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Inhibition of integrated stress response protects against 
lipid-induced senescence in hypothalamic neural stem 
cells in adamantinomatous craniopharyngioma
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Abstract
Background.  Adamantinomatous craniopharyngioma (ACP) is a benign tumor with malignant clinical manifest-
ations. ACP adjacent to the hypothalamus often presents with more severe symptoms and higher incidence of 
hypothalamic dysfunction. However, the mechanism underlying hypothalamic dysfunction remains unclear.
Methods.  Immunostaining was performed to determine the nerve damage to the floor of the third ventricle (3VF) 
adjacent to ACP and to examine the recruitment and senescence of hypothalamic neural stem cells (htNSCs). The 
accumulation of lipid droplets (LDs) in htNSCs was evaluated via BODIPY staining, oil red O staining, and trans-
mission electron microscopy. In vitro and in vivo assays were used to evaluate the effect of cystic fluid or oxidized 
low-density lipoprotein and that of oxytocin (OXT) on htNSC senescence and the hypothalamic function. The pro-
tein expression levels were analyzed using western blotting.
Results.  htNSCs with massive LD accumulation were recruited to the damaged 3VF adjacent to ACP. The LDs in 
htNSCs induced senescence and reduced neuronal differentiation; however, htNSC senescence was effectively 
prevented by inhibiting either CD36 or integrated stress response (ISR) signaling. Furthermore, OXT pretreatment 
reduced lipotoxicity via the inhibition of ISR signaling and the repair of the blood–brain barrier.
Conclusions.  Reduced LD aggregation or ISR signaling inhibition prevented senescence in htNSCs and identified 
molecular pathways and potential therapeutic targets that may improve hypothalamic dysfunction in ACP patients.

Key Points

•	 Nerve injury is prevalent in the 3VF adjacent to ACP.

•	 htNSCs in a state of lipotoxicity-induced senescence are recruited to damaged 3VF.

•	 Intervening LD-induced senescence/advance blocking ISR signaling avoids hypothalamic 
dysfunction.

© The Author(s) 2022. Published by Oxford University Press on behalf of the Society for Neuro-Oncology. All rights reserved. 
For permissions, please e-mail: journals.permissions@oup.com

Adamantinomatous craniopharyngioma (ACP), which is a 
histologically benign sellar/suprasellar tumor derived from 
the embryonic remnants of Rathke’s pouch, is the most 
common pituitary tumor in children.1 ACP is adjacent to the 

hypothalamic-pituitary axis and other important structures 
and often causes hypothalamic dysfunction, hypopituitarism, 
and other complications.2,3 These complications seriously 
affect the long-term quality of life of ACP patients4; hence, 
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Importance of the Study

Hypothalamic dysfunction due to ACP is common and 
contributes to the poor quality of life of ACP patients. 
However, its potential mechanism remains unclear. 
This study investigated the mechanisms involved in the 
pathogenesis of hypothalamic nerve damage in ACP pa-
tients. Lipid droplets that accumulated in the recruited 
htNSCs could induce senescence and reduce the 

neuronal differentiation of htNSCs. htNSC senescence 
was effectively prevented by inhibiting either the func-
tion of scavenger receptor CD36 or the ISR signaling. 
We elucidated the molecular mechanisms underlying 
hypothalamic dysfunction and potential therapeutic tar-
gets to improve the quality of life of ACP patients.

Graphical Abstract
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ACP is considered a pathologically benign and clinically 
malignant tumor.

Neurological dysfunction is often caused by damage to 
neurons, axons, the myelin sheath, and other structures.5 
Nevertheless, whether ACP patients with hypothalamic 
dysfunction experience nerve damage in the hypothal-
amus has not been reported.

Studies have assessed hypothalamic neural stem cells 
(htNSCs), which play an important role in nerve injury re-
pair.6 However, whether htNSCs are involved in the re-
pair of hypothalamic nerve damage, which can improve 
hypothalamic dysfunction in ACP patients, remains 
nebulous.

The oily cystic fluid of ACP is rich in lipids. Therefore, ACP 
is significantly different from other benign tumors of the 
sellar region.7 Recently, lipid metabolism disorders trig-
gered by lipid accumulation in adult neural stem/progen-
itor cells (NSPCs), could lead to the impairment of NSPC 
proliferation and neurogenesis in the hippocampus.8

This was the first study to reveal different degrees of 
nerve damage in the floor of the third ventricle (3VF) ad-
jacent to ACP, thus resulting in htNSC recruitment to the 
site of injury. Low-density lipoprotein cholesterol (LDL-C) 
induced lipotoxicity in the recruited htNSCs, thus leading 
to senescence and decreased neuronal differentiation. 
Using transcriptome sequencing analysis, we determined 
that the integrated stress response (ISR) signaling was 
the key mechanism involved in htNSC aging. Finally, we 
demonstrated that oxytocin (OXT) prevented lipotoxicity 
in htNSCs by blocking ISR signaling and repaired the in-
tegrity of the blood–brain barrier (BBB) in the 3VF to limit 
peripheral inflammatory cell infiltration, thus reducing hy-
pothalamic dysfunction.

Materials and Methods

Detailed materials and methods are provided in 
Supplementary Materials and Methods.

The Ethics Statements on Human Clinical 
Samples and Animal Experiments

Clinical samples were collected at the Nanfang Hospital 
and all patients have signed informed consent to partici-
pate in the study according to the ethical protocols of the 
Ethics Committee of Nanfang Hospital, Southern Medical 
University. Mice were obtained from the Southern Medical 
University Animal Center. All animal studies were per-
formed according to the National Institutes of Health Guide 
for the Care and Use of Laboratory Animals and approved 
by the Experimental Animal Committee of the Nanfang 
Hospital, Southern Medical University.

