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Abstract
Background  Sex is an important factor in the development and symptom expression of Parkinson’s disease (PD). Risk 
of developing PD, motor and non-motor symptoms and response to treatment differ between men and women, with 
women showing lower disease incidence, later onset of motor deficits and generally milder symptoms than men. We 
previously reported that male mice lacking the NF-κB/c-Rel protein (c-rel-/- mice) undergo age-related accumulation 
of α-synuclein, and loss of dopaminergic neurons, in the substantia nigra (SN). In addition, c-rel-/- male mice present a 
progressive PD-like phenotype characterized by both motor deficits and non-motor symptoms (such as constipation, 
hyposmia, anxiety, depressive-like behavior and apathy). In this study, we give evidence that female mice reproduce 
only part of the parkinsonian pathology and do not show behavioral manifestations.

Methods  Nigro-striatal alterations as well as motor and non-motor symptoms were assessed in aged c-rel-/- and 
wild-type (wt) male and female mice through histological techniques and behavioral tests.

Results  Likewise c-rel-/- males, c-rel-/- females displayed significant reduction of dopaminergic neurons in the SN 
at 18 months of age, but only minor reduction of striatal TH-positive (TH+) and DAT-positive (DAT+) dopaminergic 
fibers compared to wt littermates. Besides, c-rel-/- females did not develop significant motor deficits and non-motor 
symptoms, as constipation, hyposmia, depressive-like and apathetic behaviors.

Conclusions  Our results show that, differently from aged males, c-rel-/- females do not develop a parkinsonian 
behavior, in line with evidence from the human PD. The phenotype mice display a nigral dopaminergic neuron 
degeneration but conserved nigrostriatal fiber density. The degeneration and PD-like symptoms are compatible with 
the sex-related differences on incidence and symptoms progression observed in PD patients.

Plain English Summary
In many neurodegenerative diseases there are sex differences in terms of incidence, onset and severity of 
symptoms. This is true also for PD, a pathology in which women display lower disease incidence, later onset of 
motor deficits, and generally milder symptoms than men. We previously demonstrated that male c-rel-/- mice 
exhibit progressive parkinsonian features associated with the loss of neurons in the nigrostriatal pathway, 
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Background
With an estimated prevalence of 1–2 cases per 1000 
people, Parkinson’s disease (PD) is the most widespread 
movement disorder and it is primarily associated with 
motor dysfunction, including bradykinesia, resting 
tremor, and rigidity [1]. In addition to motor symptoms, 
PD is also associated with numerous non-motor mani-
festations, including constipation, hyposmia, sleep dis-
turbances, anxiety, and depression, which can precede 
motor deficits by several years [2]. The defining patho-
logical features of PD include the gradual loss of dopa-
minergic neurons in the substantia nigra pars compacta 
(SNpc) and the aggregation of α-synuclein within Lewy 
bodies [3].

As observed in other neurodegenerative conditions, 
PD exhibits notable sex-related differences in prevalence, 
onset, and clinical presentation [4–8]. Epidemiological 
studies indicate that men are more likely than women 
to develop PD [9–11]. Furthermore, the disease typi-
cally progresses more rapidly in males, with earlier onset 
of motor symptoms [10]. Men with PD tend to exhibit a 
more severe postural instability-dominant phenotype, 
which includes gait disturbances, freezing of gait, and 
an increased tendency to fall [10, 12]. Additionally, male 
patients show a heightened risk of developing campto-
cormia, a postural abnormality characterized by forward 
trunk flexion when standing or walking [13]. In contrast, 
female patients more frequently present with a tremor-
dominant phenotype, which is often associated with a 
milder disease course [10, 12, 14]. However, women dis-
play a heightened sensitivity to levodopa therapy, leading 
to an increased incidence of levodopa-induced dyskine-
sias [15–17]. Sex-based differences are also evident in 
the early non-motor manifestations of drug-naïve PD 
patients, with men exhibiting more pronounced olfactory 

and cognitive impairments, sleep disturbances, and 
severe drooling [12, 18–25]. Conversely, women are more 
likely to experience dysphagia [26], as well as persistent 
and severe anxiety and depression [22, 27–30].

The regulation of a broad spectrum of physiological 
and pathological processes is governed by the nuclear 
factor kappa-light-chain enhancer of activated B cells 
(NF-κB) transcription factor [31, 32]. This protein fam-
ily comprises five distinct subunits - RelA, RelB, c-Rel, 
NF-κB1 and NF-κB2 - that form transcriptionally active 
dimers [33, 34]. The functional outcome of NF-κB acti-
vation, whether pro- or anti-apoptotic, depends on the 
specific dimer composition [35–37]. An aberrant modi-
fied form of RelA, acRelA(K310), which retains acetyla-
tion at lysine 310 while undergoing deacetylation at other 
lysine residues, has been implicated in the induction of 
pro-apoptotic genes in preclinical models of brain isch-
emia [38, 39]. Conversely, the inclusion of c-Rel within 
NF-κB dimers has been associated with neuroprotection 
in experimental models of brain ischemia [40, 41] and 
neurotoxicity [42–44].

Recent findings suggest that an imbalance between 
NF-κB subunits may contribute to PD pathology. Stud-
ies have shown that post-mortem SN samples from PD 
patients exhibit increased Ac-RelA(K310) levels, along-
side reduced DNA-binding activity of c-Rel in both the 
SN and peripheral blood mononuclear cells (PBMCs) 
[45]. Supporting this hypothesis, c-Rel-deficient (c-rel-/-) 
male mice display elevated Ac-RelA(K310) in the stria-
tum [35] and develop an age-dependent pathology that 
mirrors key PD features [46–49]. Alpha-synuclein depo-
sition in these mice first emerges in the enteric nervous 
system (ENS) and olfactory bulb (OB) at 2 months [48], 
subsequently spreads to the dorsal motor nucleus of the 
vagus (DMV) and locus coeruleus (LC) at 5 months [48], 

alongside the emergence of motor dysfunctions and non-motor disturbances, such as hyposmia, constipation and 
neuropsychiatric impairments. Here, we examined if also c-rel-/- female mice reproduce the pathology and the 
symptomatology observed in males. We discovered that aged c-rel-/- female mice showed loss of dopaminergic 
neurons in the SNpc, but without a marked reduction of striatal dopaminergic fibers. Additionally, c-rel-/- female 
mice displayed neither significant motor defects, nor significant non-motor symptoms including constipation and 
hyposmia. Finally, the neuropsychiatric deficits were also milder in c-rel-/- females. Overall, our results indicate a 
sexual dimorphism in the c-rel-/- mouse model of PD, with females showing milder pathology and symptoms as 
observed in PD patients.

Highlights
	• Similarly to c-rel-/- male mice, aged c-rel-/- females exhibit degeneration of dopaminergic neurons in the SN. 

However, they do not display significant reduction of striatal dopaminergic fibers, as observed in c-rel-/- males.
	• Aged c-rel-/- females do not show significant motor deficits when compared to c-rel-/- males.
	• In contrast to c-rel-/- males, aged c-rel-/- females do not develop notable non-motor deficits, such as 

constipation and hyposmia, and experience less severe neuropsychiatric manifestations.

Keywords  Parkinson’s disease, Sexual dimorphism, NF-κB/c-Rel, Nigrostriatal degeneration, DAT, Motor symptoms, 
Non-motor symptoms
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and is later detected in the SNpc by 12 months [46]. A 
decline in striatal dopamine transporter (DAT) levels is 
also evident at this stage [48]. By 18 months, these mice 
exhibit a significant reduction in SNpc dopaminergic 
neurons and a concomitant loss of striatal dopaminer-
gic fibers [46]. Additionally, a mild neuroinflammatory 
response precedes nigral degeneration [47], transition-
ing into more pronounced microglial engagement in the 
SNpc and striatum at 18 months [46].

In young male c-rel-/- mice, early-stage α-synuclein 
accumulation in the ENS and OB is linked to the devel-
opment of prodromal features such as hyposmia and 
constipation [48]. By 12 months, these mice also develop 
anxiety- and depression-like behaviors, followed by apa-
thy at 18 months [49]. At this later stage, motor deficits 
emerge and respond to levodopa treatment [46].

While previous research has yielded critical insights 
into the contribution of c-Rel to PD pathogenesis, these 
studies have exclusively focused on male mice. Conse-
quently, it remains unclear whether female c-rel-/- mice 
develop similar PD-related pathology and symptoms. To 
address this gap, the current study assesses nigrostriatal 
degeneration and its associated behavioral impairments, 
including gait abnormalities, constipation, hyposmia, and 
neuropsychiatric features in male and female c-rel-/- mice 
between 18 and 23 months of age, a time window where 
PD-like pathology and symptoms are well documented in 
this model [46–49].

Materials and methods
Animals
C57BL/6 mice carrying a null mutation for the c-Rel gene 
(c-rel-/- mice) were previously generated and character-
ized [46, 50]. Animals were maintained in groups of 2–4 
per cage under standard housing conditions, including a 
12-hour light/dark cycle, 55% humidity, and an ambient 
temperature of 22–23 °C. Each cage was supplied with 
bedding materials and red mouse shelters (Tecniplast). 
Animals were provided with a standard laboratory diet 
(complete feed for mice and rats 4RF21, Mucedola) and 
water ad libitum. All experimental procedures received 
approval from the Animal Research Committees of the 
University of Brescia and were conducted following the 
EU regulations on animal research (2010/63/EU). Ethi-
cal guidelines of the University of Brescia were strictly 
followed.

The animals used in this study were tested at an age 
greater than 18 months. Since in female mice the transi-
tion to reproductive senescence typically occurs between 
9 and 12 months of age, the female mice analyzed in this 
study had ceased their estrous cycles and were consid-
ered reproductively senescent [51–54].

Immunohistochemistry
For histological analyses, chloral hydrate was used to 
anesthetize mice, which were subsequently perfused 
transcardially with phosphate-buffered saline (PBS). 
Fixation was performed with 4% paraformaldehyde. 
Extracted brains were subjected to cryoprotection in 
30% sucrose, then sectioned coronally at 40 μm thickness 
for the SN and 30 μm for the striatum using a freezing 
microtome at specific stereotaxic coordinates as previ-
ously described [55].

One series of SN sections was processed for immuno-
histochemical detection of tyrosine hydroxylase (TH). 
Endogenous peroxidase activity was blocked by treating 
brain sections with 1% H2O2 for 15 min. After 1 h incu-
bation with 5% normal goat serum (NGS), sections were 
incubated overnight at 4  °C with anti-TH antibody (sc-
14007, Santa Cruz Biotechnology, 1:500) in 1% NGS and 
0.3% Triton-X-100 in PBS.

After washing, sections were incubated with biotinyl-
ated goat anti-rabbit IgG (Vector Labs, 1:200) for 2 hours. 
To visualize the immunosignal, avidin-biotin-peroxidase 
complex (Vectastain, Vector Labs) and 3-3’-diamino-
benzidine (DAB, Sigma-Aldrich) as a chromogen were 
used. Blind-coded slides were used for unbiased analy-
sis. Stereological counting of TH+ neurons in the SN 
was performed using the Stereo Investigator system 
(MBF Bioscience). Regions of interest were outlined at 
10x magnification under an Olympus BX53 microscope 
equipped with a Retiga 2000R CCD camera. Systematic 
random sampling was applied using a 100/100 µm grid. 
Cells within the counting frame (70/70 µm width/height; 
10 μm depth) were quantified, excluding those touching 
specific frame borders. To estimate the total population 
of TH+ neurons within the SN, the template described by 
Ip et al. was applied to the cell count data [56].

One series of SN sections was processed for Nissl 
staining. Sections were incubated with 0.5% cresyl vio-
let (Sigma-Aldrich) solution for 1,5 min and subsequen-
tially dehydrated in 90–100% ethanol and xylene. Then, 
sections were mounted with DPX (Fluka). To determine 
the number Nissl-stained cells in the SN, sections were 
observed in bright field microscopy. All values were nor-
malized to the mean of wt males and expressed as relative 
changes.

For immunofluorescence, TH-DAPI or dopamine 
transporter (DAT)-DAPI staining were evaluated in two 
series of striatal sections as previously described [57]. 
Sections were permeabilized with 20% methanol and 
0.3% Triton X-100 in PBS, blocked for 1 h in 2% NGS, 3% 
BSA, 0.3% Triton X-100 in PBS, and incubated overnight 
at 4 °C with primary antibodies [TH (sc-14007) or DAT 
(AB5802, Merck Millipore)]. Then, sections were rinsed 
and subsequently incubated at room temperature for 1 
h with a Cy3-conjugated secondary antibody (1:3000, 
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Jackson ImmunoResearch). Lipofuscin autofluorescence 
was quenched using TrueBlack (Biotium). Sections were 
mounted with Vectashield (Vector Laboratories). Analy-
ses were carried out using a Zeiss LSM 510 confocal 
microscope (Carl Zeiss) and the acquisition parameters 
during confocal imaging were maintained constant for all 
the images acquired. A total of five sections per mouse 
were analyzed, averaging eight fields per section. A fixed 
threshold was set in FIJI to exclude background signal 
and applied to each digitized image in order to evaluate 
the optical density of TH and DAT staining. Data from 
TH and DAT analysis were expressed as the positive area 
in each sample (µm2).

