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Deficits in the Skeletal Muscle Transcriptome and
Mitochondrial Coupling in Progressive Diabetes-Induced
CKD Relate to Functional Decline
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Two-thirds of people with type 2 diabetes mellitus (T2DM)
have or will develop chronic kidney disease (CKD), which
is characterized by rapid renal decline that, together with
superimposed T2DM-related metabolic sequelae, syner-
gistically promotes early frailty and mobility deficits that
increase the risk of mortality. Distinguishing the mecha-
nisms linking renal decline to mobility deficits in CKD
progression and/or increasing severity in T2DM is in-
strumental both in identifying those at high risk for func-
tional decline and in formulating effective treatment
strategies to prevent renal failure. While evidence sug-
gests that skeletal muscle energetics may relate to the
development of these comorbidities in advanced CKD,
this has never been assessed across the spectrum of
CKD progression, especially in T2DM-induced CKD.
Here, using next-generation sequencing, we first report
significant downregulation in transcriptional networks
governing oxidative phosphorylation, coupled electron
transport, electron transport chain (ETC) complex as-
sembly, and mitochondrial organization in both middle-
and late-stage CKD in T2DM. Furthermore, muscle mi-
tochondrial coupling is impaired as early as stage 3
CKD, with additional deficits in ETC respiration, enzy-
matic activity, and increased redox leak. Moreover, mi-
tochondrial ETC function and coupling strongly relate to
muscle performance and physical function. Our results
indicate that T2DM-induced CKD progression impairs
physical function, with implications for altered metabolic
transcriptional networks and mitochondrial functional
deficits as primary mechanistic factors early in CKD
progression in T2DM.

Type 2 diabetes mellitus (T2DM) is the leading cause of
chronic kidney disease (CKD) in the U.S., as nearly two-
thirds of people with diabetes have or will develop CKD (1).
Moreover, T2DM accounts for >44% of all annual new
cases of end-stage renal disease (ESRD), the end point of
CKD progression, as diabetes duration, glycemic control,
diabetes severity, and proteinuria all significantly exacer-
bate the rate of renal decline (1-3). This high burden of
CKD in T2DM is associated with a litany of comorbidities,
reduced quality of life, and significant health care costs (2).
More specifically, it is now well established that those with
CKD, particularly ESRD, possess lower physical function,
impaired physical performance and mobility, and exercise
intolerance that contribute to early physical frailty, mo-
bility disability, and increased risk of mortality and poor
patient outcomes (4,5). Indeed, patients with an estimated
glomerular filtration rate (eGFR) <60 mL/min exhibit def-
icits of 30% in lower-extremity functional capacity (i.e.,
gait speed, 6-min walk distances, Timed Up and Go Test),
and sixfold higher odds of possessing an exercise capac-
ity <5 METs (moderate-level daily activity). Such deficits
increase the risk of mortality and independently and cy-
clically contribute to renal decline to ESRD (4-6). However,
T2DM is independently associated with similar functional
and mobility deficits, thus complicating the clinical and
mechanistic connections between CKD progression and
these comorbidities in this patient population (7). Inter-
estingly, evidence has demonstrated that skeletal muscle
strength, as opposed to other physiological systems (i.e.,
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cardiorespiratory), predicts this poor exercise capacity in
CKD, implicating intrinsic skeletal muscle factors as a po-
tential area for mechanistic insights (8,9).

The hormonal and systemic milieu in both T2DM and
CKD promote a state of protein energy wasting, acceler-
ated contractile protein catabolism, and insulin resistance
that contribute to loss of muscle mass (10,11). However,
muscle dysfunction and poor strength in ESRD only mar-
ginally correlate with muscle atrophy because these pa-
tients display poorer muscle function than matched control
subjects for a given muscle mass, findings echoed in studies
of patients with T2DM alone (12,13). While both the
status of muscle function and muscle mass and the un-
derlying mechanisms driving inherent muscle performance
impairment in CKD progression in humans remain poorly
understood, prior research on the effects of aging has
demonstrated that mitochondrial ATP production capac-
ity is significantly and positively associated with muscle
strength and contractile power generation per unit muscle
volume (14,15). Interestingly, evidence has also demon-
strated CKD-associated loss of skeletal muscle mitochon-
dria in both rodent nephrectomy models and renal failure
(16,17), while the use of plasma and serum metabolomics
has hinted at CKD-associated deficits in whole-body mi-
tochondrial fatty acid oxidation and energetic substrate
processing (18). Indeed, most recently, Kestenbaum et al.
(19) demonstrated a 25% reduced leg muscle mitochon-
drial oxidative capacity in participants with CKD compared
with age, sex, and BMI-matched control subjects and
that leg muscle oxidative capacity is a significant predictor
of walking distance. However, a history of diabetes also
imparted nearly the same magnitude reduction in mito-
chondrial function in their population and reduced the
magnitude of association between muscle oxidative capac-
ity and walking distance, thus highlighting the challenges
in delineating the independent contributions of kidney
functional decline and CKD progression upon mitochon-
drial energetics, muscle performance, and physical func-
tion in this population.

Mitochondrial dysfunction, however, may derive from
a host of intra- and interorganelle mechanisms, including
reduced oxidative capacity secondary to electron transport
chain (ETC) deficiencies, altered mitochondrial density, or-
ganization and turnover, changes in transcriptional regula-
tion, or uncoupling of respiration from ATP synthesis. This
uncoupling can be due to ETC dysfunction but also can stem
from excessive H' proton leak in the inner mitochondrial
membrane that promotes redox stress, DNA damage, pro-
tein oxidation, and skeletal muscle cell apoptosis (14,20).
Interestingly, increased mitochondrial proton leak, or uncou-
pling, in skeletal muscle has been linked to higher metabolic
cost of locomotion, reduced exercise capacity, greater fati-
gability, and reduced mobility (14). This uncoupling pro-
motes reduced muscle contractile capacity that limits speed
and sustainability of functional tasks, yet underlying mito-
chondrial function and coupling in CKD or its progression in
those with T2DM has not been examined (14).
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Thus, the purpose of this study is to first determine how
CKD progression in T2DM affects the function (coupling
efficiency, H™" leak, ETC function), abundance, and tran-
scriptional regulation of skeletal muscle mitochondria and,
in turn, subsequently define how this relates to muscle
performance and physical function in CKD progression in
this patient population. Such insights aim to elucidate, for
the first time, the temporal mechanisms associated with
skeletal muscle energetics and performance in the course
of CKD progression among stages in those most at risk for
rapid renal and functional decline: patients with T2DM. In
doing so, this work highlights key physiological targets and
windows of opportunity for future treatments (e.g., con-
servative exercise, drug based) to remedy functional deficits
and improve activity engagement/tolerance and attenuate
CKD progression in patients with T2DM.

