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ajpcell.00098.2019.—Chronic kidney disease (CKD) leads to increased
skeletal muscle fatigue, weakness, and atrophy. Previous work has
implicated mitochondria within the skeletal muscle as a mediator of
muscle dysfunction in CKD; however, the mechanisms underlying
mitochondrial dysfunction in CKD are not entirely known. The
purpose of this study was to define the impact of uremic metabolites
on mitochondrial energetics. Skeletal muscle mitochondria were iso-
lated from C57BL/6N mice and exposed to vehicle (DMSO) or
varying concentrations of uremic metabolites: indoxyl sulfate, indole-
3-acetic-acid, L-kynurenine, and kynurenic acid. A comprehensive
mitochondrial phenotyping platform that included assessments of
mitochondrial oxidative phosphorylation (OXPHOS) conductance
and respiratory capacity, hydrogen peroxide production (JH>0.),
matrix dehydrogenase activity, electron transport system enzyme
activity, and ATP synthase activity was employed. Uremic metabolite
exposure resulted in a ~25-40% decrease in OXPHOS conductance
across multiple substrate conditions (P < 0.05, n = 5—6/condition), as
well as decreased ADP-stimulated and uncoupled respiratory capac-
ity. ATP synthase activity was not impacted by uremic metabolites;
however, a screen of matrix dehydrogenases indicated that malate and
glutamate dehydrogenases were impaired by some, but not all, uremic
metabolites. Assessments of electron transport system enzymes indi-
cated that uremic metabolites significantly impair complex III and IV.
Uremic metabolites resulted in increased JH>O, under glutamate/
malate, pyruvate/malate, and succinate conditions across multiple
levels of energy demand (all P < 0.05, n = 4/group). Disruption of
mitochondrial OXPHOS was confirmed by decreased respiratory
capacity and elevated superoxide production in cultured myotubes.
These findings provide direct evidence that uremic metabolites neg-
atively impact skeletal muscle mitochondrial energetics, resulting in
decreased energy transfer, impaired complex III and IV enzyme
activity, and elevated oxidant production.
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INTRODUCTION

Chronic kidney disease (CKD) is defined as any condition
that causes reduced kidney function and affects more than 25
million Americans (18, 24). CKD patients often present with
debilitating myopathic symptoms including muscle weakness,
fatigue, and muscle wasting, which negatively impact func-
tional independence and quality of life leading to increased
morbidity and mortality (2, 44). Previous work in rodent and
human studies has implicated the activation of proteolytic
pathways such as the ubiquitin proteasome system, caspase-3,
calpains, and the dysregulation of autophagy resulting in in-
creased protein catabolism and muscle wasting (7, 27, 38, 39,
44, 49, 50). Several studies have also associated systemic
inflammation and/or muscle fibrosis to muscle dysfunction in
CKD (1, 7, 43, 48). Despite this body of literature, the molec-
ular mechanism(s) by which impaired kidney function leads to
activations of these pathways in skeletal muscle is not known.

Interestingly, the cellular pathways linked to muscle wasting
in CKD have all been shown to be stimulated by reactive
oxygen species (ROS) (11, 17, 30, 32). Given that mitochon-
dria are a major site of ROS production, it has been suggested
that mitochondria may play a pivotal role in the development
of skeletal muscle dysfunction in CKD. To this end, it was
recently reported that human CKD patients exhibit lower
mitochondrial ATP/O, ratio (measured in vivo with magnetic
resonance and optical spectroscopy), a measure of mitochon-
drial efficiency (33). Rodent studies have also reported altered
mitochondrial morphology, elevated markers of oxidative
stress, and decreased mitochondrial content, as well as de-
creased ATP production and mitochondrial respiration (3, 31,
38, 46). Despite this growing evidence, the underlying biolog-
ical mechanism by which CKD negatively impacts mitochon-
drial energetics is poorly understood.

A major function of the kidneys is to rid the body of waste
materials that are either ingested or produced endogenously by
normal metabolism. However, CKD results in retention of
these waste products, termed uremia (8, 10, 40, 41). In fact, one
of these uremic metabolites, indoxyl sulfate, has recently
garnered attention, as it was shown to induce morphological
and functional changes in skeletal muscle mitochondria result-
ing in muscle atrophy (10, 37). In these studies, exposure of
cultured muscle cells to indoxyl sulfate resulted in decreased
cellular respiratory capacity and elevated ROS production.
Although these recent studies demonstrate a role of indoxyl
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sulfate, the molecular mechanisms through which indoxyl
sulfate disrupted mitochondrial metabolism is still unknown.
Moreover, CKD results in the accumulation of ~100 uremic
metabolites (41) which potentially negatively impact skeletal
muscle. Interestingly, some of the metabolites that accumulate
are protein bound and poorly filtered by modern dialysis
membranes (29, 41). Thus, uremic toxicity of skeletal muscle
remains a concern even for patients receiving hemodialysis.
Interestingly, some of the most concentrated uremic metabo-
lites found in the blood of CKD patients are derived from
intestinal tryptophan metabolism through indolic and kynure-
nine pathways, including indoxyl sulfate, indole 3-acetic acid,
kynurenine, and kynurenic acid (8, 23, 29, 40, 41).

In this study, we aimed to establish the impact of selected
uremic metabolites on skeletal muscle mitochondrial energet-
ics based on the hypothesis that uremic metabolites would
disrupt mitochondrial metabolism. To accomplish this goal, a
comprehensive assessment of mitochondrial energy transfer in-
volving measurements of oxidative phosphorylation (OXPHOS)
conductance, hydrogen peroxide emission, dehydrogenase activ-
ity, and ATP synthase activity performed in skeletal muscle
mitochondria exposed to varying concentrations of uremic metab-
olites was employed. This platform allows for the investigation of
both the global and site-specific impact of uremic metabolites on
oxidative metabolism. Acute exposure to uremic metabolites re-
sulted in decreased mitochondrial conductance through oxidative
phosphorylation and subsequently increased hydrogen peroxide
production. Additional enzymatic assays demonstrated that ure-
mic metabolites impair some matrix dehydrogenases and directly
reduce maximal activity of mitochondrial complexes III and IV
but have no impact ATP synthase activity. Uremia-induced im-
pairments in mitochondrial metabolism were confirmed with in-
tact muscle cell cultures. Taken together, these findings provide
the first evidence of a molecular mechanism underlying the
development of skeletal muscle mitochondrial impairments in
CKD.

METHODS

Chemicals and reagents. All chemicals and reagents were obtained
from Millipore-Sigma, Research Products International, Combi blocks,
and GIBCO (ThermoScientific). A complete list of all suppliers/
catalog numbers for reagents used in these studies is available in
Table 1. Uremic metabolites tested were dissolved in DMSO at equal
concentrations such that equivalent volumes were added for each
experiment.

