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Abstract: (1) Background: Thromboangiitis obliterans or Winiwarter-Buerger disease (WBD), is an
inflammatory, thrombotic occlusive, peripheral vascular disease, usually occurring in young smokers.
The pathophysiological mechanisms underlying the disease are not clearly understood. The aim
of this study is to investigate the imbalance between oxidants and antioxidants occurring in these
patients. (2) Patients and Methods: In this cross-sectional study, 22 male patients with WBD and
20 healthy male smoking habit matched control group were included. To evaluate the possible
sources of oxidative stress, the antioxidant biomarkers, and the markers of lipid peroxidation and
protein oxidation, serum samples were analyzed for total oxidative status (TOS), total antioxidant
capacity (TAC), myeloperoxidase (MPO), coenzyme Q10 (CoQ10), superoxide dismutase (SOD),
glutathione reductase (GR), malondialdehyde (MDA), and protein carbonyl (PC) activity and/or
content. (3) Results: The circulating levels of TOS, TAC, and CoQ10 were significantly higher in
WBD patients, with respect to healthy smokers as controls. No significant difference was found
among the serum level of PC, total cholesterol, MPO, and GR activity in WBD patients and healthy
smoker controls. The activity of SOD and the mean serum level of MDA were significantly lower in
WBD patients, with respect to healthy smoker controls. (4) Conclusion: Considerably high levels of
oxidative stress were detected in WBD patients, which were greater than the antioxidant capacity.
The low level of MDA may be associated with the enzymatic degradation of lipid peroxidation
products. High levels of CoQ10 and low levels of SOD may be related to a harmful oxidative
cooperation, leading to the vasoconstriction of WBD, representing a promising tool to discern possible
different clinical risks of this poorly understood peripheral occlusive disease.

Keywords: Buerger’s disease; Thromboangiitis obliterans; oxidative stress; antioxidant capacity;
myeloperoxidase; coenzyme Q10; superoxide dismutase; glutathione reductase; Malonyl-dialdehyde;
protein carbonyl

1. Introduction

Since the milestone landmark articles [1,2], thromboangiitis obliterans or Winiwarter-Buerger
disease (WBD) has been defined as an inflammatory, thrombotic, occlusive, peripheral vascular disease,
which usually occurs in young male smokers. The occlusion of small- and medium-sized vessels
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(arteries and veins of both upper and lower extremities) may lead to tissue or limb loss [3]. Although
the clinic-pathological hallmarks, and some molecular mechanisms have been studied, the etiology,
pathophysiology, and optimal therapy remain not yet fully defined or understood [4]. Although a
significant relationship between smoking (both tobacco and cannabis products) and progression of
WBD has been identified [5], smoking per se cannot explain the prevalence and distribution of this
harmful vascular disease [6]. Despite efforts in previous years and advances in medical therapy [4,7,8],
WBD patients may actually benefit only by blocking smoking habits (abstinence of all tobacco/cannabis
product use) and through targeted endovascular therapy, effective for preserving limb loss/amputation,
and useful for accelerating the healing process in Buerger’s ischemic ulcers [9].

Among the immunologic and inflammatory biomolecular hypotheses for the WBD disease, some
biomarkers and biochemical mechanisms have been identified. Among them, crucial roles are played by
cytokines and chemokines [10–12], adhesion molecules [13–15], Rickettsia rickettsii and Porphyromonas
gingivalis (through toll-like receptors) [16–19], angiogenic factors [20], catecholamines [21], inflammation
on sympathetic ganglia [22], T cells/macrophages/dendritic cells (intima infiltration of vessels) [23],
accumulation of immunoglobulins, immune complexes and complement factors on sub-endothelial
elastic lamina [24], urinary cotinine [25], circulating auto-antibodies [26], heme oxygenase 1 and the
inducible isozyme of nitric oxide synthase [27], and matrix metalloproteinases [28] (as reviewed in [29]).

Interestingly, clinical and biological studies indicate that oxidative stress may significantly
contribute to the initiation and progression of WBD. In particular, it has been demonstrated that in
WBD patients there is a significantly altered pro-oxidant/antioxidant imbalance, with respect to the
healthy controls [30,31]. However, these studies suggest that, besides smoking, other biomolecular
mechanisms may be involved and responsible for the huge amount of oxidative stress found in
WBD patients, even if the effects of smoking could amplify the impairment of oxidative–antioxidative
pathways in WBD patients, leading to both the inflammatory and thrombotic events of Buerger’s disease.

In this interesting context, the aim of our cross-sectional study is to investigate further unexplored
biomarkers, identify cell sources and biochemical pathways linked to oxidative stress in WBD patients,
and compare data with those detected in healthy smokers as the control group. For this reason,
the serum levels of total oxidative status (TOS) and total antioxidant capacity (TAC) (also known
as non-enzymatic anti-oxidant capacity [32]) were measured in the WBD patients and healthy
smoker controls. Furthermore, we analyzed serum levels of myeloperoxidase (MPO), an enzyme
produced/secreted by neutrophils and monocytes during oxidative stress in smokers, and involved in
both cardiovascular and lung diseases [33,34]. In addition, the serum level of Coenzyme Q10 (CoQ10),
a lipophilic endogenously synthesized antioxidant playing a crucial role in mitochondrial energy
production, postulated to be actively degraded/reduced by smoking, and involved in mitochondrial
dysfunction [35], was also evaluated. Finally, serum enzymatic activities of superoxide dismutase
(SOD) and glutathione reductase (GSH-Red), well known antioxidant enzymes counteracting free
radical disturbances and protecting cell and mitochondrial membranes [36], were tested in conjunction
with the molecular alteration of lipids and proteins through the release in blood of malondialdehyde
(MDA) and protein carbonyl (PC) [37,38], well known biomarkers of free-radical-mediated lipid
peroxidation and protein oxidation, respectively.

2. Patients and Methods

In this cross-sectional study, 22 male patients with WBD (diagnosed according to Shionoya’s
criteria) [39,40] and 20 healthy male smokers (as a control group) were included. Patients’ written
consent, demographic characteristics, and clinical manifestations were obtained during admission to
the Buerger’s Disease Clinic (Mashhad University of Medical Sciences, Iran) from December 2017 to
December 2018, and were maintained in their medical records (Ethical code: MUMS-961484).

Our series of WBD patients and healthy subjects resembled each other for general clinical and
biochemical characteristics (no statistically significant differences for cigarette smoking; albumin,
globulins, creatinine, alanine transaminase, aspartate transaminase, and homocysteine levels; blood
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pressure; and body mass index). None of the subjects had taken antioxidant vitamins and/or drugs
that may have induced possible bias for either the generation of reactive oxygen species or their
inhibition/chelation/down-regulation.

After 8–10 h fasting and smoke abstinence, blood samples were drawn into glass tubes containing
ethylenediaminetetraacetic acid (EDTA), but not containing any anticoagulant. After allowing the
serum to clot for 5–10 min at room temperature, plasma samples (containing EDTA) and serum
(without anticoagulant) were obtained by centrifugation at 1000× g for 20 min and stored at −80 ◦C
until analysis. The supernatants were carefully collected and, when sediments occurred during storage,
centrifugation was performed again.

Serum total cholesterol and routine biomarkers level were determined on a Modular 7180 discrete
clinical AutoAnalyzer (Hitachi) using a commercially available diagnostics kit. The other biochemical
parameters were determined through the DU-series spectrophotometer (Beckman) according to the
manufacturer’s instructions of the diagnostic kits.

Protein concentrations were determined by the Lowry method, with bovine serum albumin as the
standard. For all parameters, standard curves were established with a set of serial dilutions of the
samples; the resulting equations were used to calculate the unknown sample concentrations and to
evaluate the linearity of the test, according to the manufacturer’s instructions.

The serum levels of total oxidative status and total antioxidant capacity were measured using the
ELISA kit (ZellBio, GmbH, Germany, ZB-TOS-96A and ZB-TAC-96A).

