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Abstract

End-stage kidney disease, the most advanced stage of chronic kidney disease (CKD), requires renal replacement therapy or kid-
ney transplant to sustain life. To accomplish durable dialysis access, the creation of an arteriovenous fistula (AVF) has emerged
as a preferred approach. Unfortunately, a significant proportion of patients that receive an AVF experience some form of hand
dysfunction; however, the mechanisms underlying these side effects are not understood. In this study, we used nuclear magnetic
resonance spectroscopy to investigate the muscle metabolome following iliac AVF placement in mice with CKD. To induce CKD,
C57BL6J mice were fed an adenine-supplemented diet for 3 wk and then randomized to receive AVF or sham surgery. Two
weeks following surgery, the quadriceps muscles were rapidly dissected and snap frozen for metabolite extraction and subse-
quent nuclear magnetic resonance analysis. Principal component analysis demonstrated clear separation between groups, con-
firming a unique metabolome in mice that received an AVF. AVF creation resulted in reduced levels of creatine, ATP, and AMP
as well as increased levels of IMP and several tricarboxylic acid cycle metabolites suggesting profound energetic stress.
Pearson correlation and multiple linear regression analyses identified several metabolites that were strongly linked to measures
of limb function (grip strength, gait speed, and mitochondrial respiration). In summary, AVF creation generates a unique metabo-
lome profile in the distal skeletal muscle indicative of an energetic crisis and myosteatosis.

NEW & NOTEWORTHY Creation of an arteriovenous fistula (AVF) is the preferred approach for dialysis access, but some
patients experience hand dysfunction after AVF creation. In this study, we provide a detailed metabolomic analysis of the limb
muscle in a murine model of AVF. AVF creation resulted in metabolite changes associated with an energetic crisis and myostea-
tosis that associated with limb function.

chronic kidney disease; dialysis; renal; skeletal muscle

INTRODUCTION

Chronic kidney disease (CKD) is caused by a progressive
loss of kidney function resulting in the inability of the kid-
ney to properly filter waste products from the blood. End-
stage kidney disease (ESKD), the most advanced stage of
CKD, occurs when kidney function cannot meet the body’s
demands (1, 2). Unfortunately, there are no pharmacological
treatments for ESKD, and these patients require either renal
replacement therapies (hemodialysis or peritoneal dialysis)
or kidney transplant to sustain life. Obtaining durable vascu-
lar access is a major challenge that impedes the expansion of
dialysis treatment in patients with ESKD. The creation of an
arteriovenous fistula (AVF), compared with arteriovenous
grafts and tunneled dialysis catheter placement, has become
the preferred approach to provide functional hemoaccess

because of improved patency and morbidity/mortality rates.
Unfortunately, many patients with ESRD experience a
spectrum of access-related hand dysfunction (ARHD) after
AVF creation, ranging from mild sensory or motor impair-
ments to complete monoparesis and, in severe cases, digi-
tal gangrene (3). The underlying mechanisms associated
with ARHD are not fully understood, but historically the
severity of ARHD has been largely attributed to hemody-
namic changes following AVF creation. However, recent
work has demonstrated that hemodynamic changes alone
do not explain the symptomatology of ARHD (3), suggest-
ing that other factors, such as neuromuscular health, may
contribute to ARHD.

The presence of sensory and motor impairment in
patients with ARHD suggest that at least some of the patho-
physiology involves alterations in the neuromuscular system
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(i.e., motor neurons and skeletal myofibers). To this end, both
the CKD milieu (uremic toxins, metabolic acidosis, and
inflammation) and hemodynamic changes (decreased limb
perfusion) have been shown to independently (4–7) and addi-
tively impact neuromuscular health/function (8). Central to
these changes are disturbances in muscle metabolism, which
have been suggested to exert critical influence on the neuro-
muscular system (9–12). However, the impact of AVF creation
on the neuromuscular system in the hand/forearm has not
beenmeticulously interrogated.

Progress toward understanding the clinical and physiolog-
ical domains responsible for ARHD has been hindered by
the lack of a suitable preclinical model that replicates the
clinical spectrum of hand pathology. Current murine AVF
models have been focused on the biology of AVF maturation
and vessel remodeling but exclusively use either the carotid
artery/jugular vein or the distal aorta/inferior vena cava
(13–17). Unfortunately, these models are unable to recapitu-
late the pathophysiology of ARHD due to their anatomic
locations. Recently, our group developed a new mouse iliac
AVF model to address this issue (18). Creation of a fistula
between the iliac artery and vein produces clinically relevant
changes in the surgical hindlimb, including hemodynamic
alterations, muscle weakness, and mitochondrial function
impairment. In the present study, we hypothesized that the
creation of an iliac AVF would result in significant alterations
to the limbmusclemetabolome.

METHODS

Chemicals

Chemicals used to prepare samples for metabolomics
included sodium mono-and-dibasic sodium phosphate,
EDTA, sodium azide (NaN3), deuterated chloroform
(CDCl3), and deuterated water and were purchased from
either Millipore-Sigma (St. Louis, MO) or Cambridge Isotope
Laboratories (Andover, MA). D6-4,4-dimethyl-4-silapentane-
1-sulfonic acid (D6-DSS) was procured from FUJIFILM Wako
(Richmond, VA). Detailed information about other chemicals
can be found in our previous study (19).

