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A B S T R A C T   

An important aspect of the neuromodulatory and neuroprotective actions exerted by neuroactive steroids is that 
they are sex-specific, as determined by the sexually dimorphic levels of these molecules in plasma and the 
nervous tissue. Thus, the identification of the factors that generate the sex-dimorphic levels of neuroactive 
steroids may be crucial from a neuroprotectant perspective. The main driver for sex determination in mammals is 
the SRY gene and the subsequent presence of a specific gonad: testes for males and ovaries for females, thus 
producing hormonal compounds, primarily androgens and estrogens, respectively. Nowadays, it is well estab
lished that despite the relevance of gonads, other factors control sexual features, and, among them, sex chro
mosome complement is highly relevant. In this study, neuroactive steroids were evaluated by liquid 
chromatography-tandem mass spectrometry in the hypothalamus, the hippocampus, and plasma of the four 
core genotype mouse model, to determine the relative contribution of sex chromosome complement and gonads 
in determining their sex dimorphic levels. The data obtained reveal that although gonads are the main 
contributing factor for sex differences in neuroactive steroid levels, the levels of some neuroactive steroids, 
including testosterone, are also influenced in brain and plasma by tissue-specific actions of sex chromosomes. 
The data presented here adds a new piece to the puzzle of steroid level regulation, which may be useful in 
designing sex-specific neuroprotective approaches to pathological conditions affecting the nervous system.   

1. Introduction 

The term neuroactive steroids (i.e., steroid molecules regulating the 
nervous functions) includes both steroid hormones synthesized by 
endocrine glands, such as testis, ovary, and adrenal glands, and neuro
steroids synthesized by the nervous system [1,2]. Examples of neuro
active steroids are represented by the first steroid formed from 
cholesterol, pregnenolone (PREG), its metabolites dehydroepiandros
terone (DHEA), progesterone (PROG), testosterone (T), and the further 
metabolites, dihydrotestosterone (DHT) and 3alpha-diol (3α-diol) in the 

case of T and dihydroprogesterone (DHP), allopregnanolone (ALLO), 
and isoallopregnanolone (ISOALLO) in the case of PROG. 

Several new concepts have emerged in the field of neuroactive ste
roids during the last decade. For instance, (i) neuroactive steroid levels 
in plasma do not exactly reflect what occurs in the nervous system, (ii) 
different brain areas express different neuroactive steroid levels, and 
(iii) all these aspects are different in males and females. In addition, a 
close relationship between gonadal steroid hormones and nervous levels 
of neuroactive steroids has been reported. Indeed, gonadectomy affects 
the levels of neuroactive steroids in the nervous system [3]. These 
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changes show regional specificity between different brain areas and do 
not necessarily reflect changes in plasma steroid levels. Moreover, the 
effects of gonadectomy are different in males and females and depend on 
the duration of gonadal hormone deprivation (i.e., short or long-term 
castration) [3]. Recent results indicate that, at least in some cases, the 
sex-specific effects of long-term gonadectomy are associated with al
terations in the expression of neurosteroidogenic machinery [4]. How
ever, the expression of steroidogenic enzymes, such as aromatase, is also 
influenced by sex chromosome complement [5,6]. This type of study 
takes advantage of the four core genotype (FCG) model. Indeed, this 
mouse model combines a spontaneous deletion of the sex-determining 
region Y (Sry gene) from the Y chromosome (Y− ) with the re-insertion 
of a functional Sry transgene onto an autosome [7–9]. Therefore, XY 
animals that also have the Sry gene (animals Sry+) in autosomes develop 
testes. In addition, XX animals with the Sry gene in an autosome also 
develop testes. Therefore, with this experimental model, the following 
four animal groups may be obtained: (1) XX Sry-, normal females (two X 
chromosomes and ovaries). Equivalent to normal XX animals; (2) XY 
Sry+, normal males because they have testes (due to the Sry gene in an 
autosome) and have one X chromosome and one Y chromosome. 
Equivalent to normal XY animals; (3) XX Sry+, these animals are 
phenotypically males because they have testes due to the Sry gene in an 
autosome, but genetically females because they have two XX chromo
somes; (4) XY Sry-, these animals are phenotypically females: they have 
ovaries because they lack the Sry gene. However, they are genetically 
males because they have one X chromosome and one Y chromosome. 

Therefore, to evaluate the effects of gonads and/or sex chromosomes 
on neuroactive steroid levels in these animals, we assessed the levels of 
PREG, PROG, DHEA, DHP, ALLO, ISOALLO, T, DHT and 3α-diol by 
liquid chromatography-tandem mass spectrometry in the plasma, hip
pocampus, and hypothalamus of the four experimental groups 
mentioned above. In the case of female animals, the diestrus phase was 
considered. 

2. Material and methods 

2.1. Animals 

57 Four Core Genotype (FCG, B6.Cg-Tg(Sry)2Ei Srydl1Rlb/ArnoJ) 
mice from our in-house colony were used for the experiments, specif
ically 21 females (XX Sry-), 9 females (XX Sry+), 11 males (XY Sry+) 
and 16 males (XY Sry-). Animals were kept on a 12:12-h light–dark cycle 
and received food and water ad libitum. At the age of 3 weeks, FCG 
animals were genotyped by RT-PCR detection of Sry and Ssty (located in 
the Y chromosome) gene transcripts, and animals with the same type of 
gonadal organs were housed together independently to the chromo
somal endowment. Animals were handled in accordance with the 
guidelines published in the "NIH Guide for the care and use of laboratory 
animals", the principles presented in the "Guidelines for the Use of An
imals in Neuroscience Research" by the Society for Neuroscience, and 
following the European Union (2010/63/UE) and the Spanish legisla
tion (L6/2013; RD53/2013). Experimental procedures were approved 
by our Institutional Animal Use and Care Committee (Comité de Ética de 
Experimentación Animal del Instituto Cajal) and by the Consejería del 
Medio Ambiente y Territorio (Comunidad de Madrid, PROEX 059.5/21). 
Special care was taken to minimize animal suffering and to reduce the 
number of animals used to the minimum necessary. 

3. Experimental procedure 

At three-month-old of age, the animals were euthanized by decapi
tation and the hypothalami and hippocampi were meticulously 
dissected under a magnifying lens. Each animal’s whole blood was 
individually harvested and deposited into a sterile, heparinized tube. 
Plasma was subsequently extracted by the isolation of the aqueous phase 
following centrifugation at 1000 rpm for 10 minutes. The samples were Ta

bl
e 

1 
Pr

eg
ne

no
lo

ne
 (

PR
EG

), 
pr

og
es

te
ro

ne
 (P

RO
G

), 
di

hy
dr

op
ro

ge
st

er
on

e 
(D

H
P)

, a
llo

pr
eg

na
no

lo
ne

 (A
LL

O
) i

so
al

lo
pr

eg
na

no
lo

ne
 (

IS
O

A
LL

O
), 

de
hy

dr
oe

pi
an

dr
os

te
ro

ne
 (D

H
EA

), 
te

st
os

te
ro

ne
 (T

), 
di

hy
dr

ot
es

to
st

er
on

e 
(D

H
T)

 a
nd

 
5 α

-a
nd

ro
st

an
e-

3α
, 1

7β
-d

io
l (

3α
-d

io
l)

 le
ve

ls
 in

 p
la

sm
a,

 h
ip

po
ca

m
pu

s a
nd

 h
yp

ot
ha

la
m

us
 o

f (
XX

/S
ry

-)
 a

nd
 (X

Y/
Sr

y+
) c

on
tr

ol
 g

ro
up

s.
 D

at
a 

ar
e 

ex
pr

es
se

d 
as

 p
g/

μL
 in

 c
as

e 
of

 p
la

sm
a 

an
d 

pg
/m

g 
in

 c
as

e 
of

 b
ra

in
 ti

ss
ue

s a
nd

 a
re

 
th

e 
m

ea
n 
±

SE
M

. u
.d

.l.
 =

un
de

r d
et

ec
tio

n 
lim

it.
 D

et
ec

tio
n 

lim
its

 w
er

e 
0.

05
 p

g/
μL

 o
r p

g/
m

g 
fo

r D
H

EA
, D

H
T,

 3
α-

di
ol

; 0
.1

 p
g/

μL
 o

r p
g/

m
g 

fo
r A

LL
O

 a
nd

 IS
O

A
LL

O
. n

 =
5-

8 
an

im
al

s f
or

 e
ac

h 
ex

pe
ri

m
en

ta
l g

ro
up

. T
he

 u
np

ai
re

d 
St

ud
en

t’
s 

t-t
es

t o
r 

M
an

n-
W

hi
tn

ey
 w

er
e 

us
ed

 fo
r 

st
at

is
tic

al
 a

na
ly

si
s 

de
pe

nd
in

g 
on

 th
e 

da
ta

 (
se

e 
m

at
er

ia
ls

 a
nd

 m
et

ho
ds

). 
* 

p 
<

0.
05

, *
* 

p 
<

0.
01

, *
**

 p
 <

0.
00

1 
vs

 (
XX

/S
ry

-)
 fe

m
al

e 
co

nt
ro

l g
ro

up
.  