RESEARCH DESIGN AND METHODS

Participants

Participants were recruited from the Washington Univer-
sity School of Medicine renal clinic. Measures of glycemic
control (HbA;., oral glucose tolerance test [OGTT]), di-
abetic medication use, hypertension status, and eGFR (using
creatinine) were collected for all participants according
to Kidney Disease: Improving Global Outcomes guidelines
(see Supplementary Material). Each participant read and
signed an institutional review board-approved protocol
and informed consent before participation that was ap-
proved by the Human Research Protection Office at Wash-
ington University in St. Louis.

CKD Staging (eGFR) and Laboratory Measures

CKD staging was performed using serum creatinine con-
centrations calculated using the Chronic Kidney Disease
Epidemiology Collaboration equation and classified into
five stages. Participants were collapsed into an early-stage
CKD group (eGFR >60 mL/min, stages 1 and 2), middle-
stage CKD group (eGFR 30-59 mL/min, stage 3), and late-
stage CKD group (eGFR <29 mL/min, stages 4 and 5).
Laboratory measures also included blood urea nitrogen
(BUN) (mg/dL), HbA; . (%), and urine albumin-to-creatinine
ratio (ACR) (mg/g) to quantify degree of proteinuria.

Participant Demographics and Neuropathy
Assessment

Participants’ age, duration of T2DM, weight, height, and
BMI were collected along with peripheral neuropathy as-
sessment as previously described using a 10-g Semmes-
Weinstein monofilament and biothesiometer (7).

Physical Function

Functional physical performance was assessed using the
nine-item modified physical performance test (PPT) as pre-
viously described (7). Briefly, each item is scored from O to
4 on the basis of the time taken to complete the task, with
amaximum score of 36 (higher scores indicate better phys-
ical function/performance) (see Supplementary Material
for task-specific details).
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Muscle Performance Assessment

Lower-extremity strength (particularly quadriceps strength
deficits) has been demonstrated to more strongly dictate
functional mobility capacity and risk of mortality in those
with CKD than traditional grip strength assessments (21).
Thus, muscle performance of lower-extremity muscle groups
(hip and knee extensors) was assessed using a Biodex
System 3 Isokinetic Dynamometer as described previously
(7). Specifically, isokinetic strength and power (movement
speeds of 30°/s and 120°/s), isometric force, and muscle
fatigability were assessed as previously described (4,7,22)
(see Supplementary Material for additional details).

Fasting/Medication/OGTT

Because renal decline and T2DM severity can contribute to
skeletal muscle insulin resistance, an OGTT and fasting
glucose and insulin values were obtained to assess for
differences in insulin sensitivity as previously described
(23,24) (Supplementary Material). Plasma glucose was
assayed by an automated glucose analyzer (Yellow Springs
Instruments) and plasma insulin by ELISA (23,24).

Body Composition

Each participant underwent a DXA scan (QDR; Hologic,
Waltham, MA) to assess composite and regional lean and
fat mass and an assessment of muscle strength per unit
muscle volume as described previously (13).

Mitochondrial Functional Analysis

Three-milligram subsamples from biopsies of the vastus
lateralis muscle were prepared and analyzed for high-
resolution respirometry (Oroboros Instruments, Innsbruck,
Austria) as described previously (25) (Supplementary Ma-
terial). O, flux was calculated as a time derivative of oxygen
concentration using DatLab 4.3 analysis software. All O,
flux values are expressed relative to tissue wet weight per
second. When possible, all respiration values were further
normalized to citrate synthase (CS) activity (measure of
mitochondrial number).

mtDNA Copy Number

To determine whether mitochondrial density/abundance
contributed to differences found with respiratory function
among CKD stage groups, quantitative PCR was used to
assess mtDNA copy number as previously described (26)
(see Supplementary Material for detailed procedure and
primers).

Mitochondrial Enzymatic Testing

Mitochondrial ETC enzyme activity and CS activity were
determined spectrophotometrically as described previously
(27). Because of the testing requirements of 50 mg of
muscle tissue, this and all enzymatic analyses were per-
formed on a subset of 13 participants (n = 5 in CKD stages
land 2, n = 5in stage 3, and n = 3 in stages 4 and 5), with
no differences detected between this subset and the remain-
ing study subjects on any outcome measures (Supplemen-
tary Material and Supplementary Table 6). CS activity was
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used as a control factor in respiration measures of a sec-
ondary analysis of those 13 participants. Activity was
expressed as mol/min/g of tissue.

Transcriptome Analysis (RNA Sequencing)

One to two micrograms of cDNA were used for Illumina
library preparation and sequenced on an Illumina HiSeq
2500 system using single reads that extended 50 bases
and targeted 30 million reads per sample as previously
described (28) (Supplementary Material). Differentially
expressed genes and transcripts were then filtered for false
discovery rate (FDR)-adjusted P < 0.05. These results were
explored for known Gene Ontology (GO) and Kyoto Ency-
clopedia of Genes and Genomes (KEGG) biologically rele-
vant pathways, with GO or KEGG terms deemed significant
on the basis of changes in observed log, fold changes for
the genes within that term, with an adjusted statistical
significance of FDR Q < 0.05. Gene set enrichment analysis
(GSEA) methods and subsequent leading edge analysis (LEA)
of transcriptomic changes are as described by Mootha et al.
(29) and were performed using web-based software (www
.broad.mit.edu/gsea) (Supplementary Material).

Statistics

To assess for CKD stage-specific differences in functional,
muscle performance, and mitochondrial enzymatic and
coupling measures, data were assessed for normality
through Shapiro-Wilk test followed by either parametric
one-way ANOVA with Tukey multiple comparison per-
formed for associated post hoc analysis or nonparametric
Kruskal-Wallis test for measures not normally distributed.
For interrelationship measures between continuous vari-
ables, Pearson bivariate correlation coefficients were cal-
culated and the associated r value expressed. To assess
CKD stage groups for differences in sex composition and
medication use, Fisher exact test was used (because of the
smaller sample size of the groups). To assess variance of
respirometry measures, technical replicates (i.e., measures
from each of the two respiration chambers per single muscle
sample) were correlated using Pearson bivariate correla-
tion, with the coefficient of variation (CV) calculated using
the root mean square method. All statistical analyses were
performed using SPSS statistical software (IBM Corpora-
tion), with two-tailed testing and « set at 0.05.

Data and Resource Availability
The data supporting these findings are available upon request.

