n = 120). Con-
trols did not have CKD (risk stage O [low risk]) at the moment of sam-
ple collection (baseline) (n = 1127). Baseline was the date of blood
sampling. The incident and prevalent CKD study included 375 overlap-
ping controls (Figure S1).

2.3 | Statistical methods

With NMR spectrometry (Nightingale Health blood analysis platform),
172 metabolites were measured in plasma, as previously described
(Table S1).2 Metabolites were z-scaled before analysis. Logistic regres-
sion analyses were conducted adjusted for age and sex (model 1). For
the incident CKD study, the model was further adjusted for baseline
eGFR, UACR, HbA1c and systolic blood pressure (SBP) (model 2). For
prevalent CKD, the fully adjusted model included age, sex, HbA1c and
SBP (model 2). Metabolites were considered differentially expressed if
an observed difference between two conditions was statistically sig-
nificant based on a P value of less than .05. Multiple testing threshold
was set at P of .0006 or less (similar to Bonferroni adjustment for
83 independent tests’), as previously suggested for these types of
data. Also, secondary analyses with eGFR lower than 60 mL/
min/1.73m? and UACR higher than 3 mg/mmol were performed using
logistic regression. Effect modification by body mass index (BMI) and
triglycerides was investigated by stratifying models in four equal
strata. All analyses were performed using R statistics (v. 4.2.1) and the

figures were produced with ggplot2 (v. 3.4.2).

24 | UK Biobank

Significantly associated metabolites from the incident and prevalent
CKD study were compared with the results from the UK Biobank
Nightingale Health Biomarker-Disease Atlas, which also measured
metabolomics with the Nightingale blood analysis platform. The UK
Biobank Nightingale Biomarker-Disease Atlas included 118 461
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participants (with and without diabetes), of whom 4075 participants
had incident CKD and 181 had prevalent CKD. Metabolite biomarkers
were measured from baseline plasma samples using the Nightingale
Health NMR platform. Disease outcomes were derived from UK Hos-
pital Episode Statistics data, with hospital diagnoses forming the basis
of the disease endpoint definition. Cox proportional hazard estimated
biomarker associations were used with incident disease outcomes,
adjusting for sex and UK Biobank assessment centre and using age as
the time scale. Logistic regression models adjusted for age, sex and
assessment centre were used for biomarker association testing with
prevalent diseases. Details of the UK Biobank study have been
published.'®

25 | Two-sample MR

A two-sample MR analysis was performed using the TwoSampleMR R
package (v. 0.5.6). Branched-chain amino acid (BCAA) expression
quantitative trait loci (€QTLs) were obtained from a publicly available
dataset by Borges et al. at a genome-wide level (P < 5 x 1078).1! To
obtain independent SNPs, clumping was performed, removing SNPs in
linkage disequilibrium (r? < 0.001). The instrumental strength of each
SNP was assessed using the F statistics = (B/SE)2.All the available out-
comes from the TwoSampleMR R package were used, except for
eQTLs, because they are beyond the scope of the current study. To
estimate the causal effect between BCAA and traits, a two-sample
MR analysis was performed. Causal associations based on a single
instrument (Wald ratio) were omitted. Causal associations based on
multiple instruments (inverse variance weighting) were calculated by
dividing the SNPs-outcome by the SNPs-exposure. A causal associa-
tion was statistically significant based on a false discovery rate-
adjusted P value below .05. Heterogeneity was calculated with the
mr_heterogeneity() test: a high heterogeneity indicates a high variance
across instruments suggestive of invalid instruments. For three or
more instruments, the Egger's intercept was used to estimate horizon-
tal pleiotropy. The TwoSampleMR R package was also used to test for
reverse causality on the suggested causal associations. For visualiza-
tion of the MR results, a scatterplot for the effect of the SNPs on the
exposure against the effect of the SNPs on the outcome is shown. A
forest plot for visualization of the estimates from multiple instruments

is also shown.

3 | RESULTS

3.1 | Baseline characteristics

For the incident CKD subcohort (Ncontrol = 381/Ncase = 81), the mean
(standard deviation [SD]) age of the individuals was 59.7 (9.0) years
and 46.1% were females (Table 1). On average, the population devel-
oped CKD after 6.9 (2.5) years and was obese (mean BMI: 30.8 [5.4]
kg/m?). For the prevalent CKD subcohort (Neontro = 1127/
Nease = 120), the mean (SD) age of the individuals was 63.3 (9.8) years
and 43.3% were females (Table 1). On average, the time since CKD

diagnosis until blood sampling for metabolomics was 2.9 (2.8) years.
The population was obese (mean BMI: 30.4 [5.3] kg/m?).

