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Abstract 

Background Mitophagy, a prominent cellular homeostasis process, has been implicated in modulating endothelial 
cell function. Emerging evidence suggests that extracellular vesicles (EVs) participate in intercellular communication, 
which could modulate tumor angiogenesis, a hallmark of ovarian cancer (OC) progression. However, the underlying 
mechanisms through how EVs regulate endothelial mitophagy associated with tumor angiogenesis during OC devel-
opment remain obscure.

Methods The effect of cancer cell-derived EVs on endothelial mitophagy and its correlation with tumor angio-
genesis and OC development were explored by in vitro and in vivo experiments. Multi-omics integration analysis 
was employed to identify potential regulatory mechanisms of cancer cell-derived EVs on endothelial mitophagy, 
which is involved in tumor angiogenesis associated with OC development. These insights were then further corrobo-
rated through additional experiments. An orthotopic OC mouse model was constructed to assess the antiangiogenic 
and therapeutic potential of the Indoleamine 2,3 dioxygenase-1 (IDO1) inhibitor.

Results Cancer cell-derived EVs promoted tumor angiogenesis via the activation of endothelial mitophagy, contrib-
uting to the growth and metastasis of OC. The aberrantly high expression of IDO1 mediated abnormal tryptophan 
metabolism in cancer cells and promoted the secretion of l-kynurenine (L-kyn)-enriched EVs, with associated high 
levels of L-kyn in EVs isolated from both the tumor tissues and patient plasma in OC. EVs derived from  IDO1high ovar-
ian cancer cells elevated nicotinamide adenine dinucleotide (NAD +) levels in endothelial cells via delivering L-kyn. 
Besides,  IDO1high ovarian cancer cell-derived EVs upregulated sirt3 expression in endothelial cells by increasing acety-
lation modification. These findings are crucial for promoting endothelial mitophagy correlated with tumor angio-
genesis. Notably, both endothelial mitophagy and tumor angiogenesis could be suppressed by the IDO1 inhibitor 
in the orthotopic OC mouse model.

Conclusions Together, our findings unveil a mechanism of mitophagy in OC angiogenesis and indicate the clinical 
relevance of EV enriched L-kyn as a potential biomarker for tumorigenesis and progression. Additionally, IDO1 inhibi-
tors might become an alternative option for OC adjuvant therapy.
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Graphical Abstract

Introduction
Ovarian cancer (OC) is the tenth leading common cancer 
in females in the United States and is the most common 
cause of cancer-related death among female reproduc-
tive malignancies [1].Globally, approximately 314,000 
new cases of OC were diagnosed, and almost 207,000 
patients died from OC in 2020 according to the latest 
statistics [2].In China, the incidence and mortality rates 
of OC rank in the top ten among all female malignan-
cies, with mortality rates increasing annually [2].OC 
often progresses rapidly, and the majority of OC patients 
are diagnosed at an advanced stage [3], characterized by 
widespread abdominal metastasis and malignant perito-
neal ascites [4]. This late diagnosis, attributed to a lack of 
specific symptoms and effective biomarkers, significantly 
contributes to a poor prognosis. Despite advancements 
in the current treatment strategies, the 5-year survival 

rate of OC remains low [5, 6].Thus, it is urgent to explore 
the molecular pathogenesis of OC, which may provide 
novel targets in disease diagnosis and therapy.

Angiogenesis, which is essential for tumor growth and 
metastasis by supplying energy, is generally accepted to 
correlate with a poor prognosis in OC [7, 8]. For instance, 
previous studies revealed that extracellular vesicles (EVs) 
released by cancer cells could promote angiogenesis, 
resulting in tumor progression of OC [9–11]. Aberrant 
molecular expression of cancer cells also regulates angio-
genesis [7, 8, 12], which affects tumor growth, metastasis, 
and treatment responses in OC. Accordingly, disrupting 
blood supply of tumors is considered an attractive poten-
tial therapeutic strategy. In recent years, the emergence 
and clinical application of novel antiangiogenic drugs 
and clinical application of antiangiogenic drugs have 
improved prognosis of OC patients [13, 14]. However, 
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the responses to angiogenesis inhibitors displayed diverse 
in OC patients, partly owing to an uncompleted com-
prehension of tumor angiogenesis mechanisms. Thus, 
exploring the underlying molecular mechanisms of 
tumor angiogenesis may guide the development of novel 
diagnosis and treatment strategies for OC.

Mitochondria, known as the cellular powerhouses, play 
essential roles in energy metabolism and regulate various 
cellular functions and processes, including angiogenesis 
[15–17]. Mitophagy, a subtype of selective autophagy, 
is an evolutionarily preserved approach for maintain-
ing cellular functions [18]. Emerging studies indicate 
that mitophagy correlates with tumorigenesis and pro-
gression by eliminating excessive or dysfunctional mito-
chondria, which is related to resistance and unfavorable 
prognoses [19–22]. Additionally, mitophagy also impacts 
endothelial cell function [23, 24]. For example, mitophagy 
could regulate endothelial senescence by upregulating 
FUNDC1 [25].Vascular injury could also be attenuated 
by PINK1/TAX1BP1-mediated mitophagy in endothelial 
cells [26]. However, to our knowledge, research exploring 
the role of mitophagy in modulating endothelial function 
in the context of tumor angiogenesis remains scarce.

As a crucial organelle for controlling cellular energy 
metabolism, mitochondrial homeostasis is susceptible 
to alterations caused by intracellular metabolic processes 
and extracellular metabolite levels. Mitophagy, one of the 
major mitochondrial quality control mechanisms, can 
be modulated by metabolites [27, 28]. Metabolic repro-
gramming of tumor cells could result in metabolic distur-
bances and abnormal metabolite accumulation [29, 30]. 
Such changes not only affect the transformed tumor cells 
but also impact stromal cells within the tumor micro-
environment (TME), as well as the homeostasis of the 
organs, further propelling tumor progression [31–33]. 
There is a growing realization that metabolites play roles 
in processes like angiogenesis and immunity, thereby 
contributing to tumor progression [34, 35]. EVs, nano-
particles secreted by a variety of cell types, encompass 
heterogeneous multi-biological active substances, includ-
ing RNAs, lipids, and etc. [36–39]. Recognized as pivotal 
messengers in intercellular communication, there is a 
growing appreciation that EVs can also transport metab-
olites [40], which may serve as biomarkers discovery and 
potential treatment targets in OC. However, studies on 
the regulation of EV metabolites in the TME and their 
functions in tumor angiogenesis are still in infancy.

Here, we hypothesized that endothelial mitophagy 
may participate in tumor angiogenesis and progres-
sion, which could be partly regulated by EV metabo-
lites released from ovarian cancer cells. In this regard, 
we initially explored the effect of cancer cell-derived 
EVs on endothelial mitophagy associated with tumor 

angiogenesis and the progression of OC. By incorporat-
ing multi-omics analyses, we identified that abnormally 
upregulated Indoleamine 2,3 dioxygenase-1(IDO1) 
expression in cancer cells altered tryptophan metabolism, 
facilitating the release of l-kynurenine (L-kyn)-enriched 
EVs acquired from the tumor tissues and plasma in OC, 
which were further validated by larger clinical sam-
ples and extra experiments. Subsequently, we found 
that  IDO1high cancer cell-derived EVs indeed promoted 
endothelial mitophagy, which was linked to tumor angio-
genesis and OC development. Mechanistically,  IDO1high 
cancer cell-derived EVs raised nicotinamide adenine 
dinucleotide (NAD +) levels in endothelial cells by trans-
ferring L-kyn and also upregulated sirt3 expression in 
endothelial cells through regulating acetylation modifica-
tion. Moreover, an IDO1 inhibitor restrained endothelial 
mitophagy, impeding tumor angiogenesis and progres-
sion in the orthotopic OC mouse model. Altogether, our 
findings reveal the function and regulatory mechanism 
of mitophagy in tumor angiogenesis and would provide 
evidence to develop novel liquid biopsy biomarkers and 
therapeutic strategies.

Materials and methods
Patient samples
Human tissue microarrays (TMAs), comprising 80 
benign ovarian cyst tissues and 115 OC tissues, were col-
lected from benign ovarian cysts or OC patients between 
2008 and 2018.Peripheral blood from OC and non-malig-
nant patients was collected between 2008 and 2023.Eth-
ics approval was obtained from Xinhua Hospital’s Ethics 
Committee.