Animal Use and Models

A total of 36 C57BL/6J male mice (�8 wk old) were
obtained from Jackson Laboratory (Stock No. 000664).
These animals were housed with 5 mice/cage in a tempera-
ture (22�C)-controlled room with a 12:12-h light-dark cycles.
We used an adenine diet model to induce CKD as previously
described (5, 7, 8). Briefly, mice were acclimated to a stand-
ard casein-based chow (control diet) for 7 days. Thereafter,
animals were randomly assigned to either remain on the
control diet (non-CKD groups) or receive an adenine-supple-
mented diet to induce CKD. Following 3 wk of the casein/ad-
enine diet, animals were randomly assigned to receive either
AVF surgery or sham surgery (Fig. 1A). Detailed descriptions
of the iliac AVF surgery and postoperative care can be found
in our previous study (18). Briefly, mice were anesthetized
using inhaled isoflurane (2–3% induction and 1–1.5%mainte-
nance), and creation of the iliac AVF was accomplished
using longitudinal venotomy followed by an elliptical inci-
sion to remove the common walls of the iliac artery and

vein, creating an �0.8- to 0.9-mm AVF. The venotomy was
closed with 10-0 sutures, and heparin (0.2 IU/g body wt) was
administered. Sham surgeries involved completed dissection
and vessel clamping but without a venotomy or AVF crea-
tion. Mice were treated for analgesia using buprenorphine
(0.1 mg/kg body wt) and 0.9% saline for a postoperative pe-
riod of 48 h. These experiments were carried out following
the guidelines provided in the National Institutes of Health
Guide for the Care and Use of Laboratory Animals and any
updates. All procedures were approved by the Institutional
Animal Care and Use Committees of the University of
Florida and Malcom Randall Veterans Affairs Medical
Center.

Assessment of Renal Function

Renal function was assessed by quantification of blood
urea nitrogen using a commercially available colorimetric
assay kit (K024, Arbor Assays). Glomerular filtration rate was
also measured in live animals using fluorescein isothiocya-
nate-labeled inulin clearance as previously described (6, 18,
20, 21).

Limb Perfusion

Laser-Doppler flowmetry (moorVMS-LDF, Moor Instru-
ments) was used tomonitor perfusion rates in the tibialis an-
terior (TA)muscle and paw as previously described (8, 18).

Assessment of Hindlimb Function

Unilateral hindlimb grip strength was measured by allow-
ing mice to grasp a T-bar attached to a Bio-GS3 grip strength
meter (BIOSEB). Once firmly grasping the T-bar, the mouse
was gently pulled away and maximal strength was meas-
ured. A total of five trials were performed, and the highest
value was normalized to the contralateral limb (expressed as
a percentage) and used for analysis. Gait speed was meas-
ured using a DigiGait treadmill system by gradually increas-
ing belt speed up to 20 cm/s. The highest tolerable speed was
recorded for eachmouse.

Tissue Harvest

Two weeks after surgery, mice were anesthetized using
isoflurane and the left quadriceps muscle was rapidly dis-
sected and immediately frozen in liquid nitrogen. Samples
were stored at�80�C until the time ofmetabolite extraction.

Skeletal Muscle Histology

The TA muscle was frozen in optimal cutting temperature
compound (OCT) compound using liquid nitrogen-cooled
isopentane and cryosectioned using a Leica 3050S. Ten-mi-
crometer transverse sections were mounted to microscope
slides. Myofiber cross-sectional area (CSA) was analyzed
using anti-laminin antibody (L9393, Millipore-Sigma, 1:100
dilution) incubated overnight at 4�C. Following washes with
PBS, sections were then incubated with secondary antibody
(Alexa Fluor 488 goat anti-rabbit IgG, 1:250 dilution) and biotin-
ylatedGriffonia simplicifolia lectin I (GSL I) isolectin B4 (Vector
Laboratories, Dylight 649 conjugate, 1:200 dilution) for 1 h at
room temperature. Coverslips were mounted using a medium
containing DAPI to label nuclei (H-1500, Vector Laboratories).
Images were collected using a �20 objective on an Evos FL2
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Auto microscope (Thermo Fisher Scientific). Tiled images of
the entire muscle section were used for automated analysis
myofiber CSA and capillary numbers using MuscleJ (22).
Centrally nucleated myofibers were analyzed manually using
ImageJ. Masson trichrome staining (HT15, Millipore-Sigma)
was used to assessmuscle fibrosis. Quantification of the fibrotic
area was performed in ImageJ using an automated threshold
selection (hue: 140/196, saturation: 0/255, brightness: 110/255)
and expressed as a percentage of the total image area. All image
analysis was performed using coded images and blinding of
investigators to the grouping of animals.

Assessment of Mitochondrial Respiratory Function

Mitochondria were isolated from surgical gastrocnemius
and plantaris muscles, and assessment of mitochondrial bio-
energetics was performed as previously described (18, 19).
Mitochondrial respiratory function was analyzed using a
creatine kinase clamp system, which we have previously
described in detail (7, 19, 20). Mitochondria were fueled with
pyruvate (5 mM), malate (2.5 mM), and octanoylcarnitine
(0.2 mM), and rates of respiration were assessed at physio-
logically relevant levels of energy demand controlled by the
creatine kinase clamp system.