Animals. Ten-week-old male C57BL/6N mice were obtained from
Taconic Biosciences (n = 26). All mice were housed in a temperature-
(22°C) and light-controlled (12:12-h light-dark) room and maintained
on standard chow with free access to food and water. All mice were
euthanized between 8:00 and 9:00 AM eastern standard time for
mitochondrial isolations. All animal experiments adhered to the Guide
for the Care and Use of Laboratory Animals from the Institute
for Laboratory Animal Research, National Research Council, Wash-
ington, D.C., National Academy Press, 1996, and any updates. All
procedures were approved by the Institutional Animal Care and Use
Committee of the University of Florida.

Preparation of isolated skeletal muscle mitochondria. Skeletal
muscle mitochondria were isolated as previously described (34, 35).
Briefly, skeletal muscle was dissected from mice and placed in
mitochondrial isolation medium (300 mM sucrose, 10 mM HEPES,
and 1 mM EGTA, pH 7.1). Dissected muscle was then trimmed and
cleaned to remove connective tissue or fat. The muscle was minced on
ice, placed in ice-cold mitochondrial isolation medium with bovine
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serum albumin (BSA, 1 mg/mL), homogenized on ice using a glass-
Teflon homogenizer (Wheaton), and subsequently centrifuged at 800
g to pellet nonmitochondrial myofibrillar proteins, nuclei, and other
cellular components. The resulting supernatant was collected and
centrifuged at 10,000 g to pellet mitochondria. All steps were per-
formed at 4°C. The mitochondrial pellet was gently resuspended in
mitochondrial isolation medium (without BSA), and protein concen-
tration was determined by calculation of a standard curve with an
albumin standard (ThermoScientific cat. no. SL256970). All mito-
chondrial isolations used for functional experiments had less than a
15% increase in pyruvate/malate/ADP-supported respiration with the
addition of exogenous cytochrome ¢ to ensure high integrity of the
outer mitochondrial membrane.

Measurement of OXPHOS conductance. High-resolution respirom-
etry was measured using Oroboros Oxygraph-2k (O2K) measuring
oxygen flux (Jo,) at 37°C in buffer Z (105 mM K-MES, 30 mM KCl,
1 mM EGTA, 10 mM K,HPO4, 5 mM MgCL-6H>0, 2.5 mg/mL
BSA, pH 7.1), supplemented with 5 mM creatine (Cr). In this assay,
a creatine kinase (CK) clamp was employed to leverage the enzymatic
activity of CK, which couples the interconversion of ATP and ADP to
that of phosphocreatine (PCr) and free creatine, to titrate the extra
mitochondrial ATP/ADP ratio; thus, free energy of ATP hydrolysis
(AGaTpe) was calculated from the added phosphocreatine (PCr)/
creatine (Cr) ratio as done previously (12, 15, 16), where R is the gas
constant (8.3145 J/kmol) and T is temperature in kelvin (310.15).

AG prpe = AGprp + RT In [ (Cr) (P;)/(PCr) (kq) ]

This approach permits assessment of mitochondrial flux across a
range of ATP free energy states which is set experimentally by
altering the Cr/PCr ratio (Fig. 1, A-C). Overall, the AGatp can be
plotted against the corresponding Jo,, creating a linear force-flow
relationship, where the slope represents the conductance throughout
the electron transport system (ETS) as shown in Fig. 1B. In this assay,
the AGatp is manipulated through titrations of PCr, which results in
a corresponding reduction in ADP concentrations (Fig. 1C). 25 ng of
mitochondria were added to the O2K chamber in 2 mL of buffer Z
supplemented with ATP (5 mM), Cr (5 mM), PCr (I mM), and CK
(20 U/mL) and incubated with uremic toxins (indoxyl sulfate, indole-
3-acetic acid, kynurenic acid, and L-kynurenine) at specific concen-
trations (100 nM, 10 pM, 100 M, and 1 mM) or vehicle (DMSO) for
10 min. All assessments were done at 37°C. Conductance measure-
ments were performed under the following conditions: pyruvate (5
mM) + malate (2.5 mM), glutamate (10 mM) + malate (2.5 mM),
and succinate (10 mM) + rotenone (0.005 mM).

Classical measurement of mitochondrial respiratory capacity.
In addition to experiments using the creatine kinase energetic clamp,
classical respiration assays were performed using high-resolution
respirometry (Oroboros Oxygraph) to measure Jo at 37°C in buffer Z
(105 mM K-MES, 30 mM KCl, 1 mM EGTA, 10 mM K,HPO,, 5 mM
MgCl,-6H-0, 2.5 mg/mL BSA, pH 7.1), supplemented with 20 mM
creatine. For these experiments, the oxygraph was loaded with assay
buffer followed by 10 M of the desired uremic metabolite and 25 pg
of mitochondria. Three substrate conditions were tested: pyruvate (5
mM) + malate (2.5 mM), glutamate (10 mM) + malate (2.5 mM),
and succinate (10 mM) + rotenone (0.005 mM). The assays were
initiated by the addition of substrates followed by 4 mM ADP, 10 uM
cytochrome ¢, and 1 wM carbonyl cyanide 4-(trifluoromethoxy)phe-
nylhydrazone (FCCP).

ATP synthase activity. To assess ATP synthase activity, the ATP
synthase needs to be isolated from the rest of the ETS, where in the
absence of a proton gradient it will function to hydrolyze ATP and
form ADP (ATP—ADP), as previously described (6, 12). Isolated
mitochondria were incubated with Cell lytic M (Sigma C2978) at 2
mg/mL to lyse mitochondria. Buffer E [HEPES (20 mM), KCl1 (100
mM), KH>PO4 (2.5 mM), MgCl,-6H>O (2.5 mM), and 1% glycerol]
was supplemented with lactate dehydrogenase (10 mM), pyruvate
kinase (10 mM), rotenone (0.005 mM), phosphoenol-pyruvate (PEP,

AJP-Cell Physiol - doi:10.1152/ajpcell.00098.2019 - www.ajpcell.org
Downloaded from journals.physiology.org/journal/ajpcell (106.051.226.007) on August 4, 2022.



