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a b s t r a c t

Central nervous system diseases (CNSDs), such as Parkinson’s disease (PD) and depression, have attracted

considerable attention due to their high morbidity and mortality rates. Neuronal damage in CNSDs is

primarily driven by inflammation and oxidative stress induced by activated astrocytes and microglia.

Thus, new therapeutic strategies are urgently needed that not only enable effective drug delivery across

the blood-brain barrier (BBB), but also specifically target lesions while exerting antioxidant and anti-

inflammatory effects on glial cells. To address this challenge, we developed an exosome-liposome hybrid

system targeting glial cells co-loaded with fisetin (FIS) and pioglitazone (PIO) (RMP7-EL-FIS-PIO). This hy-

brid system crosses the BBB through the B2 bradykinin receptor-mediated opening and takes advantage

of the homing properties of exosomes to accumulate at the site of brain lesions in murine models of PD

and of depression. Through receptor-ligand binding and phagocytosis, the hybrid system targets glial cells

to deliver drugs that inhibit their activation, thus protecting neurons. Our study demonstrates the great

potential of the developed exosome-liposome hybrid system for the targeted treatment of CNSDs.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Central nervous system diseases (CNSDs), including neurode-

generative diseases and cognitive disorders, affect approximately

one-sixth of the global population [1,2]. Among the more prevalent

chronic CNSDs, Parkinson’s disease (PD) and depression are charac-

terized by ongoing neuronal damage to specific regions of the brain

[3–5]. Unfortunately, current treatment approaches, such as neuro-

transmitter modulation, stem cell transplantation, and deep brain

stimulation, are unable to prevent the continuous loss of neurons

[6,7]. Thus, it is crucial to develop comprehensive treatment strate-

gies aimed at protecting neurons in patients with CNSDs.

Oxidative stress and inflammation drive excessive accumulation

of reactive oxygen species (ROS) and infiltration of peripheral im-

mune cells into the brain parenchyma, both of which hinder neu-

ronal recovery in CNSDs [8–10]. This process also triggers the acti-
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vation of astrocytes, which serve as vital reservoirs of antioxidants

for neurons, leading to the overproduction of ROS [11], which in

turn lead to breakdown of the plasma membrane and protein de-

position, ultimately triggering neuronal apoptosis [12]. As a natural

polyphenolic flavonoid with potent free radical scavenging prop-

erties, fisetin (FIS) inhibits cell proliferation and migration in dif-

ferent cell types [13,14]. Thus, targeted delivery of FIS to sites of

brain injury may help to suppress activation of astrocytes, thereby

promoting neuronal survival and recovery. However, during neu-

roinflammation, damage-associated molecular patterns released by

neurons can recruit and polarize microglia into the M1 phenotype,

which secretes neurotoxic cytokines, such as interleukin (IL)-1β
and tumor necrosis factor (TNF)-α [15]. This suggests that merely

inhibiting oxidative damage may not be sufficient for the treatment

of CNSDs. Pioglitazone (PIO), a clinical antidiabetic agent, also ex-

hibits neuroprotective effects by polarizing M1 microglia into the

anti-inflammatory M2 phenotype [16]. Combining PIO with FIS to

inhibit glial cell activation in the brain may offer a more effective

strategy for the treatment of CNSDs.

https://doi.org/10.1016/j.cclet.2025.112027
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FIS and PIO are insoluble drugs with asynchronous biodistri-

bution and limited permeability across the blood-brain barrier

(BBB), which hampers their accumulation at lesion sites and

reduces their therapeutic efficacy [17,18]. The primary obstacle

to BBB penetration is the tight junctions located between brain

microvascular endothelial cells (BMECs) [19]. Activation of B2

bradykinin receptors on BMECs promote cytoskeletal contractility,

which facilitate the opening of these tight junctions [20]. How-

ever, the plasma half-life of bradykinin is <1min because of the

susceptibility of its peptide bonds to enzymatic degradation. Fur-

thermore, hydrolysis of these peptide bonds diminishes the affinity

of bradykinin for B2 receptors, limiting its ability to cross the BBB.

To overcome these limitations, a bradykinin analogue, Cereport

(receptor-mediated permeabilizer-7 (RMP-7)), was developed [21].

