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ABSTRACT

R-alpha-lipoic acid (R-ALA) has been known to protect protein oxidation and lessen the pathogenesis of oxidative-
related multiple diseases; however, its dosing remains unresolved. This study aimed to examine whether in vitro
R-ALA varying levels would have antioxidant or pro-oxidant impacts on biomarkers of myoglobin oxidation in
terms of carbonyls and free thiols for myoglobin upon long-term incubation. Myoglobin (Img/mL) was
concentrated with 6 different concentrations of R-ALA: 50 uM, 100 uM, 500 uM, 1mM, 2mM and 4mM for 30
days at pH 6.6 and temperature 37 °C. Myoglobin oxidative modifications as protein carbonyls and its oxidative
defense as free thiols were determined by standard procedures. Thirty-day coincubation of native myoglobin with
R-ALA at 500 uM, 1mM, 2mM, and 4mM significantly (p<0.05) elevated carbonyls (2.51£0.19; 2.59+0.22;
2.71+0.32 and 2.79+0.39 nmol/ mg protein respectively) compared to their levels in native control myoglobin
(1.67+0.43 nmol/ mg protein) and significantly (p<0.05) decreased free thiols (4.60+0.36; 4.49+0.46; 4.38+0.28
and 4.07+0.39 nmol/ mg protein respectively) against their levels in native control myoglobin (5.71+0.62 nmol/
mg protein). Conversely, coincubation of myoglobin with 50uM and 100uM R-ALA reduced carbonyls
(1.02+0.29 and 0.9+£0.19 nmol/ mg protein respectively) compared to the control levels (1.67+£0.43 nmol/ mg
protein) and elevated free thiols (6.1+£0.28 and 6.83+0.28 nmol/ mg protein respectively) against control levels
(5.71£0.62 nmol/ mg protein) levels; 100uM elicited significant (p<0.05) differences, but 50uM did not. Findings
indicate that high levels of R-ALA (0.5-4mM) provoked myoglobin oxidative damage while moderate levels (50-
100uM) protected protein upon any spontaneous oxidative damage during long-term coincubation. Thus, R-ALA
concentrations, which set the balance between R-ALA pro- and antioxidants, dictate the primary impacts of R-
ALA on myoglobin redox status. Additional in vivo investigations are needed to assess the therapeutic insights of

current findings.
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INTRODUCTION significantly to the pathogenesis of multiple metabolic
Protein oxidation has often been associated with diseases (Ahmad et al., 2020). The oxidative modification
the dysfunction of human proteins, which contributes of protein can be provoked by reactive species directly or

. - - indirectly by the adduction with oxidative stress secondary
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products (Hawkins & Davies, 2019). Among the various
oxidative modulations of protein, carbonyls generation,
and loss of its free thiols’ moiety are routinely used as a
biomarker for oxidation-dependent protein damage (Weber
etal., 2015; Hawkins & Davies, 2019).

Protein carbonyls generation is a crucial oxidative
mechanism resulting in structural modification of human
proteins mediated by oxidative stress (Fedorova et al.,
2015). Amino side residues of the protein react with
oxidative stress secondary products or can be directly
oxidized by reactive species yielding carbonyl
(Hawkins & Davies, 2019). Protein

carbonyls generation is one of the early indicators for the

intermediates

estimation of the extent of protein oxidative damage
(Weber et al., 2015).

It has readily been found that reactive species
induce oxidation of protein thiols, thus attenuating protein
antioxidant defense by the elimination of reactive
sulfhydryl groups (Poole, 2015). The thiols group of
protein is strongly susceptible to oxidative attack giving
rise to the generation of sulfur-centered radicals and
disulfide bonds (Poole, 2015; Baba & Bhatnagar, 2018) as
well as would also lead to intra- and intermolecular cross-
links in proteins (Fra et al., 2017).

The increased demand for energy in the cardiac and
skeletal muscle raises the possibility of free radical-
mediated damage (Serra et al., 2018). Myoglobin, a
hemoprotein in the cardiac and skeletal muscle, essentially
maintains the oxygen homeostasis in tissues (Wittenberg,
2009). It also regulates reactive species as well as nitric
oxide levels in the cardiomyocytes (Hendgen-Cotta et al.,
2014). Thereby, it is a critical factor affecting the redox
reaction cascade in the cardiac muscle, which helps
metabolic and functional protection of the heart from
oxidative damage (Wittenberg, 2009; Hendgen-Cotta et al.,
2014; Serra et al., 2018). Because of its high susceptibility
to oxidative changes, human myoglobin has been
considered as one of the main physiological targets for

many in vitro studies of oxidative damage (Roy et al., 2004
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& 2010; Ghelani et al., 2018).

