1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

&

WEALTH 4
of P
e

/ HHS Public Access

Author manuscript

ﬁ Pediatr Nephrol. Author manuscript; available in PMC 2024 January 01.

Published in final edited form as:
Pediatr Nephrol. 2023 January ; 38(1): 193-202. doi:10.1007/s00467-022-05531-3.

Plasma levels of carboxylic acids are markers of early kidney
dysfunction in young people with type 1 diabetes

Timothy Vigers, M.S.1, Carissa Vinovskis, M.S.1, Lu-Ping Li, Ph.D.2, Pottumarthi Prasad,
Ph.D.2, Hiddo Heerspink, Ph.D.3, Angelo D’Alessandro, Ph.D.4, Julie A. Reisz, Ph.D.4,
Federica Piani, M.D.1, David Z. Cherney, M.D., Ph.D.5, Daniel H. van Raalte, M.D., Ph.D.,
Kristen J. Nadeau, M.D., M.S.1, Meda E. Pavkov, M.D., Ph.D.7, Robert G. Nelson, M.D.,
Ph.D.8, Laura Pyle, Ph.D.19, Petter Bjornstad, M.D.1+10

1Department of Pediatrics, Section of Endocrinology, University of Colorado School of Medicine,
Aurora, Colorado, USA

2Department of Radiology, NorthShore University HealthSystem, Evanston, Illinois, USA

3Department Clinical Pharmacy and Pharmacology, University of Groningen, University Medical
Center Groningen, Groningen, the Netherlands

4Department of Biochemistry and Molecular Genetics, University of Colorado School of Medicine,
Aurora, Colorado, USA

SDepartment of Medicine, Division of Nephrology, University of Toronto School of Medicine,
Toronto, Ontario, Canada

5Diabetes Center, Department of Internal Medicine, Amsterdam University Medical Centers,
location VUmc, Amsterdam, the Netherlands

"Division of Diabetes Translation, Center for Disease Control and Prevention, Atlanta, Georgia,
USA

8Chronic Kidney Disease Section, Phoenix Epidemiology and Clinical Research Branch, NIDDK,
Phoenix, Arizona, USA

9Department of Biostatistics and Informatics, Colorado School of Public Health, Aurora, Colorado,
USA

Corresponding Author: Timothy Vigers, MS, Department of Pediatrics, University of Colorado School of Medicine, Department

of Biostatistics and Informatics, Colorado School of Public Health, 13123 E 16th Ave, A036-B265, Aurora, CO 80045,
timothy.vigers@cuanschutz.edu.

Drs. Pyle and Bjornstad contributed equally and are co-senior authors.

Contributions: T.V,, L.P and P.B. wrote the manuscript and researched data, P.B. designed the study. C.V., KJ.N., D.Z.I.C, L.L. and
P.P. assisted in study design and contributed to discussion and reviewed/edited the manuscript; R.G.N. and his lab was responsible for
measuring iohexol and PAH concentrations, contributed to discussion and reviewed/edited the manuscript. A.D. and J.A.R. performed
the metabolomics analysis, processing, and interpretation. D.H.v.R., H.H. and M.P. contributed to discussion and reviewed/edited the
manuscript. T.V. and L.P. were responsible for data analyses.

Trial Registration: ClinicalTrials.gov NCT03618420 and NCT03584217

Financial Disclosure/Conflict of Interest: TV: none. CV: none. LL: none. PP: none. HH: none. AD: none. JAR: none. FP: none.
DZC: none. DHV: none. KJIN: none. MEP: none. RGN: none. LP: none. PB: has acted as a consultant for AstraZeneca, Bayer,
Bristol-Myers Squibb, Boehringer Ingelheim, Eli-Lilly, Sanofi, Novo Nordisk, and Horizon Pharma. PB serves on the advisory boards
of AstraZeneca, Boehringer Ingelheim, and XORTX.