Cell culture
Human normal ovarian epithelial cell line (IOSE80), 
human ovarian cancer cell lines (A2780, SKOV3), 
human umbilical vein endothelial cells (HUVECs), 
and murine ovarian cancer cell line (ID8) were used in 
this study. IOSE80, A2780, SKOV3, and ID8 were cul-
tured in DMEM (Gibco, USA) supplemented with 10% 
fetal bovine serum (cyagen, China) and 1% antibiotics 
(Thermo Fisher Scientific, USA). HUVECs were cultured 
in EBM2 complete medium (Lonza, Switzerland). All 
cells were maintained in a cell incubator at 37 ℃ with 5% 
 CO2. The cell lines were authenticated by short tandem 
repeat (STR) profiling.

EV isolation
To isolate EVs from cultured cell lines, the cells were 
initially rinsed with phosphate-buffered saline (PBS) 
(Servicebio, #G4202, China) prior to incubation in cul-
ture media devoid of EVs. After 3–4  days, the cultured 
supernatant was collected for further extracting EVs. To 
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separate plasma, whole blood collected in EDTA was 
centrifugated at 1500g for 10 min at 4 ℃. Tissue explant 
culture followed a previously described method [41].

The conditioned medium of either cultured cells, tissue 
explants, or plasma underwent a series of centrifugations: 
first at 500g for 10 min, then 3000g for 20 min, and finally 
12,000g for 20 min, all at 4 ℃. EVs from the above sources 
were then obtained by ultracentrifugation at 100,000g 
for 70 min at 4 ℃, followed by a wash in PBS (Servicebio, 
#G4202, China) and re-ultracentrifugation. The concen-
tration of EVs was determined using BCA protein assay 
(Thermo Fisher Scientific, #23225, USA).

EV identification
The morphology of EVs was visualized using transmis-
sion electron microscopy (TEM). Specifically, 10  μl EVs 
suspended in PBS were placed on copper grids for a dura-
tion of 1  min. These grids were then negatively stained 
with 10 μl of uranyl acetate for another minute. Following 
a brief period of air drying at room temperature (RT), the 
grids were visualized under a TEM (Hitachi, HT-7700, 
Japan) set at 100  kV. Additionally, the size distribution 
of EVs was assessed using NanoFCM (N30E, NanoFCM 
Inc., China). Western blot was performed to detect EV-
associated markers CD9, CD63 and CD81. Details for the 
primary antibodies are available in the Additional file 1: 
Table S1.

EV labeling and uptake
The isolated EVs were labeled with PKH26  (Sigma-
Aldrich, #MIDI26, USA) according to the provided 
instructions. Briefly, the extracted EVs were mixed with 
4μL PKH26 and incubated for a duration of 5 min. Subse-
quently, an equivalent volume of 1% bovine serum albu-
min (BSA) was added to quench the reaction. The labeled 
EVs were then separated via ultracentrifuging at 100,000g 
for 70 min, followed by a wash in PBS and another round 
of ultracentrifugation. Ultimately, the labeled EVs were 
co-cultured with endothelial cells for 12 h. Post-incuba-
tion, the endothelial cells were washed, fixed and visual-
ized using fluorescence microscopy (Olympus, CKX41, 
Japan).

Immunofluorescence (IF)
HUVECs (5 ×  104cells/cm2) were cultured in a confocal 
dish for 24 h and then treated with various interventions. 
Subsequently, the treated HUVECs were stained with 
MitoTracker Red (Cell Signaling Technology, # 8778S, 
USA) for 30 min at 37 ℃ and fixed with cold methanol 
for 15  min at –  20 ℃. After undergoing 3 washes with 
PBS, they were permeabilized in Triton X-100 (Sigma-
Aldrich, # T8787, USA) and blocked with 1%BSA, 10% 
goat-serum, and 0.3% glycine for 1 h at RT. Then, the cells 

were incubated with the primary antibody against LC3 
(1:200) (Cell Signaling Technology, #4108S, USA) at 4 ℃ 
overnight. Subsequently, they were incubated with the 
related secondary antibody. Confocal images were cap-
tured with Leica SP5 confocal microscope (Leica, Ger-
many) and analyzed by Fiji ImageJ software.

Western blotting and co‑immunoprecipitation (CoIP) assay
Protein lysates extracted from EVs, cells or mitochondria 
were electrophoretically separated using the 10% SDS-
PAGE and subsequently transferred onto polyvinylidene 
difluoride (PVDF) membranes. The membranes were 
then incubated with 5% BSA for 2  h at RT. Thereafter, 
they were exposed to primary antibodies listed in Addi-
tional file  1: Table  S1 overnight at 4 ℃. Following this, 
the membranes underwent incubation for 1 h with sec-
ondary HRP-conjugated antibodies at RT. The targeted 
signals were visualized using a ECL substrate (Pierce, 
#32209, USA).

For the CoIP assay, the treated HUVECs were col-
lected and lysed in IP lysis buffer (Pierce, #87788, USA). 
Cell extracts were incubated with anti-sirt3 (Abcam, 
#ab246522, USA) and Pierce Classic Magnetic IP/Co-IP 
Beads (Pierce, #88804, USA). The immunoprecipitate was 
separated from the supernatant using a magnetic frame 
for magnetic beads and subsequently washed three times 
in PBS containing 0.05% NP-40. The proteins eluted from 
the beads were boiled in 1 lysed SDS gel-loading buffer 
and resolved by 10% SDS-PAGE. Primary antibody 
details were described in the Additional file 1: Table S1.

Mitochondria isolation
In order to isolate the mitochondria from HUVECs, the 
procedure outlined in the manufacture’s protocol for the 
mitochondrial isolation kit (Beyotime, #C3601, China) 
was followed.

Quantitative real‑time PCR (qRT‑PCR)
Cells were treated with TRIZOL (Invitrogen, 
#15596018CN, USA) to isolate total RNA, which was 
then converted into cDNA using PrimeScript RT-PCR 
kit (Takara, #RR037A, Japan) and subjected to real-time 
PCR. The primers for mRNAs are listed in Additional 
file  1: Table  S2.  2−ΔΔCq method were performed to ana-
lyze the gene expression.

Tube formation assay
HUVECs (5 ×  104/well) were seeded onto materigel 
(Corning, #356230, USA) coated 48-well plates. Then, 
EVs (10  μg/ml) obtained from different sources were 
added to the plates seeded with HUVECs. HCQ (100 μM) 
or PBS was added to the cell culture with EV-depleted 
FBS. After incubation for 6  h at 37 ℃ in a humidified 
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atmosphere with 5% CO2, the tube structure formation 
was imaged using microscope. The Image J was used to 
quantify the tube length.

Wound healing assay
HUVECs (5 ×  105/well) were seeded in the plates and 
grown to nearly complete confluency. Subsequently, 
wounds were induced with a 200  μl pipette tip. After 
being washed, the detached cells were subjected to EV-
depleted FBS medium containing various experimental 
groups. Scratch images were observed by microscope at 
24 h.

Multicolor immunohistochemistry
Murine primary tumor tissues were initially fixed with 
4% paraformaldehyde, followed by deparaffinization and 
antigen retrieval. Next, the segments were blocked with 
3% BSA for 30  min at RT. Then, the specimens were 
incubated with primary antibodies anti-CD31(1:4000) 
(abcam, #ab281583, USA), translocase of outer mito-
chondrial membrane 20(Tomm20) (1:2000) (Proteintech, 
#66777-1-2g, China) and LC3(1:400) (abcam, #ab48394, 
USA) overnight at 4 ℃. Subsequently, they were exposed 
to the appropriate secondary antibodies. Following a 
thorough wash and staining with DAPI (Life Technolo-
gies, #D1306, USA), the sections were observed using an 
inverted fluorescence microscope (Nikon Eclipse CI-S, 
Japan).