R-alpha-lipoic acid (R-ALA) is the naturally
occurring biologically active dithiol found in foods of
animal origin (Shay et al., 2009). It is well documented that
LA is a potent biological antioxidant exploiting the
reactivity of nucleophilic thiol groups. Several recent
studies demonstrated that LA cotreatment reduces
oxidative stress as well as regenerates reduced forms of
other antioxidants (Aldini et al., 2013; Zhang et al., 2017,
Andreeva-Gateva et al., 2020). The fact that the universal
protective impacts of ALA are owing to absolutely its
antioxidant proprieties has been interrogated. Many
investigators supported the idea that ALA is potentially
able to induce oxidation of proteins and thus impair their
biological functions (Scott et al., 1994; Slepneva et al.,
1995; Dicter et al., 2002; Cakatay & Kayali, 2005; Cakatay
et al., 2005; Kayali et al., 2006). This controversy may
reflect differences in research protocols and procedures,
particularly ALA forms and concentrations, and incubation
time and conditions (Scott et al., 1994; Slepneva et al.,
1995; Dicter et al., 2002; Cakatay & Kayali, 2005; Cakatay
et al., 2005; Kayali et al., 2006; Aldini et al., 2013; Zhang
et al., 2017; Andreeva-Gateva et al., 2020). Thus, we
hypothesized that the concentrations of R-ALA, which set
the balance between its pro-and antioxidants, dictate the
primary impact of R-ALA on myoglobin redox status. In
the present study, we examined whether R-ALA dosing
would have antioxidant or prooxidant impacts on protein
oxidative damage in native myoglobin upon long-term

incubation in vitro.

MATERIALS AND METHODS
Chemicals: Myoglobin, (R)-(+)-a-Lipoic acid (98%),
dinitrophenylhydrazine 97%, and guanidine hydrochloride
were purchased from Sigma-Aldrich Co. (St. Louis,
Missouri, USA). Trichloro acetic acid > 99.0%, 5,5'-
dithiol-bis-(2-nitro benzoic acid) > 98.0% (Ellman's
reagent), L-cysteine > 98.0%, dimethyl sulfoxide > 99.5%,

dipotassium phosphate, and potassium dihydrogen
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phosphate were purchased from Fisher Scientific Inc
(Pittsburgh, PA, USA). The Rest of the reagents and
solvents used in the current study were of analytical grade,
and all solutions were filtered and sterilized before use
through a 0.22 pM membrane filter. In all the analytical
procedures conducted in this study, each control and/or
treatment reaction was replicated 3 times. All the
experiments were approved by the University of Jordan
Ethical Committee and carried out at the Biochemistry
laboratories of the Department of Nutrition, University of
Jordan, and the Faculty of Pharmacy, Al-Zaytoonah
University of Jordan, Amman, Jordan.

Protein treatment: Myoglobin cotreatment was
performed in vitro according to the methods previously
described by Roy et al (2004 & 2010) as follows: reaction
included only 500 pL myoglobin protein (Img/ml) was
incubated in 50 mM phosphate buffer saline (pH 6.6), as
native control samples; reaction included 500 pL of
myoglobin (Img/ml) in 50 mM phosphate buffer saline
(pH 6.6) pretreated with 100 pL. R-ALA dissolved in
dimethyl sulfoxide at final concentrations of 50 uM, 100
uM, 500 uM, 1mM, 2mM, and 4mM as treatment samples.
All reaction mixtures were prepared in triplicates and
incubated in a capped tube in the incubator (Thermo
scientific incubator, Waltham, MA, USA) for 30 days at
37°C. At the end of the incubation period, samples
subsequently were assayed for protein carbonyls content
and protein thiols level, as described below.

