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Physical Exercise Reduces Cytotoxicity and Up-Regulates Nrf2 and
UPR Expression in Circulating Cells of Peripheral Artery Disease
Patients: An Hypoxic Adaptation?
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Aim: Ischemia-reperfusion (I-R) produces reactive oxygen species (ROS) that damage cells and favour
cytotoxicity and apoptosis in peripheral artery disease (PAD) patients. Since brief episodes of I-R
(ischemic conditioning) protect cells against ischemic harms, we evaluated whether a short-course of
supervised treadmill training, characterized by repeated episodes of I-R, makes peripheral blood
mononuclear cells (PBMCs) from PAD patients with intermittent claudication more resistant to I-R
injuries by reducing oxidative stress and by inducing an adaptative response of unfolded protein
response (UPR) and nuclear factor-E2-related factor (Nrf2) pathway expression.

Methods: 24 PAD patients underwent 21 sessions of treadmill training and a treadmill test as indica-
tor of acute response to I-R.

Results: Maximal and pain free walking distance improved (p<0.01), whereas LDH leakage and
apoptosis of PBMCS decreased (»p<0.01); plasma malondialdehyde and ROS generation in PBMCS
declined, while plasma glutathione augmented (»<0.01). Moreover we demonstrated an up-regula-
tion of UPR and Nrf2 expression in PBMCS (p<0.01). To understand whether treadmill training
may act as a trigger of ischemic conditioning, we examined the effect of repeated episodes of I-R on
adaptative response in PBMCS derived from the patients. We showed an up-regulation of UPR and
Nrf2 gene expression (p<0.01), while oxidative stress and cytotoxicity, after an initial increase,
declined (p<0.01). This positive effect on cytotoxicity was reduced after inhibition of UPR and
Nrf2 pathways.

Conclusions: Treadmill training in PAD patients through UPR and Nrf2 up-regulation may trigger
hypoxic adaptation similar to conditioning, thus modifying cell survival.
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blood supply augments enough to satisfy calf muscle
oxygen demand. Although reperfusion is essential to
salvage calf muscles following periods of sustained isch-
emia caused by PAD, the actual process of reperfusing

Introduction
Patients affected by peripheral artery disease (PAD)

suffer from calf muscle ischemia during walking activ-

ity when metabolic demands outdo oxygen supply,
and from calf muscle reperfusion during rest, when
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ischemic calf muscle can itself paradoxically induce
injury. In fact, this phenomenon of ischemia-reperfu-
sion (I-R) produces reactive oxygen species (ROS) that
damage muscle fibers, impair mitochondrial function,
and favor apoptosis'®.

Nuclear factor-EZ-related factor (Nrf2) is an emerg-
ing regulator of cellular resistance to oxidants. Nrf2
controls the basal and induced expression of an array
of antioxidant response element (ARE)-dependent genes
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as heme-oxygenase (HO)-1 and glutamate-cysteine
ligase catalytic (GCLC) subunit, to regulate the physi-
ological and pathophysiologic outcomes of oxidant exp-
osure”. Interestingly, it has been recently shown that
Nrf2 has a protective role in murine models of myo-
cardial I-R injury®?

Stresses that perturb the folding of nascent endo-
plasmic reticulum (ER) proteins activate the ER stress
response which, in turn, triggers the so called unfolded
protein response (UPR) that deals with unfolded and
misfolded proteins'?. Three main ER transmembrane
stress sensors initiate the UPR: protein kinase RNA-
like ER kinase (PERK), activating transcription factor
6 (ATF6), and inositol-requiring enzyme 1 (IRE1). Act-
ivation of PERK decreases protein synthesis and spe-
cifically encodes for activating transcription factor 4
(ATF4), which induces the expression of genes involved
in aminoacid metabolism, antioxidant response, autoph-
agy, and apoptosis'?. After its activation, IRE1 pro-
cesses the mRNA encoding X-box-binding protein 1
(XBP1) generating a transcription factor that up-regu-
lates a subset of UPR target genes related to folding,
quality control and ER-associated degradation (ERAD).
Upon the induction of ER stress, ATF6 is processed at
the Golgi apparatus with the release of its cytosolic
domain, which then translocates to the nucleus where
it increases the expression of some ER chaperones,
ERAD-related genes, and XBP1'". Once the UPR fails
to control the level of unfolded and misfolded pro-
teins in the ER, a pro-apoptotic CCAAT/2enhancer-
binding protein homologous protein (CHOP)-medi-
ated pathway is initiated'".