UREMIC METABOLITES DISRUPT MITOCHONDRIAL ENERGETICS

Table 1. Complete list of chemicals and reagents utilized

C703

Item Description Cat. No. Supplier
a-Ketoglutaric acid K1750 Millipore-Sigma
Adenosine 5’-diphosphate (ADP) A5285 Millipore-Sigma
Alamethicin from Trichoderma viride A4665 Millipore-Sigma
Amplex Ultra Red (AUR) A36006 Millipore-Sigma
Antimycin A (AMA) A8674 Millipore-Sigma
Auranofin A6733 Millipore-Sigma
B-Nicotinamide adenine dinucleotide hydrate (NADH) N1636 Millipore-Sigma
B-Nicotinamide adenine dinucleotide salt (NAD+) N0632 Millipore-Sigma
Boric acid B6768 Millipore-Sigma
Bovine serum albumin (BSA) A7030 Millipore-Sigma
Calcein acetoxymethyl ester 206700 Millipore-Sigma
Cell lytic M C2978 Millipore-Sigma
Creatine kinase C3755 Millipore-Sigma
Creatine monohydrate C3630 Millipore-Sigma
Coenzyme A trilithium salt C3019 Millipore-Sigma
Cytochrome ¢ from equine heart C2506 Millipore-Sigma
D-Glucose G32030 Research Products International
Decylubiquinone (DCU) D7911 Millipore-Sigma
2,6-Dichloroindophenol sodium salt hydrate (DCPIP) D1878 Millipore-Sigma
Dimethyl sulfoxide (DMSO) 276855 Millipore-Sigma
n-Dodecyl B-D-maltoside D4641 Millipore-Sigma
Dulbecco’s modified Eagle’s medium 10569 ThermoScientific
EDTA E57045 Research Products International
EGTA E57060 Research Products International
Ethidium homodimer-1 (EtHD-1) 46043 Millipore-Sigma
FCCP (carbonyl cyanide-p-phenyl-hydrazone) C2920 Millipore-Sigma
Fetal bovine serum (FBS) 97068 VWR
L-Glutamic acid G5889 Millipore-Sigma
Glycerol G22025 Research Products International
HEPES H3375 Millipore-Sigma
Hanks’ balanced salt solution (HBSS) 24020 ThermoScientific
Horseradish peroxidase (HRP) P8375 Millipore-Sigma
Horse serum 26050 ThermoScientific
Hydrogen peroxide, 30% H325-100 ThermoScientific
Indole-3-acetic acid sodium salt 15148 Millipore-Sigma
Indoxyl sulfate potassium salt 13875 Millipore-Sigma
Insulin/transferrin/selenium 41400 ThermoScientific
Invitrogen Molecular Probes MitoSOX Red Mitochondrial Superoxide Indicator M36008 ThermoScientific
Kynurenic acid K3375 Millipore-Sigma
L-Kynurenine K8625 Millipore-Sigma
Lactate dehydrogenase/pyruvate kinase P0294 Millipore-Sigma
Magnesium chloride kexahydrate M24000 Research Products International
Malic acid M7397 Millipore-Sigma
Malonate M1296 Millipore-Sigma
MES potassium salt MO0895 Millipore-Sigma
3-Methyl-2-oxopentanoic acid sodium salt 198978 Millipore-Sigma
Myxothiazol T5580 Millipore-Sigma
Oligomycin A 75351 Millipore-Sigma
Pierce BCA protein assay kit P123225 ThermoScientific
Penicilin-streptomycin 15140 ThermoScientific
Phosphoenol-pyruvate (PEP) 10108294001 Millipore-Sigma
Potassium chloride (KCI) P9541 Millipore-Sigma
Potassium cyanide (KCN) 60178 Millipore-Sigma
Potassium phosphate (K2HPO4) dibasic P3786 Millipore-Sigma
Potassium phosphate (KH>PO4) monobasic P2670 Millipore-Sigma
Potassium pyruvate QALlll6 Combi-Blocks
Rotenone R8875 Millipore-Sigma
Sodium borohydride 452882 Millipore-Sigma
Succinic acid S$42000 Research Products International
Sucrose 524060 Research Products International
Superoxide dismutase from bovine erythrocytes S7446 Millipore-Sigma
Thiamine pyrophosphate (TPP) C8754 Millipore-Sigma
Tris-adenosine triphosphate (ATP) A9062 Millipore-Sigma
Tris-phosphocreatine (PCr) P1937 Millipore-Sigma
Triton X-100 X100 Millipore-Sigma
Trypsin-EDTA (0.25%) 252000 ThermoScientific
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5 mM), and NADH (0.2 mM). NADH levels were determined via
autofluorescence [excitation/emission (Ex/Em): 340/450 nm]. Spe-
cific concentrations of uremic toxins (100 nM, 100 uM, and 1 mM),
2 g of isolated mitochondria, and 200 pL of assay buffer were added
to a 96-well plate. All reactions were performed at 37°C in a BioTek
Synergy 2 Multimode Microplate Reader. For this assay, the ATP
synthase functions to hydrolyze ATP, because lysis of the mitochon-
dria will dissipate their ability to establish a membrane potential
(which normally drives ATP synthesis). Using a pyruvate kinase/
lactate dehydrogenase-coupled assay, ATP hydrolysis by the ATP
synthase was coupled to NADH consumption in a 1:1 stoichiometry
(Fig. 3A). Thus, the rate of decrease in NADH autofluorescence can be
used as a measure of maximal ATP synthase activity. Fluorescence
values were converted to picomoles of NADH via an NADH standard
curve.

Matrix dehydrogenase activity. The activity of several mitochon-
drial matrix dehydrogenases (/NADH) was measured fluorometrically
using NADH autofluorescence (Ex/Em = 340/450 nm) in a 96-
well plate read kinetically on a BioTek Synergy 2 Multimode Micro-
plate Reader. For all assays, buffer Z was supplemented with alame-
thicin (0.03 mg/mL), rotenone (0.005 mM), and NAD+ (2 mM).
For pyruvate dehydrogenase, a-ketoglutarate dehydrogenase, and
branched-chain ketoacid dehydrogenase, the assay buffer was supple-
mented with cofactors coenzyme A (0.1 mM), and thiamine pyro-
phosphate (0.3 mM). For each dehydrogenase, assay buffer was
loaded, followed by mitochondria and 0.5 mM of the desired uremic
metabolite. Mitochondria were allowed to permeabilize and incubate
with the uremic metabolic for 10 min. Dehydrogenase activity was
then initiated by addition of the following substrates run in parallel:
pyruvate (5 mM), malate (5 mM), glutamate (10 mM), a-ketoglutarate
(10 mM), or a-keto-B-methylvalerate (5 mM). Rates of NADH
production were calculated as the slope of linear portions of the
NADH curves. Fluorescence values were converted to picomoles of
NADH via an NADH standard curve.

