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A B S T R A C T

Proprotein Convertase Subtilisin/Kexin type 9 (PCSK9) regulates plasma LDL cholesterol by promoting the 
degradation of LDL receptors. Beyond lipid metabolism, PCSK9 has been implicated in neuropsychiatric con
ditions, including depression and anxiety, potentially through mechanisms involving inflammation, insulin 
resistance, and hormonal regulation. This preclinical study investigated the effects of Pcsk9 deficiency on anx
iety- and depression-like behaviors in male and female C57BL/6 mice, with additional analysis of corticosterone 
levels and the estrous cycle in females, taking advantage of the Pcsk9 knock-out (Pcsk9 KO) mouse model. 
Regardless of sex, Pcsk9 KO mice showed increased anxiety-like behavior, with reduced time and fewer entries 
into the open arms of the Elevated Plus Maze (p < 0.0001), and less time in the light compartment of the Light- 
Dark Box Test (p < 0.001). Exploratory behavior was greater in females than in males across genotypes. In the 
Open Field Test, Pcsk9 KO females traveled shorter distances and at lower speeds than WT females (p < 0.01), 
while within Pcsk9 KO mice only, males were more active than females (p < 0.05). In both sexes, Pcsk9 KO mice 
showed increased immobility in the Tail Suspension and Forced Swim Tests (p < 0.05), and elevated grooming in 
the Splash Test (p < 0.05). Estrous cycle analysis revealed that Pcsk9 KO females spent more time in estrus 
(p < 0.0001) and less (p = 0.0083) in diestrus than WT females, suggesting altered hormonal regulation. 
However, corticosterone levels did not significantly differ between groups. These findings indicate that, in a 
murine model of Pcsk9 deficiency, this loss may associate with sex-dependent emotional dysregulation, thus 
supporting further preclinical and clinical investigations into its neuropychiatric relevance.  

Abbreviations: PCSK9, Proprotein Convertase Subtilisin/Kexin type 9; LDL, Low-density Lipoprotein; HPA, hypothalamic-pituitary-adrenal; ApoER2, Apolipo
protein E receptor 2; WT, Wild-type; KO, Knock-out; EPMT, Elevated Plus Maze Test; OFT, Open Field Test; LDBT, Light-Dark Box Test; ST, Splash Test; TST, Tail 
Suspension Test; FST, Forced Swim Test; ERα, estrogen receptor α.
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1. Introduction

Proprotein Convertase Subtilisin/Kexin type 9 (PCSK9) is a key 
regulator of plasma low-density lipoprotein (LDL) cholesterol levels, 
primarily by promoting the degradation of LDL receptors. This function 
is critical for cardiovascular health, and the development of PCSK9 in
hibitors, such as evolocumab, alirocumab, and inclisiran has signifi
cantly advanced the treatment of hypercholesterolemia in high-risk 
patients (Ray et al., 2020; Robinson et al., 2015; Sabatine et al., 2017).

Emerging evidence suggests a complex interplay between PCSK9, 
cholesterol metabolism, and mental health. Low cholesterol levels have 
been associated with an increased risk of psychiatric disorders, partic
ularly depression and anxiety. Several studies suggest a potential link 
between low cholesterol levels and an increased risk of depression. For 
instance, Engelberg (1992) proposed that low cholesterol may impair 
serotonin function, potentially leading to depressive symptoms. Simi
larly, Partonen et al. (1999) found that individuals with low serum 
cholesterol were more likely to suffer from depressive symptoms. In 
contrast, other studies have reported no significant association between 
cholesterol levels and depression or anxiety disorders. Giltay et al. 
(2004) found no association between cholesterol levels and symptoms of 
anxiety or depression in a large cohort study. A meta-analysis (Shin 
et al., 2008) concluded that there was no consistent evidence to support 
the link between cholesterol levels and depression, highlighting the 
need for further research to clarify these findings. These conflicting re
sults suggest that the relationship between cholesterol and psychiatric 
disorders may be influenced by additional factors such as genetic pre
dispositions, diet, and overall physical health. Importantly, Zhang et al. 
(2020) pointed out that factors such as age and sex can mediate the 
relationship between cholesterol and mental health outcomes. It is also 

important to mention that PCSK9 seems not only implicated in lipid 
metabolism but also in neuronal function. Indeed, Kysenius et al. (2012)
demonstrated that PCSK9 modulates the levels and signaling of Apoli
poprotein E receptor 2 (ApoER2), a key receptor involved in neuro
protection and neuronal survival. Particularly, increased PCSK9 
expression leads to enhanced neuronal apoptosis, which is linked to 
reduced ApoER2 levels. This suggests that PCSK9 may negatively impact 
neuronal health by promoting cell death through the downregulation of 
protective signaling pathways.

