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Intranasal Delivery of circATF7IP siRNA via Lipid
Nanoparticles Alleviates LPS-induced Depressive-Like
Behaviors

Minzi Ju, Zhongkun Zhang, Feng Gao, Gang Chen, Sibo Zhao, Dan Wang,
Huijuan Wang, Yanpeng Jia, Ling Shen, Yonggui Yuan,* and Honghong Yao*

Major depressive disorder (MDD) is a prevalent mental disorder that
significantly impacts social and psychological function, but no effective
medication is currently available. Circular RNAs (circRNAs) have been
reported to participate in the pathogenesis of MDD which are envisioned as
promising therapeutic targets. However, nonviral-based delivery strategies
targeting circRNA against MDD are not thoroughly investigated. Here, it is
identified that circATF7IP is significantly upregulated in plasma samples and
positively correlated with 24-Hamilton Depression Scale (HAMD-24) scores of
MDD patients. Synergistic amine lipid nanoparticles (SALNPs) are designed
to deliver siRNA targeting circATF7IP (si-circATF7IP) into the hippocampus
brain region by intranasal administration. Intranasal delivery of
SALNP-si-circATF7IP successfully alleviated the depressive-like behaviors in
the LPS-induced mouse depression model via decreasing CD11b+CD45dim

microglia population and pro-inflammatory cytokine productions (TNF-𝜶 and
IL-6). These results indicate that the level of circATF7IP positively correlates
with MDD pathogenesis, and SALNP delivery of si-circATF7IP via intranasal
administration is an effective strategy to ameliorate LPS-induced
depressive-like behaviors.

1. Introduction

Major depressive disorder (MDD) is a chronic psychiatric disease
characterized by emotional dysfunction, with high recurrence
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rates and serious damage to physical and
mental health. Accumulating evidence sug-
gests that over 50 million cases of MDD
have been found since the COVID-19
pandemic.[1] However, there is a lack of ef-
fective antidepressant drugs which results
in roughly one-third of patients relapsing af-
ter current therapeutic strategies.[2,3]

CircRNA is a type of non-coding RNA
with a closed-loop structure and exhibits
high abundance in the transcriptomes of
eukaryotic genes. The closed-loop structure
of circRNA effectively avoids exonuclease
degradation and allows circRNA to con-
stantly exist in human bodies, thus making
circRNA a promising biomarker and thera-
peutic target in multiple diseases.[4] Many
circRNAs in the pathogenesis of MDD at-
tracted considerable attention because tran-
scriptome analyses showed aberrant expres-
sion of circRNA in the peripheral blood
of human and animal models with de-
pression (circSTAG1,[5] circDCUN1D4,[6]

circRNA5-8S5,[6] circDYM,[7] circTFRC,[8]

circTNIK,[8] etc.). Our previous studies
indicated that circRNAs are engaged in the pathogenesis
of MDD. For example, circDYM mechanistically bound to
TATA-box binding protein associated factor 1 or miRNA-9
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which further inhibited microglia activation, suggesting that
circRNA participates in MDD pathogenesis by suppressing
neuroinflammation.[7] Using lentivirus- (LV) or extracellular
vesicle (EV)-based technologies, our previous studies sug-
gested that circDYM was downregulated among MDD patients,
and delivery of circDYM by LV and EV effectively ameliorated
depressive-like behaviors in lipopolysaccharides (LPS)-induced
and chronic unpredictable stress (CUS)-induced depression
mouse models.[7,9] However, whether interfering with upregu-
lated circRNA also reduced neuroinflammation of MDD remains
to be elucidated. Pro-inflammatory response has been implicated
in the pathophysiology of MDD.[10,11] It is well known that MDD
is associated with pro-inflammatory immune responses charac-
terized by increased levels of IL-1𝛽, TNF-𝛼, and IL-6 in microglia
populations.[12–14] The level of pro-inflammatory cytokines corre-
sponds to the activation of microglia with elevated iNOS levels.[15]

Clinical investigations suggested that MDD patients with ele-
vated pro-inflammatory cytokine are less likely to respond to
conventional antidepressant drugs.[16] Hence, interfering with
central immune responses by targeting circRNA can potentially
address the unmet clinical needs of patients with MDD.

Although viral vectors can deliver gene editing technology
to the central nervous systems (CNS), researches claimed that
gene delivery based on lentivirus and EVs possessed certain lim-
itations, such as biological toxicities,[17] heterogeneity,[18] and
physicochemical instabilities that impeded the clinical transla-
tion of circRNA-targeted therapies. Lipid nanoparticles (LNPs)
are well-established gene delivery systems that maximize nucleic
acid drug loading through electrostatic interactions between nu-
cleic acids and ionizable/cationic lipids.[19] LNPs are often con-
sidered safe and stable drug delivery systems that are suitable
for clinical translation. Recent advances in LNP structures sug-
gest that the development of organ-specific targeting of LNPs
can be achieved by adding selective organ targeting (SORT)
molecules among LNP components.[20] However, it is unknown
whether such engineered LNPs will be delivered to the CNS for
MDD treatment. In this study, a series of synergistic amine lipid
nanoparticles (SALNPs) using a combination of cationic and ion-
izable amine lipids were developed to improve the delivery effi-
ciency of siRNA to the brain.[21]