Colon length measurement
Cohorts of 18– and 19-month-old wt and c-rel-/- mice 
were used to determine colon length. Mice euthanasia 
was performed by cervical dislocation and the colon was 
recovered. The length from the ileocecal junction to the 
anal verge was recorded [58].

Behavioral assessments
Separate cohorts of wt and c-rel-/- male and female mice 
underwent behavioral evaluations to assess colon motil-
ity, hyposmia, anxiety, depressive-like behaviors, apathy, 
and gait deficits, as previously described [46, 49]. Mice 
used for colon motility tests were also evaluated for food 
and water intake. All tests were performed under con-
trolled environmental conditions (22–23 °C, 55% humid-
ity, 12-hour light/dark cycle). Testing occurred during 
either the light or dark phase as appropriate. Equipment 
was cleaned with ethanol 70% between trials to prevent 
olfactory cues. Researchers were blinded to genotype 
during testing and analysis.

Catwalk gait analysis
Gait parameters of 20–23-month-old mice were analyzed 
using the CatWalk 7.1 system (Noldus) [46]. Mice under-
went a three-day training period before test day. On test 
day, three uninterrupted runs were performed to record 
multiple parameters (run duration, run speed, swing 
speed, stand duration, and stride length). Data were ana-
lyzed using a pixel threshold of ≥ 25 arbitrary units.

Colon motility, food, and water intake
Colon motility was assessed in 18–19-month-old mice 
through the one-hour stool collection assay. Stool fre-
quency and water content were measured relative to 
body weight (bw). Food and water intake were monitored 
in the same cohort over two additional days by measur-
ing daily consumption, normalized to bw.

Olfactory function
Hyposmia was evaluated using the odor detection test. 
Mice were exposed to increasing concentrations of a 
novel odorant (vanilla extract) across three daily ses-
sions. A video-tracking system (Ugo Basile ANY-Maze) 
recorded the time spent sniffing odor- and water-con-
taining cartridges. Odor preference and exploratory 
behavior were quantified as the percentage of time spent 
sniffing the scented cartridge and total sniffing duration, 
respectively.

Anxiety assessment
Anxiety-like behavior was assessed using the open field 
(OF) test. Mice were placed in a 40 × 40 × 40  cm black 
plastic arena, and their movements were tracked for 
5  min. Time spent in the center, percentage of distance 
traveled, and peripheral zone exploration (thigmotaxis) 
were measured. Reduced center exploration was inter-
preted as increased anxiety.

Depressive-Like behavior
Depressive-like behavior was analyzed using the Forced 
Swim Test (FST) with a Water Wheel. Mice were placed 
in a water tank (25 ± 1  °C) equipped with a freely rotat-
ing wheel. Floating behavior, latency to immobility, and 
total immobility duration were manually scored, while 
wheel rotations, turning time, and revolution speed were 
recorded automatically using Ugo Basile ANY-Maze 
software.

Nest Building test
Motivational and goal-directed behavior were assessed 
via the nest-building test. Mice housed in groups (2–4 
per cage) were provided with a cellulose bag filled with 
nesting material. The time taken to gnaw, empty the bag, 
and construct a nest was recorded at 30-minute intervals 
by a blinded observer.

Statistical analysis
GraphPad Prism was used to perform data analysis. 
Results are presented as mean ± standard error of the 
mean (SEM), with p < 0.05 considered statistically sig-
nificant. Normal distribution of data was assessed with 
Shapiro-Wilk test. Two-way ANOVA followed by Sidak’s 
post-hoc test, or Kruskal-Wallis test with Dunn’s post-
hoc test, was used where appropriate. One-sample t-tests 
were performed in the odor detection test to compare 
odor sniffing against the 50% chance level. Effect sizes 
are presented as partial eta squared (ηp

2) for ANOVAs, 
Cohen’s d (d) for t-tests and eta squared (η2) for Kruskal-
Wallis tests.
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Results
Aged c-rel-/- males and females display similar 
degeneration of dopaminergic neurons in the SN but 
different loss of striatal dopaminergic fibers
To investigate possible sex differences in the nigrostriatal 
system of c-rel-/- mice, we assessed TH immunoreactiv-
ity in SNpc and dorsal striatum of wt and c-rel-/- mice, 
males and females, at 18–19 months. Both male and 
female c-rel-/- mice exhibited a marked reduction in the 
number of TH+ neurons in the SNpc compared to their 
sex-matched wt counterparts (Fig. 1a-e), highlighting 
the main effect of genotype on the degeneration of this 
neuronal population [two-way ANOVA followed by 
Sidak’s multiple comparison test, Genotype F(1, 20) = 
55,63, ****p < 0.0001, ηp

2 = 0.73. Post-hoc analysis, ****p 

< 0.0001]. No sexually dimorphic changes were found 
in both wt and c-rel-/- mice [Sex F(1, 20) = 0,007898, p 
> 0.05, ηp

2 = 0.00039]. As previously reported [46], the 
reduction in TH+ neurons observed in male 18–19 
month-old c-rel-/- mice was accompanied by a decrease 
in Nissl-stained neurons in the SNpc. Similar neuronal 
loss was found in female c-rel-/- mice, indicating that 
the loss reflects actual dopaminergic neurodegeneration 
rather than a mere reduction in TH expression (Fig. 1f-j) 
[Genotype F(1, 11) = 28,53, ***p < 0.001, ηp

2 = 0.72. Post-
hoc analysis, *p < 0.05, **p < 0.01].

At striatal level, we observed a marked reduction of 
the surface covered by TH+ fibers in c-rel-/- males, but 
not in females (Fig.  2a-e), (Kruskal-Wallis test followed 
by Dunn’s multiple comparison test, η2 = 0.07. Post-hoc 

Fig. 1  Aged c-rel-/- male and female mice display loss of SNpc dopaminergic neurons. Representative images of TH staining in SN dopaminergic neurons 
of 18–19-month-old wt males (a), c-rel-/- males (b), wt females (c), c-rel-/- females (d). The stereology analysis data of T+ cells are presented in e. A signifi-
cant drop of the number of T+ neurons was observed in both male and female c-rel-/- mice. ****p < 0.0001, two way ANOVA followed by Sidak’s multiple 
comparison test (wt males: 5 mice; c-rel-/- males: 7; wt females: 6; c-rel-/- females: 6). Representative images of Nissl staining in SN of 18–19-month-old wt 
males (f), c-rel-/- males (g), wt females (h), c-rel-/- females (i). Data from counts of Nissl-stained neurons are presented in j. Both male and female c-rel-/- mice 
showed a significant reduction in Nissl+ neurons. *p < 0.05, **p < 0.01, two way ANOVA followed by Sidak’s multiple comparison test (wt males: 4 mice; 
c-rel-/- males: 3; wt females: 4; c-rel-/- females: 4). Scale bar in a and f = 100 μm
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Fig. 2 (See legend on next page.)
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analysis, *p < 0.05). c-rel-/- male mice presented also a sig-
nificant drop of DAT immunoreactivity (Fig.  2f-j). DAT 
immunoreactivity was significantly fainter in wt females 
when compared to wt males [two-way ANOVA followed 
by Sidak’s multiple comparison test, Genotype * Sex 
F(1, 39) = 4,679, *p < 0.05, ηp

2 = 0.11. Post-hoc analysis, 
*p < 0.05], while the striatal DAT+ areas were comparable 
between c-rel-/- and wt females.

Aged c-rel-/- females do not show significant motor deficits
Both males and females, 20–23-month-old wt and 
c-rel-/- mice were tested for their spontaneous gait behav-
ior with the Catwalk system [46] (Fig. 3 and Additional 
files 1–4). Run speed, swing speed, stand duration, and 
stride length were recorded and analyzed. Figure 3a 
reports data from run speed (cm/seconds) analysis. As 
also highlighted by the Catwalk videos uploaded as Addi-
tional files 1–4, c-rel-/- males were slower to run across 
the walkway when compared with age-matched wt males 
[two-way ANOVA followed by Sidak’s multiple compar-
ison test, Genotype F(1, 28) = 20,28, ****p < 0.0001, ηp

2 
= 0.42. Genotype * Sex F(1, 28) = 8,272, **p < 0.01, ηp

2 
= 0.23. Post-hoc analysis, *p < 0.05, ****p < 0.0001]. Fig-
ure 3b reports data from evaluation of swing speed (m/
seconds). This measures how fast the paw moves during 
the swing phase, the period in which it is not in contact 
with the glass plate. c-rel-/- males exhibited a reduced 
swing speed compared to their wt male siblings [two-
way ANOVA followed by Sidak’s multiple comparison 
test, Genotype F(1, 28) = 26,93, ****p < 0.0001, ηp

2 = 0.49. 
Genotype * Sex F(1, 28) = 5,231, *p < 0.05, ηp

2 = 0.16. 
Post-hoc analysis, ****p < 0.0001]. Figure 3c shows data 
from stand duration (seconds) analysis, i.e. the duration 
of contact of the paws with the glass plate. c-rel-/- males 
exhibited a longer stand period when compared to wt 
males [two-way ANOVA followed by Sidak’s multiple 
comparison test, Genotype F(1, 28) = 8,135, **p < 0.01, 
ηp

2 = 0.22. Genotype * Sex F(1, 28) = 9,302, **p < 0.01, ηp
2 

= 0.25. Post-hoc analysis, ***p < 0.001]. Figure 3d reports 
data from the analysis of stride length (pixels), defined as 
the distance between successive placements of the same 
paw. c-rel-/- males showed a shorter forepaw print length 
in comparison with wt males [two-way ANOVA followed 
by Sidak’s multiple comparison test, Genotype F(1, 28) = 
23,97, ****p < 0.0001, ηp

2 = 0.46. Genotype * Sex F(1, 28) 
= 10,96, **p < 0.01, ηp

2 = 0.28. Post-hoc analysis, ****p < 
0.0001]. The abnormal stride length in the c-rel-/- males 

is clearly visible in the CatWalk videos (Additional files 
1–4).

In contrast to c-rel-/- male mice, c-rel-/- females did not 
significantly differ from corresponding aged-matched wt 
females in any of the considered gait parameters (two-
way ANOVA followed by Sidak’s multiple comparison 
test).

A significantly better performance was observed in 
c-rel-/- females compared to c-rel-/- males across all 
tested gait parameters, except for swing speed (two-way 
ANOVA followed by Sidak’s multiple comparison test. 
Post-hoc analysis, *p < 0.05).

Aged c-rel-/- females do not show significant intestinal 
dysfunctions
One-hour stool collection assay was performed to assess 
colon motility on both males and females, 18– and 
19-month-old wt and c-rel-/- mice [48]. Stool frequency 
(normalized to bw) and stool water content were sig-
nificantly reduced in c-rel-/- male mice compared to wt 
males (Fig. 4a) [stool frequency: two-way ANOVA fol-
lowed by Sidak’s multiple comparison test, Genotype F(1, 
57) = 8,555, **p < 0.01 ηp

2 = 0.13. Sex F(1, 57) = 18,70, 
****p < 0.0001, ηp

2 = 0.25. Post-hoc analysis, *p < 0.05, **p 
< 0.01; stool water content: two-way ANOVA followed 
by Sidak’s multiple comparison test, Genotype F(1, 61) = 
11,04, **p < 0.01, ηp

2 = 0.15. Sex F(1, 61) = 27,50, ****p < 
0.0001, ηp

2 = 0.31. Post-hoc analysis, **p < 0.01, ****p < 
0.0001]. Of note, the reduction of colon motility observed 
in c-rel-/- male mice was not caused by variations in food 
or water intake (Additional file 5: Fig. 5a, b), since these 
parameters were not diminished in c-rel-/- mice (two-way 
ANOVA followed by Sidak’s multiple comparison test).

In contrast, neither stool frequency nor water con-
tent differed significantly between c-rel-/- and wt females 
(two-way ANOVA followed by Sidak’s multiple compari-
son test).

Next, we analyzed whether aged c-rel-/- female mice 
would display a milder gut pathology than c-rel-/- males 
by measuring colon length. Intestinal inflammation, eval-
uated as decrease of the length of the colon, was observed 
in c-rel-/- males of 18–20 months, but not in age-matched 
females [two-way ANOVA followed by Sidak’s multiple 
comparison test, Sex F(1, 39) = 4,106, *p < 0.05, ηp

2 = 0.09. 
Genotype * Sex F(1, 39) = 5,175, *p < 0.05, ηp

2 = 0.12. Post-
hoc analysis, *p < 0.05].