By introducing enzymatically resistant synthetic amino acids and

reducing peptide bonds, RMP-7 exhibits an extended half-life and

enhanced binding affinity for B2 receptors, thereby facilitating a

more sustained opening of the BBB [22,23]. Consequently, RMP-7

modified nanoparticles may improve drug accumulation in the

brain parenchyma. At the site of CNSDs lesions, the prolonged

inflammatory response often results in an increase in chemotactic

cytokines, which subsequently recruit fibroblasts to form fibrous

scars [24]. Consequently, fibroblast-derived exosomes, which carry

homologous surface proteins inherited from their source cells, are

ideal candidates for developing lesion site-specific drug delivery

systems [25]. Similarly, liposomes, which are nanodrug delivery

systems with a lipid bilayer structure similar to that of exosomes,

exhibit high biocompatibility and excellent drug loading capac-

ity [26,27]. As a result, hybrid systems that combine liposomes

and exosomes exhibit enhanced drug loading and homologous

targeting capabilities. Thus, a RMP7-modified exosome-liposome

(RMP7-EL) hybrid system is a promising strategy for the efficient

and concurrent delivery of FIS and PIO, capable of crossing the

BBB and accumulating at the site of the injury.

In this study, an RMP7-EL hybrid system co-loaded with FIS

and PIO (RMP7-EL-FIS-PIO) was developed to exert antioxidant and

anti-inflammatory activities to protect brain neurons. As illustrated

in Scheme 1, the RMP7-EL-FIS-PIO hybrid system was prepared us-

ing the membrane extrusion method. Extrusion-induced mechani-

cal stress causes transient membrane destabilization in both lipo-

somes and exosomes, facilitating close membrane contact [28,29].

Following intravenous administration to CNSDs mice, RMP7-EL-FIS-

Scheme 1. Schematic illustration of the therapeutic strategy of the RMP7-EL-FIS-

PIO hybrid system. RMP7-EL-FIS-PIO were prepared by extruding exosomes with

RMP7-l-FIS-PIO. In murine models of CNSDs, RMP7-EL-FIS-PIO open the tight junc-

tions of the BBB, home and accumulate at the lesion sites, and deliver FIS and PIO

to astrocytes and microglia to exert antioxidant and anti-inflammatory activities,

thereby protecting neurons by inhibiting glial cell activation.

Fig. 1. Characterization of RMP7-EL-FIS-PIO. (A) Schematic illustration of the prepa-

ration of RMP7-EL-FIS-PIO. (B) Transmission electron microscopy (TEM) image and

size distribution of RMP7-EL-FIS-PIO. Scale bar: 100nm. (C) FRET study of nanopar-

ticles labeled with fluorescent donor NBD (λem =525nm) and fluorescent acceptor

RhB (λem =595nm) at an excitation wavelength of 488nm. Data are presented as

mean ± standard deviation (SD) (n=5). ∗∗∗P<0.001.

PIO crossed the BBB through the B2 bradykinin receptor-mediated

opening of tight junctions. Once in the brain, the exosome-

liposome hybrid system homed to the site of the lesion due to

the exosome component, where it was subsequently endocytosed

by glial cells, specifically astrocytes that are characterized by high

expression of the B2 bradykinin receptor, and microglia. The hy-

brid system effectively exploited the properties of FIS and PIO to

inhibit glial cell activation through ROS scavenging and promoted

the polarization of M2 microglia, thus providing neuroprotection.

Our findings demonstrated the efficacy and safety of the RMP7-

EL-FIS-PIO hybrid system in alleviating behavioral abnormalities

in murine models of PD and of depression. Hence, the RMP7-EL

hybrid system holds promise as a novel therapeutic strategy for

CNSDs.

RMP7-EL-FIS-PIO was prepared by membrane fusion, as illus-

trated in Fig. 1A. Both the l-929-derived exosomes and liposomes

presented vesicular structures, with an average particle size of

108.6 nm and 162.2 nm, respectively (Fig. S1 in Supporting in-

formation). RMP7-EL-FIS-PIO presented a spherical morphology,

with a hydrodynamic diameter of 134.1±1.7 nm (polydispersity

index 0.15) and a zeta potential of −2.9±0.25mV (Fig. 1B).