Immunohistochemistry (IHC)
Paraffin sections from TMA including 80 benign ovarian 
cyst tissues and 115 OC tissues, and murine ovarian can-
cer tissues were deparaffinized with xylene, anhydrous 
ethanol and alcohol. Subsequently, they were washed 
with distilled water. Following that, the sections under-
went antigen retrieval using the EDTA antigen retrieval 
buffer (Servicebio, #G1203, China). Afterwards, endog-
enous peroxidase activity of the sections was inhibited 
with 3% hydrogen peroxide solution. Subsequently, the 
sections were blocked with 3% BSA. Then, corresponding 
primary antibodies (refer to Additional file  1: Table  S1) 
were applied and incubated overnight at 4 ℃.Thereafter, 
the related secondary antibodies were incubated, fol-
lowed by applying a DAB substrate kit (DAKO, #K5007, 
Denmark).Then, the nuclei were counter stained. After 
that, the sections were dehydrated and mounted, and 
observed through a microscope (CIC, XSP-C204, China).

Hematoxylin–eosin (HE) staining
HE staining was performed to confirm murine OC major 
metastasis lesion including peritoneum and omentum 
following the manufacturer’s directions. A microscope 
was used to capture the images.

Plasmids construction and cell transfection
For gene-overexpression, the IDO1 cDNA was cloned 
into pShuttle-CMV (Qbiogene, USA). For gene-knock-
down, the short heparin sequence was cloned into 
reconstituted pShutle-U617 (Qbiogene, USA) and 
homologously recombined in bacteria BJ5183. The 
recombinant plasmids were propagated separately in 
A2780 cells to get IDO1-OE and IDO1-sh.

Cellular ATP detection
Intracellular adenosine 5′-triphosphate (ATP) levels of 
the treated HUVECs were measured by an ATP assay kit 
(Beyotime, #S0027, China). Briefly, the ATP level of cell 
lysate was measured by detecting the luminescence using 
a microplate reader (Synergy HT, BIOTEK). To mitigate 
potential inaccuracies arising from protein content, the 
protein concentration of the lysate was measured using 
BCA kit, and the concentration of ATP was converted 
into nmol/mg protein.

Mitochondrial reactive oxygen species (mito‑ROS), 
mitochondrial membrane potential, NAD + /NADH, 
and kyn measurement
Mito-ROS levels, mitochondrial membrane poten-
tial, and NAD + /Nicotinamide adenine dinucleotide 
(NADH) of the HUVECs were detected by a Mito-SOX 
Red dye (Invitrogen, #M36008, USA), Tetramethyl rho-
damine ethyl ester (TMRE) (Abcam, #ab287864, USA) 
and NDA + /NADH assay kit (Abcam, #ab65348, USA) 
following the instructions. Besides, plasma, EVs, super-
natant and the HUVECs were detected for kyn concen-
trations using the ELISA kit (MyBioSource, #MBS495082, 
USA) following the manufacturer’s instructions.

Animal orthotopic OC model
All of the mouse experiments were conducted follow-
ing animal care and use guidelines from Xinhua Hospi-
tal, Shanghai Jiaotong University School of Medicine. 
C57BL/6 female mice were purchased from Jihui Labo-
ratory Animal Breeding Ltd in Shanghai, China. 6 weeks 
old mice were used for constructing an orthotopic OC 
model. Briefly, 5 ×  105 ID8 cells in 10 μl PBS were ortho-
topically injected into the left ovary.

To explore EVs education in  vivo, 10  μg EVs isolated 
from IOSE80, A2780, control or IDO1-OE A2780 were 
delivered by intravenous injection once every 2 days for 
4  weeks beginning with two weeks after OC orthotopic 
construction. After 6  weeks, the mice were euthanized, 
and primary tumor and metastasis tissues were collected 
for further analysis.

To explore the effect of the IDO1 inhibitor in vivo, mice 
in the experimental group drank water with 1-Methyl-
DL-tryptophan (IDO1 inhibitor) (Sigma-Aldrich, 
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#860646, USA) at 2  mg/ml since two weeks after OC 
orthotopic construction. After 8  weeks, the mice were 
euthanized and cancer samples were collected for subse-
quent study.

Untargeted LC–MS/MS metabolomics
Metabolites of EVs acquired from OC and non-OC 
plasma samples were extracted as follows. The EVs were 
resuspended with 400  μl prechilled 80% methanol by 
well vortex. Then the samples were incubated on ice and 
whirled for 30  s. After the sonification for 6  min, they 
were centrifuged and the supernatant was freeze-dried 
and dissolved with 10% methanol. Finally, the solution 
was injected into the LC–MS/MS system analysis [42, 
43]. Further, the samples were detected by UHPLC-MS/
MS analysis.

Metabolomic data processing and statistical analysis
The acquired raw data files through UHPLC-MS/MS 
were processed by Compound Discoverer 3.1 (CD3.1, 
ThermoFisher) software. Statistical analyses were per-
formed using the statistical software R (R version 
R-3.4.3), Python (Python 2.7.6 version) and CentOS 
(CentOS release 6.6). The KEGG database was utilized to 
annotate the metabolites. Principal components analy-
sis (PCA) and Partial least squares discriminant analysis 
(PLS-DA) were conducted by metaX. Univariate analy-
sis (t-test) was utilized to calculate the statistical signifi-
cance. Differential metabolites were identified as VIP 
> 1 and P < 0.05 and fold change ≥ 2 or FC ≤ 0.5. Volcano 
plots were utilized to filter metabolites of interest which 
based on  log2(Fold Change) and -logio(p-value) of metab-
olites by ggplot2 package. For clustering heat maps, the 
intensity areas of differential metabolites were normal-
ized by z-scores and visualized by Pheatmap package in 
R. Functions and metabolic pathways were identified by 
the KEGG database.

Bioinformatics analysis of public database
Single-cell RNA-seq (ScRNA-seq) data from GSE184880 
(59,324 cells) including 7 OC samples and 5 non-OC 
ovary samples was downloaded from Gene Expression 
Omnibus (GEO) database. After filtering out low-quality 
cells, we obtained a total of 47,401 cells for subsequent 
analysis. Firstly, t-distributed stochastic neighbor embed-
ding (tSNE) and uniform manifold approximation and 
projection (UMAP) were performed to reduce dataset 
dimensionality with Seurat for visualization. Unsuper-
vised analysis was used for first-run clustering identifica-
tion and Seurat pipeline was used for a second time. For 
epithelial cell sub-clusting analysis, effect correction was 
batched by Harmony (v.1.0). Seurat FindAllMarkers func-
tion distinguished differential expressed genes of clusters. 

KEGG enrichment analysis is a practical resource for 
studying gene functions and associated high-level 
genome functional information. To better understand the 
mechanisms of mRNAs, ClusterProfiler package (version: 
3.18.0) in R was employed to analyze KEGG enrichment 
pathway. The R software ggplot2 package was used to 
draw the boxplot; the R software pheatmap package was 
used to construct the heatmap. For the determination of 
differences in tryptophan metabolism, gene sets variation 
analysis (GSVA) package was performed.

The TCGA OC dataset containing 422 OC samples, 
and GETx containing 180 non-OC ovary samples were 
used for the identification and validation of hub genes 
involved in tryptophan metabolism in OC. Firstly, limma 
package with a false discovery rate (FDR) < 0.05 and 
log2(Fold Change) > 1 was carried out for filtering out 
DEGs between OC and non-OC ovary samples. Tryp-
tophan metabolism-related genes were identified by 
searching Molecular Signature Database (MSigDB) with 
“KEGG TRYPTOPHAN METABOLISM”. Univariate Cox 
regression analysis with a survival package with P < 0.05 
was subsequently performed to identify tryptophan 
metabolism prognosis-related genes.

Bulk RNA-seq data from GSE140082 containing 199 
OC samples and from GETx containing 180 non-OC 
ovary samples were included to validate the difference in 
IDO1 expression between OC and non-OC ovary tissues.

The Human Protein Atlas Database (HPA) (https:// 
www. prote inatl as. org) was performed to validate the 
difference in IDO1 protein expression between OC and 
non-OC ovarian tissues.

R software (v3.6.3) was performed for statistical analy-
ses. Pearson or Spearman correlation was carried out for 
correlation matrices. Wilcoxon test was used for the com-
parisons between the two groups and K–M curves using 
a Log-rank test were conducted for comparing survival 
differences. Statistically significant was set at P < 0.05.