Assessment of mitochondrial OXPHOS complex activity. Enzyme
activity of all electron transport system (ETS) complexes were deter-
mined spectrophotometrically as previously described (6, 36), with
slight modification described below. Isolated mitochondria were di-
luted to 0.5 mg/mL in Cell Lytic M (Millipore-Sigma) or hypotonic
buffer (25 mM K,HPO4, 5.3 mM MgCl, pH 7.2) and subjected to
three freeze-thaw cycles before use. Mitochondrial lysates were incu-
bated with uremic metabolites at 0.5 mM in their respective assay
buffers for 10 min before the reactions were initiated. Complex I
activity was determined in 50 mM potassium phosphate, 3 mg/mL
BSA, 240 uM KCN, 0.4 pM antimycin A, 50 uM decyl-ubiquinone,
and 80 wM 2,6-dichlorophenolindophenol (DCPIP). NADH oxidation
(0.8 mM) was measured through reduction of DCPIP at 600 nm. All
complex I activity measurements were corrected for rotenone-insen-
sitive NADH oxidation following the addition of 25 wM rotenone, and
rates were converted to moles using an extinction coefficient of
19,100 M~ 'em™'. Complex II (succinate dehydrogenase, SDH) ac-
tivity was assessed in the following assay buffer: 10 mM KH,PO,, 2
mM EDTA, and 1 mg/mL BSA at pH 7.8. Briefly, the assay buffer
was supplemented with 0.004 mM rotenone, 0.2 mM ATP, 10 mM
succinate, and 0.08 mM DCPIP. Mitochondria were preincubated with
0.2 mM succinate for 30 min at room temperature, and then 5 pg/well
was added to a 96-well plate containing 200 pL of assay buffer and
0.5 mM of the desired uremic metabolite. Following a 10-min incu-
bation at 37°C, the assay was initiated by addition of oxidized
decyl-ubiquinone (0.08 mM), and reduction of DCPIP followed at 600
nm. Rates were converted to moles using the extinction coefficient of
19,100 M~ 'em™'. As a negative control, malonate was included to
inhibit SDH. Complex III activity was measured in 10 mM KH>POj,
2 mM EDTA, and 1 mg/mL BSA at pH 7.8 supplemented with 0.2
mM ATP, 0.24 mM KCN, and 0.04 mM oxidized cytochrome c.
Complex III activity was determined kinetically by measuring the
reduction of cytochrome ¢ following the addition of reduced decyl-
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ubiquinone (0.15 mM) at 550 nm, and rates were converted to moles
using an extinction coefficient of 18,500 M~ 'cm ™. Specificity of the
assay was confirmed by the absence of cytochrome ¢ reduction in the
presence of myxothiazol (10 pM). Complex IV activity was measured
in 10 mM KH,PO4, 250 mM sucrose, and 1 mg/mL BSA at pH 6.5
supplemented with 2.5 mM maltoside and 5 wM antimycin A follow-
ing the addition of 110 wM reduced cytochrome ¢ by following the
decrease in absorbance at 550 nm. Potassium cyanide (625 uM) was
used to confirm the specificity of complex IV activity.

H>0> production. Mitochondrial H,O» production was measured
fluorometrically via an Amplex Ultra Red (AUR)/horseradish perox-
idase (HRP) detection system (Ex: Em 530:590), as described previ-
ously (12, 13, 35). H>O; production was measured in buffer Z supp-
lemented with Cr (5§ mM), CK (20 U/mL) AUR (10 uM), HRP (1
U/mL), superoxide dismutase (SOD, 20 U/mL), ATP (5§ mM), and
auranofin (0.1 wM). Using the the creatine kinase clamp, experiments
were run using three levels of energy demand set by the addition of
PCr at 6, 15, or 30 mM. H,O- production was assessed with the
following substrate conditions: pyruvate (5 mM) + malate (2.5 mM),
glutamate (5 mM) + malate (2.5 mM), and succinate (10 mM). All
reactions were done at 37°C, 200 pL of volume, and 5-20 pg of
mitochondria in the BioTek Synergy 2 Multimode Microplate Reader.
Rates were collected and converted to picomoles H>O,-per minute per
milligram using a standard curve. Auranofin was added to inhibit the
endogenous thioredoxin buffering system within the mitochondrial
matrix, therefore allowing a more accurate approximation of total
H»>0, produced under respiratory conditions (12). Fluorescence values
were converted to picomoles of H>O» via a H,O, standard curve.

Cell culture. Immortalized murine C>C;» myoblasts were purchased
from ATCC (CRL-1772). Myoblasts were grown to ~90% confluence
in Dulbecco’s modified Eagle’s medium (DMEM) + GlutaMAX
(GIBCO cat. no. 10569) supplemented with 10% fetal bovine serum
(FBS; VWR cat. no. 97068), and 1% penicillin-streptomycin (GIBCO
cat. no. 15140) at standard culture conditions (37°C in 5% CO.). Once
cells had reached 90% confluence, myotube differentiation was initi-
ated via serum withdrawal by placing cells in differentiation medium
[DMEM supplemented with 2% horse serum (GIBCO cat. no. 26050),
1% penicillin-streptomycin, and 1% insulin-transferrin-selenium
(GIBCO cat. no. 41400)]. Differentiation medium was changed every
24 h for 6 days to form mature myotubes.

Measurement of cell viability. Mature myotubes were treated with
0.5 mM DMSO (control), indoxyl sulfate, indole-3-acetic acid, L-
kynurenine, or kynurenic acid for 18 h in differentiation medium at
37°C in 5% CO,. Following uremic metabolite treatment, myotubes
were rinsed with warm PBS and incubated with 10 pM ethidium
homodimer-1 (EtHD-1; Millipore-Sigma cat. no. 46043) in warm
Hanks’ balanced salt solution (HBSS, GIBCO cat. no. 24020) for 15
min at 37°C in 5% CO,. After the 15-min incubation, HBSS and
Et-HD-1 were aspirated, and fresh HBSS was added to the plate for
imaging with an Evos FL2 Auto inverted fluorescent microscope
(ThermoScientific). EtHD-1 is a cell-impermeant viability indicator
that is strongly fluorescent when bound to DNA. Myotubes treated
with 0.25% Triton X-100 in HBSS to permeabilize cell membranes
were used as a positive control. EtHD-1-positive nuclei were quanti-
fied and expressed as a percentage of the Triton X-100-treated control
cells by using custom batch processing routines in Cell Profiler (The
Broad Institute). Cell viability was further confirmed by staining live
cells with 1 wM calcein acetoxymethyl ester.

Measurement of myotube respiratory function. Mature myotubes
were incubated with the specified uremic metabolites (indoxyl sulfate,
indole-3-acetic acid, kynurenic acid, and L-kynurenine) or vehicle
(DMSO) for 18 h at 37°C in 5% CO,. After 18 h of uremic metabolite
exposure, cells were rinsed with PBS, trypsinized with 0.25% trypsin-
EDTA (GIBCO cat. no. 25200) and centrifuged at 800 g for 5 min to
pellet myotubes. Myotubes were resuspended in 2.5 mL of buffer Z
supplemented with glucose (10 mM) and pyruvate (5 mM). Cells were
loaded into the Oxygraph O2K chamber (Oroboros), and respiration
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was measured at 37°C. Basal oxygen consumption (Jo,) was mea-
sured in intact myotubes followed by sequential additions of oligo-
mycin A (1 pg/pL) to examine ATP-linked respiration, a titration of
carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone FCCP (250
nM to 1.5 pM) to determine maximal respiratory capacity, followed
by the addition of rotenone (0.01 mM) and antimycin A (0.005 mM)
to determine nonmitochondrial oxygen consumption. Rates of oxygen
consumption were normalized to protein content measured by BCA
assay (ThermoScientific) and expressed as picomoles per milligram
per second.