  

PR
EG

 
PR

O
G

 
D

H
P 

A
LL

O
 

IS
O

A
LL

O
 

D
H

EA
 

T 
D

H
T 

3α
-d

io
l  

  

XX
/ 

Sr
y-

 
XY

/ 
Sr

yþ
XX

/S
ry

- 
XY

/ 
Sr

yþ
X

X/
Sr

y-
 

XY
/ 

Sr
yþ

XX
/ 

Sr
y-

 
XY

/ 
Sr

yþ
X

X/
 

Sr
y-

 
XY

/ 
Sr

yþ
XX

/ 
Sr

y-
 

XY
/ 

Sr
yþ

XX
/ 

Sr
y-

 
X

Y/
 

Sr
yþ

XX
/ 

Sr
y-

 
XY

/ 
Sr

yþ
X

X/
 

Sr
y-

 
X

Y/
 

Sr
yþ

PL
A

SM
A

 
0.

40
9 

± 0.
04

4 

3.
22

2 
±

0.
54

5 
**

 
18

.7
60

 
±

5.
21

4 

0.
24

7 
± 0.

08
3 

* 

0.
75

0 
±

0.
16

2 

1.
60

6 
± 0.

44
2 

1.
53

0 
± 0.

39
7 

u.
d.

l. 
±

0.
00

0 
**

* 

u.
d.

l. 
± 0.

00
0 

0.
69

1 
± 0.

16
7 

**
 

0.
09

6 
± 0.

02
4 

0.
13

8 
± 0.

02
6 

0.
04

3 
± 0.

01
2 

2.
52

6 
± 0.

59
9 

**
* 

u.
d.

l. 
± 0.

00
0 

0.
27

3 
± 0.

13
8 

u.
d.

l. 
± 0.

00
0 

0.
52

7 
±

0.
14

4*
* 

  

H
IP

PO
CA

M
PU

S 
7.

44
3 

± 0.
78

9 

11
.5

50
 

±
1.

22
8 

* 

24
.2

60
 

±
7.

79
3 

0.
99

4 
± 0.

42
0 

**
 

18
.1

00
 

±
6.

35
9 

6.
96

6 
± 1.

60
4 

3.
75

6 
± 1.

40
1 

7.
83

6 
± 2.

49
3 

1.
27

5 
± 0.

34
3 

u.
d.

l. 
±

0.
00

0 
**

 

u.
d.

l. 
± 0.

00
0 

0.
17

0 
± 0.

08
8 

0.
24

4 
± 0.

09
6 

1.
56

5 
± 0.

32
3 

**
* 

u.
d.

l. 
± 0.

00
0 

0.
87

9 
± 0.

46
2 

u.
d.

l. 
± 0.

00
0 

u.
d.

l. 
±

0.
00

0 
  

H
YP

O
TH

A
LA

M
U

S 
6.

48
2 

± 0.
78

3 

7.
64

8 
±

1.
77

9 
18

.4
00

 
±

4.
49

4 

0.
41

6 
± 0.

22
4 

**
 

10
.8

20
 

±
2.

12
7 

3.
91

0 
± 1.

62
9 

* 

u.
d.

l. 
± 0.

00
0 

9.
05

9 
± 0.

83
9 

**
* 

1.
42

8 
± 0.

58
2 

0.
82

1 
± 0.

44
2 

u.
d.

l. 
± 0.

00
0 

0.
95

2 
± 0.

46
4 

* 

0.
06

8 
± 0.

03
1 

3.
24

4 
± 0.

65
7 

**
* 

u.
d.

l. 
± 0.

00
0 

1.
92

7 
± 0.

76
5 

**
 

u.
d.

l. 
± 0.

00
0 

1.
39

2 
±

0.
71

0 
* 

  

L. Cioffi et al.                                                                                                                                                                                                                                    



Journal of Steroid Biochemistry and Molecular Biology 241 (2024) 106514

3

immediately flash-frozen using dry ice and securely stored at − 80◦C 
until they were ready for additional processing. Female mice (both XX 
Sry- and XY Sry-), were sacrificed during the diestrus 2 phase. The 
determination of the estrous cycle phase was performed by analyzing 
vaginal smears [10]. 

3.1. Liquid chromatography–tandem mass spectrometry analysis (LC- 
MS/MS) 

Neuroactive steroid levels, such as PREG, PROG, DHP, ALLO, ISO
ALLO, DHEA, T, DHT and 3α-diol were assessed by LC-MS/MS in plasma 
and brain tissue of FCG mice as previously described [11]. For tissue 
samples, the hippocampus and the hpothalamus were selected because 
previous studies in rats have shown the existence of sex differences in 
neuroactive steroid levels in both brain regions [3,11]. 

Brain tissues and plasma from the 57 animals were pooled to process 
at least 250–300 μL of plasma, 45–60 mg of hippocampus and 20 mg of 
hypothalamus in order to obtain the necessary amount of tissue for the 
analisys and to achieve a minimum of n=5 for each experimental group. 

17β-Estradiol-2,3,4-13C3 (13C3-17β-E, 2 ng/ sample), progesterone- 
2,3,4,20,25-13C5 (13C5–PROG, 0.4 ng/sample) and pregnenolone- 
20,21-13C2-16,16 D2 (13C2 D2–PREG, 10 ng/ sample) were used as in
ternal standards and added to all samples. Brain samples were homog
enized using a Tissue Lyser (QIAGEN, Italy), in ice-cold methanol/acetic 

acid 1% and plasma samples were diluted in acetonitrile. All samples 
were extracted by an overnight precipitation at 4◦C and then purified 
using C18 SPE cartridges (HyperSep C18 SPE Columns 500 mg 3 mL; 
Microcolumn, Milano, Italy). 

The analysis was performed using liquid chromatography supplied 
by Surveyor LC Pump Plus and Surveyor Autosampler Plus (Thermo 
Fisher Scientific MA, USA) with a linear ion trap-mass spectrometer LTQ 
(Thermo Fisher Scientific MA, USA), operated in positive atmospheric 
pressure chemical ionization (APCI+). The chromatographic separation 
was achieved with a Hypersil Gold column C18 (100 × 2.1 mm, 3 μm; 
Thermo Fisher Scientific MA, USA) maintained at 40 ◦C. The mobile 
phases consisted of 0.1% formic acid in water (mobile phase A) and 
0.1% formic acid in methanol (mobile phase B). Gradient elution was as 
follows: 0–1.50 min 70% A, 30% B; 1.50–2.00 min 55% A, 45%B; 
2.00–3.00 min 55% A, 45% B; 3.00–35.00 min linear gradient to 36% A, 
64% B; 35.00–40.00 min 25% A, 75% B; 41.00–45.00 min 1% A, 99% B; 
45.00–45.20 min 70% A, 30% B and 45.40–55.00 min equilibrated with 
70% A and 30% B. 25 μL sample was injected at a flowrate of 0.250 mL/ 
min. The divert valve was set at 0–8 min to waste, 8–45 min to source, 
and 45–55 min to waste. The injector needle was washed with meth
anol/water 1:1 (v/v). Quantitative analysis of steroids was performed 
using the calibration curves freshly prepared and the internal standard 
method (13C3-17β-E for T and DHEA, 13C5–PROG for PROG, DHT and 3α- 
diol, 13C2 D2–PREG for PREG, DHP, ALLO and ISOALLO). LC-MS/MS 

Fig. 1. Plasma levels assessed by LC-MS/MS of four core genotype animals. The panels represent the levels of (A) pregnenolone (PREG); (B) progesterone (PROG); 
(C) dihydroprogesterone (DHP); (D) allopregnanolone (ALLO); (E) isoallopregnanolone (ISOALLO). Data are expressed as pg/μL and are the mean ± SEM. u.d.l. =
under detection limit. Detection limit was 0.1 pg/μL for ALLO and ISOALLO. n = 5–8 animals for each experimental group. The two-way ANOVA was used for 
statistical analysis followed by the multiple comparison Tukey post-hoc test. Statistically significant differences of sex chromosme complement (XX vs XY), gonadal 
phenotype (Sry- vs Sry+) and the interaction of sex chromosome complement with gonadal phenotype (interaction) are indicated as follows: * p < 0.05, ** p < 0.01, 
***, p < 0.001, ns, not significant difference. 
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Table 2 
Two-way ANOVA analysis of pregnenolone (PREG), progesterone (PROG), dihydroprogesterone (DHP), allopregnanolone (ALLO) isoallopregnanolone (ISOALLO), dehydroepiandrosterone (DHEA), testosterone (T), 
dihydrotestosterone (DHT) and 5α-androstane-3α, 17β-diol (3α-diol) levels in plasma (PL), hippocampus (HIPP) and hypothalamus (HYP) of FCG mice groups, with chromosome and Sry transgene onto an autosome as two 
independent variables. Dfn = degree of freedom for the numerator of the F ratio. Dfd = degrees of freedom for denominator of the F ratio.  