The membrane fusion of exosome and liposome was validated

by the fluorescence resonance energy transfer (FRET) assay.

Insertion of exosome into the lipid bilayer of the FRET lipo-

some increased the distance between the fluorescence donor

l-α-phosphatidylethanolamine-N-(4-nitrobenzo-2-oxa-1,3-diazole)

(ammonium salt) (PE-NBD) and fluorescent acceptor PE-(lissamine

rhodamine-B sulfonyl) (ammonium salt) (PE-RhB), thus decreasing

the emission peak intensity of PE-RhB (Fig. 1C), suggesting the suc-

cessful hybridization of exosome and liposome. Moreover, the pro-

tein composition in the exosome was mostly retained in EL-FIS-PIO

(Fig. S2 in Supporting information), but no protein signal was de-

tected in l-FIS-PIO, suggesting that the hybrid system retained the

biological functions of exosomes. The coupling efficiency of RMP7

on the liposome surface was 73.8%, whereas the encapsulation ef-

ficiency of FIS and PIO in RMP7-EL-FIS-PIO was 83.6% ± 2.7% and

63.6% ± 1.5%, respectively. The drug loading capacities were 2.9 %

± 0.8 % and 1% ± 0.4%, respectively. After one week of storage, no

changes in appearance, particle size, zeta potential, or drug loading

were observed, indicating that RMP7-EL-FIS-PIO was physically

stable. The release of FIS and PIO from RMP7-EL-FIS-PIO followed

uniform release kinetic curves (Fig. S3 in Supporting information),

with 90.2% and 86.6% of drug released within 72h, respectively.

These findings demonstrate the synchronous behavior of the two

drugs, which may enhance their combined therapeutic effect.
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Fig. 2. Brain-targeting and BBB permeability of RMR7-EL. Mice were intravenously

injected with 2% Evans blue: (A) Photographs of the major organs 8h after admin-

istration, and (B) Evans blue quantification of brain tissues (n=5). Murine models

of PD were intravenously administered with 2% DiD-labeled nanoparticles, in (C)

ex vivo fluorescence images of major organs, and in (D) fluorescence quantification

in brain tissues (n=3). (E) Fluorescence images of the expression of Cy3-BDKRB-

labeled B2 bradykinin receptors on CD31-stained BMEC, GFAP-stained astrocytes,

and neuronal nuclei (Neun)-stained neurons in brain tissues. Scale bar: 100μm.

(F) Schematic illustration of the in vitro BBB penetration test. (G) The fluorescence

intensity ratio of the lower chamber versus the upper chamber after a 4-h incu-

bation (n=5). (H) Transmission electron microscopy (TEM) images of the medium

collected from the apical and basolateral chambers after treatment with RMP7-EL.

Scale bar: 100nm. (I) TEER of the monolayer bEnd.3 cells before and after treatment

(n=3). (J) TEM images of the substantia nigra of murine models of PD 12h af-

ter intravenous administration of RMP7-EL. Red arrows indicate nanoparticles. Scale

bar: 500nm. Data are presented as mean ± SD. ∗∗∗P<0.001 vs. the liposome group,
###P<0.001 vs. the EL group.

The integrity of the BBB of PD mice was assessed by extrava-

sation of albumin-conjugated Evans blue dye [30]. All animal ex-

periments were performed in accordance with guidelines approved

by the Ethics Committee of East China University of Science and

Technology (the approval No. SCXK 2023–0004). The content of

Evans blue in the brain of PD mice was 2.1-fold higher than that

of healthy mice (P<0.001, Figs. 2A and B), indicating increased BBB

permeability, which may attribute to the disruption of endothelial

tight junctions caused by excessive oxidative stress and inflamma-

tion [31]. However, 4 h after administration of the DiD-labeled li-

posome, the fluorescence intensity of the brain-to-liver ratio was

0.04 (Figs. 2C and D), suggesting that most of the nanoparticles

were hindered by the tight junctions between endothelial cells.