On the other hand, the delivery efficiency of brain-targeted
drugs was significantly limited by the blood-brain barrier
(BBB).[22] To bypass BBB and avoid the first-pass effect, intranasal
administration was applied as a non-invasive route for neuro-
logical therapeutics.[22] Previous studies indicated that intranasal
administration of antidepressant drugs allows quick therapeu-
tic responses compared with intravenous injection of the same
drug candidate.[23] In clinical investigations, esketamine nasal
sprays successfully reduced depressive symptoms (active suici-
dal ideation and treatment-resistant depression) among patients
with MDD (NCT03097133, NCT04338321).[24,25] Therefore, in-
tranasal administration was envisioned as a reliable and promis-
ing drug delivery strategy for MDD treatment. Here, engineered
SALNPs intranasally delivered siRNA to inhibit the level of cir-
cATF7IP in mouse brains, which is newly identified and upreg-
ulated during MDD pathogenesis. With the addition of cationic
lipid, we demonstrated that these SALNPs containing single ion-
izable lipid enhanced brain delivery efficiency of si-circATF7IP
compared with traditional LNPs. Furthermore, downregulation

of circATF7IP alleviated depressive-like behaviors in the LPS-
induced depression mouse model by inhibiting microglia acti-
vation as well as pro-inflammatory cytokine productions, provid-
ing an innovative approach to treat MDD using novel LNP-based
gene delivery and circRNA therapy.

2. Results and Discussion

2.1. CircATF7IP Level was Upregulated in Patients with MDD
and Positively Correlated to MDD Pathogenesis

Based on circRNA microarray studies, 4 circRNA (circATF7IP,
circZBTB25, circPARN, and circKIAA0319L) were newly found
to be upregulated in plasma samples from patients with MDD
compared with health controls (HCs) (Figure 1A; Table S1–S5,
Supporting Information). The average copy number of cir-
cATF7IP was the highest among those upregulated circRNAs
(437 copies μL−1 of circATF7IP, 237 copies μL−1 of circZBTB25,
187 copies μL−1 of circPARN and 142 copies μL−1 of circK-
IAA0319L in plasma). In addition, and level of circATF7IP
exhibited the highest correlation to HAMD-24 scores (r = 0.431,
p = 0.0001) compared with other three circRNAs (circZBTB25:
r = 0.424, p < 0.001, circPARN: r = 0.360, p < 0.001, circK-
IAA0219L: r = −0.161, p = 0.085) (Figure 1B–D; Figure S1
and Tables S6 and S7, Supporting Information). These findings
encouraged us to focus on the circATF7IP in our current study al-
though we couldn’t rule out the function of other three circRNAs,
which will be elucidated in our future study. Patients with mood
disorders including bipolar depression (BD), bipolar mania
(BM), and schizophrenia (SCZ) were recruited. The demographic
information of patients is presented in Table S8 (Supporting In-
formation). It is also noticeable that the level of circATF7IP was
significantly upregulated in MDD patients but not in patients
with other psychiatric disorders, suggesting the specificity of cir-
cATF7IP upregulation in MDD patients (Figure 1E). In addition,
the receiver operating characteristic (ROC) curve was applied to
evaluate the diagnostic performance of circRNA, circATF7IP was
able to differentiate MDD patients from HCs with high sensitivity
(75.9%) and specificity (85.5%) in MDD diagnosis (Figure 1F). To
assess the predictive value of circATF7IP level for MDD outcome,
we evaluated the level of circATF7IP in plasma samples collected
within two weeks after hospitalization. Patients who achieved
a reduction rate of 50% or more in HAMD-24 scores after an-
tidepressant treatment were categorized as the group with good
outcomes.[26] In Figure 1G,H, the level of circATF7IP exhibited
a significant reduction compared to MDD patients before treat-
ment in the good outcome group (Table S9, Supporting Informa-
tion). ROC curve was plotted based on the change in the value of
the circATF7IP between admission and 2 weeks post-treatment to
predict the outcome, resulting in an area under the curve (AUC)
value of 0.741 (Figure 1I). Given that circRNAs have been de-
tected in plasma high-throughput sequencing data, we proceeded
to investigate its potential downstream regulatory mechanisms.
Six miRNAs were narrowed to circATF7IP via the CircInterac-
tome database, and the potential miRNAs targeting genes were
predicted by the microRNA Data Integration Portal (mirDIP).[27]