PL 

PREG PROG DHP ALLO ISOALLO DHEA T DHT 3α-diol 

F (DFn, 
DFd) 

P value F (DFn, 
DFd) 

P value F (DFn, 
DFd) 

P 
value 

F (DFn, 
DFd) 

P value F (DFn, 
DFd) 

P 
value 

F (DFn, 
DFd) 

P value 
F 

(DFn, 
DFd) 

P value 
F 

(DFn, 
DFd) 

P 
value 

F 
(DFn, 
DFd) 

P value 

Interaction 
F (1, 21) 
= 0.54 0.4685 

F (1, 23) 
=0.24 0.6268 

F (1, 23) 
= 0.62 0.4390 

F (1, 19) 
= 11.90 0.0027 

F (1, 20) 
= 8.66 0.0080 

F (1, 21) 
= 1.48 0.2377 

F (1, 
23) =
5.82 

0.0242 
F (1, 
20) =
0.34 

0.5649 
F (1, 
24) =
0.44 

0.5107 

Sry- vs 
Sry+

F (1, 21) 
= 26.12 

<0.0001 
F (1, 23) 
= 11.72 

0.0023 
F (1, 23) 
= 11.50 

0.0025 
F (1, 19) 
= 37.18 

<0.0001 
F (1, 20) 
= 8.66 

0.0080 
F (1, 21) 
= 0.61 

0.4446 
F (1, 
23) =
13.11 

0.0014 
F (1, 
20) =
15.11 

0.0009 
F (1, 
24) =
33.40 

<0.0001 

XX vs XY F (1, 21) 
= 1.67 

0.2098 F (1, 23) 
= 0.28 

0.6007 F (1, 23) 
= 0.08 

0.7853 F (1, 19) 
= 2.62 

0.1220 F (1, 20) 
= 8.66 

0.0080 F (1, 21) 
= 0.25 

0.6209 
F (1, 
23) =
5.78 

0.0247 
F (1, 
20) =
0.34 

0.5649 
F (1, 
24) =
0.44 

0.5107 

HIPP 

PREG PROG DHP ALLO ISOALLO DHEA T DHT 3α-diol 

F (DFn, 
DFd) P value 

F (DFn, 
DFd) P value 

F (DFn, 
DFd) 

P 
value 

F (DFn, 
DFd) P value 

F (DFn, 
DFd) 

P 
value 

F (DFn, 
DFd) 

P 
value 

F 
(DFn, 
DFd) 

P value 
F 

(DFn, 
DFd) 

P 
value 

F 
(DFn, 
DFd) 

P value 

Interaction F (1, 21) 
= 14.40 

0.0011 F (1, 24) 
= 0.18 

0.6775 F (1, 24) 
= 0.01 

0.9456 F (1, 17) 
= 2.26 

0.1512 F (1, 24) 
= 1.63 

0.2144 F (1, 21) 
= 0.43 

0.5172 
F (1, 
24) =
11.18 

0.0027 
F (1, 
23) =
4.53 

0.0443 / / 

Sry- vs 
Sry+

F (1, 21) 
= 7.93 0.0103 

F (1, 24) 
= 16.80 0.0004 

F (1, 24) 
= 7.87 0.0098 

F (1, 17) 
= 1.01 0.3296 

F (1, 24) 
= 3.96 0.0582 

F (1, 21) 
= 4.73 0.0412 

F (1, 
24) =
18.76 

0.0002 
F (1, 
23) =
11.03 

0.0030 / / 

XX vs XY 
F (1, 21) 
= 1.00 

0.3286 
F (1, 24) 
= 0.21 

0.6499 
F (1, 24) 
= 0.43 

0.5177 
F (1, 17) 
= 0.19 

0.6677 
F (1, 24) 
= 0.03 

0.8698 
F (1, 21) 
= 0.43 

0.5172 
F (1, 
24) =
11.36 

0.0025 
F (1, 
23) =
0.39 

0.5360 / / 

HYP 

PREG PROG DHP ALLO ISOALLO DHEA T DHT 3α-diol 

F (DFn, 
DFd) P value 

F (DFn, 
DFd) P value 

F (DFn, 
DFd) 

P 
value 

F (DFn, 
DFd) P value 

F (DFn, 
DFd) 

P 
value 

F (DFn, 
DFd) 

P 
value 

F 
(DFn, 
DFd) 

P value 
F 

(DFn, 
DFd) 

P 
value 

F 
(DFn, 
DFd) 

P value 

Interaction 
F (1, 18) 
= 2.17 

0.1583 
F (1, 21) 
= 2.42 

0.1345 
F (1, 19) 
= 3.44 

0.0792 
F (1, 16) 
= 2.22 

0.1558 
F (1, 21) 
= 1.73 

0.2022 
F (1, 20) 
= 0.81 

0.3783 
F (1, 
21) =
9.47 

0.0057 
F (1, 
21) =
0.38 

0.5437 
F (1, 
19) =
4.68 

0.0435 

Sry- vs 
Sry+

F (1, 18) 
= 0.54 

0.4738 F (1, 21) 
= 34.75 

<0.0001 F (1, 19) 
= 2.39 

0.1389 F (1, 16) 
= 18.01 

0.0006 F (1, 21) 
= 1.09 

0.3093 F (1, 20) 
= 2.21 

0.1527 
F (1, 
21) =
24.49 

<0.0001 
F (1, 
21) =
5.82 

0.0251 
F (1, 
19) =
4.68 

0.0435 

XX vs XY 
F (1, 18) 
= 0.14 0.7165 

F (1, 21) 
= 0.52 0.4793 

F (1, 19) 
= 0.17 0.6808 

F (1, 16) 
= 5.39 0.0338 

F (1, 21) 
= 1.50 0.2343 

F (1, 20) 
= 0.12 0.7314 

F (1, 
21) =
10.43 

0.0040 
F (1, 
21) =
0.21 

0.6509 
F (1, 
19) =
4.68 

0.0435  
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data were evaluated using the software Excalibur® release 2.0 SR2 
(Thermo Fisher Scientific MA, USA). Detection limits were 0.02 pg/μL or 
pg/mg for T, 0.05 pg/μL or pg/mg for PREG, PROG, 3α-diol, DHEA, 
DHT; 0.1 pg/μL or pg/mg for ALLO and ISOALLO; 0.25 pg/μL or pg/mg 
for DHP. 

3.2. Statistical analysis 

LC-MS/MS data were analyzed using a two-way analysis of variance 
(ANOVA), with chromosome and Sry transgene onto an autosome as two 
independent variables, followed by Tukey post-hoc test. After checking 
the distribution with the Kolmogorov-Smirnov test (p < 0.05 was 
considered significant), statistical differences between female (XX Sry-) 

and male (XY Sry+) control mice were assessed by Student’s t-test. All 
analyses were performed using GraphPad PRISM (La Jolla, CA, USA) 
(version 7.2). 

4. Results 

The levels of different steroids were analyzed by LC-MS/MS in the 
plasma, hippocampus, and hypothalamus of FCG mice. As a first step, 
the results in female (XX Sry-) and male (XY Sry+) control mice were 
compared to identify sex differences in steroid levels. As shown in 
Table 1, statistical analysis performed by unpaired Student’s t-test 
showed significantly high levels of PREG in the plasma and hippocam
pus of male rats. In contrast, the levels of its first metabolite, PROG, were 

Fig. 2. Plasma levels assessed by LC-MS/MS of four core genotype animals. The panels represent the levels of (A) dehydroepiandrosterone (DHEA); (B) testosterone 
(T); (C) dihydrotestosterone (DHT); (D) 5α-androstane-3α, 17β-diol (3α-diol). Data are expressed as pg/μl and are the mean ± SEM. u.d.l. = under detection limit. 
Detection limit was 0.05 pg/μL for DHT and 3α-diol. n = 5–8 animals for each experimental group. The two-way ANOVA was used for statistical analysis followed by 
the multiple comparison Tukey post-hoc test. Statistically significant differences of sex chromosme complement (XX vs XY), gonadal phenotype (Sry- vs Sry+) and the 
interaction of sex chromosome complement with gonadal phenotype (interaction) are indicated as follows: * p < 0.05, ** p < 0.01, *** p < 0.001, ns, not sig
nificant difference. 
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higher in the plasma, hippocampus, and hypothalamus of female ani
mals. PROG metabolites showed peculiar sex differences. Indeed, while 
DHP levels were higher in the female hypothalamus, ALLO levels were 
higher in the male hypothalamus and in female plasma. ISOALLO levels 
were not sex dimorphic in the hypothalamus but were higher in the 
plasma of male mice and higher in the hippocampus of female mice. The 
levels of DHEA and its metabolites were generally higher in males than 
in females. In particular, DHEA was significantly higher in male hypo
thalamus, T in plasma, hippocampus and hypothalamus, DHT in hypo
thalamus and 3α-diol in plasma and hypothalamus. 