Unlike liposomes, the accumulation of EL was decreased in the

liver, suggesting that exosomal hybridization reduced the clear-

ance of nanoparticles by the reticuloendothelial system, resulting

from the expression of the CD47 protein as a "don’t eat me" signal

[32]. However, no obvious differences were observed in brain accu-

mulation between the EL and liposome groups, indicating that EL

was inadequate for brain targeting. Although, after modification of

RMP7, the fluorescence intensity of the hybrid nanoparticles in the

brain was 2.2 times higher (P<0.001), suggesting a greater accu-

mulation of RMP7-EL in the brain parenchyma. As a B2 bradykinin

receptor agonist, RMP7 rearranges cytoskeletal proteins and down-

regulates proteins related to tight junctions, transiently increasing

BBB permeability and thus improving nanoparticle accumulation in

the brain parenchyma [33]. B2 bradykinin receptors are expressed

in brain microvascular endothelial cells (labeled with CD31) and

astrocytes (expressing glial fibrillary acidic protein (GFAP)) but are

expressed at low levels in neurons (Fig. 2E). Therefore, RMP7-EL

may specifically target astrocytes after crossing the BBB. Further-

more, liposome, EL, and RMP7-EL exhibited negligible neuronal cy-

totoxicity even at concentrations as high as 200μg/mL (Fig. S4A in

Supporting information), indicating favorable biosafety.

The integrity of nanoparticles after crossing the BBB is essen-

tial for the delivery of cargo to the PD lesion, and therefore a

Transwell assay using the bEnd.3 brain microvascular endothe-

lial cell line was seeded in the apical chamber, as illustrated in

Fig. 2F. In the basolateral chamber, the RMP7-EL exhibited a 1.3-

fold increase in fluorescence intensity compared to the liposome

alone (P<0.001, Fig. 2G) with spherical structures closely resem-

bling those of the apical chamber (Fig. 2H), indicating the poten-

tial of RMP7-EL to cross the BBB without losing its integrity. Fur-

thermore, after treatment with RMP7-EL, the cell monolayer re-

mained intact with transendothelial electrical resistance (TEER) of

over 200� cm2 (Fig. 2I), suggesting that the increased permeabil-

ity was achieved through transient open junctions between en-

dothelial cells [34]. Furthermore, nanometer-sized vesicles with a

more uniform distribution were found in the substantia nigra of PD

mice than that of healthy mice (Fig. 2J), confirming that RMP7-EL

reached the brain injury site in the form of nanoparticles. Overall,

with combined brain targeting and BBB crossing capability, RMP7-

EL exhibited the potential to deliver drugs to the brain parenchyma

of CNSDs.

To determine whether nanoparticles could deliver drugs to as-

trocytes and microglia at the site of the lesion, the distribution

of DiD-labeled nanoparticles in the brain was studied. RMP7-EL

showed stronger fluorescence than RMP7-L, especially in the sub-

stantia nigra (P<0.001, Figs. 3A and B). In the PD brain, the

number of α-smooth muscle actin (α-SMA)-positive fibroblasts

and fibronectin were obviously greater compared to healthy mice

(Fig. S5 in Supporting information), indicating the formation of fi-

brotic scars in the substantia nigra. These findings indicated that

fibroblast-derived exosomes can target brain lesion sites through

their homologous targeting ability [35,36]. Thus, a drug delivery

system based on fibroblast-derived exosomes was able to target

the lesion site due to homologous surface adhesion proteins [37].

Most CNSDs exhibit activated astrocytes and microglia in ar-

eas of brain damage [38], and therefore the distribution of RMP7-

EL in the substantia nigra of PD mice was further studied. Lim-

ited colocalization of DiD-labeled nanoparticles with astrocytes

(labeled with GFAP) and microglia (labeled with Iba1) was ob-

served (Figs. 3C and D), whereas the yellow region overlapped ex-

panded after RMP7 modification. In particular, RMP7-EL showed

2.3- and 3.5-fold more colocalization to astrocytes and microglia

Fig. 3. RMP7-EL targets astrocytes and microglia. PD mice received intravenous in-

jection of DiD-labeled nanoparticles. Four hours after administration, brains were

dissected and sectioned. (A) Immunofluorescent images of brain tissues and (B)

quantification of the fluorescence intensity in the substantia nigra. Red boxes in-

dicate the substantia nigra. (C) Immunofluorescent images of the substantia nigra,