(See figure on previous page.)
Fig. 2  Sexually dimorphic changes in the dorsal striatum of aged c-rel-/- male and female mice. Illustrative pictures of TH immunostaining in caudate pu-
tamen of wt males (a), c-rel-/- males (b), wt females (c), c-rel-/- females (d). The results from the analysis of TH+ area are shown in e. A significant decrease of 
TH immunoreactivity was observed in c-rel-/- male mice when compared to wt males, but not in c-rel-/- female mice. *p < 0.05, Kruskal-Wallis test followed 
by Dunn’s multiple comparison test. Representative pictures of DAT immunostaining in caudate putamen of wt males (f), c-rel-/- males (g), wt females (h), 
c-rel-/- females (i). Analysis of DAT+ area is presented in j. Wt males displayed significantly higher DAT levels than c-rel-/- males and wt females. *p < 0.05, 
two way ANOVA followed by Sidak’s multiple comparison test. For both TH and DAT immunostaining the data are presented in µm2 as mean ± SEM 
(n = 10–11 animals per group). Scale bar in a = 20 μm
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Fig. 4  Intestinal dysfunctions in aged c-rel-/- male and female mice. Stool frequency normalized to 30 g of bw (a) and stool water content percentage (b) 
of 18–19-month-old wt and c-rel-/- mice, males and females, are displayed (wt males: 18 mice; c-rel-/- males: 15 mice; wt females: 13 mice; c-rel-/- females: 
15 mice). Stool frequency and water content percentage are decreased in c-rel-/- male mice, but not in c-rel-/- females. Moreover, both wt and c-rel-/- fe-
males showed lower stool frequency and stool water % than corresponding male siblings. (c) Colon shortening was investigated in wt and c-rel-/- males 
and females at 18–20 months. While aged c-rel-/- males displayed a reduction in colon length, c-rel-/- females did not. Wt males: n = 16 mice; c-rel-/- males: 
n = 10 mice; wt females: n = 9 mice; c-rel-/- females: n = 8 mice. *p < 0.05; **p < 0.01; ****p < 0.0001, two-way ANOVA followed by Sidak’s multiple compari-
sons test. Results were presented as mean ± SEM

 

Fig. 3  Motor deficits in aged c-rel-/- male and female mice. CatWalk gait analysis was performed in 20–23-month-old wt and c-rel-/- male and female mice 
(wt males: 11 mice; c-rel-/- males: 6; wt females: 9; c-rel-/- females: 6). c-rel-/- male mice displayed lower run speed (a) and swing speed (b), higher stand 
duration (c), and lower stride length (d) than sex-matched wt mice. Conversely, c-rel-/- females did not significantly differ from wt females in any of the 
considered gait parameters. *p < 0.05; ***p < 0.001; ****p < 0.0001, two-way ANOVA followed by Sidak’s multiple comparison test
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Aged c-rel-/- females do not show significant olfactory 
deficits
Olfactory deficits have been analyzed by testing 
18–19-month-old wt and c-rel-/- mice, males and females, 
for their olfactory threshold with the odor detection test. 
The test evaluates the mice ability to perceive odors by 
measuring the time spent sniffing two cartridges: one 
containing water and the other containing vanilla extract. 
Animals with intact olfactory function naturally dedicate 
more than 50% of their time (chance level) smelling the 
cartridge filled with vanilla extract, whereas those with 
olfactory deficits display no preference between the two 
cartridges (percentage of time sniffing the odor similar 
to the level of chance) [48]. Neither aged wt nor c-rel-/- 
mice of both sexes were capable of detecting the lowest 
odor concentrations [Additional file 5: Fig. 5c (dilution 
1:108) and Additional file 5: Fig.  5d (dilution 1:106), one-
sample t-test vs. chance level, p > 0.05]. At the highest 
vanilla concentration [Fig. 5 (dilution 1:104)] wt males 
could locate the odor (one-sample t-test vs. chance level, 
*p < 0.05, d = 0.63), while c-rel-/- males failed (one-sample 
t-test vs. chance level, p > 0.05, d = -0.48). Furthermore, 
c-rel-/- males spent a significantly lower percentage of 
time sniffing the odor compared to both wt males and 
c-rel-/- females [two-way ANOVA followed by Sidak’s 
multiple comparison test, Genotype F(1, 46) = 8,890, 

**p < 0.01, ηp
2 = 0.16. Sex F(1, 46) = 6,704, *p < 0.05, 

ηp
2 = 0.13. Post-hoc analysis, *p < 0.05, **p < 0.01]. On 

the other hand, both wt and c-rel-/- females successfully 
identified the odorous cartridge (one-sample t-test vs. 
chance level, **p < 0.01 and *p < 0.05, d = 1.12 and d = 
0.58 respectively). The total sniffing time scored at the 
odor dilution 1:104 did not change between wt and c-rel-/- 
mice of both sexes, suggesting that the bad performance 
of c-rel-/- males in locating the odor was not caused by 
an altered exploratory behavior (Additional file 5: Fig. e. 
two-way ANOVA followed by Sidak’s multiple compari-
son test).

Aged c-rel-/- females exhibit milder neuropsychiatric 
deficits compared to their c-rel-/- male counterparts
Anxiety-like behavior was assessed by the OF test [49] 
in 18–19-month-old wt and c-rel-/- mice, males and 
females. c-rel-/- male mice positioned in the center of a 
black plastic OF arena and analyzed for 5 min displayed 
an anxious behavior (Fig. 6a-g). In comparison with sex-
matched wt mice, they covered a higher total distance 
[two-way ANOVA followed by Sidak’s multiple compar-
ison test, Genotype F(1, 69) = 37,99, ****p < 0.0001, ηp

2 
= 0.35. Post-hoc analysis, ****p < 0.0001], spent less time 
and traveled a shorter distance but faster in the central 
zone [time in central zone: two-way ANOVA followed 
by Sidak’s multiple comparison test, Genotype F(1, 69) 
= 8,049, **p < 0.01, ηp

2 = 0.10. Post-hoc analysis, *p < 
0.05; distance in central zone: two-way ANOVA followed 
by Sidak’s multiple comparison test, Genotype F(1, 69) 
= 12,20, ***p < 0.001, ηp

2 = 0.15. Post-hoc analysis, *p < 
0.05; average speed in central zone: two-way ANOVA 
followed by Sidak’s multiple comparison test, Genotype 
F(1, 61) = 22,81, ****p < 0.0001, ηp

2 = 0.27. Sex F(1, 61) = 
6,191, *p < 0.05, ηp

2 = 0.09. Post-hoc analysis, *p < 0.05, 
***p < 0.001]. c-rel-/- males spent significantly more time, 
traveled a greater distance, and entered more frequently 
in the peripheral zone [time in peripheral zone: Kruskal-
Wallis test followed by Dunn’s multiple comparison test, 
η2 = 0.13. Post-hoc analysis, *p < 0.05, **p < 0.01; dis-
tance in peripheral zone: Kruskal-Wallis test followed 
by Dunn’s multiple comparison test, η2 = 0.13. Post-hoc 
analysis, *p < 0.05, **p < 0.01; entries in peripheral zone: 
two-way ANOVA followed by Sidak’s multiple compari-
son test, F(1, 69) = 16,08, ***p < 0.001, ηp

2 = 0.19. Geno-
type * Sex F(1, 69) = 6,005, *p < 0.05, ηp

2 = 0.08. Post-hoc 
analysis, **p < 0.01, ***p < 0.001].

Similarly to c-rel-/- males, c-rel-/- females were signifi-
cantly more active, and covered a shorter distance but 
moved faster in the central area. Though, c-rel-/- females 
did not significantly differ from wt females in the time 
spent in the central area and in the locomotion param-
eters related to the peripheral area (Kruskal-Wallis test 

Fig. 5  Olfactory deficits in aged c-rel-/- male and female mice. Odor detec-
tion test was conducted on 18–19-month-old wt and c-rel-/- males and 
females (wt males: 13 mice; c-rel-/- males: 13 mice; wt females: 9 mice; 
c-rel-/- females: 15 mice). The percentage of time sniffing the odor at con-
centration 1:104 is presented. Aged wt male mice were able to localise 
the odor, as indicated by the percentage of time sniffing the odor sig-
nificantly higher than the 50% chance level (#p < 0.05, one-sample t-test). 
On the contrary, age-matched c-rel-/- males could not target the fragrance 
(p > 0.05, one-sample t-test), and exhibited a significant odor detection 
impairment compared to wt males (*p < 0.05; **p < 0.01, two-way ANOVA 
followed by Sidak’s multiple comparison test). Both wt and c-rel-/- females 
recognized the cartridge filled with the vanilla extract (# #p < 0.01 and 
#p < 0.05, respectively, one-sample t-test)
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followed by Dunn’s multiple comparison test; two-way 
ANOVA followed by Sidak’s multiple comparison test).

Depressive-like behavior was investigated by the FST in 
wt and c-rel-/- mice, males and females, of 18–19 months 
(Fig. 6h, i) [49]. A higher immobility time and a shorter 
latency to immobility, two indicators of depressive-like 
behavior, were found in c-rel-/- male mice compared 
with sex-matched wt, but not in c-rel-/- females (immo-
bility time: Kruskal-Wallis test followed by Dunn’s mul-
tiple comparison test, η2 = 0.19. Post-hoc analysis, *p < 

0.05; latency to immobility: Kruskal-Wallis test followed 
by Dunn’s multiple comparison test, η2 = 0.20. Post-hoc 
analysis, *p < 0.05, **p < 0.01). The number of wheel 
rotations and turning time together with maximum and 
average rpm did not differ among wt and c-rel-/- mice in 
either sex (Additional file 5: Fig. 5g-i, two-way ANOVA 
followed by Sidak’s multiple comparison test). Also the 
bw, a parameter influencing rodents’ performance in the 
FST [59], did not vary among wt and c-rel-/- males and 

Fig. 6 (See legend on next page.)
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females (Additional file 5: Fig. 5f, two-way ANOVA fol-
lowed by Sidak’s multiple comparison test).

Apathetic behavior was analyzed by the nest building 
test in 18–19-month-old wt and c-rel-/- mice, males and 
females (Fig. 6j) [49]. While c-rel-/- males needed more 
time to nibble the cellulose bag and prepare a nest in 
comparison with sex-matched wt mice, c-rel-/- females 
did not show any difference from wt females (Kruskal-
Wallis test followed by Dunn’s multiple comparison test, 
η2 = 0.83. Post-hoc analysis, *p < 0.05). Moreover, c-rel-/- 
females were significantly faster than corresponding male 
siblings in building the nest (Kruskal-Wallis test followed 
by Dunn’s multiple comparison test, η2 = 0.83. Post-hoc 
analysis, ****p < 0.0001).

Discussion
This study highlights sexual dimorphism in the c-rel-/- 
mouse model of PD, as aged female mice exhibit pre-
served nigrostriatal dopaminergic fibers and lack of 
significant motor and prodromal deficits. In contrast to 
aged c-rel-/- male mice displaying a significant reduction 
of TH+ neurons in the SN and TH+ fiber density in the 
striatum [46, 48], aged female c-rel-/- mice showed a loss 
of TH+ neuronal population in the SN with a conserved 
density of striatal dopaminergic fibers. The preservation 
of dopaminergic fiber density may point to the possibility 
of a trophic process that could support striatal dopami-
nergic fibers in females over the course of their lifespan.

Striatal DAT levels were also reduced in male c-rel-/- 
mice compared their wt littermates, in line with previous 
findings [46]. In contrast, no changes in DAT immuno-
reactivity were observed between wt and c-rel-/- females. 
Interestingly, wt females exhibited significantly lower 
DAT density compared to wt males. Given the compa-
rable density of dopaminergic fiber between sexes, it 
may be speculated that reduced DAT expression can 
enhance dopaminergic transmission efficiency in aged 
wt females. The preservation of striatal dopaminergic 
fiber and DAT expression in c-rel-/- females, despite the 

loss of SN dopaminergic neurons, likely explains the lack 
of a parkinsonian behavioral phenotype in these mice. 
A similar difference between male and females was also 
found in human subjects. Imaging studies demonstrated 
a more rapid age-related decline of striatal DAT activ-
ity in women than men in both healthy subjects and PD 
patients [60, 61].

When analyzed from the behavioral point of view, the 
catwalk gait parameters confirmed gait-related deficits in 
aged c-rel-/- male mice [46]. Similarly to MPTP-treated 
and 6-OHDA-treated rodent models of PD, male c-rel-/- 
mice were slower in traveling along the catwalk [62–65]. 
In accordance with previous studies on other PD rodent 
models [62–67], c-rel-/- males exhibited a reduced swing 
speed, a feature associated with bradykinesia [68]. In 
addition, male c-rel-/- mice displayed an increase on stand 
duration compared to wt mice, as reported in other PD 
animal models [63, 65, 67]. This parameter mimics the 
freezing of gait that can be caused by an increase in mus-
cle rigidity [69]. Finally, stride length during walking was 
reduced in c-rel-/- males. Decreased stride length during 
walking is a feature often seen in PD patients [70], and 
was also found in toxin-induced models of PD [64, 65, 
67, 71]. All these gait parameters were not significantly 
altered in c-rel-/- females, suggesting a sex-dependent 
differential motor phenotype in this PD mouse model, 
reminiscent of the milder motor symptoms observed in 
women affected by PD [10, 12].