In our second statistical analysis, we also considered XY Sry- and XX 
Sry+ mice. In particular, two-way ANOVA analyses were performed 
with gonadal phenotype and sex chromosome complement as two in
dependent variables, followed by post-hoc test (i.e., Tukey’s multiple 
comparison test). As reported in Fig. 1, the statistical analysis performed 
on PREG plasma levels (panel A) revealed a significant effect of gonadal 
phenotype (see also Table 2, for statistical details). Two-way ANOVA 
indicated a significant effect of gonads also in the case of PROG (panel B) 
and of its metabolites, DHP (panel C), ALLO (Panel D), and ISOALLO 
(panel E, and see also Table 2, for statistical details). In case of ALLO 
interaction was also observed, while for ISOALLO levels a significant 
effect of sex chromosome complement and interaction of the two vari
ables were also reported (see also Table 2, for statistical details). In 
particular, the post-test indicated that the plasma levels of ALLO (panel 
D) were significantly lower in XY Sry+ vs. XY Sry- (p < 0.0001) and in 
XX Sry- vs. XY Sry- (p = 0.0154) and in XX Sry+ vs. XY Sry- (p <

0.0001), while those of the further metabolite ISOALLO (panel E) were 
higher in XY Sry+ vs. XY Sry- (p = 0.0025) and vs. XX Sry+ (p =
0.0025). 

As reported in Fig. 2, assessment of the plasma levels of DHEA (panel 
A) did not show statistically significant differences, however, the further 
metabolites T (panel B), DHT (panel C), and 3α-diol (panel D) were 
significantly different. Indeed, in the case of T (panel B), two-way 
ANOVA showed a significant effect of gonads, sex chromosome com
plement, and interaction of the two variables (see also Table 2, for sta
tistical details). The levels of the further metabolites DHT (panel C) and 
3α-diol (panel D) only showed a significant effect of gonads (see also 
Table 2, for statistical details). In particular, the levels of T were 
significantly higher in XX Sry+ vs. XX Sry- (p = 0.0008), vs. XY Sry- (p =
0.0018), and vs. XY Sry+ (p = 0.0135). 

Fig. 3 shows the hippocampal levels of PREG (panel A), PROG (panel 
B), DHP (panel C), ALLO (panel D), and ISOALLO (panel E) in the 4 
experimental groups considered. Two-way ANOVA reported a signifi
cant effect of gonads in the case of PREG, PROG, and DHP (see also 
Table 2, for statistical details). Interaction was observed in the case of 
PREG levels. No significant changes were observed in the ALLO (panel 
D) and ISOALLO (panel E) levels. Post-test revealed that the levels of 
PREG (panel A) were significantly higher in XY Sry+ vs. XY Sry- (p =
0.0012) and vs. XX Sry+ (p = 0.0084). 

As reported in Fig. 4, a significant effect of the gonads was observed 
in the hippocampal levels of DHEA (panel A). In agreement with the 
plasma pattern, T levels (panel B) also in the hippocampus revealed a 

Fig. 3. Hippocampal levels assessed by LC-MS/MS of four core genotype animals. The panels represent the levels of (A) pregnenolone (PREG); (B) progesterone 
(PROG); (C) dihydroprogesterone (DHP); (D) allopregnanolone (ALLO); (E) isoallopregnanolone (ISOALLO). Data are expressed as pg/mg and are the mean ± SEM. 
u.d.l. = under detection limit. Detection limit was 0.1 pg/mg for ISOALLO. n = 5–8 animals for each experimental group. n = 5–8 animals for each experimental 
group. The two-way ANOVA was used for statistical analysis followed by the multiple comparison Tukey post-hoc test. Statistically significant differences of sex 
chromosme complement (XX vs XY), gonadal phenotype (Sry- vs Sry+) and the interaction of sex chromosome complement with gonadal phenotype (interaction) are 
indicated as follows: * p < 0.05, ** p < 0.01, *** p < 0.001, ns, not significant difference. 
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significant effect of gonads, sex chromosome complement, and inter
action of the two variables (see also Table 2, for statistical details). In 
addition, the DHT hippocampal levels (Fig. 4, panel C) showed, in 
agreement with its plasma levels (Fig. 2, panel C), a significant effect of 
gonads and interaction (see also Table 2, for statistical details). The 
levels of 3α-diol were unmodified (panel D). Post-test showed that T 
levels (panel B) were higher in XX Sry+ vs. XX Sry- (p < 0.0001), vs. XY 
Sry- (p < 0.0001), and vs. XY Sry+ (p = 0.0006). DHT levels (panel C) 
were higher in XX Sry+ vs. XX Sry- (p = 0.0050). 

Fig. 5 shows the hypothalamic levels of PREG (panel A), PROG 
(panel B), DHP (panel C), ALLO (panel D) and ISOALLO (panel E) in the 
4 experimental groups considered. Two-way ANOVA reported a signif
icant effect only of gonads in the case of PROG (see also Table 2, for 
statistical details) and of gonads and sex chromosome (F 1,16 = 5.389 
and p = 0.0388) in the case of ALLO (see also Table 2, for statistical 
details). As reported in plasma, also in the hypothalamus, the levels of 

DHEA were unmodified in the four experimental groups considered 
(Fig. 6, panel A). Two-way ANOVA reported a significant effect of go
nads on hypothalamic levels of T (panel B), DHT (panel C), and 3α-diol 
(panel D, see also Table 2, for statistical details). A significant effect of 
the sex chromosome and interaction was also reported in the case of T 
and 3α-diol (see also Table 2, for statistical details). Post-test indicated 
that the levels of T were higher in XX Sry+ vs. XX Sry- (p < 0.0001), vs. 
XY Sry- (p < 0.0001), and vs. XY Sry+ (p = 0.0013). The levels of 3α-diol 
were higher in XY Sry+ vs. XY Sry- (p = 0.0408) and vs. XX Sry+ (p =
0.0408). 

5. Discussion 

Our findings show that neuroactive steroid levels are influenced by a 
combination of gonadal and sex chromosome effects that is specific to 
each steroid and each analyzed compartment. These results are in 

Fig. 4. Hippocampal levels assessed by LC-MS/MS of four core genotype animals. The panels represent the levels of (A) dehydroepiandrosterone (DHEA); (B) 
testosterone (T); (C) dihydrotestosterone (DHT); (D) 5α-androstane-3α, 17β-diol (3α-diol). Data are expressed as pg/mg and are the mean ± SEM. u.d.l. = under 
detection limit. Detection limit was 0.05 pg/mg for DHEA, DHT and 3α-diol. n = 5–8 animals for each experimental group. The two-way ANOVA was used for 
statistical analysis followed by the multiple comparison Tukey post-hoc test. Statistically significant differences of sex chromosme complement (XX vs XY), gonadal 
phenotype (Sry- vs Sry+) and the interaction of sex chromosome complement with gonadal phenotype (interaction) are indicated as follows: * p < 0.05, ** p < 0.01, 
*** p < 0.001, ns, not significant difference. 
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agreement with previous observations suggesting that extragonadal 
factors affect the local synthesis, metabolism, or transport of neuroactive 
steroids in different brain regions [4,12]. Thus, changes in neurosteroid 
levels after castration are not identical in the brain and plasma and are 
specific for each brain region [3]. In addition, previous studies in rats 
[11] and our present findings in mice indicate that there is not a cor
respondence between sex differences in neurosteroid levels in plasma, 
the hippocampus, and the hypothalamus, further supporting that there 
is not a strict correlation between the central and circulating levels of 
neuroactive steroids [11,13]. 