While PCSK9 inhibitors effectively reduce LDL cholesterol and lower 
cardiovascular event rates, concerns have arisen regarding potential 
neuropsychiatric side effects. Observational studies have indicated 
possible associations between PCSK9 inhibition and mood disorders, yet 
definitive clinical evidence remains sparse (Giugliano et al., 2017; 
Sabatine et al., 2018), although a randomized clinical trial has excluded 
any effect of mAbs anti-PCSK9 on neurocognitive function (Giugliano, 
Mach, Zavitz, Kurtz, Im, Kanevsky, Schneider, Wang, Keech, Pedersen, 
Sabatine, Sever, Robinson, Honarpour, Wasserman, Ott, et al., 2017). 
PCSK9 influences the production of sex hormones (Jia et al., 2022), 
which is of paramount importance for understanding whether certain 
behavioural disorders might be linked to the absence of this protein. 
Differences in estrogen and/or testosterone levels between male and 
female mice affect the response to both the overexpression and silencing 
of Pcsk9. Female mice induced to overexpress Pcsk9 through gene 
therapy do not develop atherosclerosis despite being fed a high-fat diet 
and experiencing weight gain comparable to that of male mice 
(Vozenilek et al., 2018). Similarly, in Pcsk9 KO mice, the LDL receptor 
significantly increases in males, but not in females, livers and pancreas, 
and removal of the ovaries restores receptor levels to similar values, 
demonstrating the critical role of female hormones in PCSK9 
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functionality (Roubtsova et al., 2015). Additionally, significant differ
ences in cholesterol levels between male and female mice with Pcsk9 
gene deletion have been confirmed, leading to variations in glucose 
homeostasis (Mbikay et al., 2015). Finally, in humans, it has been shown 
that circulating PCSK9 levels are influenced by several factors, including 
circadian rhythm, diet, variations in growth hormones, and sex (Ferri 
et al., 2020).

Therefore, the objective of this study was to investigate the impact of 
Pcsk9 deficiency on anxiety-like and depression-like behaviors in both 
male and female mice. We employed a comprehensive battery of 
behavioral tests, including the Elevated Plus Maze Test (EPMT), Open 
Field Test (OFT), Light-Dark Box Test (LDBT), Splash Test (ST), Tail 
Suspension Test (TST), and Forced Swim Test (FST). We also analyzed 
circulating corticosterone levels and the estrous cycle in female mice to 
explore potential sex-specific effects. Our findings aim to contribute to 
the understanding of the role of PCSK9 in neuropsychiatric disorders 
and the potential implications of cholesterol modulation in mental 
health.

2. Materials and methods

2.1. Experimental design

Pcsk9 knockout (KO) and wild-type C57BL/6 (WT) mice were eval
uated in a battery of behavioral paradigms to assess anxiety-like and 
depression-like behaviors. To minimize potential carryover effects, tests 
were administered with a minimum interval of 48 h between sessions, 
and the sequence was selected to progress from less to more stressful 
procedures. Specifically, anxiety-related assays were conducted first, in 
the following order: open field, elevated plus maze, and light–dark box. 
These were followed by depression-related assays in the order: splash 
test, forced swim test, and tail suspension test. The order of animals 
tested within each assay was counterbalanced across genotype and sex. 
Female mice were evaluated during diestrus, confirmed by vaginal 
cytology. Prior to testing, all mice were handled and habituated to the 
testing room (1 h/day for 3 consecutive days). Blood samples were 
collected by submandibular puncture at least 7 days before the onset of 
behavioral testing (females in diestrus), and plasma corticosterone 
concentrations were quantified by ELISA. All behavioral sessions were 
video-recorded and analyzed using ANY-maze software (Stoelting 
Europe, Dublin, Ireland).

2.2. Animals

All experiments were conducted using Pcsk9 KO and WT C57BL/6 
mice, aged between 2 and 4 months. Both male and female mice were 
included in the study. Animals were housed in a controlled environment 
under standard conditions, including a 12-hour light/dark cycle (light 
ON at 7 am and OFF at 7 pm), with ad libitum access to food and water. 
Female mice were tested exclusively during the diestrous phase, which 
was confirmed via vaginal smear analysis prior to testing. The analyses 
described in the following sections were performed by blind in
vestigators. All experimental procedures were performed in accordance 
with institutional and ethical guidelines for animal research to ensure 
animal welfare and minimize distress. The experimental protocol was 
reviewed and approved by the Institutional Animal Care and Use 
Committee of the University of Padova, project no. 78/2023, and was 
authorized by the Italian Ministry of Health (authorization no. 178/ 
2024-PR).

2.3. Determination of the estrous cycle phase in female mice

The phase of the estrous cycle in female mice (WT=10, Pcsk9 
KO=12) was determined at least for two cycles by performing a vaginal 
smear as described by McLean et al. (2012) and Bonaldo et al. (2025)
with some modifications. The collected cells were transferred onto a dry 

microscope slide and then stained with hematoxylin and eosin to 
determine the stage of the estrous cycle based on the presence or absence 
of leukocytes, cornified epithelial cells, and nucleated epithelial cells.