Data Availability

The sequencing data are available through NCBI Gene 
Expression Omnibus (GEO) under the accession number 
GSE217719.

Results

Nerve Injury is Prevalent in the 3VF Adjacent 
to ACP

The hypothalamus belongs to the neuroendocrine center 
(Figure 1A). Preoperative magnetic resonance imaging 
showed that the 3VF was invaded by ACP with finger-like 
protrusions (Figure 1B). Furthermore, NF and MBP were 
only detected in the area away from the tumor, and the 
structure was relatively intact (Figure 1C). The extent of 
loss of NF and MBP expression was different among in-
dividuals (Figure 1D–G). Surprisingly, the expression of 
NeuN and MAP2 was almost undetectable in the 3VF adja-
cent to ACP (Figure 1H). These results indicated that nerve 
damage in the 3VF adjacent to ACP was widespread, with 
individual differences. However, only a slight degree of 
myelin injury occurred in the hypothalamus adjacent to 
papillary craniopharyngioma (PCP), whereas the structure 
of neurons in the hypothalamus adjacent to tuberculum 
sellae meningioma and hypothalamic glioma remained 
relatively intact (Figure 1F and G, Supplementary Figure 
1A–J). Therefore, the hypothalamic nerve injury in the area 
adjacent to the tumor mainly occurred in ACP.

To further explore the possible reason for hypothalamic 
nerve injury adjacent to ACP, immunofluorescence staining 
was performed. The microglia in the damaged area was 
significantly activated compared with those in the undam-
aged area (Supplementary Figure 2A and B). Furthermore, 
microglia were observed to phagocytize myelin debris and 
hematoxylin and eosin (H&E) staining showed inflamma-
tory cell infiltration around the blood vessel in the 3VF 
(Supplementary Figure 2C and D). Hence, nerve injury in 
the hypothalamus may be due to the microglial activation 
and the destruction of neuronal structures such as axons 
by infiltrated inflammatory cells (Supplementary Figure 
2E). We then established a hypothalamic injury mouse 
model via the stereotactic microinjection of cystic fluid of 
ACP to the bilateral ventromedial nucleus of the hypothal-
amus (VMH) (Supplementary Figure 3A). The microglia 
were significantly activated, and their number increased 
and was accompanied by the decrease in the number of 
neurons in VMH compared with the control and sham 
groups (Supplementary Figure 3B–F). The treatment of 
mouse models with BAY 11-7082, an inhibitor of NF-κB 
signaling, significantly attenuated the number and activa-
tion of microglia, and the reduction in the number of VMH 
neurons was apparently improved compared with that in 
the cystic fluid group (Supplementary Figure 3B–F). Thus, 
the microglia in 3VF may be activated by the cystic fluid of 
ACP and caused the nerve damage in 3VF.

htNSCs are Recruited to the Damaged 3VF 
Adjacent to ACP

Recently, studies have suggested that adult NSCs are 
present in the hypothalamus and are involved in systemic 
aging, reproduction, and damage repair.6,9 SOX2+ and 
Nestin+ htNSCs were identified in the 3VF adjacent to ACP 
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Figure 1.  Nerve damage is prevalent in the floor of the third ventricle (3VF) adjacent to adamantinomatous craniopharyngioma (ACP). (A) 
Representative schematic diagram showing the structures and functions of the hypothalamic-pituitary axis. (B) Representative sagittal contrast-
enhanced T1-weighted MR image obtained from a typical ACP patient before surgery (left), and representative immunofluorescence image of pan-
cytokeratin (Pan-CK), and glial fibrillary acidic protein (GFAP) staining of ACP tissue samples (right). (C–E) Immunofluorescence staining of ACP 
tissue samples, representative images of neurofilament (NF), and myelin basic protein (MBP) staining. The five-pointed star represents the dam-
aged 3VF and the arrow represents the damage distance of 3VF. Boxed area is enlarged and presented in right panels. (H) Immunofluorescence 
staining of ACP tissue samples, representative images of NeuN, and microtubuleassociated protein 2 (MAP2) staining. The arrowheads indicate 
the ependymal layer of 3VF and the five-pointed star represents the damaged 3VF. Boxed area is enlarged and presented on the right. The cell 
structure–specific markers used include Pan-CK (ACP tumor cells), NeuN (mature neurons), MAP2 (mature neurons), NF (axons), and MBP (my-
elin sheath). Data are presented as the mean ± standard error of mean (SEM). *P < .05, **P < .01, ***P < .001, NS, not significant. Statistical anal-
ysis: (F and G) two-tailed Student’s unpaired t-test.
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(Supplementary Figure 4A and B). These recruited SOX2+ 
and Nestin+ htNSCs were predominately located in the 
damaged area that lack NF and MBP expression in the 3VF 
(Supplementary Figure 4C and D).

Studies have also suggested that htNSCs are mainly 
distributed in the ependymal layer of the third ventricle 
wall.10 We observed that SOX2+ and Nestin+ htNSCs were 
still visible in the ependymal layer of the 3VF, which was 
squeezed thin by ACP (Supplementary Figure 5A and B). 
Tanycyte, as a specialized htNSC, also plays an important 
role in damage repair.6 Most htNSCs recruited to the dam-
aged region also expressed tanycyte markers GPR50, Rx, 
EAAT1, Vimentin, and Connexin 43 (Supplementary Figure 
5C–J). Therefore, these htNSCs may recruit from tanycytes 
with stem cell characteristics in the ependymal layer.