Subsequently, these target genes were intersected with
depression-related genes in the DisGeNET database, resulting
in a total of 92 common target genes. Finally, inputting these 92
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Figure 1. Discovery and validation of circATF7IP in plasma samples from MDD. A) CircRNA microarray revealed the level of circRNAs in HCs and
patients with MDD. Red represents high relative expression, blue represents low relative expression. B) Relative expression of circATF7IP in plasma
(30 HCs versus 30 MDD). C) Copy numbers per microliter of circATF7IP in HCs and patients with MDD (62 HCs versus 116 MDD). D) Correlation
analysis of the level of circATF7IP and HAMD-24 scale in patients with MDD. E) Copy numbers per microliter of circATF7IP in plasma samples from HCs
(n = 62) and patients with MDD (n = 116), BD (n = 27), BM (n = 30), and SCZ (n = 29). F) ROC analysis of circATF7IP in terms of MDD diagnosis. G,H)
CircATF7IP abundance in plasma samples from MDD patients who exhibited good outcomes (reduction from baseline of > 50%) and poor outcomes
(reduction from baseline of < 50%) two weeks of treatment (n = 45). I) ROC analysis was calculated and based on the Δ value outcome (copy number/μL
after two weeks of treatment minus copy number/μL at admission) of circATF7IP. *p < 0.05, **p < 0.01, ***p < 0.001 versus HCs group. ###p < 0.001
versus MDD group. All data was presented as mean ± SEM. HCs: health controls. MDD: major depressive disorder. BD: bipolar depression. BM: bipolar
mania. SCZ: schizophrenia. ROC: Receiver operating characteristic.

target genes into the DAVID database allowed us to obtain path-
way enrichment results for KEGG and GO analysis.[28,29] KEGG
and GO analysis predicted that circATF7IP participated in the
inflammatory response pathway and pathogenesis of depression
(Figure S2, Supporting Information).[30] Finally, circATF7IP was
elevated in both hippocampal tissue and plasma of the chronic
unpredictable stress (CUS)-induced mouse model, which was
consistent with the results predicted by microarray results
based on samples of MDD patients (Figure S3, Supporting
Information).

Our study indicated that circATF7IP was significantly upregu-
lated in the plasma samples from patients with MDD, enabling
the MDD-related change of circATF7IP for the application in clin-
ical research into the diagnosis and outcome of MDD. Intrigu-
ingly, further correlation analysis indicated that the level of cir-
cATF7IP consistently correlated with the clinical symptoms of
MDD. Based on absolute qPCR and ROC analysis, we found
that circATF7IP was only upregulated in patients with MDD
but not with other psychiatric disorders. We found circATF7IP
with superior diagnostic and outcome correlation power with
AUC over 0.7. Although the role of circATF7IP in human bod-

ies has not been discovered yet, our bioinformatic analysis re-
vealed that circATF7IP highly participated in depression-related
biological events in the brain (Figure S2, Supporting Informa-
tion), and circATF7IP upregulation in the brain was also verified
in CUS-induced depressed mice (Figure S3, Supporting Infor-
mation). Taken together, the average copy number of circATF7IP
was mostly increased with the highest correlation to HAMD-24
scores among those upregulated circRNAs. Thus, in this study,
we first focused on this circATF7IP and hypothesized that down-
regulation of circATF7IP in the brain could alleviate depressive-
like behaviors as the treatment of MDD.

2.2. Formulation and Characterization of LNPs and SALNPs

To enhance the efficiency of circATF7IP delivery, LNPs and
SALNPs with different ionizable lipids DLin-MC3-DMA (MC3,
NT1-O14B, SM-102) were designed and formulated to deliver
siRNA downregulating circATF7IP (Figure 2A,B,C; Table S11,
Supporting Information). To test their capability of siRNA en-
capsulation and delivery efficiency, MC3 and SM-102 lipids were
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Figure 2. Preparation and characterization of SALNPs encapsulating si-circATF7IP. A,B) DLin-MC3-DMA, NT1-O14B, and SM-102 were individually used
to fabricate LNPs and SALNPs. C) LNPs and SALNPs were formulated by ethanol injection of lipid mixture into siRNA phase. D) Zeta potential of LNPs
and SALNPs. E) Mean particle diameters of LNPs and SALNPs. F) si-circATF7IP encapsulation efficiency (EE %) in LNPs and SALNPs as determined
by Ribogreen RNA quantification kit and reagent. G) si-circATF7IP encapsulation by SALNPs as determined by 1% agarose gel electrophoresis (1: Free
siRNA, 2: SALNP1-siRNA, 3: SALNP2-siRNA, 4: SALNP3-siRNA, 5: SALNP1-siRNA + TX100, 6: SALNP2-siRNA+ TX100, 7: SALNP3-siRNA+ TX100).
H,I) TNS assay determined the apparent pKa of LNPs and SALNPs. J) Hemolysis assay identified the pH-dependent ability for membrane disruption by
these ionizable LNPs and SALNPs. ***p < 0.001 in different pH value. K) TEM images of SALNP1, SALNP2, SALNP3, scale bar: 200 nm. All data was
presented as mean ± SEM, n = 3. LNP: Lipid nanoparticle. SALNP: Synergistic amine lipid nanoparticle.

