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Introduction

From cross-sectional studies in healthy men, lower plasma total 
testosterone (T) levels seem to be associated with hyperinsulinemia, 
decreased glucose tolerance, and a higher level of cardiovascular risk 
factors [1-4]. A relatively low blood concentration of testosterone in 
the older men may have adverse e�ects, promoting atherosclerosis, 
and explain the higher incidence of coronary heart disease in the male 
[5]. �erefore, male hypogonadism can be associated to metabolic 
syndrome and increased cardiovascular risk [6]. Oxidative stress 
(OS), due to an imbalance between reactive oxygen species (ROS) 
and antioxidant defense, is a possible mechanism involved both in 
complications of metabolic syndrome and male infertility [7]. It has 
already been recognized that seminal Total Antioxidant Capacity (TAC, 
which re�ects non enzymatic antioxidants) signi�cantly correlates with 
FSH, LH, free-T3 (fT3), but not with testosterone [8]. In previous works 
we have demonstrated alterations of plasma coenzyme Q10 (CoQ10, 
lipidic antioxidant, also endowed with bioenergetic properties) in 
pituitary diseases, such as acromegaly or secondary hypothyroidism: 
in particular, a signi�cant inverse correlation between plasmatic values 
of CoQ10 and thyroid hormones, fT3 and free-T4 (fT4), was observed; 
in patients with acromegaly, plasmatic value of CoQ10 was low [7]. 
Moreover, a relationship between sex hormones and plasmatic TAC 
was already observed. Finally, we have demonstrated that Testosterone 
treatment induced a signi�cant change both in CoQ10 level and LAG 
in secondary hypogonadism [9].

To further investigate the role of gonadal steroids in the regulation 
of systemic antioxidants, we have determined blood plasma CoQ10 
and TAC in a group of post-surgical hypogonadal patients, before and 
a�er treatment with two di�erent testosterone formulations.

Materials and Methods

20 patients, aged 20-70 yrs, were studied at 6-12 months a�er 
trans-sphenoidal operation for pituitary tumors (prolactinomas or 
non secreting tumors of the hypothalamus-pituitary region). All were 
hypopituitaric, but exhibited a normalization of thyroidal and adrenal 
hormone values with replacement therapy (50-100 mcg of L-thyroxine 
daily and 20-30 mg of hydrocortisone daily). Replacement therapy for 
hypogonadism was performed, randomly assigning the patients to 

two groups: testosterone enantate (250 mg i.e. every 3 weeks, group A, 
n=15) bioadhesive buccal testosterone (30 mg/daily, group B, n=5). 10 
normal subjects, aged 30-55 yrs, were studied as control group.

Main outcome measures

CoQ10 levels were measured by a well recognized HPLC (high-
performance liquid chromatography) method [10]. �e method is 
based on oxidation of CoQ10 in the sample by treating it with para-
benzoquinone followed by extraction with 1-propanol and direct 
injection into the HPLC apparatus. Preoxidation of the sample 
ensures quanti�cation of total CoQ10 by U.V. detection. �is method 
achieves a linear detector response for peak area measurements over 
the concentration range of 0.05-3.47 μM. Diode array analysis of the 
peak was consistent with CoQ10 spectrum. Supplementation of the 
samples with known amounts of CoQ10 yielded a quantitative recovery 
of 96–98.5%; the method showed a level of quantitation of 1.23 nmol 
per HPLC injection (200 μl of propanol extract containing 33.3 μl of 
plasma). A good correlation was found with a reference electrochemical 
detection method ( r = 0.99 , p<0.0001). Within run precision showed 
a CV% of 1.6 for samples approaching normal values (1.02 μM). Day-
to-day precision was also close to 2%. Moreover, CoQ10 values were 
related to plasma cholesterol concentration, measured by a cholesterol 
oxidase enzymatic test.

Total Antioxidant Capacity (TAC) was evaluated, with a 
modi�cation of the method developed by Rice-Evans and Miller 
[11], as previously described [12]. �e method is based on the 
antioxidants inhibition of the absorbance of the radical cation 
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Abstract

From cross-sectional studies in healthy men, lower plasma total testosterone levels seem to be associated with 

hyperinsulinemia, decreased glucose tolerance, and a higher level of cardiovascular risk factors. Despite in vitro and in 

vivo experiments suggest a key role of testosterone in modulating antioxidant systems in different tissues, few data are 

reported in humans. Extending our previous results, we show that treatment with testosterone, both in intramuscular or 

bioadhesive buccal formulations, increase plasma levels of Coenzyme Q10, lipophilic antioxidant, and total antioxidant 

capacity, measured with colorimetric method, in patients with secondary hypogonadism. Hypogonadism could represent 

a condition of oxidative stress, in turn related with augmented cardiovascular risk in such patients.
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2,2I-azinobis (3-ethylbenzothiazoline-6 sulphonate) (ABTS.+) formed 
by interaction between ABTS (150 μM) and ferryl myoglobin radical 
species, generated by activation of meta myoglobin (2.5 μM) with 
H