2.4. Blood collection

The submandibular blood collection technique was used to collect 
blood samples (Francisco et al., 2015; Golde et al., 2005; Jo et al., 2021) 
from both male and female mice (n = 6–7/each group) at least 7 days 
before the start of behavioral tests. In females, blood was collected 
specifically during the diestrous phase, which was confirmed prior to 
collection through vaginal smear analysis. Approximately 40 μL of 
whole blood was collected between 9 and 10 am in vials with 10 % of 
EDTA and was then centrifuged at 3500 g for 10 min at 4◦C. The serum 
was then separated and stored at − 20◦C.

2.5. Corticosterone levels

Corticosterone quantification of plasma samples (10 µL) was per
formed using a corticosterone ELISA kit and carried out according to the 
manufacturer’s guidelines (Enzo Life Sciences, ADI-901–097). Samples 
were analyzed in duplicate in a single assay, with a threshold detection 
of less than 32 pg/mL and a coefficient of variation limit of 20 %. 
Corticosterone concentrations were expressed in ng/mL. Light absor
bance was read using a multimode plate reader (Victor Nivo, Revvity 
Inc.) at 405 nm.

2.6. Behavioral tests

To assess emotional and locomotor behaviors, a battery of stan
dardized tests was conducted on Pcsk9 KO and WT mice. A total of 
16–18 males and 10–13 females per group were included in the exper
iments. All behavioral assessments were performed under standard 
room lighting conditions (350 lx), during the light phase of the cycle, 
between 9 am and 3 pm. Between animals, the apparatus was wiped 
with 70 % ethanol and dried with paper towels. Female mice were tested 
during the diestrus phase to minimize hormonal variability. The tests 
were conducted using established and validated protocols in the labo
ratory (Comai et al., 2015; Nasini et al., 2023).

Open Field Test. Exploration and locomotor activity were assessed 
using the open field test (Nasini et al., 2023). Mice were individually 
placed in a square arena (40 ×40 cm) with 30 cm high walls and allowed 
to explore for 20 min. The time spent in the center of the arena versus the 
periphery was recorded to evaluate anxiety-like behavior, with 
increased time in the periphery indicating higher anxiety levels. Total 
distance traveled was measured to assess locomotor activity. Addition
ally, stereotypic behaviors such as grooming and rearing were analyzed 
manually by three investigators (SN, BB, and ST) as indicators of stress 
levels.

Light/Dark Box Test. The Light/Dark Box Test is based on the natural 
aversion of mice to brightly lit areas and their spontaneous exploratory 
behavior in new environments. The apparatus (length 50 cm, width 
20.5 cm, height 19 cm) consists of two equal-sized acrylic compart
ments, one dark and one illuminated by a 60 W bulb, separated by a door 
(10 ×3.2 cm) that allows the animal to move between the two com
partments. Each mouse was placed in the center of the dark area and 
allowed to explore the apparatus for 5 min. The number of entries into 
the light chamber, the time spent in the light chamber, and the latency to 
the first entry into the light chamber were recorded as indices of the 
animal’s anxiety levels (Bourin and Hascoët, 2003).

Elevated Plus Maze Test. The apparatus is a cross-shaped maze, 
elevated 50 cm above the floor, with two closed arms (25 ×5 x 16 cm) 
opposite each other, two open arms (25 ×5×0,5 cm) opposite each 
other, and an open central area (5 ×5×0,5 cm). This test is based on the 
rodent’s conflict between aversion to open spaces and the instinct to 
explore new environments. A low latency to the first visit to one of the 
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open arms and increased time spent in these arms (compared to the 
closed arms) are indicative of lower anxiety levels. Each animal was 
placed in the central area of the maze facing an open arm and allowed to 
explore the maze for 5 min (Comai et al., 2015).

Splash Test. The protocol, adapted from Isingrini et al. (2010), in
volves spraying a 10 % sucrose solution onto the dorsal fur of the mouse 
to induce grooming behavior. The latency between the spray and the 
initiation of grooming, the frequency, and the duration of grooming 
were recorded for 5 min and manually coded by three investigators (SN, 
BB, and ST) as indices of self-care and motivational behavior. Reduced 
grooming behavior in mice is considered indicative of depression-like 
behavior.

Forced Swim Test. This test is based on the premise that when an 
animal is placed in a container filled with water, it will initially attempt 
to escape but will eventually exhibit immobility, which can be consid
ered a measure of behavioral despair (Comai et al., 2015). Mice are 
individually placed in a plexiglass cylinder (20 cm in diameter, 50 cm in 
height) containing 20 cm of water at 25◦C, from which they cannot 
escape. The experiment lasts for 6 min, and the duration and frequency 
of immobility are analyzed during the last 4 min. At the end of the test, 
the animal is placed under an infrared lamp at an appropriate distance or 
on a heated mat at 37◦C until it is dry.