I-R is associated with an increased abundance of
structurally and functionally defective proteins, which
endanger normal cellular function and must therefore
be removed'?. In this context, it has been shown that
the ATFG branch of the UPR may induce expression of
proteins that can reduce I-R injury in hearts of trans-
genic mice'? and in cardiac myocytes'?. Similarly, acti-
vation of the other sensors of the UPR has also been
reported in different models of I-R">"7.

Ischemic conditioning is an endogenous phenom-
enon in which one or more brief episodes of nonlethal
I-R protect against a sustained lethal episode of I-R'®.
Extensive research has focused on increasing heart tol-
erance to I-R injury using conditioning strategies'®:
brief episodes of coronary I-R preceding (ischemic pre-
conditioning, IP) sustained myocardial I-R reduce infarct
size in mice'®, as well as in patients with acute myo-
cardial infarction, and in those undergoing cardiac sur-
gery or percutaneous coronary intervention'®. Never-
theless, there are pathological conditions, such as tran-
sitory ischemic attack and stable angina, in which pati-
ents are exposed to several brief episodes of I-R. In this

regard, limb ischemia caused by PAD is likely the most
important potential contributor to frequent condition-
ing eplsodes”) Despite the obvious fact that condi-
tioning and intermittent claudication both involve rep-
cated periods of I-R, very few studies have focused on
connecting these two phenomena. Intermittent clau-
dication itself as a trigger of conditioning has also rec-
eived little attention. In this context, a recent report
points to a role for ER stress response in cardioprotec-
tion against reperfusion injury in IP%”.

Supervised exercise is considered an effective first-
line treatment for PAD with claudication?” and it is
recommended by international guidelines as the stan-
dard of care??. It has been suggested that the physio-
logical, metabolic, and mechanical alterations that occur
during the period of exercise presumably cause an ada-
ptive response that at the end reduces claudication symp-
toms?. In particular, it has been suggested that the
adaptive response not only ameliorates vascular perfu-
sion but also reduces the skeletal muscle damage that
in part derives from I-R injury®”. Recent studies have
demonstrated that physical exercise also modifies gene
expression toward an anti-inflammatory and an anti-
atherosclerotic pattern in circulating cells of healthy
subjects®” and of PAD patients with intermittent clau-
dication®.

Aim

This study evaluated whether a short course of
supervised physical training, characterized by repeated
episodes of I-R in PAD patients with intermittent clau-
dication, reduces systemic oxidative stress and makes
peripheral blood mononuclear cells (PBMCs) more
resistant to I-R injuries by reducing cytotoxicity and
oxidative stress through inducing an adaptative res-
ponse of UPR and Nrf2 pathway expression. We also
examined the effect of repeated episodes of I-R on
PBMC:s from PAD patients, used in this case as surro-
gate cells to mimic the hypoxic environment present
in the skeletal muscle cells during physical activity.
Finally, we assessed the requirement of UPR and Nrf2
pathways for promoting adaptation and survival to

I-R in PBMC:s, using specific inhibitors.

Methods

Patients

The hospital ethics committee (Azienda Ospeda-
liera Universitaria Integrata Verona, AOUI) in accor-
dance with the ethical standards of the Declaration of
Helsinki approved the study (Protocol number 1538),
and informed written consent was obtained from all
the patients before their enrolment.
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24 consecutive outpatients routinely afferent to
the clinical and training program offered by the Angi-
ology Section of AOUI and meeting the following
inclusion criteria were considered: age between 50 and
85 years, PAD with intermittent claudication (II stage
of Leriche Fontaine classification) diagnosed by anam-
nesis, clinical exam, Ankle Brachial Index (ABI) mea-
surement (between 0.5 and 0.9 in the symptomatic leg)
and complete ColorDoppler ultrasound of lower limbs
that confirms extensive atherosclerotic lesions, control
of dyslipidemia, diabetes, and hypertension according
to current guidelines. The patients discontinued smok-
ing from at least 6 months and no changes in their
usual therapy occurred.

The exclusion criteria were: advanced diabetic
microvascular disease with peripheral neuropathy (diag-
nosed on bases of clinical symptoms and Semmes-
Weinstein monofilament test), angina, heart infarction
or stroke in the 6 months before enrolment, cardiac
dysfunction (FE <40%), revascularization procedure
in the 6 months before enrolment, renal failure (creat-
inine >1.5 mg/dL), respiratory disease with reduced
physical performance, contraindication to physical activ-
ity (e.g. orthopedic/neurological disease). The control
group comprised age-, sex-, and smoking habit-matched
subjects randomly selected from the general popula-
tion?* 7).