Ethics Approval and Patient Consent Statement: The research protocols of CASPER and Renal-HEIR were approved by COMIRB,
and all participants gave written informed consent.


https://clinicaltrials.gov/
https://clinicaltrials.gov/ct2/show/NCT03618420
https://clinicaltrials.gov/ct2/show/NCT03584217

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Vigers et al. Page 2

10Department of Medicine, Division of Nephrology, University of Colorado School of Medicine,
Aurora, Colorado, USA

Abstract

Background: We compared plasma metabolites of amino acid (AA) oxidation and the
tricarboxylic acid (TCA) cycle in youth with and without type 1 diabetes mellitus (T1DM)

and related the metabolites to glomerular filtration rate (GFR), renal plasma flow (RPF), and
albuminuria. Metabolites associated with impaired kidney function may warrant future study as
potential biomarkers or even future interventions to improve Kidney bioenergetics.

Methods: Metabolomic profiling of fasting plasma samples using a targeted panel of 644
metabolites and an untargeted panel of 19,777 metabolites was performed in 50 youth

with TIDM<10 years and 20 controls. GFR and RPF were ascertained by iohexol and p-
aminohippurate clearance, and albuminuria calculated as urine albumin to creatinine ratio. Sparse
partial least squares discriminant analysis and moderated t tests were used to identify metabolites
associated with GFR and RPF.

Results: Adolescents with and without TIDM were similar in age (16.1+3.0 vs. 16.1+2.9 years)
and BMI (23.445.1 vs. 22.7+3.7 kg/m?2), but those with TIDM had higher GFR (189+40 vs.
136+22 ml/min) and RPF (820+125 vs. 615+65 ml/min). Metabolites of AA oxidation and the
TCA cycle were significantly lower in adolescents with TLDM vs. controls, and the measured
metabolites were able to discriminate diabetes status with an AUC of 0.82 (95% CI: 0.71, 0.93)
and error rate of 0.21. Lower glycine (r:=0.33, q=0.01) histidine (r:—0.45, g<0.001), methionine
(r:=0.29, g=0.02), phenylalanine (r:=0.29, g=0.01), serine (r:=0.42, q<0.001), threonine (r:-0.28,
g=0.02), citrate (r:—0.35, g=0.003), fumarate (r:-0.24, q=0.04), and malate (r:—-0.29, q=0.02)
correlated with higher GFR. Lower glycine (r:—0.28, q=0.04), phenylalanine (r:—0.3, q=0.03),
fumarate (r:-0.29, q=0.04), and malate (r:-0.5, g<0.001) correlated with higher RPF. Lower
histidine (r:—0.28, g=0.02) was correlated with higher mean ACR.

Conclusion: In conclusion, adolescents with relatively short TLDM duration exhibited lower
plasma levels of carboxylic acids that associated with hyperfiltration and hyperperfusion.
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CONCLUSION: Adolescents with relatively short T1D duration exhibited
lower plasma levels of carboxylic acids that associated with hyperfiltration
and hyperperfusion.
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Introduction

Diabetic kidney disease (DKD) is one of the leading causes of morbidity and mortality
and accelerates early cardiovascular disease (CVD) in people with type 1 diabetes mellitus
(T1DM) [1, 2]. Emerging data suggest that in addition to p-cell injury and hyperglycemia,
the pathologic features of DKD in T1DM also include insulin resistance and mitochondrial
dysfunction [3].

The kidneys are one of the most energy-demanding organs and are second only to the heart
with respect to oxygen consumption per tissue mass [4, 5]. The high oxygen demand is
necessary to maintain adequate adenosine triphosphate (ATP) production, especially in the
proximal tubules [4]. The principal determinants of kidney ATP consumption are tubular
sodium reabsorption and glomerular filtration rate (GFR)[4, 6]. To maintain their energy-
intensive active transport mechanisms, the proximal tubules contain more mitochondria than
any other structure of the kidney [7], and mitochondrial dysfunction has been implicated in
playing a role in the early stages of DKD [8]. Indeed, emerging animal data suggest that

the kidneys are unable to sufficiently compensate for the increased rate of ATP consumption
in diabetes due to the effects of mitochondrial dysfunction on substrate utilization, which
can predispose to kidney hypoxia [9, 10]. However, little is known about mitochondrial
dysfunction in TLDM of relatively short duration and how it might relate to kidney function.