with astrocyte stained with GFAP, microglia stained with Iba1, and neurons stained

with Neun, and (D) quantification. Scale bar: 100μm. Red boxes indicate the rep-

resentative region of the substantia nigra. (E) Fluorescence images of U87 and BV2

cells after 4-h incubation with C6-labeled nanoparticles. Scale bar: 200μm. Data are

presented as mean ± SD (n=5). ∗∗∗P<0.001 vs. the liposome group.
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than RMP7-L, respectively (P<0.001), resulting from exosomal

homing to the substantia nigra. Similarly, less RMP7-EL colocal-

ized with neurons. Furthermore, RMP7-EL absent in the glial cells

of healthy mice (Fig. S6 in Supporting information), confirming its

specific targeting of the PD site. To investigate the targeting mech-

anism of RMP7-EL in glial cells, the cellular uptake of U87 as-

trocytes and BV2 microglia of C6-labeled nanoparticles was stud-

ied. The fluorescence intensity of the RMP7-EL group was much

higher than that observed in the RMP7-pretreatment and lipo-

some groups (Fig. 3E), suggesting that increased astrocyte uptake

was due to binding of RMP7 and B2 bradykinin receptors. In con-

trast, microglial uptake of RMP7-EL was inhibited by the phago-

cytic inhibitor clodronate, indicating that the nanoparticles were

internalized by microglia by phagocytosis. More importantly, the

cytotoxicity of RMP7-EL-FIS-PIO was significantly lower than that

of free drugs, with an half-maximal inhibitory concentration (IC50)

value of 39.01 μg/mL (Fig. S4B in Supporting information), ensuring

its biosafety in vivo. Collectively, RMP7-EL has the ability to cross

the BBB, reach lesion sites, and target glial cells, making it highly

promising for the treatment of CNSDs.

Neuronal damage in the brain is primarily related to activate

glial cell-induced inflammation and oxidative stress [39]. In CNSDs,

excessive ROS cause oxidative stress and mitochondrial dysfunc-

tion, culminating in neuronal damage and death [40]. Therefore,

the ROS scavenging effect of RMP7-EL-FIS-PIO on U87 astrocytes

was evaluated by detection of markers related to oxidative stress.

After stimulation by 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine

(MPTP), a mitochondrial complex 1 inhibitor, ROS levels increased

significantly in U87 astrocytes (Figs. 4A and B) but decreased af-

ter treatment with either single or dual drug-loaded nanoparticles.

Similarly, RMP7-EL-FIS and RMP7-EL-PIO decreased ROS levels in

the substantia nigra by 1.9- and 1.6-fold compared with phosphate-

buffered saline (PBS) treatment, respectively, whereas RMP7-EL-

FIS-PIO treatment achieved the greatest reduction in ROS levels of

Fig. 4. Antioxidant and anti-inflammatory effects of RMP7-EL-FIS-PIO. (A) Fluores-

cence images of ROS levels in U87 cells after a 2-h incubation with nanoparticles

and (B) relative quantification (n=3). (C) Representative images of ROS staining in

the substantia nigra of PD mice 24h after five intravenous injections of RMP7-EL-

FIS-PIO and (D) quantification (n=5). Concentrations of (E) malondialdehyde and

(F) superoxide dismutase in brain tissues (n=5). (G) IL-1β and TNF-α levels in

BV2 cells 24h after different treatments (n=5). (H) Immunohistochemical stain-

ing of IL-1β and TNF-α in the brain of PD mice. (I) Immunofluorescence images of

CD45-positive M1 microglia and CD206-positive M2 microglia. Scale bar: 100μm.

(J) The M2/M1 ratio (n=5). Data are presented as mean ± SD. ∗P<0.05, ∗∗P<0.01,
∗∗∗P<0.001.