Walking Ability and Physical Training

Maximal walking distance (MWD) defined as the
point at which patient could no longer tolerate increase
in the leg pain during walking, and time to the onset of
claudication (pain-free walking distance, PEWD) were
measured before and at the end of the physical train-
ing program. MWD and PFWD were determined by
means of a treadmill test. Each patient underwent a
pre-test on treadmill to verify the ability to walk at
speed and slope defined in our protocol (3.2 km/h; slope
10%), according to TASC I indications. All patients
underwent the standardized training period of 21 ses-
sions as described®*?. Each exercise session included:
30 min of aerobic exercise to stimulate proprioception
and respiratory strength; treadmill exercise for 50 min;
the exercise was prolonged till the onset of leg pain
and then interrupted till resolution of symptoms; sub-
sequently the patient restarted with the exercise (accord-
ing with TASC 1I prescrlptlons) ); the session was
concluded with 20 min of exercise on cyclette without
resistance.

Blood Samples and PBMC Isolation

Venous blood samples were obtained from each
subject after 12 hour of fasting, at the start and at the
end of the supervised physical program. To explore the

effect of supervised exercise also on acute response to
I-R, venous blood samples were obtained before, 30
and 120 min after the end of treadmill test at the begin-
ning and at the end of the program. Blood was col-
lected from each subject and drawn into pyrogen-free
blood collection tubes. Multiple aliquots of plasma were
placed into sterile 1-mL screw-capped polypropylene
vials, containing the phenolic antioxidant 2,6-di-zerz-
butyl-4-methylphenol (10 mM; Sigma, Milan, Italy)
to inhibit lipid peroxidation, and stored at —80C.
Samples were kept frozen for no longer than 6 months,
with an average of 3 months. The samples were frozen
and thawed only once. PBMCs were isolated as previ-
ously described®”. PBMCs from patients were cul-
tured in RPMI 1640 with L-glutamine (GIBCO), as
described??.

Systemic and Cellular Markers of Oxidative Stress

Plasma GSH was analyzed using high-performance
liquid chromatography (HPLC) with fluorescence detec-
tion of 7-fluorobenzo-2-oxa-1, 3-diazol-4-sulfonic acid
at excitation 385 nm and emission 515 nm as previ-
ously described®?. Plasma malondialdehyde (MDA) was
measured using HPLC with mass spectrometer detec-
tion according to the method proposed by Mao ez al.??.
Intracellular ROS production was quantified through
the oxidation of 2',7'-dichlorofluorescin diacetate, as
previously described®®.

Cytotoxicity Evaluation in PBMCs

Cell apoptosis was evaluated by Annexin V/prop-
idium iodide double staining assay. The cells were incu-
bated at room temperature for 20 min in the dark and
analyzed by flow cytometry. The number of each type
of cells was expressed as percentages of the number of
total stained cells.

LDH leakage assay was evaluated after collecting
the culture medium and the cells by the Pierce LDH
cytotoxicity assay kit. The cells were first sonicated to
ensure the cell membrane broke down to release the total
amount of LDH; subsequently, centrifugation (1,000 x
g for 15 min) to clear up the cell sample was under-
taken. LDH leakage was estimated from the ratio bet-
ween the LDH activity in the culture medium and that
of the whole cell content.

The requirement of UPR and Nrf2 pathways for
promoting adaptation and survival to I-R was assessed
using the following pharmacologic tools, at a concen-
tration ranging from 1 to 3 pM: GSK compound 39
(Merck Millipore, Darmstadt, Germany), 4p8c (Sigma
Aldrich, Milan, Italy) and trigonelline (Sigma Aldrich,
Milan, Italy) respectively for PERK, IRE1, and Nrf2

inhibition.
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Table 1. Anthropometric characteristics, blood pressure values, laboratory parameters and walking ability at

the beginning and at the end of the study

Start

n=24 n=24 r
Age (years) 71.8+8.2
Sex (M/F) 18/6
Past smokers 24/24 24/24
Waist circumference (cm) 96.1+11.8 95.3%£12.2 NS
BMI (kg/mz) 24.6+4.8 24,143 NS
SBP (mmHg) 128.6+11.7 125.2+12.3 NS
DBP (mmHg) 80.1%£7.5 81.3+6.6 NS
ABI 0.63%0.10 0.68%0.12 NS
Total cholesterol (mg/dL) 147.9+£17.6 146.3+18.3 NS
LDL cholesterol (mg/dL) 82.9+13.9 86.7+11.3 NS
HDL cholesterol (mg/dL) 36.7x8.4 38.3+8.2 NS
Triglycerides (mg/dL) 121.3+24.4 115.8.3+19.2 NS
HbA1C (%) 6.1%£0.3 6.0%£0.5 NS
Hs-CRP (mg/L) 2.7+0.8 1.6%0.6 <0.01
PFWD (m) 192.3+106.2 359.3+123.7 <0.001
MWD (m) 372.8+133.8 590.8 +£149.5 <0.001

LEGEND: BMI=body mass index; hs-CRP=high sensitivity C reactive protein; SBP =systolic blood pressure; DBP =
diastolic blood pressure; ABI=ankle brachial index; PFWD = pain-free walking distance; MWD = maximal walking dis-

tance. Data are expressed as mean = SD.