Statistical analysis
Data were analyzed with SPSS 20.0 software (SPSS Inc., 
Chicago, IL, USA) and were presented as mean ± SD. Stu-
dent’s t-test, one-way ANOVA, two-way ANOVA, and 
U-test were used for determining. A P < 0.05 indicates 
the statistical significance. Fiji ImageJ software was per-
formed for image processing.

Results
Cancer cell‑derived EVs activated endothelial mitophagy 
involved in OC angiogenesis and progression in vivo
To explore the involvement of ovarian cancer cell-derived 
EVs in tumor angiogenesis and progression, we first 
isolated EVs from one human normal ovarian cell line 
and two ovarian cancer cell lines by ultracentrifugation 

https://www.proteinatlas.org
https://www.proteinatlas.org
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Fig. 1 OC cell-derived EVs induced endothelial mitophagy related to tumor angiogenesis and progression in vivo. a Schematic illustration showing 
EVs isolation and purification process from the culture medium of normal ovarian epithelial cells (IOSE80) and ovarian cancer (OC) cells (A2780, 
SKOV3). b Representative images of EVs obtained from IOSE80 and A2780 cells by transmission electron microscope (TEM). Scale bar:100 nm. c 
Diameter ranges of EVs produced from IOSE80 and A2780 cells by NanoFCM. d Schematic diagram of orthotopic OC murine model educated 
with IOSE80-EVs or A2780-EVs (n = 5). e Representative images of the primary ovary tumor size in orthotopic OC model education with IOSE80-EVs 
or A2780-EVs. bar = 1 cm. (n = 5, Mean ± SD, t-test, ***P < 0.001). f Numbers of peritoneal metastases validated by HE staining in orthotopic OC 
model education with IOSE80-EVs or A2780-EVs. Scale bar:50 μm. (n = 5, Mean ± SD, t-test, *P < 0.05). g Immunohistochemistry (IHC) analysis of CD31 
expression in primary tumor tissues of the orthotopic OC model education with IOSE80-EVs or A2780-EVs.Scale bar:50 μm. (n = 3, Mean ± SD, t-test, 
*P < 0.05). h Representative images of LC3, TOMM20and CD31 in primary tumor tissue sections of orthotopic OC model educated with IOSE80-EVs 
or A2780-EVs by immunofluorescence staining. Scale bar:20 μm
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(Fig.  1a). The characterization of the isolated EVs by 
transmission electron microscopy revealed the typical 
cup-shaped and rounded morphology (Fig.  1b). Diam-
eters of the collected EVs by nanoparticle tracking anal-
ysis indicated that the average sizes between normal 
ovarian cell-derived EVs and ovarian cancer cell-derived 
EVs were similar (60–100  nm) (Fig.  1c).Besides, both 
cell supernatants-derived EVs expressed the classical EV 
markers, including CD9, CD81and CD63 (Additional 
file 1: Fig. S1a).

Then, we investigated whether ovarian cancer cell-
derived EVs could impact tumor angiogenesis and pro-
gression in  vivo. We implanted mouse ID8 OC cells 
orthotopically into the ovaries of C57BL/6 mice. Two 
weeks after the orthotopic ovarian tumor model con-
struction, the mice were administered with 10  μg of 
normal ovarian cell-derived EVs or ovarian cancer 
cell-derived EVs intravenously once every two days for 
4 weeks, after which the mice were euthanized (Fig. 1d). 
As expected, ovarian cancer cell-derived EVs significantly 
promoted the growth of primary tumors (Fig. 1e). More-
over, mice treated with ovarian cancer cell-derived EVs 
were presented with more metastatic tumor sites in the 
abdominal cavity, as confirmed by H&E staining (Fig. 1f ). 
Further, the primary tumor tissues were detected by 
immunohistochemistry of CD31 staining (Fig. 1g), indi-
cating ovarian cancer cell-derived EVs could obviously 
promote tumor angiogenesis in the mouse OC models. 
Emerging studies unravel that autophagy plays a vital role 
in regulating endothelial cells [44, 45], the building blocks 
of blood vasculature. Recent evidence also suggests that 
autophagy could modulate tumor angiogenesis [44, 46]. 
Mitophagy is a selective autophagy form for eliminat-
ing dysfunctional mitochondria specifically, involved in 
maintaining cellular homeostasis [47]. Accordingly, we 
speculated that mitophagy might be involved in the reg-
ulation of pro-angiogenic effects by ovarian cancer cell-
derived EVs. Through multicolor immunohistochemistry, 
we found that ovarian cancer cell-derived EVs increased 
colocalization of CD31 with LC3 and TOMM20 in pri-
mary tumor tissues of the orthotopic OC mouse model 
(Fig. 1h). Together, the in vivo experiments disclosed that 
cancer-cell derived EVs activated endothelial mitophagy, 
thereby accelerating tumor angiogenesis and progression 
in OC.

Cancer cell‑derived EVs promoted angiogenesis 
by inducing endothelial mitophagy of OC in vitro
To further clarify the role of mitophagy in the regulation 
of ovarian cancer cell-derived EVs in tumor angiogenesis, 
a co-culture system of EVs-endothelial cells was estab-
lished in  vitro. First, PKH26-labeled EVs were added to 
the medium of endothelial cells respectively, which were 

subsequently taken up by the endothelial cells (Addi-
tional file 1: Fig. S1b). Then, the formation of mitophago-
somes (Mito Tracker + /LC3 + yellow puncta) observed 
by fluorescence confocal microscopy in endothelial cells 
were increased in the group treated with ovarian cancer 
cell-derived EVs, compared to those treated with normal 
ovarian cell-derived EVs. Furthermore, these phenomena 
can be reversed by a mitophagy inhibitor HCQ (Fig. 2a, b; 
Additional file 1: Fig. S2a). Besides, we also detected the 
protein levels of microtubule associated protein 1 light 
chain 3 alpha (LC3), PTEN induced kinase 1(PINK1) and 
parkin RBR E3 ubiquitin protein ligase (Parkin), clas-
sical markers of the mitophagy-associated pathway, in 
endothelial cells incubated with EVs. The results showed 
an increased LC3II/LC3I ratio, PINK1 and Parkin expres-
sion in the group treated with ovarian cancer cell-derived 
EVs when compared to that treated with normal ovar-
ian cell-derived EVs. We discovered that the upregula-
tion of the LC3II/LC3I ratio and the expression of PINK1 
and Parkin could be inhibited by HCQ (Fig.  2c–f), fur-
ther proving that ovarian cancer cell-derived EVs could 
trigger the mitophagy in endothelial cells. Additionally, 
the results of the tube formation assay showed that the 
tube length of endothelial cells treated with ovarian can-
cer cell-derived EVs was significantly longer than those 
treated with normal ovarian cell-derived EVs, suggest-
ing that tube formation ability in HUVECs precondi-
tioned by EVs from cancer cells was better than that of 
non-cancer cells. Moreover, HCQ could also rescue the 
tube formation-promoting effect of ovarian cancer cell-
derived EVs in endothelial cells (Fig. 2g; Additional file 1: 
Fig. S2b). Altogether, these findings indicated that cancer 
cell-derived EVs raised pathological angiogenesis by trig-
gering endothelial mitophagy in OC.