The objectives of this study were to identify plasma signatures of mitochondrial dysfunction
in adolescents with recently diagnosed T1DM (<10 years duration) and correlate these
metabolites with measures of GFR, renal plasma flow (RPF), and albuminuria. We
hypothesized that adolescents with TIDM would exhibit lower plasma metabolites of amino
acid oxidation compared with healthy controls, and that reduced concentrations of these
metabolites would associate with intraglomerular hemodynamic dysfunction. Additionally,
we used untargeted metabolomics to identify novel potential biomarkers of early kidney
dysfunction in an unbiased manner, for future study.

Methods:

Study Design and Participants

Fifty adolescents with TLDM (12-21 years of age, diabetes duration 1-10 years and
HbAlc <11%) from the Copeptin in Adolescent Participants with Type 1 Diabetes and
Early Renal Hemodynamic Function study (CASPER, NCT03618420) and 20 healthy
adolescent controls (12-21 years of age) from the Renal Hemodynamics, Energetics and
Insulin Resistance in Youth Onset Type 2 Diabetes Study (Renal-HEIR, NCT03584217)
were included in this analysis. Participants with TLDM were recruited from the pediatric
clinics at the Barbara Davis Center for Diabetes at the Anschutz Medical Campus in
Aurora, Colorado. TIDM was defined by American Diabetes Association criteria plus
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the presence of glutamic acid decarboxylase, islet cell, zinc transporter 8 and/or insulin
autoantibodies at diagnosis, and the need for exogenous insulin. Exclusion criteria are
detailed in Supplementary Table 1. All participants were examined at our clinical research
center, where tests were performed in the morning after a 12-h fast, preceded by 3 days of
restricted physical activity and a fixed-macronutrient, sodium, and protein replete, weight-
maintenance diet. Participants remained fasting until all study procedures were completed.
The CASPER and Renal-HEIR cohorts were intentionally harmonized (see below) and
were both approved by the Colorado Multiple Institutional Review Board (COMIRB).
Participants or parents provided written informed assent and/or consent as appropriate for
age. Puberty was assessed by a pediatric endocrinologist using the standards of Tanner and
Marshall for breast development in girls (inspection and palpation) and genital development
in boys. Vital signs including height, weight, systolic and diastolic blood pressure were
measured according to standard procedures.

Metabolomics

Fasting plasma samples were collected to measure metabolites of mitochondrial

function by Q Exactive UHPLC-MS Analysis at the University of Colorado School

of Medicine Metabolomics Core. Samples were stored between 1 and 12 months after
collection at =80 C. Plasma samples (20 pl) were extracted using 480 ul of ice cold
methanol:acetonitrile:water (5:3:2) supplemented with the following stable isotope labeled
standards: amino acids (2.5 uM, Cambridge Isotope Laboratories cat no MSK-A2-1.2),
Dy-citrate (1 uM), 13Cs-a-ketoglutarate (1 uM), 13C4-succinate (1 uM), 13C,-fumarate

(1 uM). All standards were purchased from Cambridge Isotope Laboratories. Extractions
were performed for 30 min at 4 C as described [11]. Extracts were analyzed on a

Thermo Vanquish ultra-high pressure liquid chromatograph (UHPLC) coupled online to

a Thermo Q Exactive mass spectrometer using a 5 min C18 gradient method in positive
and negative modes exactly as described previously [12]. An untargeted data acquisition
was utilized alongside a targeted data analysis (i.e., using an established metabolite panel)
to assess mitochondrial energy metabolism. Peak integration and metabolite assignment
were performed using Maven (Princeton University) against the KEGG database, confirmed
against chemical formula determination from isotopic patterns and accurate mass, and
validated against experimental retention times for 644 standard compounds for the targeted
panel and 19,777 for the untargeted panel (Sigma Aldrich; MLSMS, IROATech, Bolton,
MA, USA) [13]. Instrument stability was assessed using replicate injections of a quality
control mix injected every 10 runs. Peak areas were drift-corrected using the MetaboDrift
Excel macro. We performed absolute quantification of metabolites already known to be
altered in later stages of DKD, including metabolites of the tricarboxylic acid (TCA) cycle
and amino acid (AA) metabolism [8].