Oxidative Stress, Cytotoxicity, UPR, and Nrf2 Exp-
ression in PBMCs from PAD Patients Subjected to
Repeated I-R

For I-R experiments, the EVOS FL Auto Imag-
ing System (Thermofisher, Invitrogen) equipped with
the EVOS Onstage Incubator was used, according to
manufacturer’s instructions. This system provides an
environmental chamber allowing for the precise con-
trol of temperature, humidity, and gases (N2, COz, and
02), and hypoxia can be monitored by long-term flu-
orescence live-cell imaging, using Invitrogen™ Image-
iT™ Hypoxia Reagent (NucBlue Live Ready Probes
Reagent).

PBMC:s were cultured overnight in RPMI 1640
with L-glutamine at 37C in an incubator set at nor-
moxic conditions (20% O2). Then PBMCs were placed
on the EVOS FL Auto Imaging System and incubated
for 60 min to allow the system to reach the required
temperature (37 C), humidity (>80%) and CO: level
(5%) at normoxic conditions (20% O:). Under nor-
moxic conditions, there was no signal from the Image-
iT Hypoxia Reagent, but in response to the decrease
in oxygen levels the signal from the Image-iT Hypoxia
Reagent increased with nearly all the cells being hyp-
oxic after 60 min at 5% Oz levels. The signal from
Image-iT Hypoxia Reagent was reversible and when
oxygen levels returned to normal, the signal decreased
back to baseline. After reaching hypoxic conditions,

PBMCs were subjected to multiple (5) periods (60
min) of ischemia followed by reperfusion (60 min)
and oxidative stress markers, cytotoxicity, and UPR
and Nrf2 expression were evaluated.

Endotoxin contamination of cell was routinely
excluded with the chromogenic Limulus amoebocyte
lysate assay.

RNA Isolation and Quantitative Real-Time PCR

Total RNA was isolated with RNEasy Mini Kit
(Qiagen, Hilden, Germany). The concentration and
quality of RNA were evaluated using the RNA 6000
Nano LabChip Kit (Agilent 2100 Bioer, Agilent Tech-
nologies Inc., Santa Clara, CA, USA). Reverse tran-
scription of total RNA was carried out using IScript
cDNA Synthesis Kit (Bio-Rad, Hercules, CA, USA)
according to the manufacturer’s recommendations. Rev-
erse transcription was performed using the IScript cDNA
Synthesis Kit (Bio-Rad, Hercules, CA). The relative
mRNA expression levels of PERK, ATF6, IRE1, CHOP,
Nrf2, HO-1, and GCLC were performed in triplicate
using the QuantiTect Primer Assay and QuantiTect
SYBR Green PCR Kit (Qiagen) on the MyiQ Ther-
mal Cycler (Bio-Rad). QuantiTect Hs-ACTB Assay
(Qiagen) was used as normalizer. Normalized gene exp-
ression levels are given as the ratio between the mean
value for the target gene and that for the B-actin in
each sample.
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Nuclear Assay of the Transcription Factors ATF4,
XBP1, CHOP, and Nrf2

Nuclear ATF4, Nrf2, and CHOP were measured
using sandwich enzyme-linked immunosorbent assay
(ELISA) kits (LifeSpan BioScience, Inc/Seattle, USA)
following manufacturer’s instructions. XBP1 was mea-
sured using sandwich chemiluminescent immunoassay
kit (LifeSpan BioScience, Inc/Seattle, USA) following
manufacturer’s instructions. Nuclear extracts were pre-
pared using Nuclear Extraction Kit (Cayman, Ann Arbor,
USA).

Statistical Analysis

Data are expressed as mean=SD values if nor-
mally distributed. Differences between groups were ana-
lyzed by a two-tailed paired and unpaired Student’s #-test
and by one- or two-way analysis of variance for repeated
measures followed by the post hoc Tukey test for mul-
tiple comparisons. Relationship between variables was
assessed by linear regression. A probability value (p) of
0.05 was considered to be statistically significant. All
data were analyzed with SPSS (IBM Corp. SPSS Sta-
tistic Version 20).