Determination of protein carbonyls: Protein carbonyls
generation is one of the early indicators for the estimation
of the extent of protein oxidative damage (Weber et al.,
2015). The number of protein carbonyls, as an index of
myoglobin oxidative damage in the reaction sample, was
determined according to a previous method reported by
Levine et al (1994). In brief, 200uL of the reaction sample
was incubated with 10 mM 2,4-dinitrophenylhydrazine in
2.5 M HCI at room temperature for 60 minutes; afterward,
it was precipitated by 30% (w/v) trichloroacetic acid, left
in ice for 5 minutes, and centrifuged in a refrigerated
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centrifuge (Hettich EBA 12 R, NA, USA) at 15,000 rpm
for 4 minutes. The final pellet was washed 3 times with 1
mL 1:1 (v/v) of ethanol-ethyl acetate mixture, then
resuspended in 1 mL of 6 M guanidine hydrochloride in 20
mM phosphate buffer saline (pH 6.6), and incubated for 15
minutes at 37°C. Following centrifugation at 15,000 rpm
for 4 minutes, the absorbance of the supernatant was
recorded spectrophotometrically (UV-1800- UV-VIS,
Shimadzu, Japan) at 375 nm and the concentration of
carbonyls was calculated based on the absorption
coefficient of 2,4-dinitrophenylhydrazine (22,000 M-1 cm-
1) and expressed as nmol/mg protein.

Determination of protein thiols: The amount of the free
thiol group as a measure for the degree of myoglobin's
oxidative defense in the reaction sample was assessed
according to Ellman's (1959) method. In brief, 70 pL from
each reaction solution was mixed with 130 pL of 5 mM
5,5'-dithio-bis-(2-nitrobenzoic acid) in 100 mM phosphate
buffer saline (pH 6.6) at room temperature. After 15 min of
incubation, the absorbance was recorded
spectrophotometrically (UV-1800-UV-VIS, Shimadzu,
Japan) at 412 nm against the blank, and the level of protein
sulthydryl group was calculated using L-cysteine's
standard curve and expressed as nmol/mg protein.

Statistical analysis

Data analysis was performed using statistical analysis
software (SAS version 9.4, USA). Statistical significance
was assessed by one-way ANOVA followed by Dunnett’s
multiple comparison test and Graph Pad Prism-Version 7.0
(GraphPad Software Inc., La Jolla, California USA). Data
were expressed as means +standard deviation. Significance
was set at p<0.05.

RESULTS
The
concentrations (50uM-4mM) on the myoglobin carbonyls

impacts of R-ALA treatment at various
and free thiols level for 30 days are presented in table 1.
Myoglobin oxidative damage was significantly (p<0.05)
enhanced in the sample units individually cotreated with
500 uM, ImM, 2mM, and 4mM R-ALA for 30 days, as
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reflected by elevated myoglobin carbonyls content in those
treatment mixtures in comparison with their respective
control, suggesting a pro-oxidant response to a high level
of R-ALA. Conversely, long term coincubation for 30 days
of native myoglobin with R-ALA at 50 and 100 pM
reduced myoglobin carbonyls content (1.02+0.29 and
0.90+0.19 nmol/ g protein respectively) against native
control myoglobin (1.67+0.43 nmol/ g protein), indicating
that myoglobin protein could be protected by the low level
of R-ALA upon any spontaneous protein oxidative
damage. It is worth mentioning that 100uM R-ALA

elicited a significant reduction (p< 0.03) in carbonyls level
while R-ALA at 50uM failed to reach statistical
significance (p< 0.08) in comparison with its respective
native control at the end of the incubation period (Figure 1)

Table 1. Biomarkers of myoglobin oxidation upon long-term (30 days) cotreatment with different
concentrations (50 uM-4 mM) of (R)-alpha-lipoic acid.

Experimental group

Protein carbonyls
(nmol/mg protein)

Free protein thiols
(nmol/mg protein)

Myoglobin native control 1.67+0.43 5.71+0.62

Myoglobin + R-ALA (50 pM) 1.02+0.29 6.10£0.28

Myoglobin + R-ALA (1

yoglobin (100 0.90+£0.19* 6.83£0.28*
uM)
——

Myoglobin + R-ALA (500 2.51+0.19% 4.600.36*

uM)

Myoglobin + R-ALA (1mM) 2.59+0.22% 4.49+0.46*
| Myoglobin + R-LA 2 mM) | 2.7120.32%* | 4.38+0.28%**

Myoglobin + R-LA (4 mM) 2.79+0.39** 4.07£0.39%**

Data are expressed as means £SD. *P<0.05; **P<0.01; ***P<0.001; (R)-alpha-lipoic acid= R-ALA
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Figure 1. Protein carbonyls level (nmol/mg protein) in native myoglobin (Myb) cotreated with various
concentrations (50 uM-4 mM) of (R)-alpha-lipoic acid (R-ALA) for thirty days. Data are expressed as means £SD.