included as standard ionizable lipids for RNA delivery, and NT1-
O14B lipid was also included due to its brain-targeted property
according to previous literature.[31,32] Our previous work sug-
gested that LNP containing 1.5% molar percentage (mol %) of
DOTAP substantially enhanced oligonucleotide delivery without
significant cytotoxicity.[33] Therefore, the additional 1.5% mol %

of DOTAP was incorporated into the traditional LNP structure
as SALNP formulation. Here, with a nitrogen-to-phosphate (N:
P) ratio of 6, all types of LNPs and SALNPs possessed slightly
neutral surface charges after siRNA encapsulation (Figure 2D).
However, MC3-based LNP (LNP1) exhibited a smaller parti-
cle size of 160 nm compared with NT1-O14B-based (LNP2) or
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SM-102-based (LNP3) LNPs (Figure 2E). Further investigation on
the siRNA encapsulation efficiency (EE %) indicated that LNP1
and LNP3 maintained over 80% siRNA EE % whereas LNP2
only partially encapsulated siRNA (60%−70% EE %). Similar
results were also observed among three SALNPs where NT1-
O14B-based SALNP failed to encapsulate most of si-circATF7IP
(Figure 2F,G). Furthermore, the addition of DOTAP in SALNPs
elevated the apparent pKa compared with traditional LNPs
containing MC3, NT1-O14B, or SM-102. However, we found that
the apparent pKa for NT1-O14B-based LNP was below 4 even in
the SALNP structure (Figure 2H,I). It is possible that such low
pKa contributed by NT1-O14B weakened the membrane fusion
property of LNP2 and SALNP2 when they were trapped inside
endosomes (Figure 2J). TEM images revealed smooth surfaces
on SALNP1 and SALNP3. However, SALNP2 exhibited tooth
surface which may be attributed to steric configuration of partial
siRNA binding by NT1-O14B (Figure 2K). Synthesized LNPs
and SALNPs maintained consistent particle sizes for up to 60
days (Figure S4, Supporting Information). In addition, the EE
% of si-circATF7IP in SALNP3 did not significantly reduce, sug-
gesting that si-circATF7IP was stably encapsulated into SALNP3
without releasement when storing at 4 °C for 60 days (Table S12
Supporting Information). However, the EE % of si-circATF7IP
gradually decreased in SALNP1 and SALNP2, suggesting that
these two SALNPs did not stably encapsulate si-circATF7IP
during long-term storage. This can be attributed to their low pKa
profile and trace amine-based branched lipid structure which
eventually resulted in low electrostatic interactions with siRNA
and irregular LNP surface structure. Therefore, SALNP3 was
preferred to encapsulate si-circATF7IP for further studies.

2.3. SALNP3-si-circATF7IP Successfully Downregulated the Level
of circATF7IP In Vitro

Based on circRNA sequencing results, we identified that
sequences of human and murine cirATF7IP were highly
overlapped, suggesting that a single siRNA oligonucleotide
potentially downregulated both human and murine circATF7IP
which can be a favor for clinical translation from animal models
to human trials. Here, we designed si-circATF7IP based on the
33-nt overlapped sequences on human and murine circATF7IP
(Figure 3A). Cytotoxicities of LNPs and SALNPs were first tested
in the RPMI-2650 human nasal epithelial cell line. No signif-
icant cytotoxicity was observed when cells were treated with
LNP-si-circATF7IP or SALNP-si-circATF7IP at 50 nm or 200 nm
concentration (Figure 3B), and delivery of si-circATF7IP success-
fully downregulated human and murine circATF7IP in A172 and
HT22 cells (Figure 3C,D). Using Cy5-labelled si-circATF7IP, we
found that SALNPs enhanced delivery of si-circATF7IP in BV-2
cells compared with traditional LNPs, and SALNP3 exhibited
the highest si-circATF7IP delivery efficiency (Figure 3E). It is
noticeable that the low siRNA EE % by NT1-O14B lipid did not
hinder siRNA delivery efficacy in LNP2 and SALNP2 compared
with other LNPs and SALNPs, suggesting that NT1-O14B lipid
still utilized its branched lipid structure to facilitate endoso-
mal escape and siRNA releasement intracellularly.[34] In this
work, ionizable lipids with more branched aliphatic chains like
NT1-O14B or SM-102 showed better siRNA delivery efficiency

compared with MC3-based LNPs based on cellular uptake stud-
ies. Such results were consistent with other reports comparing
the RNA delivery efficiency between MC3-based lipids and other
ionizable lipids.[35,36]