In detail, the Total Antioxidant Capacity (TAC) Assay Kit measured either the combination of
small molecule antioxidants and proteins or small molecules alone. Cu2+ ion is converted to Cu+

by both small molecules and protein. The TAC antioxidant mix prevents Cu2+ reduction by protein,
enabling the analysis of only the small molecule antioxidants. The reduced Cu+ ion is chelated with a
colorimetric probe giving a broad absorbance peak around 570 nm, proportional to the total antioxidant
capacity. According to manufacturer’s instructions, we used Trolox to standardize antioxidants, being
that all other antioxidants were measured in Trolox equivalents. We dissolved the lyophilized Trolox
standard in 20 µL of pure DMSO by vortexing, then added 980 µl of distilled water and mixed well,
generating a 1 mM solution. Following reconstitution, aliquots were stored at −20 ◦C. The reconstituted
standard was stable for 4 months, stored at −20 ◦C. No sample purification from blood sample was
necessary; serum samples (usually 0.01–0.1 µL) were assayed without dilution. After adding 100 µL
Cu2+ of working solution to all standard and sample wells, the plates were covered and incubated
at room temperature for 1.5 h and then were read the absorbance at 570 nm using the plate reader,
as a function of Trolox concentration. The absorbance of samples was in the linear range of the standard
curve (0–20 nmol/well). If they were outside of this range, they were rediluted in distilled water and
re-ran again. The detection limit of the assay was approximately 0.1 nmol per well.

Concerning the Total Oxidative Status (TOS) assay kit, the serum TOS levels were determined
using an automated measurement method described elsewhere [41]. Briefly, oxidants present in the
sample oxidize the ferrous ion-o-dianisidine (Fe2+/3-3′-dimethoxybenzidine) complexes into ferric
ions (Fe3+). The oxidation reaction is enhanced by glycerol molecules that are abundantly present
in the reaction medium. The final reagent was composed of 150 µM xylenol orange, 140 mM NaCl,
and 1.35 M glycerol. The pH value of the reagent was 1.75. The reactive reagent was composed of 5 mM
ferrous ammonium sulfate and 10 mM o-dianisidine dihydrochloride. The ferric ions formed a colored
complex with xylenol orange [o-cresosulfonphthalein-3,3-bis(sodium methyliminodiacetate)] in an
acidic medium. The wavelength was set at 560 nm and the reading of the linear assay/calibration was
an end-point measurement after 5 min after the reaction trace draws a plateau line. Therefore, the color
intensity, spectrophotometrically measured, is related to the total number of oxidant molecules present
in the sample. The assay was calibrated with hydrogen peroxide and the results were expressed in
terms of micromolar hydrogen peroxide equivalent per liter (µmol H2O2 equivalent/L). The lower
detection limit was 1.13 µmol H2O2 equivalent/L.
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Coenzyme Q10 (Ubiquinone-10, CAS 303-98-0), malondialdehyde, and protein carbonyl
were evaluated using the ELISA kit (ZellBio, GmbH, Germany, ZB-CoQ10-96A, ZB-TMD-96A,
and ZB-PC-96A). In detail, the Coenzyme Q10 (CoQ10) assay kit employed the competitive inhibition
enzyme immunoassay technique. The microtiter plate was pre-coated with an antibody specific to
CoQ10. Standards or samples were added to the appropriate microtiter plate wells with horseradish
peroxidase-conjugated CoQ10. The competitive inhibition reaction was launched between with HRP-
conjugated CoQ10 and CoQ10 in samples. The peroxidase substrate solution (tetramethylbenzidine)
was added to the wells and the color develops in opposite to the amount of CoQ10 in the sample.
The color development was stopped and the intensity of the color was measured. According to the
manufacturer’s instructions, the serum or plasma samples were diluted with kit sample diluent (1:100).
For measuring absorbance, the microplate reader was set at 450 nm. The minimum detectable amount
of human CoQ10 was 1.56 ng/mL.

Concerning the malondialdehyde (MDA) assay kit, we used a quantitative colorimetric method
on the basis of malondialdehyde/Thiobarbituric Acid Reactive Substances (TBARS) assay, a well
standardized tool for assessment of lipid peroxidation in biological samples [42]. The chemical adduct
formed by the reaction of MDA and thiobarbituric acid (TBA) was colorimetrically measured in
acidic media; and after heating (90–100 ◦C), analyzed the absorbance at 535 nm. According to the
manufacturer’s instruction, MDA levels in unknown samples were calculated based on a standard
curve, which were drawn using standard point absorbance. The MDA assay kit can determine MDA
in biological samples with 0.1 µM sensitivity.

Finally, protein carbonyls (PC) were assayed according to the well-known and previously detailed
method [43]. The most common products of early protein oxidation in biological samples are the
protein carbonyl derivatives (especially from Pro, Arg, Lys, and Thr amino acid residues). These
derivatives are chemically stable and serve as markers of oxidative stress for most types of ROS.
Many of the current assays involve derivatization of the carbonyl group with dinitrophenylhydrazine.
Briefly, after the incubation of equal volumes of plasma and 2,4-dinitrophenylhydrazine at 50 ◦C
for 1 h, proteins were precipitated with 20% (v:v) of trichloroacetic acid and the unreacted dye was
removed by centrifugation. The pellet was dissolved in 1 M NaOH, and the formation of a Schiff base
producing the corresponding hydrazone was analyzed spectrophotometrically at 375 nm. According to
manufacturer’s instruction, PC levels in unknown samples were calculated based on the standard curve,
which was drawn using standard point absorbance. The curve was obtained by preparing 10 µg/mL of
reduced or oxidized BSA, by diluting the 1 mg/mL BSA standards in phosphate buffered saline.

In addition, the enzyme levels of superoxide dismutase (EC 1.15.1.1) and glutathione reductase
(EC 1.8.1.7) were measured using the ELISA method (ZellBio, GmbH, Germany, ZB-SOD-96A and
ZB-GR-96A). The level of myeloperoxidase (EC 1.11.2.2) was also analyzed using the ELISA method
(eBioscience, BMS2038INST).

Superoxide dismutase (SOD)(EC 1.15.1.1) activity was determined for assaying both intra- and
extracellular enzymes (MnSOD and Cu-ZnSOD, respectively), according to the original method
previously described [44]. This assay activity involves inhibition of nitro blue tetrazolium reduction,
with xanthine–xanthine oxidase used as a superoxide generator. Briefly, the activity was assessed in
the ethanol phase of the sample after 1.0 mL ethanol/chloroform mixture (5/3, v/v) was added to the
same volume of sample and centrifuged. One unit of SOD was defined as the enzyme amount causing
50% inhibition in the NBT reduction rate, recording, spectrophotometrically, the absorbance change at
470 nm over 20 min at 25 ◦C, as fully described in the well standardized method [45].

Glutathione Reductase (EC 1.8.1.7)(GR) catalyzes the NADPH-dependent reduction of oxidized
glutathione (GSSG) to reduced glutathione (GSH), which plays an important role in the GSH redox cycle
that maintains adequate levels of reduced GSH, being high GSH/GSSG ratio essential for protection
against oxidative stress. Briefly, the GR assay kit was based on a colorimetric assay for measuring GR
reduction of GSSG to GSH, which reacts with 5, 5′-Dithiobis (2-nitrobenzoic acid) (DTNB) to generate
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TNB2- (measurable at 412 nm as yellow color) [46]. Undiluted blood samples were analyzed against a
standard curve of TNB. The assay shows a sensitivity >0.1 U/L.

Finally, Myeloperoxidase (MPO)(EC 1.11.2.2) was based on the sandwich ELISA principle.
Each well of the supplied microtiter plate has been pre-coated with a target specific capture antibody.
MPO standards or presents in blood samples (usually 100-fold diluted in order for their optical density
(OD) readings to fall within the Standard Curve) were captured (as antigen) by specific antibody and
revealed by biotin-conjugated detection. An Avidin-Horseradish Peroxidase conjugate binds to the
biotin allowing the substrate (3,3′,5,5′-tetramethylbenzidine) to react with the HRP enzyme, resulting
in color development. A sulfuric acid stop solution was added to terminate color development reaction
and then the optical density (OD) of the well measured at a wavelength of 450 nm. The optical
density of an unknown sample can then be compared to a standard curve, generated using known
antigen concentrations in order to determine its antigen concentration. The detection range was
1.56–100 ng/mL, with a sensitivity of 0.65 ng/mL.

All reagents, unless otherwise noted, were obtained from Sigma-Aldrich, Milan, Iatly.
All data, expressed as mean ± standard deviation (SD), were analyzed using Statistical Package for

the Social Sciences (SPSS, IBM, Milan, Italy) version 16.0, setting significant level at p < 0.05; all data were
normally distributed and underwent equal variance testing. Statistical analysis was performed by the
Mann–Whitney U-test and analysis of variance with Tukey’s posttest. Decision trees were designed
and evaluated using Rapid Miner software V5.3.

