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Abstract
Background: Augmenter of liver regeneration (ALR) is an antioxidant, antiapoptotic 
and mitochondrial-protective factor. Evidence exists that (i) ALR is variously 
expressed by many neurons in the central nervous system; (ii) ALR is differently 
expressed in female and male cells; (iii) neurodegenerative diseases triggered by 
dysregulation of cell normoxic conditions differently affect the 2 sexes.

Aim: Aim of the present study was to analyze the ALR presence in the 
prosencephalon of female and male mice and evaluate whether differences in 
expression exist between the two genders.

Methods: Harvested prosencephala were investigated by Western blotting and 
immunohistochemistry to assess ALR expression.

Results: Western blotting revealed 2 ALR isoforms, ALR-21 and ALR-23, both 
more expressed in male prosencephalon. Immunohistochemistry revealed ALR-
immunoreactive neurons diffusely distributed in the prosencephalon, but with a 
significantly higher number in male prosencephalon.

Conclusion: The different ALR expression level in female and male mouse 
prosencephalon may represent a marker of sexual dimorphism. The higher ALR 
expression seen in male prosencephalic neurons suggests that ALR, an antioxidant 
factor, could parallel the antioxidant effect of female sex steroid hormones 
that are known to be more effective compared to the male sexual steroids in 
protecting against the oxidative stress. These data open new options to study 
the neurodegenerative diseases, particularly those showing gender differences in 
terms of epidemiology.
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Introduction
The correct functioning of neurons is based on the availability 
of a huge amount of ATP obtained through their enhanced 
mitochondrial oxidative phosphorylation (OXPHOS) and on 
the maintenance of normoxic conditions [1]. The oxidative 
stress (OS) is the result of an imbalance between production of 
reactive oxygen species (ROS) and efficiency of the counteracting 
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antioxidative systems [2-4]. In the central nervous system (CNS), 
an excess of ROS results in a progressive, OS-related, impairment 
of neurons that can lead up to their death [5-7]. A condition that 
causes increase of ROS in CNS neurons is represented by their 
enhanced OXPHOS, of which ROS are a by-product [3,4]. These 
indications support the results of clinical studies reporting that 
the OS-induced damage on CNS neurons is primarily involved 
in the pathogenesis of several nervous disorders, including 
neurodegenerative diseases [8-13]. Different studies have pointed-
out that brain displays evident sexual dimorphism, which consists 
of biochemical, structural, and functional differences between 
female and male neurons [14,15]. The sexual dimorphism of 
neurons is determined by genetic, epigenetic, and environmental 
factors and is particularly evident in some CNS regions, such as 
hypothalamus, limbic lobe, olfactory lobe, amygdaloid nuclear 
complex and hippocampus [16-20].

An interesting aspect of the sexual dimorphism of CNS neurons 
concerns the efficiency of their antioxidative defenses. In fact, 
studies carried out both in humans and experimental animals 
have reported that male CNS neurons have higher levels of ROS 
and of markers of DNA oxidation and lipid peroxidation than 
female CNS neurons, mainly due to different efficiency of the 
antioxidative systems between female and male CNS neurons 
may be determined, at least partly, by the antioxidative effect of 
female sex steroid hormones, particularly the estrogens [21-25]. 
In fact, it has been observed that a loss of estrogens, howsoever 
caused, determines a reduction of the antioxidative defenses, 
associated with neuroinflammation, neuronal functional 
impairment and neurodegeneration [26].

It is largely accepted that the sexual dimorphism of CNS 
neurons differently impacts on epidemiology of some human 
neurodegenerative diseases: for example, the Alzheimer’s disease 
(AD) affects women more than men, particularly in aged subjects, 
when the transition to menopause, associated with a drastic drop 
of estrogens, increases the risk of AD [27]. On the contrary, the 
Parkinson’s disease (PD) affects men much more than women, 
suggesting that the neuroprotective effect of estrogens towards 
PD is more efficient than that of androgens [28-30].

In view of the pivotal participation of mitochondria in (i) the 
maintenance of cell normoxic conditions [31,32] (ii) the process of 
intrinsic apoptosis [33-36], and (iii) the modulation of metabolism 
of female sex steroid hormones, molecules able to produce 
antioxidative, antiapoptotic and mitochondrial-protective effect 
could play a primary role in the development and progression 
of neurodegenerative diseases, in particular, of those related to 
a sexual dimorphism of neurons [37-39]. Among the molecules 
having such characteristics, there is the augmenter of liver 
regeneration (ALR), identified by Francavilla and coworkers [40].