Metabolite Extraction

Weights of frozen quadriceps specimens were weighed
using a microbalance (Mettler-Toledo, Columbus, OH). Next,
a slightly modified FOLCH (23) extraction was performed to
extract aqueous- and lipid phase metabolites. Details of the
extraction protocol can be found in our previous publica-
tions (5, 24). The aqueous phase was lyophilized overnight
(Labconco, Kansas, MO), and the lipid phase was dried with
inert nitrogen gas. The resulting aqueous and lipid phase dry
powders were stored at �80�C until analysis using nuclear
magnetic resonance (NMR).

NMR-Based Metabolomics

The dry powder of aqueous phase samples was dissolved
in 50 mL of phosphate buffer system (50 mM, pH 7.2) consist-
ing of 0.5 mM D6-DSS, 2 mM EDTA, and 0.2% NaN3. Lipid
phase dry powders were dissolved in 70 mL of CDCl3 supple-
mented with 10 mM pyrazine (as an internal NMR standard).
All samples were loaded into 1.5-mm optical density NMR
tubes. An 800MHz/54mmBruker Avance III system (Bruker
BioSpin, Billerica, MA) with a 5-mm TCl CryoProbe was used
to acquire all one-dimensional (1-D) and two-dimensional

Figure 1. A: schematic description of the experimental design. Animals were exposed to either casein or adenine diet for 3 wk and randomly allocated
to receive arteriovenous fistula (AVF) or sham surgery. Following 2 wk of recovery, quadriceps muscle tissues were taken and underwent metabolite
extraction, nuclear magnetic resonance (NMR) processing, and data analysis. B: representative Masson’s trichrome-stained cross sections of left com-
mon iliac arteriovenous for AVF (top) and sham (bottom) from the proximal to distal site. The proximal and distal images shown are 0.5 mm on either side
of the anastomosis. The threemiddle images shown within the AVF are separated by 0.4 mm. The total length of the anastomosis created in this model
is 0.8–0.9 mm. A, artery; CKD, chronic kidney disease; V, venous.
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(2-D) NMR spectra. 1-D 1H spectra were acquired with the
first slice of 1-D nuclear Overhauser effect spectroscopy
(NOESY) pulse sequence (noesypr1d) (25), using previously
described parameters (5, 24). 2-D spectra including hetero-
nuclear single quantum coherence, heteronuclear multiple
bond coherence, correlated spectroscopy, and total corre-
lated spectroscopy were acquired using the standard Bruker
library as well as previous work (26) to confirm metabolite
identity. All spectra were acquired at room temperature.

NMR Data Processing and Analysis

MestReNova (14.1.2-25024) software (Mestrelab Research,
Santago de Compostela, Spain) was used to process all NMR
spectra. For 1-D NOESY spectra, line broadening of 0.22 Hz
and 64,000 data points zero filling were applied before
Fourier transformation. Before peak integral areas were
extracted for quantitative purpose, 1-D spectra were phase
and baseline (spline method) corrected, referenced, and nor-
malized. All aqueous phase spectra were referenced and nor-
malized with the D6-DSS internal NMR reference at 0.00
ppm. For lipid phase spectra, the CDCl3 peak at 7.26 ppm
was used to reference all peaks and the pyrazine peak (at 8.61
ppm) was used for normalization. Muscle weight was further
used to normalize peak integral areas or concentration val-
ues for all metabolites. For peaks with overlap, Chenomx
Suite 8.6 NMR software (Chenomx, Edmonton, AB, Canada)
was used to determine concentrations. Previously published
work (5, 24, 27, 28), Chenomx Suite 8.6 NMR software, the bi-
ological magnetic resonance bank (29), and a set of 2-D spec-
tra were used to assign and verify metabolite identity (see
Supplemental Figs. S4, S5, S6, and S7).

Statistical Analysis

Principal component analysis (PCA) and partial-least
square discriminant analysis (PLS-DA) were performed using
the web-based platform Metaboanalyst 5.0 (https://www.
metaboanalyst.ca/). Within Metaboanalyst 5.0, NMR noise

was excluded from false discovery rate corrected data by
applying interquartile range filtering. Furthermore, probabil-
ity quotient normalization along with pareto/auto scaling
were applied. PLS-DA was validated with a Q2 test. PLS-DA-
based variable importance in projection (VIP) plots were
used to determine the significance of metabolites/com-
pounds among the groups, with VIP scores of �1 considered
as significant. Graphs were generated using GraphPad Prism
[v.9.2.0 (332), GraphPad Software, San Diego, CA]. Two-way
ANOVA with Tukey’s multiple comparisons tests were per-
formed with P 	 0.05 considered significant. Data are pre-
sented as means ± SD or as box and whisker plots with 95%
confidence intervals. Pearson correlation coefficients between
metabolite abundance and functional outcomes were per-
formed in SPSS software (version 27) with a two-tailed P 	
0.05 considered significant following correction for multiple
comparisons using Benjamini and Hochberg false discovery
rate. To determine the metabolites associated with functional
outcome (grip strength, gait speed, andmitochondrial respira-
tory capacity), we performed stepwise multiple linear regres-
sion analyses using SPSS software (v.27). Metabolites included
in these analyses were selected based on two levels of evi-
dence: 1) a significant correlation with functional outcomes
and 2) a significant effect of either CKD or AVF. Metabolites
that did not meet these two criteria were excluded from the
multiple regression analysis. Formetabolites included, regres-
sion was performed using data from both sham and AVF
mice. To validate the models, the assumption of multicolli-
nearity was assessed by the variance inflation factor and the
normality of residual distribution was checked by visible
inspection of histograms.