3. Results

In this study, 22 male WBD patients with a mean age of 40.6 ± 1.1 years and 20 male smokers with
mean age of 42 ± 1.4 (as control group) were included. No significant difference between the ages of
both groups was found (p = 0.33).

According to patient self-reports, the mean number of cigarettes smoked per day was 17.7 ± 1.2
and 18.9 ± 3.3, in the patient and control group, respectively. No significant difference in terms of
cigarette consumption was found among the two groups (p = 0.85).

All of the biochemical data are summarized in Table 1.

Table 1. Serum levels of soluble biomarkers in patients with Winiwarter-Buerger disease vs. smokers
as control group.

Buerger’s Patients Smoker Controls p Value

Total Oxidative Stress (TOS, µM) 2.12 ± 0.5 0.06 ± 0.006 0.007
Total Antioxidant Capacity (TAC, nM) 0.32 ± 0.02 0.2 ± 0.05 0.04

TOS-TAC Ratio 6.4 ± 1.6 1.7 ± 1.2 <0.001
Myeloperoxidase (MPO, ng/mL) 1.55 ± 0.61 1.42 ± 0.42 0.49
Malondialdehyde (MDA, µM) 5.3 ± 2.8 13 ± 6.2 <0.001

Superoxide Dismutase (SOD, U/L) 52.1 ± 8.53 79.6 ± 31.8 0.002
Glutathione Reductase (GR, U/L) 43.5 ± 22.8 35.24 ± 25.1 0.22

Protein Carbonyl (PC, ng/mL) 22.4 ± 16.2 24.9 ± 16.2 0.83
Coenzyme Q10 (CoQ10, pg/L) 5.5 ± 1.2 3.7 ± 2.5 <0.001

Total Cholesterol (mg/dl) 157.5 ± 35 193 ± 40 0.57

3.1. Serum Levels of Total Oxidative Stress (TOS) and Total Antioxidant Capacity (TAC)

TOS was significantly higher in WBD patients compared to the controls (p = 0.007). Similarly,
the mean serum TAC levels were significantly increased in WBD patients compared to the healthy
smoker controls (p = 0.04). Additionally, the TOS–TAC ratio was significantly higher (p < 0.001) in
WBD patients than that found in the healthy control group.
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3.2. Serum Levels of Myeloperoxidase (MPO), Glutathione Reductase (GR), and Superoxide Dismutase
(SOD) Activity

The serum levels of MPO in WBD patients showed no significant difference between patients and
healthy smokers as controls (p = 0.49).

Comparing WBD patients and healthy smokers, the mean levels of GR activity were found not
statistically different (p = 0.22).

WBD patients showed significantly lower levels of SOD enzyme activity than that found in healthy
smokers (p = 0.002), even if no difference was found for cigarette smoking habits between the two
groups (p = 0.85).

3.3. Serum Levels of Coenzyme Q10 (CoQ10) and Cholesterol

The serum level of CoQ10 was found significantly higher in WBD patients than healthy smokers
(p < 0.001).

Notably, no significant difference in terms of total cholesterol was found between the WBD patients
and the healthy smokers as control group (p = 0.57).

3.4. Biomarkers of Lipid Peroxidation and Protein Oxidation

The mean serum level of MDA was found significantly lower in WBD patients, with respect to
controls (p < 0.001). On the contrary, no statistically significant difference in the mean serum level of
PC was found in our series of patients (p = 0.83).

The WBD patient group and healthy smokers’ group were classified according to the decision
trees on the basis of SOD, CoQ10, MDA, and PC (i.e., the biomarkers that showed significant difference
among patients) (Figure 1A,B).
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Figure 1. Predictive modeling approaches of Buerger’s disease (BD) and healthy smoker (HS) based
on biomarkers analyzed in blood samples. A: decision tree linking SOD to lipid (MDA) and protein
(PC) oxidation markers. B: the predictive values relating SOD to antioxidant mitochondrial markers
CoQ-10 B.

As depicted in both decision trees, the common root is represented by the enzyme SOD; therefore,
by our series of analyses, SOD may be recognized as the most important classification marker in
Winiwarter-Buerger disease, as depicted in Figure 1 and statistically evaluated in Table 2.

Table 2. Statistical evaluation of decision tree models.

Trees Accuracy Precision Recall

A 76.92% 77.78% 50%
B 76.92% 85.71% 42.86%

4. Discussions

Winiwarter-Buerger disease (WBD) or thromboangiitis obliterans has been clearly defined as a
serious medical and social problem, characterized as a nonatherosclerotic, inflammatory vasculitis
strongly associated with smoking and affecting vessels of both upper and lower extremities [4,47].

WBD is characterized as a nonatherosclerotic thrombotic occlusive peripheral vascular disease,
affecting arteries and veins with the presence of highly inflammatory thrombus [47–49]. Although
strongly associated to the use of tobacco and cannabis products use, per se, are not justifying the well
described oxidative stress responsible for the progression and worsening of this disease, sadly suggesting
that little progress has been made in the understanding of its pathophysiology and treatment [4,8,50].

Although several studies have focused on discern the molecular mechanisms involved in the
etiopathogenesis and pathophysiology pathways (as reviewed in [51,52]), and according to some
studies performed to evaluate different oxidative and antioxidant pathways in Winiwarter-Buerger
disease [30,31,53,54], to our knowledge, the present study is the first report demonstrating a possible
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link between SOD and MDA down-regulations, related also to a significant increase of CoQ10 levels in
WBD, with respect to healthy smokers.

Despite the studies on pathophysiology (reviewed in [29,51], actually, the detailed
etiopathogenesis and molecular mechanisms are still unknown. Among the possible biomolecular
hypotheses [10,12,14,18,20–23,27,50,54–56], oxidative stress has been crucially indicated as an important
factor for both the initiation and progression of WBD [30,31,51,54].

According to our previous results [31] and literature data [30] (reviewed in [51]), in WBD there is
an evident and significant impairment of the balance between oxidative stress and the anti-oxidant
capacity. It has been detected that pro-oxidant/antioxidant balance (PAB) significantly increased
in WBD patients when compared with both the smokers and non-smokers groups [31], suggesting
significant roles and effects of cigarette smoking to induce ROS release by neutrophils and monocytes,
paving the way for an increasing oxidative stress microenvironment, driving to both inflammatory
and thrombotic events typical of WBD. Our results are in full agreement with the previous findings,
revealing significantly higher levels of total oxidative status (TOS) in WBD patients, even if not linked
and/or limited only to smoking habits.

In this respect, it has been widely demonstrated that both endothelial and leukocyte cells
(e.g., neutrophils and macrophages) under pro-inflammatory stimuli may both produce and scavenge
ROS during physiological and pathological conditions; ROS can also be generated during both intracellular
arachidonic acid metabolism and in mitochondria [57]. Accordingly, enzymatic and non-enzymatic-based
antioxidant defense systems may protect the cells from the oxidative stress-induced damages [48].
In agreement with literature data, our results of significantly higher levels of TOS, TAC, and their ratios
in WBD patients, with respect to smoker healthy controls, suggest that smoking itself is not, per se,
the only thing responsible for inducing high oxidative stress and altered antioxidant response. In fact,
besides smoking habits, the increased susceptibility to develop WBD might be also due to the presence
of a mutation of the T-786C eNOS gene observed in WBD patients, which, through the regulation
of nitric oxide bioavailability, may impair the oxidative unbalance caused by cigarette smoke [58].
Accordingly, it has been recently hypothesized that in WBD patients, oxidative stress may originate
through the NF-kB/iNOS-NO pathway, able to interact with ROS modifying cells and mitochondria
membrane lipids, inducing endothelial dysfunction [51]. In agreement with the hypothesis explaining
our evidence of the reduction of SOD in WDB patients as a possible factor mitigating the bioavailability
of NO (by the following pathway O2− + NO -> ONOO), it is noteworthy that the downstream oxidation
pathway typically involves nitration of tyrosine residues to form nitro-tyrosine; this could be measured
in the serum of patients to determine if NO was consumed by O2−, as previously suggested in WBD
patients [30,51,54].