As expected, our results in the FCG mouse model showed that the 
gonadal phenotype had a strong influence on the levels of neuroactive 
steroids, being the unique factor that determines sex differences in 
PROG levels in plasma and the brain, PREG and 3α-diol levels in plasma, 
and DHP, ALLO and DHT levels in hypothalamus. In addition, gonadal 
phenotype significantly affected the levels of T in all compartments, 
ALLO and ISOALLO in plasma, PREG and DHT in hippocampus and 3α- 
diol in hypothalamus. 

However, the gonadal phenotype was not the exclusive determinant 
of neuroactive steroid levels, because the sex chromosome complement 
exerted a significant effect per se and showed a significant interaction 
with the gonadal phenotype in the levels of T in all compartments 
examined. 

For other steroids, the effect of sex chromosome complement and its 
interaction with gonadal effects were specific to each analyzed 
compartment. Thus, the sex chromosome complement had a significant 

interaction with gonads in determining the levels of ALLO and ISOALLO 
in plasma, the levels of PREG and DHT in hippocampus and the levels of 
3α-diol in the hypothalamus, exerting also a significant effect in the 
levels of ALLO in the hypothalamus. 

These effects of sex chromosome complement on neuroactive steroid 
levels could be explained by the escape tissue-specific X chromosome 
inactivation observed for numerous X chromosome genes [14]. Many of 
these X chromosome genes that escape inactivation are transcription 
regulators. One example is Kdm6a/Utx, which encodes a demethylase 
involved in chromatin remodeling and neuronal phenotypic differenti
ation [15,16]. Among numerous other physiological events, this gene 
regulates cholesterol synthesis, steroidogenesis [17], and sex steroid 
receptor signaling [18]. Therefore, it is a potential generator of sex 
differences in steroidogenesis and in the regulation exerted by gonadal 
steroids on the expression of steroidogenic enzymes in the brain. Other 
X-linked genes that can affect steroid levels are those that encode for 
proteins that regulate steroidogenesis, such as dosage-sensitive sex 
reversal-adrenal hypoplasia congenital on the X-chromosome gene-1 
(Dax-1) [19,20], or steroid metabolism, such as steryl-sulfatase [21]. 

In comparison with autosomes, the X chromosome is relatively 
enriched in neural genes, which are expressed at different levels in male 
and female brains [22–30]. Some of these genes, together with a few 
Y-linked genes that also show sex-dimorphic expression in the brain 
[31–33], may participate in the observed effects of sex chromosome 
complement on neuroactive steroid levels in the hippocampus and hy
pothalamus by generating regional sex differences in steroid synthesis or 

Fig. 5. Hypothalamic levels assessed by LC-MS/MS of four core genotype animals. The panels represent the levels of (A) pregnenolone (PREG); (B) progesterone 
(PROG); (C) dihydroprogesterone (DHP); (D) allopregnanolone (ALLO); (E) isoallopregnanolone (ISOALLO). Data are expressed as pg/mg and are the mean ± SEM. 
u.d.l. = under detection limit. Detection limit was 0.1 pg/mg for ALLO. n = 5–8 animals for each experimental group. The two-way ANOVA was used for statistical 
analysis followed by the multiple comparison Tukey post-hoc test. Statistically significant differences of sex chromosme complement (XX vs XY), gonadal phenotype 
(Sry- vs Sry+) and the interaction of sex chromosome complement with gonadal phenotype (interaction) are indicated as follows: * p < 0.05, ** p < 0.01, *** p <
0.001, ns, not significant difference. 
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metabolism. 
It should be noted that the interaction of gonadal factors and sex 

chromosome complement in the regulation of neuroactive steroid levels 
could be bidirectional because gonadal hormones cause changes in 
chromatin accessibility and may therefore regulate the expression of sex 
chromosome genes [34]. Furthermore, gonadal hormones and sex 
chromosome genes could cooperate in increasing sex differences in 
neuroactive steroid levels or can exert a mutual compensation of their 
effects. This latter possibility is suggested by the intriguing observation 
that the XX males had higher plasma, hippocampal, and hypothalamic 
levels of T than the XY males. Thus, while the presence of testes pro
motes higher testosterone levels compared with females, the XY geno
type appears to reduce the magnitude of this sex difference. 

In contrast, our findings suggest that sex differences in the levels of 

other steroids result from synergistic interactions between the effects of 
gonads and sex chromosomes. This is the case of ISOALLO, whose 
plasma levels are determined by the addition of gonadal and genotype 
effects. Indeed, XY animals with testes showed significantly higher 
plasma ISOALLO levels than the other animal groups. Therefore, the 
combination of the XY genotype with the presence of the testis is 
necessary to generate a sex difference in the plasma levels of this 
neuroactive steroid. 

In conclusion, our findings suggest that tissue-specific actions of sex 
chromosome genes interact with gonadal secretions in the determina
tion of neuroactive steroid levels in plasma and the brain. This conclu
sion has practical implications, because numerous neurological and 
psychiatric disorders are associated with sex- and regional-specific al
terations in the levels of neuroactive steroids [12]. Thus, considering the 

Fig. 6. Hypothalamic levels assessed by LC-MS/MS of four core genotype animals. The panels represent the levels of (A) dehydroepiandrosterone (DHEA); (B) 
testosterone (T); (C) dihydrotestosterone (DHT); (D) 5α-androstane-3α, 17β-diol (3α-diol). Data are expressed as pg/mg and are the mean ± SEM. u.d.l. = under 
detection limit. Detection limit was 0.05 pg/mg for DHEA, DHT and 3α-diol. n = 5–8 animals for each experimental group. The two-way ANOVA was used for 
statistical analysis followed by the multiple comparison Tukey post-hoc test. Statistically significant differences of sex chromosme complement (XX vs XY), gonadal 
phenotype (Sry- vs Sry+) and the interaction of sex chromosome complement with gonadal phenotype (interaction) are indicated as follows: * p < 0.05, ** p < 0.01, 
*** p < 0.001, ns, not significant difference. 
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accumulative number of new observations that are detecting the 
implication of sex chromosome genes on pathological conditions of the 
nervous system [29,35–44], it will be essential to explore the potential 
link between sex chromosome genes, alterations in neurosteroid levels, 
and brain pathology in future studies. For instance, the identification of 
an influence of sex chromosome genes on the levels of steroids that are 
altered in bipolar disorder and contribute to maniac episodes [45] may 
potentially result in the identification of a new avenue for therapeutic 
interventions. Similar considerations apply for traumatic brain injury 
[46], stroke [47], Parkinson’s disease [48,49], Alzheimer’s disease [50], 
and other neurodegenerative conditions in which brain or plasma 
changes in neuroactive steroid levels are associated with the amount of 
neural damage or the severity of clinical manifestations. 
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SG. 

CRediT authorship contribution statement 

Roberto Cosimo Melcangi: Writing – original draft, Conceptuali
zation. Silvia Giatti: Writing – review & editing, Funding acquisition, 
Conceptualization. Maria-Angeles Arevalo: Supervision, Investigation. 
Luis Miguel Garcia-Segura: Writing – original draft. Donatella Car
uso: Writing – review & editing, Supervision. Daniel Pinto-Benito: 
Investigation. Daniela Grassi: Writing – review & editing, Formal 
analysis, Conceptualization. Silvia Diviccaro: Writing – review & 
editing. Lucia Cioffi: Writing – review & editing, Formal analysis, Data 
curation. 

Declaration of Competing Interest 

The authors report no declarations of interest 

Data Availability 

Data will be made available on request. 

Acknowledgement 

We thank Dr. Art P. Arnold, UCLA, USA for the generous gift of 
breeding animals for the generation of the FCG mouse colony at the 
Cajal Institute. The authors also acknowledge Flavio Giavarini for his 
technical support. 

References 

[1] R.C. Melcangi, S. Giatti, L.M. Garcia-Segura, Levels and actions of neuroactive 
steroids in the nervous system under physiological and pathological conditions: 
sex-specific features, Neurosci. Biobehav Rev. 67 (2016) 25–40, doi:S0149-7634 
(15)30099-3 [pii]. 10.1016/j.neubiorev.2015.09.023. 

[2] S. Giatti, L.M. Garcia-Segura, G.E. Barreto, R.C. Melcangi, Neuroactive steroids, 
neurosteroidogenesis and sex, Prog. Neurobiol. 176 (2019) 1–17, https://doi.org/ 
10.1016/j.pneurobio.2018.06.007. 

[3] D. Caruso, M. Pesaresi, O. Maschi, S. Giatti, L.M. Garcia-Segura, R.C. Melcangi, 
Effects of short- and long-term gonadectomy on neuroactive steroid levels in the 
central and peripheral nervous system of male and female rats, J. Neuroendocr. 22 
(2010) 1137–1147, doi:JNE2064 [pii]. 10.1111/j.1365-2826.2010.02064.x. 