Recruited htNSCs are in a State of DNA Damage 
and Senescence

Almost no mature neurons were discovered in the 3VF 
adjacent to ACP (Figure 1I), whereas massive htNSCs 
were found (Supplementary Figure 4A and B). To explain 
this paradoxical phenomenon and detect the neuronal 
differentiation of the recruited htNSCs, we determined 
that the expression of β3-tubulin and doublecortin (DCX) 
were negatively expressed in the 3VF adjacent to ACP 
(Supplementary Figure 6A–D), thus indicating that the 
recruited htNSCs were not directly differentiated into 
neurons. Part of these htNSCs expressed oligodendro-
cyte precursor–related markers SOX9, SOX10, and Olig2 
(Supplementary Figure 7A–F); however, mature my-
elin sheath was still undetectable in the damaged area 
(Supplementary Figure 7G and H), thus indicating that this 
subset of htNSCs may constitute oligodendrocyte pre-
cursors and have an inhibited function.

The htNSCs were recruited but neuronal differentia-
tion was halted in the damaged 3VF, thus suggesting that 
htNSCs may not participate in the damage repair of 3VF. 
Therefore, we hypothesized that the function of these 
htNSCs was suppressed. We found that Ki-67 and MCM2 
were only expressed in few htNSCs (Figure 2A and B, 
Supplementary Figure 8A and B). We then evaluated the 
expression of DNA damage marker γ-H2AX and senes-
cence markers Lamin B1, H3K9Me3, P21, and P16 in the re-
cruited htNSCs. γ-H2AX and P21 were highly expressed in 
most recruited htNSCs, whereas Lamin B1 and H3K9Me3 
expressions were downregulated in the β-catenin-
accumulating clusters and the majority of htNSCs (Figure 
2C–F, Supplementary Figure 8C–E, I). Another senescence 
marker, P16, was mainly expressed in ACP cells, particu-
larly in β-catenin-accumulating clusters, and only a small 
number of htNSCs was positive for P16 (Supplementary 
Figure 8F–H, J).

Therefore, the recruited htNSCs suffered from DNA 
damage and senescence, thus significantly inhibiting pro-
liferation and neuronal differentiation.

Lipid Droplet (LD) Accumulation is Toxic to the 
Recruited htNSCs

ACP was predominantly solid cystic. The cysts were rich in 
cholesterol, which caused severe adhesion and massive 

cholesterol clefts in the 3VF tissue (Figure 3A–D). The LDL-C 
concentration in the cystic fluid of ACP was significantly 
higher than that in PCP, with significant individual differ-
ences (Supplementary Figure 9A). We then assessed the 
presence of lipid deposition in the 3VF tissue adjacent to 
ACP. Compared with normal brain (NB) tissue, Filipin, Oil 
red O (ORO) and BODIPY staining revealed a higher content 
of LDs in the 3VF adjacent to ACP (Figure 3E–G). We prelim-
inarily explored the possible source of lipids in the cystic 
fluid. First, H&E, Filipin and ORO staining revealed massive 
LDs in the cysts of ACP and the ACP tissue around the cysts 
(Supplementary Figure 9B–E). Secondly, transcriptome 
sequencing and bioinformatics analysis were applied, and 
the results of gene set enrichment analysis (GSEA) showed 
that, compared with PCP and nonfunctional pituitary ad-
enoma (NFPA), the pathways related to cholesterol bio-
synthesis, cholesterol efflux, and triglyceride metabolism 
were significantly upregulated in ACP (Supplementary 
Figure 10A–D). Subsequently, quantitative real-time poly-
merase chain reaction (qRT-PCR) assay showed that ACP 
expressed a much higher level of cholesterol biosynthesis-
associated genes, namely, SREBF2, SREBF1, and HMGCR, 
and cholesterol efflux-associated gene ABCA1 than PCP 
and NFPA (Supplementary Figure 10E). The expression of 
cholesterol efflux key protein liver X receptor α (LXRα) was 
closely associated with the β-catenin-accumulating clus-
ters (Supplementary Figure 10F). Gene interaction network 
analysis also indicated that CTNNB1 (β-catenin encoding 
gene) strongly interacted with NR1H3 (LXRα encoding 
gene) (Supplementary Figure 10G). These results suggest 
that ACP was in an aberrant metabolic state of high syn-
thesis and high efflux cholesterol, and high lipid concen-
tration was accumulated in both the cystic fluid of ACP and 
adjacent 3VF tissue.

To determine whether the LDs from ACP aggregated 
in the recruited htNSCs, we used magnetic-activated cell 
sorting to purify the htNSCs adjacent to ACP and the rel-
atively normal NSCs of the subventricular zone (SVZ) 
away from the frontal glioma (Figure 3H and I) and ana-
lyzed these NSCs by using transmission electron micros-
copy. The results demonstrated that htNSCs contained a 
larger number of LDs than the NSCs of SVZ (Figure 3J). 
Meanwhile, the content of TAGs and total FAs in htNSCs 
were significantly higher than those of NSCs of SVZ 
(Figure 3K and L), indicating that htNSCs may suffer from 
lipotoxicity following LD aggregation and may result in 
DNA damage and senescence.

The entry of exogenous LDL-C into cells is mediated by 
the receptors on the cell membrane, including CD36, LDLR, 
MSR1, SCARB1, and OLR1.11 Compared with the NSCs of 
SVZ, the mRNA expression levels of CD36 and SCARB1 
were upregulated in htNSCs, among which CD36 was 
more significantly upregulated (Supplementary Figure 
11A). Immunofluorescence staining showed that CD36 was 
mainly co-localized with Nestin+ htNSCs, but with few mi-
croglia (Supplementary Figure 11B–E). These results sug-
gest that LDs may aggregated in htNSCs via CD36.