RESULTS

Renal Function and CKD Stage Progression in T2DM Is
Associated With Dysregulation of Distinct Metabolic
and Mitochondrial Respiratory Transcriptional
Pathways in Skeletal Muscle

To probe the unique effects of CKD and its progression/
severity on skeletal muscle health and function in T2DM,
we enrolled 27 participants with T2DM and clinically di-
agnosed diabetic nephropathy (diabetes-induced CKD) by
a nephrologist. Participants were stratified into early-stage
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CKD (stages 1 and 2), middle-stage CKD (stage 3), and late-
stage CKD (stages 4 and 5) (all n = 9). The groups were
matched for all key demographic and potentially con-
founding metabolic variables (Table 1).

RNA sequencing of skeletal muscle samples from each
participant highlighted hundreds of differentially expressed
genes among stages of CKD (all P < 0.05) (Fig. 14). GO and
KEGG pathway analyses revealed that upon progression to
middle-stage CKD (stage 3), gene networks/pathways gov-
erning phosphatidylinositol 3-kinase (PI3K)-Akt signaling,
lipid localization, fatty acid metabolism, tricarboxylic acid
cycle transport, and cellular nutrient handling became
significantly downregulated (Fig. 1B). Indeed, significantly
downregulated individual transcripts in stage 3 CKD are
involved in a range of mitochondrial regulatory functions
from mitochondrial protein import/synthesis and mito-
chondrial turnover to reactive oxygen species (ROS) buff-
ering and mitochondrial lipid oxidation (Fig. 1B and
Supplementary Table 1). In late-stage CKD (stages 4
and 5) compared with early disease, however, the most
significantly downregulated gene pathways included general
oxidative phosphorylation, ETC-coupled ATP synthesis,
and ETC complex 1 activity, with significant downregula-
tion in individual transcripts largely involved in ETC sub-
unit translation and complex assembly, mitochondrial
turnover, and ROS handling (all FDR Q < 0.05) (Fig. 1C,
Supplementary Table 2, and Supplementary Fig. 1). These
findings highlight relatively unique CKD stage-specific
alterations to the skeletal muscle transcriptome that may
differentially affect mitochondrial function over the course
of CKD progression/renal decline in T2DM.

Upon progression to middle- and late-stage CKD, the
most significantly downregulated transcriptional biological
pathways shared commonality in their regulation of me-
tabolism and energetics. We thus used further GSEA to
elucidate the transcriptional gene sets and individual genes
most closely related to renal functional decline. Here, we
report that mitochondrial electron transport and ATP pro-
ton organization pathway clusters were most strongly re-
lated to renal function (average normalized enrichment
score [NES] 2.48, FDR Q = 1.0E %) (Supplementary Fig. 2)
and comprised gene sets governing mitochondrial ATP
production and ETC complex assembly and function (all
FDR Q < 0.01) (Fig. 1D and E and Supplementary Fig. 3).
However, because these gene sets overlap, using LEA to
identify which specific genes are responsible for this strong
association between renal function and mitochondrial path-
ways, we found that mitochondrial ETC subunit transcripts
and assembly factors, most notably of ETC complexes 1 and
4, drive the association between renal function and mito-
chondrial regulation/function (Fig. 1E and F).

Mitochondrial Respiratory Function and Energetic
Coupling Are Incrementally Impaired With Each Stage
of CKD Progression in T2DM

Our transcriptome findings that 1) renal function is most
strongly associated with transcription of ETC subunits and
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assembly factors, notably of complexes 1 and 4, and 2)
there were CKD stage-specific differences in the regulation
of energetic transcriptional networks spurred us next to
determine the relationship between CKD progression and
mitochondrial content, ETC coupling, and oxidative func-
tion. CKD stage groups did not differ in mitochondrial
density as assessed through mtDNA copy number or CS
activity (Fig. 2A and B). Interestingly, while ETC complex
2 enzymatic function was not affected by CKD stage pro-
gression (Fig. 2C), we found a significant reduction (~80%)
in ETC complex 4 activity with CKD progression to middle
and later stages (Fig. 2D), which agrees with our RNA
sequencing LEA results.

Next, using real-time high-resolution respirometry, we
observe progressive increases in mitochondrial H" LEAK
respiration with advancing stage of CKD (state L) (Fig. 34),
and this remained after accounting for mitochondrial
number (CS) (Table 2). Interestingly, in agreement with
our LEA, we observed significant declines in complex 1-
mediated respiration (state 3-C1) with progressive stage of
CKD (Fig. 3B). After controlling for CS activity, this re-
lationship remained significant between early- and late-
stage CKD (P = 0.018) (Table 2 and Supplementary
Results). Similarly, CKD stage progression induced signif-
icant declines in maximal oxidative capacity (state 3-C1 +
C2, P) (Fig. 3C) and maximal electron transport system
(ETS) capacity (state E-ETS) (Fig. 3D and Table 2), with no
difference observed between stage 3 and stages 4 and 5
(Fig. 3C and D), and this relationship remained after
normalizing to CS (Table 2). An example of respiration
traces depicting these differences between early- and late-
stage CKD respiration is shown in Fig. 3E. Moreover, H"
LEAK respiration, maximal oxidative phosphorylation ca-
pacity, and complex 1-mediated respiration, all normal-
ized to CS, significantly correlated with renal filtration rate
(Table 2), while CS-normalized complex 4 enzyme activity
significantly positively correlated with renal filtration (r =
0.53, P = 0.02) (Table 2).

To further probe mitochondrial function and coupling,
mitochondrial respiratory flux control ratios were calcu-
lated from the aforementioned states and listed in Table 2
and Supplementary Table 3 (see Supplementary Material).
There were significant reductions in oxidative phosphor-
ylation control ratio in late-stage CKD (P = 0.017) (Table
2). However, the respiratory control ratio (RCR) was sig-
nificantly different among stages, with a 39% reduction
upon progression to middle-stage CKD (stage 3) and a 63%
reduction upon progression to late-stage CKD, indicating
that progressive CKD relates to progressively poorer cou-
pling (P < 0.001) (Table 2). This was also true of the
ETS coupling efficiency (P < 0.001) (Supplementary Table
3). Conversely, while the phosphorylation control ratio
and oxidative phosphorylation coupling efficiency ratios
both demonstrated impairment with CKD stage-wise pro-
gression (P = 0.001), the phosphorylation control ratio
did not differ between middle- and late-stage CKD, while
oxidative phosphorylation coupling efficiency did not
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Table 1—Participant demographics
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Stages 1 and 2 Stage 3 Stages 4 and 5
(=60 mL/min) (80-59 mL/min) (<29 mL/min) P value