Results

Patient Characteristics and Walking Ability

The 24 PAD patients with intermittent claudica-
tion were 18 males and 6 females, with a mean age of
71.8+8.2 years. According to inclusion criteria, all the
patients were ex-smokers and presented an optimal con-
trol of dyslipidemia, hypertension, and diabetes (Table
1). The anthropometric characteristics, blood pressure
values, lipid profile, and HbAlc were similar at begin-
ning and at the end of the study. Table 1 also shows
that supervised physical training significantly decreased
plasma C reactive protein (CRP), (< 0.01) and incre-
ased both MWD and PWFD (p<0.001). On the con-
trary, ABI did not vary. The age-matched control group
consisted of 30 subjects (24 males and 6 females) with
a mean age of 67.8 6.6 years.

PBMC Cytotoxicity

To evaluate the effect of supervised physical train-
ing on PBMC cytotoxicity, LDH leakage and % apop-
tosis of cultured PBMCs were examined. The 21 ses-
sions of physical training determined a substantial fall
in LDH leakage of PBMCs (p<0.01); in addition, at
the end of the training there was a significant drop of
% apoptotic PBMCs when compared with the start
(»<0.01) (Fig.1a). The variations of LDH leakage
resulted inversely correlated with those of MWD (r=
~0.70, p<0.001) (Fig. 1b).
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Fig.1. Effect of supervised physical training on cytotoxicity
in PBMCs derived from PAD patients, and correla-
tion between the changes (delta) of maximal walking
distance (MWD) with those of LDH leakage. (a) LDH
leakage and apoptosis of PBMCs, (b) correlation between
the changes of MWD with those of LDH leakage.
Data are expressed as mean  SDj; *»<0.01 vs start.

PBMC and Systemic Oxidative Stress

Supervised physical training was associated with a
significant fall in ROS generation in PBMCs (p<0.01)
as well as a reduction in plasma MDA (»<0.01) and
an increment in plasma GSH (»p<0.01). These results
are shown in Fig.2 (a—b). At the end of the physical
course, plasma MDA and GSH levels were similar to
those found in the age-matched controls (respectively
MDA: 1.3+0.41 pmol/L vs 1.42%0.51 pmol/L p=ns;
GSH: 3.84+0.91 pmol/L vs 3.42+0.81 pmol/L p=ns).
There was an inverse correlation between the changes
of plasma MDA and those of MWD (r=-0.65, p=
0.001), while the changes of plasma GSH directly cor-
related with those of MWD (r=0.60, »p=0.002), (Fig.2

c-d). In addition, there was a positive association bet-
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Fig.2. Effect of supervised physical training on reactive oxygen species (ROS) generation in PBMCs
derived from PAD patients and on plasma malondialdehyde (MDA) and glutathione (GSH),
and correlations between the changes (delta) of maximal walking distance (MWD) with those of
MDA and GSH. (a) Reactive oxygen species (ROS) generation in PBMCs, (b) plasma MDA
and GSH concentrations, ¢) correlation between changes of MWD and those of MDA, d) cor-
relation between changes of MWD and those of GSH. Data are expressed as mean+SD; *p<

0.01 vs start.

ween the variations of plasma MDA and those of ROS
in PBMCs (r=0.62, p<0.001) (data not shown).

To explore the effect of supervised exercise on
acute response to I-R, ROS generation in PBMCs and
plasma MDA and GSH were also measured at 30 min
and at 120 min after the end of treadmill test, at start
and at the end of the physical training. At the begin-
ning there was a significant increase (»<0.01) of ROS
generation and MDA that peaked at 30 min and per-
sisted until 120 min. At the end of physical training
the behavior of MDA and ROS at 30 and 120 min
after the end of treadmill test was similar, but at sig-
nificantly lower levels (< 0.01). In contrast, GSH did
not vary (Fig. 3a-c).

