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Abstract Peroxiredoxins, a group of antioxidant protein en-
zymes (PRDX1 to 6), are reported as antiatherogenic factors in
animals; however, human studies are lacking. The present work
aims to provide baseline data regarding the phenotype of
PRDX1, 2, 4, and 6 in diabetic patients with peripheral athero-
sclerosis disease (PAD) and their relation to endothelial dys-
function (ED) and disease severity. Plasma levels of PRDX1, 2,
4, and 6 and markers of endothelial dysfunction (ICAM-1
and VCAM-1) were measured using ELISA in 55 type 2
diabetic patients having PAD and 25 healthy subjects. Ankle–
brachial index (ABI), body mass index (BMI), triglycerides
(TG), total cholesterol, HbA1c, and insulin resistance (HOMA
IR) were measured. PRDX1, 2, 4, and 6 levels were signifi-
cantly higher in patients compared to controls (PRDX1
21.9±5.71 vs 16.8±3.9 ng/ml, P<0.001, PRDX2 36.5±14.83

vs 20.4±8.61 ng/ml, P<0.001, PRDX4 3,840±1,440 vs
2,696±1,972 pg/ml, P<0.005, PRDX6 311±110 vs 287.9±-
114 pg/ml,P<0.05). PRDX1 and PRDX4 correlated negatively
with ABI (r=−0.273, P<0.05 and r=−0.28, P<0.05, respec-
tively), while PRDX1 and PRDX2 correlated positively with
HOMA/IR and TG (r=0.276, P<0.01 and r=0.295, P<0.01,
respectively). ICAM-1 was associated with PRDX2 and log
PRDX6 (r=0.345, P=0.0037 and r=0.344, P=0.0038). Our
results provide strong links among PRDXs, ED, and severity of
PAD in diabetic patients which warrants further evaluation to
clarify whether high circulating levels of PRDXs are a conse-
quence of chronic atherosclerotic disease or a predisposing
factor for later cardiovascular events.
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Introduction

Peripheral arterial disease (PAD) is a relatively common
manifestation of atherosclerotic vascular disease that affects
large- and medium-sized arteries of most circulatory beds,
especially lower extremity, and is the leading cause of death
and disability in developed countries (Khawaja and Kullo
2009). Although conventional risk factors including diabetes
are known to contribute to the development of PAD, the role
of biomarkers in pathways such as oxidative stress in deter-
mining susceptibility to and severity of PAD is not fully
elucidated (Khawaja and Kullo 2009). Therefore, exploring
circulating levels of novel proteins in PAD may allow earlier
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detection, an improved understanding of disease etiology
and progression, and the development of new therapies.

Reactive oxygen species (ROS) contribute to the pathogenesis
of cardiovascular diseases including atherosclerosis, by inducing
oxidative damage to lipids and proteins (Madamanchi et al.
2005). To protect against the toxic effects of ROS, cells and
tissues have developed several enzymatic antioxidant defense
systems that regulate the concentration of these species inside
and outside of the cells (Bergamini et al. 2004). Local imbalance
between ROS and scavenging activity of anti-oxidant enzymes
due to overproduction of ROS results in various diseases includ-
ing atherosclerosis (Park and Oh 2011). Fortunately, naturally
occurring antioxidants are proposed to be atheroprotective. One
such antioxidant family is the peroxiredoxins (PRDXS; Rhee
et al. 2005).

PRDXs are antioxidant protein enzymes containing essen-
tial catalytic cysteine residues that use thioredoxin to scavenge
hydrogen peroxide, lipid hydroperoxides, and peroxynitrite.
PRDXs make up a potent defense mechanism for maintaining
redox balance under normal conditions and oxidative stress.
The six mammalian PRDXs (PRDX1 to 6) are distributed at
sites of ROS production, including the cytosol, mitochondria,
and peroxisomes (Rhee et al. 2005).

Although the six members of PRDX family share an anti-
oxidant scavenging function, they have other differential func-
tions specified for each member. For example, PRDX1 is
induced in macrophages by oxidized lipoprotein lipase expo-
sure (Conway and Kinter 2006) and in endothelial cells by
laminar shear stress (Mowbray et al. 2008). In addition, PRDX1
deficiency results in the excessive release of P-selectin and von
Willebrand factor (Kisucka et al. 2008). PRDX2 induces many
functions including, removal of H2O2 transiently produced by
activation of various cell surface receptors (Rhee et al. 2005),
inhibition of general immune cell responsiveness (Moon et al.
2006), inhibition of low-density lipoprotein (LDL) oxidation,
and reduction of plasma lipid peroxide levels (Park et al. 2011).