Further transfection of si-circATF7IP using SALNP3 showed
significant downregulation of circATF7IP in normal and LPS-
stimulated BV-2 cells (Figure 3F). The protein level of TNF-𝛼 and
IL-6 decreased in LPS-stimulated BV-2 cells after treatment with
SALNP3-si-circATF7IP. Meanwhile, downregulation of Tnf-𝛼
and Il-6 mRNA was only observed in LPS-stimulated BV-2 cells
but not normal BV-2 cells (Figure 3G,H; Figure S5, Supporting
Information).[37,38] These suggested that circATF7IP downreg-
ulation inhibited pro-inflammatory cytokine levels. Previous
studies indicated that transcription factor STAT3 was able to
regulate the level of cytokines TNF-𝛼 and IL-6.[39] In normal and
LPS-stimulated BV-2 cells, the total level of STAT3 did not sig-
nificantly change after treatment with SALNP3-si-circATF7IP.
However, increased cytoplasmic STAT3 level and decreased
nuclear STAT3 level were observed in LPS-stimulated BV-2 cells
after treatment with SALNP3-si-circATF7IP, suggesting that
circATF7IP downregulation in BV-2 cells by SALNP3-si-
circATF7IP inhibited STAT3 translocation to nucleus to facilitate
the levels of TNF-𝛼 and IL-6 (Figure 3I–K). Additional studies
were performed in primary microglia to evaluate the effect
of SALNP3-si-circATF7IP on the inflammatory response. The
level of Iba-1 was significantly decreased in LPS-stimulated
primary microglia after treatment with SALNP3-si-circATF7IP
(Figure 3L). The levels of iNOS, TNF-𝛼, and IL-6 were decreased
only in LPS-stimulated primary microglia after treatment
with SALNP3-si-circATF7IP (Figure 3M-O). These again sug-
gested that SALNP3-si-circATF7IP inhibited the activation of
LPS-stimulated microglia.

2.4. SALNPs Enhanced Brain Delivery of si-circATF7IP Compared
with Traditional LNPs

To validate and screen the optimal LNPs or SALNPs for brain
delivery of si-circATF7IP, DiR-labelled LNP1, LNP2, and LNP3
were administered into mice via intranasal administration.
Based on IVIS imaging for mouse whole bodies, all types of
LNPs successfully delivered si-circATF7IP (Figure 4A; Figure
S6A, Supporting Information). Although without statistical sig-
nificance, intranasal administration of LNP3 containing SM-102
exhibited higher si-circATF7IP delivery efficiency compared with
that of LNP1 and LNP2 which utilized MC3 and NT1-O14B ioniz-
able lipids (Figure 4B). The major organ where LNPs or SALNPs
accumulated was still the liver as shown in Figure S6B,C
(Supporting Information) and other published reports,[40,41]

however, we noticed that the addition of DOTAP in SALNPs
formulations enhanced si-circATF7IP delivery to mouse brains
compared with traditional LNPs without DOTAP (Figure 4C–E).
This phenomenon was consistently observed between LNPs and
SALNPs using three different ionizable lipids, with SALNP3
formulations showing the highest DiR fluorescent signals in
the mouse brains compared with other SALNPs formulations
(Figure 4F; Figure S6D, Supporting Information). As shown
in Figure S7 (Supporting Information), the fluorescent signals
of DiR were recorded and quantified at different time points
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Figure 3. Cell uptake and circATF7IP downregulation by SALNP3-si-circATF7IP. A) Design of siRNA targeting both human and murine circATF7IP. B)
CCK-8 assay determined the cytotoxicity of LNPs-si-circATF7IP and SALNPs-si-circATF7IP. C,D) The level of circATF7IP in A172 and HT22 cells was
determined by RT-qPCR after treatment with SALNP3-si-circATF7IP. E) Cell uptake ability of LNPs-si-circATF7IP or SALNPs-si-circATF7IP was determined
by fluorescence of Cy5-si-circATF7IP. F) The level of circATF7IP was determined by RT-qPCR, the level of TNF-𝛼 G) and IL-6 H) was determined by ELISA
assay after treatment with SALNP3-si-circATF7IP and LPS-stimulated BV-2 cells for 48 h. I–K) Representative western blots of STAT3 protein levels I)
and cytoplasmic J) or nuclear K) localization of STAT3 in BV-2 cells with or without treated with LPS (100 ng mL−1) and SALNP3-si-circATF7IP. L) The
immunofluorescence staining of Iba-1 and quantitative analysis of mean fluorescence intensity of Iba-1 in primary microglia cells, scale bar: 100 μm.
M) Representative western blots of iNOS protein levels in primary microglia cells. The level of TNF-𝛼 N) and IL-6 O) was determined by ELISA assay
after treatment with SALNP3-si-circATF7IP in LPS-stimulated primary microglia cells for 48 h. All data was presented as mean ± SEM, n = 3. *p < 0.05,
**p < 0.01, ***p < 0.001 versus CON group in A172, HT22, BV-2 or primary microglia cells. #p < 0.05, ##p < 0.01, ###p < 0.001 versus untreated groups
in LPS-stimulated BV-2 or LPS-stimulated primary microglia cells.

