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Atherosclerosis enhances the efficacy 2
of liposome-encapsulated bromocriptine

in reducing the incidence of prolactinemia

in pituitary tumors
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Abstract

Intranasal drug delivery via nanocarriers has long been a research focus for enhancing drug concentration in the
brain. However, the strategy of exploiting blood—brain barrier (BBB) alterations in atherosclerotic mouse models to
enhance nanoparticle-mediated delivery of bromocriptine to the hypothalamus for the treatment of prolactinomas
with hyperprolactinemia has not yet been reported. This study reveals that in patients with prolactinomas
complicated by arteriosclerosis, bromocriptine therapy more effectively attenuates postoperative elevations in
prolactin levels. In a mouse model, liposome-encapsulated bromocriptine efficiently traversed the nasal mucosa
and entered the intracranial space. Compared with normal mice, bromocriptine-loaded liposomes delivered higher
bromocriptine concentrations to the hypothalamus. Single-cell RNA sequencing revealed a significant upregulation
of organic anion-transporting polypeptide 1a4 (Oatp1a4) expression in the brain endothelial cells of atherosclerotic
mice. Importantly, bromocriptine-loaded liposomes more effectively reduced prolactin levels in a mouse model

of prolactinoma with concurrent atherosclerosis. This study provides a theoretical foundation for the precision
treatment of prolactinomas in arteriosclerosis.
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Introduction

Pituitary tumors with concomitant hyperprolactinemia are
common endocrine disorders, with prolactinomas account-
ing for approximately 30—50% of all pituitary adenomas [1].
The hallmark of this condition is a significant elevation of
serum prolactin (PRL) levels [2]. Prolactinomas are more
prevalent in females, with an estimated incidence of 15 to 20
cases per 100,000 individuals [3]. Bromocriptine (2-bromo-
a-ergocryptine mesylate), a semi-synthetic ergot alkaloid
and dopamine receptor agonist, effectively reduces pro-
lactin levels and shrinks tumor size in most patients [4—6].
However, bromocriptine treatment is often associated with
adverse effects such as nausea, headaches, and dizziness,
leading some patients to discontinue therapy. Additionally,
these side effects, along with the necessity for long-term
medication use, may compromise patient adherence and
ultimately reduce therapeutic efficacy. Therefore, devel-
oping safe and effective treatment strategies that improve
patient compliance, including optimized drug formulations
and advanced drug delivery systems is crucial [7].

The blood-brain barrier (BBB) serves as a natural
protective barrier regulating the passage of substances
between the cerebrospinal fluid and brain tissue, posing a
significant challenge for the treatment of central nervous
system (CNS) disorders [8—10]. Intranasal drug delivery
has been explored as an effective approach to enhance
drug transport across the BBB and increase drug concen-
trations within the brain [11, 12]. Liposomes, composed
of phospholipid bilayers, are widely utilized in drug deliv-
ery systems due to their ability to encapsulate drugs,

improve bioavailability, and mitigate adverse effects
[13-15]. However, our study focuses on leveraging the
inherent advantages of intranasal liposomal drug delivery
and the structural and functional changes in the BBB to
achieve efficient intracerebral drug targeting and preci-
sion therapy for patients.

Atherosclerosis is a chronic inflammatory disease char-
acterized by lipid deposition in the arterial wall, infiltration
of inflammatory cells, and fibrosis, accompanied by altera-
tions in vascular endothelial function and tight junction
protein expression. These changes can modulate the per-
meability of the BBB [16, 17]. However, whether liposome-
encapsulated bromocriptine can more effectively traverse
the atherosclerosis-altered BBB and enhance the therapeu-
tic efficacy against prolactinomas remains unclear. Here,
our data demonstrate that in patients with prolactinomas
and concurrent arteriosclerosis, bromocriptine treatment
more effectively reduces the incidence of postoperative
hyperprolactinemia. Moreover, in atherosclerotic mice, the
BBB exhibits increased permeability to bromocriptine, lead-
ing to enhanced suppression of prolactin levels. This study
provides a theoretical foundation for precision therapy in
patients with prolactinomas and coexisting arteriosclerosis.