Enrichment of L‑kyn in EVs derived from OC patients 
and OC cells
The components and functions of EVs usually reflect 
the characteristics of their original cells [36, 48].Meta-
bolic reprogramming is a hallmark that drives tumor 
development including ovarian cancer [49, 50].Emerg-
ing evidence implies that mitophagy could be modulated 
by metabolites [51, 52]. Here, we hypothesized that the 
mitophagy of endothelial cells, associated with pathologi-
cal tumor angiogenesis, might be regulated by abnormal 
metabolites enriched in EVs released from OC. To screen 
the metabolite contents of EVs involved in ovarian cancer, 
plasma-derived EVs from OC and non-OC patients were 
isolated and validated  (Fig.  3a, b; Additional file  1: Fig. 
S3a). Then, LC–MS/MS was performed on the plasma-
derived EVs from OC and non-OC patients to explore 
the metabolomic features. Quality control (QC) of sam-
ples was initially conducted to ensure the data were 
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satisfactory for downstream analysis (Additional file  1: 
Fig. S3b). The partial least squares discrimination analy-
sis (PLS-DA) and principal component analysis (PCA) of 

all EV samples showed that the metabolic composition of 
plasma-derived EVs from OC and non-OC patients were 
extremely dissimilar (Fig.  3c; Additional file  1: Fig. S3c, 

Fig. 2 OC cell-derived EVs promoted angiogenesis by activating endothelial mitophagy in vitro. a Representative images of Mitotracker, LC3 
and DAPI in endothelial cells incubated with different groups imaged by confocal microscopy. Scale bar: 10 μm. b  LC3+/Mitotracker+ fluorescence 
intensity ratio in the different treated endothelial cells (n = 5, Mean ± SD, one-way ANOVA, ***P < 0.001). c Representative images of PINK1, Parkin, 
LC3 and Tublin protein expression in the different incubated endothelial cells by Western blot. d–f Quantification of PINK1, Parkin expression 
and LC3II/LC3I ratio in the different incubated endothelial cells by Western blot (n = 3, Mean ± SD, one-way ANOVA, ** P < 0.01,***P < 0.001). g 
Representative images and quantitative analysis of tube formation in different groups. Scale bar:500 μm. (n = 5, Mean ± SD, one-way ANOVA, 
***P < 0.001)
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d). The metabolomic results showed that lipids and lipid-
like molecules and organic acids and derivatives were 
the main metabolic components in plasma-derived EVs 
(Fig. 3d; Additional file 1: Fig. S3e). Moreover, we com-
pared the differences in the metabolites between plasma-
derived EVs of OC and non-OC patients (Additional 

file  1: Fig. S3f ). We noticed that L-kyn, a crucial inter-
mediate product of tryptophan catabolism, was sig-
nificantly increased in plasma-derived EVs from the OC 
group (Fig.  3e). Furthermore, Kyoto Encyclopedia of 
Genes and Genomes (KEGG) pathway analysis of both 
cationic and anionic metabolites also indicated that the 

Fig. 3 Enrichment of L-kyn in EVs acquired from OC patients and OC cells. a Representative images of EVs obtained from plasma with non-OC 
or OC patients by TEM. Scale bar: 100 nm. b Diameter ranges of EVs acquired from plasma with non-OC or OC patients by NanoFCM. c Principal 
component analysis (PCA) of total metabolite profiles with positive ion mode. d Pie chart depicting metabolite classification in positive ion 
mode. e Matchstick diagram showing top20 significant fold change of differential metabolites with positive ion mode between OC and non-OC 
plasma derived-EVs. f KEGG pathway enrichment analysis based on differentially accumulated metabolites with positive ion mode between OC 
and non-OC plasma derived-EVs. g Violin diagram showing level of L-kyn in plasma and plasma derived-EVs of non-OC and OC patients 
determined by ELISA (n = 40, two-way ANOVA, *P < 0.05,***P < 0.001). h Level of L-kyn in tissue supernatant and tissue derived-EVs of OC tissues 
and the corresponding para cancer tissues (n = 4, Mean ± SD, two-way ANOVA, ***P < 0.001). i Level of L-kyn in cell culture supernatant and cell 
derived-EVs of normal ovarian epithelial cells (IOSE80) and ovarian cancer cells (A2780) (n = 5, Mean ± SD, two-way ANOVA, ***P < 0.001). j Level 
of L-kyn in the endothelial cells treated with EVs obtained from normal ovarian epithelial cells (IOSE80) and ovarian cancer cells (A2780) (n = 5, 
Mean ± SD, t-test, ***P < 0.001). For c–f, all n = 6 plasma-derived EVs from patients with OC or non-OC were performed for analysis
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metabolites highly enriched in plasma-derived EVs of OC 
patients were related to tryptophan metabolism (Fig. 3f; 
Additional file 1: Fig. S3g).Besides, we performed ELISA 
assays of L-kyn in EVs derived from plasma of OC and 
non-OC patients using another validation cohort and 
further confirmed that the level of L-kyn was significantly 
elevated in plasma-derived EVs from OC patients com-
pared to those from non-OC. Interestingly, L-kyn was 
more enriched in the plasma-derived EVs than in the 
corresponding plasma (Fig. 3g). Thus, we suspected that 
there is an association between the enrichment of L-kyn 
in EVs and OC.

As reported, circulating EVs in patients diagnosed with 
solid tumors are often released from the cellular com-
ponents in the TME or directly from the cancer cells 
[36, 53]. So, we then explored whether EVs enriched 
with L-kyn were released from cancer cells. Not sur-
prisingly, L-kyn levels were consistently higher in OC 
tissue-derived EVs than that in the para-cancerous tissue-
derived EVs (Fig.  3h), and L-kyn was also enriched in 
ovarian cancer cell-derived EVs compared with normal 
ovarian cell-derived EVs (Fig. 3i). Consistently, L-kyn was 
also enriched in the EVs acquired from different sources 
including tissues and cells, compared with the corre-
sponding culture supernatant. Furthermore, we investi-
gated the L-kyn level in the endothelial cells treated with 
EVs derived from the ovarian cancer cell line(A2780) 
and normal ovarian cell line (IOSE80), and ELISA assay 
showed an increased level of L-kyn in the endothelial 
cells with exposure to ovarian cancer cell-derived EVs 
(Fig.  3j). Taken together, these findings indicated that 
L-kyn, packaged in ovarian cancer cell-derived EVs, may 
be an important metabolite regulating tumor angiogen-
esis in OC.

Aberrant tryptophan metabolism of tumor cells informed 
by OC scRNA‑seq data
Previous findings indicated that EVs highly enriched with 
L-kyn were detected in the plasma of OC patients, as well 
as in primary ovarian cancer tissues, and ovarian cancer 
cell lines. L-kyn-enriched EVs might be released from 
ovarian cancer cells. To further identify whether tumor 
cells are major sources of L-kyn-enriched EVs, previous 
scRNA-seq data of OC were analysed [54]. After inte-
grated analysis of scRNA-seq data including 7 primary 
ovarian tumor samples and 5 non-malignant ovarian 
samples, a total of 47,401 cells were divided and clus-
tered into 8 major clusters according to classical mark-
ers, indicated by both tSNE and UMAP plots (Fig. 4a, b 
and Additional file 1: Fig. S4a). We noticed that both OC 
tissues and non-OC tissues harbored a certain fraction 
of epithelial cells (Additional file  1: Fig. S4b). Then, the 
characteristics of each cell type in primary ovarian cancer 

ecosystems were uncovered using KEGG. Gene enrich-
ment of epithelial cells in OC was related to metabolic 
pathways, oxidative phosphorylation, chemical carcino-
genesis-reactive oxygen species, HIF-1 signaling path-
way while gene enrichment of epithelial cells in non-OC 
were associated with ovarian steroidogenesis, cholesterol 
metabolism, cortisol synthesis and secretion, glycolysis/
gluconeogenesis and glutathione metabolism (Fig.  4c). 
Previous metabonomic profiles indicated that the dif-
ferential highly enriched metabolites of plasma derived-
EVs from OC patients compared to those from non-OC 
patients were mainly clustered into pathways of increased 
tryptophan metabolism. Therefore, we performed GSVA 
to explore the enrichment scores of tryptophan metabo-
lism-related genes in eight different cell clusters between 
OC and non-OC. The results revealed that epithelial cells 
and macrophages were two major clusters presenting 
high levels of tryptophan metabolism in OC. Considering 
that malignant epithelial cells account for the largest pro-
portion of cells in the OC tissues, we further compared 
the activity of tryptophan metabolism in normal epithe-
lial cells and tumor cells. The result showed that ovar-
ian cancer cells represented a higher level of tryptophan 
metabolism than normal epithelial cells (Fig.  4d). Then, 
features of epithelial cells were continued to be character-
ized and 6 different cell clusters were identified. Cluster 0 
and cluster 3 were the main subclusters of epithelial cells 
in the primary ovarian tumor microenvironment (Fig. 4e; 
Additional file 1: Fig. S4c). Differentially expressed genes 
(DEGs) among the epithelial cell subclusters were ana-
lyzed and these genes were further carried out for func-
tional annotation through KEGG pathway enrichment 
analysis (Fig.  4f ). Notably, KEGG analysis showed that 
genes highly expressed in cluster 0 were enriched in the 
pathway of tryptophan metabolism. Together, these find-
ings suggested that ovarian cancer cells may exhibit tryp-
tophan metabolic disorders.