Tail Suspension Test. In this test, the end of the mouse’s tail was 
secured with adhesive tape to a bar positioned 30 cm above the surface, 
so that the animal remained suspended. During this 5-min test, the 
mouse exhibited escape-oriented behaviors such as swinging and 
struggling and attempting to grasp the structure, before eventually 
becoming immobile. Immobility is considered an index of behavioral 

despair. Therefore, the primary parameter analyzed is the immobility 
time, including the number of immobility episodes, total immobility 
duration, and latency to the first immobility episode (Tassan Mazzocco 
et al., 2021).

2.7. Statistical analysis

Data analysis was performed using GraphPad Prism 8.2.1 (GraphPad 
Software, La Jolla, CA, USA). Potential outliers were identified using the 
ROUT method whereas normality was assessed using the Shapiro-Wilk 
test. Given that no outliers were detected and data were normally 
distributed, a two-way ANOVA (factors sex and genotype) was applied 
for behavioral and corticosterone data, followed by Bonferroni post-hoc 
comparisons where appropriate. Differences in estrous phase distribu
tion during the 4-week follow-up were evaluated using a two-way 
ANOVA for repeated measures with genotype (WT vs. Pcsk9 KO) and 
estrous phase (proestrus, estrus, metestrus, diestrus) as factors, followed 
by Bonferroni post hoc multiple comparisons. Behavioral and cortico
sterone data were presented as mean ± standard deviation (SD). Sta
tistical significance was set at p < 0.05.

3. Results

3.1. Estrous cycle

As shown in the Fig. 1A-B, in control female mice, the analysis of 
time distribution across estrous cycle phases revealed a significant effect 
of cycle phase (F(2.330,46.59) = 10.91, P < 0.0001), confirming natural 

Fig. 1. Estrous cycle phases distribution and corticosterone levels in Pcsk9 KO female mice. Evaluation of the estrous phases distribution during the 4-week follow-up 
(A). WT females n = 10, Pcsk9 KO females n = 12. ** p < 0.01, *** p < 0.001 Pcsk9 KO vs WT. Representative images of vaginal smears stained with hematoxylin 
and eosin (H&E) for each cycle phase (B). Basal plasma corticosterone levels in male and female mice (C) Data are presented as mean ± SD of WT males n = 16, WT 
females n = 10, Pcsk9 KO males n = 18, PCSK9 KO females n = 13; Two-way ANOVA followed by Bonferroni post-hoc comparisons.
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physiological variability in phase duration. A significant interaction 
between genotype and estrous cycle phase was also observed (Interac
tion: F(3,60) = 14.88, P < 0.0001), whereas no main genotype effect 
was detected (F(1,20) = 0.000, P > 0.9999). Analysis of individual 
phases indicated that Pcsk9 KO female mice spent a significantly greater 
proportion of the cycle in estrus (43.75 %) compared to WT mice 
(24.5 %; P = 0.0001). Conversely, the time spent in diestrus was 
significantly lower in Pcsk9 KO mice (16.25 %) than in WT mice 
(34.5 %; P = 0.0083). No significant differences were observed between 
genotypes in proestrus or metestrus duration. Furthermore, when the 
cycle was grouped into estrous (proestrus + estrus) and non-estrous 
(metestrus + diestrus) phases (Fig. 1A), a significant interaction be
tween genotype and phase factors was found (F(1,84) = 20.57, 
P < 0.0001), while no main genotype effect was detected (F(1,84) 
= 0.000, P > 0.9999). Pcsk9 KO female mice spent significantly more 
time in estrous phases (P = 0.0038) and significantly less time in non- 
estrous phases (P = 0.0038) compared to WT mice.

3.2. Plasma corticosterone levels in Pcsk9 KO and wild-type mice

To investigate the potential effects of Pcsk9 deficiency on baseline 
corticosterone levels, we measured plasma corticosterone concentra
tions in the morning between 9 and 10 am in male and female (dies
trous) Pcsk9 KO and WT mice.

As shown in Fig. 1C, no significant differences were observed be
tween WT and Pcsk9 KO mice (F(1,22) = 0.2066, P = 0.6539). Simi
larly, no significant sex differences were found between males and 
females (F(1,22) = 0.2376, P = 0.6308), and no significant interaction 
effect was observed between genotype and sex (F(1,22) = 0.3174, 
P = 0.5789). The predicted means for males (29.67 ng/mL) and females 
(26.50 ng/mL) as well as the predicted means for WT (26.61 ng/mL) 
and Pcsk9 KO (29.56 ng/mL) mice were similar (P > 0.05).

These findings indicate that Pcsk9 deficiency does not have a major 
impact on diurnal corticosterone secretion and that any potential effects 
of Pcsk9 on stress-related behaviors are unlikely to be mediated by al
terations in circulating corticosterone at baseline.

