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Abstract

Peripheral arterial disease (PAD) is an increasing cause of morbidity and its severity
is graded based on clinical manifestation. To investigate the influence of the differ-
ent stages on myopathy of ischemic muscle we analysed severity-dependent effects
of mitochondrial respiration in PAD. Eighteen patients with severe PAD, defined as
chronic limb-threatening ischemia, 47 patients with intermittent claudication (IC)
and 22 non-ischemic controls were analysed. High-resolution respirometry (HRR)
was performed on muscle biopsies of gastrocnemius and vastus lateralis muscle of
patients in different PAD stages to investigate different respiratory states. Results
from HRR are given as median and interquartile range and were normalized to citrate
synthase activity (CSA), a marker for mitochondrial content. In order to account for
inter-individual differences between patients and controls, we calculated the ratio of
O,-flux in gastrocnemius muscle over vastus muscle (‘GV ratio’). CSA of the gastroc-
nemius muscle as a proxy for mitochondrial content was significantly lower in criti-
cal ischemia compared to controls. Mitochondrial respiration normalized to CSA was
higher in IC compared to controls. Likewise, the GV ratio was significantly higher in
IC compared to control. Mitochondrial respiration and CSA of PAD patients showed

stage-dependent modifications with greater changes in the mild PAD stage group (IC).
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in peripheral arteries.? According to the clinical presentation of

More than 236 million people worldwide are suffering from pe-
ripheral arterial disease (PAD), with increasing incidence owing
to an aging population.r Well-known cardiovascular risk fac-

tors foster the development of chronic atherosclerotic disease

the patient, PAD is divided into defined stages of severity. In the
milder stage of intermittent claudication (IC), or Grade 1 according
to the Rutherford classification for chronic limb ischemia,® the pa-
tient is suffering from exercise-dependent pain in the affected leg,

which resolves when resting. Chronic limb-threatening ischemia
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(CLTI) as the most severe stage of PAD is associated with a high
amputation rate.* Clinical guidelines define CLTI by the presence
of at least one of the following criteria: ischemic rest pain, isch-
emic trophic lesions, ankle brachial pressure index (ABPI) of less
than 0.4, toe pressure of <30mmHg and/or transcutaneous oxy-
gen saturation (tcPO,) of <10 mmHg.® PAD induces chronic isch-
emia by stenosis or occlusion of the supplying arteries of the lower
extremities, resulting in decreased blood flow and lack of oxygen
and nutrient supply. Repeated cycles of ischemia and reperfusion
of the affected skeletal muscles induce myopathy, with alterations
of the mitochondrial respiratory chain playing a crucial role in the
pathophysiology of PAD.® In addition, recent multiomics analyses
revealed differentially expressed pathways in PAD that may be
associated with functional impairment of the patients.”® Besides
morphological changes on the level of the myofibrils,9 PAD results
in alterations of mitochondrial function, which can be determined
by Clark electrode® or high-resolution respirometry.?'2 More
specifically, analysis of the respiratory chain revealed alterations
in enzymatic activity and mitochondrial respiration of complexes
I, Il and IV.2% In addition, biomarkers for oxidative stress are in-
creased, and antioxidative capacity is decreased.'® Alteration of
the mitochondrial respiratory chain can therefore contribute to

oxidative stress.'* Whereas Ryan et al.*

only showed alteration
of the CLTI group and concluded a unique mitochondriopathy
of higher PAD stages, another group showed preserved mito-
chondrial respiration in PAD.* In summary, while some authors
describe altered mitochondrial function, content and oxidative
stress levels in patients with peripheral arterial disease'®31>17
others show preserved mitochondrial respiratory function in this
population.!® These differences are likely related to differences
in disease severity, small sample sizes or heterogenous inclusion
criteria. High-resolution respirometry (HRR) enables standard-
ized in vitro investigation of mitochondrial respiration under bio-
chemically controlled conditions and saturating oxygen supply.'®
In order to account for mitochondrial content within evaluated
muscle samples, respiration can be normalized by citrate synthase
activity (CSA), a mitochondrial marker enzyme.19

In a previous study involving a small number of IC patients
with isolated lesions of the superficial femoral artery, we demon-
strated an increased oxygen consumption in biopsy samples of the
m. gastrocnemius as a compensatory mechanism in a mild stage of
PAD.}*'2 Other research groups found a decrease in mitochondrial
respiration, which may be due to the clinical heterogeneity in the
cohort of PAD p::\tients.m’m'ls'17 Therefore, further detailed inves-
tigations of subgroups in PAD patients are needed in order to eluci-
date how different stages of PAD affect mitochondrial function. The
aim of this study was to investigate the severity-dependent effects
of PAD on mitochondrial respiration in patients with IC or chronic
limb-threatening ischemia.