The lack of significant motor deficits in aged c-rel-/- 
female mice is consistent with the different degenerative 
process occurring in the two sexes. Females c-rel-/- mice 
displayed a milder dopaminergic neurodegeneration 
of the nigrostriatal tract compared with males. Aged 
c-rel-/- female mice did not differ from wt littermates 
in terms of striatal dopaminergic fiber integrity and 
DAT levels. Notably, wt female mice exhibited lower 
DAT levels compared to wt males, which however, did 
not impact on motor behavior. Indications for a sexual 
dimorphism in the nigrostriatal pathway in PD come 

(See figure on previous page.)
Fig. 6  Neuropsychiatric symptoms in aged c-rel-/- male and female mice. Anxiety-like behavior was assessed by the OF test (a-g) in 18–19-month-old wt 
and c-rel-/- mice, males and females (wt males: 15 mice; c-rel-/- males: 15 mice; wt females: 20 mice; c-rel-/- females: 23 mice). The total distance covered (a), 
the time spent, the distance covered, and the average speed scored in the center of the apparatus (b-d, respectively), the time spent, the distance cov-
ered, and the number of entries calculated in the peripheral area (e-g, respectively) are displayed. c-rel-/- male and female mice shared a similar behavior 
in comparison with sex-matched controls, covering a higher total distance (a, males and females p < 0.0001), and travelling a lower distance (c, males and 
females p < 0.05) but at a higher speed (d, males p < 0.001, females p < 0.05) in the central area. Conversely, while c-rel-/- males spent less time in the central 
area (b, p < 0.05), and spent more time, covered a higher distance and moved into the peripheral area more frequently (e: p < 0.05, f: p < 0.05, g: p < 0.001, 
respectively) in comparison to wt males, c-rel-/- females did not differ significantly from wt females in these parameters (b, e-g: p > 0.05). Depressive-like 
behavior was measured with the FST in wt and c-rel-/- mice aged 18–19 months, males and females (wt males: 15 mice; c-rel-/- males: 21 mice; wt females: 
10 mice; c-rel-/- females: 11 mice). The latency to immobility (h) and the immobility time (i) are shown. A higher immobility time and a shorter latency to 
immobility were observed in c-rel-/- male mice compared with sex-matched wt (h: p < 0.05, i: p < 0.01, respectively), but not in c-rel-/- females vs. wt females 
(h, i: p > 0.05). Apathetic behavior was measured as latency to build the nest in the nest building test (j) in 18–19-month-old wt and c-rel-/- mice, males 
and females (wt males: 9 cages; c-rel-/- males: 9 cages; wt females: 7 cages; c-rel-/- females: 8 cages). c-rel-/- male mice took more time to build the nest in 
comparison to sex-matched wt (j: p < 0.05), while c-rel-/- females did not (j: p > 0.05). c-rel-/- females were faster than corresponding males in building the 
nest (j: p < 0.0001, respectively). *p < 0.05; **p < 0.01; ***p < 0.001, ****p < 0.0001. Two-way ANOVA followed by Sidak’s multiple comparison test in (a-d, f); 
Kruskal-Wallis test followed by Dunn’s multiple comparison test in (e, g-j)
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from both preclinical and clinical studies. Similarly to 
the c-rel-/- model, in mice expressing the human A53T 
variant of α-synuclein (A53T mice), females developed 
milder motor impairment than males, and displayed loss 
of dopaminergic neurons in SN without degeneration of 
dopaminergic fibers in the striatum [72]. In healthy rats, 
DAT density and striatal dopamine levels were higher in 
females than in males [73]. In toxin-based rodent models 
of PD, the loss of nigral dopaminergic neurons and the 
reduction of striatal dopamine levels is more marked in 
males, while females are more resistant to low doses of 
toxins and developed a lower PD-like pathology [74–76]. 
In a similar fashion, in the MitoPark mouse model of PD, 
females presented a delayed presynaptic dopamine dys-
functions in the nigrostriatal pathway and delayed motor 
symptoms than males [77].

The more benign PD phenotype with delayed dis-
ease onset in women is associated with preserved global 
gray matter volumes. Magnetic resonance imaging in de 
novo male and female PD patients revealed that women 
showed significant larger volumes in several subcortical 
structures, including the caudate and putamen, relative 
to male patients [78].

Differential mitochondrial functions and the role of 
estrogens are among the key factors contributing to the 
sexual dimorphism observed at the nigrostriatal level 
[7]. Mitochondrial function and resistance to oxidative 
stress exhibit sexual dimorphism across various brain 
regions, including the striatum [79]. For instance, female 
mice demonstrate lower mitochondrial ROS production 
in the striatum compared to males, attributed to higher 
antioxidant defenses [80–82]. Supporting this, mesen-
cephalic neurons from male mice exposed to 6-OHDA 
show increased ROS levels, along with reduced ATP and 
mitochondrial protein levels, compared to neurons from 
females [83].

Estrogens are proposed to play a neuroprotective role 
through their neurotrophic, antioxidant and anti-inflam-
matory effects, as well as their regulatory influence on the 
nigrostriatal dopaminergic system [7, 84]. Different types 
of estrogen receptors (ERs) are present in brain regions 
including SN and striatum. Interestingly, ERs are not 
expressed in dopaminergic neurons themselves but are 
localized in the surrounding cellular microenvironment, 
including interneurons, glia and microglia, which inter-
act with nigrostriatal TH+ neurons [7]. Estrogens can 
exert a neurotrophic activity by enhancing brain-derived 
neurotrophic factor (BDNF) expression [85] and mitigate 
oxidative stress by upregulating glial cell–derived neu-
rotrophic factor (GDNF) and B-cell lymphoma 2 (Bcl-2) 
[86]. Although sexual dimorphism in neuroinflamma-
tion has been scarcely investigated in PD patients and 
preclinical models, estrogens may also be beneficial by 
modulating microglia activity [87]. Finally, estrogens have 

also been reported to positively affect DAT levels and the 
dopamine synthesis [60].

Behavioral abnormalities in aged c-rel-/- female mice 
were evaluated using non-motor tasks. Assessment of 
stool frequency and stool water content in aged wt and 
c-rel-/- mice of both sexes confirmed a reduced colon 
motility in c-rel-/- males [48]. Conversely, c-rel-/- females 
did not show significant constipation. Interestingly, both 
wt and c-rel-/- females showed reduced stool frequency 
and stool water content compared to age-matched males. 
This finding aligns with the fact that constipation is com-
monly observed in postmenopausal women [88].

In the odor detection test, consistent with our prior 
results [48], aged c-rel-/- males showed reduced ability to 
locate the odor compared to wt males, while both aged 
wt and c-rel-/- females successfully detected the scent. 
Potential confounding factors may affect olfactory-driven 
behavior in this task. Notably, sex-specific differences 
in odor preferences influenced by mating and breeding 
behaviors, as well as modulation of olfactory sensitivity 
by sex hormones, have been documented in rodents [89]. 
Although we cannot rule out sex-specific differences in 
the detection of certain compounds, these results sug-
gest preserved olfactory function in aged c-rel-/- females. 
Furthermore, they are consistent with studies indicating 
more pronounced olfactory deficits in male than female 
PD patients [19, 23, 90].

The results obtained with the OF test, FST and nest 
building task confirmed that aged c-rel-/- male mice 
exhibit neuropsychiatric symptoms, including anxi-
ety-, depressive- and apathetic-like behaviors [49]. Aged 
c-rel-/- females exhibited an anxious behavior in some 
parameters scored in the OF test. Notably, the absence 
of differences between males and females in total dis-
tance traveled during the OF test is consistent with previ-
ous studies in other PD mouse models [91]. In contrast, 
aged c-rel-/- female mice did not display depressive-like 
behavior when subjected to the FST. Also, aged wt and 
c-rel-/- females performed similarly in the nest building 
test. Of note, consistent with prior findings [92], aged 
wt females were faster than wt males in building a nest. 
While we cannot exclude the presence of intrinsic sex 
differences that may have influenced the performances 
of male and female mice in the different behavioral tests, 
these results would suggest that aged female c-rel-/- mice 
display a milder PD-like phenotype, in comparison with 
age-matched male mice of the same strain.

Several mechanisms may contribute to the sexually 
dimorphic non-motor symptomatology in c-rel-/- mice. 
For example, our preliminary observation of absent colon 
shortening in c-rel-/- females suggest milder intestinal 
inflammation. Gastrointestinal inflammation has been 
observed in PD patients, correlating with disease sever-
ity [93]. At the olfactory level, neurodegeneration and 
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microgliosis have been reported in the OBs of male PD 
patients, but not female, suggesting that these factors 
may contribute to the sex differences in hyposmia [94]. 
Additionally, a recent proteomic study revealed sex-
dependent changes in Sirtuin signaling in the olfactory 
tract of PD patients [95].

A limitation of this study is that it provides a snap of a 
specific point in the progression of c-rel-/- mice pathol-
ogy, namely the old age when motor deficits begin to 
be detectable. Several imaging studies have shown that 
women have higher striatal DAT activity than men dur-
ing young-to-middle age, a feature likely influenced by 
estrogens [57, 96–98]. Estrogen levels reach their high-
est during the reproductive lifespan, the period between 
menarche and menopause, allowing women to benefit 
the most from estrogen exposure [99]. Observational 
studies have reported a direct correlation between dura-
tion of reproductive lifespan in female PD patients and 
the onset, progression and severity of motor symptoms, 
with a shortened reproductive lifespan being associated 
with an early, faster and more severe disease disability 
[99–101]. Thus, reproductive factors in females might 
aid in mitigating PD progression. In light of these consid-
erations, we speculate that the milder symptomatology 
observed in aged c-rel-/- females may be due to estrogens 
exposure during their reproductive lifespan. Future stud-
ies investigating the symptoms and pathology of c-rel-/- 
females at younger ages will be necessary to test these 
hypotheses.

Finally, several studies pointed out a sexual dimor-
phism in NF-κB activity [102–105]. In particular, recent 
trascriptomic analyses have also indicated sex-dependent 
differences for NF-κB members, including RelA, NF-κB1 
and RelB, in PD [106–109]. Hence, it will be crucial to 
determine whether sexually dimorphic activity of NF-κB 
subunits may be involved in the milder pathology and 
symptomatology observed in the females of this mouse 
model of PD.

Perspectives and significance
In summary, when compared with aged c-rel-/- male 
mice, age-matched c-rel-/- females displayed a milder 
pathology, characterized by the loss of SNpc dopaminer-
gic neurons without a significant loss of striatal dopami-
nergic fibers and terminals. In addition, c-rel-/- females 
suffer from milder motor symptoms, constipation, olfac-
tory dysfunctions and neuropsychiatric deficits. The sex-
ually dimorphic phenotype found in c-rel-/- mouse model 
of PD aligns with sex differences observed in PD patients, 
supporting the validity of these animals as a preclinical 
model of PD.

Conclusions
In conclusion, the results showing lower vulnerability to 
striatal dopaminergic degeneration and less severe symp-
toms in c-rel-/- female mice indicate the suitability of this 
mouse model to study sex differences in PD. Clarifying 
the role of sex in PD will be essential to develop sex-spe-
cific diagnostic, preventive and therapeutic strategies for 
this disorder.

Supplementary Information
The online version contains supplementary material available at ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​
g​/​​1​0​.​​1​1​8​6​​/​s​​1​3​2​9​3​-​0​2​5​-​0​0​7​6​1​-​0.

Supplementary Material 1

Supplementary Material 2

Supplementary Material 3

Supplementary Material 4

Supplementary Material 5

Acknowledgements
This work was supported by grants from the University of Brescia. The authors 
performed experiments at the Imaging Platform of the Department of 
Translational and Molecular Medicine of the University of Brescia. We would 
like to thank Cristina Baiguera for her support during the revision process. We 
also thank Michela Richini for her contribution during the revision process of 
this work.

Author contributions
EP, VP, MMG, MB (Marina Benarese), FDG, AA, MB (Marina Bentivoglio), PFB 
and MP: conceptualization. EP, VP, MMG, MB (Marina Benarese), FDG, AA, CF, 
MB (Marina Bentivoglio), PFB and MP: formal analysis and investigation. EP: 
writing - original draft preparation. VP, MMG, MB (Marina Benarese), FDG, AA, 
CF, MB (Marina Bentivoglio), PFB and MP: writing – review and editing. MP: 
funding acquisition. MP: supervision. All authors read and approved the final 
manuscript.