Reactive oxygen species can trigger all types of cell biomolecules and, as highlighted and depicted
in WBD [51], superoxide may act as scavengers of nitric oxide, forming peroxynitrite-dependent
oxidative stress and leading to vascular dysfunction. In this respect, superoxide dismutase (SOD) play,
as a part of the mitochondrial structure, a crucial role among the antioxidant defenses, minimizing
the cellular damage by oxidative stressors. This enzyme also participates in vascular tonicity via the
regulation and bioactivity of nitrite oxide levels by the endothelium; in fact, controlling the amount of
superoxide anions by SOD is critical for preserving NO bioactivity in the vessel wall [59]. Our data
of significantly lower serum levels of SOD in WBD patients than healthy smokers is in agreement to
previously reported results of lower levels of intra-erythrocyte SOD in WBD, with respect to peripheral
arterial occlusive disease [30,53]. Our results emphasize literature data, suggesting that in the presence
of low-activity of SOD (both intra-erythrocyte and extra-cellular low levels), the reaction between
superoxide anions and NO will lead to a loss of NO bioactivity and consequently vasoconstriction,
which is one of the main manifestations in Winiwarter-Buerger disease [4,47]. Moreover, it has been
demonstrated that the degree of tissue hypoxia, due to alterations of the antioxidant systems of the
blood and nitrogen oxide, may critically affects occlusive diseases, including WBD [53].
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Notably, during WBD progression, it has been demonstrated that oxygen free radical and lipid
peroxide were markedly increased in conjunction to lower levels of erythrocyte SOD; this unbalance
may actively participate in vascular endothelial cell injury and the detection of these substances might
provide complementary evidence for syndrome differentiation of WBD [60].

Noteworthy, lower levels of NO in WBD patients compared to smokers, and also lower levels
of NO in WBD patients with below-knee amputations compared to non-amputees, has also been
demonstrated [54], supporting the crucial role of SOD as possible primary enzymatic defect in WBD
and supporting the hypothesis about the measurement of SOD activity as a useful parameter for the
differential diagnosis of Winiwarter-Buerger disease (as depicted and analyzed in our decision tree
models) (Figure 1 and Table 2).

Previous studies reported that different biomarkers of oxidative stress are increased in patients
affected by peripheral artery diseases, both due to the increased rate of ROS formation, or to a decreased
clearance by antioxidant mechanisms. Interestingly, only one study was found comparing oxidative
stress and antioxidant defenses in WBD vs. atherosclerotic peripheral arterial occlusive disease,
reporting that the oxidative balance is more seriously impaired in WBD patients [30,51]. Additionally,
we confirmed that the level of oxidants is greater in WBD patients than the antioxidant capacity in
healthy smokers and non-smokers, supporting/strengthening the hypothesis of both a biochemically
enhanced and clinically impairment of oxidant/antioxidant balance in Winiwarter-Buerger disease [8,51].
Interestingly, the production of ROS from intracellular and extracellular sources may affect both
endothelial cell morphology and function; thus, also promoting the expression of adhesion molecules,
which may represent pro-inflammatory signals and increase the risk of thrombosis [61].

It is well known and characterized that ROS are able to induce modifications in all macromolecules,
in particular on lipids (through the mechanism of lipid peroxidation) and proteins (by time-dependent
protein oxidation). In this respect, two main biomarkers (malondialdehyde, MDA; and protein carbonyl,
PC) have been utilized to identify, characterize, and follow the oxidation initiation and progression of
both lipids and proteins, respectively [62].

MDA has been widely used for many years as a convenient biomarker of lipid peroxidation,
identified as an end-product generated by the decomposition of arachidonic acid and larger
polyunsaturated fatty acids through enzymatic (biosynthesis of thromboxane A2 in platelet) or
non-enzymatic (lipid peroxidation) processes. MDA may also be additionally eliminated through the
formation of MDA-protein and/or MDA-DNA adducts (inducing also cell death) and degraded by
the enzymatic modifications (mainly via aldehyde dehydrogenase and decarboxylase) [63]. In our
present study, MDA was found significantly decreased in WBD patients compared to the healthy
smoker controls. Low levels of MDA in our Winiwarter-Buerger patients might be due to further
enzymatic MDA catabolism; our data suggest that enlarged mitochondria (as a consequence of high
levels of CoQ10 in the WBD group) [64] may significantly increase the MDA enzymatic catabolism and
degradation [63] and, consequently, show lower levels of MDA in the WBD patients compared to the
healthy smoker controls. Further studies are in itinere to evaluate if MDA enzymatic catabolism are
time-dependent or linked to progression of WBD.

Interestingly, MDA plays a role, also, in angiogenesis by influencing both vascular endothelial
growth factor (VEGF) expression and NO alteration [65]; therefore, our data of significantly decreased
serum levels of MDA might hypothetically take part in disturbing the process of angiogenesis typical
of WBD [20,66,67].

Since MDA levels were unexpectedly low in TAO patients, we also evaluated the protein oxidation
profile, analyzing the blood levels of protein carbonyl (PC), which has been demonstrated as a marker
of protein oxidation [68]. Our results appear in agreement with the literature evidence showing that
oxidizing species derived from the activity of myeloperoxidase (MPO) may lead to the formation of
carbonyl groups in proteins with less modification in lipids [69]. However, the serum level of PC had
no significant difference between our series of both patients and controls. To confirm our results, we
evaluated the serum level of MPO, and no significant difference between the patients and controls was
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found. Further studies are in itinere to discern the complex and intricate network among oxidative
stress and proteins/lipids in WBD patients.

As our results indicate, PC level has no significant difference between WBD patients and smoker
controls; this clue could lead to the following different types of protein oxidative modifications
(e.g., early protein carbonyls (PC) and late advanced oxidative protein products (AOPP)). This
approach (in itinere in our labs) could help to understand what type of ROS and/or RNS is involved
during the oxidative process and if these pathways may be time-dependent or smoke-dependent,
providing useful suggestions for WBD affected patients’ identification/characterization. According
to these hypotheses, and in agreement to our evidence of low activity of SOD in WBD patients,
the presence of 3-nitrotyrosine could indicate the oxidative damage mediated by peroxynitrite, but not
counteracted by adequate activity of SOD; this will set the basis for our, in itinere, next studies.

High levels of oxidative stress and related inflammation are also associated with mitochondrial
dysfunction [70], and were found significantly higher in patients affected by peripheral arterial
diseases [71]. No data are available about direct or indirect involvement of mitochondria dysfunction
in WBD, even though it might represent a further explanation for the considerable oxidative stress in
these patients. Our findings about CoQ10 may provide some clues in support of this hypothesis. In fact,
in agreement with the literature knowledge [53], we reported the significantly higher levels of CoQ10
antioxidant activity in WBD patients, with respect to smoker healthy controls, suggesting that high
levels of CoQ10 may represent an essential component of the mitochondrial membrane and respiratory
chain replacing mitochondrial dynamics, protecting and restoring cells from oxidative stimuli, and able
to ameliorate mitochondrial dysfunction in different in vitro and animal models [64,72–74].

Although CoQ10 molecular mechanisms and pathways could act as a “double-edged sword”
(especially in the presence of mitochondrial dysfunction) [75], our data of significantly higher levels
of CoQ10 in WBD patients, with respect to healthy smoker controls, could represent the marker
of increase mitochondrial dynamics. Our data are the first evidence of high CoQ10 in WBD and
might be related to lower levels of mitophagy, proning the WBD patients to the inability of clearing
damaged mitochondria containing high amounts of superoxide ions [76]. In addition, CoQ10 may
act also as an antiangiogenic factor through the inhibition of both fibroblast and endothelial growth
factors expression, associated with a decreased ability of restoring morphology and functions of
endothelial cells [77]. In this respect, oxidative stress and ROS have been proposed as pro-angiogenic
factors in vascular disorders [78]. They act both directly and by generating pro-angiogenic oxidation
products, mainly through HIF/VEGF signaling [79]. It is important to note that angiogenesis is a
process dysregulated in WBD, and it has been demonstrated that long-term treatment with angiogenic
medications for WBD in different geographic areas are highly recommended [8,66]. In this respect,
angiogenesis is an efficient mechanism in WBD, and could be compromised by diminished SOD activity,
mainly due to the possibility of SOD-derived H2O2 to induce the VEGF signaling pathway [59,66,80].
Noteworthy, it has been previously reported that VEGF signaling is altered in WBD patients, due to
increased expression of specific receptor VEGF-R1 (known as an angiogenesis inhibitor) in the WBD
patients and smokers vs. non-smoker subjects [10].

Therefore, more studies are needed to strengthen and support the present hypothesis that the
inhibition of mitophagy by high levels of CoQ10 can induce severe oxidative stress in the context
of mitochondrial dysfunction status in WBD patients, with respect to smoker healthy controls
and non-smokers.