Sex, n 0.47

Male 7 6 5

Female 2 3 4
Age (years) 55 (9.8) 61 (6.4) 62 (7.3) 0.13
T2DM duration (years) 14 (6.3) 13 (7.6) 17 (7) 0.10
BMI (kg/m?) 33.5 (5.6) 33.7 (6.9) 38.9 (6.3) 0.37
HbA1¢ 0.88

% 8.01 (2.1) 7.85 (1.8) 7.5 (2.1)

mmol/mol 64.16 (22.8) 62.5 (19.4) 58.9 (23.5)
Hemoglobin (g/dL) 11.84 (1.5) 11.32 (1.4) 11.67 (1.1) 0.72
Hematocrit (%) 35.13 (4.3) 34.51 (4.6) 34.39 (4.1) 0.92
Neuropathy, n 0.88

Yes 5 5 B

No 4 4
Whole-body lean mass (kg) 59.24 (10.1) 55.64 (14.7) 57.08 (9) 0.80
Whole-body fat (%) 36.1 (5.4) 34.1 (7.9) 40.2 (8.4) 0.27
Trunk fat (%) 38.7 (6.3) 38.3 (7.7) 43.4 (7) 0.78
Bone mineral density (SD [z score] from

young adult mean) 1.23 (0.16) 1.23 (0.16) 1.20 (0.17) 0.52
Lipid profile (mg/dL)

HDL 37.9 (14.3) 36.1 (9.3) 39.5 (14.6) 0.86

LDL 70 (25.7) 74.9 (16.3) 80.8 (37.9) 0.84

Total cholesterol 152 (44.3) 146.4 (22.3) 144.9 (45.3) 0.92

Triglycerides 204.6 (150.8) 175.8 (163.5) 122.5 (50.2) 0.39
OGTT AUC (mg/dL/3 h) 40,180 (10,911) 47,394 (11,510) 39,752 (12,010) 0.37
HOMA (mass units) 5.9 (3.8) 3.8 (3.1) 3.8 (3.6) 0.5
BUN (mg/dL) 18 (2.95) 31.2 (6.55) 58.2 (21) <0.001*"#
ACR (n.g/mg) 279 (530) 729 (1,100) 1,086 (790) 0.16
eGFR (mL/min/1.73 m?) 87.8 (20.1) 46.3 (7.4) 18.9 (7.6) <0.01*A#
Diabetes medication, n

Biguanides/sulfonylureas 4 5 0 0.014

Insulin (short and/or long acting) 3 2 4 0.23

DPP-4/SGLT2 inhibitors 1 0 1 0.534

Data are mean (SD) unless otherwise indicated. Participant demographics were compared using one-way ANOVA, and Fisher exact test
was used for sex distribution and peripheral neuropathy status between groups. AUC, area under the curve; DPP-4, dipeptidyl peptidase
4; SGLT2, sodium-glucose cotransporter 2. *P < 0.05, post hoc pairwise comparison between stages 1 and 2 and stage 3. AP < 0.05,
post hoc pairwise comparison between stages 1 and 2 and stages 4 and 5. #P < 0.05, post hoc pairwise comparison between stage 3 and

stages 4 and 5.

differ between early- and middle-stage disease (Supple-
mentary Table 3).

Functional Mobility and Skeletal Muscle Performance
Are Impaired With Renal Functional Decline and CKD
Progression

Having established the stage-specific consequences of CKD
on skeletal muscle mitochondrial transcriptional regula-
tion and energetic function, we next endeavored to assess
the effects of CKD stage progression on physical func-
tion and muscle performance. Here, eGFR was signifi-
cantly positively correlated with physical function (PPT
score) (r = 0.8, P < 0.001) (Fig. 4A) and other functional
measures, including the ability to repeatedly rise from a

chair (P = 0.005) (Fig. 4D). eGFR was also negatively
correlated with 50-ft walk time, indicating that worse
kidney function was associated with slowed gait (P <
0.001) (Fig. 4B and D). These relationships between renal
function and functional mobility were also evident upon
correlating BUN (all P < 0.001) (Fig. 4D). Similarly, PPT
score significantly declined with progressive stage of CKD
(P < 0.001) (Fig. 40) .

With respect to muscle performance, eGFR was signif-
icantly positively correlated with knee and hip extensor
torque and knee extensor total work during the fatigue
task (measure of fatigue resistance) (P < 0.001) (Fig. 4D
and E). With progression of CKD stage, there was a signif-
icant stepwise decline in hip and knee extensor torque and
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Figure 1—Skeletal muscle transcriptome in CKD progression in T2DM: RNA sequencing output detailing overall transcript and gene
regulatory network differences across CKD stages. A: Venn diagram comparing the number of significantly differentially expressed genes per
condition (stages 4 and 5 vs. stage 1: 448 differentially expressed transcripts; stage 3 vs. stages 1 and 2: 440 differentially expressed
transcripts; stage 3 vs. stages 4 and 5: 1,775 differentially expressed transcripts). B and C: Selected GO terms and KEGG pathways from
a larger list of top 25 down- and upregulated gene networks across stage-wise transcript analysis. Bar charts depict top downregulated (blue
bars) or upregulated (red bars) gene networks, with their accompanying network label listed next to its corresponding bar (all GO terms listed
have FDR Q < 0.05, and all KEGG terms have P < 0.05). Pathway up- or downregulation is expressed in mean log fold change (LogFC) units
and was determined to be significant when compared with background log, fold change for genes not contained within the network/pathway.
Beneath are selected genes from either significant GO or KEGG pathways or with known mitochondrial regulatory functions that are
differentially expressed, and the fold change is listed in parentheses next to the gene term. B: Comparison of middle-stage (stage 3) CKD
muscle transcriptome with stage 1 and 2 (early CKD is the reference). Metabolic pathways, including PI3K-Akt signaling, lipid handling and
localization, and tricarboxylic acid cycle were significantly downregulated in middle-stage CKD compared with early-stage disease. C:
Comparison of late-stage CKD with stages 1 and 2 (early CKD is the reference). Oxidative phosphorylation and mitochondrial ATP synthesis
components were significantly downregulated in late-stage CKD compared with early, with specific genes listed at the bottom. D: Selected
GSEA map depicting biological gene networks most strongly correlated with renal function (€GFR). Circles/nodes indicate biological gene
network (node size = number of genes within the network; red scale = NES [0-4, increasing value indicates that the pathway is more strongly
enriched/positively related with renal function]; blue lines = individual genes belonging to multiple gene sets [all FDR Q < 0.05]). E: Top
biological gene networks most strongly related to renal function (top NES scores, all FDR Q < 0.01). These include networks with
considerable overlap in regulating mitochondrial respiration and ETC complex function and assembly. F: LEA of top gene sets (E),
highlighting individual genes driving the enrichment of mitochondrial regulatory networks in relationship to renal function. Individual genes
driving this relationship are confined to ETC complex subunits and assembly factors, predominately of complex 1 and complex 4.