A recent study by Martinez-Pinna and colleagues (2011)
identified peroxiredoxin-1 as a marker of abdominal aortic
aneurysm. On the other hand, animal studies provided some
evidences implicating peroxiredoxins in the protection against
the atherosclerotic process. For example, PRDX1 deficiency
increased vulnerability to the development of excessive endo-
thelial cell activation and early atherosclerosis in mouse
(Kisucka et al. 2008). Deletion of PRDX2 led to increased
expression of vascular cell adhesion molecule-1(VCAM-1),
intracellular adhesion molecule-1 (ICAM-1) and monocyte
chemo-attractant protein-1(MCP-1; Park et al. 2011); all are
markers of endothelial dysfunction (ED) and inducers of
atherosclerotic plaques (Brevetti et al. 2006). On the other
hand, PRDX2 was demonstrated to ameliorate atherosclerosis
in ApoE−/− mice and the strong expression of PRXD2 in
endothelial and immune cells in the atherosclerotic lesion
blocked the up regulation of endogenous H2O2 induced by

pro-inflammatory cytokines (Park et al. 2011). Finally, PRDX6-
deficient mice showed significantly larger aortic root lesions
than the wild-type. However, this protein does not seem to
play a major anti-atherogenic role in mice (Wang et al. 2003),
contrary to PRDX1 and 2.

Despite the extensive animal work on the role of per-
oxiredoxins in atherosclerosis, data pertaining to any possible
association between PAD and peroxiredoxins in human studies
are insufficient. Therefore, we aimed to measure levels of circu-
lating peroxiredoxins 1, 2, 4, and 6 and investigate their relation
to the severity of atherosclerotic disease, markers of endothelial
dysfunction and comorbidity factors as hyperlipedemia and in-
sulin resistance, in type II diabetic patients (T2DM) suffering
from peripheral atherosclerotic disease (PAD).

Methods and subjects

Study population

This is a case–control study, where 55 patients suffering from
type II diabetes mellitus (T2DM)were recruited at the outpatient
clinic of the Department of Vascular Surgery of King Khalid
University Hospital between June and December 2009. Consec-
utive patients with present symptoms of atherosclerotic chronic
lower limb ischemia or carotid artery stenosis were considered
for inclusion in the study. Patients who had acute onset of lower
limb ischemia, clinical or laboratory signs of acute infection,
myocardial infarction, stroke, trauma, or surgical procedure in
the last 6 months were excluded. Patients with coexisting ma-
lignant tumor, hepatic disease, end stage renal disease (dialysis)
or immune suppression were also excluded. The full medical
record of the patients was registeredwith detailed physical status
and routine clinical laboratory tests. Twenty-five healthy sub-
jects were recruited as the control group. The study was carried
out in accordance with the institutional review board regulations
of Medical College at King Saud University. All patients and
healthy subjects signed a written consent.

Clinical and demographic data

All patients had a medical history interview and physical
examination. A questionnaire was used for recording the rele-
vant demographic and clinical data (age, weight, height,
smoking habit, medications, and associated disease). The in-
dex of basal insulin resistance was assessed using the homeo-
stasis model (HOMA/IR), originally described by Matthews
et al. (1985), in which HOMA/IR (mmol/l×μIU/ml)=fasting
glucose (mmol/l)×fasting insulin (μIU/ml)/22.5. (HOMA/IR
of a value of more than 2.5 was considered to represent insulin
resistance).

Body weight was measured to the nearest 0.1 kg using a
digital scale. Height was measured to the nearest 0.1 cm
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using a wall-mounted stadiometer. Body mass index (BMI)
was calculated as weight in kilograms divided by the square
of the height in meters (kg/m2).

Systolic blood pressure (SBP) and diastolic blood pressure
(DBP) were recorded in supine position in the left arm using
an automated digital blood pressure device. All variables were
measured in duplicate and the average of two measurements
was used.