[4] S. Giatti, S. Diviccaro, L.M. Garcia-Segura, R.C. Melcangi, Sex differences in the 
brain expression of steroidogenic molecules under basal conditions and after 

gonadectomy, J. Neuroendocrinol:e12736 (2019), https://doi.org/10.1111/ 
jne.12736. 

[5] C.D. Cisternas, K. Tome, X.E. Caeiro, F.M. Dadam, L.M. Garcia-Segura, M. 
J. Cambiasso, Sex chromosome complement determines sex differences in 
aromatase expression and regulation in the stria terminalis and anterior amygdala 
of the developing mouse brain, Mol. Cell Endocrinol. 414 (2015) 99–110, doi: 
S0303-7207(15)30034-4 [pii]. 10.1016/j.mce.2015.07.027. 

[6] C.D. Cisternas, L.M. Garcia-Segura, M.J. Cambiasso, Hormonal and genetic factors 
interact to control aromatase expression in the developing brain, J. Neuroendocr. 
(2017), https://doi.org/10.1111/jne.12535. 

[7] A.P. Arnold, X. Chen, What does the "four core genotypes" mouse model tell us 
about sex differences in the brain and other tissues? Front. Neuroendocr. 30 (1) 
(2009) 1–9, https://doi.org/10.1016/j.yfrne.2008.11.001. 

[8] R. Lovell-Badge, E. Robertson, XY female mice resulting from a heritable mutation 
in the primary testis-determining gene, Tdy, Development 109 (3) (1990) 635–646, 
https://doi.org/10.1242/dev.109.3.635. 

[9] S.K. Mahadevaiah, T. Odorisio, D.J. Elliott, A. Rattigan, M. Szot, S.H. Laval, L. 
L. Washburn, J.R. McCarrey, B.M. Cattanach, R. Lovell-Badge, P.S. Burgoyne, 
Mouse homologues of the human AZF candidate gene RBM are expressed in 
spermatogonia and spermatids, and map to a Y chromosome deletion interval 
associated with a high incidence of sperm abnormalities, Hum. Mol. Genet 7 (4) 
(1998) 715–727, https://doi.org/10.1093/hmg/7.4.715. 

[10] R. Llorente, M. Marraudino, B. Carrillo, B. Bonaldo, J. Simon-Areces, P. Abellanas- 
Perez, M. Rivero-Aguilar, J.M. Fernandez-Garcia, H. Pinos, L.M. Garcia-Segura, 
P. Collado, D. Grassi, G protein-coupled estrogen receptor immunoreactivity 
fluctuates during the estrous cycle and show sex differences in the Amygdala and 
Dorsal Hippocampus, Front Endocrinol. (Lausanne) 11 (2020) 537, https://doi. 
org/10.3389/fendo.2020.00537. 

[11] D. Caruso, M. Pesaresi, F. Abbiati, D. Calabrese, S. Giatti, L.M. Garcia-Segura, R. 
C. Melcangi, Comparison of plasma and cerebrospinal fluid levels of neuroactive 
steroids with their brain, spinal cord and peripheral nerve levels in male and 
female rats, Psychoneuroendocrinology 38 (10) (2013) 2278–2290, doi:S0306- 
4530(13)00154-6 [pii]. 10.1016/j.psyneuen.2013.04.016. 

[12] S. Giatti, S. Diviccaro, M.M. Serafini, D. Caruso, L.M. Garcia-Segura, B. Viviani, R. 
C. Melcangi, Sex differences in steroid levels and steroidogenesis in the nervous 
system: physiopathological role, Front Neuroendocr. (2020) 100804, https://doi. 
org/10.1016/j.yfrne.2019.100804. 

[13] R. Kancheva, M. Hill, Z. Novak, J. Chrastina, L. Kancheva, L. Starka, Neuroactive 
steroids in periphery and cerebrospinal fluid, Neuroscience 191 (2011) 22–27, doi: 
S0306-4522(11)00629-4 [pii]. 10.1016/j.neuroscience.2011.05.054. 

[14] Tukiainen T., Villani A.C., Yen A., Rivas M.A., Marshall J.L., Satija R., Aguirre M., 
Gauthier L., Fleharty M., Kirby A., Cummings B.B., Castel S.E., Karczewski K.J., 
Aguet F., Byrnes A., Consortium G.T., Laboratory DA, Coordinating Center 
-Analysis Working G, Statistical Methods groups-Analysis Working G, Enhancing 
Gg, Fund NIHC, Nih/Nci, Nih/Nhgri, Nih/Nimh, Nih/Nida, Biospecimen Collection 
Source Site N, Biospecimen Collection Source Site R, Biospecimen Core Resource V, 
Brain Bank Repository-University of Miami Brain Endowment B, Leidos 
Biomedical-Project M, Study E, Genome Browser Data I, Visualization EBI, Genome 
Browser Data I, Visualization-Ucsc Genomics Institute UoCSC, Lappalainen T, 
Regev A, Ardlie KG, Hacohen N, MacArthur DG (2017) Landscape of X 
chromosome inactivation across human tissues. Nature 550 (7675):244-248. doi:1 
0.1038/nature24265. 

[15] L.E. Cabrera Zapata, M.J. Cambiasso, M.A. Arevalo, Epigenetic modifier Kdm6a/ 
Utx controls the specification of hypothalamic neuronal subtypes in a sex- 
dependent manner, Front Cell Dev. Biol. 10 (2022) 937875, https://doi.org/ 
10.3389/fcell.2022.937875. 

[16] L.E. Cabrera Zapata, C.D. Cisternas, C. Sosa, L.M. Garcia-Segura, M.A. Arevalo, M. 
J. Cambiasso, X-linked histone H3K27 demethylase Kdm6a regulates sexually 
dimorphic differentiation of hypothalamic neurons, Cell Mol. Life Sci. 78 (21-22) 
(2021) 7043–7060, https://doi.org/10.1007/s00018-021-03945-0. 

[17] K. Ota, A. Komuro, H. Amano, A. Kanai, K. Ge, T. Ueda, H. Okada, High fat diet 
triggers a reduction in body fat mass in female mice deficient for Utx demethylase, 
Sci. Rep. 9 (1) (2019) 10036, https://doi.org/10.1038/s41598-019-46445-9. 

[18] W.A. Schulz, A. Lang, J. Koch, A. Greife, The histone demethylase UTX/KDM6A in 
cancer: Progress and puzzles, Int J. Cancer 145 (3) (2019) 614–620, https://doi. 
org/10.1002/ijc.32116. 

[19] R.S. Martins, D.M. Power, J. Fuentes, L.A. Deloffre, A.V. Canario, DAX1 regulatory 
networks unveil conserved and potentially new functions, Gene 530 (1) (2013) 
66–74, https://doi.org/10.1016/j.gene.2013.07.052. 

[20] J.H. Choi, J.Y. Park, G.H. Kim, H.Y. Jin, B.H. Lee, J.H. Kim, C.H. Shin, S.W. Yang, 
H.W. Yoo, Functional effects of DAX-1 mutations identified in patients with X- 
linked adrenal hypoplasia congenita, Metabolism 60 (11) (2011) 1545–1550, 
https://doi.org/10.1016/j.metabol.2011.03.023. 

[21] R.S. Holmes, Comparative and evolutionary studies of mammalian arylsulfatase 
and sterylsulfatase genes and proteins encoded on the X-chromosome, Comput. 
Biol. Chem. 68 (2017) 71–77, https://doi.org/10.1016/j. 
compbiolchem.2017.02.009. 

[22] U. Zechner, M. Wilda, H. Kehrer-Sawatzki, W. Vogel, R. Fundele, H. Hameister, 
A high density of X-linked genes for general cognitive ability: a run-away process 
shaping human evolution? Trends Genet 17 (12) (2001) 697–701, https://doi.org/ 
10.1016/s0168-9525(01)02446-5. 

[23] K. Mozhui, L. Lu, W.E. Armstrong, R.W. Williams, Sex-specific modulation of gene 
expression networks in murine hypothalamus, Front. Neurosci. 6 (2012) 63, 
https://doi.org/10.3389/fnins.2012.00063. 