Funding
Institutional Fundings from the University of Brescia supported this work.

Data availability
All data generated and/or analysed during the current study are available 
from the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
All animal studies received approval from the Animal Research Committees 
of the University of Brescia (Organismo Preposto al Benessere degli Animali, 
OPBA). Directive 2010/63/EU on animal research was followed and ethical 
guidelines of the University of Brescia were strictly followed.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1Division of Pharmacology, Department of Molecular and Translational 
Medicine, University of Brescia, Brescia, Italy
2Departmental Faculty of Medicine, Saint Camillus International University 
of Health Sciences, Rome, Italy
3Section of Innovation Biomedicine, Department of Engineering for 
Innovation Medicine, University of Verona, Verona, Italy

https://doi.org/10.1186/s13293-025-00761-0
https://doi.org/10.1186/s13293-025-00761-0


Page 14 of 16Parrella et al. Biology of Sex Differences           (2025) 16:73 

4Section of Anatomy and Histology, Department of Neurosciences, 
Biomedicine and Movement Sciences, School of Medicine, University of 
Verona, Verona, Italy

Received: 10 April 2025 / Accepted: 16 September 2025

References
1.	 Tysnes OB, Storstein A. Epidemiology of Parkinson’s disease. J Neural Transm 

(Vienna). 2017;124(8):901–5. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​7​​/​s​​0​0​7​0​2​-​0​1​7​-​1​6​8​6​-​y.
2.	 Kalia LV, Lang AE. Parkinson’s disease. Lancet. 2015;386:896–912.
3.	 Poewe W, Seppi K, Tanner CM, Halliday GM, Brundin P, Volkmann J, et al. 

Parkinson disease. Nat Rev Dis Primers. 2017;3:17013. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​
n​​r​d​p​.​2​0​1​7​.​1​3.

4.	 Cerri S, Mus L, Blandini F. Parkinson’s disease in women and men: what’s the 
difference? J Parkinsons Dis. 2019;9(3):501–15. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​2​3​3​​/​J​​P​D​-​1​
9​1​6​8​3.

5.	 Nicoletti A, Baschi R, Cicero CE, Iacono S, Re VL, Luca A, et al. Sex and gender 
differences in Alzheimer’s disease, Parkinson’s disease, and amyotrophic 
lateral sclerosis: a narrative review. Mech Ageing Dev. 2023;212:111821. ​h​t​t​p​​s​:​
/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​m​a​d​.​2​0​2​3​.​1​1​1​8​2​1.

6.	 Russillo MC, Andreozzi V, Erro R, Picillo M, Amboni M, Cuoco S, et al. Sex differ-
ences in Parkinson’s disease: from bench to bedside. Brain Sci. 2022;12(7):917. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​9​0​​/​b​​r​a​i​n​s​c​i​1​2​0​7​0​9​1​7.

7.	 Vegeto E, Villa A, Della Torre S, Crippa V, Rusmini P, Cristofani R, et al. The 
role of sex and sex hormones in neurodegenerative diseases. Endocr Rev. 
2020;41(2):273–319. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​2​1​0​​/​e​​n​d​r​e​v​/​b​n​z​0​0​5.

8.	 Zalewska T, Pawelec P, Ziabska K, Ziemka-Nalecz M. Sexual dimorphism in 
neurodegenerative diseases and in brain ischemia. Biomolecules. 2023;13:26. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​9​0​​/​b​​i​o​m​1​3​0​1​0​0​2​6.

9.	 Lubomski M, Louise Rushworth R, Lee W, Bertram KL, Williams DR. Sex differ-
ences in Parkinson’s disease. J Clin Neurosci. 2014;21(9):1503–6. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​
g​/​​1​0​.​​1​0​1​6​​/​j​​.​j​o​c​n​.​2​0​1​3​.​1​2​.​0​1​6.

10.	 Haaxma CA, Bloem BR, Borm GF, Oyen WJ, Leenders KL, Eshuis S, et al. 
Gender differences in Parkinson’s disease. J Neurol Neurosurg Psychiatry. 
2007;78(8):819–24. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​3​6​​/​j​​n​n​p​.​2​0​0​6​.​1​0​3​7​8​8.

11.	 Gillies GE, Pienaar IS, Vohra S, Qamhawi Z. Sex differences in Parkinson’s 
disease. Front Neuroendocrinol. 2014;35(3):370–84. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​
y​f​​r​n​e​​.​2​0​1​​4​.​​0​2​.​0​0​2.

12.	 Picillo M, Nicoletti A, Fetoni V, Garavaglia B, Barone P, Pellecchia MT. The rel-
evance of gender in Parkinson’s disease: a review. J Neurol. 2017;264(8):1583–
607. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​7​​/​s​​0​0​4​1​5​-​0​1​6​-​8​3​8​4​-​9.

13.	 Ou R, Liu H, Hou Y, Song W, Cao B, Wei Q, et al. Predictors of camptocormia in 
patients with Parkinson’s disease: a prospective study from Southwest China. 
Parkinsonism Relat Disord. 2018;52:69–75. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​p​a​​r​k​r​​e​l​d​i​​s​
.​​2​0​1​8​.​0​3​.​0​2​0.

14.	 Baba Y, Putzke JD, Whaley NR, Wszolek ZK, Uitti RJ. Gender and the Parkinson’s 
disease phenotype. J Neurol. 2005;252(10):1201–5. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​7​​/​s​​0​
0​4​1​5​-​0​0​5​-​0​8​3​5​-​7.

15.	 Colombo D, Abbruzzese G, Antonini A, Barone P, Bellia G, Franconi F, et al. The 
gender factor in wearing-off among patients with Parkinson’s disease: a post 
hoc analysis of DEEP study. Sci World J. 2015;2015:787451. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​
1​1​5​5​​/​2​​0​1​5​/​7​8​7​4​5​1.

16.	 Growdon JH, Kieburtz K, McDermott MP, Panisset M, Friedman JH. Levodopa 
improves motor function without impairing cognition in mild non-
demented Parkinson’s disease patients. Neurology. 1998;50(5):1327–31. ​h​t​t​p​​s​:​
/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​2​1​2​​/​w​​n​l​.​5​0​.​5​.​1​3​2​7.

17.	 Parashos SA, Bloem BR, Browner NM, Giladi N, Gurevich T, Hausdorff JM, et al. 
What predicts falls in Parkinson disease? Observations from the Parkinson’s 
foundation registry. Neurol Clin Pract. 2018;8(3):214–22. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​2​
1​2​​/​C​​P​J​.​​0​0​0​​0​0​0​0​​0​0​​0​0​0​0​4​6​1.

18.	 Cholerton B, Johnson CO, Fish B, Quinn JF, Chung KA, Peterson-Hiller AL, et al. 
Sex differences in progression to mild cognitive impairment and dementia in 
Parkinson’s disease. Parkinsonism Relat Disord. 2018;50:29–36. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​
/​​1​0​.​​1​0​1​6​​/​j​​.​p​a​​r​k​r​​e​l​d​i​​s​.​​2​0​1​8​.​0​2​.​0​0​7.

19.	 Liu R, Umbach DM, Peddada SD, Xu Z, Tröster AI, Huang X, Chen H. Potential 
sex differences in nonmotor symptoms in early drug-naive Parkinson disease. 
Neurology. 2015;84(21):2107–15. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​2​1​2​​/​W​​N​L​.​​0​0​0​​0​0​0​0​​0​0​​0​0​0​
1​6​0​9.

20.	 Liu M, Luo YJ, Gu HY, Wang YM, Liu MH, Li K, et al. Sex and on-set-age-related 
features of excessive daytime sleepiness and night-time sleep in patients 
with Parkinson’s disease. BMC Neurol. 2021;21(1):165. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​8​6​​/​
s​​1​2​8​8​3​-​0​2​1​-​0​2​1​9​2​-​x.

21.	 Mao CJ, Xiong YT, Wang F, Yang YP, Yuan W, Zhu C, et al. Motor subtypes and 
other risk factors associated with drooling in Parkinson’s disease patients. 
Acta Neurol Scand. 2018;137(5):509–14. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​1​1​​/​a​​n​e​.​1​2​8​9​3.

22.	 Maas BR, Göttgens I, Tijsse Klasen HPS, Kapelle WM, Radder DLM, Bloem BR, 
Post B, de Vries NM, Darweesh SKL. Age and gender differences in non-motor 
symptoms in people with parkinson’s disease. Front Neurol. 2024;15:1339716. 
PMID: 38361642; PMCID: PMC10867965.

23.	 Picillo M, Amboni M, Erro R, Longo K, Vitale C, Moccia M, Pierro A, Santangelo 
G, De Rosa A, De Michele G, Santoro L, Orefice G, Barone P, Pellecchia MT. 
Gender differences in non-motor symptoms in early, drug naïve parkinson’s 
disease. J Neurol. 2013;260(11):2849–55. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​7​​/​s​​0​0​4​1.

24.	 Reekes TH, Higginson CI, Ledbetter CR, Sathivadivel N, Zweig RM, Disbrow 
EA. Sex specific cognitive differences in Parkinson disease. NPJ Parkinsons Dis. 
2020;6:7. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​s​​4​1​5​3​1​-​0​2​0​-​0​1​0​9​-​1.

25.	 Scaglione C, Vignatelli L, Plazzi G, Marchese R, Negrotti A, Rizzo G, Lopane 
G, Bassein L, Maestri M, Bernardini S, Martinelli P, Abbruzzese G, Calzetti 
S, Bonuccelli U, Provini F, Coccagna G, Bologna. Genova, Parma and Pisa 
universities group for the study of REM sleep behavior disorder in parkinson’s 
Disease. REM sleep behaviour disorder in parkinson’s disease: a question-
naire-based study. Neurol Sci. 2005;25(6):316–21. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​7​​/​s​​1​0​
0​7​2​-​0​0​4​-​0​3​6​4​-​7.

26.	 Nienstedt JC, Bihler M, Niessen A, Plaetke R, Pötter-Nerger M, Gerloff C, et al. 
Predictive clinical factors for penetration and aspiration in Parkinson’s disease. 
Neurogastroenterol Motil. 2019;31(3):e13524. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​1​1​​/​n​​m​o​.​1​3​
5​2​4.

27.	 Boccalini C, Carli G, Pilotto A, Padovani A, Perani D. Gender differences in 
dopaminergic system dysfunction in de novo Parkinson’s disease clinical 
subtypes. Neurobiol Dis. 2022;167:105668. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​n​b​d​.​2​0​2​2​
.​1​0​5​6​6​8.

28.	 Broen MPG, Leentjens AFG, Hinkle JT, Moonen AJH, Kuijf ML, Fischer NM, 
Perepezko K, Bakker A, Pontone GM. Clinical markers of anxiety subtypes in 
Parkinson disease. J Geriatr Psychiatry Neurol. 2018;31(2):55–62. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​
g​/​​1​0​.​​1​1​7​7​​/​0​​8​9​1​9​8​8​7​1​8​7​5​7​3​6​9.

29.	 Farhadi F, Vosoughi K, Shahidi GA, Delbari A, Lökk J, Fereshtehnejad SM. 
Sexual dimorphism in parkinson’s disease: differences in clinical manifes-
tations, quality of life and psychosocial functioning between males and 
females. Neuropsychiatr Dis Treat. 2017;13:329–38. PMID: 28203083; PMCID: 
PMC5295791.

30.	 Wissel BD, Dwivedi AK, Merola A, Chin D, Jacob C, Duker AP, Vaughan JE, 
Lovera L, LaFaver K, Levy A, Lang AE, Morgante F, Nirenberg MJ, Stephen 
C, Sharma N, Romagnolo A, Lopiano L, Balint B, Yu XX, Bhatia KP, Espay AJ. 
Functional neurological disorders in Parkinson disease. J Neurol Neurosurg 
Psychiatry. 2018;89(6):566–71. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​3​6​​/​j​​n​n​p​-​2​0​1​7​-​3​1​7​3​7​8.

31.	 Camandola S, Mattson MP. NF-kappa b as a therapeutic target in neurode-
generative diseases. Expert Opin Ther Targets. 2007;11(2):123–32.

32.	 Mincheva-Tasheva S, Soler RM. NF-κB signaling pathways: role in nervous 
system physiology and pathology. Neuroscientist. 2013;19(2):175–94. ​h​t​t​p​​s​:​/​​/​
d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​7​7​​/​1​​0​7​3​8​5​8​4​1​2​4​4​4​0​0​7.

33.	 Gilmore TD, Wolenski FS. NF-κB: where did it come from and why? Immunol 
Rev. 2012;246(1):14–35. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​1​1​​/​j​​.​1​6​​0​0​-​​0​6​5​X​​.​2​​0​1​2​.​0​1​0​9​6​.​x.

34.	 Oeckinghaus A, Ghosh S. The NF-kappaB family of transcription factors and 
its regulation. Cold Spring Harb Perspect Biol. 2009;1(4):a000034. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​
r​g​/​​1​0​.​​1​1​0​1​​/​c​​s​h​p​​e​r​s​​p​e​c​t​​.​a​​0​0​0​0​3​4.