Ankle–brachial index (ABI)

Ankle–brachial index (ABI) is an objective, reproducible, non-
invasive measure that correlates with PAD severity. PAD was
defined as ABI≤0.90 which is 95 % sensitive and 90 %
specific for the presence of a ≥50 % narrowing of a lower
extremity artery and is used in the clinical setting to establish a
diagnosis of PAD (Doobay and Anand 2005). Ankle–brachial
index was measured with Doppler ultrasound (Vaso-guard,)
and carried out by an experienced technician at Vascular Sur-
gery Lab. The patient lied down in a supine position after
resting at normal room temperature; measurements were taken
at each ankle over the posterior tibial and dorsal pedal arteries.

Detection of carotid stenosis

Carotid stenosis was determined using Duplex ultrasound.
Stenosis of 70% or above was determined as significant (Grant
et al. 2003). Carotid artery ultrasound was performed by an
experienced sonographer blinded to laboratory results at the
vascular lab. Patients were placed in a supine position and
images were taken from carotid artery in a standardized fash-
ion. After having measured both carotid arteries, the more
stenotic artery was determined as the maximal carotid stenosis.

Blood samples and determination of PRDXs and endothelial
biomarkers

Blood samples were taken after 10–12 h of overnight fasting
via antecubital vein into native ethylenediaminetetraacetic
acid (EDTA) tubes. The samples were centrifuged and ali-
quots of plasma were stored at −70 °C until assayed.

PRDX 2, 4, and 6 were measured in the plasma of patients
and control subjects using commercially available ELISA kits
(Wuhan EIAab Science Co., Ltd., China) and PRDX1
(Abfrontier, China) following manufacturer’s instructions.
ICAM-1 and VCAM-1 and insulin levels were determined
in plasma of patients and controls using ELISA kits according
to the manufacturer’s instructions (R&D Systems, USA).

Determination of other laboratory parameters

Fasting serum samples were also used for measuring stan-
dard clinical laboratory measurements. Serum cholesterol

and triglycerides, high- and low-density lipoproteins (HDL
and LDL) levels, and fasting blood sugar were analyzed at
King Khalid University Hospital biochemistry central lab
(Konelab Intelligent Diagnostics Systems (Konelab Corpo-
ration, Finland). HbA1c was measured by using Helena
Glyco-Tek Affinity Colum method (Helena Biosciences,
Colima Avenue, Sunderland Enterprise Park, UK).

Statistical analysis

Normally distributed values are presented as means±SD,
whereas non-normally distributed values are presented as
median (average). Statistical significance was set at the level
of P<0.05. Comparisons between two groups were assessed
for continuous variables with the Student’s unpaired t test,
Mann–Whitney test or X2 test, as appropriate. Spearman’s
rank correlation was used to determine correlations of PRDXs
and other variables. Logarithmic transformation was made for
PRDX6 to obtain a normal distribution and a linear relation-
ship with independent variables. All statistical analyses were
performed with SAS statistical software (Version 9.1; SAS
Institute, Inc., Cary, NC, USA).

Results

Clinical characteristics of the study subjects

This study included 55 patients (58.18 % males and 41.82 %
females) with an average age of 61±8.97 years, and 25
control subjects with an average age of 54±15.39 years of
which 76 % was male and 24 % was female. The baseline

Table 1 Age, gender, body mass index, systolic and diastolic blood
pressure, ankle–brachial index, and carotid artery stenosis percentage in
control and patient groups

Parameter Control subjects
(n=25)

Patients
(n=55)

P value

Age (year) 54±15.39 61±8.97 <0.05

Gender (M/F) 7/18 24/31

BMI (kg/m2) 25.3±4.06 27.1±4.4 NS

SBP (mmHg) 117±3.91 140.2±23.22 <0.001

DBP (mmHg) 75.9±6.28 78.1±9.5 NS

ABI 1.1±0.05 0.7±0.35 <0.001

Carotid artery stenosis – 40.8 %±28.42
(Rt)%

(Lt)% – 43.6±34.55

Comparisons were made using Mann–Whitney test. P<0.05 is statisti-
cally significant

BMI body mass index, SBP systolic blood pressure, DBP diastolic
blood pressure, ABI ankle–brachial index, NS non-significant
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clinical and laboratory characteristics of the study population
are represented in Table 1. Nine patients (16.2 %) had severe
carotid artery stenosis (above 70 %, according to Grant et al.
2003), 34 patients with severe PAD (61 %), whereas 12
patients suffered from both diseases (21.8 %). The mean
values of ankle–brachial index showed significant reduction
compared to control subjects by more than 30 %. Clinical
and laboratory features of the studied groups are presented in
Table 2. Lipid profile: triglycerides, LDL, and total choles-
terol were higher in patients compared with controls. Also
markers of endothelial dysfunction (ICMA-1 and VCAM-1)
reported higher levels in patients compared with controls
(Table 2).