RESULTS

Source data for this study can be found here: https://doi.
org/10.6084/m9.figshare.20000147.v2. Supplemental figures
and tables can be accessed at the following link: https://doi.
org/10.6084/m9.figshare.20000153.v2.

Table 1. Characteristics of animals and effect of AVF creation on limb function

Treatment Group Control (n = 5) Control (n = 8) CKD (n = 5) CKD (n = 10)

Surgery Sham AVF Sham AVF
Body mass, g 28.4 ± 1.1 26.4 ± 2.1 23.6 ± 2.1� 24.7 ± 1.3
Quad mass, mg 200± 41.0 168.3 ± 31.5 175.0 ± 24.7 192.4 ± 36.2
Kidney function
Glomerular filtration rate, mL/min 435.6 ± 58.6 362.8 ± 89.5 117.4 ± 65.2�† 163.6 ± 113.9�†
Blood urea nitrogen, mg/dL 20.8 ± 4.6 22.1 ± 2.4 41.2 ± 6.3�† 39.4 ± 9.2�†

Hemodynamics
TA, % contralateral leg 93.6 ± 4.4 62.7 ± 12.7�‡ 101.6 ± 3.2 57.0 ± 27.3�‡
Paw, % contralateral leg 98.0 ± 2.5 64.3 ± 18.6�‡ 102.7 ± 1.6 42.7 ± 19.5�‡

Hindlimb function
Gait speed, cm/s 20.0 ±0.0 16.5 ± 5.0 20.0 ±0.0 14.3 ± 5.2�‡
Grip strength, % contralateral leg 111.5 ± 8.6 66.1 ± 36.2� 93.3 ± 11.0 41.4 ± 35.1�‡

Mitochondrial function
Respiratory capacity, pmol/s/mg 12,870 ± 1,203 5,407 ± 3,582� 8,443 ± 1,509� 4,478 ± 3,685�‡
OXPHOS conductance 1,042 ±97 411 ± 296� 693 ± 127� 356 ±294�

Muscle histopathology (TA)
Cross-sectional area, mm2 2,550± 449 1,818 ± 741 1,979 ± 182 1,643 ± 310
Capillary contacts per fiber 5.8 ± 1.6 4.0 ± 2.2 5.8 ± 0.4 3.4 ± 2.1
Fibrosis, % 1.8 ± 0.5 7.8 ± 4.5 2.0 ± 0.6 13.5 ± 12.8�‡
Kidney function was measured prior to surgery, blood perfusion at postoperative day 3, gait speed at postoperative day 4; and grip

strength at postoperative day 4. AVF, arteriovenous fistula; CKD, chronic kidney disease; TA, tibialis anterior. �P < 0.05 vs. control sham;

†P < 0.05 vs. control arteriovenous fistula (AVF); ‡P < 0.05 vs. chronic kidney disease (CKD) sham.
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Impact of CKD and AVF Creation

To explore the impact of CKD and AVF creation on the
muscle metabolome, we used the study design shown in

Fig. 1A. Table 1 shows selected clinical and physical char-
acteristics of the animals used in this study. Figure 1B
shows representative histological samples of serial sec-
tioned iliac vascular bundles demonstrating clear AVF

Figure 3. Heatmap illustrating log2-transformed fold changes (FCs) from the control-sham group of metabolites assessed for the aqueous phase (A) and
organic phase samples (B) (n = 7–10/group). AVF, arteriovenous fistula; CKD, chronic kidney disease; FA, fatty acid, NADþ , nicotinamide adenine dinu-
cleotide; Ptd, phosphatidylcholine; TG, triglyceride.

Figure 2. Statistical analysis of water-soluble metabolites in chronic kidney disease (CKD) arteriovenous fistula (AVF) (n = 10), CKD sham (n = 10), control
(CON) AVF (n = 8), and CON sham (n = 7) quadriceps samples determined with Metaboanalyst 5.0 (web-based tools). Principal component analysis (PCA;
A), partial least squares discriminant analysis (PLS-DA) with Q2 value (B), and variable importance in projection (VIP) scores (C) obtained from 1H nuclear
magnetic resonance data.
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creation. Consistent with previous studies, adenine-fed mice
displayed a significant reduction in renal function as evi-
denced by lower glomerular filtration rates and elevated blood
urea nitrogen (5, 30, 31). Laser-Doppler measurements of per-
fusion demonstrated mild hemodynamic alterations in the
TA muscle and dorsal paw following AVF creation (Fig. 1B).
Consequently, gait speed (walking performance) and hind-
limb grip strength were significantly lower in AVF groups
(Table 1). Examination of muscle mitochondrial function
revealed that CKD and AVF both independently reduced per-
formance of oxidative phosphorylation (Table 1). Notably, the
impairments in strength/walking performance and muscle
metabolism occurred in the absence of significant changes in
musclemass (Table 1).