To verify that LDL-C was responsible for the lipotoxicity 
of htNSCs adjacent to ACP, we analyzed mouse 
hypothalamus-derived htNSCs with different ways of stim-
ulating (Supplementary Figures 12 and 13). The htNSCs 
were stimulated by the cystic fluid or oxidized low-density 
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Figure 2.  Recruited hypothalamic neural stem cells are in a state of DNA damage and senescence. (A–F) Double immunofluorescence 
staining of ACP tissue samples; representative images showing the co-expression of SOX2 and different markers (Ki-67, MCM2, γ-H2AX, Lamin 
B1, H3K9Me3, P21). Ki-67 and MCM2 are both proliferative-specific markers; γ-H2AX is a DNA damage-specific marker; senescence-specific 
markers used are Lamin B1, H3K9Me3, and P21. Boxed area is enlarged and presented on the right.
  



 726 Wang et al. Protection against lipid-induced htNSC senescence in ACP

  
A B ACP Cyst fluidACP

C Intraoperative D

Case 1 Case 2

3VF

200 µm 200 µm 200 µm

100 µm

50 µm

20 µm

ACP 3VF

SVZ

10
TAGs

***
Total FAs

**8

6

4

2

0

htN
SCs

NSCs o
f S

VZ

htN
SCs

NSCs o
f S

VZ

LV

K

NB

Magnetic separation

Labeling of target cells

µ
g

 L
ip

id
/m

g
 p

ro
te

in

250

200

150

100

50

0

L

µ
g

 L
ip

id
/m

g
 p

ro
te

in

CD133 (+)

CD133 (–)

CD133 (–)

N S

3VF

Case 3

3VF

Cholesterol crystallisation

E

3VF

NB

3VF

NB

ACP

3V

ACP

100 µm 20 µm

50 µm 50 µm

Filipin

G BODIPY 493/503

J htNSCs NSCs of SVZ

H IHE

F Oil red O

Cyst fluid

Figure 3.  Lipid droplets are aggregated in the recruited htNSCs. (A–C) Representative sagittal contrast-enhanced T1-weighted MR images 
(left of A and B) obtained before surgery and representative intraoperative images (right of A and B; C) of two typical cystic ACP patients. (D) 
Hematoxylin and eosin (H&E) staining of three ACP tissue sections; representative images showing the cholesterol clefts in the 3VF adjacent to 
ACP. (E–G) Filipin staining (E), oil red O (ORO) staining (F), and BODIPY staining (G) of the 3VF adjacent to ACP and NB; representative images are 
shown. (H) H&E staining of the subventricular zone (SVZ) from NB; representative images are shown. (I) Schematic diagram showing magnetic-
activated cell sorting of NSCs using CD133 microbeads. (J) Representative transmission electron microscopy micrographs of LDs in CD133+ NSCs 
obtained from the 3VF adjacent to ACP or SVZ of NB. The arrowheads indicate the LDs in NSCs. (K and L) Quantification of triacylglycerols (TAGs; 
K) and total fatty acids (FAs; L) levels in CD133+ NSCs obtained from the 3VF adjacent to ACP (n = 7) and SVZ of NB (n = 5); in vitro measurement. 
Data are presented as the mean ± SEM. *P < .05, **P < .01, ***P < .001, NS, not significant. Statistical analysis: (K) two-tailed Student’s unpaired 
t-test. LV, lateral ventricle.
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Data are presented as the mean ± SEM. *P < .05, **P < .01, ***P < .001, NS, not significant. Statistical analysis: (K) two-tailed Student’s unpaired 
t-test. LV, lateral ventricle.
  

lipoprotein (ox-LDL) for 72 h. The percentage of senescent 
cells (senescence-associated β-galactosidase, SA-β-Gal+) 
was significantly higher than that of the control group; 
however, the percentage of senescent cells in htNSCs 
pretreated with CD36 inhibitor sulfo-N-succinimidyl oleate 
(SSO) for 12  h did not increase notably (Supplementary 
Figure 14A and B). Similarly, the neurospheres pretreated 
with SSO were not affected by ox-LDL (Supplementary 
Figure 14C–E). In vitro neuronal differentiation analysis 
showed that htNSCs pretreated with SSO were not af-
fected by ox-LDL (Supplementary Figure 14F and G). This 
inhibitory effect was similar to the results of the histopath-
ological analysis (Supplementary Figure 6B and C). Finally, 
htNSCs treated with cystic fluid or ox-LDL had significantly 
higher p21 Waf1/Cip1 and γ-H2AX protein levels and sig-
nificantly lower Cyclin D1 and PCNA protein levels than 
those in the control group. However, pretreatment with 
SSO blocked these effects (Supplementary Figure 14H); 
which was consistent with SA-β-Gal staining and in vitro 
neurosphere assays.

To investigate the underlying mechanism of SSO in 
blocking the effect of ox-LDL on htNSCs, we discovered 
LD aggregation increased in htNSCs treated with cystic 
fluid or ox-LDL compared with that in the control group; 
however, no significant LD aggregation was observed in 
htNSCs pretreated with SSO (Supplementary Figure 15A–
D). The excessive accumulation of LD in cells induces lipid 
peroxidation and mitochondrial damage, thus resulting in 
cellular dysfunction. To assess lipid peroxidation, we used 
BODIPY 581/591 C11 (BD-C11) ratiometric lipid peroxidation 
sensor. The BD-C11 ratio (green to red) increased in htNSCs 
treated with cystic fluid or ox-LDL, thus indicating higher 
levels of lipid peroxidation. By contrast, pretreatment with 
SSO blocked this effect (Supplementary Figure 16A and 
B). Subsequently, we discovered the mitochondria were 
damaged by excessive LD accumulation; however, SSO 
pretreatment largely blocked these effects (Supplementary 
Figure 17A–C). Cystic fluid or ox-LDL might have accu-
mulated in the htNSCs via CD36, thus resulting in lipid 
peroxidation, mitochondrial damage, senescence, and 
subsequent functional impairment of htNSCs, whereas 
SSO effectively blocked this damage effect.