By combining basic research to elucidate mitochondrial adapt-
ability in patients with different PAD stages, this translational study
aims to provide the foundation for a direct transfer of knowledge
from the laboratory to the clinic.?°

2 | METHODS

2.1 | Study population
In this single-center study, all patients of the Department of
Vascular Surgery were screened for study participation. Patients
with symptomatic PAD were included consecutively. Exclusion
criteria were age < 18 years, pregnancy, transplantation and emer-
gency interventions in acute cases. Medical history and anthropo-
metric parameters including sex, body mass index (BMI), age and
cardiovascular risk factors (diabetes, arterial hypertension, smok-
ing status and hyperlipidemia) were recorded. Diabetes mellitus
was defined as fasting blood glucose 2126 (>7.0mmol/L) and/or
HbA1cin % 26.5 (248 mmol/mol haemoglobin). No distinction was
made between diabetes mellitus type | and Il. Pulse status, ankle
brachial pressure index (ABPI) and presence of skin lesions on the
lower extremities were assessed. Duplex ultrasound of the periph-
eral arteries was performed, and the atherosclerotic lesions were
graded by severity and location (aortoiliac, femoropopliteal and
distal lesions). The maximum walking distance was determined by
a treadmill test at a continuous speed of 3km per hour and an
inclination of 0%. Two subgroups of PAD were defined: IC with
indication for open or endovascular revascularization (Rutherford
categories 2 and 3), and chronic limb threatening ischaemia (CLTI).
CLTI comprised Rutherford categories 4 and 5, defined by chronic
resting pain for at least 2weeks and/or tissue loss related to PAD
including non-venous ulcerations or gangrene also lasting for at
least 2weeks being associated with hemodynamic parameters as
defined by clinical guidelines.5 Twenty-two control subjects with
normal ABPI without walking distance restriction undergoing
varicose vein surgery were included. Samples were collected once
during non-revascularizing procedures such as varicose vein sur-
gery as well as from employees under local anaesthesia.

ABPIlis not shown due to misleading values in the absence of com-
pression in diabetics. Especially since the ABPI does not adequately

explain the clinic as well as the myopathy of PAD patients.”?22

2.2 | Muscle biopsy and permeabilization

Percutaneous biopsies of the vastus lateralis and gastrocnemius
muscles of the affected leg were performed under general or
local (lidocaine—without muscle infiltration to avoid potential ef-
fects of the medication on mitochondrial respiration) anaesthe-
sia by using Bergstrom Muscle Biopsy Needles (@ 4.0mm, Dixon
Surgical Instruments, Wickford, UK).2® Muscle tissue (~5mg) was
transferred into ice-cold conservation fluid (BIOPS) (Appendix S1).
After mechanical dissection, muscle fibres were chemically per-
meabilized by incubation in 2mL of BIOPS containing 50 pg/mL
saponine. After washing in a mitochondrial respiration medium
(MiR06) (Appendix S1), around 1-3mg wet weight was added to the
respirometry chamber. The detailed procedure has been described

elsewhere 111218
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2.3 | Assessment of mitochondrial respiration