Multivariate Analysis Identifies Distinct Metabolome
Grouping Following AVF Creation

The identified metabolites from both aqueous phase and
lipid phase extracts were subjected to PCA and PLS-DA using
false discovery rate correction data to reduce dimensionality
and investigate intrinsic variation among groups. PCA
showed clustering among the four groups with clear separa-
tion among the groups that received AVF surgery for both
aqueous (Fig. 2A) and lipid phase metabolites (Supplemental
Fig. S1A). Similarly, supervised PLS-DA resulted in a Q2 value
above 0.75 for aqueous phase samples, indicating a higher

predictive nature of the model for classifying CKD and AVF
groups (Fig. 2B). However, lipid phase sample showed a Q2

value below 0.4 (Supplemental Fig. S1B). The VIP score plot
(obtained from PLS-DA) identified important metabolites re-
sponsible for the differences among the four groups
(Fig. 2C). For lipid phase metabolites, only cholesterol, tri-
glyceride, and saturated and unsaturated fatty acids showed
VIP scores of>1 (Supplemental Fig. S1C).

AVF Creation Alters the Muscle Metabolomic Signature

There was a total of 37 metabolites in the aqueous phase
samples that were quantifiable across all four groups
(Supplemental Table S1). A heatmap showing log2-trans-
formed fold change (relative to control-sham) metabolite
abundances for all aqueous phase metabolites is shown in
Fig. 3A. For lipid phase extract, 18 peaks were quantifiable
across all samples (Supplemental Table S1 and Supplemental
Fig. S3). A heatmap showing log2-transformed fold change
(relative to control-sham) metabolite abundances for all or-
ganic phase metabolites is shown in Fig. 3B. Notably, crea-
tion of the AVF, regardless of the presence/absence of CKD,
resulted in clear alterations to both aqueous and lipid phase
metabolomes.

Next, we used two-way ANOVA to interrogate the inde-
pendent and interactive effects of CKD and AVF creation on
metabolite abundance. CKD, alone, was found to alter the

Figure 4. Graphical depiction for energy
metabolism in skeletal muscle (quadriceps)
with quantified metabolites shown as box
and whisker plots (with 95% confidence
intervals) in chronic kidney disease (CKD)
arteriovenous fistula (AVF) (n = 10), CKD
sham (n = 10), control (CON) AVF (n = 8), and
CON sham (n = 7) groups. The y-axis is the
concentration (in mM). Statistical analysis
was performed using two-way ANOVA.
NADþ , nicotinamide adenine dinucleotide.
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abundances of several metabolites including valine, lactate,
alanine, allantoin (a product of adenine catabolism), and nic-
otinurate (P 	 0.05). These findings are consistent with a
previous study (5). AVF creation significantly altered �50%
of the metabolites detected in both aqueous and lipid phases
(P 	 0.05) (Supplemental Table S1). AVF creation decreased
the levels of ATP, AMP, and creatine, whereas IMP levels
were significantly increased (Fig. 4). These metabolite
changes are suggestive of a profound energetic stress, which
likely stems from the combined effects ofmitochondrial dys-
function, mild ischemia, and the uremic milieu. Mice with
AVF also exhibited significantly higher levels of succinate,
fumarate, and glutamate compared with sham mice, all
metabolites that feed the tricarboxylic acid (TCA) cycle
(Fig. 5). Moreover, lactate levels were significantly lower in
AVF mice, whereas glucose and pyruvate levels were unaf-
fected by AVF placement (Fig. 5). The accumulation of TCA
cycle intermediates coupled with the degree of mitochon-
drial respiratory impairment (Table 1) suggest that metabolic
disturbances arising from AVF creation most likely stem

from dysfunction in the enzymes of the mitochondrial elec-
tron transport system.

We next explored amino acid levels following surgery.
AVF creation increased several amino acids including gluta-
mate, glutamine, lysine, and aspartate (Fig. 6). In contrast,
AVF creation significantly decreased the levels of histidine
and anserine, which are related to carnosine, a metabolite
highly abundant in muscle tissues and known for its antioxi-
dant properties (32, 33). Neither AVF creation nor CKD was
found to impact branched-chain amino acid levels (leucine,
isoleucine, and valine). AVF creation also increased the
levels of succinate and fumarate, findings consistent with
models of myocardial ischemia (34, 35). For lipid-soluble
compounds, saturated fatty acids and cholesterols were
significantly elevated following AVF surgery (P 	 0.05)
(Fig. 7 and Supplemental Table S1).

Metabolites Associated With Limb Function

To explore associations between limb function andmetab-
olites changes induced by AVF placement, we calculated

Figure 5.Graphical depiction for glycolytic
and tricarboxylic acid (TCA) cycle metabo-
lites in skeletal muscle (quadriceps) with
quantified metabolites shown as box and
whisker plots (with 95% confidence inter-
vals) in chronic kidney disease (CKD) arte-
riovenous fistula (AVF) (n = 10), CKD sham
(n = 10), control (CON) AVF (n = 8), and
CON sham (n = 7) groups. The y-axis is the
concentration (in mM). Statistical analysis
was performed using two-way ANOVA.
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Pearson correlation coefficients between metabolite abun-
dances and limb functional outcomes including grip
strength, gait speed, and mitochondrial respiratory capacity.
As shown in Table 2, several metabolites detected in the
aqueous phase displayed strong (high Pearson r value) and
significant associations with limb functional outcomes.
Table 3 shows that �50% of metabolites detected in the or-
ganic phase displayed strong (high Pearson r value) and
significant associations with limb functional outcomes.
To evaluate the level of variance in functional outcomes
explained by metabolite changes, stepwise multiple linear
regression models were examined (summarized in Table 4).
The results of these analyses suggested that 92% of variance
in grip strength may be accounted for by differences in the
abundance of five aqueous and lipid phase metabolites:
(CH2-CH=CH-CH2) a-methylene protons, (CH2-CH2-COO-)