Measurement of myotube superoxide production. Mature myotubes
were treated with uremic metabolites for 18 h before staining with

C705

MitoSOX (ThermoScientific cat. no. M36008), a fluorogenic probe
used to approximate mitochondrial-derived superoxide. After 18 h of
treatment, myotubes were washed twice with HBSS and incubated
with 500 nM MitoSOX for 15 min in HBSS before imaging. Sixteen
X20 images were captured per sample (n = 4-5 samples per group)
and analyzed using custom-written routines in CellProfiler (The Broad
Institute) to assess both MitoSOX-positive area and mean intensity.
All processing procedures were performed uniformly over the entire
set of images by using batch processing modes to remove any human
input.

Statistical analysis. Data are presented as means = SD. Compari-
sons of data with more than two groups were performed using
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Fig. 1. Uremic metabolites decrease mitochondrial oxidative phosphorylation (OXPHOS) conductance and respiratory capacity. Skeletal muscle mitochondria
were isolated from C57BL/6N mice. A: mitochondrial OXPHOS was assessed using a creatine kinase (CK) clamp system, by which mitochondrial respiration
(JO2) is altered by sequential additions of phosphocreatine (PCr) in a buffer containing creatine, ATP, and excess creatine kinase. Through the creatine kinase
equilibrium, this assay allows for direct calculation of extracellular energy demand (AGatp), such that mitochondria are assessed at varying levels of energy
demand. B: conductance through the OXPHOS system is calculated from the linear relationship (i.e., slope) between Jo, and AGarp. C: calculated concentrations
of ATP, ADP, PCr, and Cr across the range of energy demands examined in conductance assays. D: plot of Jo, and AGatp supported by pyruvate and malate
following acute (10 min) incubation with 10 uM of uremic metabolites. E: quantification of OXPHOS conductance across a range of uremic metabolite
concentrations supported by pyruvate/malate (PM). CytC, cytochrome c. F: maximal ADP-stimulated and uncoupled (FCCP) respiratory capacity supported by
pyruvate and malate. G: plot of Jo, and AGarp supported by glutamate and malate following acute (10 min) incubation with 10 wM of uremic metabolites. H:
quantification of OXPHOS conductance across a range of uremic metabolite concentrations supported by glutamate/malate. /: maximal ADP-stimulated and
uncoupled (FCCP) respiratory capacity supported by glutamate and malate (GM). J: plot of Jo> and AGarp supported by succinate and rotenone following acute
(10 min) incubation with 10 pM of uremic metabolites. K: quantification of OXPHOS conductance across a range of uremic metabolite concentrations supported
by succinate+rotenone. L: maximal ADP-stimulated and uncoupled (FCCP) respiratory capacity supported by succinate and rotenone; n = 4—6 biologically
independent mitochondrial preparations per condition.
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two-way ANOVA with Tukey’s post hoc testing for comparisons
between control (DMSO) and each uremic metabolite-treated sample.
We did not perform statistical comparisons between uremic metabo-
lites but instead compared each to the DMSO-treated control group
with a two-way ANOVA with Tukey’s post hoc testing. All statistical
analysis was performed in GraphPad Prism (version 7.0). In all cases,
P < 0.05 was considered statistically significant.

RESULTS

Uremic metabolites decrease OXPHOS conductance and
respiratory capacity. To examine the impact of uremic metab-
olites on mitochondrial energetics, a physiological assessment
of OXPHOS conductance was performed. This experiment
involved the addition of extracellular creatine kinase, excess
creatine monohydrate, and ATP, followed by additions of
phosphocreatine, which through the CK reaction established
the extracellular energy charge (AGatp) and thus the energy
demand. The mitochondrial system responds to changes in the
AGatp by rapidly adjusting mitochondrial ATP synthesis (and,
thus, oxygen consumption; see Fig. 1A). Plotting the mitochon-
drial respiratory flux as a function of AGarp allows for the
calculation of conductance (i.e., slope of the relationship) or
resistance within the ETS using Ohm’s law (I = V/R). A
greater slope indicates higher conductance (or less resistive
force) within the mitochondrial energy system (Fig. 1B).

Acute (10 min) incubation with uremic metabolites (indoxyl
sulfate, indole-3-acetic acid, rL-kynurenine, and kynurenic
acid), resulted in significant decreases in OXPHOS conduc-
tance when mitochondria were energized with pyruvate-malate
(Fig. 1, D and E) or glutamate-malate (Fig. 1, G and H), as well
as succinate-rotenone (Fig. 1, J and K). Indolic metabolites
(indoxyl sulfate and indole-3-acetic acid) decreased OXPHOS
conductance ~30-50% across a range of concentrations from
100 nM to 1 mM, whereas kynurenine pathway metabolites
(L-kynurenine and kynurenic acid) decreased OXPHOS con-
ductance by ~10-15% at 100 nM and ~50-60% at 1 mM
concentrations. These findings indicate that the presence of
uremic metabolites, even at low concentrations, impair the
mitochondria’s ability to respond to changes in energy de-
mand, a process that is crucial for optimal performance in
skeletal muscle. In addition to the energetic clamp experi-
ments, mitochondrial respiratory capacity was also assessed
using classical bolus ADP-type experiments where mitochon-
dria were energized with substrate followed by the addition of
saturating (4 mM) ADP. Acute incubation (10 min) with all
uremic metabolites resulted in a significant decrease in maxi-
mal ADP-supported respiration with pyruvate-malate (Fig.
1F), glutamate-malate (Fig. 1/), and succinate-rotenone (Fig.
1L). Respiratory rates following the addition of FCCP, which
uncouples oxygen consumption from ATP synthesis, were also
significantly deceased in the presence of all uremic metabo-
lites, suggesting the impact of uremic metabolites is upstream
of the ATP synthase. Notably, decreased OXPHOS conduc-
tance and mitochondrial respiratory capacity were observed at
concentrations of uremic metabolites that were near or much
lower than those reported in plasma from CKD patients [in-
doxyl sulfate, 500 wM; indole-3-acetic acid, 64 wM; L-kynure-
nine, 15 pM; kynurenic acid, 5 wM; concentrations estimated
based on an adult blood volume of 4.7 liters, from the follow-
ing references (8, 40)].