2
O

2
 ( 75 μM). Aliquots of the frozen plasma were thawed at room 

temperature and 10 μl of the samples were tested immediately. �e 
manual procedure was used with only minor modi�cations, i.e., 
temperature at 37°C to be in more physiological conditions and each 
sample assayed alone to carefully control timing and temperature. 
�e reaction was started directly in cuvette through H

2
O

2
 addition 

a�er 1 min equilibration of all other reagents (temperature control 
by a thermocouple probe, model 1408 K thermocouple, Digitron 
Instrumentation Ltd, Scunthorpe, United kingdom) and followed for 
10 min under continuous stirring, monitoring at 734 nm, typical of the 
spectroscopically detectable ABTS.+. �e presence of chain-breaking 
antioxidants induces a lag time (the Lag phase) in the accumulation 
of ABTS.+ whose duration is proportional to the concentration of 
this type of antioxidants. Antioxidant capacity a�orded by chain-
breaking antioxidants is expressed as length of Lag phase (sec). Trolox, 
a water-soluble tocopherol analog, was used as a reference standard 
and assayed in all experiments to control the system. Absorbance was 
measured with a Hewlett-Packard 8450A UV/Vis spectrophotometer 
(Palo Alto, CA) equipped with a cuvette stirring apparatus and a 
constant temperature cell holder. Measurements of pH were made with 
a PHM84 Research pH meter (Radiometer, Copenhagen, Denmark,); 
the electrode response was corrected for temperature. Unless stated 
di�erently, experiments were repeated two to three times; qualitatively 
similar results were obtained with individual values varying<8%.

In the Lag mode, the assay mainly measures nonprotein and 
nonenzymatic antioxidants that are primarily extracellular chain 
breaking antioxidants, such as ascorbate, urate and glutathione [12].

Statistics

Distribution of data was estimated by the test of Kolmogorov-
Smirnov. Since the data were not distributed normally, the comparison 
among groups was made using Mann-Whitney U test; the comparison 
in the same patients, before and a�er therapy was performed using 
Wilcoxon-Runk Sum test. Linear correlation analysis was also 
employed. �e So�ware Arcus Quickstat (So�ware Publishing 
Biomedical version 1.2) was used for this statistic analysis.

Results

Hypogonadal patients, considered as a whole group, showed lower 
values of antioxidant systems than control subjects. �e �gure 1 shows 
mean ± SEM CoQ10 values, signi�cantly lower in hypogonadal patients 
(0.66 ± 0.07 vs 0.93 ± 0.11 μg/ml respectively, p<0.05). �e �gure 2 
shows mean ± SEM TAC values, expressed as LAG (71 ± 5.5 vs 76 ± 
9.91 sec), with a trend toward lower levels in hypogonadal patients.

Testosterone treatment induced a change both in CoQ10 level 
(0.81 ± 0.43 in group A; 0.67 ± 0.03 μg in group B) and LAG (78.33 ± 
4.53 sec in group A and 80 ± 4.03 sec in group B) (Table 1).

CoQ10 and LAG values signi�cantly correlated (r=0, 7; p<0.001), 
when CoQ10 was corrected for cholesterol values (Figure 3), suggesting 
an inter-relationship between di�erent antioxidants.

Discussion

Low testosterone levels may predict increased cardiovascular 
risk in men [13]. Moreover, treatment with exogenous testosterone 
improved arterial vasodilation [14] and lipid pro�le [15] in patients 

with cardiovascular disease. In particular, testosterone induced a 
decrease of serum triglycerides, LDL cholesterol and an increase in 
HDL cholesterol.
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Figure 1: Mean (± SEM) CoQ10 values in patients with secondary 

hypogonadism and normal controls.
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Figure 2: Mean (± SEM) Total antioxidant capacity values, expressed as LAG, 

in patients with secondary hypogonadism and normal controls.
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Figure 3: Graphical representation of simple regression analysis, plotting 

CoQ10 values (upper panel) or CoQ10/cholesterol values (lower panel) and 

LAG values in our patients.

Group A Group B

Pretreatment
Post treatment

Pre
Pretreatment Post treatment

CoQ10

(μg/ml) 0.65 ± 0.21 0.81 ± 0.43 0.43 ± 0.06 0.67 ± 0.03

LAG

(sec) 56.66 ± 4.08 78.33 ± 4.53 56 ± 8.16 80 ± 4.03

Table 1: Mean ± SEM CoQ10 and LAG values, before and after treatment, in the 

two groups of patients, treated with different testosterone formulations.
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Oxidative stress could be a mechanism involved in progression of 
cardiovascular disease, in part for the oxidation of LDL-cholesterol 
[16], and in part for the activation of neutrophils, that contribute to 
ROS production through NADPH oxidase activation and release of 
myeloperoxidase, with a vicious circle inducing more toxic oxidant 
species. �is mechanism can be counteracted by testosterone [17].