*P<0.05; **P<0.01.

The effect of myoglobin cotreatment with six different
concentrations of R-ALA for 30 days on the level of free
myoglobin thiols is further demonstrated in figure 2.
Thirty-day coincubation of native myoglobin with R-ALA
at 50 and 100 pM elevated myoglobin free thiols level
(6.10+£0.28 and 6.83+ 0.28 nmol/ g protein respectively)
against native control myoglobin (5.71£0.62 nmol/ g
protein). R-ALA at 100 uM elicited a significant (p<<0.02)
increment, while R-ALA at 50 uM did not. On the other
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hand, cotreatment of native myoglobin with 500 uM R-
ALA for 30 days significantly (p<0.02) decreased
myoglobin free thiols content around 1.2-fold lower than
that of native myoglobin (4.60 £0.36 vs. 5.71+0.62 nmol/
g protein), and increasing concentration of R-ALA to 4
mM dramatically (p<0.001) diminished myoglobin free
thiols level about 1.4-fold lower than that of native
myoglobin (4.06 +£0.39 vs. 5.714+0.62 nmol/ g protein).
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Figure 2. Free protein thiols level (nmol/mg protein) in native myoglobin (Myb) cotreated with various
concentrations (50 uM-4 mM) of (R)-alpha-lipoic acid (R-ALA) for 30 days. Data are expressed as means +SD.

*P<0.05; **P<0.01; ***P<0.001.

DISCUSSION

The present study reveals that long term
coincubation of native myoglobin with moderate levels of
R-ALA (50-100 pM) induces lower carbonyls and higher
free thiols levels than those of the control myoglobin,
indicating that human proteins could be potentially
protected by such levels of R-ALA upon any spontaneous
protein oxidative damage. Consistently, some researchers
demonstrated that the cotreatment of myoglobin with LA
diminishes protein oxidative stress and regenerates reduced
forms of other antioxidants (Zhang et al., 2017; Aydin et
al., 2019). Several possible LA-mediated antioxidant
mechanisms have been suggested. Antioxidant properties
of LA have been attributed to its ability to inhibit reactive
species from being generated or scavenge them before they
damage cells (Shay et al., 2009; Moura et al., 2015; Salehi
etal., 2019). The pair of sulfur atoms in the dithiolane ring
of LA attain a distinctive chemical reactivity with an
extremely high electron density (Moura et al., 2015).
Moreover, LA is likely to alleviate metal-mediated
oxidative stress, thus taking advantage of the flexibility of
the backbone structure with the charging arrangement as a

-94.-

critical component to partially enclosing metal ions
(Tibullo et al., 2017). In this context, it was not determined
that any of these R-ALA activities may underlie or
represent the mechanistic basis for the inhibition of protein
oxidation under the conditions of the current study.

Aside from the ALA antioxidant-related findings,
the current study also reveals that high levels of R-ALA
(0.5mM-4mM) provoke myoglobin oxidative damage
during the long-term coincubation period, as reflected by
remarkedly elevated protein carbonyls levels and
decreased free thiols compared with control myoglobin,
suggesting a pro-oxidant response to high R-ALA levels.
These findings are in overall agreement with those
achieved by Slepneva et al (1995) who displayed that 500
uM LA cytochrome P450

reductase hepatic

inactivates microsomal

purified from rat microsomes,
presumably by directly oxidizing its sulthydryl groups; the
large increase in disulfide bond as LA could react with the
thiol group of protein through thiol-disulfide exchange
reaction, thus attenuating protein reducing activity by
eliminating reactive sulfthydryl groups. The thiol group of

protein is strongly susceptible to oxidative attack giving
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rise to the generation of sulfur-centered radicals and
disulfide bonds (Poole, 2015; Baba & Bhatnagar, 2018)
and would also lead to intra- and intermolecular cross-links
in proteins (Fra et al., 2017). In a series of trials in aged rats
supplemented with a high chronic dose of ALA (100
mg/kg), twice daily for two weeks; it has been revealed that
such dose enhanced myocardial (Cakatay et al., 2005),
brain (Kayali et al., 2006), and plasma (Cakatay & Kayali,
2005) protein oxidative damage markers, as reflected by
increased levels of protein carbonyls, nitrotyrosine, and
protein thiols.