35.	 Lanzillotta A, Porrini V, Bellucci A, Benarese M, Branca C, Parrella E, et al. NF-κB 
in innate neuroprotection and age-related neurodegenerative diseases. Front 
Neurol. 2015;6:98 (PMID: 26042083; PMCID: PMC4438602).

36.	 Pizzi M, Spano P. Distinct roles of diverse nuclear factor-kappaB complexes in 
neuropathological mechanisms. Eur J Pharmacol. 2006;545(1):22–8. ​h​t​t​p​​s​:​/​​/​d​
o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​e​j​​p​h​a​​r​.​2​0​​0​6​​.​0​6​.​0​2​7.

37.	 Sarnico I, Branca C, Lanzillotta A, Porrini V, Benarese M, Spano PF, et al. NF-κB 
and epigenetic mechanisms as integrative regulators of brain resilience to 
anoxic stress. Brain Res. 2012;1476:203–10. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​b​r​​a​i​n​​r​e​s​.​​
2​0​​1​2​.​0​4​.​0​1​3.

38.	 Lanzillotta A, Pignataro G, Branca C, Cuomo O, Sarnico I, Benarese M, 
Annunziato L, Spano P, Pizzi M. Targeted acetylation of NF-kappaB/RelA and 
histones by epigenetic drugs reduces post-ischemic brain injury in mice with 
an extended therapeutic window. Neurobiol Dis. 2013;49:177–89. Epub 2012 
Aug 30. PMID: 22971966.

https://doi.org/10.1007/s00702-017-1686-y
https://doi.org/10.1038/nrdp.2017.13
https://doi.org/10.1038/nrdp.2017.13
https://doi.org/10.3233/JPD-191683
https://doi.org/10.3233/JPD-191683
https://doi.org/10.1016/j.mad.2023.111821
https://doi.org/10.1016/j.mad.2023.111821
https://doi.org/10.3390/brainsci12070917
https://doi.org/10.3390/brainsci12070917
https://doi.org/10.1210/endrev/bnz005
https://doi.org/10.3390/biom13010026
https://doi.org/10.3390/biom13010026
https://doi.org/10.1016/j.jocn.2013.12.016
https://doi.org/10.1016/j.jocn.2013.12.016
https://doi.org/10.1136/jnnp.2006.103788
https://doi.org/10.1016/j.yfrne.2014.02.002
https://doi.org/10.1016/j.yfrne.2014.02.002
https://doi.org/10.1007/s00415-016-8384-9
https://doi.org/10.1016/j.parkreldis.2018.03.020
https://doi.org/10.1016/j.parkreldis.2018.03.020
https://doi.org/10.1007/s00415-005-0835-7
https://doi.org/10.1007/s00415-005-0835-7
https://doi.org/10.1155/2015/787451
https://doi.org/10.1155/2015/787451
https://doi.org/10.1212/wnl.50.5.1327
https://doi.org/10.1212/wnl.50.5.1327
https://doi.org/10.1212/CPJ.0000000000000461
https://doi.org/10.1212/CPJ.0000000000000461
https://doi.org/10.1016/j.parkreldis.2018.02.007
https://doi.org/10.1016/j.parkreldis.2018.02.007
https://doi.org/10.1212/WNL.0000000000001609
https://doi.org/10.1212/WNL.0000000000001609
https://doi.org/10.1186/s12883-021-02192-x
https://doi.org/10.1186/s12883-021-02192-x
https://doi.org/10.1111/ane.12893
https://doi.org/10.1007/s0041
https://doi.org/10.1038/s41531-020-0109-1
https://doi.org/10.1007/s10072-004-0364-7
https://doi.org/10.1007/s10072-004-0364-7
https://doi.org/10.1111/nmo.13524
https://doi.org/10.1111/nmo.13524
https://doi.org/10.1016/j.nbd.2022.105668
https://doi.org/10.1016/j.nbd.2022.105668
https://doi.org/10.1177/0891988718757369
https://doi.org/10.1177/0891988718757369
https://doi.org/10.1136/jnnp-2017-317378
https://doi.org/10.1177/1073858412444007
https://doi.org/10.1177/1073858412444007
https://doi.org/10.1111/j.1600-065X.2012.01096.x
https://doi.org/10.1101/cshperspect.a000034
https://doi.org/10.1101/cshperspect.a000034
https://doi.org/10.1016/j.ejphar.2006.06.027
https://doi.org/10.1016/j.ejphar.2006.06.027
https://doi.org/10.1016/j.brainres.2012.04.013
https://doi.org/10.1016/j.brainres.2012.04.013


Page 15 of 16Parrella et al. Biology of Sex Differences           (2025) 16:73 

39.	 Mota M, Porrini V, Parrella E, Benarese M, Bellucci A, Rhein S, Schwaninger M, 
Pizzi M. Neuroprotective epi-drugs quench the inflammatory response and 
microglial/macrophage activation in a mouse model of permanent brain 
ischemia. J Neuroinflammation. 2020;17(1):361. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​8​6​​/​s​​1​2​9​
7​4​-​0​2​0​-​0​2​0​2​8​-​4. PMID: 33246465; PMCID: PMC7694916.

40.	 Sarnico I, Lanzillotta A, Boroni F, Benarese M, Alghisi M, Schwaninger M, Inta 
I, Battistin L, Spano P, Pizzi M. NF-kappaB p50/RelA and c-Rel-containing 
dimers: opposite regulators of neuron vulnerability to ischaemia. J Neuro-
chem. 2009;108(2):475 – 85. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​1​1​​/​j​​.​1​4​​7​1​-​​4​1​5​9​​.​2​​0​0​8​.​0​5​7​8​3​.​x. 
PMID: 19094066.

41.	 Valerio A, Dossena M, Bertolotti P, Boroni F, Sarnico I, Faraco G, Chiarugi A, 
Frontini A, Giordano A, Liou HC, De Simoni MG, Spano P, Carruba MO, Pizzi 
M, Nisoli E. Leptin is induced in the ischemic cerebral cortex and exerts 
neuroprotection through NF-kappaB/c-Rel-dependent transcription. Stroke. 
2009;40(2):610–7. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​6​1​​/​S​​T​R​O​​K​E​A​​H​A​.​1​​0​8​​.​5​2​8​5​8​8. Epub 
2008 Nov 20. PMID: 19023096.

42.	 Pizzi M, Goffi F, Boroni F, Benarese M, Perkins SE, Liou HC, et al. Oppos-
ing roles for NF-kappa B/Rel factors p65 and c-Rel in the modulation of 
neuron survival elicited by glutamate and interleukin-1beta. J Biol Chem. 
2002;277(23):20717–23. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​7​4​​/​j​​b​c​.​M​2​0​1​0​1​4​2​0​0.

43.	 Pizzi M, Sarnico I, Boroni F, Benarese M, Steimberg N, Mazzoleni G, et al. 
NF-kappaB factor c-Rel mediates neuroprotection elicited by mGlu5 
receptor agonists against amyloid beta-peptide toxicity. Cell Death Differ. 
2005;12(7):761–72. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​s​​j​.​c​d​d​.​4​4​0​1​5​9​8.

44.	 Sarnico I, Boroni F, Benarese M, Sigala S, Lanzillotta A, Battistin L, et al. Activa-
tion of NF-ΚB P65/c-Rel dimer is associated with neuroprotection elicited 
by MGlu5 receptor agonists against MPP + toxicity in SK-N-SH cells. J Neural 
Transm. 2008;115:669–76. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​7​​/​s​​0​0​7​0​2​-​0​0​7​-​0​0​0​7​-​2.

45.	 Porrini V, Pilotto A, Vezzoli M, Lanzillotta A, Gennari MM, Bonacina S, et al. 
NF-κB/c-Rel DNA-binding is reduced in substantia nigra and peripheral 
blood mononuclear cells of parkinson’s disease patients. Neurobiol Dis. 
2023;180:106067. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​n​b​d​.​2​0​2​3​.​1​0​6​0​6​7.

46.	 Baiguera C, Alghisi M, Pinna A, Bellucci A, De Luca MA, Frau L, Morelli M, 
Ingrassia R, Benarese M, Porrini V, Pellitteri M, Bertini G, Fabene PF, Sigala 
S, Spillantini MG, Liou HC, Spano PF, Pizzi M. Late-onset parkinsonism in 
NFkappaB/c-Rel-deficient mice. Brain. 2012;135:2750–65. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​
0​9​3​​/​b​​r​a​i​n​/​a​w​s​1​9​3.

47.	 Porrini V, Mota M, Parrella E, Bellucci A, Benarese M, Faggi L, Tonin P, Spano PF, 
Pizzi M. Mild inflammatory profile without gliosis in the c-Rel deficient mouse 
modeling a Late-Onset parkinsonism. Front Aging Neurosci. 2017;9:229. 
PMID: 28769786; PMCID: PMC5515865.

48.	 Parrella E, Bellucci A, Porrini V, Benarese M, Lanzillotta A, Faustini G, et al. 
NF-κb/c-Rel deficiency causes parkinson’s disease-like prodromal symptoms 
and progressive pathology in mice. Transl Neurodegener. 2019;8:16. ​h​t​
t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​8​6​​/​s​​4​0​0​3​5​-​0​1​9​-​0​1​5​4​-​z. (PMID: 31139367; PMCID: 
PMC6530198).

49.	 Parrella E, Del Gallo F, Porrini V, Gussago C, Benarese M, Fabene PF, et al. Age-
dependent neuropsychiatric symptoms in the NF-κB/c-Rel knockout mouse 
model of parkinson’s disease. Front Behav Neurosci. 2022;16:831664. ​h​t​t​p​​s​:​/​​/​d​
o​i​​.​o​​r​g​/​​1​0​.​​3​3​8​9​​/​f​​n​b​e​h​.​2​0​2​2​.​8​3​1​6​6​4.

50.	 Liou HC, Jin Z, Tumang J, Andjelic S, Smith KA, Liou ML. C-Rel is crucial for 
lymphocyte proliferation but dispensable for T cell effector function. Int 
Immunol. 1999;11:361–71.

51.	 Nelson JF, Felicio LS, Randall PK, Sims C, Finch CE. A longitudinal study of 
estrous cyclicity in aging C57BL/6J mice: I. cycle frequency, length and vagi-
nal cytology. Biol Reprod. 1982;27(2):327–39. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​9​5​​/​b​​i​o​l​r​e​p​r​
o​d​2​7​.​2​.​3​2​7.

52.	 Felicio LS, Nelson JF, Finch CE. Longitudinal studies of estrous cyclicity in 
aging C57BL/6J mice: part II. cessation of cyclicity and the duration of persis-
tent vaginal cornification. Biol Reprod. 1984;31(3):446–53. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​
0​9​5​​/​b​​i​o​l​r​e​p​r​o​d​3​1​.​3​.​4​4​6.

53.	 Mobbs CV, Gee DM, Finch CE. Reproductive senescence in female 
C57BL/6J mice: ovarian impairments and neuroendocrine impairments 
that are partially reversible and delayable by ovariectomy. Endocrinology. 
1984;115(5):1653–62. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​2​1​0​​/​e​​n​d​o​-​1​1​5​-​5​-​1​6​5​3.

54.	 Diaz Brinton R. Minireview: translational animal models of human 
menopause: challenges and emerging opportunities. Endocrinology. 
2012;153(8):3571–8. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​2​1​0​​/​e​​n​.​2​0​1​2​-​1​3​4​0.

55.	 Franklin K, Paxinos G. The mouse brain in stereotaxic Coordinates, Compact. 
2. San Diego: Academic; 2008.

56.	 Ip CW, Cheong D, Volkmann J. Stereological Estimation of dopaminergic 
neuron number in the mouse substantia Nigra using the optical fractionator 

and standard microscopy equipment. J Visualized Experiments: JoVE. 
2017;12756103. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​7​9​1​​/​5​​6​1​0​3.

57.	 Faustini G, Longhena F, Masato A, Bassareo V, Frau R, Klingstedt T, Shirani H, 
Brembati V, Parrella E, Vezzoli M, Nilsson KPR, Pizzi M, Spillantini MG, Bubacco 
L, Bellucci A. Synapsin III gene Silencing redeems alpha-synuclein Transgenic 
mice from parkinson’s disease-like phenotype. Mol Ther. 2022;30(4):1465–83. 
Epub 2022 Jan 14. PMID: 35038583; PMCID: PMC9077321.

58.	 Jin BR, Chung KS, Cheon SY, Lee M, Hwang S, Noh Hwang S, et al. Rosmarinic 
acid suppresses colonic inflammation in dextran sulphate sodium (DSS)-
induced mice via dual inhibition of NF-κb and STAT3 activation. Sci Rep. 
2017;7:1–11. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​s​​r​e​p​4​6​2​5​2.