3.3. Behavioural test in Pcsk9 KO and wild-type mice

In the open field test (Fig. 2A-E), we analysed the distance travelled 
by the animals during the 20 min test (Fig. 2B; interaction genotype x 
sex: F(1,52) = 5.442, P = 0.0236; genotype: F(1,52) = 5.947, 
P = 0.0182; sex: F(1,52) = 1.118, P = 0.2952) and found that Pcsk9 KO 
female mice travelled a shorter distance than WT female controls 
(Fig. 2B; P = 0.0063). Moreover, while no sex difference was seen in WT 
mice, Pcsk9 KO females travelled a shorter distance than Pcsk9 KO males 
(Fig. 2B; P = 0.0303). Regarding the mean speed of the animals during 
the test (Fig. 2C, interaction genotype x sex: F(1,52) = 5.355, 
P = 0.0246; genotype: F(1,52) = 5.877, P = 0.0189; sex: F(1,52) 
= 1.082, P = 0.3031), Pcsk9 KO females compared to WT female con
trols showed a lower mean speed (Fig. 2C; P = 0.0067). In addition, 
Pcsk9 KO females displayed a lower mean speed than Pcsk9 KO males 
(Fig. 2C; P = 0.0323), whereas no sex difference in the mean speed was 
found in WT mice. No sex and genotype differences were found in the 
number of entries (Fig. 2D; interaction genotype x sex: F(1,52) = 2.382, 
P = 0.1288; genotype: F(1,52) = 3.172, P = 0.0808; sex: F(1,52) 
= 2.727, P = 0.1047) and the time spent by the animals in the centre 
area (Fig. 2D; interaction genotype x sex: F(1,52) = 0.03819, 
P = 0.8458; genotype: F(1,52) = 0.8017, P = 0.3747; sex: F(1,52) 
= 0.001140, P = 0.9732).

During the open field test, we also evaluated weather the animals 
showed stereotypical behaviours such as grooming (Fig. 2F-G) and 
rearing (Fig. 2H-I). Overall, female mice showed a shorter time spent 
grooming (Fig. 2F; P = 0.0235) (interaction genotype x sex: F(1,43) 
= 0.4950, P = 0.4855; genotype: F(1,43) = 1.660, P = 0.2045; sex: F 
(1,43) = 5.518, P = 0.0235) and a fewer grooming episodes (Fig. 2G; 

P = 0.0216) (interaction genotype x sex: F(1,43) = 0.4355, P = 0.5128; 
genotype: F(1,43) = 1.747, P = 0.1932; sex: F(1,43) = 5.688, 
P = 0.0216) than males, regardless of the genotype. Regarding the 
rearing behaviour, Pcsk9 KO mice compared to WT controls spent a 
shorter time rearing (Fig. 2H; P = 0.0495) (interaction genotype x sex: F 
(1,43) = 0.3824, P = 0.5396; genotype: F(1,43) = 4.087, P = 0.0495; 
sex: F(1,43) = 5.990, P = 0.0185) and showed a fewer rearing episodes 
(Fig. 2I; P = 0.0156) (interaction genotype x sex: F(1,43) = 0.08704, 
P = 0.7694; genotype: F(1,52) = 6.337, P = 0.0156; sex: F(1,52) 
= 4.951, P = 0.0314). We also found that, regardless of genotype, fe
male mice show shorter time spent rearing (Fig. 2H; P = 0.0185) and 
fewer rearing episodes (Fig. 2I; P = 0.0314) compared to males.

In the light dark box test (Fig. 2J-L) both male and female Pcsk9 KO 
mice showed less transitions between the light and dark zone than male 
and female WT animals (Fig. 2K; P < 0.0001) (interaction genotype x 
sex: F(1,52) = 1.588, P = 0.2133; genotype: F(1,52) = 27.34, 
P < 0.0001; sex: F(1,52) = 0.03960, P = 0.8430). Pcsk9 KO mice of 
both sexes also showed a shorter time spent in the light zone of the 
apparatus (Fig. 2L; P = 0.0003) compared to WT controls (interaction 
genotype x sex: F(1,52) = 0.2813, P = 0.5981; genotype: F(1,52) 
= 15.13, P = 0.0003; sex: F(1,52) = 2.556, P = 0.1159).

In the elevated plus maze test (Fig. 2M-O), regardless of sex, Pcsk9 
KO mice compared to WT controls displayed less entries in the open 
arms (Fig. 2N; P < 0.0001), and this number was lower for male than for 
female mice (Fig. 2N; P = 0.0088) (interaction genotype x sex: F(1,49) 
= 0.4612, P = 0.5003; genotype: F(1,49) = 63.30, P < 0.0001; sex: F 
(1,49) = 7.451, P = 0.0088). In addition, Pcsk9 KO mice spent less time 
in the open arms than WT controls (Fig. 2O; P < 0.0001), and the time 
spent in the open arms was shorter for male than for female mice 
(Fig. 2O; P = 0.0401) (interaction genotype x sex: F(1,49) = 2.476, 
P = 0.1221; genotype: F(1,49) = 24.85, P < 0.0001; sex: F(1,49) 
= 4.448, P = 0.0401).