5.4-fold (P<0.001, Figs. 4C and D). The decline in ROS levels may

have been due to the combined effects of FIS and PIO, which pro-

moted the restoration of oxidative balance and blocked the vicious

cycle of inflammation and oxidative stress. The lipid peroxida-

tion product, malondialdehyde, measured 11.2 nmol/mgprot in the

RMP7-EL-FIS-PIO treated group, and was lower than that detected

following PBS treatment (19.2 nmol/mgprot, P<0.001, Fig. 4E). Fur-

thermore, the RMP7-EL-FIS-PIO hybrid system increased the levels

of the representative endogenous antioxidant enzyme, superoxide

dismutase, in the brain of PD by 1.3-fold compared with the PBS

group (Fig. 4F), suggesting suppression of oxidative stress. In par-

ticular, RMP7-EL-FIS significantly reduced ROS and malondialde-

hyde levels by 47% and 36%, respectively, and doubled superox-

ide dismutase levels (P<0.001). In contrast, improvements in these

oxidative stress indices were less pronounced in the RMP7-EL-PIO

treatment group, suggesting that FIS was the main component ex-

erting antioxidant effects in the hybrid system, possibly related to

its role as a natural flavonoid with the ability to neutralize free

radicals [41]. Thus, the exosome-liposome hybrid system was ben-

eficial in protecting brain neurons from damage caused by oxida-

tive stress and has the potential to increase their survival.

In CNSDs, the inflammatory response is primarily caused by

the activation and migration of microglia [42]. The in vitro anti-

inflammatory efficacy of the RMP7-EL-FIS-PIO hybrid system was

evaluated using lipopolysaccharide (LPS)-activated BV2 microglia.

After treatment with RMP7-modified nanoparticles, the levels

of IL-1β and TNF-α were reduced by ∼1.8-fold, compared with

LPS-induced inflammatory microglia (P<0.001, Fig. 4G). Similarly,

IL-1β and TNF-α levels in the substantia nigra of PD mice were

significantly reduced after treatment with the RMP7-EL-FIS-PIO hy-

brid system (Fig. 4H), indicating a strong anti-inflammatory effect.

In brain regions associated with PD, microglia are predominantly

polarized into the pro-inflammatory M1 phenotype, whereas

the M2 phenotype of microglia helps mitigate inflammation and

neuronal damage [43]. The M2/M1 ratio in the RMP7-EL-FIS-

PIO treatment group was 2.7 (Figs. 4I and J), which was higher

than that observed in the RMP7-EL-FIS and RMP7-EL-PIO groups

(P<0.001), suggesting that RMP7-EL-FIS-PIO may have had a

higher therapeutic efficacy for PD. The RMP7-EL-FIS-PIO hybrid

system achieved an enhanced anti-inflammatory effect, mainly

because FIS restores redox homeostasis, which helps maintain the

resting state of microglia, and PIO promotes the polarization of

microglia toward the M2 phenotype. Taken together, the nanopar-

ticle RMP7-EL-FIS-PIO may be beneficial for the treatment of PD

due to its superior antioxidant and anti-inflammatory properties.

Lipophilic MPTP not only crosses the BBB, but its metabolites

can also damage dopaminergic neurons and induce PD [44]. There-

fore, a MPTP-induced murine model of PD was established to eval-

uate the therapeutic effects of RMP7-EL-FIS-PIO (Fig. 5A). After

treatment, the rotarod test, pole test, and cylinder test were con-

ducted to study the movement and exploration capacity of PD

mice [45,46]. As shown in Fig. 5B and Fig. S7 (Supporting informa-

tion), compared with healthy mice, PD mice showed obvious mo-

tor dysfunction, as evidenced by the increased total time required

to reach the bottom and the time to turn (T-turn), as well as the

decrease in latency time and distance. After treatment with RMP7-

EL-FIS-PIO, these indicators improved significantly (P<0.001), with

total time and T-turn values of 8.8 and 2.1 s, respectively, which

were lower than those of the control group (13.4 and 4.0 s),

whereas the retention time and distance were prolonged, suggest-

ing the restoration of motor dysfunction in PD model mice. Fur-

thermore, PD mice tended to avoid exploring unfamiliar environ-

ments by reducing the use of their forelimbs [46], resulting in a

lower frequency of forelimb outstretching within 3min compared

to healthy mice, 8 vs. 19 times (P<0.001, Fig. 5C). After treatment

with the RMP7-EL-FIS-PIO hybrid system, the frequency of forelimb

4
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Fig. 5. Anti-PD efficacy and biosafety of the RMP7-EL-FIS-PIO hybrid system. (A)

The establishment of the MPTP-induced murine model for PD and murine model

treatment schedule. (B) Time required for the mice to orient downward at the top

of a vertical pole (T-turn) and latency time on the rotarod (n=3). (C) Number of

forelimb outstretches in 3min (n=3). (D) Representative images and quantification

of tyrosine hydroxylase staining in the substantia nigra (n=5). Scale bar: 50 μm.