59.	 Bogdanova OV, Kanekar S, D’Anci KE, Renshaw PF. Factors influencing behav-
ior in the forced swim test. Physiol Behav. 2013;118:227–39. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​
1​0​.​​1​0​1​6​​/​j​​.​p​h​​y​s​b​​e​h​.​2​​0​1​​3​.​0​5​.​0​1​2. Epub 2013 May 14. PMID: 23685235; PMCID: 
PMC5609482.

60.	 Lee JJ, Ham JH, Lee PH, Sohn YH. Gender differences in age-related striatal 
dopamine depletion in Parkinson’s disease. J Mov Disord. 2015;8(3):130–5. ​h​t​t​
p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​4​8​0​​2​/​​j​m​d​.​1​5​0​3​1.

61.	 Wong KK, Müller ML, Kuwabara H, Studenski SA, Bohnen NI. Gender differ-
ences in nigrostriatal dopaminergic innervation are present at young-to-mid-
dle but not at older age in normal adults. J Clin Neurosci. 2012;19(1):183–4. ​h​t​
t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​j​o​c​n​.​2​0​1​1​.​0​5​.​0​1​3.

62.	 Boix J, von Hieber D, Connor B. Gait analysis for early detection of motor 
symptoms in the 6-OHDA rat model of parkinson’s disease. Front Behav 
Neurosci. 2018;12:39. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​8​9​​/​f​​n​b​e​h​.​2​0​1​8​.​0​0​0​3​9.

63.	 Feng G, Zhang Z, Bao Q, Zhang Z, Zhou L, Jiang J, et al. Protective effect of 
Chinonin in MPTP-induced C57BL/6 mouse model of parkinson’s disease. Biol 
Pharm Bull. 2014;37(8):1301–7. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​2​4​8​​/​b​​p​b​.​b​1​4​-​0​0​1​2​8.

64.	 Sun CP, Zhou JJ, Yu ZL, Huo XK, Zhang J, Morisseau C, et al. Kurarinone 
alleviated Parkinson’s disease via stabilization of epoxyeicosatrienoic acids in 
animal model. Proc Natl Acad Sci U S A. 2022;119(9):e2118818119. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​
o​​r​g​/​​1​0​.​​1​0​7​3​​/​p​​n​a​s​.​2​1​1​8​8​1​8​1​1​9.

65.	 Zheng ZV, Cheung CY, Lyu H, Chan HY, Li Y, Bian ZX, et al. Baicalein enhances 
the effect of low dose Levodopa on the gait deficits and protects dopaminer-
gic neurons in experimental parkinsonism. J Clin Neurosci. 2019;64:242–51. ​h​
t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​j​o​c​n​.​2​0​1​9​.​0​2​.​0​0​5.

66.	 Chuang CS, Su HL, Cheng FC, Hsu SH, Chuang CF, Liu CS. Quantitative 
evaluation of motor function before and after engraftment of dopaminergic 
neurons in a rat model of Parkinson’s disease. J Biomed Sci. 2010;17(1):9. ​h​t​t​p​​s​
:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​8​6​​/​1​​4​2​3​-​0​1​2​7​-​1​7​-​9.

67.	 Zhou M, Zhang W, Chang J, Wang J, Zheng W, Yang Y, et al. Gait analysis in 
three different 6-hydroxydopamine rat models of Parkinson’s disease. Neuro-
sci Lett. 2015;584:184–9. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​n​e​​u​l​e​​t​.​2​0​​1​4​​.​1​0​.​0​3​2.

68.	 Koopmans GC, Deumens R, Brook G, Gerver J, Honig WM, Hamers FP, Joosten 
EA. Strain and locomotor speed affect over-ground locomotion in intact rats. 
Physiol Behav. 2007;92(5):993–1001. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​p​h​​y​s​b​​e​h​.​2​​0​0​​7​.​0​
7​.​0​1​8.

69.	 Kim ST, Son HJ, Choi JH, Ji IJ, Hwang O. Vertical grid test and modified hori-
zontal grid test are sensitive methods for evaluating motor dysfunctions in 
the MPTP mouse model of parkinson’s disease. Brain Res. 2010;1306:176–83. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​b​r​​a​i​n​​r​e​s​.​​2​0​​0​9​.​0​9​.​1​0​3.

70.	 Chastan N, Do MC, Bonneville F, Torny F, Bloch F, Westby GW, et al. Gait and 
balance disorders in Parkinson’s disease: impaired active braking of the fall of 
centre of gravity. Mov Disord. 2009;24(2):188–95. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​2​​/​m​​d​
s​.​2​2​2​6​9.

71.	 Wen P, Li M, Xiao H, Ding R, Chen H, Chang J, Zhou M, Yang Y, Wang J, Zheng 
W, Zhang W. Low-frequency stimulation of the pedunculopontine nucleus 
affects gait and the neurotransmitter level in the ventrolateral thalamic 
nucleus in 6-OHDA parkinsonian rats. Neurosci Lett. 2015;600:62–8. ​h​t​t​p​​s​:​/​​/​d​
o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​n​e​​u​l​e​​t​.​2​0​​1​5​​.​0​6​.​0​0​6.

72.	 Costa G, Sisalli MJ, Simola N, Della Notte S, Casu MA, Serra M, et al. Gender dif-
ferences in neurodegeneration, neuroinflammation and Na+-Ca2 + exchang-
ers in the female A53T transgenic mouse model of parkinson’s disease. Front 
Aging Neurosci. 2020;12:118. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​8​9​​/​f​​n​a​g​i​.​2​0​2​0​.​0​0​1​1​8. 
(PMID: 32477098; PMCID: PMC7232579).

73.	 Morissette M, Di Paolo T. Sex and estrous cycle variations of rat striatal dopa-
mine uptake sites. Neuroendocrinology. 1993;58(1):16–22. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​
1​1​5​9​​/​0​​0​0​1​2​6​5​0​7.

74.	 McArthur S, Murray HE, Dhankot A, Dexter DT, Gillies GE. Striatal susceptibil-
ity to a dopaminergic neurotoxin is independent of sex hormone effects on 
cell survival and DAT expression but is exacerbated by central aromatase 

https://doi.org/10.1186/s12974-020-02028-4
https://doi.org/10.1186/s12974-020-02028-4
https://doi.org/10.1111/j.1471-4159.2008.05783.x
https://doi.org/10.1161/STROKEAHA.108.528588
https://doi.org/10.1074/jbc.M201014200
https://doi.org/10.1038/sj.cdd.4401598
https://doi.org/10.1007/s00702-007-0007-2
https://doi.org/10.1016/j.nbd.2023.106067
https://doi.org/10.1093/brain/aws193
https://doi.org/10.1093/brain/aws193
https://doi.org/10.1186/s40035-019-0154-z
https://doi.org/10.1186/s40035-019-0154-z
https://doi.org/10.3389/fnbeh.2022.831664
https://doi.org/10.3389/fnbeh.2022.831664
https://doi.org/10.1095/biolreprod27.2.327
https://doi.org/10.1095/biolreprod27.2.327
https://doi.org/10.1095/biolreprod31.3.446
https://doi.org/10.1095/biolreprod31.3.446
https://doi.org/10.1210/endo-115-5-1653
https://doi.org/10.1210/en.2012-1340
https://doi.org/10.3791/56103
https://doi.org/10.1038/srep46252
https://doi.org/10.1016/j.physbeh.2013.05.012
https://doi.org/10.1016/j.physbeh.2013.05.012
https://doi.org/10.14802/jmd.15031
https://doi.org/10.14802/jmd.15031
https://doi.org/10.1016/j.jocn.2011.05.013
https://doi.org/10.1016/j.jocn.2011.05.013
https://doi.org/10.3389/fnbeh.2018.00039
https://doi.org/10.1248/bpb.b14-00128
https://doi.org/10.1073/pnas.2118818119
https://doi.org/10.1073/pnas.2118818119
https://doi.org/10.1016/j.jocn.2019.02.005
https://doi.org/10.1016/j.jocn.2019.02.005
https://doi.org/10.1186/1423-0127-17-9
https://doi.org/10.1186/1423-0127-17-9
https://doi.org/10.1016/j.neulet.2014.10.032
https://doi.org/10.1016/j.physbeh.2007.07.018
https://doi.org/10.1016/j.physbeh.2007.07.018
https://doi.org/10.1016/j.brainres.2009.09.103
https://doi.org/10.1016/j.brainres.2009.09.103
https://doi.org/10.1002/mds.22269
https://doi.org/10.1002/mds.22269
https://doi.org/10.1016/j.neulet.2015.06.006
https://doi.org/10.1016/j.neulet.2015.06.006
https://doi.org/10.3389/fnagi.2020.00118
https://doi.org/10.1159/000126507
https://doi.org/10.1159/000126507


Page 16 of 16Parrella et al. Biology of Sex Differences           (2025) 16:73 

inhibition. J Neurochem. 2007;100(3):678–92. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​1​1​​/​j​​.​1​4​​7​1​
-​​4​1​5​9​​.​2​​0​0​6​.​0​4​2​2​6​.​x.

75.	 Miller DB, Ali SF, O’Callaghan JP, Laws SC. The impact of gender and estrogen 
on striatal dopaminergic neurotoxicity. Ann N Y Acad Sci. 1998;844:153 – 65. ​h​
t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​1​1​​/​j​​.​1​7​​4​9​-​​6​6​3​2​​.​1​​9​9​8​.​t​b​0​8​2​3​0​.​x. PMID: 9668673.

76.	 Murray HE, Pillai AV, McArthur SR, Razvi N, Datla KP, Dexter DT, et al. Dose- and 
sex-dependent effects of the neurotoxin 6-hydroxydopamine on the nigros-
triatal dopaminergic pathway of adult rats: differential actions of estrogen in 
males and females. Neuroscience. 2003;116(1):213–22. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​
6​​/​s​​0​3​0​6​-​4​5​2​2​(​0​2​)​0​0​5​7​8​-​x.

77.	 Chen YH, Wang V, Huang EY, Chou YC, Kuo TT, Olson L, et al. Delayed dopa-
mine dysfunction and motor deficits in female Parkinson model mice. Int J 
Mol Sci. 2019;20(24):6251. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​9​0​​/​i​​j​m​s​2​0​2​4​6​2​5​1.

78.	 Oltra J, Uribe C, Campabadal A, Inguanzo A, Monté-Rubio GC, Martí MJ, et al. 
Sex differences in brain and cognition in de novo Parkinson’s disease. Front 
Aging Neurosci. 2022;13:791532. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​8​9​​/​f​​n​a​g​i​.​2​0​2​1​.​7​9​1​5​3​2.

79.	 Demarest TG, McCarthy MM. Sex differences in mitochondrial (dys)function: 
implications for neuroprotection. J Bioenerg Biomembr. 2015;47(1–2):173–88. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​7​​/​s​​1​0​8​6​3​-​0​1​4​-​9​5​8​3​-​7.

80.	 Giordano G, Tait L, Furlong CE, Cole TB, Kavanagh TJ, Costa LG. Gender dif-
ferences in brain susceptibility to oxidative stress are mediated by levels of 
paraoxonase-2 expression. Free Radic Biol Med. 2013;58:98–108. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​
r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​f​r​​e​e​r​​a​d​b​i​​o​m​​e​d​.​2​0​1​3​.​0​1​.​0​1​9.

81.	 Wang LF, Yokoyama KK, Chen TY, Hsiao HW, Chiang PC, Hsieh YC, et al. Male-
specific alleviation of iron-induced striatal injury by inhibition of autophagy. 
PLoS ONE. 2015;10(7):e0131224. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​3​7​1​​/​j​​o​u​r​​n​a​l​​.​p​o​n​​e​.​​0​1​3​1​2​2​
4. (PMID: 26147959; PMCID: PMC4492841).

82.	 Wang LF, Yokoyama KK, Lin CL, Chen TY, Hsiao HW, Chiang PC, et al. Knockout 
of HO-1 protects the striatum from ferrous iron-induced injury in a male-
specific manner in mice. Sci Rep. 2016;6:26358. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​s​​r​e​p​2​
6​3​5​8. (PMID: 27198537; PMCID: PMC4873828).

83.	 Misiak M, Beyer C, Arnold S. Gender-specific role of mitochondria in the vul-
nerability of 6-hydroxydopamine-treated mesencephalic neurons. Biochim 
Biophys Acta. 2010;1797(6–7):1178–88. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​b​b​​a​b​i​​o​.​2​0​​1​0​​.​
0​4​.​0​0​9.

84.	 Mariani E, Lombardini L, Facchin F, Pizzetti F, Frabetti F, Tarozzi A, et al. Sex-
specific transcriptome differences in substantia nigra tissue: a meta-analysis 
of parkinson’s disease data. Genes. 2018;9(6):275. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​9​0​​/​g​​e​n​
e​s​9​0​6​0​2​7​5.