UPR and Nrf2 Pathway Gene Expression in PBMCs
Derived from Patients

We evaluated UPR and Nrf2 pathway gene expres-
sion in PBMCs from PAD patients at the start and at
the end of the physical training. Our results show a
significant rise in PERK (»<0.01) and IRE1 (p<0.01)
mRNA both basal and in response to the treadmill
test (Fig. 4a), while ATF6 and CHOP mRNA did not
vary (data not shown). In addition, there was a signifi-
cant increase in Nrf2 (p<0.01), HO-1 (p<0.01), and
GCLC (p<0.01) mRNA (Fig.4b) at the end of the
physical training. Likewise, there was a significant incre-
ment in nuclear ATF4, XBP1, and Nrf2 at the end of
the physical training (»p<0.01), (Fig. 4c). Basal changes
of PERK and IRE1 were correlated with those of LDH
leakage in PBMCs (respectively r=-0.59, p=0.002)
(Fig.5a) and r=-0.61, p<0.001 (data not shown).
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Fig. 3. Effect of supervised physical training on acute response
to ischemia-reperfusion (treadmill test) on (a) reactive
oxygen species (ROS) generation in PBMCs, (b) malo-
ndialdehyde (MDA), and (c) glutathione (GSH) plasma
concentrations, at the start and at the end of the super-
vised physical training. *»<0.01 vs start; "p<0.01 vs
TO.

The variations of Nrf2 significantly correlated with
those of ROS in PBMC:s (r=-0.69, p<0.001) (Fig.5b).

UPR and Nrf2 Pathway Gene Expression in PBMCs
Derived from PAD Patients Subjected to Repeated
Cycles of I-R

To understand whether physical training, charac-

terized by multiple I-R, may act as a trigger of IP we
subjected PBMCs to multiple (5) cycles of I-R. Our

3, 2018
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Fig.4. Effect of supervised physical training on UPR and
Nrf2 pathway gene expression in PBMCs derived from
PAD patients. (a) mRNA expression of PERK and
IREL, (b) mRNA expression of Nrf2, HO-1, and
GCLGC, (c) nuclear ATF4, XBP1, and Nrf2 concentra-
tions. mRNA was analyzed by quantitative real-time
PCR; normalized gene expression levels are given as
the ratio between the mean value for the target gene
and B-actin in each sample. Data are expressed as

mean * SD; *p<0.01 vs TO, "»p<0.01 vs start.

results show a significant augmentation of PERK (p<
0.01), IRE1 (p<0.01), and Nrf2 mRNA expression
(Fig. 6a) at the end of the 5th cycle of I-R when com-
pared with the 1st. There was no variation of ATF6
(data not shown). These variations of UPR and of Nrf2
expression were associated with a concomitant rise in
nuclear ATF4 (p<0.01), XBP1 (»<0.01), and Nrf2
(»<0.01), as shown in Fig. 6b.
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Oxidative Stress and Cytotoxicity in PBMCs from
PAD Patients Subjected to Repeated Cycles of I-R

When PBMCs were subjected to 5 subsequent
cycles of I-R, a significant increase in ROS (»p<0.01)
and in MDA (»p<0.01) in culture media was observed
after the Ist cycle of I-R that was almost abolished
after the 5th cycle of I-R. On the contrary, GSH in
culture media was significantly reduced (p<0.01) after
the st cycle of I-R, returning to the basal levels after
the 5th cycle of I-R (Fig.7a—b).

As for cytotoxicity, the significant increase in LDH
leakage (»<0.01) and in % apoptotic cells (p<0.01)
found after the first I-R was almost abolished after the
5th cycle (Fig.7¢).

The requirement of PERK, IRE1, and Nrf2 path-
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Fig.6. Effect of multiple (5) cycles of ischemia-reperfusion
on PERK, IRE1, and Nrf2 gene expression in PBMCs
derived from PAD patients. (a) mRNA expression of
PERK, IRE1, and Nrf2; (b) nuclear ATF4, XBP1, and
Nrf2 concentrations. mRNA was analyzed by quanti-
tative real-time PCR; normalized gene expression lev-
els are given as the ratio between the mean value for
the target gene and B-actin in each sample. Data are
expressed as mean = SD; *»<0.01 vs control.

ways for survival signaling was assessed using the PERK
inhibitor GSK compound 39, the IRE1 inhibitor 4p8c,
and the Nrf2 inhibitor trigonelline as pharmacological
tools. PERK and Nrf2 inhibitors significantly reduced
the positive effects of repeated episodes of I-R on LDH
leakage and on % apoptosis of PBMCs (p<0.01). The
effect of IRE1 inhibitor was less evident (p<0.05)
(Fig.8a—b).

Discussion

The results of this study show that a short period
of supervised physical activity in patients with PAD
and intermittent claudication significantly increased both
MWD and PFWD. Our data are in agreement with
the results of Andreozzi et al.*® showing that a short
course of supervised physical training is an effective
tool for the treatment of intermittent claudication,
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Fig.7. Oxidative stress and cytotoxicity in PBMCs derived
from PAD patients submitted to multiple (5) cycles of
ischemia-reperfusion. (a) reactive oxygen species for-
mation (ROS), (b) malondialdehyde (MDA) and glu-
tathione (GSH) concentrations in culture media, (c)
LDH leakage and apoptosis. Data are expressed as
mean+SD; *p<0.01 vs control.

providing the same improvements as the longer physi-
cal training.