It is worth stating that the dose-dependent response
of the ALA supplementation on protein oxidation was not
reported in any of the above-mentioned studies. Thus, the
large increase of the dithiolane ring in LA is a critical
element that acts as a potent oxidizing agent by itself
without the need for the generation of cellular reactive
oxygen species (Dicter et al., 2002). Direct oxidative attack
on amino acid residues of protein eventually gives rise to
carbonyl derivatives (Fedorova et al., 2014). In an
intensive study, LA (0.5 mM) effectively reacted with
myoglobin at a high oxidation state and generated
nonfunctional sulfmyoglobin as contrasted with cysteine
and glutathione (Romero et al., 1992). LA at a fairly high
level (500 uM), has been reported to produce reactive
sulfur-centered radicals that can impair biological
molecules like creatine kinase and al-antiproteinase
proteins in human plasma (Scott et al., 1994). Furthermore,
it has been reported that LA is optimal for catalyzing intra-
molecular disulfide bonds generation in human proteins
that exploit their high biochemical activity with redox-
susceptible two-thiol groups as a critical component,
thereby reducing protein antioxidant defense (Cakatay,
2006). Although the pro-oxidant activity of LA is well
documented, the underlying biochemical machinery
remains unclear.

To our knowledge, the current study is the first
investigation that examined the potential dose-dependent
impact of specifically R isomeric form of ALA against
oxidative myoglobin damage. The majority of ALA—
related biological studies did not well define the form of
LA that has been used (Gomes & Negrato, 2014). It is
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known that the isomeric R-ALA is the naturally occurring
biologically active form, whereas the S-ALA is the
synthetic inactive form (Shay et al., 2009; Salehi et al.,
2019). Thus, this study presents typical data relevant to the
R-ALA and its influence on myoglobin redox status.

Although the impact of R-ALA on human proteins
has been formerly tested counting the oxidative-mediated
damage, a wide range of experimental ALA doses were
used among former in vitro and in vivo studies, the
majority of these doses were high enough to be far from
physiological relevant conditions (Suzuki et al., 1992 &
2017; Ghelani et al., 2018). The ability of R-ALA at a low
level (50-100 uM) as those implemented in the present
research to inhibit protein oxidative damage has merely
been assessed in the literature. Suzuki et al. coincubated
bovine serum albumin with 20 mM lipoate (Suzuki et al.,
1992). A study recorded a dose-dependent inhibition of
glycation-provoked oxidative damage using an in vitro
myoglobin glycation model cotreated with different ALA
doses from1 up to 4 mM (Ghelani et al., 2018). Whereas
the experimental conditions of such studies, particularly the
reactant concentrations, were substantially far from
physiological levels, the present research has recognized
that such high concentrations of LA dosing markedly
enhanced myoglobin oxidative damage and dramatically
diminished oxidative defense of proteins.

The overall findings of this research indicate that
the deleterious impacts of R-ALA on the myoglobin redox
status could be supposed to be dose-dependent since it has
antioxidant as well as prooxidant activities. In the light of
a wide range of daily supplemented doses of ALA (up to
2400 mg/day) have been reported in human trials (Shay et
al., 2009), and the peak plasma concentrations of ALA was
detected to reach a level of 100 uM up to 200 uM after
intravenous supplementation of 600 mg ALA among
diabetic patients (Moini et al., 2002), and could also reach
0.0194 mM peak plasma concentration after a common
oral dose (Gomes & Negrato, 2014). Thus, an appropriate
dose selection of ALA that matches the physiological
relevant level is crucial.
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CONCLUSIONS
Taken together, this in vitro study presents
indications that R-ALA is a bifunctional compound that
may damage or protect biological molecules. The results
emphasize that R-ALA nutritional supplements should be
utilized with caution to prevent potential adverse impacts

REFERENCES

Ahmad M.N., Farah A.I, Al-qirim T.M. (2020). The
Cardiovascular complications of diabetes: a striking link
through protein glycation. Romanian Journal of Internal
Medicine, 58(4):1-30.