Results and discussions

In patients with arteriosclerosis, bromocriptine

more effectively reduces the recurrence rate of
hyperprolactinemia

Given that atherosclerosis can alter blood-brain bar-
rier (BBB) permeability [18], we investigated whether
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bromocriptine can better traverse the BBB and improve
treatment outcomes for prolactinomas, providing a basis
for precision therapy in prolactinoma management. First,
we conducted a retrospective analysis of patients with
pituitary tumors who underwent surgical treatment at
the Neurosurgery Department of the Second Affiliated
Hospital of Nanchang University between January 2018
and December 2023 (Supplementary Fig. 1). As shown
in Fig. 1A-B, patients were divided into an arterioscle-
rosis group and a non-arteriosclerosis group based on
fundus photography [19, 20]. The baseline character-
istics of the two groups, including age, tumor size, bro-
mocriptine use, and prolactin levels, were similar prior
to surgery (Table 1). To control for the influence of clini-
cal characteristics on surgical outcomes, we balanced
the baseline factors between the two groups, including
age, tumor size, medication duration, and preoperative
prolactin levels. Notably, the age difference between the
arteriosclerosis group (46.7 +13.73 years, n=7) and the
non-arteriosclerosis group (46.6+13.99 years, n=16)
was not statistically significant (Fig. 1C). Tumor size,
with an average maximum diameter of 2.0+0.70 cm
and minimum diameter of 1.4+0.56 cm in the arterio-
sclerosis group and an average maximum diameter of
2.1+0.98 cm and minimum diameter of 1.4+0.68 cm
in the non- arteriosclerosis group, showed no signifi-
cant differences, indicating comparable tumor volumes
between the two groups (Fig. 1D-E). The treatment dura-
tion for bromocriptine was 10.3+7.73 months in the
arteriosclerosis group and 12.3+10.50 months in the
non- arteriosclerosis group, with no significant differ-
ence (Fig. 1F). Preoperative prolactin levels were simi-
lar between the arteriosclerosis group (102.5+68.51 ng/
mL) and the non-arteriosclerosis group (106.9+68.26
ng/mL). However, unlike the non-arteriosclerosis group,
serum prolactin levels in the arteriosclerosis group
returned to the normal range on the first postoperative
day (Fig. 1G-H). These findings suggest that preoperative
bromocriptine administration significantly improved the
cure rate in prolactinoma patients with concomitant reti-
nal arteriosclerosis. Furthermore, these results imply that
bromocriptine may more readily cross the blood-brain
barrier to reach the hypothalamus.

Both free Bromocriptine and nanoparticle-encapsulated
bromocriptine exhibit limited transendothelial penetration
from the abluminal side of blood vessels

Previous studies have demonstrated that liposomes can
efficiently encapsulate bromocriptine [21, 22]. We pre-
pared bromocriptine-loaded lipid nanoparticles using a
film hydration method combined with ultrasonication,
resulting in particles with a size of 123.6+£10.6 nm and
a zeta potential of -7.6 £1.9 mV (Supplementary Fig. 2A-
B). The bromocriptine liposome nanoparticles exhibited
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excellent stability in DMEM culture medium with 10%
fetal calf serum (FCS) at 37 °C (Supplementary Fig. 2C).

To investigate the effect of atherosclerotic BBB on
bromocriptine permeability, we established an in vitro
atherosclerotic BBB model using oxidized low-density
lipoprotein (ox-LDL) and human cerebral microvascu-
lar endothelial cells (HCMEC/D3) [23]. We applied the
drugs to the outer side of the vascular wall to analyze
their ability to cross the vessel wall. The experimental
results showed that, compared to the normal BBB model,
both free bromocriptine and liposome-loaded bro-
mocriptine nanoparticles permeated the endothelial cell
layer from the outer side of the vascular wall to a lesser
extent in the atherosclerotic BBB model (Fig. 2A). Fur-
thermore, there was no significant statistical difference in
the permeability between free bromocriptine and nano-
carrier-loaded bromocriptine in the atherosclerotic BBB
model (Fig. 2B). These results suggest that bromocriptine
crosses the atherosclerotic BBB model to a lesser extent,
entering the inner side of the vascular wall.