(0, 0.5, 1, 2, 4, 8, 12, 24, 48, 72 h) after intranasally administered
with 0.5 mg kg−1 of si-circATF7IP encapsulated by SALNP3.
DiR fluorescence reached the maximum at 4 h post-treatment
and gradually decreased to its minimum after 24 h. Such kinetic
profiles of SALNP3 were consistent with those from other
literature using lipid-based nanoparticles to intranasally deliver
RNA therapeutics.[40,41] Free DiR was intranasally administered

at the same concentration as that of DiR for SALNP fluorescent
labeling, but the free DiR group did not exhibit quantifiable
fluorescent signals compared with the DiR-labeled SALNP3
group. Considering the highest brain delivery efficiency of
si-circATF7IP by SM-102-based SALNP, SALNP3 was chosen
to evaluate the therapeutic efficacy of si-circATF7IP via SALNP
delivery.
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Figure 4. Delivery efficiency of si-circATF7IP by LNPs versus SALNPs in mouse brain. A,B) IVIS images and DiR fluorescence quantification of anes-
thetized mice after intranasally administered with DiR-labelled LNP1-si-circATF7IP (MC3 Lipid), LNP2-si-circATF7IP (NT1-O14B lipid), and LNP3-si-
circATF7IP (SM-102 lipid). C–E) Organ distribution images of DiR-labelled LNPs and SALNPs in mouse brain. F) Fluorescence quantification of DiR-
labelled SALNPs in mouse brains. All data was presented as mean ± SEM, n = 5. *p < 0.05 and **p < 0.01.

Recent evidence indicated that SORT LNPs containing a com-
bination of functional lipids altered the specific organ-target
properties in the liver, lung, and spleen.[42] Our previous finding
also suggested that LNPs with extra cationic lipid components
enhanced oligonucleotide delivery in vitro.[33] In this study, SAL-
NPs, defined as the addition of 1.5% mol % DOTAP in LNPs,
overall increased siRNA EE % by shifting pKa to neutral com-
pared with standard LNPs with three different ionizable lipids.
As a result, intranasal administration of SALNPs significantly
improved siRNA delivery efficiency to mouse brains without al-
tering selectivity to other major organs. In this case, SALNPs
with DOTAP lipid might have altered their biological properties
after intranasal administration. These could be attributed to de-
creased protein corona formation and rapid clearance by periph-
eral phagocytic cells such as macrophages.[43,44] Nevertheless, we
showed that SALNPs were a superior platform for intranasal ad-
ministration and brain delivery of si-circATF7IP compared with
traditional LNPs.

2.5. SALNP3-si-circATF7IP Alleviated Depression-Like Behaviors
in LPS-Induced Mice

An LPS-induced depression mouse model was established
to evaluate the therapeutic efficacy of SALNP3-si-circATF7IP
(Figure S8, Supporting Information). After intraperitoneally
injecting LPS for five consecutive days, mice exhibiting
depressive-like behaviors (including reduced sucrose preference
and increased immobility time) were selected as subsequent
subjects for SALNP3-si-circATF7IP or fluoxetine treatments

(Figure 5A; Figure S8, Supporting Information). Here, cir-
cATF7IP was significantly upregulated in the brains of LPS-
induced depressed mice. After treatment, the downregulation of
circATF7IP was only contributed by SALNP3-si-circATF7IP but
not SALNP3 components. Furthermore, circATF7IP was also
downregulated in plasma and liver samples of mice treated with
SALNP3-si-circATF7IP (Figure 5B; Figure S9, Supporting In-
formation). Depressive-like behavior tests after the treatment of
SALNP3-si-circATF7IP indicated that depressed mice exhibited
increased sucrose uptake (Figure 5C), decreased immobility time
(Figure 5D,E), and more interest in exploring the central region,
but no significant effect on locomotion was observed after treat-
ment in the motion trajectory map and corresponding heat map
from the open field test (Figure 5F–I). These results suggested
that downregulating circATF7IP by SALNP3-si-circATF7IP
alleviated LPS-induced depressive-like behaviors.

2.6. SALNP3-si-circATF7IP Reduced Pro-Inflammatory Immune
Responses in LPS-Induced Depression-Like Mice

Reduced pro-inflammatory immune responses were also ob-
served along with circATF7IP downregulation when depressed
mice were treated with SALNP3-si-circATF7IP. Specifically, Tnf-𝛼
and Il-6 mRNA were significantly downregulated in brain hip-
pocampal tissues from mice treated with SALNP3-si-circATF7IP
compared with LPS-induced mice (Figure 6 A,B). Consistent
with the above finding, decreased TNF-𝛼 and IL-6 cytokines
(<100 pg mL−1) were also observed in plasma samples from
mice treated with SALNP3-si-circATF7IP (Figure 6C,D). As

Adv. Healthcare Mater. 2024, 13, 2402219 © 2024 Wiley-VCH GmbH2402219 (7 of 13)
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Figure 5. Therapeutic effects of SALNP3-si-circATF7IP against depressive-like behaviors in LPS-induced depression-like mice. A) Establishing LPS-
induced depression-like mice and treatment courses. B) CircATF7IP level in hippocampus from LPS-induced mice treated with SALNP3-si-circATF7IP
or fluoxetine. All data was presented as mean ± SEM, n = 6. C–H) SALNP3-si-circATF7IP ameliorated depressive-like behaviors in LPS-induced mice as
measured by SPT, TST, FST, and OFT. I) The motion trajectory map and corresponding heat map of each group in the OFT. All data was presented as
mean ± SEM, n = 11–13. **p < 0.01, ***p < 0.001 versus CON group. #p < 0.05, ##p < 0.01, and ###p < 0.001 versus LPS+ Saline group. SPT: sucrose
preference test. TST: tail suspension test. FST: forced swim test. OFT: open field test.