A review has discussed several of the limitations associated with pan TAC assays and, most
importantly, that TAC assays exclude endogenous enzymatic activities of antioxidant systems, including
catalase, and glutathione [32]. As correctly discussed, the TAC assay is not truly indicative of the
“total” antioxidant capacity, but rather the ‘non-enzymatic antioxidant capacity (NEAC). Under this
view, further explanation of our results may be related to endogenous antioxidant systems (such as
catalase), which could explain why protein carbonyl levels did not raise, and could also explain the
decrease in the oxidant marker MDA. Although a previous study demonstrated that in WDB patients
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the erythrocyte levels of GR, SOD, and CAT were significantly low [30], the hypothesis that oxidative
stress, per se, does not lead to oxidative damage due to compensatory regulatory mechanisms needs to
be confirmed and furtherly analyzed, especially in WBD patients.

Finally, it has been recently demonstrated that SOD activity is higher in women than in men [81], which
could help explain why men tend to be more common victims of Winiwarter-Buerger disease [4,47,66].

In all, according to the data mining of our study, and being aware that more focused studies are
needed to strength our results and support this hypothesis, our evidence showing significantly high
oxidative levels, high amounts of CoQ10, and low SOD anti-oxidant activity in WBD might pave the way
for more focused studies on SOD activity, as a primary key enzyme responsible for initiation/progression
of WBD through vascular dysfunction, vasoconstriction, and impaired angiogenesis linked to impaired
oxidant/antioxidant balance.

5. Conclusions

Taken together, considerably high levels of oxidative stress were detected in WBD, with respect
to healthy smokers as control. The high amount of total oxidative species was found significantly
greater than the antioxidant defense capacity, increasing, significantly, the ratio of TOS/TAC in
Winiwarter-Buerger patients. The characteristic imbalance among oxidative biomarkers and antioxidant
defense system that we found in WBD patients was depicted and summarized in Figure 2.
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The low level of MDA in WBD patients may be linked to crucial further enzymatic catabolism of
this lipid peroxidation product, which may induce down-regulation of some growth factors involved
in angiogenesis. Moreover, high levels of CoQ10 and low levels of SOD and MDA may explain the
insufficient angiogenesis in WBD.

According to our results, it seems possible that there is a primary enzymatic disorder of SOD
activity, which, through its down-regulation, could lead to severe oxidative stress (increasing reactive
species of both oxygen and nitrogen) and enhance vasoconstriction, worsening WBD.

Significantly higher levels of CoQ10 in WBD seem like a defense mechanism against high oxidative
stress as they could increase mitochondrial biogenesis (probably reducing mitophagy). However,
in patients with morphological and molecular mitochondrial dysfunctions (e.g., SOD polymorphisms),
enlarged mitochondria could be linked to significantly higher oxidative stress. Further studies on SOD
genetic and epigenetic modification in WBD may be highly recommended as a possible biomarker and
target for future treatments.

Considering the current literature and our data we hypothesize that SOD might be an interesting
biomarker for risk assessment in patients with WBD. The combination of classical risk scores with
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biomarkers, such as SOD, MDA, and CoQ10 might be an innovative promising approach in preventive
clinical medicine of a peripheral vascular disease not fully understood.

Author Contributions: Conceptualization, B.F. and F.M.; Experiments, H.S.; data analysis curation, H.S., R.M.,
and D.L.; writing—original draft preparation, B.F. and F.M.; writing—review and editing, D.L., R.M., and F.M.;
visualization and editing of figures, H.S., D.L., and R.M.; supervision and final revision, F.M. All authors have
read and agreed to the published version of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest. This manuscript was written independently.
The authors have given talks, attended conferences, and participated in advisory boards and trials sponsored by
various pharmaceutical companies, which had no role in the design of the study, in the interpretation of data,
in the writing of the manuscript, or in the decision to publish the results.

References

1. Von Winiwarter, F. Ueber eine eigenthumliche form von endoarteritis und endophlebitis mit gangran des
fusses. Arch. Klin. Chir. 1879, 23, 202–226.

2. Buerger, L. Thromboangiitis obliterans: A study of the vascular lesions leading to presenile spontaneous
gangrene. Am. J. Med Sci. 1908, 136, 580–588. [CrossRef]

3. Piazza, G.; Creager, M.A. Thromboangiitis obliterans. Circulation 2010, 121, 1858–1861. [CrossRef] [PubMed]
4. Olin, J.W. Thromboangiitis obliterans: 110 years old and little progress made. J. Am. Heart Assoc. 2018,

7, e011214. [CrossRef]
5. Desbois, A.C.; Cacoub, P. Cannabis-associated arterial disease. Ann. Vasc. Surg. 2013, 27, 996–1005. [CrossRef]
6. Le Joncour, A.; Soudet, S.; Dupont, A.; Espitia, O.; Koskas, F.; Cluzel, P.; Hatron, P.Y.; Emmerich, J.; Cacoub, P.;

Resche-Rigon, M.; et al. Long-term outcome and prognostic factors of complications in thromboangiitis
obliterans (buerger’s disease): A multicenter study of 224 patients. J. Am. Heart Assoc. 2018, 7, e010677.
[CrossRef] [PubMed]

7. Cacione, D.G.; Baptista-Silva, J.C.; Macedo, C.R. Pharmacological treatment for buerger’s disease.
Cochrane Database Syst. Rev. 2016, 2, CD011033. [PubMed]

8. Fazeli, B.; Dadgar Moghadam, M.; Niroumand, S. How to treat a patient with thromboangiitis obliterans:
A systematic review. Ann. Vasc. Surg. 2018, 49, 219–228. [CrossRef] [PubMed]

9. Ghoneim, B.M.; Karmota, A.G.; Abuhadema, A.M.; Shaker, A.A.; Abdelmawla, H.M.; Nasser, M.M.;
Elmahdy, H.Y.; Mostafa, H.A.; Khairy, H.M. Management of buerger’s disease in endovascular era. Int. J.
Angiol. Off. Publ. Int. Coll. Angiol. Inc. 2019, 28, 173–181. [CrossRef] [PubMed]

10. Fazeli, B.; Rafatpanah, H.; Ravari, H.; Hosseini, R.F.; Rezaee, S.A. Investigation of the expression of mediators
of neovascularization from mononuclear leukocytes in thromboangiitis obliterans. Vascular 2014, 22, 174–180.
[CrossRef]

11. Dellalibera-Joviliano, R.; Joviliano, E.E.; Silva, J.S.; Evora, P.R. Activation of cytokines corroborate with
development of inflammation and autoimmunity in thromboangiitis obliterans patients. Clin. Exp. Immunol.
2012, 170, 28–35. [CrossRef]

12. Keramat, S.; Sadeghian, M.H.; Keramati, M.R.; Fazeli, B. Assessment of t helper 17-associated cytokines in
thromboangiitis obliterans. J. Inflamm. Res. 2019, 12, 251–258. [CrossRef] [PubMed]

13. Fazeli, B.; Rafatpanah, H.; Ravari, H.; Farid Hosseini, R.; Tavakol Afshari, J.; Hamidi Alamdari, D.;
Valizadeh, N.; Moheghi, N.; Rezaee, S.A. Sera of patients with thromboangiitis obliterans activated cultured
human umbilical vein endothelial cells (huvecs) and changed their adhesive properties. Int. J. Rheum. Dis.
2014, 17, 106–112. [CrossRef] [PubMed]

14. Ketha, S.S.; Cooper, L.T. The role of autoimmunity in thromboangiitis obliterans (buerger’s disease). Ann. N. Y.
Acad. Sci. 2013, 1285, 15–25. [CrossRef] [PubMed]

15. Halacheva, K.; Gulubova, M.V.; Manolova, I.; Petkov, D. Expression of icam-1, vcam-1, e-selectin and
tnf-alpha on the endothelium of femoral and iliac arteries in thromboangiitis obliterans. Acta Histochem.
2002, 104, 177–184. [CrossRef]