RNA Sequencing Analysis Reveals that ISR 
Signaling is Activated in Lipotoxic htNSCs

Loss of protein homeostasis is associated with var-
ious age-related diseases.12,13 ISR signaling is a cellular 
signaling network induced by extracellular stress and is 
responsible for the maintenance of cellular homeostasis 
by, for example, controlling protein synthesis rate.14 To de-
termine whether ISR signaling participates in inhibiting 
htNSC function due to cystic fluid or ox-LDL, we used an 
unbiased RNA sequencing (RNA-seq) transcriptome pro-
filing approach to compare htNSCs from 3VF adjacent to 
ACP and NSCs from SVZ (Supplementary Figure 18A, 
Figure 3H and I). Owing to the high expression of CD133 in 
β-catenin-accumulating clusters of ACP, we first excluded 
the interference from β-catenin-accumulating clusters. 
The GSEA indicated that the pathways were significantly 
enriched in β-catenin-accumulating clusters in previous 

studies, including the FGF, SHH, and WNT pathways 
were not significantly enriched in htNSCs, except for the 
BMP pathway (Supplementary Figure 18B). Senescence-
associated secretory phenotype (SASP) was significantly 
enriched in htNSCs (Supplementary Figure 18C). SASP-
targeted genes, including CDKN1A, CDKN2A, IL-1B, IL-8, 
IL-6, CCL-2, and VEGFA, were also significantly increased 
in htNSCs (Supplementary Figure 18D). Positive SA-β-Gal 
staining, along with the decreased expression of Lamin B1 
and H3K9Me3 in htNSCs, confirmed the senescence phe-
notype of htNSCs (Supplementary Figure 18E–J).

Principal component analysis and hierarchical clustering 
showed a significant difference between the htNSCs and 
NSCs of SVZ (Supplementary Figure 19A and B). Analysis 
of differentially expressed genes (DEGs) between the two 
groups determined a total of 1055 DEGs. Compared with 
NSCs of SVZ, 501 genes were upregulated in htNSCs, and 
554 were downregulated; the expression of ISR-related 
genes, including ATF4, EIF2AK3, EIF2AK4, and DDIT3, 
was significantly upregulated in htNSCs. Senescence-
associated gene CDKN1A, DNA damage-related gene 
H2AFX, and LDL-C receptor-related gene CD36 were also 
dramatically upregulated in htNSCs (Supplementary 
Figure 19C, Supplementary Table 7). We performed GSEA 
and determined that genes related to ISR signaling were 
enriched in htNSCs (Supplementary Figure 19D). We val-
idated the expression of ISR-related genes, such as ATF4, 
EIF2AK4, and DDIT3, by using qRT-PCR, and confirmed the 
RNA-seq results (Supplementary Figure 19E). These results 
suggest that ISR signaling was upregulated in htNSCs and 
may play an important role in the htNSC senescence in-
duced by ox-LDL.

Inhibition of ISR Signaling Blocks Lipid-Induced 
Senescence in htNSCs

The ISR signaling in htNSCs could be activated by cystic 
fluid or ox-LDL for 72  h, however, the pretreatment of 
htNSCs with selective PERK inhibitor GSK2606414 (GSK) 
at 2 μM or eIF-2α inhibitor ISRIB at 200 nM for 2 h blocked 
the ox-LDL-induced upregulation of phospho-eIF-2α, ATF4, 
and CHOP (Supplementary Figure 19F). Furthermore, 
the pretreatment of htNSCs with GSK or ISRIB inhibited 
the upregulation of p21 Waf1/Cip1 and γ-H2AX and the 
downregulation of Cyclin D1 and PCNA induced by ox-LDL 
(Supplementary Figure 19G). Therefore, ISR signaling was 
activated by cystic fluid or ox-LDL in htNSCs and could be 
blocked by GSK or ISRIB pretreatment.

We evaluated the effect of ISR inhibition on the senes-
cence and dysfunction of htNSCs induced by cystic fluid 
or ox-LDL. The in vitro cell senescence assays indicated 
that ox-LDL-induced senescence parameters in htNSCs 
were significantly reduced by GSK or ISRIB pretreat-
ment (Supplementary Figures 19H and 20A). The in vitro 
neurosphere assay showed that GSK or ISRIB pretreat-
ment also attenuated the effects of ox-LDL in reducing 
the number and size of hypothalamic neurospheres 
(Supplementary Figures 19I, J and 20B). Furthermore, the 
decrease of the neuronal differentiation of htNSCs induced 
by ox-LDL was inhibited by pretreatment with GSK or ISRIB 
(Supplementary Figures 19K and 20C). BODIPY staining 
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showed that the number of LDs in htNSCs pretreated with 
GSK or ISRIB was comparable with that of htNSCs treated 
with cystic fluid or ox-LDL (Supplementary Figure 21A and 
B). These results suggest that ISR signaling blockade inhib-
ited the senescence and dysfunction of htNSCs induced by 
cystic fluid or ox-LDL; however, the entrance of ox-LDL into 
htNSCs was not prevented by ISR signaling blockade.