85.	 Sohrabji F, Lewis DK. Estrogen-BDNF interactions: implications for neurode-
generative diseases. Front Neuroendocrinol. 2006;27(4):404–14. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​
g​/​​1​0​.​​1​0​1​6​​/​j​​.​y​f​​r​n​e​​.​2​0​0​​6​.​​0​9​.​0​0​3.

86.	 Sawada H, Shimohama S. Estrogens and Parkinson disease: novel approach 
for neuroprotection. Endocrine. 2003;21(1):77 – 9. doi: 10.1385/ENDO:21:1:77. 
PMID: 12777706.

87.	 Villa A, Vegeto E, Poletti A, Maggi A. Estrogens, neuroinflammation, and 
neurodegeneration. Endocr Rev. 2016;37(4):372–402. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​2​1​0​​/​
e​​r​.​2​0​1​6​-​1​0​0​7.

88.	 Callan NGL, Mitchell ES, Heitkemper MM, Woods NF. Constipation and 
diarrhea during the menopause transition and early postmenopause: 
observations from the Seattle midlife women’s health study. Menopause. 
2018;25(6):615–24. PMID: 29381667; PMCID: PMC8080720.

89.	 Stowers L, Logan DW. Sexual dimorphism in olfactory signaling. Curr Opin 
Neurobiol. 2010;20(6):770–5. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​c​o​n​b​.​2​0​1​0​.​0​8​.​0​1​5.

90.	 Ferkin MH. Odor communication and mate choice in rodents. Biology. 
2018;7(1):13. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​9​0​​/​b​​i​o​l​o​g​y​7​0​1​0​0​1​3.

91.	 Cherry JA, Baum MJ. Sex differences in main olfactory system pathways 
involved in psychosexual function. Genes Brain Behav. 2020;19(2):e12618. ​h​t​t​
p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​1​1​​/​g​​b​b​.​1​2​6​1​8.

92.	 Haehner A, Boesveldt S, Berendse HW, Mackay-Sim A, Fleischmann J, Silburn 
PA, et al. Prevalence of smell loss in Parkinson’s disease–a multicenter study. 
Parkinsonism Relat Disord. 2009;15(7):490–4. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​p​a​​r​k​r​​e​l​
d​i​​s​.​​2​0​0​8​.​1​2​.​0​0​5.

93.	 Bispo JMM, Melo JEC, Gois AM, Leal PC, Lins LCRF, Souza MF, Medeiros KAAL, 
Ribeiro AM, Silva RH, Marchioro M, Santos JR. Sex differences in the progres-
sive model of parkinsonism induced by reserpine in rats. Behav Brain Res. 
2019;363:23–9. Epub 2019 Jan 25. PMID: 30690108.

94.	 Xiong XD, Xiong WD, Xiong SS, Chen GH. Age- and gender-based differences 
in nest-building behavior and learning and memory performance mea-
sured using a radial six-armed water maze in C57BL/6 mice. Behav Neurol. 
2018;2018:8728415. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​5​5​​/​2​​0​1​8​/​8​7​2​8​4​1​5.

95.	 Pal GD, Shaikh M, Forsyth CB, Ouyang B, Keshavarzian A, Shannon KM. 
Abnormal lipopolysaccharide binding protein as marker of gastrointestinal 
inflammation in Parkinson disease. Front Neurosci. 2015;9:306. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​
/​​1​0​.​​3​3​8​9​​/​f​​n​i​n​s​.​2​0​1​5​.​0​0​3​0​6. (PMID: 26388718; PMCID: PMC4555963).

96.	 Flores-Cuadrado A, Saiz-Sanchez D, Mohedano-Moriano A, Lamas-Cenjor E, 
Leon-Olmo V, Martinez-Marcos A, et al. Astrogliosis and sexually dimorphic 
neurodegeneration and microgliosis in the olfactory bulb in Parkinson’s 
disease. NPJ Parkinsons Dis. 2021;7(1):11. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​s​​4​1​5​3​1​-​0​2​
0​-​0​0​1​5​4​-​7.

97.	 Cartas-Cejudo P, Lachén-Montes M, Ferrer I, Fernández-Irigoyen J, Santamaría 
E. Sex-divergent effects on the NAD+-dependent deacetylase sirtuin signal-
ing across the olfactory-entorhinal-amygdaloid axis in Alzheimer’s and 
Parkinson’s diseases. Biol Sex Differ. 2023;14(1):5. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​8​6​​/​s​​1​3​2​
9​3​-​0​2​3​-​0​0​4​8​7​-​x. (PMID: 36755296; PMCID: PMC9906849).

98.	 Lavalaye J, Booij J, Reneman L, Habraken JB, van Royen EA. Effect of age and 
gender on dopamine transporter imaging with [123I]FP-CIT SPET in healthy 
volunteers. Eur J Nucl Med. 2000;27:867–9.

99.	 Lee CS, Kim SJ, Oh SJ, Kim HO, Yun SC, Doudet D, et al. Uneven age effects of 
[(18)F]FP-CIT binding in the striatum of Parkinson’s disease. Ann Nucl Med. 
2014;28:874–9.

100.	 Kaasinen V, Joutsa J, Noponen T, Johansson J, Seppänen M. Effects of aging 
and gender on striatal and extrastriatal [123I] FP-CIT binding in parkinson’s 
disease. Neurobiol Aging. 2015;36:1757–63.

101.	 Ou R, Wei Q, Hou Y, Zhang L, Liu K, Lin J, et al. Reproductive lifespan and 
motor progression of Parkinson’s disease. J Clin Med. 2022;11(20):6163. ​h​t​t​p​​s​:​/​​
/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​9​0​​/​j​​c​m​1​1​2​0​6​1​6​3.

102.	 Cereda E, Barichella M, Cassani E, Caccialanza R, Pezzoli G. Reproductive 
factors and clinical features of Parkinson’s disease. Parkinsonism Relat Disord. 
2013;19(12):1094–9. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​p​a​​r​k​r​​e​l​d​i​​s​.​​2​0​1​3​.​0​7​.​0​2​0.

103.	 Frentzel D, Judanin G, Borozdina O, Klucken J, Winkler J, Schlachetzki JCM. 
Increase of reproductive life span delays age of onset of Parkinson’s disease. 
Front Neurol. 2017;8:397. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​8​9​​/​f​​n​e​u​r​.​2​0​1​7​.​0​0​3​9​7. (PMID: 
28871235; PMCID: PMC5566617).

104.	 Gaignebet L, Kańduła MM, Lehmann D, Knosalla C, Kreil DP, Kararigas G. Sex-
specific human cardiomyocyte gene regulation in left ventricular pressure 
overload. Mayo Clin Proc. 2020;95(4):688–97. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​m​a​​y​o​c​​
p​.​2​0​​1​9​​.​1​1​.​0​2​6.

105.	 Muralimanoharan S, Guo C, Myatt L, Maloyan A. Sexual dimorphism in miR-
210 expression and mitochondrial dysfunction in the placenta with maternal 
obesity. Int J Obes (Lond). 2015;39(8):1274–81. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​i​​j​o​.​2​0​1​
5​.​4​5.

106.	 Ruiz-Perera LM, Schneider L, Windmöller BA, Müller J, Greiner JFW, 
Kaltschmidt C, Kaltschmidt B. NF-κB p65 directs sex-specific neuroprotection 
in human neurons. Sci Rep. 2018;8(1):16012. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​s​​4​1​5​9​
8​-​0​1​8​-​3​4​3​9​4​-​8. PMID: 30375448; PMCID: PMC6207661.

107.	 Zarei A, Yang C, Gibbs J, Davis JL, Ballard A, Zeng R, et al. Manipulation of the 
alternative NF-κb pathway in mice has sexually dimorphic effects on bone. 
JBMR Plus. 2018;3(1):14–22. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​2​​/​j​​b​m​4​.​1​0​0​6​6.

108.	 Tranchevent LC, Halder R, Glaab E. Systems level analysis of sex-dependent 
gene expression changes in Parkinson’s disease. NPJ Parkinsons Dis. 
2023;9(1):8. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​s​​4​1​5​3​1​-​0​2​3​-​0​0​4​4​6​-​8.

109.	 Perez-Oliveira S, Vazquez-Coto D, Pardo S, Blázquez-Estrada M, Menéndez-
González M, Siso P, Suárez E, García-Fernández C, Fages BC, Coto E, Álvarez V. 
NFKB1 variants were associated with the risk of Parkinson´s disease in male. J 
Neural Transm (Vienna). 2024 Feb;28. ​h​t​t​p​s​:​​​/​​/​d​o​​i​.​​o​r​​g​​/​​1​0​​.​1​0​​​0​7​​/​s​0​0​​7​0​2​-​​0​2​4​-​0​​2​7​
5​9​-​1. Epub ahead of print. PMID: 38416198.ss.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

https://doi.org/10.1111/j.1471-4159.2006.04226.x
https://doi.org/10.1111/j.1471-4159.2006.04226.x
https://doi.org/10.1111/j.1749-6632.1998.tb08230.x
https://doi.org/10.1111/j.1749-6632.1998.tb08230.x
https://doi.org/10.1016/s0306-4522(02)00578-x
https://doi.org/10.1016/s0306-4522(02)00578-x
https://doi.org/10.3390/ijms20246251
https://doi.org/10.3389/fnagi.2021.791532
https://doi.org/10.1007/s10863-014-9583-7
https://doi.org/10.1007/s10863-014-9583-7
https://doi.org/10.1016/j.freeradbiomed.2013.01.019
https://doi.org/10.1016/j.freeradbiomed.2013.01.019
https://doi.org/10.1371/journal.pone.0131224
https://doi.org/10.1371/journal.pone.0131224
https://doi.org/10.1038/srep26358
https://doi.org/10.1038/srep26358
https://doi.org/10.1016/j.bbabio.2010.04.009
https://doi.org/10.1016/j.bbabio.2010.04.009
https://doi.org/10.3390/genes9060275
https://doi.org/10.3390/genes9060275
https://doi.org/10.1016/j.yfrne.2006.09.003
https://doi.org/10.1016/j.yfrne.2006.09.003
https://doi.org/10.1210/er.2016-1007
https://doi.org/10.1210/er.2016-1007
https://doi.org/10.1016/j.conb.2010.08.015
https://doi.org/10.3390/biology7010013
https://doi.org/10.1111/gbb.12618
https://doi.org/10.1111/gbb.12618
https://doi.org/10.1016/j.parkreldis.2008.12.005
https://doi.org/10.1016/j.parkreldis.2008.12.005
https://doi.org/10.1155/2018/8728415
https://doi.org/10.3389/fnins.2015.00306
https://doi.org/10.3389/fnins.2015.00306
https://doi.org/10.1038/s41531-020-00154-7
https://doi.org/10.1038/s41531-020-00154-7
https://doi.org/10.1186/s13293-023-00487-x
https://doi.org/10.1186/s13293-023-00487-x
https://doi.org/10.3390/jcm11206163
https://doi.org/10.3390/jcm11206163
https://doi.org/10.1016/j.parkreldis.2013.07.020
https://doi.org/10.3389/fneur.2017.00397
https://doi.org/10.1016/j.mayocp.2019.11.026
https://doi.org/10.1016/j.mayocp.2019.11.026
https://doi.org/10.1038/ijo.2015.45
https://doi.org/10.1038/ijo.2015.45
https://doi.org/10.1038/s41598-018-34394-8
https://doi.org/10.1038/s41598-018-34394-8
https://doi.org/10.1002/jbm4.10066
https://doi.org/10.1038/s41531-023-00446-8
https://doi.org/10.1007/s00702-024-02759-1
https://doi.org/10.1007/s00702-024-02759-1

	﻿Sex-related differences in phenotype and nigro-striatal degeneration of c-rel﻿-/-﻿ mouse model of Parkinson’s disease
	﻿Abstract
	﻿Plain English Summary
	﻿Highlights
	﻿Background
	﻿Materials and methods
	﻿Animals
	﻿Immunohistochemistry
	﻿Colon length measurement
	﻿Behavioral assessments
	﻿Catwalk gait analysis
	﻿Colon motility, food, and water intake
	﻿Olfactory function
	﻿Anxiety assessment
	﻿Depressive-Like behavior
	﻿Nest Building test
	﻿Statistical analysis

	﻿Results
	﻿Aged c-rel﻿-/-﻿ males and females display similar degeneration of dopaminergic neurons in the SN but different loss of striatal dopaminergic fibers
	﻿Aged c-rel﻿-/-﻿ females do not show significant motor deficits
	﻿Aged c-rel﻿-/-﻿ females do not show significant intestinal dysfunctions
	﻿Aged c-rel﻿-/-﻿ females do not show significant olfactory deficits
	﻿Aged c-rel﻿-/-﻿ females exhibit milder neuropsychiatric deficits compared to their c-rel﻿-/-﻿ male counterparts

	﻿Discussion
	﻿Perspectives and significance

	﻿Conclusions
	﻿References