16. Iwai, T.; Inoue, Y.; Umeda, M. Buerger disease, smoking, and periodontitis. Ann. Vasc. Dis. 2008, 1, 80–84.
[CrossRef]

http://dx.doi.org/10.1097/00000441-190810000-00011
http://dx.doi.org/10.1161/CIRCULATIONAHA.110.942383
http://www.ncbi.nlm.nih.gov/pubmed/20421527
http://dx.doi.org/10.1161/JAHA.118.011214
http://dx.doi.org/10.1016/j.avsg.2013.01.002
http://dx.doi.org/10.1161/JAHA.118.010677
http://www.ncbi.nlm.nih.gov/pubmed/30571594
http://www.ncbi.nlm.nih.gov/pubmed/26828199
http://dx.doi.org/10.1016/j.avsg.2017.10.022
http://www.ncbi.nlm.nih.gov/pubmed/29421414
http://dx.doi.org/10.1055/s-0039-1685200
http://www.ncbi.nlm.nih.gov/pubmed/31452585
http://dx.doi.org/10.1177/1708538113477068
http://dx.doi.org/10.1111/j.1365-2249.2012.04624.x
http://dx.doi.org/10.2147/JIR.S218105
http://www.ncbi.nlm.nih.gov/pubmed/31564950
http://dx.doi.org/10.1111/1756-185X.12214
http://www.ncbi.nlm.nih.gov/pubmed/24472273
http://dx.doi.org/10.1111/nyas.12048
http://www.ncbi.nlm.nih.gov/pubmed/23510296
http://dx.doi.org/10.1078/0065-1281-00621
http://dx.doi.org/10.3400/avd.AVDct00108


J. Clin. Med. 2020, 9, 1036 13 of 15

17. Chen, Y.W.; Umeda, M.; Nagasawa, T.; Takeuchi, Y.; Huang, Y.; Inoue, Y.; Iwai, T.; Izumi, Y.; Ishikawa, I.
Periodontitis may increase the risk of peripheral arterial disease. Eur. J. Vasc. Endovasc. Surg. Off. J. Eur. Soc.
Vasc. Surg. 2008, 35, 153–158. [CrossRef]

18. Fazeli, B. Is rickettsia the key to solving the puzzle of buerger’s disease? Vascular 2014, 22, 393–394. [CrossRef]
19. Fazeli, B.; Ravari, H.; Ghazvini, K. Rickettsia infection could be the missing piece of the buerger’s disease

puzzle. Int. Angiol. J. Int. Union Angiol. 2017, 36, 410–416.
20. Hewing, B.; Stangl, V.; Stangl, K.; Enke-Melzer, K.; Baumann, G.; Ludwig, A. Circulating angiogenic factors

in patients with thromboangiitis obliterans. PLoS ONE 2012, 7, e34717. [CrossRef]
21. Roncon-Albuquerque, R.; Serrao, P.; Vale-Pereira, R.; Costa-Lima, J.; Roncon-Albuquerque, R., Jr. Plasma

catecholamines in buerger’s disease: Effects of cigarette smoking and surgical sympathectomy. Eur. J. Vasc.
Endovasc. Surg. Off. J. Eur. Soc. Vasc. Surg. 2002, 24, 338–343. [CrossRef]

22. Mousazadeh, B.; Sharebiani, H.; Taheri, H.; Valizedeh, N.; Fazeli, B. Unexpected inflammation in the
sympathetic ganglia in thromboangiitis obliterans: More likely sterile or infectious induced inflammation?
Clin. Mol. Allergy CMA 2019, 17, 10. [CrossRef] [PubMed]

23. Park, H.S.; Cho, K.H.; Kim, K.L.; Kim, D.K.; Lee, T. Reduced circulating endothelial progenitor cells in
thromboangiitis obliterans (buerger’s disease). Vasc. Med. 2013, 18, 331–339. [CrossRef] [PubMed]

24. Slavov, E.S.; Stanilova, S.A.; Petkov, D.P.; Dobreva, Z.G. Cytokine production in thromboangiitis obliterans
patients: New evidence for an immune-mediated inflammatory disorder. Clin. Exp. Rheumatol. 2005, 23,
219–226. [PubMed]

25. Matsushita, M.; Shionoya, S.; Matsumoto, T. Urinary cotinine measurement in patients with buerger’s
disease-effects of active and passive smoking on the disease process. J. Vasc. Surg. 1991, 14, 53–58. [CrossRef]

26. Chavoshan, A.; Sharebiani, H.; Taheri, H.; Fazeli, B. Antiphospholipid antibodies in buerger’s disease.
Thromb. Res. 2019, 181, 64–66. [CrossRef]

27. Akbarin, M.M.; Ravari, H.; Rajabnejad, A.; Valizadeh, N.; Fazeli, B. Investigation of the etiology of anemia in
thromboangiitis obliterans. Int. J. Angiol. Off. Publ. Int. Coll. Angiol. Inc. 2016, 25, 153–158. [CrossRef]

28. De Caridi, G.; Bitto, A.; Massara, M.; Pallio, G.; Pizzino, G.; Serra, R.; Altavilla, D.; Squadrito, F.; Spinelli, F.
Increased serum hmgb-1, icam-1 and metalloproteinase-9 levels in buerger’s patients. Curr. Vasc. Pharmacol.
2016, 14, 382–387. [CrossRef]

29. Li, M.D.; Wang, Y.F.; Yang, M.W.; Hong, F.F.; Yang, S.L. Risk factors, mechanisms and treatments of
thromboangiitis obliterans: An overview of recent research. Curr. Med. Chem. 2019, 27. [CrossRef]

30. Arslan, C.; Altan, H.; Besirli, K.; Aydemir, B.; Kiziler, A.R.; Denli, S. The role of oxidative stress and antioxidant
defenses in buerger disease and atherosclerotic peripheral arterial occlusive disease. Ann. Vasc. Surg. 2010,
24, 455–460. [CrossRef]

31. Alamdari, D.H.; Ravarit, H.; Tavallaie, S.; Fazeli, B. Oxidative and antioxidative pathways might contribute
to thromboangiitis obliterans pathophysiology. Vascular 2014, 22, 46–50. [CrossRef] [PubMed]

32. Bartosz, G. Non-enzymatic antioxidant capacity assays: Limitations of use in biomedicine. Free Radic. Res.
2010, 44, 711–720. [CrossRef] [PubMed]

33. Anatoliotakis, N.; Deftereos, S.; Bouras, G.; Giannopoulos, G.; Tsounis, D.; Angelidis, C.; Kaoukis, A.;
Stefanadis, C. Myeloperoxidase: Expressing inflammation and oxidative stress in cardiovascular disease.
Curr. Top. Med. Chem. 2013, 13, 115–138. [CrossRef] [PubMed]

34. Porto, B.N.; Stein, R.T. Neutrophil extracellular traps in pulmonary diseases: Too much of a good thing?
Front. Immunol. 2016, 7, 311. [CrossRef]

35. Kiyuna, L.A.; Albuquerque, R.P.E.; Chen, C.H.; Mochly-Rosen, D.; Ferreira, J.C.B. Targeting mitochondrial
dysfunction and oxidative stress in heart failure: Challenges and opportunities. Free Radic. Biol. Med. 2018,
129, 155–168. [CrossRef]

36. Cox, C.S.; McKay, S.E.; Holmbeck, M.A.; Christian, B.E.; Scortea, A.C.; Tsay, A.J.; Newman, L.E.; Shadel, G.S.
Mitohormesis in mice via sustained basal activation of mitochondrial and antioxidant signaling. Cell Metab.
2018, 28, 776–786. [CrossRef]

37. De Carvalho, F.O.; Felipe, F.A.; de Melo Costa, A.C.; Teixeira, L.G.; Silva, E.R.; Nunes, P.S.; Shanmugam, S.;
de Lucca Junior, W.; Quintans, J.S.; de Souza Araujo, A.A. Inflammatory mediators and oxidative stress in
animals subjected to smoke inhalation: A systematic review. Lung 2016, 194, 487–499. [CrossRef]

38. Habashy, W.S.; Milfort, M.C.; Rekaya, R.; Aggrey, S.E. Cellular antioxidant enzyme activity and biomarkers
for oxidative stress are affected by heat stress. Int. J. Biometeorol. 2019, 63, 1569–1584. [CrossRef]

http://dx.doi.org/10.1016/j.ejvs.2007.08.016
http://dx.doi.org/10.1177/1708538113491256
http://dx.doi.org/10.1371/journal.pone.0034717
http://dx.doi.org/10.1053/ejvs.2002.1721
http://dx.doi.org/10.1186/s12948-019-0114-2
http://www.ncbi.nlm.nih.gov/pubmed/31316304
http://dx.doi.org/10.1177/1358863X13513935
http://www.ncbi.nlm.nih.gov/pubmed/24292638
http://www.ncbi.nlm.nih.gov/pubmed/15895893
http://dx.doi.org/10.1016/0741-5214(91)90154-M
http://dx.doi.org/10.1016/j.thromres.2019.07.015
http://dx.doi.org/10.1055/s-0035-1571190
http://dx.doi.org/10.2174/1570161114666160303111355
http://dx.doi.org/10.2174/0929867326666190816233042
http://dx.doi.org/10.1016/j.avsg.2008.11.006
http://dx.doi.org/10.1177/1708538112473979
http://www.ncbi.nlm.nih.gov/pubmed/23518834
http://dx.doi.org/10.3109/10715761003758114
http://www.ncbi.nlm.nih.gov/pubmed/20446897
http://dx.doi.org/10.2174/1568026611313020004
http://www.ncbi.nlm.nih.gov/pubmed/23470074
http://dx.doi.org/10.3389/fimmu.2016.00311
http://dx.doi.org/10.1016/j.freeradbiomed.2018.09.019
http://dx.doi.org/10.1016/j.cmet.2018.07.011
http://dx.doi.org/10.1007/s00408-016-9879-y
http://dx.doi.org/10.1007/s00484-019-01769-z