3.2 | BCAAlevels are associated with increased
incident CKD risk in contrast to prevalent CKD

Six out of 172 metabolites were nominally significantly associated
with incident CKD (Table S2, Figure 1A). These included albumin
(odds ratio [OR] = 0.74, 95% confidence interval [CI] = 0.55-0.99,
P=47x%x107%, glycine (OR=141, 95% Cl=1.07-1.84,
P=13x107%), total BCAA (OR=149, 95% Cl=1.10-2.02,
P =9.9 x 1073 and the three individual BCAAs, valine (OR = 1.48,
95% Cl=1.10-1.99, P=9.7 x 1073), leucine (OR =145, 95%
Cl=107-197, P=16x10"? and isoleucine (OR = 1.43,
95% Cl = 1.06-1.94, P = 2.0 x 10~?) (Figure 1B-E). This effect was
comparable for eGFR less than 60 mL/min/1.73m? and UACR more
than 3 mg/mmol as endpoint, although it was slightly stronger for
eGFR (Table S3). Although not significant after multiple testing in our
study (multiple testing threshold was set at P < .0006°), five metabo-
lites nominally significant in our study were significantly associated in
the UK Biobank (Figure 1F-I), including albumin (hazard ratio
[HR] = 0.80, 95% Cl = 0.77-0.82, P = 8.8 x 10~>3), total and individ-
ual BCAAs, valine (HR = 1.11, 95% Cl = 1.08-1.14, P = 4.3 x 10~ %),
leucine (HR = 1.10, 95% Cl = 1.06-1.13, P = 7.1 x 10~?) and isoleu-
cine (HR = 1.12, 95% Cl = 1.09-1.15, P = 2.4 x 10~ ) (Table S4).

Interestingly, for prevalent CKD, the associations for BCAAs were
opposite compared with incident CKD in both our study and the UK
Biobank (Figures 1B-E and 2A, Tables S4 and S5). This was the case
for total and individual BCAAs (valine and leucine) in the DCS (total
BCAA: OR=0.72, 95% Cl=0.56-0.93, P=12 x 1072 valine:
OR = 0.67, 95% Cl = 0.53-0.85, P = 1.3 x 10~3; leucine: OR = 0.72,
95% Cl = 0.56-0.93, P = 1.4 x 1072 and valine in the UK Biobank
(OR = 0.68, 95% Cl = 0.68-0.94, P = 6.9 x 10~%; Figure 1F-H). In
the UK Biobank, total BCAAs and leucine were not significant (total
BCAA: OR = 0.87, 95% Cl = 0.74-1.02, P = .09; leucine: OR = 0.88,
95% Cl = 0.75-1.03, P = .12), probably because of the low number of
prevalent cases (n = 181). Furthermore, isoleucine did not show this
opposite association in prevalent CKD in our study (OR = 0.96, 95%
Cl=0.75-1.20, P=.72), or in the UK Biobank (OR = 1.06,
95% Cl = 0.92-1.23, P = .44) (Figure 11).

3.3 | Poor kidney function is associated with lower
BCAA levels

In the UK Biobank, the strongest association with BCAAs after type
2 diabetes is overweight and obesity.'® There was no difference in
average baseline BMI across the groups (Figure 2B). However, BCAA
levels increased with increasing baseline BMI (Figure S2). The interac-
tion term (BMI) was significant for incident CKD (P < .04). However,
adjusting for BMI was not enough, because this resulted in similar
effect sizes (Figure S3). In addition, stratifying the results by BMI into
four quartiles showed that the effects were primarily present in the
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TABLE 1 Patient characteristics.
Incident Prevalent
Controls Controls
Cases (n = 81) (n =381) Total (n = 462) Cases (n = 120) (n=1127) Total (n = 1247)

Age (y) 64.4 (+ 5.6) 58.7 (+ 9.3) 59.7 (£ 9.0) 71.1(+8.3) 62.5(+9.5) 63.3 (£ 9.8)
Female (%) n=34 n=179 n=213 n=>56 n =484 n = 540