power production and fatigue resistance, and this remained  physiological connection between lower-extremity (quadri-
after controlling for unit muscle mass (P < 0.001 and ceps and hip) muscle performance and functional mo-
P < 0.01, respectively) (Fig. 4F-H and Supplementary bility, we found that knee and hip extensor torque
Fig. 4A). Finally, as a confirmation of the established production both significantly positively correlated with
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Figure 2—Mitochondrial enzymatic activity in CKD progression in T2DM: analysis of mitochondrial density, number, and ETC complex
enzyme activity. A: mtDNA copy number (y-axis is unitless [one-way ANOVA F = 3, P = 0.07]) depicting no significant difference between
CKOD stage groups in mitochondrial abundance. B-D: The remaining analyses were performed on a 13-participant subset of samples (stages
1 and 2, n = 5; stage 3, n = 5; stages 4 and 5, n = 3). B: CS enzyme activity assessment. As in panel A, no significant differences were
observed between groups (one-way ANOVA F = 1.2, P = 0.33). C: Mitochondrial ETC complex 2 (succinate dehydrogenase) enzyme activity,
an assessment of complex 2-specific function in isolation. Although there appears to be a trend, there is no significant difference between
CKD stage groups in complex 2 function (one-way ANOVA F = 3, P = 0.08). D: Mitochondrial ETC complex 4 (cytochrome oxidase) enzyme
activity measured as in panel C (one-way ANOVA F = 5.1, P = 0.02). E: Mitochondrial ETC complex 1 (NADH) enzyme activity (one-way
ANOVA F = 3.9, P = 0.06). *P < 0.05, post hoc test differences between stages 1 and 2 and stage 3; AP < 0.05, post hoc test differences

between stages 1 and 2 and stages 4 and 5. AU, arbitrary unit.

PPT scores and functional subtasks (Supplementary Fig.
4).

Mitochondrial Coupling and Respiratory Deficits in
CKD Progression Strongly Relate to the Observed
Deficits in Muscle Performance and Physical Function
After demonstrating apparent transcriptional and intrin-
sic mitochondrial coupling and functional deficits with
progressive stage of CKD and CKD stage-specific impair-
ments in physical function and muscle contractile per-
formance, we analyzed the relationship between muscle

mitochondrial respiration measures and muscle perfor-
mance and functional mobility. Mitochondrial oxidative
capacity, complex-specific function (C1), and electron
transport capacity all demonstrated striking relationships
with muscle fatigability, muscle force and power produc-
tion, and physical function measures (all » = 0.5-0.8, P <
0.001) (Fig. 5). Similarly, and in agreement with prior
studies, we also found a strong relationship among mito-
chondrial complex 1 function, oxidative phosphorylation
capacity, and muscle force production per unit muscle
volume (Supplementary Fig. 5).
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Figure 3—Mitochondrial respiratory functional deficits in CKD progression in T2DM: mitochondrial respiration assessment across CKD stage
groups with one-way ANOVAs (Kruskal-Wallis test for complex 1-mediated respiration and maximal ETS capacity). Bar heights indicate
group means, with errors bars indicating = SEM. All respiration measures are depicted in rate of oxygen consumption per second per mg of
tissue wet weight (pmol/s/mg) and are not normalized to CS activity. A: LEAK respiration between CKD stages (F = 8, P = 0.002), with stages
1and 2 (*) and stage 3 (#) exhibiting significantly less LEAK than stages 4 and 5 (P < 0.05). B: Complex 1 respiration (state 3-C1) between CKD
stages (F = 21, P < 0.001), with stages 1 and 2 () and stage 3 (#) being significantly higher than stages 4 and 5, and stages 1 and 2 (*) being
higher than stage 3. C: Maximal oxidative phosphorylation (state 3-C1 + C2) between CKD stages (F = 21, P < 0.001), with stages 1 and 2 (*)
being higher than stage 3, and stages 1 and 2 () being higher than stages 4 and 5 (P < 0.05). D: Maximal ETS capacity between CKD stages
(F=15.5, P < 0.001), with stages 1 and 2 (*) being higher than stage 3, and stages 1 and 2 (*) being higher than stages 4 and 5 (P < 0.05). E:
Representative respiration kinetics depicting mitochondrial respiration (red trace) over the experimental protocol between mitochondria in
early (stage 1) CKD and late (stage 5) CKD, with plateaus labeled according to their respective respiration state (complex 1 respiration,
maximal oxidative phosphorylation, and maximal ETS capacity). Also depicted are color-coded lines indicating time-specific addition of
substrates to the respiration chamber. *P < 0.05, post hoc pairwise comparison between stages 1 and 2 and stage 3; AP < 0.05, post hoc
pairwise comparison between stages 1 and 2 and stages 4 and 5; #P < 0.05, post hoc pairwise comparison between stage 3 and stages
4 and 5. FCCP, carbonyl cyanide-p-trifluoromethoxyphenylhydrazone.

DISCUSSION

Respiratory coupling of the mitochondrial ETC to proton
motive force and ATP formation directly dictates mito-
chondrial oxidative capacity and contractile function and

stage CKD demonstrate mitochondrial oxidative capacity
deficits despite an increase in ETC complex abundance
(33,34). Thus, discerning the unique influence of CKD or
its progression over mitochondrial coupling and related

muscle force per unit volume, with further evidence dem-
onstrated for its influence over muscle power production
and functional mobility (30-32). Respiratory coupling is
predictably impaired upon disruption of ETC components.
Prior evidence in humans, however, has demonstrated that
T2DM impairs ETC complex function (~40-50%), and this
is tightly related to glycemic control, while those with late-

muscle performance and mobility in T2DM has remained
elusive. Here, however, upon matching participants for
T2DM severity, metabolic status, and even adiposity
(Table 1 and Supplementary Tables 4 and 5) across the
spectrum of CKD progression for the first time, we un-
covered that genes governing transcription of mitochon-
drial complex 1 and 4 subunits and assembly factors drive
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Table 2—Mitochondrial function and energetic coupling deficits in CKD progression in T2DM