Adv. Healthcare Mater. 2024, 13, 2402219 © 2024 Wiley-VCH GmbH2402219 (8 of 13)
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Figure 6. SALNP3-si-circATF7IP reduced pro-inflammatory immune responses in LPS-induced depression-like mice. A,B) RT-qPCR results of Tnf-𝛼 and
Il-6 mRNA levels in mouse hippocampus. C,D) The level of TNF-𝛼 and IL-6 in mouse plasma samples was determined by ELISA. E–G) Changes in
CD11b+CD45dim microglia populations and iNOS levels in mouse brains after treatment with SALNP3-si-circATF7IP or fluoxetine. H–J) Changes in
ACSA-2+ astrocyte populations and GFAP levels in mouse brains after treatment with SALNP3-si-circATF7IP or fluoxetine. All data was presented as
mean ± SEM, n = 4–6. *p < 0.05, **p < 0.01, ***p < 0.001 versus CON group. #p < 0.05, ##p < 0.01, ###p < 0.001 versus LPS+ Saline group.

microglia are the primary regulators of neuroinflammation,
SALNP3-si-circATF7IP treatment decreased the percentage
of CD11b+CD45dim microglia population and iNOS levels in
LPS-induced mice (Figure 6E–G).[45] Research indicated that a
decreased number of astrocytes was observed during the progres-
sion of depression.[46] Here, the number of ACSA-2+ astrocytes
was decreased in LPS-induced depressed mice, and increased
ACSA-2+ astrocytes population and GFAP protein level were ob-

served in LPS-induced mice treated with SALNP3-si-circATF7IP.
LPS stimulation to mice generally induced inflammatory ac-
tivation of astrocytes concomitant with increased expression
of GFAP when LPS was intraperitoneally administered within
7 days.[47,48] However, in our study, LPS was intraperitoneally
administrated once every day for 5 days to induce a depres-
sive model, and LPS was continuously administrated during
depression-like behavior tests for 4 days. For the depressive mice,

Adv. Healthcare Mater. 2024, 13, 2402219 © 2024 Wiley-VCH GmbH2402219 (9 of 13)
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Figure 7. SALNP3-si-circATF7IP attenuated microglial activation and alleviated astrocyte loss dysfunction and attenuated microglial activation to reduce
pro-inflammatory immune responses in LPS-induced depression-like mice. A–C) SALNP3-si-circATF7IP attenuated microglial activation in the LPS-
induced mouse hippocampus. Representative images of microglial immunostaining for Iba-1 A), scale bar: 100 μm. Relative IOD of Iba-1 immunore-
activity B), the number of Iba-1+ cell C). D–F) SALNP3-si-circATF7IP alleviated astrocyte loss dysfunction in the LPS-induced mouse hippocampus.

Adv. Healthcare Mater. 2024, 13, 2402219 © 2024 Wiley-VCH GmbH2402219 (10 of 13)

 21922659, 2024, 30, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adhm

.202402219 by H
onghong Y

ao - Southeast U
niversity , W

iley O
nline L

ibrary on [18/03/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advhealthmat.de


www.advancedsciencenews.com www.advhealthmat.de

they were separated into six groups to evaluate the therapeutic
efficacy of SALNP3-si-circATF7IP. LPS was intraperitoneally
administered once every day during the 6-day treatment course.
Therefore, in our study, intraperitoneal administration of LPS for
15 days induced depressive-like behaviors with a typical patho-
logical manifestation of astrocyte dysfunction characterized by
the decreased number of GFAP-positive cells in LPS-treated
mice compared with the control group (Figure 6H–J). Our find-
ings are consistent with a previous study that the level of GFAP
was decreased in mice for LPS administration over 21 days.[49]

Taken together, these results indicated that downregulating
circATF7IP alleviated depression-like behaviors by reducing
pro-inflammatory immune responses among glial cells. Lastly,
the treatment of SALNP3-si-circATF7IP did not exhibit signif-
icant organ toxicities based on H&E histology, suggesting that
the SALNP3 strategy was generally regarded as a safe approach
for intranasal administration of siRNA payloads (Figure S11,
Supporting Information).