Abnormal upregulation of IDO1 expression related 
to tryptophan metabolic disorder in tumor cells of OC
IDO1 is a rate-limiting enzyme that plays an essential 
role in governing the tryptophan-kynurenine pathway 
[55]. Therefore, we further analyzed the expression level 
of IDO1 in different clusters using previous OC scRNA-
seq data. Not surprisingly, the IDO1 expression level was 
higher in OC tissues than that in normal ovarian tis-
sues (Fig. 5a). To explore which cell type contributed to 
the high level of IDO1 in the TME, we investigated the 
IDO1 expression among all eight distinct clusters. The 
result showed that the expression level of IDO1 in epi-
thelial cells and macrophages was significantly higher 
than in other clusters, consistent with previous findings 
that these two clusters exhibited elevated levels of genes 
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associated with tryptophan metabolism (Fig.  5b). Addi-
tionally, the IDO1 expression level in cluster 0 and cluster 
3, mostly related to malignant epithelial cells, was signifi-
cantly higher compared to other epithelial cells (Fig. 5c; 
Additional file 1: Fig. S4d).

Moreover, we compared the expression levels of 
IDO1 between OC tissues and non-OC tissues using 
the TCGA ovarian cancer cohort, the previous RNA-
seq dataset (GSE140082) and GETx. First, we screened 
out DEGs between OC tissues (from the TCGA ovar-
ian cancer cohort) and non-OC ovarian tissues (from 
GETx) (Additional file  1: Fig. S5a). Among them, 39 

genes including IDO1 were closely related to trypto-
phan metabolism of OC in the TCGA ovarian cancer 
cohort (Fig.  5d), and 34 genes, including IDO1, were 
cohesively associated with tryptophan metabolism 
of OC in the GSE140082 cohort (Fig.  5e). Afterward, 
univariate Cox regression analysis was performed 
to evaluate the prognostic value of each tryptophan 
metabolism-related gene in the TCGA ovarian can-
cer cohort, with IDO1, ALDH3A2, HADHA, OGDHL 
associated with risk values, and CAT, WARS1 involved 
in protective factors (Additional file  1: Fig. S5b). Fur-
thermore, we assessed IDO1 protein expression in 

Fig. 4 Tryptophan metabolic reprogramming of tumor cells discerned by OC scRNA-seq data. a Uniform Manifold Approximation and Projection 
(UMAP) plot revealing 8 clusters by integrating analysis. b Heat map showing marker genes of annotation in major cell clusters with OC and non-OC 
samples. c KEGG pathway enrichment analysis based on differentially expressed genes in major cell clusters of OC and non-OC ovary samples. d 
Gene set variation analysis (GSVA) revealing tryptophan metabolism-related genes enriched in major cell clusters of OC and non-OC samples. e 
UMAP plot showing subclusters of epithelial ovarian cancer cells and normal epithelial ovarian cells with OC and non-OC samples. f KEGG pathway 
enrichment analysis based on differentially expressed genes in subclusters of epithelial cells. For a–f, all n = 7 OC and n = 5 non-OC samples 
obtained from GSE184880 dataset were used for analysis
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Fig. 5 Aberrant IDO1 upregulation involved in tryptophan metabolic reprogramming of OC cells. a Dot plot showing IDO1 expression of OC 
and non-OC samples. b Visualization of IDO1 expression in major cell clusters of OC and non-OC ovarian samples. c Visualization of IDO1 expression 
in epithelial cell subclusters with OC and non-OC ovarian samples. d Heatmap showing IDO1 expression in OC samples from OCGA_OV dataset 
and non-OC samples from GETx dataset. e Heatmap showing IDO1 expression in OC samples from GSE140082 dataset and non-OC samples 
from GETx dataset. f Immunohistochemistry analysis of IDO1 protein expression between OC and non-OC ovarian tissues from the human protein 
atlas (HPA)database. Scale bar:200 μm. g Immunohistochemistry detecting of IDO1 protein expression in tissue microarray composed of OC 
(n = 115) and non-OC (n = 80) ovarian tissues from our hospital. Scale bar:200 μm. (u-test, ***P < 0.001). h IDO1 mRNA expression between non-OC 
cells (IOSE80) and OC cells (A2780, SKOV3) was detected by qRT-PCR (n = 3, Mean ± SD, t-test, **P < 0.01, ***P < 0.001). i IDO1 protein expression 
between non-OC cells (IOSE80) and OC cells (A2780, SKOV3) was detected by Western blot (n = 3, Mean ± SD, t-test, ***P < 0.001). For a–c, all n = 7 
OC and n = 5 non-OC samples obtained from GSE184880 dataset were used for analysis
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OC tissues and non-OC tissues by the HPA database 
and the tissue microarray from our hospital through 
immunohistochemistry. Consistently, HPA database 
analysis and our tissue microarray showed that IDO1 
protein levels in OC tissues were higher than those 
in benign ovary tissues, as indicated by IHC scores 
(Fig. 5f, g). These findings further confirmed the previ-
ous results indicated by scRNA-seq analysis. Addition-
ally, we detected the mRNA and protein expression 
level of IDO1 in common ovarian cancer cell lines 
(A2780, SKOV3) and normal ovarian cell line using 
qRT-PCR and Western blot. As expected, IDO1 was 
highly upregulated in ovarian cancer cell lines (Fig. 5h, 
i). Above all, these evidences indicated that abnormally 
elevated IDO1 expression of tumor cells could acceler-
ate tryptophan metabolism in OC, which was related 
to the release of L-kyn enriched EVs.

IDO1high cancer cell‑derived EVs activated endothelial 
mitophagy involved in OC angiogenesis and progression
Based on the above findings, we speculated that the 
abnormal expression of IDO1 associated with trypto-
phan metabolic disorder of tumor cells, was involved 
in the secretion of L-kyn enriched EVs, which might 
regulate tumor angiogenesis and development through 
mitophagy. To verify this hypothesis, IDO1-overexpres-
sion and -knockdown ovarian cancer cell lines were 
constructed. Further, the overexpression and knock-
down efficiency of IDO1 in ovarian cancer cell lines 
were verified by qRT-PCR and Western blot (Addi-
tional file  1: Fig. S6a, b).  Then, endothelial cells were 
treated with EVs obtained from IDO1-overexpression 
and –knockdown ovarian cancer cells to perform tube 
formation and wound healing assay. The results showed 
that  IDO1high ovarian cancer cell-derived EVs induced 
endothelial migration and tube formation  (Fig.  6a, b) 
in vitro.

To further explore the impact of EVs from 
 IDO1high ovarian cancer cells on tumor angiogenesis and 
development in  vivo, we developed an orthotopic OC 
mouse model as previously described. As anticipated, 
 IDO1high ovarian cancer cell-derived EVs increased the 
weight and metastases of tumors (Fig. 6c, d), contribut-
ing to enhanced tumor angiogenesis (Fig.  6e). Besides, 
multicolor immunohistochemistry for primary tumor tis-
sues unveiled enhanced endothelial mitophagy induced 
by  IDO1high ovarian cancer cell-derived EVs in the ortho-
topic ovarian cancer mouse model (Fig.  6f ). Therefore, 
the above findings suggested that  IDO1high ovarian can-
cer cell-derived EVs induced endothelial mitophagy, 
which might correlate with tumor angiogenesis and 
progression.

IDO1highcancer cell‑derived EVs induce angiogenesis 
through activating endothelial mitophagy in OC
To further confirm whether  IDO1high ovarian cancer 
cell-derived EVs could promote angiogenesis through 
regulating endothelial mitophagy, we constructed a co-
culture system of EVs-endothelial cells in vitro. Indeed, 
IDO1-overexpression ovarian cancer cell-derived EVs 
decreased the endothelial ATP content while IDO1-
knockdown ovarian cancer cell-derived EVs increased 
the endothelial ATP content (Fig.  7a). Consistently, 
IDO1-overexpression ovarian cancer cell-derived EVs 
increased the endothelial mito-ROS, while IDO1-
knockdown ovarian cancer cell-derived EVs suppressed 
the endothelial mito-ROS (Fig.  7b). A mitochon-
drial membrane potential assay with TMRE staining 
revealed that IDO1-overexpression ovarian cancer cell-
derived EVs inhibited endothelial mitochondrial mem-
brane potential (Fig.  7c). Taken together, these results 
suggested that  IDO1high ovarian cancer cell-derived EVs 
interrupted endothelial mitochondrial function, which 
might trigger mitophagy.