Stages 1 and 2 Stage 3 Stages 4 and 5
(=60 mL/min) (80-59 mL/min) (<29 mL/min) P value
Participants, n 5 5 3
LEAK (L) respiration (pmol/s/mg) 0.325 (0.06) 0.44 (0.06) 0.82 (0.12) <0.057#
Complex 1 respiration (pmol/s/mg) 4.3 (0.54) 3.46 (0.46) 2.9 (0.6) 0.018~7
Maximal oxidative phosphorylation
capacity (P) (pmol/s/mg) 7.52 (0.87) 5.7 (0.72) (0.55) 0.004*A
Maximal ETS capacity (E) (pmol/s/mg) 9.3 (1.3) 6.9 (0.97) 7.2 (0.31) 0.001/#
Oxidative phosphorylation control
ratio (P/E) 0.79 (0.07) 0.81 (0.036) 0.67 (0.15) 0.017/#
RCR (P/L) 22 (4.3) 13.1 (2.4) 7.9 3.2) <0.001*M#
eGFR
Correlations r P value
LEAK (normalized to CS) -0.75 <0.001
Complex 4 enzyme activity 0.53 <0.001
Complex 1 respiration 0.82 <0.001
Maximal oxidative phosphorylation 0.81 <0.001

Data are mean (SD) unless otherwise indicated. Top: mitochondrial respiration normalized to mitochondrial content (CS activity)

performed on a 13-participant subset of the study population was compared across stage groups using one-way ANOVA. Low oxidative
phosphorylation control ratio values indicate intrinsic mitochondrial deficits within the phosphorylation system. Bottom: Pearson bivariate
correlations were calculated to compare respiration measures/states normalized to mitochondrial content (CS activity) and mitochondrial
ETC complex 4 enzyme activity with renal filtration rate (€GFR). RCR is an index in which larger values reflect better coupling between
phosphorylation system and ATP production. *P < 0.05, post hoc pairwise comparison between stages 1 and 2 and stage 3. AP < 0.05,
post hoc pairwise comparison between stages 1 and 2 and stages 4 and 5. #P < 0.05, post hoc pairwise comparison between stage 3 and

stages 4 and 5.

the relationship between renal function and mitochondrial
regulatory networks in T2DM (Fig. 1), and CKD stage
progression is mirrored by progressive downregulation in
oxidative phosphorylation transcriptional networks and
genes regulating ETC structure and function (Fig. 1, Sup-
plementary Figs. 1 and 2, and Table 2). These transcrip-
tome findings lend mechanistic support for the observed
reduction in complex 4 enzyme activity and coupled res-
piration in both middle- and late-stage CKD because this
may be significantly affected through inadequate complex
subunit transcription and/or deficient complex assembly,
findings echoed by previous studies in a rodent CKD model
(32,35).

Interestingly, animal model studies have demonstrated
the consequences of such inadequate complex subunit
transcription. Indeed, disruption of just one P- or Q-
module ETC complex 1 subunit (MT-ND6 and NDUFS3,
respectively) is sufficient to induce excess ROS production
and impair skeletal muscle respiratory coupling and state
3-C1 respiration by 36%, consequentially blunting muscle
endurance and strength by as much as 80%, all in the
absence of muscle atrophy (36,37). These results bear
striking similarity to our observed 48% reduction in state
3-C1 respiration in late-stage CKD, with an ~60% re-
duction in muscle endurance and reduced expression of
these same complex 1 subunits, all in the absence of overt
muscle atrophy as well (Figs. 1 and 3, Supplementary Fig.
4, Table 1, and Supplementary Table 1).

While we demonstrate strong relationships between
mitochondrial function and muscle performance and

physical function deficits in this population (Fig. 5), we
also find significant progressive declines in both muscle
force per unit volume and mitochondrial coupling with
CKD progression (reduced RCR) (Table 2). Notably, our
results reflect those reported by Roshanravan et al. (38)
of a 34% reduction in mitochondrial coupling ratio of
patients without diabetes but with stage 3 CKD. More-
over, our findings remained after normalizing for mito-
chondrial number (CS activity). Similarly, prior work by
Coen et al. (39), using the same muscle mitochondrial
respirometry approach and protocol we have used here,
found an RCR of ~11.8 in individuals nearly 80 years of
age that was predictive of walking speed and Vogmax.
Intriguingly, this respirometry-derived readout of cou-
pling efficiency with old age falls within the RCR range
we observe in middle- and late-stage CKD in our study
(7.9-13.1). Because our participants in these stages were
~20 years younger than those in Coen et al., this speaks
to the accelerated aging-like phenotype of respiratory
coupling in middle- and late-stage CKD. This uncoupling
of mitochondrial respiration across stages of CKD in
T2DM strongly correlated with, and may partially ex-
plain our findings of, reduced muscle force production,
power, and endurance and reduced functional mobility
(gait speed and increasing difficulty repeatedly rising
from a chair) beginning even in early CKD (stage 3) (Fig.
6), as skeletal muscle mitochondrial coupling capacity
has been shown to directly affect fatigability, exercise
capacity, and muscle force production in other works
(14,31,32).
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Figure 4—Impaired physical function and muscle performance in CKD progression in T2DM. A: Pearson bivariate correlation of eGFR and
PPT score (0-36) (higher scores indicate better functional performance) (not pictured, P < 0.001). B: Fifty-foot walk time (higher values
indicate slower gait speed) (F = 26, P < 0.001). C: PPT score (F = 36, P < 0.001). D: Muscle performance and physical function
interrelationships. Pearson bivariate correlation coefficients were calculated among measures of physical function (PPT score, chair rise
score, 50-ft walk time), lower-extremity muscle performance (knee and hip extensor torque, knee extensor work over the fatigue task), and
renal function-associated serum chemistry values (€GFR, BUN). E: Pearson correlation plotting total knee extensor work over fatigue task
(50 repeated contractions; measure of muscle endurance) against renal filtration rate (P < 0.001). F—H: Group differences in knee extensor
torque (assessed at isokinetic speed of 30°/s, knee extensor torque measured in ft-Ib) (F = 20, P < 0.001), hip extensor torque (assessed at
isokinetic speed of 30°/s, hip extensor torque measure in ft-Ib) (F = 22, P < 0.001), and knee extensor power (assessed at isokinetic speed of
120°/s, measured in W) (F = 24, P < 0.001). Bar heights represent group mean, and error bars represent = SEM. Lower-extremity muscle
strength (hip extensor torque, knee extensor torque, and knee extensor power and physical function capacity [50-ft walk time, PPT score])
was assessed across CKD stage groups with one-way ANOVAs. E: Data points for each individual participant. *P < 0.05, post hoc pairwise
comparison between stages 1 and 2 and stage 3; AP < 0.05, post hoc pairwise comparison between stages 1 and 2 and stages 4 and 5; #P <
0.05, post hoc pairwise comparison between stage 3 and stages 4 and 5.