UREMIC METABOLITES DISRUPT MITOCHONDRIAL ENERGETICS

Uremic metabolites do not alter ATP synthase activity.
Within the OXPHOS system, there are several sites where
increased resistance (or decreased conductance) can originate.
These include the following: 7) the generation of redox charge
(i.e., NADH/NAD™ and FADH,/FAD™) through catabolism of
fuel by matrix dehydrogenases, 2) the electron transport sys-
tem, which transfers the potential energy from the redox charge
into an electrochemical proton gradient, and 3) the ATP syn-
thase, which drives the synthesis of ATP through consumption
of the proton motive force. Thus, based on the observation of
decreased OXPHOS conductance in the presence of uremic
metabolites, additional experiments were designed to deter-
mine which of these sites were negatively impacted by uremic
metabolites.

The observation that uncoupled mitochondrial respiratory
capacity was decreased in the presence of uremic metabolites
suggests that these metabolites exert their effects upstream of
the ATP synthase. To more directly assess the ATP synthase,
we used an enzyme-coupled assay (6, 12) in which ATP
hydrolysis by the ATP synthase enzyme (the natural reaction of
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Fig. 2. Uremic metabolites do not alter ATP synthase activity. Mitochondria
were lysed to determine whether uremic metabolites impacted the ATP
synthase enzyme. A: graphic depiction of the enzyme-coupled assay employed.
In the absence of the proton motive force, ATP synthase will function to
hydrolyze ATP into ADP, which was linked to pyruvate kinase (PK) and
lactate dehydrogenase (LDH) to allow for measurement of NADH consump-
tion that occurs 1:1 with ATP hydrolysis. PEP, phosphoenol-pyruvate. B:
representative NADH curves for mitochondria treated with 100 uM uremic
metabolites. C: quantification of ATP synthase activity across a range of
concentrations of uremic metabolites. Note: ATP synthase activity could not be
obtained at 1 mM concentrations of indoxyl sulfate and L-kynurenine due to
disruption of NADH standard curves at this concentration; n = 8 biologically
independent mitochondrial preparations per condition. *P < 0.05 vs. control
(DMSO treated). ND, not detected.
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the ATP synthase in the absence of a proton motive force) is
coupled to NADH consumption through the addition of exog-
enous pyruvate kinase and lactate dehydrogenase and their
respective substrates (Fig. 2A). A representative trace of ATP
synthase activity assays in the presence of uremic metabolites
(100 M) is shown in Fig. 2B. Quantification of ATP synthase
activity assays indicated that, similarly to PDH, uremic metab-
olites did not disrupt ATP synthase activity, with the exception
being 1 mM concentrations of kynurenic acid (Fig. 2C). How-
ever, it is worth noting that a decrease in OXPHOS conduc-
tance was observed in all uremic metabolites, including
kynurenic acid, at concentrations below the millimolar range.
Taken together, these findings demonstrate that the decreased
OXPHOS conductance caused by uremic metabolites is not
mediated by impairment of the ATP synthase and/or ADP/ATP
transport.

Uremic metabolites selectively impair matrix dehydroge-
nase and mitochondrial ETS enzyme activity. Next, experi-
ments were performed to examine the impact of uremic me-

C707

tabolites on multiple matrix dehydrogenases, which are respon-
sible for generation of the redox charge (NADH/NAD). To this
end, mitochondria were permeabilized with alamethicin, and
dehydrogenase activity (JNADH) was assessed at saturating
substrate concentrations. Interestingly, the uremic metabolites
tested displayed unique interactions with various dehydroge-
nases. Pyruvate and branched-chain ketoacid dehydrogenases
were unaffected by all metabolites even at 0.5 mM concentra-
tions (Fig. 3, A and B). In contrast, malate (MDH), glutamate
(GDH), and a-ketoglutarate dehydrogenase (AKGDH) all dis-
played sensitivity to some, but not all, uremic metabolites.
MDH was substantially inhibited by indoxyl sulfate, kynurenic
acid, and L-kynurenine, but not indole-3-acetic acid (Fig. 3C).
GDH was inhibited only by kynurenic acid (Fig. 3D), and
AKGDH was inhibited by both kynurenic acid and r-kynure-
nine (Fig. 3E).

To explore whether uremic metabolites have direct interac-
tions with mitochondrial electron transport proteins, biochem-
ical assays assessing the maximal activity of mitochondrial

m
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Fig. 3. Uremic metabolites selectively impact matrix dehydrogenase activity. To determine whether uremic metabolites altered matrix dehydrogenase activity,
a screen of NADH-generating dehydrogenases was performed. To accomplish this, mitochondria were permeabilized with alamethicin and provided saturating
substrate in the presence of rotenone (to inhibit NADH oxidation by complex I). NAD* reduction was measured kinetically using autofluorescence with
excitation/emission at 340/450 nm. Each uremic metabolite was screened at 0.5 mM following a 10-min incubation. Representative enzyme assays are shown
for pyruvate dehydrogenase (PDH; A), branched-chain ketoacid dehydrogenase (BCKDH; B), malate dehydrogenase (MDH; C), glutamate hydrogenase (GDH;
D), and a-ketoglutarate dehydrogenase (AKGDH; E). Quantification of NADH production from PDH (F), BCKDH (G), MDH (H), GDH (1), and AKGDH (J).
P < 0.01, #*¥#%P < 0.0001 vs. DMSO-treated control; n = 3 biologically independent mitochondrial preparations per condition. NS, not significant; IS, indoxyl
sulfate; TAA, indole-3-acetic acid; KA, kynurenic acid; L-Kyn, L-kynurenine.
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complexes I-IV were performed in the presence or absence of
uremic metabolites. Interestingly, complex I (NADH dehydro-
genase) and complex II (succinate dehydrogenase) were not
impacted by the presence of any uremic metabolites (0.5 mM;
Fig. 4, A and B). However, complex III (ubiquinol-cytochrome
¢ oxidoreductase) activity was lower in the presence of all
uremic metabolites (Fig. 4C) and complex IV (cytochrome-c
oxidase) activity was impaired by indoxyl sulfate, kynurenic
acid, and L-kynurenine, but not indole-3-acetic acid (Fig. 4D).
The discovery that uremic metabolites impact enzyme activity
downstream of the quinone cycle is supported by the findings
of decreased OXPHOS conductance and respiratory capacity
under both complex I-linked substrates (pyruvate-malate and
glutamate-malate) as well as complex II-linked substrates (suc-
cinate).

Uremic metabolites disrupt the ETS and potentiate electron
leak. Based on the principles of bioenergetics, a decrease in
respiratory conductance (or increased resistance) would pro-
mote electron leak and thus elevate mitochondrial-derived
oxidative stress. To this end, measurements of hydrogen per-
oxide production (JH20>) in isolated mitochondria energized by
pyruvate-malate, glutamate-malate, or succinate were per-
formed under conditions where the extracellular energy de-
mand was set through the extracellular CK system. Consistent
with the principles of bioenergetics, the presence of uremic
metabolites increased JH,0, in all substrate conditions across
three levels of energy demand for all uremic metabolites tested
(Fig. 5). In most cases, rates of hydrogen peroxide production
increased as the concentration of uremic metabolites was
increased. These data provide further evidence that uremic
metabolites disrupt the mitochondrial ETS, leading to impaired
oxygen consumption and elevated ROS production.