�e role of androgens in the regulation of antioxidant systems is 
not fully understood. No signi�cant e�ects of androgens were reported 
on antioxidant enzymes in erythrocytes [18]; con�icting results have 
also been reported about regulation of nitric oxide (NO) synthesis in 
immune system [19]; however antioxidant properties of testosterone 
in human neutrophils have been recently demonstrated, as indicated 
by suppression of superoxide anion and thiobarbituric acid-reactive 
substances (TBARS) levels, increase of NO levels, glutathione 
reductase activity and thiol groups; so testosterone administration at 
physiological concentrations had a greater antioxidant potential than 
higher concentrations [20].

Oxidative stress is claimed as responsible for toxicity and apoptosis 
of cardiomyocites induced by doxorubicin; in AR (androgen receptor)-
KO mice mitochondrial damage induced by the drug, with following 
ROS generation, is aggravated and the e�ect again counteracted 
by the system androgen-AR [21]. Castration induced an elevated 
prooxidant state in LV of adult Wistar rats, with a signi�cant decrease 
of Superoxide Dismutase (SOD), Glutathione peroxidase (GPX), 
catalase (CAT), Glutathione Reductase (GR), and a trend toward 
lower levels of glutathione (GSH) and protein thiols, and an increase 
in lipid peroxidation and higher nitrotyrosine concentrations. �e 
reestablishment of physiological T levels by androgen replacement 
resulted in a further decrease in the antioxidant defence [22].

Direct action at endothelial levels has been demonstrated [23]. 
Moreover testosterone attenuated expression of vascular cell adhesion 
molecule-1 by conversion to estradiol by aromatase [24]. Both in vitro 
and in vivo experiments also indicate direct testosterone e�ects on NO 
synthesis, and on tissue plasminogen activactor (t-PA) and plasminogen 
activator inhibitor-I (PAI-I) expression. However di�erential e�ects 
are exerted by physiological or supraphysiological T doses.

Testosterone can have protective e�ects against oxidative stress 
in many other tissues and systems. OS causes β-cell apoptosis in 
streptozotocin-diabetic mice [25]; testosterone has been shown to 
exert a cytoprotective action in gonadectomized rats, inducing an 
increase in catalase and Cu/Zn SOD; however this e�ect was sex-
speci�c, inducible only in male rats, treated with testosterone, but not 
in female rats or male rats treated with estradiol or progesterone [26]. 
Another important site of action is central nervous system (CNS): 
testosterone protects cerebellar granule cells from oxidative stress-
induced cell death by receptor-mediated mechanism [27], through an 
increase in catalase activity. Di�erential e�ects of glucocorticoid and 
gonadal steroids on glutathione levels were exerted in neuronal and 
glial cells: models of neuronal hippocampal cells (HT22) and glioma 
cells (C6) were tested and testosterone e�ects were also observed in 
long-term experiments [28]. �e same group also showed increase 
in catalase activity a�er both short- and long-term incubation with 
gonadal steroids [29]. Testosterone was able to protect from OS and 
cell damage in the striatum, induced by ovariectomy (via caspase-3) 
and further increased by administration of 3-nitropropionic acid [30]. 
�ese studies are of fundamental importance for the investigation 
of neurodegenerative disorders, since OS has been implicated in 
the development of Alzheimer’s disease, Parkinson disease and 
amyotrophic lateral sclerosis [31].

As genital apparatus is concerned, di�erent studies have been 
performed on testis and prostate. Hypoxia exposure initiates low 
serum testosterone levels that could be attributed to down-regulated 
androgen biosynthesizing genes, such as StAR (steroidogenic acute 
regulatory protein) and 3-β-HSD (hydroxysteroid dehydrogenase) 
in the testis, associated with OS and increase in chaperones of 
endoplasmic reticulum, modulated by a reduction in calcium in�ux 
(ER stress) [32]. A protective e�ect was demonstrated for low dose 
testosterone supplementation in TM3 cell line (obtained by mouse 
and characterized by the presence of AR): signi�cantly reduced ROS 
generation, lipid peroxide contents and hypoxia induction-factor 
(HIF)-1α stabilization and activation were found with 100-nmol 
l-1 testosterone treatment; a 1.58-fold increase in StAR expression 
was found in 50- nmol l-1; however there was a 1.72-fold increase in 
ROS generation in the 500- nmol l-1, compared with the 100- nmol l-1 
testosterone treatment [33].