Recent studies have reported that the hypothalamic dys-
function was significantly improved following intranasal 
OXT supplementation.15,16 Moreover, OXT not only sup-
pressed SASP-induced senescence in normal human 
dermal fibroblasts (NHDFs) by OXT receptor (OXTR)–medi-
ated extracellular signal–regulated kinase/Nrf2 signaling17 
but also suppressed inflammatory responses induced 
by lipopolysaccharide (LPS) via the inhibition of the eIF-
2α-ATF4 pathway in mouse microglia.18 In our previous 
work, OXTR was co-expressed in htNSCs, and the axons 
transporting OXT were damaged in 3VF adjacent to ACP 
(Supplementary Figure 22A and B). Therefore, we investi-
gated whether OXT could prevent htNSC senescence by 
inhibiting ISR signaling; OXT treatment attenuated the ef-
fects of ox-LDL by increasing the protein levels of phospho-
eIF-2α, ATF4, CHOP, p21 Waf1/Cip1, and γ-H2AX and by 
decreasing the protein levels of Cyclin D1 and PCNA; fur-
thermore, OXTR antagonist (OTRA) L-371,257 significantly 
reversed the suppressive effects of OXT (Supplementary 
Figure 22C and D).

To further verify the cytotoxic effects of cystic fluid and 
ox-LDL in vivo, we injected cystic fluid or ox-LDL into one 
side of the lateral ventricle of mice, whereas the other side 
was injected with inhibitors (SSO, ISRIB, GSK) or OXT 
(Supplementary Figure 22E). BODIPY staining showed 
that, compared with the control and sham groups, a large 
number of LD accumulated in the ependymal cells of the 
third ventricle (3V), whereas pretreatment with SSO for 
1 week significantly reduced the accumulation of LDs 
(Supplementary Figure 22F and G). The inhibition of ISR 
signaling with one-week OXT, GSK, or ISRIB pretreatment 
had no significant effect on the aggregation of LDs in the 
ependymal cells induced by cystic fluid or ox-LDL in vivo 
(Supplementary Figure 22F and G); this was consistent 
with our in vitro results. Subsequently, we performed qRT-
PCR; the mRNA expression levels of ISR-related genes 
ATF4 and DDIT3 and senescence-related gene CDKN1A 
were significantly upregulated in the arcuate nucleus 
(ARC) and median eminence (ME) after stimulation with 
cystic fluid or ox-LDL compared with the control and 
sham groups; the upregulation of these ox-LDL-induced 
genes was blocked by SSO, GSK, ISRIB, or OXT pretreat-
ment (Supplementary Figure 22H, I and K). However, the 
mRNA expression level of DNA damage-related gene 
H2AFX was only upregulated in ACP cystic fluid group, 
while no significant difference was found in other groups 
(Supplementary Figure 22J).

These results indicate that cystic fluid or ox-LDL induced 
lipotoxicity in htNSCs both in vivo and in vitro. SSO im-
proved the function of htNSCs by blocking the entry of 
ox-LDL into htNSCs and preventing the activation of ISR 
signaling. Although ISR inhibitors and OXT could not 
block ox-LDL from entering htNSCs, they prevented htNSC 
senescence by inhibiting ISR downstream signaling 
(Supplementary Figure 22L).

OXT Repairs the Damaged BBB and Ameliorates 
Hypothalamic Dysfunction and Cognitive Decline 
In Vivo

Interestingly, we observed IBA1+ and CD169+ peripheral 
mononuclear macrophages and CD3+ lymphocytes were 
infiltrated in the 3VF adjacent to ACP (Supplementary 
Figure 23A and B). Simultaneously, the expression of ZO-1 
was downregulated in the vascular walls of 3VF and the 
ependymal layer of 3V, thus resulting in plasma albumin 
diffused into the 3VF (Supplementary Figure 23C). These re-
sults confirmed the impairment of BBB in the 3VF adjacent 
to ACP, thus suggesting that lipids from peripheral blood 
may enter the 3VF, further aggravating the lipotoxicity in 
htNSCs. The OXTR was highly expressed in the vascular 
walls of the 3VF adjacent to ACP (Supplementary Figure 
23D). Therefore, OXT may participate in the repair of dam-
aged BBB in the 3VF and prevent lipotoxicity in htNSCs.

To test our hypothesis in vivo, we performed immu-
nofluorescence staining in the mouse models described 
above and showed that, compared with the control and 
sham groups, the expression of Lamin B1 and H3K9Me3 
were decreased in the SOX2+ NSCs of ME and the epen-
dymal layer of mice treated with cystic fluid or ox-LDL; how-
ever, mice pretreated with OXT for one week remarkably 
prevented the downregulation of Lamin B1 and H3K9Me3 
induced by ox-LDL in SOX2+ NSCs (Supplementary Figure 
24A, B, E and F). ZO-1 expression was significantly de-
creased in the ependymal layer of the 3V and the vas-
cular walls of ARC compared with the control and sham 
groups; however, 1-week pretreatment with OXT signif-
icantly reduced the BBB destruction induced by ox-LDL 
(Supplementary Figure 24C and G). We also observed sig-
nificant CD169+ peripheral mononuclear macrophage infil-
tration, which was significantly inhibited by one-week of 
OXT pretreatment (Supplementary Figure 24D and H). The 
above effects of OXT was blocked by OTRA pretreatment 
(Supplementary Figure 24I–L), thus suggesting that OXT 
acts via OXTR. OXT not only prevented the dysfunction of 
htNSCs by blocking ISR signaling but also reduced periph-
eral immune cell infiltration by repairing the damaged BBB 
in the 3VF; this confirms our hypothesis.