Atherosclerosis enhances the delivery of bromocriptine-
loaded nanoparticles to the hypothalamus

Intranasal drug delivery offers unique advantages for
brain drug delivery, as the drug can be absorbed through
the nasal mucosa and directly enter the cerebrospinal
fluid (CSF) and brain tissue [24, 25]. Liposomes, when
administered intranasally, can enhance drug absorption,
protect drug stability, and improve brain targeting, show-
ing great potential in treating central nervous system
disorders [26]. In this study, after intranasal administra-
tion of free bromocriptine and bromocriptine-loaded
nanocarriers, we assessed the distribution of bromocrip-
tine in the nasal mucosa and brain tissue of mice. We
quantified the drug concentrations (Fig. 3A). The results
showed that, after 120 min of intranasal administra-
tion, bromocriptine-loaded lipid nanoparticles exhibited
significant accumulation in the nasal mucosa region of
atherosclerotic model mice (Fig. 3B-C). The fluores-
cence intensity of rhodamine-modified bromocriptine-
loaded nanoparticles was significantly higher than that
of free rhodamine, indicating that the lipid nanoparticles
enhanced brain drug delivery.

Furthermore, we measured bromocriptine concentra-
tions in the hypothalamus of different drug groups after
intranasal administration using HPLC. In the wild-type
mice and Apoe-/- mice administered free bromocriptine,
the concentrations were 2.01 +0.05 ng/mg and 2.18 +0.07
ng/mg, respectively. These levels were significantly lower
than those observed in the corresponding groups receiv-
ing nanoparticle-loaded bromocriptine, where the con-
centrations reached 8.25+1.28 ng/mg and 21.01+1.28
ng/mg, respectively (Fig. 3D). These results suggest
that lipid nanoparticles can enhance the delivery of
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Fig. 1 Preoperative use of bromocriptine is more effective in patients with prolactinomas and concomitant retinal arteriosclerosis. (A-B) Representa-
tive visual field tests and pre-and post-operative contrast-enhanced brain MRI images of patients with retinal arteriosclerosis (A) and without retinal
arteriosclerosis (B). (C-F) Comparative analysis of preoperative age (C), maximum tumor diameter (D), minimum tumor diameter (E), and duration of
bromocriptine use (F) between the arteriosclerosis group (n=7) and non-arteriosclerosis group (n=16). Pre- and post-operative prolactin level changes
in the arteriosclerosis group (n=7) (G) and non-arteriosclerosis group (n=16) (H). (RA, Retinal arteriosclerosis; NRA, Nonretinal arteriosclerosis; Pre O, pre-
operation; Post O, postoperation; Dashed line: Reference range for normal values)
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Table 1 Baseline characteristics of all enrolled patients
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Patients Clinical Characteristic Prolactin (ng/ml) Tumor Size (cm)
Age Sex Fundus photography Preoperative = Postoperative = Maximum diameter Minimum diameter
Patient 1 50 Female  Retinal arteriosclerosis 53.53 342 1.6 0.2
Patient 2 41 Female  Retinal arteriosclerosis 100.21 20.52 2.7 1.6
Patient 3 36 Female  Retinal arteriosclerosis 200 16.72 1.8 16
Patient 4 41 Male Retinal arteriosclerosis 120.64 231 14 13
Patient 5 45 Male Retinal arteriosclerosis 7237 44 1.17 097
Patient 6 68 Female  Retinal arteriosclerosis 422 6.74 2.25 19
Patient 7 32 Female  Retinal arteriosclerosis 293 11.27 1.8 14
Patient 8 39 Female  Nonretinal arteriosclerosis 200 36.17 4.8 2.7
Patient 9 34 Female  Nonretinal arteriosclerosis 124.99 110.87 1.5 09
Patient 10 35 Male Nonretinal arteriosclerosis 2835 6.8 26 1.5
Patient 11 44 Female  Nonretinal arteriosclerosis 5894 3118 23 1.8
Patient 12 28 Female  Nonretinal arteriosclerosis 156.11 135.22 1.6 0.6
Patient 13 32 Female  Nonretinal arteriosclerosis 358 2491 13 1
Patient 14 37 Female  Nonretinal arteriosclerosis 57.69 296 19 1
Patient 15 19 Female  Nonretinal arteriosclerosis 113.96 5248 0.7 0.57
Patient 16 21 Male Nonretinal arteriosclerosis 5226 25.31 13 09
Patient 17 19 Male Nonretinal arteriosclerosis 200 7.22 3.38 2.57
Patient 18 35 Female  Nonretinal arteriosclerosis 67.39 32.55 32 2.2
Patient 19 68 Male Nonretinal arteriosclerosis 4738 12.21 1.7 16
Patient 20 70 Male Nonretinal arteriosclerosis 186 21.23 3 1.8
Patient 21 45 Female  Nonretinal arteriosclerosis 186.53 311 23 1.5
Patient 22 43 Female  Nonretinal arteriosclerosis 31.56 552 1.8 12
Patient 23 55 Female  Nonretinal arteriosclerosis 88.61 40.88 1.5 13
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Fig. 2 Reduced permeability of bromocriptine and bromocriptine-loaded nanocarriers in the in vitro atherosclerotic BBB model. (A) Schematic of the in
vitro atherosclerotic BBB model. (B) Quantitative analysis of the permeability of free bromocriptine and bromocriptine-loaded nanocarriers across the in
vitro blood-brain barrier model. (NPs-Bro: Bromocriptine liposome nanoparticles) (*, P<0.05; **, P<0.01; ***, P<0.001)