Starting from this hypothesis, the present study was undertaken 
with the aim of (i) analyzing the ALR presence in the 
prosencephalon (forebrain) of female and male mouse, and (ii) 
evaluating the existence of different expression of it between 
the two genders, assessing the existence of sexual dimorphic 
expression of ALR in CNS neurons, similarly to the muscle fibers [41].

The study was carried out on the prosencephalon of female and 
male adult mouse. The choice of using the prosencephalon was 
motivated by the following considerations: (i) the prosencephalic 
neurons display evident sexual dimorphism [16-18,20]; (ii) the 
prosencephalon is a CNS region with high concentration of 
ALR-expressing neurons [42]; (iii) the prosencephalic neurons, 
particularly those located in the isocortex, hippocampus and 
amygdaloid nuclear complex, are highly vulnerable to ROS [43]; 
(iv) the prosencephalon is one of the CNS regions most frequently 
and early affected by neurodegenerative diseases [44-46].

Methods
A total of 20 Mus musculus C57BL6J mice, 10 females and 
10 males, 8-10 weeks old and weighing 20 to 30 g were used. 
The animals were housed in compliance with the guidelines 
promulgated by the Italian Ministry of Health (DL 116/92 and 
DL 111/94-B) and the Helsinki declaration concerning the care 
and use of experimental animals. Use of prosencephalon of mice 
sacrificed was part of an experimental project authorized by the 
Italian Ministry of Health, Minsal No. 996/2015-PR.

The animals were sacrificed by cervical dislocation. Brains 
of sacrificed animals were removed from cranial cavity and 
rinsed in saline solution for 30 min at 4°C. The prosencephala 
were isolated from the brains by a precollicular cut and then 
dissected on the midsagittal plane into their right and left halves 
(hemiprosencephala). Finally, the hemiprosencephala were 
subdivided by 2 coronary sections into 3 fragments, anterior 
(AH), middle (MH), and posterior (PH) (Figure 1).

The fragments coming from the left hemiprosencephala were 
subjected to Western blot analysis for ALR determination; the 3 
fragments from the right hemiprosencephala were subjected to 
morphological methods (histological and immunohistochemical 
techniques) for structural analyses of nervous tissues and ALR 
expression.

Figure 1 Diagram of mouse brain, lateral view at approximately 
at 25x magnification. Red line corresponds to the 
supracallicular cut (sc), used to separate the pros-
encephalon (forebrain) from the mesencephalon 
(midbrain); black lines (a-a, a′-a′) correspond to the 
cuts used to subdivide each hemipros encephalon into 
3 fragments, anterior (AH), middle (MH) and posterior 
(PH).
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All the experiments were conducted using a commercial, 
polyclonal anti-ALR primary antibody (Santa Cruz Biotechnology 
Inc., Santa Cruz, CA, USA). This antibody was raised in rabbit 
against the conserved carboxy-terminal domain of the full-
length human protein, present in all the ALR isoforms. The high 
specificity of this anti-ALR antibody was assessed in previous 
experiments demonstrating the capability to recognize ALR both 
by immunohistochemistry and WB analysis [47].

Western blot analysis
The Western blot analysis under denaturing electrophoresis 
conditions was performed on the fragments from the left 
hemiprosencephala of all female and male mice.