HRR was carried out by using an Oxygraph-2k (Oroboros
Instruments, Innsbruck, Austria) at 37°C as described before.!®
The Oxygraph-2k is composed of two respirometry chambers
containing 2mL MiR06 each. Oxygen concentration (umol/L) and
oxygen flux (pmol/[smL]) were continuously recorded in real-
time using DatLab software (Datlab Version 7.3.0.3, Oroboros
Instruments, Innsbruck, Austria). Mass-specific mitochondrial res-
piration was set as oxygen consumption per second, per milligram
of wet weight of muscle tissue (pmol/[s*mg]). The measurement
starts with the addition of gaseous oxygen into the chambers to
create a hyperoxygenated environment with >500mM oxygen
levels in order to avoid oxygen limitation of fibre respiration. A
specific substrate, uncoupler, inhibitor titration (SUIT) protocol
was performed to induce a sequence of respiratory states, as
described before.!*'218 Nonphosphorylating LEAK state, mito-
chondrial respiration in the absence of adenosine diphosphate
(ADP), was recorded after titration of 2mM malate and 0.2 mM oc-
tanoylcarnitine (MOct, ). The addition of 5mM ADP yields NADH
electron transfer-pathway state (N) oxidative phosphorylation
(OXPHOS) capacity (MOct,), the addition of pyruvate (5mM) plus
succinate (10 mM) results in OXPHQOS capacity (P) combining N-
linked and succinate (S)-linked substrates. Titration of the proto-
nophore carbonyl cyanide p-(trifluoromethoxy) phenylhydrazone
(FCCP; 0.05mM steps) induces maximum oxygen flux and reveals

electron transfer capacity (ET).

2.4 | Citrate synthase activity

CSA was determined from frozen (stored at -80°C) homogenized
muscle samples. After thawing the samples, they were transferred
to CellLytic™ MT reagent (Sigma-Aldrich, St. Louis, MO, USA) and
then mechanically homogenized using pestle and subsequently cen-
trifuged. The QuantiPro™ BCA Assay Kit (Sigma-Aldrich, St. Louis,
MO, USA) was used to determine the protein concentration of
the protein-rich supernatant. Subsequently, CSA was measured
spectrophotometrically by using the Citrate Synthase Assay Kit
(Sigma-Aldrich, St. Louis, MO, USA) at 412nm and 25°C. To obtain
the specific mitochondrial respiration expressed as pmol/(s*mg) per
CSA, all results from the HRR mitochondrial respiration were nor-
malized to CSA as a marker for mitochondrial content.**24

Schematic overview of the methods shown in Appendix S2.

2.5 | GVratio

Since we saw almost no differences in vastus lateralis muscle be-
tween IC and CLTI, we took vastus lateralis muscle as a baseline to
minimize interindividual differences for better comparability of pa-
tients. Mitochondrial respiration and CSA in gastrocnemius muscle
were compared to those in vastus lateralis muscle, and the ratios

WILEY- 2™

of gastrocnemius over vastus respiration were calculated for each

participant (‘GV ratio’) for all respiratory states.

2.6 | Statistics

Statistical analysis was carried out using SPSS 27 (IBM, Armonk,
NY). Continuous data are given as median with interquartile range
based on a non-Gaussian distribution. Data are presented as box
plots including median and lower/upper quartiles; whiskers de-
note 5% and 95% percentiles. Average age and sex frequency
were calculated. Significance levels were determined using non-
parametric tests for non-dependent samples (Mann-Whitney
U-test) as well as chi-square for clinical parameters p-values <0.05
were considered significant. Linear regression analysis was per-
formed between age, active smoking and the collected parameters
(Appendix S3 and S4).

2.7 | Study approval

The institutions' medical ethical committee (Charité Ethics
Committee, Universitdtsmedizin Berlin) approved the protocol and
the design of this study under proposal number EA4/139/16. All
participants gave their written informed consent. All procedures
were per the 1964 Helsinki Declaration and its latest amendment
of 2013.

3 | RESULTS

3.1 | Baseline characteristics

This study included 65 PAD patients (CLTI: n=18; IC: n=47) and
22 non-ischemic control persons without any evidence of PAD.
Participants in the control group were significantly younger than
those within the two PAD groups (47.5years versus 67.0 [IC] and
72.0 [CLTI] years, p<0.001). Linear regression analysis showed no
correlation between age and the parameters collected from the IC
and control group. In the CLTI group, there was a correlation be-
tween age and mitochondrial function, but not with mitochondrial
content (Appendix S3). In PAD patients, cardiovascular risk factors
(diabetes, smoking status, hypertension, hyperlipidemia) were more
frequent than in individuals without PAD (p <0.001). No significant
differences were seen in the intake of relevant medications between
IC and CLTI. The patients took cardiovascular medication more fre-
quently than the control subjects. Non-healing wounds, ulcers or tis-
sue loss were observed in 14 of 18 CLTI patients, 7 of whom had pain
at rest. PAD patients were more often active smokers compared to
the control group. Linear regression analysis showed a correlation
between active smoking and mitochondrial function only in the IC
group (Appendix S4). Anthropometric and disease-specific details
are given in Table 1.
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TABLE 1 Clinical parameters of patients and controls.