GFR and RPF by iohexol and p-aminohippurate (PAH) clearance techniques, UACR and
blood pressure

An intravenous (1V) line was placed, and participants were asked to empty their bladders.
Spot plasma and urine samples were collected prior to iohexol and PAH infusion, as
previously described [14, 15]. We report absolute GFR (mL/min) and RPF (mL/min)

in the main analyses because the practice of indexing GFR and RPF for body surface
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area (BSA) underestimates hyperfiltration and hyperperfusion [16], and BSA calculations
introduce noise into the clearance measurements. In adolescents with TADM, GFR and RPF
were measured during mild hyperglycemia (goal blood glucose 170-190 mg/dL [9.4-10.6
mmol/I]) achieved by a modified hyperglycemic clamp with paired 20% dextrose and
insulin 1V infusions. This approach was chosen to mimic the typical glycemic milieu of

an adolescent with TIDM (equivalent to HbAlc ~7.6-8.2%) and to maintain steady-state
glycemic and insulin concentrations during kidney measures [17, 18]. In controls, GFR and
RPF were measured fasting without glucose control to represent non-diabetic physiology.
UACR was measured in spot urine samples obtained while fasting before and after renal
clearance assessment and averaged.

Blood pressure was assessed according to American Heart Association guidelines[19].
Participants were seated quietly with their back supported, feet flat on the floor and arm

at heart level. BP was be measured with an automated oscillometric sphygmomanometer.
Measurements were performed in triplicate over the brachial artery of the non-dominant arm
after 5 minutes of quiet rest, with one minute between measures. Systolic blood pressure
(SBP) and diastolic blood pressure (DBP) were be defined as the average of the 3 measures.

Laboratory Assessments

All laboratory assays for the CASPER and Renal-HEIR cohorts were performed by

the University of Colorado CTRC Core Laboratories or by the National Institute of
Diabetes and Digestive and Kidney Diseases (NIDDK) laboratory in Phoenix, Arizona.
Insulin was measured via Clinical Laboratory Improvement Amendments (CLIA)-certified
chemiluminescent immunoassay (Beckman Coulter). lohexol and PAH concentrations were
measured in Phoenix by high-performance liquid chromatography (Waters, Milford, MA).
Other fasting laboratory evaluations included: total cholesterol, low-density lipoprotein
cholesterol (LDL-C), high-density lipoprotein (HDL-C) cholesterol, triglycerides, glucose
and HbAlc (DCCT-calibrated); assays were performed by standard methods in the CTRC
laboratory.

Statistical Analysis

Data were assessed for normality and potential outliers. Continuous demographic variables
were compared using £tests or Kruskal-Wallis Rank Sum tests, and chi-squared or Fisher’s
exact tests were used for categorical variables.

Sparse partial least squares discriminant analysis (SPLS-DA) was used to select metabolites
that best differentiated between controls and participants with TLDM [20]. Performance was
evaluated for 10 sPLS-DA components using “leave one out” cross validation, and the use of
two components resulted in the lowest overall classification error rate [21]. Permutation tests
indicated that the sSPLS-DA results are not due to overfitting, a known limitation of sPLS-DA
[21]. Confidence intervals for SPLS-DA area under the curve (AUC) were based on 1000
bootstrap samples.

Metabolites were compared between groups using moderated #tests [22]. Correlations
between metabolites and other measures were examined using Spearman’s correlation
coefficient in the full cohort, as this study was not powered to detect an interaction effect.
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Correlations were examined for all targeted metabolites and for 13 identifiable metabolites
from the untargeted metabolomics that were selected by SPLS-DA and were also in the list
of the top 20 most significant metabolites by moderated #test. All statistical analyses were
performed using R version 4.0.3 (R Core Team, Vienna), with unadjusted p-values and false
discovery rate (FDR)-adjusted g-values presented for all tests. SPLS-DA was performed
using the mixOmics package (https://CRAN.R-project.org/package=mixOmics) [23].