In the splash test (Fig. 3A-C), no difference between groups was seen 
in the time spent grooming (Fig. 3B; interaction genotype x sex: F(1,49) 
= 0.8826, P = 0.3521; genotype: F(1,49) = 0.7684, P = 0.3850; sex: F 
(1,49) = 1.821, P = 0.1833). However, regardless of sex, Pcsk9 KO 
showed a higher number of grooming episodes than WT controls 
(Fig. 3C, P = 0.0257) (interaction genotype x sex: F(1,50) = 2.653, 
P = 0.1096; genotype: F(1,50) = 5.290, P = 0.0257; sex: F(1,50) 
= 2.757, P = 0.1031).

In the tail suspension test (Fig. 3D-F), Pcsk9 KO animals showed a 
longer time spent immobile compared to WT control mice (Fig. 3E; 
P = 0.0436) (interaction genotype x sex: F(1,51) = 0.8912, P = 0.3496; 
genotype: F(1,51) = 4.282, P = 0.0436; sex: F(1,51) = 0.4101, 
P = 0.5248). Regarding the number of immobility episodes (Fig. 3F; 
interaction genotype x sex: F(1,51) = 24.01, P < 0.0001; genotype: F 
(1,51) = 6.479, P = 0.0140; sex: F(1,51) = 0.01082, P = 0.9176) Pcsk9 
KO females showed a higher number of immobility episodes than WT 
females (P < 0.0001). Moreover, we saw a sex difference in Pcsk9 KO 
mice where Pcsk9 KO females showed a greater number of immobility 
episodes than Pcsk9 KO males (P = 0.0009). A sex difference was also 
seen in WT mice where WT females displayed less episodes of immo
bility than WT males (P = 0.0046).

In the forced swim test (Fig. 3G-I), Pcsk9 KO animals compared to 
WT controls showed a longer time immobile during the test (Fig. 3H; 
P = 0.0058) (interaction genotype x sex: F(1,46) = 0.004439, 
P = 0.9472; genotype: F(1,46) = 8.389, P = 0.0058; sex: F(1,46) 
= 0.8772, P = 0.3539) and a higher number of immobility episodes 
(Fig. 3I; P = 0.0009) (interaction genotype x sex: F(1,46) = 1.645, 
P = 0.2061; genotype: F(1,46) = 12.48, P = 0.0009; sex: F(1,46) 
= 0.4824, P = 0.4908).

4. Discussion

This study provides preclinical evidence that Pcsk9 deletion impacts 
emotional behavior in a sex-dependent manner. Pcsk9 KO mice 
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Fig. 2. Behavioral assessment of anxiety-like phenotype in Pcsk9 KO mice. Distance travelled (A), mean speed (B), number of entries in the center area (C), time 
spent in the center area (D) during the 20 min OFT. Representative track plot for each experimental group of the path followed during the OFT (E). Time spent 
grooming (F), number of grooming episodes (G), time spent rearing (H), number of rearing episodes (I) during the 20 min OFT. Schematic representation of the 
apparatus used for the LDBT (J). Number of transitions from the dark chamber to the light chamber (K), time spent in the light zone (L) during the LDBT. Schematic 
representation of the apparatus used for the EPMT (M). Number of entries in the open arms (N), time spent in the open arms (O) during the EPMT. Data are presented 
as mean ± SD of WT males n = 16, WT females n = 10, Pcsk9 KO males n = 18, PCSK9 KO females n = 13. * p < 0.05, ** p < 0.01; $ p < 0.05 males vs females; ‡ p <
0.05, ‡ ‡ ‡ p < 0.001, ‡ ‡ ‡ ‡ p < 0.0001 PSCK9 KO vs WT; Two-way ANOVA followed by Bonferroni post-hoc comparisons.
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exhibited heightened anxiety- and depression-like behaviors, accom
panied by alterations in estrous cycle profiles in females, and without 
significant changes in diurnal peripheral corticosterone levels. Key 
findings are summarized in Table 1. These results support the notion 
that Pcsk9 has roles in the body extending its established function in 
cholesterol metabolism (Ferri et al., 2016), influencing brain function, 
emotional regulation, and neuroendocrine rhythms.

Our findings are consistent with both clinical and preclinical evi
dence linking disturbances in lipid metabolism to emotional regulation. 
Previous studies have reported associations between reduced plasma 
cholesterol levels and elevated anxiety and depression symptoms 
(Engelberg, 1992; Partonen et al., 1999; Suarez, 1999), underscoring the 
importance of cholesterol homeostasis in affective processes. 