J. Clin. Med. 2020, 9, 1036 14 of 15

39. Shionoya, S. Diagnostic criteria of buerger’s disease. Int. J. Cardiol. 1998, 66, S243–S245. [CrossRef]
40. Lazarides, M.K.; Georgiadis, G.S.; Papas, T.T.; Nikolopoulos, E.S. Diagnostic criteria and treatment of

buerger’s disease: A review. Int. J. Low. Extrem. Wounds 2006, 5, 89–95. [CrossRef]
41. Erel, O. A new automated colorimetric method for measuring total oxidant status. Clin. Biochem. 2005, 38,

1103–1111. [CrossRef] [PubMed]
42. Buege, J.A.; Aust, S.D. Microsomal lipid peroxidation. Methods Enzymol. 1978, 52, 302–310. [PubMed]
43. Levine, R.L.; Wehr, N.; Williams, J.A.; Stadtman, E.R.; Shacter, E. Determination of carbonyl groups in

oxidized proteins. Methods Mol. Biol. 2000, 99, 15–24. [PubMed]
44. Sun, Y.; Oberley, L.W.; Li, Y. A simple method for clinical assay of superoxide dismutase. Clin. Chem. 1988,

34, 497–500. [CrossRef] [PubMed]
45. Ukeda, H.; Kawana, D.; Maeda, S.; Sawamura, M. Spectrophotometric assay for superoxide dismutase based

on the reduction of highly water-soluble tetrazolium salts by xanthine-xanthine oxidase. Biosci. Biotechnol.
Biochem. 1999, 63, 485–488. [CrossRef]

46. Rahman, I.; Kode, A.; Biswas, S.K. Assay for quantitative determination of glutathione and glutathione
disulfide levels using enzymatic recycling method. Nat. Protoc. 2006, 1, 3159–3165. [CrossRef]

47. Mills, J.L., Sr. Buerger’s disease in the 21st century: Diagnosis, clinical features, and therapy. Semin. Vasc.
Surg. 2003, 16, 179–189. [CrossRef]

48. Pizzino, G.; Irrera, N.; Cucinotta, M.; Pallio, G.; Mannino, F.; Arcoraci, V.; Squadrito, F.; Altavilla, D.; Bitto, A.
Oxidative stress: Harms and benefits for human health. Oxid. Med. Cell. Longev. 2017, 2017, 13. [CrossRef]

49. Fazeli, B.; Rezaee, S.A. A review on thromboangiitis obliterans pathophysiology: Thrombosis and angiitis,
which is to blame? Vascular 2011, 19, 141–153. [CrossRef]

50. Mohareri, M.; Mirhosseini, A.; Mehraban, S.; Fazeli, B. Thromboangiitis obliterans episode: Autoimmune
flare-up or reinfection? Vasc. Health Risk Manag. 2018, 14, 247–251. [CrossRef]

51. Shapouri-Moghaddam, A.; Saeed Modaghegh, M.H.; Rahimi, H.R.; Ehteshamfar, S.M.; Tavakol Afshari, J.
Molecular mechanisms regulating immune responses in thromboangiitis obliterans: A comprehensive review.
Iran. J. Basic Med Sci. 2019, 22, 215–224. [PubMed]

52. Fazeli, B.; Ravari, H. Mechanisms of thrombosis, available treatments and management challenges presented
by thromboangiitis obliterans. Curr. Med. Chem. 2015, 22, 1992–2001. [CrossRef] [PubMed]

53. Alukhanian, O.A.; Abramov Iu, G.; Korochanskaia, S.P. Indices of antioxidant system of blood in differential
diagnosis of obliterating atherosclerosis and obliterating thromboangiitis of the lower limbs. Angiol. I Sosud.
Khirurgiia Angiol. Vasc. Surg. 2007, 13, 25–30.

54. Aliee, A.; Zahedi Avval, F.; Taheri, H.; Moghadam, S.M.; Soukhtanloo, M.; Hamidi Alamdari, D.; Fazeli, B.
The status of nitric oxide and its backup, heme oxygenase 1, in thromboangiitis obliterans. Rep. Biochem.
Mol. Biol. 2018, 6, 197–202.

55. Lee, T.; Seo, J.W.; Sumpio, B.E.; Kim, S.J. Immunobiologic analysis of arterial tissue in buerger’s disease.
Eur. J. Vasc. Endovasc. Surg. Off. J. Eur. Soc. Vasc. Surg. 2003, 25, 451–457. [CrossRef]

56. Shapouri-Moghaddam, A.; Mohammadi, M.; Rahimi, H.R.; Esmaeili, H.; Mahmoudi, M.; Saeed Modaghegh, M.H.;
Tavakol Afshari, J. The association of hla-a, b and drb1 with buerger’s disease. Rep. Biochem. Mol. Biol. 2019,
8, 153–160.

57. Sies, H. Oxidative stress: A concept in redox biology and medicine. Redox Biol. 2015, 4, 180–183. [CrossRef]
58. Glueck, C.J.; Haque, M.; Winarska, M.; Dharashivkar, S.; Fontaine, R.N.; Zhu, B.; Wang, P. Stromelysin-1 5a/6a

and enos t-786c polymorphisms, mthfr c677t and a1298c mutations, and cigarette-cannabis smoking: A pilot,
hypothesis-generating study of gene-environment pathophysiological associations with buerger’s disease.
Clin. Appl. Thromb. Hemost. Off. J. Int. Acad. Clin. Appl. Thromb. Hemost. 2006, 12, 427–439. [CrossRef]

59. Fukai, T.; Ushio-Fukai, M. Superoxide dismutases: Role in redox signaling, vascular function, and diseases.
Antioxid. Redox Signal. 2011, 15, 1583–1606. [CrossRef]

60. Ge, J.W.; Jiang, Y.P.; He, S.L. Changes in oxygen free radical and prostacyclin in thromboangiitis obliterans
and its relationship with syndrome differentiation. Zhongguo Zhong Xi Yi Jie He Za Zhi Zhongguo Zhongxiyi
Jiehe Zazhi Chin. J. Integr. Tradit. West. Med. 1993, 13, 652–654, 643.

61. Incalza, M.A.; D’Oria, R.; Natalicchio, A.; Perrini, S.; Laviola, L.; Giorgino, F. Oxidative stress and
reactive oxygen species in endothelial dysfunction associated with cardiovascular and metabolic diseases.
Vasc. Pharmacol. 2018, 100, 1–19. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/S0167-5273(98)00175-2
http://dx.doi.org/10.1177/1534734606288817
http://dx.doi.org/10.1016/j.clinbiochem.2005.08.008
http://www.ncbi.nlm.nih.gov/pubmed/16214125
http://www.ncbi.nlm.nih.gov/pubmed/672633
http://www.ncbi.nlm.nih.gov/pubmed/10909073
http://dx.doi.org/10.1093/clinchem/34.3.497
http://www.ncbi.nlm.nih.gov/pubmed/3349599
http://dx.doi.org/10.1271/bbb.63.485
http://dx.doi.org/10.1038/nprot.2006.378
http://dx.doi.org/10.1016/S0895-7967(03)00023-1
http://dx.doi.org/10.1155/2017/8416763
http://dx.doi.org/10.1258/vasc.2010.ra0045
http://dx.doi.org/10.2147/VHRM.S172047
http://www.ncbi.nlm.nih.gov/pubmed/31156780
http://dx.doi.org/10.2174/0929867322666150429112111
http://www.ncbi.nlm.nih.gov/pubmed/25921644
http://dx.doi.org/10.1053/ejvs.2002.1869
http://dx.doi.org/10.1016/j.redox.2015.01.002
http://dx.doi.org/10.1177/1076029606293429
http://dx.doi.org/10.1089/ars.2011.3999
http://dx.doi.org/10.1016/j.vph.2017.05.005
http://www.ncbi.nlm.nih.gov/pubmed/28579545