(E) Changes in body weight of PD model mice (n=3). (F) Hematoxylin-eosin (H&E)

staining of the substantia nigra. (G) Serum levels of ALT and AST (n=3). Scale bar:

100μm. Data are presented as mean ± SD. ∗P<0.05, ∗∗P<0.01, ∗∗∗P<0.001.

outstretching (17 times) was comparable to that of the healthy

mice group (19 times) and was significantly higher than that of the

nanoparticle treatment groups loaded with single drug (P<0.01),

which indicated that behavioral abnormalities were alleviated. Ty-

rosine hydroxylase, a key rate-limiting enzyme in dopamine syn-

thesis [47], was expressed at low levels in the substantia nigra

of PD model mice (Fig. 5D). After treatment with the RMP7-EL-

FIS-PIO hybrid system, the expression of tyrosine hydroxylase in-

creased by 4.6- and 1.5-fold compared with treatment with PBS

and the single drug-loaded nanoparticles, respectively (P<0.001),

indicating potent neuroprotective effects. The satisfactory efficacy

may be due to the synergistic effects of FIS and PIO in improv-

ing the cerebral microenvironment, resulting in promoting the ex-

pression of neurotrophic factors and the differentiation of neural

stem cells, thereby augmenting neuronal activity in the motor cor-

tex [48–50].

During treatment, the body weight of the mice in all groups in-

creased steadily, and no obvious histological damage was observed

in the substantia nigra (Figs. 5E and F). This result may be due

to the ability of nanoparticles to target the substantia nigra, thus

avoiding injury to normal brain cells caused by offsite the distri-

bution throughout the entire brain. The metabolism of PIO may in-

duce oxidative imbalance by glutathione depletion [51]; thus, the

liver function markers alanine aminotransferase (ALT) and aspar-

tate aminotransferase (AST) were examined. After treatment with

l-FIS-PIO and RMP7-EL-PIO, AST, and ALT levels in the serum of

mice were markedly elevated (Fig. 5G), whereas after treatment

with RMP7-EL-FIS and RMP7-EL-FIS-PIO, transaminase levels re-

mained within the normal range. Furthermore, the liver morphol-

ogy was similar to that of a healthy liver after treatment with

the RMP7-EL-FIS-PIO hybrid system (Fig. S8 in Supporting infor-

mation), indicating that the combination with FIS can protect hep-

atocytes from oxidative damage caused by PIO through its ability

to maintain intracellular redox homeostasis. Furthermore, the dose

of PIO was reduced to one-third of the standard dose of 15mg/kg

[52], further reducing the risk of liver injury. Taken together, the

RMP7-EL-FIS-PIO hybrid system was found to be effective and safe

for the treatment of PD.

Depression is a common mood disorder affecting ∼3%–5% of

the global population, characterized by the activation of glial cells

and the loss of neurons in the hippocampus [53–55]. A murine

model of chronic unpredictable mild stress (CUMS)-induced de-

Fig. 6. Effects of RMP7-EL-FIS-PIO in depression mice. Murine models of depres-

sion received 2% DiD-labeled nanoparticles administered intravenously. Four hours

after administration, the brains were dissected and sectioned. (A) Ex vivo fluores-

cence images of brain tissues and (B) quantification (n=3). (C) Fluorescence colo-

calization images of DiD-labeled nanoparticles with astrocytes and microglia. Red

boxes indicate the representative region of the hippocampus. Scale bar: 100μm. (D)

The establishment of the murine model of CUMS-induced depression and the treat-

ment schedule. (E) Sucrose preference test, (F) immobility time under forced swim-

ming and tail suspension stressors (n=3). (G) Terminal deoxynucleotidyl trans-

ferase dUTP nick end labeling (TUNEL) staining of brain sections and quantitation

(n=5). Scale bar: 100μm. Data are presented as mean ± SD. ∗P<0.05, ∗∗P<0.01,
∗∗∗P<0.001.