Data and Resource Availability

Results

The datasets generated and analyzed during this study, in addition to GFR, and RPF are
available from the corresponding author upon reasonable request.

Participants’ characteristics stratified by T1DM status

Adolescents with and without TADM were similar in age, pubertal stage, ethnicity, body
mass index (BMI), fat mass, blood pressure and lipids (Table 1). Participants with

T1DM had higher HbA1c, as well as higher GFR (189+40 vs. 13622 ml/min and

183+26 vs. 13948 ml/min/1.73m?, respectively; p<0.0001 for both) and RPF (820125 vs.
615265 ml/min and 8242120 vs. 63485 ml/min/1.73m2, respectively; p<0.0001 for both),
consistent with hyperfiltration and hyperperfusion.

Plasma metabolites in adolescents with T1DM and controls

Table 2 summarizes the 21 plasma metabolites that were absolutely quantified stratified by
T1DM status. Compared to controls, all metabolites except alanine, cystine, proline, serine,
and a-ketoglutarate were statistically significantly attenuated in TLDM. After adjusting

for GFR, arginine, glycine, methionine, and a-ketoglutarate were no longer statistically
significant. By using sSPLS-DA, the 21 plasma metabolites that were absolutely quantified
discriminated T1DM status with an AUC of 0.82 (95% CI: 0.71, 0.93; permutation p<0.001)
and error rate of 0.21 (Figure 1). The sPLS-DA discrimination performance was further
improved with untargeted metabolomics with an AUC of 0.95 (95% CI: 0.94, 0.99;
permutation p<0.001) and error rate of 0.16.

Relationships among plasma metabolites, kidney energetics and function

Figure 2 shows the relationships among GFR, RPF, albuminuria, and plasma metabolites
from targeted and untargeted metabolomics, respectively. Lower glycine (r:—0.33, g=0.01)
histidine (r:—0.45, g<0.001), methionine (r:-0.29, q=0.02), phenylalanine (r:-0.29, q=0.01),
serine (r:—0.42, g<0.001), threonine (r:—0.28, g=0.02), citrate (r:—0.35, g=0.003), fumarate
(r:=0.24, q=0.04), and malate (r:-0.29, q=0.02) correlated with higher GFR. Lower glycine
(r:=0.28, q=0.04), phenylalanine (r:-0.30, q=0.03), fumarate (r:-0.29, q=0.04), and malate
(r:=0.5, g<0.001) correlated with higher RPF. Lower histidine (r:—0.28, g=0.02) was
correlated with higher mean ACR (Supplemental Table 2).

Of the clinically important untargeted metabolites selected based on sPLS-DA and
moderated ~tests, 2-Deoxyhexopyranose correlated negatively with RPF (r=—-0.49, g<0.001)
and GFR (r=-0.51, ¢<0.001). Likewise, higher heptose associated with lower GFR

Pediatr Nephrol. Author manuscript; available in PMC 2024 January 01.
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(r=-0.5, g<0.001) and lower RPF (r=—0.49, ¢=0.001). Higher concentrations of glutaric
acid, malondialdehyde, hexose associated with higher RPF and GFR. Finally, higher
concentrations of bilirubin associated with lower RPF (r:-0.45, g=0.001), UACR (r:—0.27,
=0.02), and GFR (r:-0.35, g=0.003) (Supplemental Table 3).

When stratified by T1DM status, these patterns of association between plasma metabolites
and kidney function were similar across groups. However, this study was not adequately
powered for detection of interaction effects across targeted and untargeted metabolomics
while accounting for multiple comparisons.