J. Clin. Med. 2020, 9, 1036 15 of 15

62. Gegotek, A.; Skrzydlewska, E. Biological effect of protein modifications by lipid peroxidation products.
Chem. Phys. Lipids 2019, 221, 46–52. [CrossRef] [PubMed]

63. Ayala, A.; Munoz, M.F.; Arguelles, S. Lipid peroxidation: Production, metabolism, and signaling mechanisms
of malondialdehyde and 4-hydroxy-2-nonenal. Oxid. Med. Cell. Longev. 2014, 2014, 31. [CrossRef] [PubMed]

64. Abdulhasan, M.K.; Li, Q.; Dai, J.; Abu-Soud, H.M.; Puscheck, E.E.; Rappolee, D.A. Coq10 increases
mitochondrial mass and polarization, atp and oct4 potency levels, and bovine oocyte mii during ivm while
decreasing ampk activity and oocyte death. J. Assist. Reprod. Genet. 2017, 34, 1595–1607. [CrossRef]

65. El-Salahy, E.M.; Ahmed, M.I.; El-Gharieb, A.; Tawfik, H. New scope in angiogenesis: Role of vascular
endothelial growth factor (vegf), no, lipid peroxidation, and vitamin e in the pathophysiology of pre-eclampsia
among egyptian females. Clin. Biochem. 2001, 34, 323–329. [CrossRef]

66. Fazeli, B.; Keramat, S.; Assadi, L.; Taheri, H. Angiogenesis induction in buerger’s disease: A disease
management double-edged sword? Orphanet J. Rare Dis. 2019, 14, 189. [CrossRef]

67. Olin, J.W.; Shih, A. Thromboangiitis obliterans (buerger’s disease). Curr. Opin. Rheumatol. 2006, 18, 18–24.
[CrossRef]

68. Hawkins, C.L.; Davies, M.J. Detection, identification, and quantification of oxidative protein modifications.
J. Biol. Chem. 2019, 294, 19683–19708. [CrossRef]

69. Wilkie-Grantham, R.P.; Magon, N.J.; Harwood, D.T.; Kettle, A.J.; Vissers, M.C.; Winterbourn, C.C.;
Hampton, M.B. Myeloperoxidase-dependent lipid peroxidation promotes the oxidative modification of
cytosolic proteins in phagocytic neutrophils. J. Biol. Chem. 2015, 290, 9896–9905. [CrossRef]

70. West, A.P. Mitochondrial dysfunction as a trigger of innate immune responses and inflammation. Toxicology
2017, 391, 54–63. [CrossRef]

71. Pipinos, I.I.; Judge, A.R.; Zhu, Z.; Selsby, J.T.; Swanson, S.A.; Johanning, J.M.; Baxter, B.T.; Lynch, T.G.;
Dodd, S.L. Mitochondrial defects and oxidative damage in patients with peripheral arterial disease. Free Radic.
Biol. Med. 2006, 41, 262–269. [CrossRef] [PubMed]

72. Li, H.N.; Zimmerman, M.; Milledge, G.Z.; Hou, X.L.; Cheng, J.; Wang, Z.H.; Li, P.A. Water-soluble coenzyme
q10 reduces rotenone-induced mitochondrial fission. Neurochem. Res. 2017, 42, 1096–1103. [CrossRef] [PubMed]

73. Nakazawa, H.; Ikeda, K.; Shinozaki, S.; Yasuhara, S.; Yu, Y.M.; Martyn, J.A.J.; Tompkins, R.G.; Yorozu, T.;
Inoue, S.; Kaneki, M. Coenzyme q10 protects against burn-induced mitochondrial dysfunction and impaired
insulin signaling in mouse skeletal muscle. FEBS Open Bio 2019, 9, 348–363. [CrossRef] [PubMed]

74. Sun, J.; Zhu, H.; Wang, X.; Gao, Q.; Li, Z.; Huang, H. Coq10 ameliorates mitochondrial dysfunction in diabetic
nephropathy through mitophagy. J. Endocrinol. 2019, 240, 445–465. [CrossRef]

75. Yamamura, T.; Otani, H.; Nakao, Y.; Hattori, R.; Osako, M.; Imamura, H.; Das, D.K. Dual involvement
of coenzyme q10 in redox signaling and inhibition of death signaling in the rat heart mitochondria.
Antioxid. Redox Signal. 2001, 3, 103–112. [CrossRef]

76. Widlansky, M.E.; Hill, R.B. Mitochondrial regulation of diabetic vascular disease: An emerging opportunity.
Transl. Res. J. Lab. Clin. Med. 2018, 202, 83–98. [CrossRef]

77. Choi, J.S.; Park, S.Y.; Yi, E.Y.; Kim, Y.J.; Jeong, J.W. Coenzyme q10 decreases basic fibroblast growth factor
(bfgf)-induced angiogenesis by blocking erk activation. Oncol. Res. 2011, 19, 455–461. [CrossRef]

78. Obradovic, M.; Essack, M.; Zafirovic, S.; Sudar-Milovanovic, E.; Bajic, V.P.; Van Neste, C.; Trpkovic, A.;
Stanimirovic, J.; Bajic, V.B.; Isenovic, E.R. Redox control of vascular biology. Biofactors 2019, 37. [CrossRef]

79. Kim, Y.W.; Byzova, T.V. Oxidative stress in angiogenesis and vascular disease. Blood 2014, 123, 625–631. [CrossRef]
80. Oshikawa, J.; Urao, N.; Kim, H.W.; Kaplan, N.; Razvi, M.; McKinney, R.; Poole, L.B.; Fukai, T.;

Ushio-Fukai, M. Extracellular sod-derived H2O2 promotes vegf signaling in caveolae/lipid rafts and
post-ischemic angiogenesis in mice. PLoS ONE 2010, 5, e10189. [CrossRef]

81. Mao, C.; Yuan, J.Q.; Lv, Y.B.; Gao, X.; Yin, Z.X.; Kraus, V.B.; Luo, J.S.; Chei, C.L.; Matchar, D.B.; Zeng, Y.; et al.
Associations between superoxide dismutase, malondialdehyde and all-cause mortality in older adults:
A community-based cohort study. BMC Geriatr. 2019, 19, 104. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.chemphyslip.2019.03.011
http://www.ncbi.nlm.nih.gov/pubmed/30922835
http://dx.doi.org/10.1155/2014/360438
http://www.ncbi.nlm.nih.gov/pubmed/24999379
http://dx.doi.org/10.1007/s10815-017-1027-y
http://dx.doi.org/10.1016/S0009-9120(01)00230-2
http://dx.doi.org/10.1186/s13023-019-1166-6
http://dx.doi.org/10.1097/01.bor.0000198000.58073.aa
http://dx.doi.org/10.1074/jbc.REV119.006217
http://dx.doi.org/10.1074/jbc.M114.613422
http://dx.doi.org/10.1016/j.tox.2017.07.016
http://dx.doi.org/10.1016/j.freeradbiomed.2006.04.003
http://www.ncbi.nlm.nih.gov/pubmed/16814106
http://dx.doi.org/10.1007/s11064-016-2143-2
http://www.ncbi.nlm.nih.gov/pubmed/28190227
http://dx.doi.org/10.1002/2211-5463.12580
http://www.ncbi.nlm.nih.gov/pubmed/30761259
http://dx.doi.org/10.1530/JOE-18-0578
http://dx.doi.org/10.1089/152308601750100588
http://dx.doi.org/10.1016/j.trsl.2018.07.015
http://dx.doi.org/10.3727/096504012X13285365944256
http://dx.doi.org/10.1002/biof.1559
http://dx.doi.org/10.1182/blood-2013-09-512749
http://dx.doi.org/10.1371/journal.pone.0010189
http://dx.doi.org/10.1186/s12877-019-1109-z
http://www.ncbi.nlm.nih.gov/pubmed/30987591
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Patients and Methods 
	Results 
	Serum Levels of Total Oxidative Stress (TOS) and Total Antioxidant Capacity (TAC) 
	Serum Levels of Myeloperoxidase (MPO), Glutathione Reductase (GR), and Superoxide Dismutase (SOD) Activity 
	Serum Levels of Coenzyme Q10 (CoQ10) and Cholesterol 
	Biomarkers of Lipid Peroxidation and Protein Oxidation 

	Discussions 
	Conclusions 
	References