The fragments were suspended in ice cold immunoprecipitation 
assay buffer (Pierce RIPA buffer; Thermo Scientific, Rockford, 
IL, USA) with anti-proteases (Complete mini protease 
inhibitor; Roche, Milan, Italy) and anti-phosphatases (sodium 
orthovanadate 2 mM; Sigma Aldrich, Milan, Italy) freshly 
added, homogenized and centrifuged at 14000 rpm for 15 min 
at 4°C. Aliquots of 50 µg of protein concentration, determined 
by the standard Bradford assay (Bio-Rad Laboratories, Milan, 
Italy), were separated in a 4-12% pre-cast polyacrylamide gels 
(Invitrogen, Life Technologies, Monza, Italy), and transferred 
onto a polyvinylidene fluoride (PVDF) 0.2 µm membrane (Bio-
Rad Laboratories) with Transblot turbo (Bio-Rad Laboratories) for 
12 min. A 5% non-fat dry milk in tris-buffered saline-polysorbate 
20 (TBST) blocking solution was applied, and the membranes 
were incubated overnight at 4°C with anti-ALR primary antibody 
(polyclonal antibody raised in rabbit against the conserved 
carboxy-terminal domain of the full-length human protein, able 
to reveal all ALR isoforms; Santa Cruz Biotechnology Inc., Santa 
Cruz, CA, USA), diluted 1:500 in TBST. Then the membranes were 
incubated with horseradish peroxidase-conjugated secondary 
antibody (Bio-Rad Laboratories, Milan, Italy), diluted 1:10000 
in TBST for 60 min at room temperature (RT), and the complex 
detected by chemiluminescence (ECL; Thermo Scientific, 
Rockford, IL, USA). To detect the β-actin housekeeping protein, 
the membranes were washed in the restore Western blot 
stripping buffer (Pierce Biotechnology, Rockford, Illinois, USA), 
for 15 min, and reprobed with the anti-β-actin antibody, diluted 
1:1000 in TBST (Santa Cruz Biotechnology). The densitometric 
analysis of each protein-related signal was performed using 
the molecular imager ChemidocTM (Bio-Rad Laboratories) and 
normalized against β-actin.

Morphological analyses
The fragments from the right hemiprosencephala of all female 
and male mice were immersed in 0.1M phosphate buffered saline 
at pH 7.6 (PBS) for 2 h at 4°C, and then in a saline fixative solution 
containing 10.0% formaldehyde in PBS for 3 h at 4°C. After fixation, 
the fragments were embedded in paraffin and sectioned into 5 
µm coronal serial sections. From each series of coronal sections, 
couples of adjacent sections were selected at intervals of 300 µm: 
one was stained with toluidine blue technique, to evaluate the 
microscopic structure of the nervous tissues; one was stained 
with immunohistochemical techniques for ALR, to evaluate the 

fine distribution patterns of the ALR-containing elements in the 
nervous tissues. Overall, 10 toluidine blue and 10 ALR stained 
sections, representative of the entire fragment, were used. The 
immunohistochemistry for ALR was performed using the above 
mentioned anti-ALR antibody and the immunoreactions were 
revealed using the immunoenzymatic technique, streptavidin-
biotinperoxidase. Briefly, the sections were deparaffinized, 
rehydrated, and subjected to the following procedure: incubation 
with 3.0% hydrogen peroxide solution in water (quenching of 
endogenous peroxidase activity) for 30 min at room temperature 
(RT); rinse in PBS 3 times for 10 min at RT; thermostatic bath in 
0.1 M ethylene diamine tetracetic acid buffer at pH 9.0 (EDTA) 
(antigen retrieval) for 20 min at 98°C; air cooling for 20 min at 
RT; rinse in PBS; incubation with blocking solution containing 
1.0% bovine serum albumin (BSA), 5.0% fetal calf serum (FCS) 
and 10.0% donkey serum, diluted 1:10 in PBS for 60 min at RT; 
incubation with anti-ALR antibody, diluted 1:50 in blocking 
solution overnight at 4°C; rinse in PBS; incubation with donkey 
biotinylated secondary antibody (Santa Cruz Biotechnology Inc.), 
diluted 1:100 in blocking solution for 60 min at RT; rinse in PBS; 
incubation with streptavidin-peroxidase complex solution (Vector 
Laboratories, Burlingame, CA, USA) for 40 min at RT; incubation 
with 3,3’-diaminobenzidine (DAB; Vector Laboratories) for 10 min 
at RT. Negative controls of the immunoreactions were performed 
on randomly chosen sections (control sections) from each series, 
by replacing the anti-ALR antibody solution with the blocking 
solution.

Qualitative analyses: All the selected toluidine blue- and ALR-
stained sections and the control sections were observed under 
the light photomicroscope Vanox-T (Olympus Italia SRL, Segrate, 
Italy) equipped with a color video camera (Spot Insight Color 
V3, Diagnostic Instruments Inc., Sterling Heights, MI, USA). 
Observations on the toluidine blue-stained sections served to 
recognize in the sections the regions of interest (ROI), where 
quantitative analyzes of ALR immunoreactivity would be 
conducted.