Plasma levels of peroxiredoxins

In the current study, plasma peroxiredoxins reported signif-
icantly higher levels in diabetic patients suffering from PAD,
compared to normal healthy controls: PRDX1 21.9±5.7-
ng/ml vs 16.8±3.9 ng/ml, P<0.001 (Fig. 1a); PRDX2

36.5±14.8 ng/ml vs 20.4±8.6 ng/ml, P<0.001 (Fig. 1b);
PRDX4 3,840±1,440.7 pg/ml vs 2,696.9±1,972.6 pg/ml,
P=0.005 (Fig. 1c); and PRDX6 311±110.1 pg/ml vs
238.2±111.5 pg/ml, P=0.008 (Fig. 1d; respectively, in pa-
tients vs control).

Biomarkers of endothelial dysfunction

Results for biomarkers of endothelial dysfunction in patients
and control individuals are shown in Table 2. VCAM-1 and
ICAM-1 attained significantly higher levels in patients com-
pared to control subjects (29.48±5.799 vs 48.28±25.4 ng/ml,
P<0.001 and 13.468±5.89 vs 17.5±7.77 ng/ml, P=0.02, re-
spectively in control subjects vs patients).

Association of peroxiredoxins with laboratory parameters
and clinical characteristics

Analysis of laboratory markers revealed significant positive
correlation between PRDX1 and triglycerides (TG; P=0.009;
Fig. 2a). Also PRDX2 plasma levels showed a strong associa-
tion with HOMA-IR (P=0.018; Fig. 2b). Only PRDX1 and
PRDX4 plasma concentrations were negatively correlated with
ABI (P=0.042 and P=0.045, respectively; Fig. 3a, b).

Association of peroxiredoxins with biomarkers
of endothelial dysfunction

We investigated the association between peroxiredoxins plasma
levels and endothelial biomarkers. A strong positive association
was reported between ICAM-1 and PRDX1 plasma concentra-
tion (P=0.0037; Fig. 4a). Also, ICAM-1 was associated with
log PRDX6 plasma levels (P=0.0038; Fig. 4b).

Discussion

In the present study, the antioxidant status was investigated by
measuring the levels of peroxiredoxins in type II diabetic
patients with peripheral atherosclerotic disease (PAD). The
novel finding of this study is the high circulating levels of
PRDX1, 2, 4, and 6 reported in diabetic patients with PAD.
This increase in peroxiredoxins levels was associated with
endothelial dysfunction, severity of peripheral arterial disease,
and comorbidities as triglycerides and insulin resistance. Be-
cause of the study design, only correlative associations have
been presented and thus, the current study cannot provide
mechanistic explanations. Although oxidative damage to lipids
and proteins is implicated in the development of atherosclerotic
vascular disease (Madamanchi et al. 2005), data relating any
possible association between PAD and antioxidant status
are insufficient. Up to the best of our knowledge, this is
the first human study, investigating the circulating levels of
peroxiredoxins with the extent of atherosclerosis in diabetic
patients.

Oxidative stress, a situation with increased reactive oxygen
species (ROS) production and/or decreased antioxidant defense
mechanisms, is evident in the pathogenesis of atherosclerosis
(Madamanchi et al. 2005). The present study investigated four

Table 2 Clinical and laboratory features of control subjects and pa-
tients: serum cholesterol, triglycerides, high- and low-density lipopro-
teins, glycosylated hemoglobin, plasma insulin, fasting blood sugar
level, insulin resistance index, serum creatinine, erythrocyte sedimen-
tation rate, and plasma level of ICAM-1 and VCAM-1

Parameter Control subjects
(n=25)

Patients
(n=55)