Control IC CLTI p-value

(n=22) (n=47) (n=18) C/IC C/CLTI IC/CLTI
Age in years 47.5(36.9-71.1) 67.0 (60.6-74.2) 72.0(65.2-82.7) <0.001 <0.001 0.241
Sex (%male) 12 (54.5) 38(80.9) 13(72.2) 0.023 0.251 0.449
Body mass index (BMI) 26.9 (24.9-31.7) 26.0(22.6-29.4) 24.5(20.1-29.5) 0.225 0.235 0.980
Diabetes 4(18.2) 13 (27.7) 7(38.9) 0.395 0.145 0.380
Active cigarette smoking 3(13.6) 25(53.2) 9 (50.0) 0.002 0.017 0.266
Hyperlipidemia 5(23.8) 30 (63.8) 9 (50.0) 0.002 0.089 0.308
Any cardiovascular risk factor 7(31.8) 40(85.1) 15(83.3) <0.001 0.001 0.859
Permanent dialysis 1(5.0) 3(6.4) 3(18.7) 0.827 0.242 0.200
Aortoiliac PAD 18 (38.3) 4(22.2) 0.220
Femoropopliteal PAD 42 (89.4) 18 (100.0) 0.150
Distal PAD 5(10.6) 6(33.3) 0.029
No. of cardiovasc.risk factors 0(0-2.25) 2.0(1.0-3.0) 2.0(1.0-3.0) 0.019 0.065 1.000
Statins 4(18.2) 26 (55.3) 11 (61.1) 0.004 0.005 0.673
Antihypertensive drugs 7 (31.8) 35 (74.5) 13(72.2) 0.001 0.011 0.854
Antiplatelet agents 4(18.2) 40 (85.1) 14 (77.8) <0.001 <0.001 0.481
Anticoagulation 0(0) 11 (23.4) 6(33.3) 0.013 0.003 0.415
Walking distance No limitations 100 0 <0.001 <0.001 0.719

Note: Cardiovascular risk factors included diabetes mellitus, hyperlipidemia and smoking status, and are presented as number of risk factors present
in patients; frequencies are presented as prevalence with portions in brackets; continuous data are expressed as median with interquartile range
in brackets. Statistical analysis by Mann-Whitney test and chi-square. A p-value <0.05 is considered to be significant. p-value shows comparison

between control and patients (IC and CLTI).

Abbreviations: CLTI, chronic limb-threatening ischemia; IC, intermittent claudication; PAD, peripheral arterial disease.

TABLE 2 Citrate synthase activity (CSA).

CSA [nmol/min/mg

Muscle N protein] p-value
Gastrocnemius muscle

Control (C) 15 340.6 (288.9-562.2) C/IC:0.121

IC 32 328.4(231.3-385.9) C/CLTI: 0.031

CLTI 11 265.5(214.8-355.4) IC/CLTI: 0.344
Vastus lateralis muscle

Control (C) 11 311.7 (284.4-421.8) C/IC:0.010

IC 34 261.2 (196.4-314.9) C/CLTI: 0.028

CLTI 11 266.8 (184.1-306.6) IC/CLTI: 0.616

Note: CSA in gastrocnemius and vastus lateralis muscles, in controls,
in patients with intermittent claudication (IC), and in chronic limb-
threatening ischemia (CLTI). Data are expressed as median with
interquartile range in brackets. Statistical analysis by Mann-Whitney
test. A p-value <0.05 is considered to be significant.

3.2 | Mitochondrial content

CSA was lower in ischemic muscle compared to non-ischemic con-
trols. In the gastrocnemius muscle of CLTI patients, CSA was lower
than in controls (265.5 vs. 340.6 nmol/min/mg, p=0.031). In vastus
muscles, CSA of both IC and CLTI were decreased compared to the

control group (IC: 261.2nmol/min/mg, p=0.010; CLTI: 266.8 nmol/
min/mg, p=0.028). CSA in gastrocnemius (p=0.344) and vastus
(p=0.616) was not different between different severity stages of
PAD (IC versus CLTI) (Table 2; Appendix S5).