Quantitative analyses: The toluidine blue-stained sections from 
the female and male hemiprosencephala were scanned at the 
maximum available magnification (40x), using the wholeslide 
morphometric analysis scanning platform Aperio ScanScope CS 
(Leica Biosystems, Nussloch, Germany), and stored as digital 
high-resolution images on the workstation associated with the 
instrument. Digital images representative of the whole section 
of hemiprosencephalon were inspected with Aperio ImageScope 
v. 11 software (Leica Biosystems) at 25x magnification. In these 
images, the manual delimitation of the ROI was made using the 
pen tool function of the software. In AH, the ROI included the 
isocortex (neocortex) of the dorsolateral and medial surface of 
telencephalon, comprising the prefrontal, premotor and motor 
cortex (AH-1); the allocortex (archicortex) of ventral surface of 
the telencephalon (olfactory cortex; AH-2); and the anterior 
basal nuclei, comprising the ventral striatum (basal forebrain) 
and amygdaloid nuclear complex (AH-3). In the MH, the ROI 
included the isocortex of the dorsolateral and medial surface 
of telencephalon (sensory cortex) (MH-1); the allocortex of 



2021
Vol.12 No.6:375

4 This article is available in: www.jneuro.com

ARCHIVOS DE MEDICINA
ISSN 1698-9465

 Journal of Neurology and Neuroscience
ISSN 2171-6625

hippocampus, comprising the dentate gyrus and anterior region of 
the hippocampal formation (MH-2); and the posterior basal nuclei 
(dorsal striatum; MH3). In the PH, the ROI included the isocortex 
of the dorsolateral and medial surface of telencephalon (visual 
cortex; PH-1); the allocortex of hippocampus (posterior region 
of the hippocampal formation; PH-2); and the diencephalon, 
comprising the thalamus and hypothalamus (PH-3).

In the ALR-stained sections, the immunoreactive neuronal 
bodies present in each ROI were discriminated using a semi-
automatic thresholding segmentation function of the software. 
Subsequently, 15 fields of 160 × 103 µm 2 (reference area, RA) were 
randomly superimposed on the ROI, and the total number of ALR-
immunoreactive neuronal bodies per RA (n/RA) was calculated 
using a fully automated image measurement function of the 
software. The series of measurements, were collected separately 
from the fragments of female and male hemiprosencephala, 
were expressed as mean (M) ± standard deviation (SD).

Statistical analysis
To determine differences between the ALR distribution in the 
fragments of female and male prosencephala, the data obtained 
from both molecular biology and morphological analyses were 
evaluated by one-way analysis of variance (ANOVA). Statistical 
significance was ascribed to data when p<evaluated by one-way 
analysis of variance (ANOVA).

Results
ALR prosencephalic Western blot analysis
The ALR expression, as evaluated by Western blot analysis on the 
fragments from the left female and male hemiprosencephala, is 
illustrated in Figure 2. The analysis, carried out under denaturing 
electrophoresis conditions using the above mentioned anti-
ALR polyclonal antibody, revealed 2 monomeric isoforms of 
ALR, ALR-21 and ALR-23, in both sex-derived prosencephalic 
tissues (Figure 2a). The higher expression of ALR-23 confirms 
the involvement of this isoform, identified in the mitochondrial 
intermembrane space [47,48],  in the mitochondrial metabolism 
of prosencephalic neurons. The expression of both protein 
isoforms was significantly reduced in female-derived fragments 
compared to the male-derived ones (Figure 2b).

ALR Immunohistochemical analysis
Qualitative analysis: Immunoreactions for ALR stained the 
cytoplasm of neurons widely distributed in the female and 
male prosencephalon samples (right hemiprosencephala). In 
general, the immunoreactivity was mainly detected in neuronal 
bodies and large (proximal) processes (Figs.4-6). It also extended 
to most distal branches of processes, as suggested by the 
detection of immunoreactivity in the neuropil (‘background of 
immunoreactivity’), present in the sections despite the use of 
techniques that quench the non-specific background (Figures 
3-5). The qualitative distribution patterns of ALR immunoreactivity 
in the ROI of all the examined fragments from female and male 
prosencephalon appeared superimposable.