Discussion

In the current study, we are the first to show that adolescents with <10 years of TLDM
exhibit lower plasma levels of amino acids and carboxylic acid compared to controls of
similar age and BMI. Additionally, in untargeted metabolomics we found differences in
numerous metabolites, including branched chain amino acids, between adolescents with and
without TIDM. We also demonstrated novel associations among plasma levels of carboxylic
acids, branched chain amino acids, and kidney function. Together, these novel observations
support an innovative theory that metabolic changes in critical energy-intensive kidney
functions are an early feature of TLDM. The extent to which these changes reflect perturbed
mitochondrial bioenergetics involved in the pathogenesis of DKD is the focus of ongoing
investigations.

T1DM is a complex multifaceted metabolic disorder with pathologic features beyond p-cell
injury, insulinopenia and hyperglycemia, including insulin resistance and mitochondrial
dysfunction. Adolescents and adults with TLDM exhibit insulin resistance compared

with controls without diabetes, independent of body habitus and hyperglycemia [24-27].
Additionally, our group has previously shown that normal-weight adolescents with TIDM
demonstrate directly measured slowed post-exercise ATP re-synthesis in muscle, evidence
of mitochondrial dysfunction, which also relate to insulin resistance [28]. Both insulin
resistance and mitochondrial dysfunction have been related to the development of DKD in
adults with TIDM and T2D [3, 8, 29-31], and in youth with T2D with very short duration
of T2D [32]. The kidneys are highly metabolically active and the high oxygen demand

is necessary to maintain adequate ATP production, as 95% of the ATP produced in the
kidney is through aerobic metabolism [4, 6]. Indeed, the kidneys require a large number of
mitochondria to sustain filtration, fluid and electrolyte balance [7]. Proximal tubules contain
more mitochondria than any other kidney structure due to their high energy expenditure;
~80% of filtrate that passes through the glomerulus is reabsorbed by the proximal tubule [7].

Kidney tissue hypoxia, i.e., a metabolic mismatch between kidney energy expenditure and
substrate metabolism, has been proposed as a unifying pathway in the development of
DKD. Emerging animal data suggest that in diabetes the kidneys are unable to sufficiently
compensate for the increased ATP consumption due to the effects of insulin resistance
and mitochondrial dysfunction on substrate utilization (impaired ATP generation, Figure
1) [9, 10, 33, 34]. The resultant ATP deficit is followed by increased perfusion or kidney
blood flow to deliver more O to the kidneys. However, in the kidneys increased kidney
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blood flow leads to increased GFR, and thus a higher Na* load which further increases
kidney O, consumption. Similarly, hypoxia-induced incapacity to sustain mitochondrial
synthesis of ATP results in breakdown and deamination of purines (e.g., hypoxanthine,
xanthine) that are rapidly catabolized to urate with the concomitant generation of deleterious
hydrogen peroxide following reperfusion, a metabolic phenomenon underlying the ischemia/
reperfusion injury damage in acute kidney ischemia and, at least in part, recapitulated in
chronic kidney disease [35-38].

Amino acid metabolism accounts for 10-15% of total energy production and ATP synthesis,
and relies on interplay among small intestines, liver, kidneys, and muscle (Supplemental
Figure 1). Perturbations in serum metabolites, particularly amino acids, have been associated
with kidney dysfunction in adults with both TLIDM and T2D [39-41]. Studies suggest
increased substrate utilization of amino acids in diabetes, which could explain their lower
circulating concentrations [42—44]. For example, lower concentrations of amino acids
isoleucine, leucine, and valine have been associated with greater risk of kidney failure

in individuals with T2D [41]. However, investigations in youth with TLDM and use of

gold standard measurements of kidney function have previously been missing from the
literature. Our study revealed that essential amino acids and branched amino acids were
depleted in young persons with TLDM compared to healthy controls. Branched amino

acids play critical roles in signaling pathways; leucine is a key regulator of mammalian
target of Rapamycin (mTOR), a central regulator of cellular growth and insulin signaling
[45]. Additionally, amino acids and carboxylic acids, including histidine, serine and

malate related to kidney function using gold-standard methods. The mechanisms by which
alterations in amino acids contribute to early kidney dysfunction are poorly understood.
Possible links include mitochondrial dysfunction and impaired tubular reabsorption resulting
in amino acid depletion [8, 46—48]. Additionally, malate has been ascribed to influence nitric
oxide concentrations, which may explain its relationship with RPF [49].