bromocriptine to the hypothalamus. Notably, compared
to normal mice, bromocriptine-loaded lipid nanoparti-
cles delivered more bromocriptine to the hypothalamus,
indicating that the intranasal route significantly enhances
the efficiency of nanocarrier-mediated targeted delivery
of bromocriptine to the hypothalamus, with this effect
being more pronounced in atherosclerotic model mice.

Construction of the single-cell transcriptomic atlas of
cerebral vasculature in Sham and Apoe-/- mice

Following intranasal administration, a substantial
amount of the drug enters the cerebrospinal fluid (CSF),
with the arterial perivascular space serving as an impor-
tant conduit for the drug’s transport from the CSF into
the brain parenchyma. To uncover the mechanisms by
which atherosclerosis facilitates intranasal drug delivery,
we utilized single-cell RNA sequencing (scRNA-seq) to
investigate the cellular diversity and functional differ-
ences in the arterial vessel walls [27, 28]. In this study,
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Fig. 3 Intranasal administration: Atherosclerosis enhances the delivery of NPs-Bro to the hypothalamus. (A) Intranasal administration of rhodamine/
rhodamine-labeled nanoparticles in Apoe-/- mice during the treatment process (B-C) Rhodamine-labeled nanoparticles and statistical analysis. (D) Bro-
mocriptine concentrations in the hypothalamic region, comparing free bromocriptine and liposome nanoparticle-loaded bromocriptine. (¥, P<0.05; **,
P<0.01;*** P<0.001)
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we established an atherosclerotic mouse model (Apoe-/-)
and analyzed 19,383 cerebral vascular cells from Sham
mice and 8,473 cells from Apoe-/- mice, construct-
ing a cellular atlas of the mouse brain microvasculature
(Fig. 4A). Based on the expression of cell-type-specific
markers, we identified and validated the distribution of
each cellular subset (Fig. 4B-C). The results revealed 11
distinct cell types, including Endothelial cells (Pecaml,
Adgrl4), Fibroblasts (Dcn, Col3al), Vascular Smooth
Muscle Cells (Acta2, Thsd4), Macrophages (Clqa,
Lyz2), T cells (Cd3d, Cd3g), Astrocytes (Atpla2), Den-
dritic Cells (Cd14, Cd83), Mast cells (Kit, Tpsb2), B
cells (Inpp5d, Cd79a, Cd79b), Oligodendrocytes (Mbp,
Gpmé6b), and Granulocytes (510029, S100a8). Overall,
the single-cell transcriptomic atlas of cerebral vascula-
ture in Sham and Apoe-/- mice reveals the distribution
of cell types within the cerebral vasculature under ath-
erosclerotic conditions and potential changes in cellular
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composition, providing cellular-level evidence for study-
ing the effects of atherosclerosis on the brain vasculature.