To further elucidate the role of  IDO1high ovarian 
cancer cell-derived EVs in endothelial mitophagy, 
endothelial cells were incubated with EVs obtained 
from IDO1-overexpression and -knockdown ovarian 
cancer cells. Western blot revealed that  IDO1high ovar-
ian cancer cell-derived EVs upregulated the LC3II/LC3I 
ratio and IDO1 expression in endothelial cells (Fig. 7d). 
Moreover, mitochondria were isolated from endothe-
lial cells in different intervention groups and Western 
blot revealed that  IDO1high ovarian cancer cell-derived 
EVs upregulated the expression of PINK1 and Parkin, 
which are classical markers of the mitophagy-associ-
ated pathway (Fig.  7e). Additionally, the expression of 
IDO1 was also found to be upregulated in these con-
ditions (Fig.  7f ). Therefore, these findings indicated 
that  IDO1high ovarian cancer cell-derived EVs activated 
PINK1-Parkin-dependent mitophagy.

Next, we verified whether  IDO1high  ovarian cancer 
cell-derived EVs could regulate angiogenesis through 
activating endothelial mitophagy. Tube formation 
assays showed that the tube length of endothelial cells 
treated with  IDO1high ovarian cancer cell-derived EVs 
was markedly greater than that of the control group, 
and these effects could be rescued by HCQ (Fig.  7g). 
Besides, wound healing migration assay revealed that 
 IDO1high ovarian cancer cell-derived EVs promoted 
wound healing in endothelial cells compared with that 
in the control group, which could be reversed by HCQ 
(Fig.  7h). Therefore, the above findings indicated that 
 IDO1high  ovarian cancer cell-derived EVs promoted 
angiogenesis through activating mitophagy of endothe-
lial cells.
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IDO1high cancer cell‑derived EVs promoted endothelial 
mitophagy by increasing NAD + levels and sirt3 expression
To further clarify the molecular mechanisms by how 
 IDO1high ovarian cancer cell-derived EVs promote 
endothelial mitophagy, we first detected L-kyn levels in 
the culture supernatant and in EVs obtained from IDO1-
overexpression and -knockdown ovarian cancer cells 
using ELISA assay. As expected, the results revealed 

that the L-kyn level was higher in the culture superna-
tant and EVs from IDO1- overexpression ovarian cancer 
cells than in those from IDO1-knockdown ovarian can-
cer cells or control ovarian cancer cells, indicating the 
aberrant upregulation of IDO1 in ovarian cancer cells 
contributed to the release of L-kyn-enriched EVs. Simi-
larly, there existed a phenomenon of L-kyn enrichment 
in the EVs compared to the cell supernatant (Fig. 8a). It 

Fig. 6 IDO1high OC cell-derived EVs promoted tumor angiogenesis and development. a Representative images and quantitative analysis of tube 
formation assay for endothelial cells incubated with negative control (Negative ctrl), IDO1-control A2780 EVs (ctrl EV),IDO1-overexpression A2780 
EVs(IDO1-OE EV) or IDO1-knockdown A2780 EVs(IDO1-sh EV).Scale bar:500 μm. (n = 5, Mean ± SD, one-way ANOVA, ***P < 0.001). b Representative 
images and quantitative analysis of wound healing assay for endothelial cells treated with Negative ctrl, ctrl EV, IDO1-OE EV or IDO1-sh EV. Scale 
bar:500 μm. (n = 5, Mean ± SD, one-way ANOVA, **P < 0.01, ***P < 0.001). c Representative images of the primary ovary tumor size in orthotopic OC 
model education with Ctrl EV or IDO1-OE EV. bar = 1 cm. (n = 5, Mean ± SD, t-test, ***P < 0.001). d Numbers of peritoneal metastases validated by HE 
staining in orthotopic OC model education with Ctrl EV or IDO1-OE EV. Scale bar:50 μm. (n = 5, Mean ± SD, t-test, **P < 0.01). e IHC analysis of CD31 
expression in primary tumor tissues of the orthotopic OC model education with Ctrl EV or IDO1-OE EV. Scale bar:50 μm. (n = 3, Mean ± SD, t-test, 
**P < 0.01). f Representative images of LC3, TOMM20and CD31 in primary tumor tissue sections of orthotopic OC model educated with Ctrl EV 
or IDO1-OE EV by immunofluorescence staining. Scale bar:20 μm
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Fig. 7 IDO1high OC cell-derived EVs facilitated tumor angiogenesis by triggering PINK1-Parkin-mediated mitophagy of endothelial cells. 
a Intracellular ATP levels of the endothelial cells incubated with ctrl EV, IDO1-OE EV or IDO1-sh EV (n = 5, Mean ± SD, one-way ANOVA, 
*P < 0.05,**P < 0.01,***P < 0.001). b MitROS production of the endothelial cells incubated with ctrl EV, IDO1-OE EV or IDO1-sh EV (n = 5, Mean ± SD, 
one-way ANOVA, *P < 0.05,**P < 0.01,***P < 0.001). c Mitochondria membrane potential of the endothelial cells incubated with CCCP, ctrl EV, IDO1-OE 
EV or IDO1-sh EV. Scale bar:10 μm. (n = 5, Mean ± SD, one-way ANOVA, *P < 0.05, ***P < 0.001). d Representative images and quantification of LC3II/
LC3I ration and IDO1 protein expression in the endothelial cells treated with ctrl EV, IDO1-OE EV or IDO1-sh EV by Western blot (n = 3, Mean ± SD, 
one-way ANOVA, *P < 0.05, ***P < 0.001). e Representative images and qualification of PINK1, Parkin protein expression in the mitochondria isolated 
from the endothelial cells treated with ctrl EV, IDO1-OE EV or IDO1-sh EV by Western blot (n = 3, Mean ± SD, one-way ANOVA, *P < 0.05, **P < 0.01, 
***P < 0.001). f Representative images and qualification of IDO1 protein expression in the mitochondria isolated from the endothelial cells treated 
with ctrl EV, IDO1-OE EV or IDO1-sh EV by Western blot (n = 3, Mean ± SD, one-way ANOVA, ***P < 0.001). g Representative images and quantitative 
analysis of tube formation in the different treated endothelial cells. Scale bar:500 μm. (n = 5, Mean ± SD, one-way ANOVA, ***P < 0.001, ns. 
no significance). h Representative images and quantitative analysis of wound healing assay for the endothelial cells in different groups. Scale 
bar:500 μm. (n = 5, Mean ± SD, one-way ANOVA, ***P < 0.001, ns. no significance)
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is well-accepted that EVs could regulate the biological 
functions of recipient cells by delivering their contents 
[36]. Thus, we assessed L-kyn level in the endothelial 
cells after cotreatment with EVs acquired from IDO1-
overexpression ovarian cancer cells. Consistently, ELISA 
assay showed that EVs acquired from IDO1-overex-
pression ovarian cancer cells significantly increased the 
L-kyn level in the endothelial cells, and these effects 
were reversed by treatment with GW4869, a classical EV 

inhibitor (Fig.  8b). Collectively, this evidence indicated 
that IDO1 high ovarian cancer cells could deliver L-kyn to 
endothelial cells through EVs.