However, while the loss of respiratory coupling effi-
ciency may stem from altered expression of ETC subunit-
encoding genes, it may also result, in part, from the
backward flow of protons toward the matrix through
nonspecific leaks, often at ETC complexes or through
membrane channels (MPTP, VDAC) (40). LEAK respira-
tion and uncoupling are promoted by inefficient energy
transfer and mitochondrial ETC dysfunction, which ulti-
mately culminate in damaging ROS production. Indeed, we

report stepwise increases in mitochondrial LEAK respira-
tion with CKD progression that remains after CS normal-
ization. While we acknowledge that LEAK respiration
cannot be directly linked to ROS, these findings may
parallel evidence in a stage 3 CKD nephrectomy mouse
model study that demonstrated that uremic toxin inter-
mediates impair mitochondrial function and exercise per-
formance entirely as a result of ROS stimulation (41).
Because mitochondrial LEAK and ROS production are
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Figure 5—Mitochondrial coupling and oxidative function relationships to muscle performance and physical function. Pearson bivariate
correlation plots depicting interrelationships among mitochondrial respiration states (complex 1 respiration [state 3-C1], maximal oxidative
phosphorylation [Oxphos] [state 3-C1 +C2], ETS coupling efficiency [ETS capacity/E), knee extensor muscle performance (endurance/work
over the fatigue task, force production/torque, power production), and physical function (PPT score). All depicted correlations are significant
(P < 0.05). Knee extensor power was assessed as in Fig. 2 (120°/s isokinetic speed), with knee extensor torque measured in ft-Ib (30°/s).

often a function of excess electron accumulation at com-
plex 1 of the ETC, it is plausible that our observed de-
ficiency in complex 1 subunit and assembly factor genes
(MTND3, MTND6, NDUFAF2, and NDUFAB1, respec-
tively) and complex 1 respiration with CKD progression
may contribute to excessive electron leak and increase ROS
production and accumulation implicated in this study.
Moreover, the deficiencies in ETS capacity in skeletal
muscle directly promote electron leak and superoxide
production. This may be further facilitated by the reduced
expression of ROS-scavenging SOD2 and ROS-inhibiting
TIGAR we observed in middle- and late-stage CKD, re-
spectively (42,43) (Fig. 1 and Supplementary Tables 1 and
2). Additionally, the demonstrated increase in LEAK res-
piration is potentially detrimental to muscle and mito-
chondrial function through its promotion of mtDNA and
nuclear DNA mutations of genes encoding ETC subunit
proteins and through direct alterations of mitochondrial
proteins (44,45). While we do not present direct evidence
of this process, we observe stepwise increases in LEAK
respiration in middle- and late-stage CKD that is accom-
panied by downregulation in genes governing mtDNA
stability, maintenance, and repair of oxidative stress—induced
damage (stage 3 CKD: RRM2B, DNA2, and SLC25A33) and

an upregulation of SPATA18 indicative of active repair of
oxidatively damaged mitochondrial proteins in late-stage
CKD (stage 4) (46-48) (Fig. 1 and Supplementary Table 2).
Such findings lend potential explanations for the observed
negative trend in mtDNA-encoded complex 1 and 2 enzy-
matic function with CKD progression and in complex 4
activity in middle- and late-stage disease, findings echoed
in studies of younger populations with ESRD (49). In this
respect, these transcriptional changes are similar to ad-
vanced aging and suggest a scenario in which complex
1 respiratory deficiency and overall ETC shuttling impair-
ments in stage 3 CKD may lead to increased LEAK/ROS
that is inadequately scavenged, thus exacerbating LEAK/
ROS production in later-stage CKD (50). In this respect,
complex 1 deficiencies and genomic changes seem to de-
velop early in disease and may contribute to steadily
increasing LEAK and associated ROS, which may further
exacerbate ETC complex dysfunction and respiratory cou-
pling in CKD stage progression in T2DM, although more
direct measures of ROS are required in future studies.
In light of our findings and the principles of mitochon-
drial dynamics, in the presence of poor coupled respira-
tion in CKD progression shown here (Fig. 3, Table 2, and
Supplementary Table 3), mitochondria typically activate
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Figure 6 —CKD stage and alterations to mitochondrial coupling and transcriptional regulation: schematic summary and compilation of the
findings of this study demonstrating, for the first time, the potential temporal impact of CKD stage transitions (from early to middle and late
stages of disease) on skeletal muscle mitochondrial ATP production machinery and transcriptional regulation and its translational impact on
functional mobility in those with T2DM. ETC inlay: black arrows indicate proper proton (blue circles) and electron (yellow bursts) pumping and
shuttling down the ETC, resulting in ATP production. Kinked red arrows indicate dysfunctional proton and electron pumping by the specific
ETC complex. LEAK indicates slippage/backflow of electrons and protons through pore openings or dysfunctional ETC complexes. Early-
stage CKD (stages 1 and 2) is characterized by relatively healthy and functional mitochondrial electron transport and coupled ATP production
and healthy expression of metabolic transcriptional pathways, which adequately support functional mobility. Stage 3 CKD exhibits the first
signs of downregulation in transcriptional networks governing ETC complex 1 assembly and function, ROS scavenging, mtDNA repair, and
coupled respiration that combine to impair mitochondrial complex 1-mediated respiration, complex 4 respiration, and ETC-coupled ATP
production. These subcellular changes promote early muscle weakness, reduced endurance, and impaired functional mobility. Stage 4 and
5 CKD (predialysis) are marked by more extreme alterations to the mitochondrial system because transcriptional networks governing the
production of complex 1, 3, 4, and 5 subunits are all downregulated, while those regulating ROS scavenging and ATP-coupled electron
transport are further reduced. This contributes to impairment in mitochondrial ATP production by complexes 1, 3, 4, and 5; increased
mitochondrial LEAK/ROS production; and drastically hampered ETC-coupled ATP production. This ultimately induces severe muscle
weakness and marked impairment in functional mobility at this stage of disease. Thus, while no causation is definitively proven, this study
highlights the stage-specific mechanistic association of CKD on skeletal muscle metabolic transcriptome and accompanying mitochondrial
ETC that dictate loss of functional mobility.