Furthermore, the untargeted analyses revealed interesting associations with non-amino acid
metabolites, including plasma malondialdehyde, a recognized marker of oxidative stress.
Indeed, higher concentrations of plasma malondialdehyde associated with lower kidney
oxygen availability [50]. Higher concentrations of monosaccharides heptose and hexose
also related to lower kidney oxygen availability. 2-Deoxyhexopyranose, which has been
implicated in the sodium-independent transport of sugar in kidney tubular cells, associated
with kidney function and oxygen availability [51]. Finally, higher concentrations of bilirubin
associated with higher kidney oxygen availability and lower UACR. This finding is
consistent with the literature as circulating unconjugated bilirubin is thought to be a strong
antioxidant and has shown to be protective against kidney and cardiovascular disease [52].

Strengths of this study include directly measured GFR and RPF by gold-standard methods,
GFR and RPF assessed in both TIDM and non-T1DM cohorts, and comprehensive
metabolic phenotyping including targeted and untargeted plasma metabolomics. We

also provided careful control of glycemia during the kidney measures, as well as

control of dietary intake and physical activity prior to study measurements. Methods

to quantify mitochondrial function more directly, including determining acetate-turnover
in the TCA cycle by 11C-acetate positron emission tomography (PET), tissue-specific
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mitochondrial bioenergetics by positional isotopomer NMR tracer analysis (PINTA) and
spatial metabolomics from kidney tissue, are likely superior but less suitable in pediatrics
due to their invasiveness and radiation exposure. Additionally, urine metabolomics would
have been informative and potentially more reflective of kidney metabolic perturbations
than plasma metabolites. By design, our study enrolled adolescents with TADM <10 years
to examine perturbed kidney energetics in the earliest stages of kidney dysfunction (i.e.,
hyperfiltration). Consequently, our study findings may not be generalizable to adolescents
with longstanding TIDM or more advanced stages of kidney dysfunction. Hyperfiltration
may also not necessarily imply or predict progressive kidney disease in TADM. Moreover,
the effects of age and TLDM duration warrant further study, as previous work by Mathew et
al. showed conflicting results for certain amino acids in a significantly older cohort, which
might be ascribed to differences in GFR [53]. Other limitations include the cross-sectional
study design limiting causal inferences, and the relatively small control group.

In conclusion, adolescents with TLDM for <10 years demonstrate attenuated metabolites of
mitochondrial function that are associated with gold-standard measures of kidney function.
These observations may implicate perturbed mitochondrial bioenergetics in the pathogenesis
of early DKD. Future directions include interrogating the quantification and distribution of
mitochondrial metabolites in kidney tissue using matrix-assisted laser desorption/ionization
mass spectrometry imaging. Furthermore, improving mitochondrial bioenergetics has the
potential to restore kidney function and offer promise as a future intervention to mitigate
DKD risk.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Sample plotsfrom the sPL S-DA of targeted (left panel) and untargeted (right panel)
metabolomics.

Orange triangles represent controls and blue circles represent participants with TLDM.
X-variate 1 is the first component of PLS-DA and X-variate 2 is the second component.
PLS-DA performed using the untargeted metabolites resulted in better separation between
groups than PLS-DA using targeted metabolites.
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Table 1.