With the current data, accurate calculations of mitochondrial
electron leak (JH20,/J02) are not possible for a few reasons: /)
hydrogen peroxide production assays were performed in the
presence of auranofin (a thioredoxin reductase inhibitor),
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UREMIC METABOLITES DISRUPT MITOCHONDRIAL ENERGETICS

whereas respiratory conductance assays were not; and 2) re-
spiratory conductance assays for succinate included rotenone
(to prevent reverse electron flow), whereas hydrogen peroxide
emission did not include rotenone. Nonetheless, it is important
to consider that exposure of mitochondria to uremic metabo-
lites decreased respiration (mainly at higher levels of energy
demand) and elevated peroxide production. These combined
events likely resulted from substantial increases in electron
leak. Crude estimations of electron leak at near-resting levels
of energy demand (AGatp = —15.23 kcal/mol) suggest that
electron leak increased 2- to 3-fold with pyruvate-malate and
1.3-fold with glutamate-malate in the presence of uremic
metabolites.

Uremic metabolites disrupt mitochondrial energetics in in-
tact myotubes. Because isolation procedures could alter the
functional/physiological properties of the mitochondria (28),
additional experiments were undertaken to examine mitochon-
drial energetics in cultured, intact, mature myotubes. First,
assessments of cell viability were performed in differentiated
C,C ;2 myotubes that were exposed to uremic metabolites (0.5
mM) to confirm that uremic metabolite treatment was not
inducing cell death. Indeed, high-dose exposure to uremic
metabolites did not induce muscle cell death (Fig. 64), mea-
sured by assessing cell permeability through staining with
ethidium homodimer-1 (a non-cell-permeable fluorescent
probe that binds DNA). Next, mature myotubes were treated
with uremic metabolites for 18 h before measurement of
cellular respiratory function. Consistent with the findings in
isolated mitochondria, uremic metabolite exposure (both 10
and 100 M) decreased maximal respiratory capacity in myo-
tubes by 13-50% (Fig. 6B). To further verify a disruption
within the ETS system which was observed in isolated mito-
chondria exposed to the uremic metabolites, mature myo-
tubes were incubated with the uremic metabolites for 18
h and assessed for oxidative stress through MitoSOX.
MitoSOX is a fluorescent probe that reacts with mitochon-
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Fig. 4. Uremic metabolites impair mitochondrial complex III and IV enzyme activities. The impact of uremic metabolites on mitochondrial electron transport
system enzymes was assessed using standard biochemical assays. A: representative kinetic traces and quantification of maximal enzyme activity for complex I
(NADH dehydrogenase). B: representative kinetic traces and quantification of maximal enzyme activity for complex II (succinate dehydrogenase). C:
Rrepresentative kinetic traces and quantification of maximal enzyme activity for complex III (ubiquinol-cytochrome ¢ oxidoreductase). D: representative kinetic
traces and quantification of maximal enzyme activity for complex IV (cytochrome-c oxidase). *P < 0.05, **P < 0.01 vs. DMSO-treated control. N = 5-9
biologically independent mitochondrial preparations per condition. NS, not significant; IS, indoxyl sulfate; IAA, indole-3-acetic acid; KA, kynurenic acid; L-Kyn,

L-kynurenine; KCN, potassium cyanide.
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Fig. 5. Uremic metabolites increase mitochondrial H>O» production. Mitochondrial H>O- production was assessed using AmplexUltraRed assay in the presence
of the creatine kinase clamp system, which allows for assessments across several levels of energy demand. A: representative H>,O> production traces for
mitochondria energized with pyruvate/malate. B: quantification of H>O» production rates under pyruvate/malate conditions at 3 levels of energy demand. C:
representative H>O> production traces for mitochondria energized with glutamate/malate. D: quantification of H>O> production rates under glutamate/malate
conditions at 3 levels of energy demand. E: representative H>O> production traces for mitochondria energized with succinate. F: quantification of H>O»
production rates under succinate conditions at 3 levels of energy demand. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 vs. control (DMSO treated);

n = 3-4 biologically independent mitochondrial isolations.

drial-derived superoxide radical, allowing us to quantify
radical production. Exposure of C,C,, myotubes to uremic
metabolites increased MitoSOX-positive area and mean in-
tensity by ~25% (all P < 0.0001 vs. DMSO-treated control
cells) compared with the vehicle control (Fig. 6, C-E). This
increase in oxidative stress was comparable to that of
myotubes treated with antimycin A, an inhibitor of complex
III in the mitochondria. All together, these data confirm that

uremic metabolites disrupt mitochondrial energetics in an
intact muscle cell system, confirming observations made in
isolated mitochondria.

DISCUSSION
Chronic kidney disease (CKD) leads to progressive debili-

tating symptoms, including muscle weakness, fatigue, and
muscle wasting, that contribute to increased morbidity and
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Fig. 6. Uremic metabolites disrupt mitochondrial energetics in intact, cultured myotubes. Mature C>C;> myotubes were exposed to uremic metabolites for 18 h.
A: uremic metabolite treatment at 100 wM did not alter cell viability [cells stained positive for ethidium homodimer-1 (EtHD-1)]. B: maximal respiratory capacity
was significantly lower in myotubes treated with uremic metabolites at 10 and 100 wM. C: mitochondrial superoxide production was assessed by MitoSOX
staining of mature myotubes. Consistent with isolated mitochondria, intact myotubes treated with 100 uM of uremic metabolites increased both mitoSOX-
positive area (D) and mean mitoSOX intensity (E), indicating greater mitochondrial-derived oxidative stress. Antimycin A treatment (complex III inhibitor, 25
nM) was used as a positive control for MitoSOX experiments; n = 4—8/condition for viability and respirometry; n = 15-18/group for MitoSOX analysis. *P <
0.05, **P < 0.01, #***P < 0.0001 vs. control (DMSO treated). NS, not significant.