Intranasal drug administration holds significant potential in
CNS therapeutics with several clinical advantages including non-
invasive and simple procedures, enhanced drug bioavailability,
and reduced systemic side effects.[50] Intranasal administration
is widely considered a non-invasive approach for drug delivery
to the brain by bypassing BBB.[23,50] However, whether these
strategies can be used for siRNA-based MDD therapeutics
remains unclear. In previous studies, intranasal administration
of antagomirs and siRNA alleviated depressive-like behaviors in
depressive-like mouse models.[51,52] However, these studies lack
efficient drug delivery systems to facilitate intracellular delivery
of therapeutic agents. Here, intranasal delivery of si-circATF7IP
by SALNPs successfully ameliorated LPS-induced depression-
like behaviors in depressed mice. Although downregulation
of circATF7IP was also observed in mouse livers and plasma
samples after treatment, no significant cytotoxicity and organ tox-
icities were observed based on H&E-stained histology. These re-
sults suggested a non-invasive and practical therapeutic strategy
against MDD.[9,53,54] CircATF7IP downregulation by SALNP3-
si-circATF7IP also contributed to alleviating neuroinflammation
by inhibiting microglial activation as well as pro-inflammatory
cytokine (TNF-𝛼 and IL-6) production which were consistent
with our findings in bioinformatic analysis and cell-based
assays. Neuroinflammation directly induces depressive-like
behaviors where microglia are overactivated and astrocytes
are degenerated.[45,55,56] In this study, the astrocyte population
was also decreased in LPS-induced depressed mice but re-
stored after treatment with SALNP3-si-circATF7IP or fluoxetine.
Decreased neuroinflammation in depressed mice by SALNP3-
si-circATF7IP was also characterized by a decreased number of
CD11b+CD45high myeloid cells and CD11b−CD45+ lymphocytes
in mouse brains (Figure S10, Supporting Information).

Previous studies indicated that circRNAs regulated activities of
microglia and astrocytes which further contributed to depressive-
like behaviors. For example, circDYM mechanistically bound to

TATA-box binding protein associated factor 1 or miRNA-9 which
further inhibited microglia activation to alleviate depression-like
behaviors. CircSTAG1 increased m6A methylation of fatty acid
amide hydrolase (FAAH) messenger RNA and promoted FAAH
degradation, which further attenuated astrocyte dysfunction and
depressive-like behaviors induced by CUS.[7,9,5] Although further
exploration is required to elucidate the biological mechanism
of circATF7IP in MDD, our results suggested that downregulat-
ing circATF7IP by SALNP3-si-circATF7IP alleviated LPS-induced
depression-like behaviors by balancing brain microenvironment
involving multiple brain cell types.

2.7. SALNP3-si-circATF7IP Alleviated Neuroinflammation in the
Hippocampus and Prefrontal Cortex (PFC) in LPS-Induced
Depression-Like Mice

To investigate the neuroinflammation in depression after treat-
ment with SALNP3-si-circATF7IP, immunofluorescence stain-
ing was performed to evaluate the levels of Iba-1 and GFAP in
the hippocampus in depressed mice. SALNP3-si-circAT7IP treat-
ment significantly attenuated microglial activation, as indicated
by the decreased activated microglia (Iba-1 positive) cells in the
hippocampus of mice (Figure 7 A–C). In addition, we observed
that GFAP-positive cells were decreased in the hippocampus of
LPS-induced mice while significantly increased after treatment
with SALNP3-si-circAT7IP (Figure 7D–F).

Arginase-1 (Arg-1) serves as an anti-inflammatory and neuro-
protective biomarker in the microglia, and previous literature re-
ported that the level of Arg-1 was decreased in the depressive-like
mouse model.[57,58] Other reports indicated that the PFC region
was consistently impaired in MDD.[59] To evaluate the change in
Arg-1 level in the PFC region after treatment, the immunoflu-
orescence colocalization of Arg-1 and Iba-1 were determined in
the prefrontal cortex microglia in brain slices from LPS-induced
depressed mice after being treated with SALNP3-si-circATF7IP.
The colocalized immunofluorescent signals of Arg-1 and Iba-1
significantly increased in mice with the treatment of SALNP3-
si-circATF7IP (Figure 7G–I). These results indicated that treat-
ment with SALNP3-si-circATF7IP increased the level of anti-
inflammatory marker Arg-1, suggesting that the increased level
of Arg-1 in concord with decreased levels of pro-inflammatory
cytokines in mice brains eventually alleviated the depressive-like
behaviors in the LPS-induced mouse depression model.

3. Conclusion

Depression severely impairs patients’ social and psychological
performance. The lack of RNA-based therapies impedes the
clinical therapeutic outcomes of depression, especially MDD.
In this study, we identified that circATF7IP was upregulated in
patients with MDD and positively correlated with depression-
like behaviors in MDD patients. Here we proposed a novel

Representative images of astrocyte immunostaining for GFAP D), scale bar: 100 μm. Relative IOD of GFAP immunoreactivity E), the number of GFAP+

cell F). G–I) Representative images of immunofluorescence colocalization of Arg-1 and Iba-1 in the prefrontal cortex of G), scale bar: 20 μm. The number
of Iba-1+ cell H) and the number of Arg-1+ Iba-1+ cell I). All data was presented as mean ± SEM, n = 4. *p < 0.05 and ***p < 0.001 versus CON group.
###p < 0.001 versus LPS+ Saline group.
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gene delivery strategy based on intranasal administration of
si-circATF7IP by SALNPs. Although the detailed molecular
mechanism of circATF7IP in MDD remains to be further illus-
trated, we suggested that SALNP3-si-circATF7IP successfully
downregulated circATF7IP and ameliorated depression-like
behaviors in the LPS-induced mouse depression model. The
current study further sheds light on the therapeutic potential of
SALNPs in circRNA-targeted therapies against MDD.
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