3.3 | Mitochondrial function

Mitochondrial respiration in gastrocnemius muscle of IC was higher
compared to non-ischemic controls and compared to CLTI for
OXPHOS capacity (P) (IC vs. C: p=0.045 and IC vs. CLTI: p=0.008)
as well as for ET (IC vs. CLTI p=0.032) (Table 3; Figure 1A). In vas-
tus muscles, no alterations of mitochondrial respiration in IC or CLTI
compared to control were found except for a decrease in LEAK state
(MOct, p=0.018) (Table 4).

3.4 | Mitochondrial respiration normalized to CSA
Mitochondrial respiration normalized to CSA in gastrocnemius
muscle was significantly increased for MOct, (p=0.007) and NS-
linked OXPHOS (p=0.017) in patients with IC as well as for MOct,
(p=0.030) and NS-linked OXPHQOS (p=0.046) for the CLTI group
when compared to controls (Table 3; Figure 1B).
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TABLE 3 Mitochondrial respiration of gastrocnemius muscle.

Control IC CLTI p-values
N Median  IQR N Median IQR N Median IQR c/IC C/CLTI  IC/CLTI
GM-Mitochondrial respiration (pmol/[s*mg])
MOct, 20 110 7.4-15.0 43  11.0 8.2-13.7 18 95 6.3-14.4 0.848 0.943 0.740
MOct, 20 18.6 8.8-29.8 43  23.8 18.4-30.9 17 21.6 10.1-28.8 0.114 0.094 0.058
P 20 53.0 39.3-72.5 45 659 48.6-89.2 18 524 39.8-64.7 0.045 0.013 0.008
ET 20 65.6 40.0-85.4 45 715 49.4-96.3 18 55.6 42.5-75.6 0.327 0.093 0.032
GM-Mitochondrial respiration (pmol/[s*mg]) per CSA
MOct, 14 0.032 0.019-0.034 30 0.035 0.026-0.046 11  0.032 0.023-0.061  0.066 0.233 0.953
MOct, 14 0.037 0.028-0.065 29  0.067 0.050-0.103 11  0.061 0.030-0.117 0.007 0.030 0.388
P 14  0.134 0.076-0.199 31  0.203 0.140-0.271 11 0.185 0.080-0.243 0.017 0.046 0.203
ET 14 0.172 0.112-0.252 31  0.203 0.153-0.286 11 0.185 0.097-0.269  0.091 0.225 0.399

Note: Mitochondrial respiration of gastrocnemius muscle in the control group, in patients with intermittent claudication (IC), and chronic limb-
threatening ischemia (CLTI), as absolute values and normalized to citrate synthase activity (CSA). Statistical analysis by Mann-Whitney test. A p-value

<0.05 is considered to be significant.

Abbreviations: ET, maximal respiration after addition of FCCP; GM, gastrocnemius muscle; MOct, , maximal respiration after titration of malate and
octanoyl; MOct,, maximal respiration after addition of ADP; P, maximal respiration after addition of pyruvate and succinate.
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FIGURE 1 Respirometry results of gastrocnemius muscle from controls, intermittent claudication (IC) and chronic limb-threatening
ischemia (CLTI). (A) High-resolution respirometry results are expressed as oxygen (O,) flux per mg wet weight (pmol/[s*mg]) and (B)
normalized to citrate synthase activity (CSA) (pmol/[s*mg]/CSA). ET, maximal respiration after addition of FCCP; MOct, , maximal respiration
after titration of malate and octanoyl; MOct,, maximal respiration after addition of ADP; P, maximal respiration after addition of pyruvate
and succinate. Statistical analysis by Mann-Whitney test. *p <0.05, **p<0.01.

In vastus muscle, there was no difference between claudicant,
CLTI and control muscle samples regarding all defined respiratory
states (Table 4).

3.5 | Comparison of gastrocnemius and vastus
muscle mitochondrial function—'GV ratio’

The GV ratios of mitochondrial respiration in IC compared to con-
trols were significantly higher in all defined respiratory states. CLTI
showed no difference from the controls (Table 5; Figure 2). No sig-

nificant difference for CSA was found.