P value

Total cholesterol (mmol/l) 4.5±0.62 5.1±1.46 <0.05

Triglycerides (mmol/l) 0.9±0.39 2.0±1.01 <0.001

HDL cholesterol (mmol/l) 0.9±0.29 1.3±1.2 NS

LDL (mmol/l) 2.9±0.76 3.9±1.38 <0.001

HbA1c (%) ND 8.1±2.16

Plasma Insulin (IU/ml) 13.2±5.86 24±22.1 <0.05

Fasting blood sugar (mmol/l) 4.7±0.54 8.9±3.88 <0.001

HOMA-IR 2.8±1.44 8.8±1.5 <0.01

Creatinine (μmol/l) 87.1±14.1 123.3±10.6 NS

ESR (mm/h) 13.2±12.79 59.6±38.37 <0.001

ICAM-1 (ng/ml) 13.468±5.89 17.5±7.77 0.02

VCAM-1 (ng/ml) 29.48±5.799 48.28±25.4 <0.001

Comparisons were made using Mann–Whitney test. P<0.05 is statisti-
cally significant

HbA1c glycosylated hemoglobin, HOMA IR insulin resistance index,
ESR erythrocyte sedimentation rate, ICAM-1 cellular adhesion mole-
cule-1, VCAM-1 vascular cellular adhesion molecule-1, ND non-detect-
able, NS non-significant
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members of the peroxiredoxin family and demonstrated that
circulating levels of PRDX1, 2, 4, and 6 are markedly raised in
diabetic patients with PAD. Although little is known about the
pathophysiological role of peroxiredoxins, there is an evidence
that they are upregulated in conditions of increased ROS gen-
eration (Bast et al. 2002; Schulte et al. 2011), which supports
our observation. Previous reports showed that exposure of cells
to oxidative stress and heat shock induced chaperone function
of PRDXs, in order to enhance cellular resistance to stressful
stimuli (Jang et al. 2004). Therefore, the high levels of PRDXs
reported here possibly reflect the chaperone function of these
proteins under such pathological conditions of hyperlipedemia
and hyperglycemia.

PRDX1, the first member in peroxiredoxin family investi-
gated in the present study, has been shown to be expressed and
induced in endothelium in vitro by laminar shear stress

(Mowbray et al. 2008) and to protect red blood cells from
ROS (Neumann et al. 2003). Among the stimuli that can lead
to an increase in the levels of PRDX1 is the oxidized LDL
(Conway and Kinter 2006), which has been proposed to
participate in atherogenesis (Grundy et al. 1998). Although
we demonstrated a higher level of LDL in the diabetic athero-
sclerotic patients parallel to an elevation in PRDX1, no cor-
relation was detected. However, we reported a positive asso-
ciation of PRDX1 plasma concentration with the level of
triglycerides (TG). Many prospective studies have reported a
positive relationship between levels of TG and cardiovascular
risk (Austin et al. 1998). In addition, lipoprotein metabolism is
integrally linked with TG, and elevations of plasma TG can be
confounded by significant correlations with LDL and HDL-C
levels (Grundy et al. 1998). Therefore, many persons with
elevated TG are at increased risk of cardiovascular disease,

Fig. 1 Plasma levels of
peroxiredoxins in healthy
control subjects and diabetic
patients with peripheral
atherosclerotic disease: a
PRDX1, b PRDX2, c PRDX4,
and d PRDX6. Results are
expressed as mean±SD;
P<0.05 is statistically
significant

Peroxiredoxins and peripheral atherosclerotic disease 177



even when this greater risk cannot be independently explained
by TG (Grundy et al. 1998). While animal studies demon-
strated the anti-atherogenic and anti-oxidant effects of PRDX1
in Prdx1−/− mice (Kisucka et al. 2008), future human studies
are encouraged to determine whether anti-atherosclerosis ther-
apeutic measures have impact on PRXD1 and reactive oxygen
species. Given that PRDX1 correlated with TG as reported

from the current study, it can be speculated that PRDX1 could
be a marker of increased cardiovascular risk.

Peroxiredoxin 2 also reported higher levels in patients
compared to control subjects. In this regard, PRDX2 possi-
bly induces many protective effects including scavenging
activity (Moon et al. 2006), inhibition of LDL oxidation,
and reduction of plasma lipid peroxide levels (Park et al.

Fig. 2 Ankle–brachial index (ABI), an indicator of peripheral artery disease severity, correlates with circulating levels of a PRDX1 and b PRDX4 in
diabetic patients with peripheral atherosclerotic disease

Fig. 3 The association of peroxiredoxins with comorbidity factors. a PRDX1 correlates with triglycerides (TG) and b PRDX2 correlates with
HOMA-IR in whole population
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2011). Therefore, strategies increasing PRDX2 may be ben-
eficial in PAD.