pression was used to evaluate the brain targeting ability and the

therapeutic effects of RMP7-EL-FIS-PIO. Four hours after adminis-

tration, RMP7-EL showed higher brain accumulation in mice com-

pared with EL and RMP7-L (P<0.001, Figs. 6A and B). In partic-

ular, RMP7-EL accumulated ∼6.6-fold more in the hippocampus

compared with liposomes and showed a greater degree of colo-

calization with astrocytes and microglia (Fig. 6C), suggesting that

RMP7-EL was more effective in delivering drugs to glial cells rather

than to neurons. The results were consistent with those of the

murine models with PD, indicating that RMP7-EL has a good drug-

targeting delivery capacity for the treatment of CNSDs character-

ized by activation of astrocytes and microglia.

Next, the antioxidant and anti-inflammatory effects of RMP7-

EL-FIS-PIO were studied in murine models of depression. As shown

in Fig. S9 (Supporting information), the oxidative stress factor ROS

were elevated in the PBS group but decreased by 8.1-fold after

treatment with the RMP7-EL-FIS-PIO hybrid system (Fig. S9A); sim-

ilarly, malondialdehyde decreased significantly from 19.8 nmol/mg

to 12.3 nmol/mg (P<0.001, Fig. S9B), whereas the level of superox-

ide dismutase increased 2.2-fold (Fig. S9C). Meanwhile, the inflam-

matory factors IL-1β and TNF-α were markedly down-regulated

in the group treated with RMP7-EL-FIS-PIO (Fig. S9D). The M2/M1

ratio in the RMP7-EL-FIS-PIO group was significantly higher than

that in the l-FIS-PIO group (P<0.001, Figs. S9E and F), indicating a

good microglia polarization capacity. The excellent antioxidant and

anti-inflammatory results suggested that the drug delivery system

may have a good therapeutic effect on depression.

The treatment scheme for the CUMS-induced depression model

mice is illustrated in Fig. 6D. Following 3-week stimulation, de-

pressed mice lost interest in sweets with a sucrose preference

value of 56.3 % (Fig. 6E). Although after treatment with RMP7-EL-

FIS-PIO, this value increased to 76.7% (P<0.05), possibly due to

improvements in the brain reward circuit that restored hedonic ca-

pacity [56]. Depressed mice also exhibited behavioral despair, with
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a prolonged immobility time in the FST (101 s) and TST (157 s),

which were reduced by 34% and 43%, respectively, after treat-

ment with RMP7-EL-FIS-PIO (P<0.001, Fig. 6F), suggesting that the

drug delivery system alleviated despair depressive behavior. Fur-

thermore, the significant pathological manifestation of depression,

neuronal apoptosis, was significantly reduced after treatment with

RMP7-EL-FIS-PIO (P<0.001, Fig. 6G), which may be attributed to

the increased distribution of nanoparticles in the hippocampal re-

gion, particularly in the dentate gyrus (Fig. 6C). The dentate gyrus

serves as the primary recipient of cortical input and is considered

a key region for hippocampal neurogenesis. Furthermore, RMP7-

EL-FIS-PIO treatment showed good safety with serum AST and ALT

levels within the normal range (Table S2 in Supporting informa-

tion). In conclusion, RMP7-EL-FIS-PIO may be considered effective

and safe for the treatment of CNSDs with astrocyte and microglia

activation.

In this study, we developed RMP7-EL-FIS-PIO, an RMP7-

modified exosome-liposome hybrid system co-loaded with FIS

and PIO, aimed at alleviating brain neuronal damage. The hybrid

system effectively crossed the BBB and inhibited glial cell activa-

tion, thus exerting antioxidant and anti-inflammatory activities.

Treatment with the hybrid system RMP7-EL-FIS-PIO achieved

satisfactory neuroprotective effects and alleviated behavioral ab-

normalities in murine models of PD and depression. Furthermore,

RMP7-EL-FIS-PIO did not exhibit any obvious systemic toxicity.

Overall, these findings highlight that the RMP7-modified exosome-

liposome hybrid system is a promising brain-targeted drug delivery

strategy with substantial potential for the treatment of CNSDs.
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