Aldini G., Vistoli G., Stefek M., Chondrogianni N., Grune
T., Sereikaite J., et al. (2013). Molecular strategies to
prevent, inhibit, and degrade advanced glycoxidation and
advanced pro-xidation end products. Free Radical
Research, 47: 93-137.

Andreeva-Gateva P., Traikov L., Sabit Z., Bakalov D.,
Tafradjiiska-Hadjiolova R. (2020). Antioxidant effect of
alpha-lipoic acid in 6-hydroxydopamine unilateral

intrastriatal  injected rats.  Antioxidants
Switzerland), 9(2): 122.
Aydin S., Ugur K., Aydin S., Sahin 1., Yardim M. (2019).

Biomarkers in acute myocardial infarction: current

(Basel,

perspectives. Vascular Health and Risk Management,
15: 1-10.
Baba S.P., Bhatnagar A. (2018). Role of thiols in oxidative
stress. Current Opinions in Toxicology, 7: 133-139.
Cakatay U. (2006). Prooxidant actions of a-lipoic acid and
dihydrolipoic acid. Medical Hypotheses, 66: 110-117.
Cakatay U., Kayali R. (2005). Plasma protein oxidation in
aging rats after alpha-lipoic acid administration.
Biogerontology, 6: 87-93.

Cakatay U., Kayali R., Sivas A., Tekeli F. (2005).
Prooxidant activities of alpha-lipoic acid on oxidative

protein damage in the aging rat heart muscle. Archives of

-96-

associated with pro-oxidant bioactivities. Henceforth,
current findings focus on the urgency of the dose
monitoring of ALA supplementation to present innovative
information associated with the ALA's optimal dose that
could be fulfilled by oral dosing in clinical settings. Further
research is thereby justified concerning the typical
pharmacological dose of ALA and its safety.

Gerontology and Geriatrics, 40: 231-240.

Dicter N., Zecharia M., Tirosh O. (2002). a-Lipoic acid
inhibits glycogen synthesis in rat soleus muscle via its
oxidative activity and the uncoupling of mitochondria.
Journal of Nutrition, 132: 3001-3006.

Ellman GL. (1959). Tissue sulfhydryl groups. Archives of
Biochemistry and Biophysics, 82: 70-77.

Fedorova M., Bollineni R.C., Hoffmann R. (2014). Protein
carbonylation as a major hallmark of oxidative damage:
update of analytical strategies. Mass Spectrometry
Reviews, 33: 79-97.

Fra A., Yoboue E.D., Sitia R. (2017). Cysteine as redox
molecular switches and targets of disease. Frontiers of
Molecular Neuroscience, 10: 167.

Ghelani H., Razmovski-Naumovski V., Nammi S. (2017).
Chronic treatment of (R)-a-lipoic acid reduces blood
glucose and lipid levels in a high-fat diet and low-dose
streptozotocin-induced metabolic syndrome and type 2
diabetes in Sprague-Dawley
Research and Perspectives, 5(3) e00306.

Ghelani H., Razmovski-Naumovski V., Pragada R.R.,
Nammi S. (2018). Attenuation of glucose-induced

rats. Pharmacology

myoglobin glycation and the formation of advanced
glycation end products (AGEs) by (R)-a-lipoic acid in
vitro. Biomolecules, 8(1): 9.

Gomes M.B., Negrato C.A. (2014). Alpha-lipoic acid is a
pleiotropic compound with potential therapeutic use in

diabetes and other chronic diseases. Diabetology and



Jordan Journal of Agricultural Sciences, Volume 16, No.4 2020

Metabolic Syndrome, 6(1): 80.

Hawkins C.L., Davies M.J. (2019). Detection, identification,
and quantification of oxidative protein modifications.
Journal of Biological Chemistry, 294: 19683-19708.

Hendgen-Cotta U.B., Kelm M., Rassaf T. (2014). Myoglobin
functions in the heart. Free Radical Biology and
Medicine, 73: 252-259.