L. Cioffi et al.                                                                                                                                                                                                                                    

http://refhub.elsevier.com/S0960-0760(24)00062-1/sbref1
http://refhub.elsevier.com/S0960-0760(24)00062-1/sbref1
http://refhub.elsevier.com/S0960-0760(24)00062-1/sbref1
http://refhub.elsevier.com/S0960-0760(24)00062-1/sbref1
https://doi.org/10.1016/j.pneurobio.2018.06.007
https://doi.org/10.1016/j.pneurobio.2018.06.007
http://refhub.elsevier.com/S0960-0760(24)00062-1/sbref3
http://refhub.elsevier.com/S0960-0760(24)00062-1/sbref3
http://refhub.elsevier.com/S0960-0760(24)00062-1/sbref3
http://refhub.elsevier.com/S0960-0760(24)00062-1/sbref3
https://doi.org/10.1111/jne.12736
https://doi.org/10.1111/jne.12736
http://refhub.elsevier.com/S0960-0760(24)00062-1/sbref5
http://refhub.elsevier.com/S0960-0760(24)00062-1/sbref5
http://refhub.elsevier.com/S0960-0760(24)00062-1/sbref5
http://refhub.elsevier.com/S0960-0760(24)00062-1/sbref5
http://refhub.elsevier.com/S0960-0760(24)00062-1/sbref5
https://doi.org/10.1111/jne.12535
https://doi.org/10.1016/j.yfrne.2008.11.001
https://doi.org/10.1242/dev.109.3.635
https://doi.org/10.1093/hmg/7.4.715
https://doi.org/10.3389/fendo.2020.00537
https://doi.org/10.3389/fendo.2020.00537
http://refhub.elsevier.com/S0960-0760(24)00062-1/sbref11
http://refhub.elsevier.com/S0960-0760(24)00062-1/sbref11
http://refhub.elsevier.com/S0960-0760(24)00062-1/sbref11
http://refhub.elsevier.com/S0960-0760(24)00062-1/sbref11
http://refhub.elsevier.com/S0960-0760(24)00062-1/sbref11
https://doi.org/10.1016/j.yfrne.2019.100804
https://doi.org/10.1016/j.yfrne.2019.100804
http://refhub.elsevier.com/S0960-0760(24)00062-1/sbref13
http://refhub.elsevier.com/S0960-0760(24)00062-1/sbref13
http://refhub.elsevier.com/S0960-0760(24)00062-1/sbref13
https://doi.org/10.1038/nature24265
https://doi.org/10.1038/nature24265
https://doi.org/10.3389/fcell.2022.937875
https://doi.org/10.3389/fcell.2022.937875
https://doi.org/10.1007/s00018-021-03945-0
https://doi.org/10.1038/s41598-019-46445-9
https://doi.org/10.1002/ijc.32116
https://doi.org/10.1002/ijc.32116
https://doi.org/10.1016/j.gene.2013.07.052
https://doi.org/10.1016/j.metabol.2011.03.023
https://doi.org/10.1016/j.compbiolchem.2017.02.009
https://doi.org/10.1016/j.compbiolchem.2017.02.009
https://doi.org/10.1016/s0168-9525(01)02446-5
https://doi.org/10.1016/s0168-9525(01)02446-5
https://doi.org/10.3389/fnins.2012.00063


Journal of Steroid Biochemistry and Molecular Biology 241 (2024) 106514

11

[24] D.K. Nguyen, C.M. Disteche, High expression of the mammalian X chromosome in 
brain, Brain Res 1126 (1) (2006) 46–49, https://doi.org/10.1016/j. 
brainres.2006.08.053. 

[25] C. Armoskus, D. Moreira, K. Bollinger, O. Jimenez, S. Taniguchi, H.W. Tsai, 
Identification of sexually dimorphic genes in the neonatal mouse cortex and 
hippocampus, Brain Res 1562 (2014) 23–38, https://doi.org/10.1016/j. 
brainres.2014.03.017. 

[26] L.E. Cabrera Zapata, L.M. Garcia-Segura, M.J. Cambiasso, M.A. Arevalo, Genetics 
and Epigenetics of the X and Y chromosomes in the sexual differentiation of the 
brain, Int. J. Mol. Sci. 23 (20) (2022), https://doi.org/10.3390/ijms232012288. 

[27] S. Shanmugan, J. Seidlitz, Z. Cui, A. Adebimpe, D.S. Bassett, M.A. Bertolero, 
C. Davatzikos, D.A. Fair, R.E. Gur, R.C. Gur, B. Larsen, H. Li, A. Pines, A. Raznahan, 
D.R. Roalf, R.T. Shinohara, J. Vogel, D.H. Wolf, Y. Fan, A. Alexander-Bloch, T. 
D. Satterthwaite, Sex differences in the functional topography of association 
networks in youth, e2110416119, Proc. Natl. Acad. Sci. USA 119 (33) (2022), 
https://doi.org/10.1073/pnas.2110416119. 

[28] M. Koizumi, H. Eto, M. Saeki, M. Seki, T. Fukushima, S. Mukai, H. Ide, Y. Sera, 
M. Iwasaki, Y. Suzuki, A. Tohei, Y. Kishi, H. Honda, UTX deficiency in neural stem/ 
progenitor cells results in impaired neural development, fetal ventriculomegaly, 
and postnatal death, e22662, FASEB J. 36 (12) (2022), https://doi.org/10.1096/ 
fj.202201002RR. 

[29] C.K. Shaw, S. Abdulai-Saiku, F. Marino, D. Wang, E.J. Davis, B. Panning, D. 
B. Dubal, X Chromosome Factor Kdm6a enhances cognition independent of its 
demethylase function in the aging XY Male Brain, J. Gerontol. A Biol. Sci. Med Sci. 
78 (6) (2023) 938–943, https://doi.org/10.1093/gerona/glad007. 

[30] J. Yang, K. Chen, J. Zhang, Y. Ma, M. Chen, H. Shao, X. Zhang, D. Fan, Z. Wang, 
Z. Sun, J. Wang, Molecular mechanisms underlying human spatial cognitive ability 
revealed with neurotransmitter and transcriptomic mapping, Cereb. Cortex 33 (23) 
(2023) 11320–11328, https://doi.org/10.1093/cercor/bhad368. 

[31] J. Xu, X. Deng, R. Watkins, C.M. Disteche, Sex-specific differences in expression of 
histone demethylases Utx and Uty in mouse brain and neurons, J. Neurosci. 28 (17) 
(2008) 4521–4527, https://doi.org/10.1523/JNEUROSCI.5382-07.2008. 

[32] M. Zhang, Y. Zhou, Y. Jiang, Z. Lu, X. Xiao, J. Ning, H. Sun, X. Zhang, H. Luo, 
D. Can, J. Lu, H. Xu, Y.W. Zhang, Profiling of sexually dimorphic genes in neural 
cells to identify Eif2s3y, whose overexpression causes autism-like behaviors in 
male mice, Front. Cell Dev. Biol. 9 (2021) 669798, https://doi.org/10.3389/ 
fcell.2021.669798. 

[33] K.D. Rock, L.M. Folts, H.C. Zierden, R. Marx-Rattner, N.A. Leu, B.M. Nugent, T. 
L. Bale, Developmental transcriptomic patterns can be altered by transgenic 
overexpression of Uty, Sci. Rep. 13 (1) (2023) 21082, https://doi.org/10.1038/ 
s41598-023-47977-x. 

[34] I. Jaric, D. Rocks, J.M. Greally, M. Suzuki, M. Kundakovic, Chromatin organization 
in the female mouse brain fluctuates across the oestrous cycle, Nat. Commun. 10 
(1) (2019) 2851, https://doi.org/10.1038/s41467-019-10704-0. 

[35] A. Cavenagh, S. Chatterjee, W. Davies, Behavioural and psychiatric phenotypes in 
female carriers of genetic mutations associated with X-linked ichthyosis, 
e0212330, PLoS One 14 (2) (2019), https://doi.org/10.1371/journal. 
pone.0212330. 

[36] P. Nicola, P.R. Blackburn, K.J. Rasmussen, N.L. Bertsch, E.W. Klee, L. Hasadsri, P. 
N. Pichurin, J. Rankin, F.L. Raymond, D.D.D. Study, J. Clayton-Smith, De novo 
DDX3X missense variants in males appear viable and contribute to syndromic 
intellectual disability, Am. J. Med. Genet A 179 (4) (2019) 570–578, https://doi. 
org/10.1002/ajmg.a.61061. 

[37] L.A. Jolly, E. Parnell, A.E. Gardner, M.A. Corbett, L.A. Perez-Jurado, M. Shaw, 
G. Lesca, C. Keegan, M.C. Schneider, E. Griffin, F. Maier, C. Kiss, A. Guerin, 
K. Crosby, K. Rosenbaum, P. Tanpaiboon, S. Whalen, B. Keren, J. McCarrier, 
D. Basel, S. Sadedin, S.M. White, M.B. Delatycki, T. Kleefstra, S. Kury, A. Brusco, 
E. Sukarova-Angelovska, S. Trajkova, S. Yoon, S.A. Wood, M. Piper, P. Penzes, 

J. Gecz, Missense variant contribution to USP9X-female syndrome, NPJ Genom. 
Med. 5 (1) (2020) 53, https://doi.org/10.1038/s41525-020-00162-9. 