Peroxiredoxin 4 (PRDX4), the third member investigated in
the present study, showed an increment in patients with PAD. It
is a hydrogen peroxide degrading peroxidase recently found
circulating in blood of septic patients and potentially reflecting
an antioxidant system in imbalance (Schulte et al. 2011),
similar to atherosclerosis (Madamanchi et al. 2005). The
amount of secreted PRDX4 is most likely proportional to the
initial intracellular expression levels (Okado-Matsumoto et al.
2000). Consequently, the tissue with high basal or upregulated
cellular expression of PRDX4 likely represents a source for
circulating PRDX4. Okado-Matsumoto and colleagues (2000)
hypothesized that the enzyme is bound to the endothelial cells
of blood vessels and is released in response to a changed redox
environment, matched by the high expression of PRDX4 in
endothelial cells. There is further sufficient evidence that aug-
mented PRDX4 serum levels possibly results in response to
pro-oxidant and pro-inflammatory signaling cascades (Yu et al.
2010). In the present study, pro-inflammatory molecules as
ICAM-1 and VCAM-1 were markedly elevated congruent
with PRDX4, which might explain the rise in its level. How-
ever, no correlation could be detected between PRDX4 and
either ICAM-1 or VCAM-1, possibly due to limited number of
heterogeneous levels, or to inclusion of unselected patients
with severe atherosclerosis, and small size of population.

Finally, PRDX6 also reported higher levels in PAD patients
compared to control subjects. Interestingly, PRDX6 possesses
both peroxidase and phospholipase A2 activities, of which the
later plays a distinct role in diabetes and atherosclerosis (Hui
et al. 2012). Very recently, it was shown that besides the

peroxidase activity of PRDX6, phospholipase activity also
plays a substantial role in protecting cells against oxidant stress
(Lien et al. 2012). Therefore, it can possibly protect cell
membranes including endothelial cells during oxidative stress
and its absence can account for increased toxicity as was
reported in PRDX6 null cells (Lui et al. 2010). Collectively,
the high levels of the circulating PRDX1, 2, 4, and 6 in PAD
possibly represent a physiological adaptation against oxidative
stress in atherosclerosis.

Peroxiredoxin and comorbidities in PAD

Despite intensive glycemic control, individuals with T1DM
and T2DM are predisposed to developing vascular compli-
cations, including atherosclerosis (Lockhart et al. 2008). In
this study, we assessed the potential associations between
circulating levels of Peroxiredoxins and comorbidities that
characterize diabetes. Elevated triglycerides (TG) in diabetic
patients with atherosclerotic disease, as reported herein,
demonstrated a novel association with circulating PRDX1.
Since levels of triglycerides vary inversely with HDL cho-
lesterol and PRDX1 has been proposed as anti-atherogenic,
this relationship suggests a counter-regulatory effect by
PRDX1. A previous report showed that plasma TG has an
independent role in vascular inflammation (Austin et al.
1998). In addition, triglycerides-rich lipoproteins have been
reported to stimulate the expression of leukocyte adhesion
molecules and monocyte adherence in the presence, but not
in the absence of TNF-α (Ting et al. 2007). Thus increased TG
may contribute to amplify vascular inflammation. Additional
studies are needed to examine the effect of PRDX1 on TG.

Fig. 4 The association of circulating levels of peroxiredoxins: a PRDX2 and b Log PRDX6, with ICAM-1, a marker of endothelial dysfunction
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Insulin resistance in patients with type 2 diabetes is
reflected by elevated HOMA-IR index as was previously
reported (Matthews et al. 1985) and further documented in
this study. Interestingly, we demonstrated a novel positive
association of PRDX2 levels and HOMA-IR, suggesting a
counter-regulatory role of PRDX2 under insulin resistance
conditions.

Peroxiredoxins and severity of PAD

Whether the degree and localization of atherosclerosis affected
the levels of PRDXS was analyzed. In the present study, the
severity of PAD was determined by ABI, carotid stenosis, or
both. Our population showed a significant drop in ABI and or
increased carotid stenosis.