b-methylene protons, alanine, anserine, and glutamine.
Regarding gait speed, 88% of the variance was accounted
for by three aqueous phase metabolites (creatine, pantothe-
nate, and ATP). Fewer metabolites were found to explain
variance in mitochondrial respiration. Aqueous phase
metabolites (anserine and phenylalanine) were found to
account for 62% of variance in the maximal respiration rate
in isolated skeletal muscle mitochondria.

DISCUSSION

Obtaining durable and functional hemodialysis access
remains a top priority for the treatment of ESKD. Creation of
an AVF remains the preferred conduit to achieve this goal as
the long-term performance is more favorable than arteriove-
nous grafts or tunneled dialysis catheter placement. A

Figure 6. Alterations in amino acid profiles
following arteriovenous fistula (AVF) place-
ment. Data are presented as box and
whisker plots (with 95% confidence inter-
vals) in chronic kidney disease (CKD) arteri-
ovenous fistula (AVF) (n = 10), CKD sham
(n = 10), control (CON) AVF (n = 8), and
CON sham (n = 7) groups. Statistical testing
was performed with two-way ANOVA.

Figure 7. Accumulation of cholesterol and
saturated fatty acids in muscle after arterio-
venous fistula (AVF) creation. Data are pre-
sented as box and whisker plots (with 95%
confidence intervals) in chronic kidney dis-
ease (CKD) arteriovenous fistula (AVF) (n =
10), CKD sham (n = 10), control (CON) AVF
(n = 8), and CON sham (n = 7) groups.
Statistical analysis was performed using
two-way ANOVA. AU, arbitrary units; SFA,
saturated fatty acids.
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significant proportion of patients that receive an AVF
report unfavorable side effects contributing to reduced
hand function. Unfortunately, treatment options are lim-
ited to various forms of surgical remediation or access liga-
tion, which is reserved for severe cases. Therefore, a
majority of patients with ARHD have persistent but varying
degrees of hand disability, ranging from mild sensory or
motor deficits to pain and weakness. Notably, hemody-
namic changes alone do not explain the majority of ARHD
cases (3) due to poor correlation with the heterogeneous
clinical phenotype. Importantly, very little is known about
the additional underlying mechanisms that contribute to
this complex and potentially devastating clinical problem.
Accordingly, the objective of the present study was to
examine alterations in the muscle metabolome that con-
tribute to functional limb outcomes following AVF creation
in a murine iliac AVFmodel (18).

A defining feature uncovered in our analyses was that
AVF creation, independent of the presence or absence of
CKD, resulted in a clear energetic stress within the skeletal
muscle distal to the AVF. AVF creation resulted in lower lev-
els of key energetic metabolites ATP, AMP, and creatine,
which coincided with increased levels of IMP. The mito-
chondrion is a key organelle responsible for driving the

synthesis of ATP through a process known as oxidative phos-
phorylation. Unfortunately, CKD alone impairs mitochon-
drial oxidative phosphorylation (7, 36–39), and herein we
report that AVF creation further impairs oxidative phospho-
rylation. Of further concern, our results show that AVF crea-
tion decreased lactate levels without changing glucose or
pyruvate concentrations, suggesting that both oxidative me-
tabolism and glycolysis are impaired following AVF creation.
It is important to consider that these metabolic changes
occurred in the presence of mild ischemia, measured with
laser-Doppler flowmetry, but did not cause overt muscle at-
rophy. Taken together, these findings indicate that disturbed
muscle energetics is a critical pathological feature of the
limb muscle distal to AVF creation, and thus interventions
to protect or improve muscle metabolism with AVF place-
ment warrant further exploration.

Interestingly, muscle from AVF mice also demonstrated a
substantial increase in cholesterol and saturated fatty acid
levels (Fig. 7 and Supplemental Table S1). Correlation and
multiple regression analyses identified cholesterol changes
as negative influences on grip strength, gait speed, andmito-
chondrial respiratory function. In contrast to cholesterol and
saturated fatty acids, levels of phospholipids and triglycer-
ides were similar across all groups. The accumulation of

Table 2. Pearson correlation analysis of aqueous phase metabolites and limb functional outcomes