AH: In AH-1 (dorsolateral and medial isocortex), the 
immunoreactive neuronal bodies and processes mainly belonged 
to granular neurons, distributed in all cortical layers, and to small 
pyramidal neurons in the II-V layer (Figure 3a). In AH-2 (ventral 
allocortex), many neurons located in the compact pyramidal 
layer of the olfactory cortex (layer II) appeared immunoreactive; 
moreover, intense background of immunoreactivity was observed, 
particularly in the external molecular layer (layer I) (Figure 3b). 
In AH-3 (anterior basal nuclei), the immunoreactive neurons 
were mainly observed in the ventral striatum, particularly in the 
nucleus of diagonal band (of Broca) and nucleus accumbens, and 
in the amygdaloid nuclear complex (Figure 3c).

MH: In MH-1 (dorsolateral and medial isocortex), the sensory 
cortex displayed immunoreactive neuronal bodies and processes, 
mainly in the III-V layer (Figure 4a). In MH-2 (allocortex of 
anterior hippocampus), many neurons distributed throughout 
its thickness were detected; almost all neuronal bodies in the 
pyramidal layer (layer II) appeared immunoreactive, immerse 
in an intense background of immunoreactivity (Figure 4b). In 
MH-3 (posterior basal nuclei), the immunoreactive neurons were 
observed uniformly distributed in the dorsal striatum (putamen/
nucleus caudatus and globus pallidus) (Figure 4c).

PH: In PH-1 (dorsolateral isocortex), the distribution pattern 
of ALR immunoreactivity somewhat similar to that of MH-1, 
displaying immunoreactive neuronal bodies and processes, 
mainly distributed in the layer III-V (Figure 5a). In PH-2 (allocortex 

Figure 2 Western blots analysis of ALR in the prosencephalon (left 
hemiprosencephalon) of female and male mouse. (a)The 
monomeric forms ALR-21 and ALR-23 are detected; ALR-
23 results markedly predominant compared to ALR-21. 
(b)The expression of both the ALR isoforms is significant 
reduced in female prosencephalic fragments compared 
to maleones.
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of posterior hippocampus), the immunoreactive neuronal bodies 
were detected throughout the hippocampal cortex (Figure 5b). In 
PH3 (diencephalon), numerous immunoreactive neuronal bodies 
were detected in medial and lateral thalamus nuclei and in 
different hypothalamus nuclei, particularly the suprachiasmatic 
and arcuate nucleus and the mamillary nuclear complex (Figure 5c).

Quantitative analysis: The number of ALR-immunoreactive 
neuronal bodies per RA identified in ROI of AH, MH and PH is 
reported in Figure 6, separately from the female and male 
hemiprosencephala. In all the examined fragments, isocortex 

(AH-1, MH-1 and PH-1) was the regions with the highest number 
of ALR-immunoreactive neuronal bodies, followed by the ventral 
striatum (AH-3) and the hippocampal allocortex (MH-2 and PH-2). 
A statistically significant reduced number of ALR-immunoreactive 
neuronal bodies (p between 10-3 and 10-4) was observed in all 
the fragments from female hemiprosencephala compared to 
male hemiprosencephala (Figures 6a, 6b, and 6c).

Discussion
In the present study, the expression of ALR, an antioxidative, 
antiapoptotic and mitochondrialprotective factor, physiologically 
present in cells and highly conserved during phylogenesis [49], 
was analyzed in the prosencephalon of female and male mice. 
The results suggest that ALR-21 and ALR-23 are present at 
high concentrations in the prosencephalic nervous tissues. The 
highest expression of ALR was seen in the isocortex (AH-1, MH-1 
and PH-1) and hippocampal allocortex (MH-2 and PH-2).The 

Figure 3 Qualitative pattern of distribution of ALR 
immunoreactivity in male mouse prosencephalon 
(right hemiprosencephalon): anterior fragment (AH). 
ALR immunoreactivity is detectable in neuronal bodies 
and proximal processes and extends also in the distal 
branches of the neuronal processes, giving the nervous 
tissues a characteristic ‘background of immunoreactivity’. 
(a) Drawing of a coronal section of the right AH, 
anterior view, at approximately 25× magnification: the 
superimposed rectangles correspond to the microscopic 
fields shown in b, c, d. (b) AH-1, dorsolateral isocortex: 
The ALR-immunoreactive neuronal bodies and proximal 
processes mainly belong to granular neurons, uniformly 
distributed in the cortical layers, or to small pyramidal 
neurons, prevalently distributed in the II-V layer. (c) AH-
2, ventral allocortex: the ALR-immunoreactive neuronal 
bodies are mainly located in the compact pyramidal 
layer (layer II). (d) AH-3, anterior basal nuclei: numerous 
immunoreactive bodies are uniformly distributed in 
the ventral striatum. Note that the qualitative patterns 
of distribution of ALR immunoreactivity in the same 
regions of female mouse prosencephalon are similar to 
those shown in the figure (data not shown). Scale bar: 
200 µm.