Additionally, our prior work demonstrated that neuronal Pcsk9 regu
lates cognitive function via modulation of ApoER2 synaptic targeting, 
further emphasizing the relevance of Pcsk9 in brain physiology 
(Pelucchi et al., 2025).

In the present study, Pcsk9 KO mice exhibited significant anxiety-like 
behaviors, evidenced by reduced open-arm exploration in the EPMT and 
decreased time spent in the light compartment of the LDBT. Sponta
neous exploratory behavior was also affected, with female Pcsk9 KO 
mice showing reduced locomotor activity compared to WT females, 
while male Pcsk9 KO mice maintained normal exploratory behavior. 
Notably, WT females were more active than WT males, and males of 
both genotypes exhibited increased grooming behavior, in line with 
known sex differences in emotional behaviors (Fang et al., 2024). 

Fig. 3. Behavioral assessment of depressive-like phenotype in Pcsk9 KO mice. Schematic representation of the splash test (A). Time spent grooming (B), number of 
grooming episodes (C) occurred during the splash test. Schematic representation of the TST (D). Time spent immobile (E) and number of immobility episodes 
occurred during the TST (F). Schematic representation of the FST (G). Time spent immobile (H) and number of immobility episodes (I) occurred during the FST. Data 
are presented as mean ± SD of WT males n = 16, WT females n = 10, Pcsk9 KO males n = 18, Pcsk9 KO females n = 13. ** p < 0.01, **** p < 0.0001; ‡ p < 0.05, ‡‡
p < 0.01, ‡‡‡ p < 0.001 Pcsk9 KO vs WT; Two-way ANOVA followed by Bonferroni post-hoc comparisons.

S. Nasini et al.                                                                                                                                                                                                                                   Psychoneuroendocrinology 183 (2026) 107660 

7 



Rearing behavior, a proxy for exploratory drive, was generally reduced 
in Pcsk9 KO mice and lower in females than males, suggesting that Pcsk9 
deletion interacts with inherent sex-specific behavioral traits. These 
observations are consistent with previous reports documenting sex dif
ferences in anxiety-like behaviors and spontaneous behaviors, including 
rearing behavior (Brookshire and Jones, 2009), partially attributed to 
differential serotonergic functioning between sexes (Donner and Lowry, 
2013).

In addition to an anxiety-like phenotype, Pcsk9 KO mice displayed 
depressive-like behaviors, including increased immobility in the FST 
and TST, and elevated grooming in the ST. Female Pcsk9 KO mice were 
particularly affected, showing a higher frequency of immobility episodes 
in the TST compared to Pcsk9 KO males and WT females. These findings 
further strengthen the association between cholesterol dysregulation 
and mood disorders (Cheon, 2023; Fiedorowicz and Haynes, 2010) and 
suggest a modulatory role for sex hormones in the behavioral conse
quences of Pcsk9 deficiency.

However, the behavioral consequences of Pcsk9 deficiency have not 
been uniformly observed across studies. Pärn et al. (2022) reported 
altered brain lipid composition in Pcsk9-deficient mice without behav
ioral changes, implying the presence of compensatory mechanisms in 
specific genetic backgrounds or environmental contexts. Similarly, a 
study testing the behavioral outcomes of anti-PCSK9 antibody treatment 
in mice reported no significant effects on locomotion, anxiety, or 
cognition (Schlunk et al., 2021). These discrepancies highlight the 
complexity of PCSK9’s role in the CNS and underscore the relevance of 
factors such as sex, age, and hormonal status in modulating its effects.

Mechanistically, disruptions in cholesterol metabolism may impact 
serotonergic transmission, synaptic plasticity, and neurosteroid syn
thesis, key processes implicated in emotional regulation (Dietschy and 
Turley, 2004; Fusar-Poli et al., 2020; Zorkina et al., 2024). Moreover, 
PCSK9 has been linked to neuroinflammatory processes (Hendawy et al., 
2023; Wagner et al., 2024), providing an additional framework through 
which its deficiency may influence behavior. According to clinical data 
(Izkhakov et al., 2021), despite the observed behavioral alterations, 
corticosterone levels remained unchanged across genotypes and sexes, 
suggesting that these emotional changes occur independently of basal 

hypothalamic-pituitary-adrenal (HPA) axis dysregulation (Djordjevic 
et al., 2012; Lightman and Conway-Campbell, 2010).

Earlier studies have also revealed that sex hormones modulate 
PCSK9 expression. Estradiol inversely correlates with circulating PCSK9 
levels throughout the menstrual cycle (Persson et al., 2012), and post
menopausal women exhibit elevated PCSK9 concentrations (Ghosh 
et al., 2015). From a mechanistic point of view, estrogen suppresses 
PCSK9 expression through multiple pathways: inhibition of PCSK9 
promoter activity via estrogen receptor α (ERα) signaling (Jing et al., 
2019), reduction in internalization via G-protein–coupled estrogen re
ceptor (GPER) modulation (Fu et al., 2020), and decreased PCSK9 
phosphorylation which enhances LDL receptor availability. These 
estrogen-mediated mechanisms likely underlie the observed 
sex-dependent resilience to emotional dysregulation observed in Pcsk9 
KO mice.