Kayali R., Cakatay U., Akcay T., Altug T. (2006). Effect of
alpha-lipoic acid supplementation on markers of protein
oxidation in post-mitotic tissues of aging rat. Cell
Biochemistry and Function, 24: 79-85.

Levine R.L., Williams J.A., Stadtman E.R., Shacter E.
(1994). Carbonyl assays for determination of oxidatively
modified proteins. Methods in Enzymology, 233: 346—
457.

Moini H., Packer L., Saris N.E.L. (2002). Antioxidant and
prooxidant activities of a-lipoic acid and dihydrolipoic
acid. Toxicology and Applied Pharmacology,182: 84—
90.

Moura F.A., Andrade K.Q., Santos J.C., Goulart M.O.
(2015).
inflammatory role and clinical applications. Current
Topics in Medical Chemistry, 15: 458-483.

Poole L.B. (2015). The basics of thiols and cysteines in redox

Lipoic acid: its antioxidant and anti-

biology and chemistry. Free Radical Biology and
Medicine, 80: 148-157.

Romero F.J., Ordonez I., Arduini A., Cadenas E. (1992). The
reactivity of thiols and disulfides with different redox
states of myoglobin: Redox and addition reactions and
formation of thiyl radical intermediates. Journal of
Biological Chemistry, 267: 1680—1688.

Roy A., Sen S., Chakraborti A.S. (2004). In vitro
nonenzymatic glycation enhances the role of myoglobin
as a source of oxidative stress. Free Radical Research,
38: 139-146.

Roy A., Sil R., Chakraborti A.S. (2010). Non-enzymatic
glycation induces structural modifications of myoglobin.
Molecular Cell Biochemistry, 338(1-2): 105-114.

Salehi B., Yilmaz B.Y., Antika G., Tumer B.T.,

-97-

Mahomoodally F.M., Lobine D., et al. (2019). Insights
on the use of a-lipoic acid for therapeutic purposes.
Biomolecules, 9(8): 356.

Scott B.C., Aruoma O.I., Evans P.J., O’Neil C., Van der
Vliet A., Cross C.E. (1994).
dihydrolipoic acids as antioxidants. A critical evaluation.
Free Radical Research, 20: 119-133.

Serra A.J., Proki¢ M.D., Vasconsuelo A., Pinto J.R. (2018).

Oxidative stress in muscle diseases: current and future

Lipoic acid and

therapy. Oxidative Medicine and Cellular Longevity,
2018: 6439138.

Shay K.P., Moreau R.F., Smith E.J., Smith A.R., Hagen
T.M. (2009). Alpha-lipoic acid as a dietary supplement:

molecular mechanisms and therapeutic potential.
Biochimica Biophysica Acta, 1790(10): 1149-1160.

Slepneva L.A., Sergeeva S.V., Khramtsov V.V. (1995).
Reversible inhibition of NADH cytochrome P450
reductase by a-lipoic acid. Biochemica and Biophysica
Research Communications, 214: 1246-1253.

Suzuki Y.J., Tsuchiya M., Packer L. (1992). Lipoate
prevents glucose-induced protein modifications. Free
Radical Research Communications, 17(3): 211-217.

Tibullo D., Li Volti G., Giallongo C., Grasso S., Tomassoni
D., Anfuso D., et al. (2017). Biochemical and clinical
relevance of alpha-lipoic acid: antioxidant and anti-
inflammatory activity, molecular pathways, and
therapeutic potential. Inflammation Research, 66(11):
947-959.

Weber D., Davies M.J., Grune T. (2015). Determination of
protein carbonyls in plasma, cell extracts, tissue

focus on sample

homogenates, isolated proteins:

preparation and  derivatization  conditions. Redox

Biology, 5: 367-80.
Wittenberg B.A. (2009). Both hypoxia and work are required
to enhance the expression of myoglobin in skeletal

muscle. Focus on “hypoxia reprograms calcium

signaling and regulates myoglobin expression.”

American Journal of Physiology-Cell Physiology, 296:
390-392.