4 | DISCUSSION

The aim of this study was to investigate mitochondrial respiration
and content in skeletal muscle of patients suffering from PAD with
different degrees of clinical severity. We were able to confirm our
hypothesis that the impact of chronic ischemia on mitochondrial
function is dependent on PAD severity.

Our study cohort comprised PAD patients with multiple comor-
bidities and an advanced age, which is in line with the natural history
of the disease.*?°
Unlike controls and IC patients, our CLTI patients exhibit a more

or less sedentary lifestyle due to resting pain, and inability to walk
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TABLE 4 Mitochondrial respiration of vastus lateralis muscle.

Control IC CLTI p-values
N Median IQR N Median IQR N Median IQR C/IC C/CLTI  IC/CLTI
VML-Mitochondrial respiration (pmol/[s*mg])
MOct, 17 169 11.1-19.4 44 110 8.7-16.6 17 129 9.8-22.0 0.018  0.399 0.228
MOct, 17 223 14.5-31.9 44 224 15.5-28.6 17  21.0 12.7-25.8 0.834 0.438 0.412
P 17 637 47.2-67.9 45 609 42.9-69.9 17 541 40.1-62.5 0.906 0.235 0.163
ET 17  68.2 53.7-85.0 46  68.4 47.6-87.7 17 64.8 46.0-73.2 0.792  0.344 0.369
VML-Mitochondrial respiration (pmol/[s*mg]) per CSA
MOct, 10 0.051 0.031-0.067 32 0.046 0.032-0.056 11  0.046 0.031-0.064 0.734 0.951 0.956
MOct, 10  0.060 0.043-0.102 31 0.078 0.059-0.129 11  0.078 0.047-0.106  0.202  0.422 0.538
P 10 0.212 0.123-0.248 32 0.206 0.152-0.292 11  0.218 0.130-0.286 0.392 0.670 0.738
ET 10 0.213 0.149-0.273 33 0.231 0.168-0.386 11  0.241 0.170-0.367 0.301 0.610 0.903

Note: Mitochondrial respiration of vastus lateralis muscle in the control group, in patients with intermittent claudication (IC), and chronic limb-
threatening ischemia (CLTI), as absolute values and normalized to citrate synthase activity (CSA). Statistical analysis by Mann-Whitney test. A p-value

<0.05 is considered to be significant.

Abbreviations: ET, maximal respiration after addition of FCCP; MOct,, maximal respiration after titration of malate and octanoyl; MOct,, maximal
respiration after addition of ADP; P, maximal respiration after addition of pyruvate and succinate; VML, vastus lateralis muscle.

TABLE 5 Ratio of O,Flux in gastrocnemius muscle over vastus muscle (‘GV ratio’).

Control IC CLTI p-value

N Median  IQR N Median  IQR N Median  IQR C/IC C/CLTI  IC/CLTI
CSA 10 0.993 0.889-1.415 31 1.214 1.052-1.351 8 1.068 0.874-1.681 0.379 0.859 0.348
MOct, 13  0.697 0.485-0.817 30 0.974 0.789-1.161 10 0.721 0.541-1.209  0.002 0.535 0.134
MOct, 13 0.668 0.573-0.880 28 1.081 0.899-1.297 10 0.865 0.641-1.116 0.001 0.137 0.076
P 13 0.786 0.621-1.000 30 1.167 0.993-1.397 10 1.063 0.813-1.169  <0.001  0.063 0.065
ET 13 0.783 0.627-1.030 31 1.079 0.927-1.307 10 1.002 0.756-1.157 0.012 0.226 0.208

Note: Ratio of O,Flux in gastrocnemius muscle over vastus muscle (‘GV ratio’). Mitochondrial respiration (pmol/[s*mg]) expressed as median with IQR
in brackets. Statistical analysis by Mann-Whitney test. A p-value <0.05 is considered to be significant.