Of peroxiredoxins studied, only PRDX1 and PRDX4 showed
a negative correlation with the ankle–brachial index, a mea-
sure of severity of the peripheral atherosclerotic disease. Giv-
en that low ABI has been associated with increased risk of
cardiovascular disease (Doobay and Anand 2005) and that
low ABI is associated with high levels of PRDX1, 2, 4, and 6
without showing significant correlation except for PRDX1
and 4, suggest that measurement of both may provide incre-
mental information. However, it remains unclear whether this
association is related to causality, predisposes to cardiovascu-
lar complications or of prognostic value.

Peroxiredoxins and endothelial dysfunction

Previous studies reported that the levels of inflammatory
markers including adhesion molecules, intracellular molecule
(ICAM-1), and vascular cell adhesion molecule (VCAM-1),
reflect endothelial dysfunction (Brevetti et al. 2006). Our re-
sults were congruent with previously published reports that
these endothelial biomarkers are significantly elevated in pa-
tients with PAD (Silvestro et al. 2003). Of the endothelial
biomarkers studied here, only circulating ICAM-1 levels were
positively associated with the PRDX2 and the logarithm of
PRDX6 level. This is of interest because it suggests that these
two members of the peroxiredoxin family might operate
through different pathways to combat the systemic inflamma-
tion and endothelial dysfunction. However, the hypothesis
cannot be proved from the current study and merits further
attention. Interestingly, PRDX2 deficiency in apolipoprotein
E-deficient mice, resulted in increased expression of VCAM-1
and ICAM-1, leading to increased immune cell adhesion and
predisposition to atherosclerosis (Park et al. 2011), suggesting
that PRDX2 prevents endothelial dysfunction. In our human
model, where diabetes and atherosclerosis co-exist, PRDX2
levels are increased possibly in response to inflammatory
condition induced by the disease process. In addition, the
association of serum ICAM-1 with the logarithm of plasma
PRDX6 level suggests that PRDX6 possibly compensates for

the endothelial injury and oxidative stress. This speculation is
supported by the observation that deletion of PRDX6 resulted
in endothelial damage and expression of PCAM-1 (Kumin
et al. 2007). On the other hand, we could not detect any
associations among PRDX1 or PRDX4 and markers of endo-
thelial dysfunction. Diabetes is believed to increase the risk of
cardiovascular events through mechanisms that could involve
low-grade inflammation, ED, and impaired insulin sensitivity.
Although the mechanisms by which diabetes increases cardio-
vascular complications are incompletely understood, strong
supportive evidence from experimental and clinical studies
points to the impaired function of the vascular endothelium
as a critical inducer of cardiovascular complications (Lockhart
et al. 2008). While postprandial hyperglycemia has its impact
on vascular endothelial dysfunction and oxidative stress
(Mah and Bruno 2012), future studies are warranted to inves-
tigate whether PRDXs are affected by acute postprandial hy-
perglycemia. Of interest we found a negative association
between PRDX2 and 6 plasma levels and HbA1c (unpu-
blished data).

The divergent associations obtained in the current work can
be explained by the divergent expressions of PRDXs where 1,
2, and 6 are cytosolic, 3 and 5 are mitochondrial, and 4 is a
secretory protein. Also it might reflect different mechanistic
roles of PRDXs, in response to oxidative stress. Finally the
small sample size might have contributed to the lack of
associations between PRDXs and some other variables.

Conclusions

This study investigated the circulating levels of peroxiredoxins
with the extent of atherosclerosis in diabetic patients. The high
levels of PRDXs reported in diabetic patients with atheroscle-
rotic peripheral arterial disease and its novel association with
TG, HOMA IR, ICAM-1, and ABI suggest them as a marker
of atherosclerosis comorbidity and severity related. However,
these results warrant further evaluation to establish the exact
biomarker role of PRDXs in atherosclerosis, in order to clarify
whether high circulating levels of PRDXs are a consequence of
chronic atherosclerotic disease or a predisposing factor for later
cardiovascular events and also the response to treatment. As
peroxiredoxins are proposed to be atheroprotective (Rhee et al.
2005), novel antioxidant strategies are required to clarify the
role of antioxidant intervention in vascular diseases.

Limitations to the study

Although theses pilot studies provide some new dimension to
the understanding of atherosclerosis and oxidative stress in
diabetic patients with peripheral arterial disease, the study re-
sults and analysis are limited by the small sample size. In
addition to the study groups compared here, it would be

180 E. El Eter et al.



interesting to include a control group with diabetes only. Also it
would bemore interesting to include patients with PAD only, or
with intima media thickness only, which would be considered
for further studies.
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