Metabolite

Grip Strength Gait Speed Respiratory Capacity

Pearson r P Value Pearson r P Value Pearson r P Value

Anserine 0.6995� <0.0001� 0.6191� 0.0007� 0.7439� <0.0001�
Aspartate �0.7719� <0.0001� �0.781� <0.0001� �0.5902� 0.0015�
Trimethylamine 0.772� <0.0001� 0.7997� <0.0001� 0.4956� 0.01�
Taurine 0.7346� <0.0001� 0.8483� <0.0001� 0.4458� 0.0225�
Histidine 0.8388� <0.0001� 0.8636� <0.0001� 0.5647� 0.0027�
Glutamate1 �0.7464� <0.0001� �0.7596� <0.0001� �0.5556� 0.0032�
Creatine 0.7868� <0.0001� 0.8743� <0.0001� 0.5181� 0.0067�
ATP 0.6492� 0.0003� 0.6809� 0.0001� 0.4901� 0.011�
Pantothenate �0.6385� 0.0004� �0.6247� 0.0006� �0.4453� 0.0226�
AMP 0.6362� 0.0005� 0.6714� 0.0002� 0.4829� 0.0125�
Lactate 0.6222� 0.0007� 0.5533� 0.0034� 0.4122� 0.0364�
IMP �0.5663� 0.0026� �0.5012� 0.0091� �0.4209� 0.0323�
Glucose �0.554� 0.0033� �0.6526� 0.0003� �0.3968� 0.0448�
Phenylalanine �0.5274� 0.0056� �0.5543� 0.0033� �0.4495� 0.0212�
NADþ 0.5189� 0.0066� 0.6109� 0.0009� 0.3615 0.0696
Alanine 0.5145� 0.0072� 0.5105� 0.0077� 0.1476 0.4718
Glutamine �0.5042� 0.0086� �0.372 0.0613 �0.3525 0.0774
Nicotinurate 0.492� 0.0107� 0.3822 0.054 0.4943� 0.0103
CreatinineþPCr 0.4392� 0.0248� 0.5356� 0.0048� 0.2681 0.1854
Leucine �0.4184� 0.0334� �0.5453� 0.004� �0.2544 0.2099
Isoleucine �0.3925� 0.0473� �0.4997� 0.0093� �0.2217 0.2765
Mannose 0.3666 0.0655 0.453 0.0201� 0.1942 0.3417
Fumarate �0.3624 0.0688 �0.1942 0.3418 �0.3274 0.1025
2-Hydroxyvalerate �0.3473 0.0821 �0.4856� 0.0119� �0.1657 0.4186
Isobutyrate �0.3465 0.0829 �0.2733 0.1768 �0.1935 0.3435
Allantoin �0.3383 0.091 �0.3005 0.1357 �0.3229 0.1076
Tyrosine �0.2828 0.1615 �0.2634 0.1935 �0.1157 0.5734
Valine �0.2079 0.3082 �0.3194 0.1117 �0.1258 0.5404
Lysine �0.186 0.363 �0.07086 0.7309 �0.3849 0.0522
Acetate �0.143 0.486 �0.1142 0.5787 �0.2256 0.2678
Pyruvate �0.1168 0.5698 �0.07877 0.7021 �0.03559 0.863
Glycerol �0.1016 0.6213 �0.1269 0.5367 �0.1278 0.5338
Succinate 0.07867 0.7025 0.09255 0.6529 �0.2988 0.1382
Glycine 0.0774 0.7071 0.003244 0.9875 �0.134 0.514
Formate �0.07547 0.714 �0.1784 0.3831 0.2135 0.2949
Tryptophan 0.02647 0.8979 �0.0245 0.9054 0.1813 0.3755
Benzoate 0.01528 0.9409 �0.004184 0.9838 0.1013 0.6226

�Statistical significance.
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lipids within muscle, termed myosteatosis, negatively corre-
lates with muscle mass, strength, and metabolic health (40).
Although the mechanisms driving ectopic fat deposition fol-
lowing AVF creation are unclear, previous work in other dis-
eases has suggested that fibroadipogenic progenitor cells
may be the primary resident stem cell responsible (41).
Furthermore, myosteatosis has also been linked to inflam-
mation and sarcopenia (42), both common characteristics of
patients with CKD. Regrettably, a limitation of 1H NMR,
which measures proton spin resonance, is that it is not able
to identify specific species of these fatty acids. Considering
that both the composition and subcellular localization of lip-
ids are believed to influence muscle health (43, 44), future
studies are needed to uncover the role of myosteatosis in
ARHD.

The present study has some limitations that warrant dis-
cussion. First, adenine-supplemented chow was used to
induce renal impairment in mice. Although this is an estab-
lished model of CKD, the duration of adenine feeding
was relatively short (28 days) and the severity of renal

dysfunction may not fully represent ESKD. Accordingly,
there were fewer effects of CKD alone on the skeletal muscle
metabolome compared with those observed with longer du-
ration adenine feeding (6 mo) (5). Second, only young male
mice were used in the present study, although the preva-
lence of ESKD is associated with older age and is common in
women as well. Future studies are needed to address the
impact of biological sex and age on the murine iliac AVF
model. Third, we performed metabolomics using NMR-
based technologies, which is highly regarded for its accuracy
but has lower sensitivity compared with mass spectrometry.
Therefore, less concentratedmetabolites were not detectable
in this study but could be related to the limb pathophysiol-
ogy following AVF creation and ARHD. Fourth, metabolite
extractions were performed from the quadriceps muscle, but
hemodynamic measures of limb perfusion were performed
on the more distal TA muscle. In our experience, the ana-
tomic location and presence of a subcutaneous fat pad over-
lying the quadricep muscles are barriers to producing
reliable perfusion with laser-Doppler flowmetry. Similarly,

Table 3. Pearson correlation analysis of organic phase metabolites and limb functional outcomes