Compared with the control and sham groups, mice 
treated with cystic fluid or ox-LDL gained weight during 
the 12-week period; however, this effect of ox-LDL was 
blocked by OXT pretreatment, and the body weight of mice 
pretreated with OXT was comparable with the weight of 
mice in the control and sham groups (Figure 4A and B), 
thus indicating that OXT could prevent ox-LDL-induced 
weight gain. Compared with the control and sham 
groups, immunostaining showed that the number of 
proopiomelanocortin (POMC) neurons in the ARC of mice 
treated with cystic fluid or ox-LDL was significantly reduced 
and that the fluorescence intensity of NPY was significantly 
increased, whereas OXT pretreatment blocked this effect 
(Figure 4C–E). The number of SMI32-immunoreactive ax-
onal spheroids were steeply increased in the ME of mice 
treated with cystic fluid or ox-LDL, accompanied by the 
activation of microglia and the decreased fluorescence in-
tensity of GnRH in the ARC; these effects of ox-LDL were 
blocked by OXT pretreatment (Figure 4F–J, Supplementary 
Figure 25K). Our results suggest that OXT pretreatment 
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effectively prevented the ox-LDL-induced hypothalamic 
dysfunction in mice.

Finally, we used the Morris water maze test to examine 
the efficacy of OXT pretreatment on ox-LDL-induced cog-
nitive impairment in mice. Compared with the control and 
sham groups, mice exposed to cystic fluid or ox-LDL ex-
hibited significantly prolonged escape latencies to find 

the platform in the positioning navigation experiment 
and reduced the percentage of the total time in the target 
quadrant in the space exploration experiment, whereas 
OXT pretreatment blocked these effects (Supplementary 
Figure 25A–C). The hippocampus is closely associated 
with cognitive and memory functions. IBA-1+ microglia 
and GFAP+ astrocytes were abundant in the hippocampus 
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Figure 4.  OXT blocks ox-LDL-induced hypothalamic dysfunction in mice. (A) Representative images of control mouse, sham surgery mouse, 
and mouse treated with cystic fluid, ox-LDL, and ox-LDL + OXT 3 months after the LV localization injection. (B) Body weight of the mice treated as 
described in (A) and measured at 0, 1, 2, and 3 months after the LV localization injection. (C) Double immunofluorescence staining of the ARC of 
mice treated with cystic fluid or ox-LDL ± OXT. Representative images of POMC and NPY staining. (D) Quantification of the POMC+ cells described 
in (C) (n = 6/group). (E) Quantification of the NPY fluorescence intensity in the ARC of mice described in (C) (n = 6/group). (F) Immunofluorescence 
staining of the ME of mice treated with cystic fluid or ox-LDL ± OXT. Representative images of SMI-32 staining. (G) Double immunofluorescence 
staining of the ME of mice treated with cystic fluid or ox-LDL ± OXT. Representative images of IBA-1 and GnRH staining. (H) Quantification of the 
IBA-1+ microglia described in (G) (n = 6/group). (I and J) Quantification of the fluorescence intensity of IBA-1 (I) and GnRH (J) in the ME of mice 
described in (G) (n = 6/group). Data are presented as the mean ± SEM. *P < .05, **P < .01, ***P < .001, ###P < .001, NS, not significant. Statistical 
analysis: (B, D, E, and H–J) one-way ANOVA followed by Fisher’s LSD post hoc multiple comparison test.
  

http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac261#supplementary-data
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in the cystic fluid and ox-LDL group. OXT administra-
tion induced a dramatic decrease in microglia and astro-
cytes in the hippocampal region (Supplementary Figure 
25D, G and H). However, compared with the control and 
sham groups, cystic fluid and ox-LDL did not significantly 
increase the senescence phenotype of NSCs in the hippo-
campus (Supplementary Figure 25E, F, I and J). Therefore, 
OXT can improve ox-LDL-induced memory and cognitive 
impairments by suppressing the inflammatory microenvi-
ronment in the hippocampus.

Discussion

The hypothalamus, including 3VF, is one of the smallest 
parts of the brain but is a critical structure that is respon-
sible for establishing and maintaining homeostasis in sys-
temic physiology.19 Hypothalamic dysfunction and low 
long-term quality of life due to ACP have been a focus of 
research.3,4 In the present study, nerve damage, which may 
be caused by multiple proinflammatory processes, was 
prevalent in 3VF adjacent to ACP. These pathological phe-
nomena could explain the hypothalamic dysfunction and 
other associated complications that often occur in ACP pa-
tients. This finding was consistent with previous reports on 
the injection of ACP cystic fluid into rodent brain leading to 
proinflammatory response and neuronal damage and even 
causing obesity phenotype and growth retardation.20–24

htNSCs, a newly discovered type of NSCs in the hypo-
thalamus, could delay and even reverse various aspects 
of aging throughout the body.10,25 Similarly, tanycytes that 
line the 3VF also have the properties of NSCs and play an 
important role in the repair of nerve damage.6 In the cur-
rent study, a large number of htNSCs was recruited to the 
damaged 3VF adjacent to ACP, which could be derived from 
tanycytes. The multidirectional differentiation properties of 
NSCs, especially the ability to differentiate into functional 
neurons, may allow them to participate in the repair of 
nerve damage.6,26 Owing to DNA damage and senescence, 
the recruited htNSCs could not participate in the repair of 
nerve damage. Moreover, htNSC senescence was mainly 
attributed to the activation of the P21 signaling pathway.