Enhanced NPs-Bro drug delivery in atherosclerosis is
attributed to endothelial hyperproliferatio

In the constructed single-cell transcriptomic atlas of the
murine cerebrovasculature, we identified pronounced
alterations across 11 distinct cell types (Fig. 5A; Supple-
mentary Fig. 3). Notably, brain vascular endothelial cells
were markedly increased in Apoe/~ mice (Fig. 5B). These
findings reflect significant shifts in cerebrovascular cell
composition between non-atherosclerotic and athero-
sclerotic mice and reveal abnormal endothelial cell pro-
liferation. We next performed a focused analysis of gene
expression in the proliferative endothelial cell population
to elucidate the mechanisms by which atherosclerosis
enhances NPs_Bro drug delivery.

Data analysis
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Fig.4 Construction of a single-cell transcriptomic atlas of mouse cerebrovascular cells. (A) Schematic representation of the single-cell sequencing study
design. Brain microvessels were isolated from mice and dissociated into single-cell suspensions for scRNA sequencing using the 10x Genomics platform.
The resulting single-cell transcriptomic data were then analyzed comprehensively. Sham: WT mice; Apoe-/-: Atherosclerotic mice. (B) Dot plot illustrating
the average expression levels of known cell markers. Dot size represents the percentage of cells within each cell type that express the indicated genes. (C)
UMAP visualization displays selected marker genes'expression levels in 12,085 unclassified cerebrovascular cells from Sham and Apoe-/- mice
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Fig. 5 Endothelial cell expansion in Apoe-/- mice cerebrovascular cells. (A) UMAP plots of 11 major cerebrovascular cell types from Sham and Apoe-/-
mice. (B) Bar graph showing the number and relative proportion of clustered cerebrovascular cell types. Sham: WT mice; Apoe-/-: Atherosclerotic mice

Oatp1a4 is highly expressed in hyperproliferative
endothelial cells in atherosclerotic mice

To investigate the functional heterogeneity of hyperp-
roliferative endothelial cells in the cerebrovasculature of
atherosclerotic mice, we performed clustering analysis
on all endothelial cells from the brain microvasculature
of Sham and Apoe-/- mice. This analysis identified six
distinct endothelial subpopulations (EC_1, EC_2, EC_3,
EC_4, EC_5, and EC_6) (Fig. 6A). Notably, in the Apoe-
/- group, the proportions of EC_1, EC_2, and EC_5 were
increased, whereas EC_3, EC_4, and EC_6 were sig-
nificantly reduced (Fig. 6B). To characterize these sub-
populations, we identified marker genes distinguishing
each cluster (Fig. 6C). Gene Ontology (GO) enrichment
analysis of the significantly expanded EC_1, EC_2, and
EC_5 subpopulations revealed enrichment in expected
biological processes. Interestingly, GO analysis of highly
expressed genes in the EC_2 subpopulation indicated
a strong association with biological transmembrane
transporter activity, active transmembrane transporter
activity, and biotin transmembrane transporter activity
(Supplementary Fig. 4). To investigate the differences in
substance transport following endothelial cell disruption,
we focused on the TOP genes of the EC_2 subset. We
found that organic anion-transporting polypeptide la4
(Oatpla4) was significantly upregulated (Fig. 6D, Supple-
mentary Fig. 5). Consistently, compared to Sham mice,
Oatplad expression was higher in Apoe-/- mice (Fig. 6E).
Previous studies have shown that Oatpla4 is expressed
at the blood-brain barrier (BBB) in mice, facilitating the
transport of statins across the BBB and contributing to
improved neurocognitive outcomes following athero-
sclerotic thrombotic stroke [29, 30]. We isolated cerebral
microvessels from adult mice and performed immunos-
taining to determine the distribution of Oatpla4 in the
brains of non-atherosclerotic and atherosclerotic mice.
The results confirmed that Oatplad was localized to
endothelial cells (Fig. 6F). Our findings suggest that the
increased expression of Oatpla4 in the BBB of athero-
sclerotic mice may play a crucial role in NPs_Bro drug

delivery, potentially enhancing therapeutic efficacy in
these models.