Finally, androgens could exert an important role in the regulation 
of redox state in the prostate. It has been demonstrated that castration 
induced a discrete OS in the acinar epithelium of rat ventral 
prostate (VP), as evidenced from marked increases in 8-hydroxy-
2’-deoxyguanosine and 4-hydroxynonenal protein adduct in the 
regressing epithelium [34]. Castration induced a dramatic increase 
of three ROS-generating NAD(P)H oxidases (Nox1, gp91phox and 
Nox4), a signi�cant reduction of key ROS-detoxifying enzymes 
(SOD 2, GPX 1, thioredoxin, peroxiredoxin 5); catalase, glutathione 
reductase, γ-glutamyl trasnpeptidase, and glutathione synthetase levels 
remained unchanged. Testosterone replacement partially reduced OS 
in VP epithelia of castrated animals, however without restoring a fully 
normal pattern: it partially reduced expression of Noxs, but restored 
expression of SOD 2, GPX 1, thioredoxin, peroxiredoxin 5; moreover it 
induced a compensatory increase in expression of catalase, glutathione 
reductase, γ-glutamyl trasnpeptidase, and glutathione synthetase in the 
regenerating VP [35].

�e present results, extending our previous data [9], con�rm that 
hypogonadal patients present lower levels of antioxidant defence 
and therefore are more vulnerable to oxidative damage than normal 
eugonadal controls. �e levels of CoQ10 were signi�cantly lower, while 
TAC exhibited a trend toward lower levels.

TAC, as previously described [7], is a measurement of the non-
enzymatic antioxidants that are primarily extracellular (ascorbate, 
urates, albumin, tocopherol and glutathione). �ey are “chain-
breaking” molecules able to block the propagation chain of lipid 
peroxidation and to prevent the ampli�cation of radical generation and 
the subsequent biochemical damage. Di�erently by enzymes, they are 
consumed at the moment in which they act and this fact could explain 
the reduction in their levels in biological �uids producing ROS (for 
example, the high levels of ROS and a low TAC in the seminal �uid 
of infertile males suggests oxidative stress is associated to a variety of 
etiologies of male infertility) [36]. �e dosage of TAC is considered 
a better index of the total antioxidant status of a biological sample 
than the measurement of one or more speci�c antioxidant, that could 
not carefully re�ect the combined e�ect of the various antioxidants 
and their “collaboration” during the oxidative stress. CoQ10 is a key 
component of the mitochondrial oxidative phosphorylation chain as 
link between �avoproteins and cytochromes in inner mitochondrial 
membrane. It has also many other functions, �rst of all a powerful 
antioxidant activity, and new roles in di�erent cellular functions 
are coming out in last times, because this molecule can participate 
in oxido-reductive reactions not only in mitochondria, but also in 
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lysosomial, in Golgi apparatus and plasmatic membranes [37], even 
contributing to membrane �uidity. Moreover CoQ10 can take part in 
many aspects of the oxido-reductive control of the cellular signalling 
origin and transmission; in fact the autooxidation of semi-quinon, 
formed in various membranes during the electronic transportation, 
can be a primary source for the H2O2 generation, which activates some 
transcription factors, as NFkB, to induce gene expression [38]. 

We observed a signi�cant direct correlation between CoQ10 and 
TAC in our patients, suggesting an important CoQ10 contribution 
to TAC and an inter-relationship between the di�erent antioxidants. 
�e greater impact on CoQ10 could be attributed to its lipophilic 
nature and the alterations of lipidic pattern in hypogonadal patients. 
�ere is a relationship between low concentrations of plasma CoQ10 
and coronary disease, even if this correlation is not so strong to be 
considered a casual relation [39]. Ubiquinol/ubiquinone ratio is 
considered an oxidative stress marker in coronary disease and LDL/
CoQ10 ratio is an index of coronary risk factor [40]. �erefore our 
data underline, according to the protective role of ubiquinone in 
cardiovascular disease, a mechanism underlying the cardiovascular 
risk of hypogonadal patients.

Testosterone administration induced a signi�cant increase in 
both parameters, independently from pharmacological route of 
adimistration, reinforcing the concept of a positive in�uence of 
testosterone per se on antioxidant systems.

In conclusion, the role of androgens in modulating the balance 
between ROS generation and antioxidant defences is very complex 
and related the di�erent models investigated, time and dose of 
administration, di�erent metabolic pathways of testosterone itself. 
Very few data are reported in vivo in humans. Our data allow to a�rm 
that CoQ10 and TAC are signi�cantly lower in secondary hypogonadic 
patients and that testosterone treatment exerts a positive e�ect on such 
values. Hypogonadism could represent a condition of oxidative stress, 
in turn related with augmented cardiovascular risk in such patients.
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