In addition, alterations in reproductive physiology were evident, as 
Pcsk9 KO females exhibited longer estrus and shorter diestrus phases 
compared to WT females. Given that estrous cycle phases influence 
mood and stress sensitivity (Lovick, 2012; Lovick and Zangrossi, 2021), 
these disruptions may further heighten emotional vulnerability. Hor
monal fluctuations across the estrous cycle modulate anxiety- and 
depression-like behaviors via serotonergic and GABAergic systems 
(Donner and Lowry, 2013), suggesting that altered cycle dynamics in 
Pcsk9 KO females may exacerbate affective disturbances. To minimize 
the confounding effects of hormonal variability across the estrous cycle, 
behavioral testing in females was conducted during the diestrus phase, a 
phase characterized by relatively low and stable estrogen and proges
terone levels (Butcher et al., 1974; Flores et al., 2020), therefore 
providing a more consistent neuroendocrine baseline for behavioral 
assessment. Given the role of PCSK9 in cholesterol metabolism (Ferri 
et al., 2016; Seidah et al., 2014; Spolitu et al., 2019), it may serve as a 
mechanistic link between reproductive physiology and emotional 
behavior.

5. Implications of the findings

Collectively, these findings broaden the understanding of PCSK9 
beyond cardiovascular regulation, suggesting its involvement in brain 
cholesterol homeostasis, emotional regulation, and neuroimmune in
teractions. While PCSK9 inhibitors are widely used and generally 
considered safe from a neuropsychiatric perspective, Mendelian 
randomization studies have not found associations between genetically 
reduced PCSK9 and increased depression risk (Aman et al., 2024; Hay 
et al., 2022), providing reassurance regarding their psychiatric safety 
profile. However, the link we observed between Pcsk9 deletion and al
terations in affective behaviors in mice raises the possibility that PCSK9 
may contribute to emotional regulation under certain conditions. While 
these preclinical findings should not be interpreted as indicative of risk 
associated with PCSK9 inhibition in humans, they underscore the 
importance of further research into individual variability in neuro
behavioral responses to lipid-lowering interventions.

6. Limitations

Several limitations must be acknowledged. Although the behavioral 
assays used are well-validated, they capture only specific dimensions of 
emotional behavior. We did not assess HPA axis reactivity to acute 
stress, and hormonal measurements were limited to corticosterone. 
Future investigations should include additional endocrine markers, such 
as estrogen, progesterone, and inflammatory cytokines, to elucidate 
underlying mechanisms.

Future directions

Future research should employ region-specific conditional Pcsk9 KO 
models to dissect the neural circuits mediating the effects of PCSK9 on 

Table 1 
Summary of behavioral, endocrine, and reproductive findings in Pcsk9 KO and 
WT mice. Behavioral performance, estrous cycle profiles, and basal plasma 
corticosterone levels were compared between Pcsk9 KO and WT mice. Pcsk9 KO 
vs. WT effects and sex-dependent effects are indicated for each parameter. 
Behavioral tests included anxiety-like (EPMT, LDBT), exploratory (OFT: dis
tance, speed, rearing, grooming), and depression-like measures (ST, TST, FST). 
Estrous cycle assessment and corticosterone measurement were performed to 
evaluate neuroendocrine changes.

Test / Analysis Parameter Pcsk9 KO vs WT 
Effect

Sex Effect

Elevated Plus 
Maze

Time and entries 
in open arms

Pcsk9 KO < WT Females > Males

Open Field Test Distance and 
speed

Pcsk9 KO Females 
< WT Females

Pcsk9 KO Males 
> Pcsk9 KO 
Females

Open Field Test Grooming — Males > Females
Open Field Test Rearing Pcsk9 KO < WT Females > Males
Light-Dark Box Time in light 

zone
Pcsk9 KO < WT —

Forced Swim Test Immobility 
(time/episodes)

Pcsk9 KO > WT —

Tail Suspension 
Test

Immobility 
(time/episodes)

Pcsk9 KO > WT Pcsk9 KO Females 
> Pcsk9 KO Males

Splash Test Grooming 
episodes

Pcsk9 KO > WT —

Estrous Cycle 
(Females)

Time in estrus / 
diestrus

Pcsk9 KO: more 
estrus, less 
diestrus

—

Plasma 
Corticosterone

Basal levels No significant 
difference

No significant 
difference
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behavior. Studies examining PCSK9 regulation under acute and chronic 
stress conditions are warranted. Finally, longitudinal clinical studies are 
needed to evaluate the impact of PCSK9 inhibition on cognitive and 
emotional outcomes in diverse populations.
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