[38] S. Qi, A. Al Mamun, C. Ngwa, S. Romana, R. Ritzel, A.P. Arnold, L.D. McCullough, 
F. Liu, X chromosome escapee genes are involved in ischemic sexual dimorphism 
through epigenetic modification of inflammatory signals, J. Neuroinflamm. 18 (1) 
(2021) 70, https://doi.org/10.1186/s12974-021-02120-3. 

[39] B.A. Brand, A.E. Blesson, C.L. Smith-Hicks, The impact of X-chromosome 
inactivation on phenotypic expression of X-Linked neurodevelopmental disorders, 
Brain Sci. 11 (7) (2021), https://doi.org/10.3390/brainsci11070904. 

[40] Y. Yan, X. Wang, D. Chaput, M.K. Shin, Y. Koh, L. Gan, A.A. Pieper, J.A. Woo, D. 
E. Kang, X-linked ubiquitin-specific peptidase 11 increases tauopathy vulnerability 
in women, e3919, Cell 185 (21) (2022) 3913–3930, https://doi.org/10.1016/j. 
cell.2022.09.002. 

[41] X.L. Bozarth, J. Lopez, H. Fang, J. Lee-Eng, Z. Duan, X. Deng, Phenotypes and 
genotypes in patients with SMC1A-related developmental and epileptic 
encephalopathy, Genes (Basel) 14 (4) (2023), https://doi.org/10.3390/ 
genes14040852. 

[42] J. Lee, M. Nicosia, E.S. Hong, D.J. Silver, C. Li, D. Bayik, D.C. Watson, A. Lauko, K. 
E. Kay, S.Z. Wang, S. Johnson, M. McGraw, M.M. Grabowski, D.D. Kish, A.B. Desai, 
W.A. Goodman, S.J. Cameron, H. Okada, A. Valujskikh, R.L. Fairchild, M. 
S. Ahluwalia, J.D. Lathia, Sex-biased T-cell exhaustion drives differential immune 
responses in glioblastoma, Cancer Discov. 13 (9) (2023) 2090–2105, https://doi. 
org/10.1158/2159-8290.CD-22-0869. 

[43] X. Zhang, L. Gomez, J. Below, A. Naj, E. Martin, B. Kunkle, W.S. Bush, An X 
chromosome transcriptome wide association study implicates ARMCX6 in 
Alzheimer’s Disease, bioRxiv (2023), https://doi.org/10.1101/ 
2023.06.06.543877. 

[44] Y. Xie, Z. Luo, W. Peng, Y. Liu, F. Yuan, J. Xu, Y. Sun, H. Lu, T. Wu, L. Jiang, J. Hu, 
Inhibition of UTX/KDM6A improves recovery of spinal cord injury by attenuating 
BSCB permeability and macrophage infiltration through the MLCK/p-MLC 
pathway, J. Neuroinflamm. 20 (1) (2023) 259, https://doi.org/10.1186/s12974- 
023-02936-1. 

[45] M. Karademir, E. Beyazyuz, M. Beyazyuz, A. Yilmaz, Y. Albayrak, Decreased serum 
allopregnanolone and progesterone levels in male patients with bipolar disorder 
and their effects on cognitive functions, Eur. Arch. Psychiatry Clin. Neurosci. 
(2023), https://doi.org/10.1007/s00406-023-01607-9. 

[46] L.F. Umminger, P. Rojczyk, J. Seitz-Holland, N. Sollmann, E. Kaufmann, P. Kinzel, 
F. Zhang, J. Kochsiek, M. Langhein, C.L. Kim, T.L.T. Wiegand, J.D. Kilts, J. 
C. Naylor, G.A. Grant, Y. Rathi, M.J. Coleman, S. Bouix, Y. Tripodis, O. Pasternak, 
M.S. George, T.W. McAllister, R. Zafonte, M.B. Stein, L.J. O’Donnell, C.E. Marx, M. 
E. Shenton, I.K. Koerte, White matter microstructure is associated with serum 
neuroactive steroids and psychological functioning, J. Neurotrauma 40 (7-8) 
(2023) 649–664, https://doi.org/10.1089/neu.2022.0111. 

[47] J. Xu, Y. Zhou, C. Yan, X. Wang, J. Lou, Y. Luo, S. Gao, J. Wang, L. Wu, X. Gao, 
A. Shao, Neurosteroids: a novel promise for the treatment of stroke and post-stroke 
complications, J. Neurochem 160 (1) (2022) 113–127, https://doi.org/10.1111/ 
jnc.15503. 

[48] M. Bourque, D. Soulet, T. Di Paolo, Androgens and Parkinson’s disease: a review of 
human studies and animal models, Androg. Clin. Res Ther. 2 (1) (2021) 294–303, 
https://doi.org/10.1089/andro.2021.0011. 

[49] S. Luchetti, P. Liere, A. Pianos, R.W.H. Verwer, A. Sluiter, I. Huitinga, 
M. Schumacher, D.F. Swaab, M.R.J. Mason, Disease stage-dependent changes in 
brain levels and neuroprotective effects of neuroactive steroids in Parkinson’s 
disease, Neurobiol. Dis. 183 (2023) 106169, https://doi.org/10.1016/j. 
nbd.2023.106169. 

[50] P.R. Manna, C. Bose, P.H. Reddy, Downregulation of StAR driven neurosteroid 
biosynthesis as a distinctive feature in the brains of Alzheimer’s disease patients, 
Biochim Biophys. Acta Mol. Basis Dis. 1869 (6) (2023) 166757, https://doi.org/ 
10.1016/j.bbadis.2023.166757. 

L. Cioffi et al.                                                                                                                                                                                                                                    

https://doi.org/10.1016/j.brainres.2006.08.053
https://doi.org/10.1016/j.brainres.2006.08.053
https://doi.org/10.1016/j.brainres.2014.03.017
https://doi.org/10.1016/j.brainres.2014.03.017
https://doi.org/10.3390/ijms232012288
https://doi.org/10.1073/pnas.2110416119
https://doi.org/10.1096/fj.202201002RR
https://doi.org/10.1096/fj.202201002RR
https://doi.org/10.1093/gerona/glad007
https://doi.org/10.1093/cercor/bhad368
https://doi.org/10.1523/JNEUROSCI.5382-07.2008
https://doi.org/10.3389/fcell.2021.669798
https://doi.org/10.3389/fcell.2021.669798
https://doi.org/10.1038/s41598-023-47977-x
https://doi.org/10.1038/s41598-023-47977-x
https://doi.org/10.1038/s41467-019-10704-0
https://doi.org/10.1371/journal.pone.0212330
https://doi.org/10.1371/journal.pone.0212330
https://doi.org/10.1002/ajmg.a.61061
https://doi.org/10.1002/ajmg.a.61061
https://doi.org/10.1038/s41525-020-00162-9
https://doi.org/10.1186/s12974-021-02120-3
https://doi.org/10.3390/brainsci11070904
https://doi.org/10.1016/j.cell.2022.09.002
https://doi.org/10.1016/j.cell.2022.09.002
https://doi.org/10.3390/genes14040852
https://doi.org/10.3390/genes14040852
https://doi.org/10.1158/2159-8290.CD-22-0869
https://doi.org/10.1158/2159-8290.CD-22-0869
https://doi.org/10.1101/2023.06.06.543877
https://doi.org/10.1101/2023.06.06.543877
https://doi.org/10.1186/s12974-023-02936-1
https://doi.org/10.1186/s12974-023-02936-1
https://doi.org/10.1007/s00406-023-01607-9
https://doi.org/10.1089/neu.2022.0111
https://doi.org/10.1111/jnc.15503
https://doi.org/10.1111/jnc.15503
https://doi.org/10.1089/andro.2021.0011
https://doi.org/10.1016/j.nbd.2023.106169
https://doi.org/10.1016/j.nbd.2023.106169
https://doi.org/10.1016/j.bbadis.2023.166757
https://doi.org/10.1016/j.bbadis.2023.166757

	Sex chromosome complement interacts with gonadal hormones in determining regional-specific neuroactive steroid levels in pl ...
	1 Introduction
	2 Material and methods
	2.1 Animals

	3 Experimental procedure
	3.1 Liquid chromatography–tandem mass spectrometry analysis (LC- MS/MS)
	3.2 Statistical analysis

	4 Results
	5 Discussion
	Funding sources
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data Availability
	Acknowledgement
	References