Figure 4 Qualitative pattern of distribution of ALR 
immunoreactivity in the male mouse prosencephalon 
(right hemiprosencephalon), middle fragment (MH). 
(a) Drawing of a coronal section of the right MH, 
anterior view, at approximately 25x magnifications. As 
in Figure 3, the superimposed rectangles correspond 
to the microscopic fields shown in b, c, d. (b) MH-1, 
dorsolateral isocortex: the immunoreactive neuronal 
bodies and a number of proximal processes are mainly 
detected in the III-V layer. (b) MH-2, allocortex of 
anterior hippocampus: many immunoreactive neuronal 
bodies are distributed throughout the cortex, but 
mainly in the layer II, immerse in an intense background 
of immunoreactivity. (d) MH-3, posterior basal nuclei: 
immunoreactive bodies are quite uniformly distributed 
in the dorsal striatum. Scale bar: 200 µm.
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immunoreactivity was detected in the cytoplasm of neuronal 
bodies and large processes, but also in the most distal branches 
of processes, producing a diffuse immunoreactivity within the 
neuropil. This aspect, which has been indicated as ‘background 
of the immunoreactivity’ is a typical finding observed when 
substances ubiquitously distributed in neurons are tested with 
immunohistochemical techniques [50].

ALR expression in female prosencephalon resulted lower than 
in male prosencephalon, even if the qualitative patterns of 
distribution of ALR immunoreactivity appeared to be quite similar 
between the two sexes. The presence of ALR-immunoreactive 
prosencephalic neurons probably correlates with their ALR need 
at the moment of mouse sacrifice. Accordingly, the detection of 
ALR-immunonegative neurons does not necessarily suggest their 
inability to synthesize ALR, but simply could identify a neuronal 
population with a different functional dynamicity.

The anti-ALR antibodies used for the study, while recognizing 

by Western blotting both the 21 and 23 KDa ALR isoforms, did 
not allow a precise localization within the neuronal intracellular 
compartments as a diffused immunoreactivity was seen over 
the cytoplasm. However, since data in literature have shown 
that ALR-21 and ALR-23 are in the cytosol and mitochondrial 
intermembrane space, respectively [41,42,48], the higher 
expression of ALR-23 in prosencephalic tissues leads to the 
hypothesis that the cytoplasmic ALR immunoreactivity could be 
mostly related to the presence of the ALR-23. This suggests that 
this isoform may play a role inthe mitochondrial metabolism in the 
prosencephalic neurons. The results of the present study parallel 
those of a previous work conducted in normal striated muscular 
tissue from adult human female and male subjects, showing that 
the levels of ALR mRNA and ALR protein are significantly reduced 
in the female muscular tissue compared to the male one, and 
providing the first report on the existence of a sexual dimorphism 
in terms of expression of ALR [41]. Therefore, the different 
expression of ALR within female and male prosencephalic 
neurons could represent a marker of sexual dimorphism of these 
neurons. It is known that ALR enhances mitochondrial OXPHOS 
through induction of mitochondrial Transcription Factor-A 
(mtTFA) [51], a nuclear-derived mitochondrial DNA (mtDNA) 
binding protein, essential for the maintenance and expression of 
mtDNA [52,53]. Since mtTFA and high level of ATP are essential for 
maintenance and expression of mtDNA [52,53] and are reduced in 
neurodegenerative diseases (e.g., PD, AD, Huntington’s disease) 
[54,55], it might be reasonable to think that ALR is an essential 
factor for the correct functioning of prosencephalic neurons.