~Qllﬁﬁﬁil.l.--lﬁ-nlilir-.-'

signaling pathways to shift the balance between mitochon-
drial synthesis and degradation (mitophagy) to maintain
mitochondrial and muscle health. However, our transcrip-
tome analysis reveals in stage 4 and 5 CKD muscle signif-
icant reductions in expression of PINK, BECN1 (Beclin-1),
and BCL2, proteins charged with the orchestration of
mitophagy of deficient mitochondria (51). This may promote

accumulation of defective mitochondria, thus partially
explaining the nonsignificant difference in mitochon-
drial abundance in this stage (Fig. 2) and contributing to
poor muscle respiration (51). Similarly, we also observe
reduced expression of PINK1 in stage 3 CKD, with addi-
tional reduction in BAG4 expression, an antiapoptotic
stress protein that negatively regulates PARKIN (52).
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This downregulation of BAG4 may be a mitophagy signal in
response to mitochondrial damage; however, with insuf-
ficient PINK transcription, mitophagy may be deficient in
stage 3 CKD muscle as well. Further investigation is re-
quired to determine the effects of CKD on mitochondrial
turnover and intrinsic quality control pathways.

Intervention plans aimed at improving functional mo-
bility often comprise different pharmacological, nutri-
tional, and exercise modalities (e.g., aerobic or anaerobic/
resistance exercise) that confer unique adaptive benefits
to different physiological systems that affect mobility.
These differential effects may necessitate exercise, drug,
and nutrition tailoring and prioritization in the setting of
chronic disease like T2DM and CKD. Here, we report
mitochondrial coupling and complex 1-specific respira-
tory deficits as being most strongly connected to renal
decline in T2DM, with additional evidence for altered
mitochondrial turnover pathways with worsening disease.
Thus, selection of and emphasis on interventions that
address these mechanisms most effectively would theo-
retically maximize benefits to this patient population.

Indeed, preclinical evidence has suggested that inter-
ventions targeted at these identified mechanisms are in
development and effective. For instance, systemic delivery
of a new class of succinate prodrugs is effective in treating
metformin-induced complex 1 deficits because of its ability
to bypass skeletal muscle mitochondrial complex 1 to
improve respiration (53). Similarly, mitochondrial respi-
ratory improvement has been achieved through the pre-
scription of targeted diet plans, such as a ketogenic diet for
people with epilepsy, because this partially bypasses the
deficient complex 1 of the respiratory chain characteristics
of this disease (54). In the exercise literature, resistance or
strength training has been shown to increase skeletal
muscle mitochondrial electron flow and the RCR (Table
2) largely through complex 1-mediated adaptations (55).
More specifically, others have shown that resistance ex-
ercise improves mitochondrial coupling through sensitiza-
tion of complex 1 to NADH substrate and increasing
electron flow from complex 1 to ubiquinone to improve
complex 1-coupled respiration and ETS capacity (56).
Simultaneously, a large-scale randomized resistance exer-
cise study by Ramel et al. (57), demonstrated the capacity
for this exercise modality to improve eGFR by ~4.5 mL/
min in those with stage 3 and 4 CKD. Conversely, aerobic
exercise studies have failed to alter skeletal muscle mito-
chondrial RCR (Table 2) or efficiency of energy transfer
(maximal oxidative phosphorylation capacity relative to
oxygen consumption) while simultaneously promoting
only mild ~2.39 mL/min improvements in renal filtration
(55,58,59). Thus, while our mechanistic findings suggest
potential avenues of fruitful targeted interventions for
these individuals, future study is warranted to assess the
efficacy of coupling- and complex 1-targeted exercise and
drug- and nutrition-based treatment approaches in their
capacity to improve muscle function and mobility in T2DM
and CKD.
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This study, however, has some limitations. While our
cross-sectional study design was carefully constructed to
match participants across CKD stage groups on critical
metabolic comorbidities and diabetes status, a longitudinal
study design in which participants, serving as their own
controls, are followed for multiple years as they progress
across CKD stages would allow more direct and definitive
conclusions regarding the effects of CKD progression on
skeletal muscle health and mitochondrial function. This
study is also limited by its sample size, specifically for
enzymatic testing analyses. While we were statistically
powered to detect CKD stage-specific deficits in mitochon-
drial respiratory function, this was not the case for the
majority of mitochondrial enzymatic analyses because
these exhibited moderate to strong effect sizes that
appeared to not reach significance as a result of lack of
statistical power with 13 total participants. Additionally,
recent work by Jacques et al. (60) established that high-
resolution respirometry of permeabilized muscle bundles
carries strong correlation but moderate variation in res-
piration measures between technical replicates (CV of
~15% for maximal oxidative phosphorylation and maxi-
mal ETS capacity). However, here we report stronger
correlations between technical duplicate samples obtained
from the same biopsy specimen (r = 0.77-0.84) (Supple-
mentary Fig. 6A). Subsequently, our data demonstrate a
strikingly reduced CV to those obtained by Jacques et al.,
ranging from as low as 3-7.7% (LEAK respiration and
maximal ETS capacity, respectively) (Supplementary Fig.
6B). Moreover, when assessing CS-normalized respira-
tion measures in our 13-participant subset, the CV was
still <10% for all respiration measures (Supplementary
Fig. 6B). Prior literature using our same respirometry
protocol also demonstrated, albeit in a homogeneous
healthy young population, that ~12 muscle samples (i.e.,
12 participants) would be required to achieve 80% power
and statistical significance (P < 0.05) to detect an ~20%
change in mitochondrial respiration (maximal oxidative
phosphorylation and maximal ETS capacity) (60). Simi-
larly, all our 13-particpant, CS-normalized respiration
measures (LEAK respiration, complex 1, maximal oxidative
phosphorylation, maximal ETS capacity) demonstrated a
>20% change between specific CKD stages and achieved
statistical significance and at least 80% statistical power
(Supplementary Fig. 6C). Thus, despite the smaller sample
size of our 13-participant subset, for the listed respiration
measures, we demonstrate consistent technical replica-
tion, a small CV, and adequate statistical power to detect
a significant effect of CKD stage on mitochondrial CS-
normalized respiration.

In conclusion, while functional and muscle deficits are
most commonly associated with late-stage CKD and ESRD
in particular, after controlling for T2DM severity, we
demonstrate that CKD-associated decrements in func-
tional mobility and muscle force, power, and endurance
strongly relate to intrinsic mitochondrial functional def-
icits that begin early in stage 3 CKD in T2DM. This may, in
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turn, derive from altered expression of gene networks in-
volved in mitochondrial respiration, structure, and turn-
over pathways. These findings highlight the first evidence
of potential primary mechanistic factors that characterize
CKD progression in a widespread and growing renal dis-
ease population (people with T2DM) and inform potential
specific interventions geared toward preserving or even
improving mobility and muscle health in this population.
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