42.0 47.0 46.1 46.7 429 43.3
BMI (kg/m?) 31.6 (+ 6.1) 30.6 (+5.2) 30.8 (+ 5.4) 30.0 (+ 4.9) 30.4 (+5.3) 30.4 (+ 5.3)
HbA1c (mmol/mol) 524 (+9.5) 51.0(+ 11.2) 51.2 (+ 10.9) 53.9 (+ 12.6) 51.9 (+ 11.5) 52.1 (+ 11.6)
HbA1c (%) 6.9 (0.9) 6.8 (1.0) 6.8 (1.0) 7.1(x3.3) 6.9 (+3.2) 6.9 (+3.2)
Fasting glucose (mmol/L) 8.3 (+1.8) 8.1(+22) 8.1(x22) 8.1 (x 2.6) 8.2 (+22) 8.2(x2.3)
Age at diagnosis of type 2 55.5 (£ 6.9) 52.8 (£ 9.0) 53.3 (£ 8.8) 61.6 (£ 8.8) 56.0 (+ 9.5) 56.5 (£ 9.6)

diabetes (y)

Diabetes duration (y) 8.0(5.3-11.7) 5.3 (2.9-8.3) 6.0 (3.1-8.8) 8.6 (5.7-12.1) 5.5(2.9-9.1) 6.0 (3.0-9.5)
Smoking n=29 n=82 n=91 n=21 n=216 n =237

11.1% 21.5% 19.7% 17.5% 19.2% 19.0%
HDL cholesterol (mmol/L) 1.1 (£ 0.3) 1.2 (£ 0.3) 1.2 (£ 0.3) 1.2 (£ 0.3) 1.2 (£ 0.3) 1.2 (£ 0.3)
LDL cholesterol (mmol/L) 2.7 (£ 0.8) 2.6 (+£0.8) 2.6 (£0.8) 2.6 (£1.0) 2.5(x0.9) 2.6 (£0.9)
Total cholesterol (mmol/L) 4.7 (£ 1.0) 4.6 (+1.0) 4.6 (£ 1.0) 4.6 (+1.2) 4.5 (+ 1.0) 4.5 (£ 1.0)
Triglycerides (mmol/L) 2.0(+1.2) 1.7 (£ 0.9) 1.8 (+ 1.0) 1.9 (£ 0.9) 1.7 (£ 1.0) 1.7 (£ 1.0)
eGFR (mL/min/1.73m?) 76.5 (69.5-87.7) 92.7 (84.2-98.8) 90.9 (80.2-98.2) 44.4 (35.3-57.9) 86.0 (74.3-95.8) 84.2 (71.6-94.9)
Creatinine blood (umol/L) 81.9 (+18.0) 71.1 (+13.0) 73.0 (+14.6) 123.6 (+37.1) 75.2 (x14.4) 79.9 (£22.9)
UACR (mg/mmol) 0.9 (£0.7) 0.6 (£ 0.8) 0.6 (£ 0.8) 24.6 (+ 50.8) 0.7 (£ 0.7) 3.0(x17.2)
SBP (mmHg) 143.0 137.0 138.0 145.0 140.0 141.0

(133.0-157.0) (126.0-148.0) (128.0-149.0) (132.0-159.5) (128.0-153.0) (128.0-154.0)

Note: Data are in mean (SD), median (IQR) or in n (%).

Abbreviations: BMI, body mass index; eGFR, estimated glomerular filtration rate; IQR, interquartile range; SBP, systolic blood pressure; SD, standard deviation; UACR,

urine albumin-creatinine ratio.

lower BMI group (BMI < 27 kg/m?) (Table Sé, Figure 2C). However,
BMI alone is not the primary or exclusive risk factor for CKD. Instead,
insulin resistance has emerged as a more precise factor linked to the
development of CKD. Because measures of insulin resistance were
not measured at the time of the metabolomics measurement, we used
triglycerides as a surrogate marker for insulin resistance. We observed
the same pattern for triglycerides as for BMI. Higher levels of triglyc-
erides result in higher levels of BCAAs (Figure S4). In addition, stratify-
ing the results into four quartiles showed that the effects were
primarily present in the lower triglycerides group (triglycerides
strata = 0.32-1.11). BMI and triglycerides did not explain the inverse
relationship between BCAA levels and incident and prevalent CKD.
However, we did observe that the diagnosis of CKD was at a younger
age for prevalent cases than for incident cases (Figure 2D). Most
importantly, we show that poorer kidney function (lower eGFR) is
associated with lower levels of BCAAs in prevalent CKD cases. Again,
this effect was strongest in the low BMI group (Figure 2E,F).