In our study, supervised physical training was asso-
ciated with a substantial decline in LDH leakage and
in apoptosis of PBMCs derived from the patients. Fur-
thermore, there was also a substantial decline in hs-
CRP and in systemic and PBMCs oxidative stress that
was paralleled by an increase in GSH, the main endog-
enous antioxidant that has been reported to play a key
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Fig.8. Requirement of PERK, IRE1, and Nrf2 for PBMC
survival after multiple (5) cycles of I-R. (a) LDH leak-
age, (b) apoptosis. Data are expressed as mean * SD;
*$<0.01 vs cycle 1. 1p<0.01 vs multiple I-R; ¥p<
0.05 vs multiple I-R; GSKc39=GSK compound 39,

trigo=trigonelline.

protective role in skeletal muscle®. Our results in PBMCs
are in line with the reported evidence of increased oxi-
dative stress and myocyte injury in muscle biopsy of
PAD patients" ?. Taken together these results suggest
that the adaptative response induced by physical train-
ing characterized by repeated episodes of I-R may mod-
ify the cells toward a “resistant phenotype.” Though we
cannot draw any definite conclusion using these results,
we are tempted to speculate that the reduction in oxi-
dative stress may have contributed to allow adaptations
necessary to PBMCs' survival. In this context, our
results show that physical training almost abolished
the systemic and PBMCs oxidative stress induced by
maximal exercise, and significantly increased GSH.
Although increased levels of MDA?® and decreased
levels of antioxidants®” have been shown after a tread-
mill test in PAD patients with intermittent claudica-
tion, our results for the first time show that supervised
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physical training counteracts the exacerbation of oxi-
dative stress induced by maximal exercise. This result
may have also contributed to the increased walking
distance of our patients, since inhibition of oxidative
stress in PAD patients with intermittent claudication
has been reported to be associated with MWD improve-
ment*¥. The fact that the variations of LDH leakage
and MDA negatively correlated while those of GSH
directly correlated with the changes of MWD may sup-
port this hypothesis.

It has been previously demonstrated that briefly
exposing the brain to hypoxia in mice (i.e., hypoxic pre-
conditioning) prior to transient middle cerebral artery
occlusion reduces infarct volume, blood —brain barrier
disruption, leukocyte migration, and up-regulates tran-
scription of some genes not only in ischemic brain but
also in circulating cells®”. Hence it has been hypothe-
sized that such an hypox1a—1nduced up-regulation of
genes in peripheral cells is required for hypoxic pre-
conditioning-induced ischemic tolerance, indicating
that the process is a systemic stimulus®. A similar inter-
play between cells directly or not directly subjected to
ischemia may also explain the protective effects of the
so called “remote” preconditioning observed in both
clinical and preclinical studies***?. So one hypothesis
in our patients may be that repeated episodes of I-R in
the legs during the course of physical training induce
ER stress, which in turn triggers UPR'Y and Nrf2 path-
ways. The UPR transmits information on the protein
folding status at the ER lumen to the cytosol and
nucleus to induce adaptive responses'”. Furthermore,
UPR increases the biogenesis of ER, augments folding
and quality control mechanisms, and regulates protein
translation. Thus, UPR stress sensors can integrate infor-
mation about the duration and intensity of stress and
determine cell fate, i.e., adaptative response or death!".
In this study, we found for the first time that physical
training induced a substantial increment of PERK and
IRE1 mRNA expression in PBMCs after the end of
the treadmill test. Furthermore, the increase of PERK
and IRE1 mRNA was associated with a considerable
increment in nuclear concentration of ATF4 and XBP1,
confirming the activation of UPR. Our results are in
line with a series of previous reports showing activa-
tion of UPR in different models of I-R"*'” and indi-
cate that the daily treadmill training, characterized by
repeated episodes of I-R, may have contributed to a sur-
vival adaptation. That variations in PERK and IRE1
mRNA after the physical course are strictly correlated
with those of LDH leakage supports this conclusion.