Lipid metabolism is critical for the regulation of NSCs.8 
Previous studies have also reported that lipid metabolism 
is involved in the regulation of mouse adult NSPC activity 
and adult neurogenesis in the hippocampus.8 Furthermore, 
disrupted lipid metabolism triggers the accumulation of 
LDs inside NSCs, thus stressing NSCs and reducing their 
ability to divide8; this suggests that LDL-C may affect htNSC 
senescence. In the current study, we confirmed that lipids 
induced the aggregation of LDs in htNSCs, which led to 
DNA damage and htNSC senescence, and showed that the 
pretreatment of htNSCs with SSO protected htNSCs from 
ox-LDL-induced LD accumulation and lipotoxicity.

Protein quality control is essential for normal cell func-
tion; hence, the loss of protein homeostasis is associ-
ated with various age-related diseases.12,13 In the current 
study, transcriptome sequencing analysis showed that ISR 
signaling was activated in htNSCs. Blocking lipid-induced 
ISR signaling activation inhibits inflammation and reduces 

atherosclerosis,27 thus providing a potential mechanism 
of lipotoxicity in htNSCs. In the current study, the cystic 
fluid of ACP or ox-LDL induced ISR signaling activation in 
htNSCs in vitro. The pretreatment of htNSCs with ISRIB or 
GSK effectively prevented DNA damage and htNSC senes-
cence despite ISRIB and GSK have no significant effect on 
LD accumulation. SSO blocks lipid entry, whereas the ISR 
signaling inhibitors decrease downstream signaling ac-
tivation induced by lipids, thus blocking their negative ef-
fects on htNSC proliferation or neuronal differentiation.

The OXTR is widely distributed in the CNS and partici-
pates in the regulation of various functions.28,29 Recently, 
several studies have reported that cognitive and memory 
functions, and hypothalamic obesity in ACP patients 
were significantly improved by intranasal OXT supple-
mentation.15,30 OXT not only suppresses SASP-induced 
senescence in NHDFs by OXTR-mediated extracellular 
signal–regulated kinase/Nrf2 signaling,17 but also sup-
presses the inflammatory responses induced by LPS 
via the inhibition of the eIF-2α-ATF4 pathway in mouse 
microglia.18 In the current study, the axons of OXT-
transporting neurons in the 3VF adjacent to ACP were sig-
nificantly damaged. OXT pretreatment effectively blocked 
ox-LDL-induced DNA damage and htNSC senescence. 
Similar to ISR signaling inhibitors, OXT had no signif-
icant effect on LD accumulation in htNSCs but showed a 
function similar to ISR signaling inhibitors and prevented 
lipotoxicity in htNSCs by blocking ISR signaling, thereby 
improving hypothalamic dysfunction. Furthermore, the in-
flammatory microenvironment caused by ox-LDL in hippo-
campus was also avoided by OXT and accompanied by the 
improvement of cognitive function.

The BBB in 3VF adjacent to ACP was disrupted, thus 
resulting in peripheral mononuclear macrophage and 
lymphocyte infiltration. The infiltration of peripheral im-
mune cells into the brain is often accompanied with a 
series of proinflammatory responses, thus leading to 
neurological disorders, including obesity, cognitive and 
memory disorders, and anxiety.31–33 By using mouse 
models, we demonstrated that OXT pretreatment pre-
vented ox-LDL-induced BBB damage and peripheral im-
mune cell infiltration. This protective effect of OXT on the 
BBB was observed not only in vascular endothelium but 
also in the ependymal layer; however, the exact protec-
tive mechanism of OXT on the BBB remains unclear. In 
ACP patients, the BBB is often significantly damaged prior 
to surgical intervention and is further aggravated after 
surgery. Therefore, in ACP patients with hypothalamic 
obesity, the high concentration of LDL-C in the blood 
may aggravate lipotoxicity in htNSCs and trigger periph-
eral immune cell infiltration via the damaged BBB, thus 
forming a vicious cycle.

ACP was capable of high synthesis and high efflux 
lipids; this finding is consistent with those of previous 
studies.7,21,34 LXRα, a key protein of cholesterol transport, 
was closely associated with the activation of the WNT 
signaling pathway in the 3VF adjacent to ACP and the cystic 
wall35,36; this explained the accumulation of lipids secreted 
by ACP in the 3VF adjacent to ACP and the cyst lumen. The 
nuclear translocation of β-catenin in the epithelial whorls 
of ACP is accompanied by senescence and high efflux of 

http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac261#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac261#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac261#supplementary-data
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lipids. Whether there is a relationship between them re-
mains unclear. The senescence phenotype of β-catenin-
accumulating clusters could promote the proliferation of 
ACP cells7,37,38; therefore, whether the senescent htNSCs in 
the adjacent 3VF has the same effect is an interesting fu-
ture research topic.

OXT treatment in ACP patients could repair the integ-
rity of BBB and reduce the inflammatory response ac-
tivated by the infiltrated peripheral immune cells, thus 
blocking the lipotoxicity of htNSCs induced by the dif-
fusion of peripheral LDL-C into the 3VF. Meanwhile, OXT 
prevents the continuous occurrence of lipotoxic events 
of htNSCs by blocking ISR signaling. However, this study 
is limited by the difficulty in modeling, including the in-
jection of cystic fluid or intracranial xenograft of ACP 
cells into the mouse ME. Moreover, given that normal 
human htNSCs could not be obtained, we used NSCs 
from relatively normal SVZ far away from the frontal 
glioma, which cannot be considered strict controls. We 
also validated the findings via various experimental 
methods and received similar results under the current 
experimental conditions.

In conclusion, reducing LD aggregation or blocking ISR 
signaling in htNSCs may effectively prevent htNSC senes-
cence and could be used as a potential therapeutic target 
to improve hypothalamic function and the long-term 
quality of life of ACP patients.

Supplementary material

Supplementary material is available online at Neuro-
Oncology (http://neuro-oncology.oxfordjournals.org/).
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