Baseline Participant Characteristics Stratified by Study

T1DM (n=50) Controls(n=20) p-value

Age (years) 16.0+3.0 16.1+29 0.94
Tanner stage 5 (4-5) 5 (4-5) 0.99
T1DM duration (years) 57+26 - --
Sex (female, %) 50% 70% 0.13
Race/ethnicity (%)

Black non-Hispanic 2 5 0.41

Hispanic 6 0

White non-Hispanic 92 95
BMI (kg/m?) 234+51 22.7+3.7 0.58
Weight (kg) 67.5 +17.6 62.7 +14.5 0.28
Fat mass (kg) 20.3+94 19.2+6.7 0.62
Blood pressure (mm Hg)

Systolic blood pressure 119+9 117+38 0.30

Diastolic blood pressure 7411 73+11 0.89

Mean arterial pressure 89+9 88+9 0.66
UACR (mg/g) 6 (5-14) 7 (4-10) 0.87
GFR (ml/min) 189 + 40 136 + 22 <0.0001
GFR (ml/min/1.73m?) 183 + 26 139+8 <0.0001
RPF (ml/min) 820 £ 125 615 * 65 <0.0001
RPF (ml/min/1.73m?2) 824 +120 634 + 85 <0.0001
HbAlc (%) 87+13 52+0.2 <0.0001
LDL-C (mg/dL) 89 + 24 92+24 0.65
HDL-C (mg/dL) 51+10 46+9 0.08
Triglycerides (mg/dL) 78 £35 88 + 36 0.27

Data are presented as mean + SD, median (IQR), or percent.

Page 16

Abbreviations: BMI, body mass index; GFR, glomerular filtration rate; GIR, glucose infusion rate; HDL-C, high-density lipoprotein cholesterol;
HbA1c, hemoglobin Alc; LDL-C, low-density lipoprotein cholesterol; RPF, renal plasma flow; T1DM, type 1 diabetes mellitus; UACR, urinary

albumin/creatinine ratio.

Of note similar table was published in Diabetes for a separate analysis
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Table 2.

Absolutely quantified metabolites stratified by diabetes status.

TIDM (n=50) Controls(n=20) p-value ¢-value p-value" g-value"
Alanine (UM) 301.19494.73 354.42+112.14 0.048 0.173 0.057 0.075
Arginine (uM) 66.77+19.54 83.28+21.15 0003 0016 0047 0.065
Cystine (uM) 37.49+13.98 42.55+27.06 0.307 0.307 0.204 0.214
Glutamine (uM) 27.11+11.72 38.45+12.81 0.001 0.008 <0.001 <0.001
Glycine (uM) 383.64+8369  467.79+13243 0002 0016  0.064 0.079
Histidine (uM) 80.41+26.62 117.61+46.57 <0.001 0.001 0.025 0.043
Isoleucine (UM) 59.33+£19.14 80.55+24.48 <0.001 0.004 0.007 0.015
Leucine (M) 108.53+29.05 146.13+42.79 <0.001 0.001 0.001 0.006
Lysine (uM) 142.25+37.45 180.59+46.06 0.001 0.008 0.002 0.006
Methionine (UM) 22.74+6.95 29.24+8.23 0.001 0.015 0.038 0.057
Phenylalanine (uM) 52.00+12.11 71.67+19.80 <0.001 <0.001  <0.001 0.002
Proline (uM) 127.63+45.93 150.05+50.93 0.078 0.173 0.102 0.119
Serine (UM) 125.60+71.32 218.99+240.43 0.015 0.073 0.276 0.276
Threonine (uM) 89.52+32.67 128.87+53.79 <0.001 0.006 0.011 0.024
Tyrosine (LM) 61.01+19.10 78.88+24.68 0.002 0.016 0.024 0.043
Valine (UM) 149.85+40.31 195.26+53.18 <0.001 0.004 0.002 0.006
Citrate (M) 209.20+49.37 261.34+84.23 0.002 0.016 0.163 0.18
a-Ketoglutarate (uM) 11.81+2.62 13.27+2.83 0.043 0.173 0.036 0.057
Succinate (M) 5.75%1.30 6.89+1.26 0.001 0.015 0.002 0.006
Fumarate (uM) 1.71+0.52 2.19+0.46 0.001 0.008 0.006 0.015
Malate (LM) 29.97+15.36 53.85+17.69 <0.001 <0.001 <0.001 <0.001

Data are presented as mean + SD. All metabolite concentrations are presented in uM. g-values represent FDR-adjusted p-values.

*
Indicates a p-value or g-value from models adjusted for GFR
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