3.4 | BCAAlevels are not causally involved in
prevalent CKD

To test whether BCAAs may have a causal effect on CKD relevant
traits, we extracted 31 independent eQTLs that were associated with

BCAA levels. The eQTLs had an F-statistic ranging from 30 to
673, indicating strong instruments (Table $7).}2 Using MR, we
observed no causal relationship between BCAAs and eGFR, UACR or
prevalent CKD. However, we could not test for the causal effect on
incident CKD. BCAAs did have a suggestive causal effect on seven
traits, including four metabolic intermediates of the metabolic path-
way of BCAAs (6-12 SNPs, P < 3.6 x 1072), antihypertensive medica-
tion use (16 SNPs, P=2.1 x 1074, circulating leptin (3-5 SNPs,
P<1.1 x 1072 and creatinine levels (seven SNPs, P = 2.9 x 102
(Figures S5-S25). No evidence for reverse causality was found
(Table S8).

4 | DISCUSSION

This study showed that higher levels of BCAAs, including valine, leu-
cine and isoleucine, are associated with CKD in type 2 diabetes. This
association exhibits an inverse relationship; individuals who will
develop CKD in the future have higher levels of BCAAs, whereas indi-
viduals with prevalent CKD have lower levels of BCAAs compared
with controls. Despite not having a definitive answer as to why this
inverse relationship exists, we believe it is probably a consequence of
kidney damage, resulting in impaired renal function and an inability
of the kidneys to retain essential solutes such as amino acids in the
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FIGURE 1 Branched-chain amino acid (BCAA) levels are associated with increased incident CKD risk but reduced prevalent CKD odds in type
2 diabetes. A, Volcano plot of differentially expressed metabolites for incident CKD for model 2 (age, sex, baseline eGFR, UACR, HbA1c and SBP).
B-E, Boxplots of total branched-chain amino acid (valine, leucine and isoleucine) levels for incident and prevalent cases and controls. F-I, Plots
with odds ratios (ORs) (hazard ratios [HRs] for incident CKD in the UK Biobank [UKB] study) and 95% confidence intervals (Cls) for total BCAAs
(valine, leucine and isoleucine) for each study; incident CKD (model 1 [age and sex], model 2 [age, sex, eGFR, UACR, HbA1c and SBP] and the
UKB) and prevalent CKD (model 1 [age and sex], model 2 [age, sex, HbA1c and SBP] and the UKB). CKD, chronic kidney disease; DCS, Diabetes
Care System; eGFR, estimated glomerular filtration rate; SBP, systolic blood pressure; UACR, urine albumin-creatinine ratio.

bloodstream (Figure 3). Consequently, there is an increased excretion with a higher risk of end-stage renal disease.® The proximal tubule is
of total BCAAs and other solutes in the urine, as supported by previ- responsible for amino acids reabsorption.'* Mounting evidence
ous studies that observed elevated levels of urinary valine associated strongly suggests the involvement of proximal tubular injury in the
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prevalent CKD study. B, Boxplot BMI for incident and prevalent cases and controls. C, Plot with odds ratios (ORs) and 95% confidence intervals
(Cls) for total branched-chain amino acids divided into BMI quantiles for incident and prevalent CKD study. D, Boxplot of age in years of CKD
diagnosis for the incident and prevalent CKD cases used in this study. E, Plot of eGFR and branched-chain amino acid levels for prevalent cases
and controls. F, Plot of eGFR and branched-chain amino acid levels for prevalent cases and controls divided by BMI quantiles. BMI, body mass
index; CKD, chronic kidney disease; DCS, Diabetes Care System; eGFR, estimated glomerular filtration rate; IDL, intermediate density lipoprotein.
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Odds ratio
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FIGURE 3 Proposed hypothesis. Incident and prevalent CKD
cases occur on distinct time scales, yielding contrasting plasma levels
of BCAAs dependent on BMI. Over time, incident cases exhibit higher
plasma BCAA levels, while prevalent cases experience reduced levels
because of impaired kidney function, resulting in elevated urine BCAA
levels.'® This effect is primarily seen in the lower BMI group. BCAAs,
branched-chain amino acids; BMI, body mass index; CKD, chronic
kidney disease.