mortality in these patients (19, 20, 39, 44). Previous evidence
suggests that impaired mitochondrial function may be a pri-
mary cause for muscle impairment in CKD (3, 14, 31, 33, 38,
44, 46, 47). Using muscle biopsies from CKD patients (stage 5
on hemodialysis), one group reported lower mitochondrial
volume and mtDNA copy number compared with healthy
control muscle specimens (14). Another study reported lower
mitochondrial ATP/O5 ratios, a measure of mitochondrial ef-
ficiency (with magnetic resonance and optical spectroscopy),
in skeletal muscle of CKD patients (33). Several additional
studies have also reported altered muscle mitochondrial mor-
phology, protein expression, and reduced mitochondrial respi-
ratory function in rodents and humans with CKD (3, 46, 50).
However, despite these reported findings, the underlying bio-
logical mechanism by which CKD negatively impacts mito-
chondria is unknown. In this study, a comprehensive assess-
ment of mitochondrial energetics was performed in the pres-
ence or absence of known uremic metabolites, which have
been shown to accumulate in the blood of CKD patients (40).
This diagnostic platform demonstrated that several uremic
metabolites decrease mitochondrial energy transfer through
interactions with the mitochondrial ETS complexes III and IV
as well as some matrix dehydrogenase (malate, glutamate,
and malate, glutamate, and a-ketoglutarate dehydrogenases)
that result in decreased enzyme activity. Consequently, disrup-
tion of these mitochondrial enzymes resulted in decreased
OXPHOS conductance and respiratory capacity and elevated
electron leak and, subsequently, superoxide radical formation
leading to elevated mitochondrial hydrogen peroxidase produc-
tion. These observations were confirmed using intact cultures

of mature myotubes. Taken together, these findings provide the
first evidence of a mechanism by which impaired kidney
function leads to mitochondrial impairments in skeletal muscle
via uremic metabolite accumulation.

Previous research on the mechanisms of muscle dysfunction
in CKD has primarily focused on activation of proteolytic,
autophagic, and atrophy pathways [comprehensively reviewed
by Wang and Mitch (44)]. Using rodent models, investigators
have established that CKD results in activation of the ubiqui-
tin-proteasome pathway (22), caspase-3 and associated kinases
(27, 45), and autophagy (38, 50), as well as impaired IGF-I
signaling (4, 49). Additionally, systemic inflammation and
fibrosis have also been associated with the development of
muscle dysfunction in CKD (1, 7, 20, 43, 48). Interestingly,
these catabolic pathways that lead to muscle atrophy are known
to be stimulated by oxidative stress (11, 17, 30). Thus, the
discovery that uremic metabolites disrupt the mitochondrial
ETS, leading to increased ROS would align with this body of
literature. In fact, the disruption of the mitochondrial ETS and
resulting oxidative stress may be an upstream signal activating
proteolytic, autophagic, and atrophy signaling cascades. In-
deed, if this hypothesis is substantiated in future studies,
therapeutic development aimed at improving mitochondrial
energetics and/or preventing interactions with uremic metabo-
lites may be warranted to improve health outcomes and quality
of life for CKD patients.

CKD currently has no cure, and the only treatment options
are kidney transplant and dialysis. However, transplant num-
bers are far outpaced by the increasing prevalence of CKD,
whereas hemodialysis aims to filter waste products from the
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blood. Unfortunately, a number of uremic solutes/metabolites,
including those studied herein, are protein bound and not
adequately filtered by dialysis membranes and thus remain in
the blood despite dialysis treatment (23, 29). In this study, the
uremic metabolites that were examined are believed to be
derived from endogenous tryptophan metabolism via the
kynurenine and indolic metabolic pathways, which are nor-
mally cleared by the kidneys and excreted in the urine. Indeed,
the studied metabolites are robustly increased in blood samples
obtained from CKD patients (8, 40, 41). Indoxyl sulfate has
been the subject of focus in previous work. Specifically, it has
been reported that indoxyl sulfate treatment (1 mM) of CoCi2
myotubes resulted in myotube atrophy, increased inflammatory
signaling, and elevated oxidative stress and myostatin expres-
sion (9). These authors went on to deliver indoxyl sulfate to
half-nephrectomized mice, a rodent model of CKD. Mice
treated with indoxyl sulfate for 12 wk displayed increased
myostatin expression and decreased myofiber cross-sectional
area compared with control mice (9). Consistent with results
from this study, another group recently reported that indoxyl
sulfate decreased maximal respiration and increased reactive
oxygen species production (hydroxyl radical measured by
electron spin resonance) in cultured myotubes (37). The find-
ing that uremic metabolites have negative impacts on cell
biology/function has sparked interest in the development of
spherical carbon-adsorbent compounds that bind to certain
small-molecular-weight organic compounds, such as some ure-
mic metabolites (21, 42). In this regard, a recent study admin-
istered AST-120, an oral adsorbent compound, to mice with
CKD that resulted in reduced plasma indoxyl sulfate levels,
improved exercise capacity and increased mitochondrial citrate
synthase activity compared with placebo-treated CKD mice (26).

A challenge for therapeutic development might be the plu-
ripotent effects of uremic metabolites on mitochondrial metab-
olism. The comprehensive assessments employed herein dem-
onstrated that each uremic metabolite that is elevated in CKD
patients may have specific interactions with one or several
mitochondrial enzymes/proteins. For example, malate dehy-
drogenase activity was impaired by indoxyl sulfate, kynurenic
acid, and L-kynurenine, whereas glutamate dehydrogenase was
significantly impaired only by kynurenic acid. Moreover,
kynurenic acid and r-kynurenine decreased o-ketoglutarate
dehydrogenases, but not pyruvate or branched-chain ketoacid
dehydrogenases, which have similar multienzyme complex
structures. It is not clear as to the mechanism underlying this
discrepancy, but it may be related to differences in the orga-
nization or composition of these large multienzyme complexes.
It is important to consider that uremic metabolites were tested
individually in the current study; however, CKD patients experi-
ence increased concentrations of all tested uremic metabolites as
well as several dozen more metabolites that may have unknown
effects on mitochondrial metabolism. While the literature on
uremic metabolites and skeletal muscle mitochondria is sparse
(outside of studies on indoxyl sulfate described above), a few
studies have reported negative effects on mitochondria from other
tissue/cell types. Indole-3-acetic acid was shown to decrease
mitochondrial respiratory capacity in renal proximal tubular epi-
thelial cells (25). Another study reported that kynurenine pathway
metabolites 3-hydroxykynurenine and 3-hydroxyanthranilic acid
(both downstream of L-kynurenine) impaired cardiac mitochon-
drial respiratory function (5).
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In summary, this study found that uremic metabolites, which
are normally filtered by the kidneys but accumulate in CKD
patients, disrupt skeletal muscle mitochondrial energetics through
interactions with the electron transport system and some matrix
dehydrogenases. Consequently, mitochondrial oxidative phos-
phorylation is substantially impaired, and electron leak is in-
creased, leading to elevated mitochondrial oxidative stress. These
findings report the first mechanistic evidence of a direct impact of
uremic metabolites on mitochondrial function in skeletal muscle.
These observations align with previous studies in rodent and
human CKD models demonstrating activation of proteolytic,
autophagic, and atrophy pathways, which are known to be redox
sensitive. Thus, mitochondrial alterations caused by uremic me-
tabolites could be the initiating cause of the progressive muscle
weakness, atrophy, and fatigue that are often reported by CKD
patients. Future studies aimed to evaluate the therapeutic potential
of targeting skeletal muscle mitochondrial energetics in CKD are
warranted.
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