Similarly, a further contribution to cell survival
after the period of treadmill training may be related to
Nrf2 pathway activation. It is known that I-R produce
ROS that injure skeletal muscle cells, impair mitochon-
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drial function, and favor cell apoptosis and death'©.
In this context, reports show that Nrf2 attenuates the
injuries caused by I-R®?. Similar to PERK and IREI,
supervised physical training enhanced Nrf2, HO-1,
and GCLC mRNA expression both basal and after
treadmill test. Increased Nrf2 in the nucleus confirms
the activation of Nrf2 pathway. Since the generation
of ROS has been involved in skeletal muscle injuries
caused by I-R'?, reducing oxidative stress is a poten-
tial therapeutic approach to prevent I-R injuries. Here,
for the first time we show that a short course of super-
vised physical training is associated with a substantial
increment in Nrf2 and of related ARE genes in PBMCs
derived from PAD patients with intermittent claudica-
tion. In these patients the daily physical activity, i.e.,
treadmill training, is characterized by repeated episodes
of I-R, and our results, under different experimental
conditions, are similar to previous findings, indicating
that Nrf2 accumulates in the nucleus after I-R in car-
diac*® and renal tissues®. Moreover, several compounds
that activate the Nrf2 pathway have been shown to be
protective against I-R damage® ?. These observations
indicate that the activation of the Nrf2/ARE pathway
induced by treadmill training in patients with PAD
may protect against I-R injury and be one of the poten-
tial determinants of survival adaptation. The variations
of Nrf2 mRNA after the physical course are correlated
with those of ROS generation in PBMCs and support
this conclusion.

Although with the present data we cannot draw the
conclusion that PBMC changes in PAD patients reflect
myocyte damages, the results of this study strongly
suggest that PBMCs may represent a promising, non-
invasive, useful marker of systemic cytotoxicity and oxi-
dative stress. The fact that physical training modified
these parameters further supports this hypothesis. Taken
together, the results of this study show that a short
course of physical training causes a series of adapta-
tions in circulating cells of patients with PAD that may
reflect the changes in skeletal muscle of the leg directly
subjected to ischemia and that may eventually con-
tribute to reduce cellular injuries elicited by I-R.

To date there are no studies addressing the posi-
tive or negative effects of PERK/ATF4 over-expression
or down-regulation during I-R injury in animal mod-
els, whereas transgenic over-expression of XBP1s in car-
diomyocytes has been shown to reduce infarct size and
improve heart function after 77 vivo I-R injury*®. Hence,
we cannot conclude with the present data that the
reduction in cell damage, and the consequent improve-
ment in cell survival induced by a short course of
physical activity, are dependent only on I-R-induced
UPR and Nrf2 activation. It is a suggestive associa-
tion, and further studies are needed to confirm a cause
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and effect relationship. To overcome this limitation,
we performed an ex vivo study to evaluate UPR and
Nrf2 gene expression as well as cell damages and oxi-
dative stress in PBMCs from PAD patients submitted
to multiple consecutive episodes of I-R. In this case,
PBMC:s were used as surrogate of skeletal muscle cells
where injuries are caused directly by ischemia. When
PBMCs were subjected to multiple, relatively brief
episodes of I-R, UPR and Nrf2 expression increased at
the end of the 5th cycle of I-R, while oxidative stress
and cytotoxicity declined after an initial rise. To the
best of our knowledge, this is the first demonstration
that relatively brief, repeated episodes of I-R have an
antioxidant and survival role probably related to UPR
and Nrf2 up-regulation. Although with the present
results we cannot offer a full mechanistic explanation,
one hypothesis could be that brief, repeated episodes
of I-R in skeletal muscle cells may trigger hypox1c
adaptation similar to IP: The fact that treadmill train-
ing has been shown to reduce skeletal muscle dam-
age” may support the idea that repeated brief epi-
sodes of I-R are a trigger of conditioning through
UPR and Nrf2 activation. A limitation is that our data
have been obtained using surrogate cells in culture
experiments, and further studies are warranted to con-
firm the results iz vivo.

Finally, the requirement of PERK, IRE1, and Nrf2
pathways for survival signaling was assessed using spe-
cific inhibitors as pharmacological tools. Inhibitors of
PERK, IREI and Nrf2 reduced the positive effect of
multiple, brief episodes of I-R on oxidative stress and
cytoxicity, indicating that PERK and Nrf2 and, to a
lesser extent IRE1, play a key role in the adaptative
response of PBMCs submitted to I-R.

Conclusions
In this study PBMCs have been shown to be a

promising non-invasive useful marker of adaptations
induced by physical training in PAD patients with
intermittent claudication. In particular, the results dem-
onstrate that treadmill training causes a series of PBMC
adaptations, i.e., up-regulation of UPR and Nrf2 gene
expression, that may contribute to modify the cells
toward a “resistant phenotype.”
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