NPs-Bro effectively reduces prolactin levels in
atherosclerotic mice
We established a prolactinoma model using estradiol
benzoate treatment to evaluate the therapeutic efficacy
of intranasally administered NPs-Bro in Apoe-/- mice
(Fig. 7A). Following 30 days of continuous intranasal
administration, we assessed prolactin levels using an
ELISA kit. Our results demonstrated that NPs-Bro effec-
tively reduced prolactin levels, with a more pronounced
effect in Apoe-/- mice (Fig. 7B-C). Additionally, we
established a hyperprolactinemia model using sulpiride
administration (Fig. 7D). Following 30 days of continuous
intranasal delivery, NPs-Bro effectively reduced serum
prolactin levels, with a more pronounced effect observed
in Apoe’/~ mice (Fig. 7E-F). These findings indicate
that, compared to normal mice, liposomal nanoparticle-
loaded bromocriptine more effectively reduces prolactin
levels. Intranasal administration significantly enhances
targeted therapeutic delivery, with this effect being more
pronounced in atherosclerotic mouse models.
Furthermore, we assessed the biocompatibility of NPs-
Bro. Hematoxylin and eosin (H&E) staining of major
organs revealed no significant pathological changes in
the NPs-Bro-treated group compared to the Sham group
(Supplementary Fig. 6). The results demonstrate that
NPs-Bro exhibits excellent biocompatibility.

Conclusion

This study found that liposomal-loaded bromocriptine
exhibited enhanced blood-brain barrier (BBB) pen-
etration efficiency in the atherosclerosis model and sig-
nificantly improved the reduction of prolactin levels in
atherosclerotic mice. Clinical data show that preoperative
bromocriptine administration significantly improves sur-
gical outcomes in patients with retinal arteriosclerosis,
effectively reduces prolactin levels, and enhances the pre-
cision of prolactinoma treatment. This dual therapeutic
effect provides an important clinical treatment strategy
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plots of representative genes across the six EC subsets. (D) Oatpla4 was significantly expressed in the EC_2 subset. (E) Oatp1a4 expression is higher in
Apoe-/- mice compared to Sham mice. (F) Representative immunofluorescence images showing Oatp1a4 localization in the cerebrovasculature of Sham
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for prolactinoma patients with concomitant vascular
sclerosis.

Materials and methods

Patient information and screening

637 patients with pituitary tumors who underwent sur-
gical treatment at the Department of Neurosurgery, Sec-
ond Affiliated Hospital of Nanchang University, were
screened for eligibility from January 2018 to December
2023. Inclusion criteria: (1) confirmed prolactinoma by

pathological examination; (2) serum prolactin>2.8 ng/
ml; (3) aged over 18 years; (4) fundus photography; (5)
complete written informed consent. Exclusion criteria:
(1) previous history of pituitary adenoma surgery; (2)
history of underlying diseases (including hypertension,
diabetes, heart disease, etc.); (3) incomplete preoperative
or postoperative imaging data; (4) use of bromocriptine
for <6 months; (5) simultaneous use of other medications
or participation in other clinical trials before surgery.
Based on the results of fundus photography, 51 patients
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Fig. 7 Intranasal administration of NPs-Bro more effectively reduces prolactin levels in Apoe-/- mice. (A-C) Effects of free bromocriptine and NPs-Bro on
estradiol-induced prolactinoma models in Sham and Apoe-/- mice. (D-F) Effects of free bromocriptine and NPs-Bro on sulpiride-induced hyperprolac-
tinemia model in Sham and Apoe-/- mice. Bro: Bromocriptine.(*, P<0.05; **, P<0.01; ***, P<0.001)

were assigned to the retinal arteriosclerosis group (arte-
riosclerosis group), 77 patients to the retinal artery nor-
mal group (non-arteriosclerosis group), and 52 patients
to the unknown retinal artery status group. The arterio-
sclerosis group had 12 cases of hypertension and 1 case
of diabetes. The non-arteriosclerosis group had 8 cases
of hypertension. Patients with underlying diseases were
excluded from the study. Additionally, in the arterioscle-
rosis group, 10 patients lacked complete imaging data,
and 7 patients had not received bromocriptine treatment
for more than 6 months before surgery. In the non-arte-
riosclerosis group, 25 patients had incomplete imaging
data, and 19 patients had not received bromocriptine
treatment for more than 6 months before surgery. There-
fore, 21 patients from the arteriosclerosis group and
25 patients from the non-arteriosclerosis group were
included in the initial phase of the study. Among them,
7 patients from the arteriosclerosis group and 16 patients
from the non-arteriosclerosis group completed 6 months
of follow-up and were included in the final analysis (flow-
chart in Supplementary Fig. 4). This study was approved
by the Biomedical Research Ethics Committee of the Sec-
ond Affiliated Hospital of Nanchang University (Project
Approval No: O-Medical Research Ethics Review [2024]
05).