The Antioxidant and Prooxidant Impacts ... Amani I. Farah, Mousa N. Ahmad, Tareqg M. Al-Qirim

Zhang J., Zhou X., Wu W., Wang J., Xie H., Wu Z. (2017). induced HepG2 cell toxicity. Environmental Toxicology
Regeneration of glutathione by a-lipoic acid via and Pharmacology, 51: 30-37.
Nrf2/ARE signaling pathway alleviates cadmium-

98-



Jordan Journal of Agricultural Sciences, Volume 16, No.4 2020

BasY Ligaal) clpdipall o dligad B (aala (e ddlida iligiuad 530S0 Badally Baliaal) i)
Sl (2 (gl gaal)

Z?Jﬁ\ C s @y Jaaal Olard wgay ‘lcjﬁ\ aa ) g—ﬂaj

OV (11942 flae claaally Gl 35 ¢ S aaiailly L33l and dia ) daslal) !
SV (11733 glee cilaeall A0S cAalall 26a)Y) gl dasls 2

uaidla
(@l pag 8208V Alagyall saseial) GalyeV) Hokii e iy (xig ) 830ST pany Glisalll mala G Cagyeall e &
o) Balime il Ll Aabisl) cigull) mals 385 cil€ 1) Lo pand ) ddal) oda cdiag cuind (g0 dilejn A
gl e diilias die Bl Jodilly Jiig Sl e Gum (g Guste saall 538y Digall i) e 5308 5050
¢ Nsa9 S0 50) clisulll anla (o ddide 3815 B il (A (do faide 1) Gustesuall dallas iy (Jishal
6.6 dLageall ds 0 2ic gy 30 S.\A()S}A‘gyx“' ‘Jy&&z‘)y&&l ¢ 30950 500 ¢ lga9,5 100
gl EislS KK GlE PR (e Guglegaall b dpanshll il ks Sy L dasie dapa 37 hall A
Uaala e Togy 30 520 La¥) psle saall lmial (ool ebaill Zpusl@l) 3ylally sal) YIS LaShl) Lgile sy
(P<0.05) Lassks (gsina g i) ) Slse A d 5 Jse a2 5 Noa (A ] 5 55055 500 5805 xie elisll
[dse $0.39 £2.79 50.32 + 2.71 50.22 + 2.59 50.19 * 2.51) ¢utignl <Dluisy)S Cligivns b
(O pile [ Jsa 535 0.43 £ 1.67) 2lal) L) Gusle guall b Libigionn &3laa (i) Lo ohig p pale
0.28 + 4.38 50.46 + 4.49 50.36 4.60) sl <Nl Cbigine b (P<O.03) sina Lala S (535
0.62 £5.71) 2Ll o) e sal) 8 Whsicons A)lae (sl e s ptle [ e 56 0.39 £4.07
5 AsasSoe 50 5l cligall) (iaala e Guglesaall Glisial (5ol «dlld (o Sl ey (00 pide [ Jse il
Ofis pile [ dse 530.19 £0.90 50.29 £1.02) (gl wDlig)S Cligiss (b it Y lses S 100
S ey ((ofisn pile [ Jga 5 0.432 1.67) wlall LY cmlesiall b libsinn A3l (sl Lo
& obsiae Blie (el o oign pale [ Jse il 0.28+6.835 0.28 £6.10) sl el ciligi
(Nsas Ko 100) clisall) msls 35 580 Sy (o pale [ Jsa 5l 0.6245.71) ala ! Gsle gadl)
L§_9-"-A P 1.4:\19 ()b{g)seaﬂ 50) sﬂ:g.\:\m UAA\A )35)3 )3313 U\S \A.\:UJ s(P<005) iigy.a c"_ibgald\ IS ‘_As:
G2SE )y ) gl adls e (ge e 4.0 —0.5) deiyad) SV of ) Sl udsg L (P>0.05)
) e ailimin) P 530SV e ailea )l (Llsas See 100 — 50) 4t Alsinal)l 3850 Ly ¢ cpmgle saall
Gl e ade ) dsls @l G sl sal saush Alls e clislll aslad 201 @yl o cadle s . Jighal)

Al 038 il Adlal) (6550 i) al) pen) (Giase o
uSJaj\ Q‘)fj{ﬂ\ ‘u:ﬁ}).\l\ Q):uyjis ¢ u_..\.qjlcj_._m “ﬂ::j.\_._\“ um\; ¢3S U_I\Jzajn ¢SA_MS§>[\ Clal_cas :\J\AS\ Gilalsl)

el alyeyl

-99.