advancement of DKD.'® Furthermore, our study shows a noticeable
trend towards decreased levels of BCAAs in individuals with impaired
kidney function (low eGFR). However, in the incident CKD analyses,
increased levels of BCAAs are associated with an increased CKD risk,
particularly in the low BMI group. Perhaps BCAA levels are already
increased in the high BMI group, which masks the increased levels

associated with the increased kidney risk. Elevated BCAA levels have
been consistently observed in obesity and type 2 diabetes.*¢"18
Interestingly, in our previous work we observed that BCAA levels
were higher in the insulin-resistant type 2 diabetes cluster.'? In addi-
tion, people in this group were also at an increased risk of developing
CKD.?° This reinforces the association between BCAAs and CKD.
Some research has proposed that elevated BCAA levels might inter-
fere with insulin signalling pathways in cells, which can contribute to
insulin resistance.?%?? This interference can affect the ability of insulin
to stimulate glucose uptake in muscle and fat cells.?>?* Additionally,
as previously mentioned, BMI is not identified as the primary risk fac-
tor for CKD according to the literature.?® Instead, insulin resistance
exhibits a more substantial association with CKD.*??¢ Furthermore,
numerous other risk factors have been pinpointed for CKD, including
abdominal obesity, metabolic syndrome, hypertension and hyperlipi-
daemia.2”?® While these risk factors tend to align somewhat with
BMI, not all individuals with obesity have insulin resistance.??%° In our
study, fasting triglyceride levels were utilized as a proxy for insulin
resistance.3! This revealed that elevated triglyceride levels (indicative
of greater insulin resistance) corresponded to higher BCAA levels in
both the incident and prevalent study. Moreover, akin to BMI, the
analysis of incident CKD showed that higher BCAA levels were asso-
ciated with an increased risk of CKD in the lowest triglyceride strata.
To investigate a possible causal effect of BCAAs, we used
MR. With MR, we show an expected causal relationship between
BCAAs and metabolic intermediates of the metabolic pathway of
BCAAs.®2 Moreover, our study found a potential causal effect of
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BCAAs on antihypertensive medication use. Recent research has sug-
gested that elevated BCAAs levels might be linked to an increased risk
of developing hypertension.®33# Furthermore, another study showed
a direct causal relationship between higher circulating BCAAs levels
and elevated blood pressure.>®> Here, we did not observe a causal
effect for BCAAs on SBP and hypertension, but we did find a
causal relationship between BCAAs and antihypertensive medication
use. Based on MR, we also found that higher levels of BCAAs are sug-
gested to reduce circulating leptin and creatinine levels. This may ini-
tially appear counterintuitive. Nevertheless, it is important to consider
that the relationship of BCAAs can vary significantly across different
diseases. Notably, we did not observe any causal association between
BCAAs and insulin resistance, eGFR, UACR and prevalent CKD. Inter-
estingly, in another study, the authors found that higher levels of
BCAAs do not have a causal effect on insulin resistance, while
increased insulin resistance drives higher circulating BCAA levels.?!
This suggests that elevated BCAA levels are just a marker of impaired
insulin action and not a causative factor in the development of insulin
resistance.

Our study has several limitations. First, the sample size was com-
paratively small, but similar results were observed in a large cohort of
118 461 participants with and without diabetes from the UK Bio-
bank.*® Second, the absence of urinary samples limited our ability to
show that, in the prevalent cases, urinary BCAA levels are indeed
increased. Third, we could not confirm the source of CKD to be type
2 diabetes, because of the absence of kidney biopsies. Kidney biopsies
in patients with diabetes have shown that also a large number have
non-diabetic renal disease.*® Finally, the use of a genome-wide associ-
ation study conducted in the general population, including both
healthy individuals and those with type 2 diabetes, is not ideal.

Our study indicates that BCAAs exhibit opposite associations
with incident and prevalent CKD in individuals with type 2 diabetes.
This relationship seems to be different between people with low and
high BMI, which might be attributable to a priori increased levels in
people with a high BMI. Our results show lower levels of BCAAs
in prevalent CKD, although this relationship is probably not causal.
However, we observe higher levels of BCAAs in incident CKD for
which a causal relationship cannot be excluded and should be
explored further. In addition, this is the first study to shed light on the
association of elevated levels of plasma BCAAs with future CKD in

type 2 diabetes.
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