Abbreviations: CSA, citrate synthase activity; ET, maximal respiration after addition of FCCP; MOct,, maximal respiration after titration of malate and
octanoyl; MOct,, maximal respiration after addition of ADP; P, maximal respiration after addition of pyruvate and succinate.

because of ulcers or gangrene. Mitochondria are able to adapt to met-
abolic demands imposed by the individual level of physical activity,
and inactivity decreases mitochondrial content.?-28 As marker for
mitochondrial content, CSA was determined.'?>? Compared to non-
ischemic controls, CSA was decreased in gastrocnemius muscle of IC
and, to a larger degree, of CLTI (Table 2). In contrast, Ryan et al.!® as
well as Pipinos et al.'® did not find any significant difference in CSA
between more advanced PAD and controls. Other groups, however,
found increased CSA in ischemic muscles compared to controls.*”%??
Park et al.'’ investigated milder PAD Stages and Pipinos et al.?? in-
vestigated short medical history for a total of 14 weeks using staged
ligation of common femoral and iliac arteries ligation in mice. Both
indicate a shorter disease history with conceivable different adap-
tation mechanisms that require further investigation. Furthermore,
it remains unclear whether CSA is a valid marker of mitochondrial
content, particularly in patients with PAD.%*

In our study, we found an increase in complex I- and complex

Il-related respiration in the gastrocnemius muscle of IC patients

over controls without PAD. This is in line with our previous find-
ings.“'12 This, however, was not true for the CLTI group (Table 3;
Figure 1). Pipinos et al.'%'% demonstrated a decrease in respiration
in higher PAD stages compared to the control group. A closer look
shows that these PAD stages are more similar to our CLTI group
than to the IC group and could therefore confirm the lower respira-
tion of the CLTI group. Unfortunately, there is also no comparative
data available for milder PAD patients, which makes it difficult to
classify the values. Similarly to our findings, Ryan et al.}®> demon-
strated a decreased respiration in CLTI patients compared to con-
trols and IC patients, but no significant changes of respiration in
the IC group, however, in their study only 7 IC patients were sub-
jected to HRR. Park et al.'” investigated PAD patients with IC at
microcirculation level. They showed a decrease in mitochondrial
respiration in the PAD group. One limiting factor is the small num-
ber of patients (n=10) and the difficulty in classifying the results
due to insufficient patient data such as walking distance for ex-
plicit staging, as well as the reduced comparability in the absence
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FIGURE 2 Ratio of respiration in gastrocnemius over vastus
muscle (‘GV ratio’). In controls, intermittent claudication (IC) and
chronic limb-threatening ischemia (CLTI), for all respiratory states
defined. ET, maximal respiration after addition of FCCP; MOctL,
maximal respiration after titration of malate and octanoyl; MOctP,
maximal respiration after addition of ADP; P, maximal respiration
after addition of pyruvate and succinate. Statistical analysis by
Mann-Whitney test. *p <0.05, **p <0.01, ***p<0.001.

of higher PAD stages and a missing normalization of respiration to
mitochondrial content. One possible explanation for the contra-
dictory results could be the selection of patients. Whereas in the
current study, the IC group was defined as Rutherford categories 2
and 3 which undergo revascularization, in the study of Park et al.¥’
the samples are taken from patients presenting for an examination
in symptomatic PAD without planned surgery. Our hypothesis is
that higher PAD stages—requiring revascularization—is associated
with an adaptive response in terms of decreasing mitochondrial
content and increasing mitochondrial respiration, at least in milder
stages such as IC. An inverse relationship could be explained by an
earlier time point of the biopsy, at which no or another adaptation
reaction could have taken place (Appendix S6). This is supported
by the mouse study by Pipinos et al.,?? in which increased CSA
with decreasing mitochondrial respiration was observed after a
short course of the disease following ligation of the common fem-
oral and iliac arteries over a period of only 14 weeks. In contrast,
clinical arteriosclerosis presents as a gradual progression over sev-

eral years, with PAD often progressing unnoticed.3%3?

WILEY-L7°™

1.3 showed no differences of mitochondrial

In contrast, Hart et a
respiration and content between PAD patients and healthy control.
Only increased mitochondrial-derived ROS production, tumour ne-
crosis factors, Interleukin 6, pro-inflammatory and oxidative stress
markers could be observed in the PAD group. They concluded
that these processes precede impaired mitochondrial function.
Comparability is limited due to the different selection of patients, as
they only included 10 mild PAD stages (Fontaine Ila) without diabe-
tes. The patients were therefore much healthier than in comparative
studies.}®131>17 |indegaard Pedersen et al.>? showed preserved res-
piration in mild PAD stages without diabetics as well as decreased
respiration in mild PAD with diabetics. This is in line with Park et al.*”
and supports our conceivable course of PAD (Appendix S6). Since we
included diabetes patients in all groups (Table 1), as did comparative

studies,ls'17

and saw no significant difference in the distribution, this
should not affect the validity of our study. Apart from falsely high,
misleading ABPI measurements due to media sclerosis, so we do not
present these in this study. Unfortunately, no alternative method,
such as toe-brachial pressures, was determined.