Materials
Bromocriptine and soybean lecithin containing 75%
phosphatidylcholine, 2-distearoyl-sn-glycero-3-phospho-

ethanolamine, and sodium salt (DSPE-mPEG-2000) were
purchased from Cayman Chemical Company (USA). Cho-
lesterol was obtained from Aladdin Reagents (Shanghai,
China).

Preparation and characterization

Bromocriptine liposomes were prepared using the thin-
film hydration-ultrasonication method [21]. Briefly, the
hydration process was performed at 65 °C using 1300 pL
of deionized water for 60 min, utilizing a rotary evapo-
rator (Heidolph, Germany), followed by sonication of
the resulting nano-drug. The size and distribution of
the bromocriptine-loaded liposomes were measured
using a Malvern Zetasizer Nano ZS90 { potential ana-
lyzer (DLS, Malvern, UK) [31]. To assess the stability of
the nanocarriers, the bromocriptine-loaded liposomes
were incubated for 1 day at 37 °C in Dulbecco’s Modified
Eagle Medium (DMEM; Gibco, Carlsbad, CA) contain-
ing 10% serum (v/v), and the size of the nanocarriers was
monitored.

ELISA assay

The prolactin levels were measured using an ELISA kit
(ED20246, Luncanso Biotechnology Co., Ltd., Xiamen).
Mouse serum samples (50 puL) were analyzed. All proce-
dures were performed according to the manufacturer’s
instructions.
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Animals

In this study, 12-week-old male and female wild-type
(WT) mice were fed standard laboratory chow, while
ApoE-/- mice (C57BL/6], T001458, Jiangsu, China) were
fed a high-fat diet [32]. C57/BL/6-Tg (UBC-GFP)30
Scha/] mice (#004353) were obtained from The Jackson
Laboratory. All mice were housed in specific-pathogen-
free (SPF) cages and provided autoclaved water and food.

Single-Cell RNA sequencing

Brain microvessels from 20 mice (WT and ApoE-/-) per
group were carefully dissected and digested. The fresh
brain vascular cell suspension was prepared following the
manufacturer’s protocol using the 10x Chromium 3v3
kit (10x Genomics, 1000120) [33, 34]. Single cells were
suspended in PBS containing 0.04% BSA and loaded into
individual channels. The captured cells were lysed, and
barcode RNA was released through reverse transcrip-
tion in individual GEMs. Reverse transcription was per-
formed on the S1000™ Touch Thermal Cycler (Bio-Rad)
at 53 °C for 45 min, followed by 85 °C for 5 min, and then
held at 4 °C. ¢cDNA generation and amplification were
quality-controlled using the Agilent 4200 system [35].
Sequencing was performed using the NovaSeq 6000
sequencer provided by Novogene (Beijing, China), Cap-
italBio Technology.

Single-Cell RNA data analysis

First, expression data were normalized using the uni-
standard method. Cell Ranger was used to align reads,
generate feature barcode matrices, create global gene
expression, and perform clustering [36]. Data dimension-
ality reduction, cell clustering, differential analysis, and
single-cell RNA-seq data visualization were performed
using the Seurat R package (version 3.0) [37]. Select those
that simultaneously satisfy 200<the number of genes;
UMI<99th percentile value; Cells with mitochondrial
gene expression ratio<25%. PCA was used for dimen-
sional reconstruction, and cell types were identified using
CellMarker, with UMAP used for visualization analysis.
Functional enrichment analysis was conducted using the
Gene Ontology Consortium and Kyoto Encyclopedia of
Genes and Genomes [38—40].