Figure 5 Qualitative pattern of distribution of ALR 
immunoreactivity in the male mouse prosencephalon 
(right hemiprosencephalon), posterior fragment 
(PH). (a) Drawing of a coronal section of the right PH, 
anterior view, approximately at 25x magnification; the 
superimposed rectangles correspond to the microscopic 
fields shown in b, c, d. (b) PH-1, dorsolateral isocortex: 
the immunoreactive neuronal bodies and processes 
mainly localized in the III-V layer. (c) PH-2, allocortex of 
posterior hippocampus: many immunoreactive neurons 
are distributed throughout the hippocampal cortex in 
the CA-1, CA-2 and CA-3 field. (d) PH-3, diencephalon: 
numerous immunoreactive neuronal bodies are present 
in medial and lateral thalamus nuclei and in various 
hypothalamus nuclei. Scale bar: 200 µm.

Figure 6 Histograms represent the number of ALR-
immunoreactive neuronal bodies per RA (160 × 103 
µm2) in the ROI of AH (a) MH (b) and PH (c) separately 
in female and male prosencephalon. AH-1, MH-1 and 
PH-1 are the regions showing the maximum number 
of ALR-immunoreactive neuronal bodies. In all regions, 
a significantly reduced number of ALR-immunoreactive 
neuronal bodies (p between 10-3 and 10-4) is present in 
the fragments from female prosencephala compared to 
those from male ones.
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Why male prosencephalic neurons necessitate higher ALR levels 
than female ones? To answer this question and interpret the 
results of the present study, some considerations could be made. 
Firstly, one of the biological processes that the mitochondria 
are responsible for is the intrinsic apoptosis [33-35], process 
triggered by alteration of cellular normoxic conditions [56]. For 
the maintenance of normoxic conditions, several antioxidative 
systems are necessary, including vitamin E, superoxide dismutase 
(SOD), glutation (GSH), thioredoxin (TRX) and paraoxanase-1 
(PON-1) [4,57-62]. Interestingly, these antioxidative systems 
show different activity between the 2 sexes: in experimental 
animals, male cells exhibit higher levels of OS markers (ROS) 
than female cells, as well as female cells frequently display 
higher levels of vitamin E, SOD, GSH and TRX than male ones 
[4]. The difference on the anti-oxidative capacity between the 2 
sexes is further stressed by the greater anti-oxidative effect of 
female sex steroid hormones compared to that of male ones 
[4,27,37,38]. Accordingly, evidence exists that estrogens play a 
neuroprotective role against OS in numerous neuropathological 
conditions (e.g., ischemic brain injury, PD, AD, multiple sclerosis) 
[1,4,27,63]. Similarly, female sex steroids hormones, in particular 
17β-estradiol and progesterone, have been seen to display 
neuroprotective effect both in vivo and in vitro, affecting the 
antioxidative pathway binding to the antioxidative response 
element (ARE) in the promoter regions of antioxidative genes [4]. 
On the contrary, the neuroprotective role of androgens, such as 
testosterone, is less evident, since they rather seem to induce 
neurotoxicity [28-30,37,38].

In this view, mitochondrial functioning and sex hormones activity 
influence each other: (i) mitochondria provide for ROS formation 

through OXPHOS, regulate normoxic cellular conditions through 
several antioxidative systems and attend biosynthesis of female 
sex steroid hormones through activity of mitochondrial enzymes 
(P450, 3β-hydroxysteroid dehydrogenase) [1,4,38,56-61,63]; (ii) 
female sex steroid hormones regulate, in turn, the mitochondrial 
functioning and act in nervous tissues as neuroprotectans in 
neurological diseases [37-39,63]. Because of the higher presence 
of female sex steroid hormones, female prosencephalic neurons 
appear to be more protected against OS than the corresponding 
male prosencephalic neurons, similarly to other female-derived 
cells which necessitate high ATP levels for their correct functioning 
[41].

This concept is even supported by the fact that, in female 
CNS, sex steroid hormones produced by endocrine glands are 
supplemented, more than in male CNS, by locally synthesized 
steroid hormones [38,64].

Conclusion
Moreover, the results of the present study could represent an 
experimental evidence of the existence of a sexual dimorphism 
concerning the ALR expression in prosencephalic neurons. 
Because of the reduced antioxidative effect of male sex steroid 
hormones, on male prosencephalic neurons ALR may play the 
protective role exerted by female steroid hormones on female 
prosencephalic neurons. This may represent an attempt of neuron 
protection against variations of normoxic conditions determined 
by mitochondrial metabolism. Finally, the results of the present 
study suggest a possible involvement of ALR in the metabolic 
processes consequent to alterations of normoxic conditions as it 
occurs in neurodegenerative disorders.
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