Further investigation of the different stages of PAD is therefore
essential to better understand the exact course of the disease at the
molecular level, in order to better classify the contrasting results.
Improved understanding of the role of mitochondrial function in the
pathogenesis of PAD may also open up further avenues for possible
therapeutic strategies.

A promising approach to this was recently demonstrated by
Ferrucci et al.” with a multiomics analysis of PAD muscle biopsies.
They analysed different MRNA as well as proteins from patients with
mild PAD stages compared to controls and showed among other
things reduced glucose metabolism, remodelling of the cytoskeleton
and mismatch between transcription and translation of mitochon-
drial genes. Further examinations are required as only mild stages of
PAD without diabetes were included.

Regarding the different degrees of mitochondriopathy in CLTI
compared to IC and controls,'> as well as myopathy and neuropa-

39-42

thy,®3%-%8 more severe ischemia-reperfusion damage is con-

ceivable in higher PAD stages, causing decreased mitochondrial

function9,10,13,22,43,44

and could be an explanation of the limited
adaptation of CLTI patients. Decreased physical activity in CLTI pa-
tients could also contribute to our findings. However, physical activ-
ity decrements have been shown to mainly influence mitochondrial
content, as compared to respiration.*>**¢ The inter-individual range
of variability in HRR values in patients is very high. As an intra-
individual control, we therefore used the vastus lateralis samples
to normalize intra-individual differences between patients and con-
trols (Table 5). Furthermore, this ratio may help to diminish the bias
of different levels of physical activity between individual patients.
Supported by our data, the gastrocnemius muscle as the most distal
end organ of PAD is more severely affected compared to vastus lat-
eralis muscle. The GV-ratios significantly increased in IC compared
to controls and CLTI and supported our hypothesis of a limited mito-
chondrial adaption of higher PAD stages and higher adaptability of
lower PAD stages.
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Whether molecular differences in mitochondriopathy also exist
after clinically successful revascularization between the different
PAD stages needs further investigation.

As a limitation of our study, the control group was younger and
exhibited less comorbidities than the two PAD groups. However, no
correlation of mitochondrial respiration as well as content and age
were found for the IC group. Only a correlation between mitochon-
drial respiration and age was found in the CLTI group (Appendix S3).
This can be explained by the younger patients in the IC group,
whereas the CLTI group is known to represent an older patient
population.

Due to limited human biopsy material, only one marker of mi-
tochondrial content (CSA) could be determined. Furthermore, we
were, unfortunately, unable to determine markers for fission/fusion
or ultrastructure such as mitochondrial morphology. However, it has
been described that alterations in mitochondrial functions could be
associated with morphology changes and fission/fusions in patients
with PAD.” Another possible limitation is that CSA was measured in
lysates. However, it was not the same piece of tissue that was used
for permeabilization for the HRR.

Medication usage may impact results. As expected, the controls
differed from the patients with PAD in terms of frequency of cardio-
vascular medication use. However, there was no difference between
the IC and CLTI groups. Thus, both groups could be compared with
the control group and with each other under the same conditions.

In order to find out if the mitochondrial function is associated
with other risk factors we did a linear regression between active
cigarette smoking and the collected parameters (Appendix S4).
Interestingly there was only a correlation between mitochondrial
function but not mitochondrial content. Moreover, only in the IC
group. It is already known, that smoking leads to oxidative stress
and mitochondrial dysfunction.*” Why only the IC group shows a
correlation remains unclear. A possible explanation could also be the
reduced adaptability in the CLTI group compared to the IC group
which needs to be investigated further.

In summary, we demonstrate a stage-dependent effect of PAD
on mitochondrial respiration and CSA. In IC, mitochondrial respira-
tion is elevated compared to CLTI and non-ischemic controls which
may be interpreted as an adaptation to limited oxygen supply. When
the degree of ischemia becomes more severe, the mitochondrial
ability to adapt is limited.
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