Western blotting

Protein expression levels of Bax, Bcl-2, and OATP were
assessed by Western blotting. Collected protein samples
were separated by SDS-PAGE and transferred onto poly-
vinylidene difluoride (PVDF) membranes (USA). Pri-
mary antibodies used included Bax (ab182733), Bcl-2
(ab182858), OATP (ab221804), as well as internal con-
trols GAPDH and Tubulin. Appropriate secondary anti-
bodies were applied accordingly. All of the blots were
repeated at least three times.
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Cell culture and ox-LDL-Induced injury model

Human cerebral microvascular endothelial cell line
(hCMEC/D3) and astrocytes were obtained from the
Shanghai Cell Bank of the Chinese Academy of Sciences.
Cells were cultured in an incubator at 37 °C, 95% humid-
ity, and 5% CO2, with the culture medium supplemented
with 10% fetal bovine serum (FBS) and 1% penicillin/
streptomycin. hCMEC/D3 cells were treated with dif-
ferent concentrations of ox-LDL (20, 40, 60, 80 pg/ml,
Union-Bio Technology, China) and collected after 24 h.
To evaluate the successful establishment of an in vitro
atherosclerosis cell model, we investigated the effects
of oxidized low-density lipoprotein (ox-LDL) on the
proliferation and apoptosis of hCMEC/D3 cells. Cell
viability was assessed using the CCK-8 assay (Solarbio,
China) according to the manufacturer’s instructions.
We observed a dose-dependent decrease in cell viability
upon exposure to ox-LDL (0-80 ug/mL) (Supplementary
Fig. 7A). Ox-LDL exposure also enhanced apoptosis, as
evidenced by reduced Bcl-2 expression and increased
Bax expression (Supplementary Fig. 7B-D). OATP1A2,
the human homolog of Slcola4, was examined to assess
its expression under ox-LDL conditions. Western blot
analysis revealed a marked upregulation of OATP1A2
expression in response to increasing levels of cellular
injury (Supplementary Fig. 7E-F).

Animal models

A prolactinoma mouse model was established using
estradiol benzoate (HY-B0141, MCE) in female WT/
Apoe-/- mice (n=12 per group). Estradiol benzoate
(20 mg/kg) was intraperitoneally injected every 2 days for
30 days, successfully creating the prolactinoma model in
mice [41]. A hyperprolactinemia mouse model was estab-
lished using sulpiride (HY-B1019, MCE) in male WT and
ApoE~/" mice (n=12 per group). Sulpiride was adminis-
tered via intraperitoneal injection at a dose of 20 mg/kg
once daily for 30 consecutive days to induce hyperpro-
lactinemia [42]. The established model group mice were
randomly assigned to two treatment groups: Bromocrip-
tine (n=12) and NPs + Bromocriptine (n=12).

Liquid Chromatography-Tandem mass spectrometry (LC-
MS/MS)

Liquid chromatography-tandem mass spectrometry (LC-
MS/MS) was employed to quantitatively determine the
concentration of bromocriptine (HY-12705 A, MCE) in
brain tissue and cell samples. First, an accurate amount of
bromocriptine was weighed and dissolved in methanol to
prepare a stock solution of 2.00 mg/mL. The stock solu-
tion was diluted with pure methanol to create a standard
curve working solution of 200 ng/mL. The hypothalamus
was carefully dissected to analyze brain tissue, and an
appropriate amount of tissue was weighed. The tissue was
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then homogenized in methanol using vortex mixing and
bead milling for 5 min. The sample was then subjected to
high-speed centrifugation at 13,000 rpm for 10 min. The
supernatant was filtered through a 0.22 pm filter before
being subjected to analysis [43]. Chromatographic data
collection and processing were carried out using Xcali-
bur software (Thermo Fisher), with linear regression per-
formed using Equal as the weight factor [44].

Immunofluorescence staining and imaging

Brain tissue sections were prepared at a thickness of
20 um using a cryostat for immunofluorescence staining.
After blocking, the sections were incubated overnight
at 4 °C with the appropriately diluted primary antibody
against Oatplad (sc-376424, 1:100). After three washes,
the sections were incubated at room temperature for 4 h
with the FITC (green)-conjugated secondary antibody.
Imaging was performed using a Leica DMi8 confocal
microscope and LAS AF software (Leica Microsystems).

Statistical analysis

Statistical analyses were performed using SPSS (IBM)
and Prism 8 (GraphPad Software). A two-tailed, unpaired
Student’s t-test was used to evaluate the statistical sig-
nificance between the two groups. A P-value of less than
0.05 was considered statistically significant.
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