Metabolite

Grip Strength Gait Speed Respiratory Capacity

Pearson r P Value Pearson r P Value Pearson r P Value

(CH3) cholesterol/cholesterol ester (C18) �0.826� <0.0001� �0.8355� <0.0001� �0.8556� <0.0001�
(n-3)CH3 fatty acids �0.8137� <0.0001� �0.7222� <0.0001� �0.7721� <0.0001�
(CH3) cholesterol (C19) �0.8192� <0.0001� �0.8264� <0.0001� �0.8489� <0.0001�
(CH2)n of aliphatic chains �0.7674� <0.0001� �0.6521� 0.0003� �0.7038� <0.0001�
(CH2-CH=CH-CH2) a-methylene protons �0.7905� <0.0001� �0.6533� 0.0003� �0.71� <0.0001�
(CH2-CCO-) a-methylene protons �0.6854� 0.0001� �0.5283� 0.0055� �0.584� 0.0017�
Unknown triplet 0.6664� 0.0002� 0.7156� <0.0001� 0.6694� 0.0002�
(CH2-CH2-COO-) b-methylene protons �0.6469� 0.0004� �0.5023� 0.0089� �0.5879� 0.0016�
(CH2)n of Cholesterol �0.6382� 0.0005� �0.4513� 0.0207� �0.5489� 0.0037�
(=CH-CH2-CH=CH)divinyl methylene protons 0.5569� 0.0031� 0.7257� <0.0001� 0.6262� 0.0006�
CH TG �0.2146 0.2925 �0.3007 0.1355 �0.233 0.2521
3CH2 glycerophospholipids 0.1858 0.3635 0.4284� 0.029� 0.248 0.222
Cholesterol 3 �0.1665 0.4163 �0.2834 0.1606 �0.2321 0.2539
CH=CH 0.1598 0.4354 0.4069� 0.0391� 0.2766 0.1714
CH2 of TG2 �0.1558 0.4473 0.03159 0.8782 �0.03964 0.8476
Nþ (CH3)3 0.1199 0.5595 0.3576 0.0729 0.2225 0.2746
Cholesterol2 �0.1048 0.6105 �0.02424 0.9064 �0.2034 0.319
CH2 of TG1 �0.08009 0.6973 0.04576 0.8243 �0.01909 0.9263
CH phospholipid 0.0242 0.9066 0.2877 0.1541 0.1648 0.4211
1CH phospholipidsþTG 0.008512 0.9671 0.2532 0.212 0.1406 0.4933

TG, triglyceride.�Statistical significance.

Table 4. Results of multiple linear regression models for limb function outcomes

B Standard Error b P Value Partial R2 Tolerance VIF Model R2 Adjusted R2

Model: grip strength
(Constant) 88.21 18.62 0.000 0.943 0.928
(CH2-CH=CH-CH2) a-methylene protons �1.02 0.18 �1.729 0.000 �0.307 0.03 31.75
Alanine 9.93 1.74 0.330 0.000 0.306 0.86 1.17
Anserine 6.50 2.72 0.177 0.027 0.524 0.52 1.91
(CH2-CH2-COO-) b-methylene protons 0.83 0.22 0.984 0.001 0.043 0.04 22.99
Glutamine 4.64 2.45 0.161 0.073 0.393 0.39 2.55

Model: gait speed
(Constant) 8.67 1.34 0.000 0.899 0.885
Creatine 0.44 0.06 1.047 0.000 0.842 0.23 4.44
Pantothenate �23.49 4.93 �0.347 0.000 �0.712 0.87 1.16
ATP �1.69 0.69 �0.344 0.023 �0.463 0.24 4.26

Model: mitochondrial respiratory capacity
(Constant) 3,466.5 3,243.9 0.296 0.658 0.628
Anserine 2,843.0 513.8 0.686 0.000 0.746 0.97 1.03
Phenylalanine �40,515.4 15,299.6 �0.328 0.014 �0.483 0.97 10.3
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other functional outcomes within our analyses involved
other hindlimb muscles, a feature that stems from the lim-
ited tissue available from the unilateral surgical limb of a
mouse. Finally, a limitation of all metabolomics studies
stems from the fact that our detected concentrations of
metabolites represent a snapshot of biochemical systems
that are in a constant state of flux. As such, experimental fac-
tors such as processing time, buffer composition, and tem-
peratures during extraction can impact tissue enzyme
activity. Furthermore, the isoflurane anesthetic used in this
study has been shown to impair mitochondrial oxidative
phosphorylation through inhibition of complex I (45–48).
These experimental factors likely contribute to the lower
than expected ATP concentrations (�3.2 mM) observed in
muscle from sham animals in this study.

Conclusions

In this study, NMR-based metabolomic profiling was per-
formed on limb muscle obtained distal to iliac AVF creation
in mice with and without CKD. Regardless of the presence or
absence of renal dysfunction, AVF creation resulted in pro-
found energetic stress as indicated by reduced levels of ATP,
AMP, and creatine as well as increased levels of IMP, all in-
dicative of an imbalance between energy utilization and syn-
thesis. Moreover, AVF creation significantly increased the
levels of saturated fatty acids and cholesterols in muscle, sug-
gesting the possible development of myosteatosis. Consistent
with the neuromotor impairments in patients with ARHD
(i.e., weakness), these metabolic changes have been linked to
muscle impairment in other conditions such as aging and dia-
betes. These observations suggest that interventions, such as
exercise, should be considered as a means of reducing ARHD
in patients with ESKD.
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