NAD +, a critical product involved in L-kyn meta-
bolic pathway [56], was reported to activate mitophagy 
by regulating sirtuin family functions [57–59]. Thereby, 
we inferred that the increase in the intracellular L-kyn 
concentration in endothelial cells induced by EVs 
released from  IDO1high ovarian cancer cells might lead 

Fig. 8 IDO1high OC cell-derived EVs activated endothelial mitophagy by upregulating NAD + level and sirt3 expression. a Level of L-kyn in cell 
supernatant and cell derived-EVs of Ctrl EVs,IDO1-OE EVs or IDO1-sh EVs (n = 5, Mean ± SD, two-way ANOVA, ***P < 0.001). b Level of L-kyn 
in the endothelial cells incubated with different groups (n = 5, Mean ± SD, two-way ANOVA, ***P < 0.001, ns. no significance). c Level of NAD + /
NADH in the endothelial cells treated with Ctrl EVs, IDO1-OE EVs or IDO1-sh EVs (n = 5, Mean ± SD, one-way ANOVA, *P < 0.05, ***P < 0.001). 
d Representative images and quantification analysis of sirt3 protein expression in the endothelial cells incubated with Ctrl EVs, IDO1-OE EVs 
or IDO1-sh EVs by Western blot (n = 3, Mean ± SD, one-way ANOVA, * P < 0.05,**P < 0.01). e Representative images and quantification analysis 
of IDO1 protein expression in the endothelial cells incubated with Ctrl EVs, IDO1-OE EVs or IDO1-sh EVs by Western blot (n = 3, Mean ± SD, one-way 
ANOVA, ***P < 0.001). f Co-immunoprecipitation (Co-IP) of sirt3 and sirt3-acetylation in endothelial cells after treatment with Ctrl EVs, IDO1-OE EVs 
or IDO1-sh EVs
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to an increase of NAD + , which could participate in 
modulating mitophagy. In order to verify the hypoth-
esis, the NAD + level in the treated endothelial cells 
were detected, and the results displayed that IDO1-
overexpression ovarian cancer cell-derived EVs increased 
NAD + /NADH ratio in endothelial cells compared with 
that in endothelial cells incubated with IDO1-knock-
down ovarian cancer cell-derived EVs or IDO1-control 
ovarian cancer cell-derived EVs (Fig. 8c).

Sirtuin3 (sirt3), an NAD + -dependent deacetylase, is 
essential for regulating mitochondrial acetylation lev-
els associated with mitophagy [58–60]. In addition to 
increasing NAD + level, we supposed that  IDO1high ovar-
ian cancer cell-derived EVs  might drive abnormal Sirt3 
expression linked to mitophagy in endothelial cells. 
Unsurprisingly, Western blot revealed that IDO1-over-
expression  ovarian cancer cell-derived EVs  upregulated 
endothelial sirt3 expression compared to that in IDO1-
knockdown or -control ovarian cancer cell-derived EVs 
(Fig. 8d). Additionally, these IDO1-overexpression ovar-
ian cancer cell-derived EVs were also found to enhance 
endothelial IDO1expression, in contrast to EVs from 
IDO1-knockdown or -control ovarian cancer cells 
(Fig.  8e). Acetylation could affect protein stability [61], 
and we further performed a co-immunoprecipitation 
assay to test whether  IDO1high ovarian cancer cell-derived 
EVs could upregulate sir3 expression by increasing the 
acetylation levels. Consistently, the results uncovered 
that increased sirt3 and IDO1 expression and enhanced 
sirt3 acetylation levels in the endothelial cells treated 
with IDO1-overexpression  ovarian cancer cell-derived 
EVs  compared with treated with IDO1-knockdown or 
-control ovarian cancer cell-derived EVs (Fig. 8f ). In sum-
mary, the above findings suggested that  IDO1high ovarian 
cancer cell-derived EVs increased endothelial NAD + lev-
els involved in regulating sirt3 functions as well as upreg-
ulated endothelial sirt3 expression through enhancing 
the acetylation levels, which closely correlated with 
mitophagy process.

IDO1 inhibitor suppressed endothelial mitophagy 
and effectively inhibited ovarian cancer progression
Next, we developed a mouse orthotopic model of ovarian 
cancer to investigate the potential therapeutic value of 
IDO1.Two weeks after OC orthotopic implantation, the 
mice were treated with or without 1- Methyl-DL-trypto-
phan for 6  weeks. After that, the mice were euthanized 
and tumor tissues were excised for further analysis. The 
results revealed that, compared with the control group, 
the IDO1 inhibitor suppressed tumor formation, metas-
tasis and angiogenesis (Fig.  9a–c). Consistently, mul-
ticolor immunohistochemistry showed that the IDO1 
inhibitor decreased the colocalization of CD31 with LC3 

and TOMM20 in primary tumor tissues of the orthotopic 
OC mouse model (Fig. 9d). Therefore, our data suggested 
that the IDO1 inhibitor repressed endothelial mitophagy 
involved in tumor angiogenesis and development in the 
orthotopic OC mice model.

Fig. 9 IDO1 inhibitor suppressed endothelial mitophagy 
and effectively inhibited ovarian cancer progression. a Representative 
images of the primary ovary tumor size in orthotopic OC model 
education with the ctrl (control) or IDO1 inhibitor. bar = 1 cm. (n = 5, 
Mean ± SD, t-test, ***P < 0.001). b Numbers of peritoneal metastases 
confirmed by HE staining in orthotopic OC model treated with ctrl 
or IDO1 inhibitor. Scale bar:50 μm. (n = 5, Mean ± SD, t-test, *P < 0.05). 
c Immunohistochemistry (IHC) analysis of CD31 in primary tumor 
tissues of orthotopic OC model education with the ctrl or IDO1 
inhibitor. Scale bar:50 μm. (n = 3, Mean ± SD, t-test, **P < 0.01). d 
Representative images of LC3, TOMM20, and CD31 in primary tumor 
tissue sections of orthotopic OC model treated with the ctrl or IDO1 
inhibitor by immunofluorescence staining. Scale bar:20 μm
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Discussion
Although angiogenesis, which can be regulated by EVs, is 
generally considered an essential hallmark of tumor pro-
gression, the exact mechanism is still not entirely clari-
fied. Mitophagy, a type of selective autophagy, has been 
identified to be associated with endothelial function 
regulation [23, 26, 62], while its biological role in tumor 
angiogenesis is less elucidated. Here, we explored the role 
of tumor EVs in regulating endothelial mitophagy related 
to OC angiogenesis and progression. Through a series of 
in vivo and in vitro experiments, we revealed that ovar-
ian cancer cell-derived EVs facilitated angiogenesis by 
activating endothelial mitophagy. Through integrat-
ing multi-omics analyses, we speculated that abnormal 
IDO1 upregulation of tumor cells involved in anomalous 
tryptophan metabolism could release L-kyn enriched 
EVs, which may partly lead to a high level of L-kyn in 
EVs derived from tumor tissues and plasma from OC 
patients, as validated in another clinical cohort. Mecha-
nistically, IDO1 high ovarian cancer cell-derived EVs 

regulated NAD + level and sirt3 acetylation of endothe-
lial cells, which correlated with the mitophagy modula-
tion (Fig. 10). Notably, the IDO1 inhibitor could suppress 
endothelial mitophagy and tumor progression in the OC 
orthotopic mouse model.

In the current study, we found that mitophagy of 
endothelial cells could be activated by tumor cell-derived 
EVs, playing important roles in OC angiogenesis and 
progression. Previous studies have indicated that tumor 
cell-derived EVs could serve as a vital mediator for inter-
cellular crosstalk in regulating angiogenesis and disease 
progression [9, 63]. Additionally, mitophagy has been 
demonstrated as an important biological mechanism 
mediating vascular structure and function by regulat-
ing endothelial cells [23–26]. We found that cancer cell-
derived EVs could facilitate endothelial mitophagy, tumor 
angiogenesis, and development in an orthotopic OC mice 
model. Further, cancer cell-derived EVs could promote 
the tube formation ability of endothelial cells by activat-
ing mitophagy. Therefore, our study is the first to indicate 

Fig. 10 Graphic abstract
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that mitophagy acted as an essential regulator in tumor 
angiogenesis and progression, which could be modulated 
by ovarian cancer cell-derived EVs.

Further, we identified that aberrantly high expression 
levels of IDO1 related to tryptophan metabolic abnor-
malities in tumor cells could release L-kyn enriched EVs, 
contributing to increased NAD + levels of endothelial 
cells, which might be involved in mitophagy activation. 
EV contents are generally demonstrated to be similar to 
those of parental cells [36]. It has also been widely indi-
cated that IDO1, the first rate-limiting enzyme in the 
tryptophan-kynurenine (Trp-kyn) metabolism pathway, 
is upregulated in various cancer tissues, including ovar-
ian cancer, and is related to poor patient prognosis [64–
67]. Our findings are consistent with the previous studies 
and suggested that IDO1 over-expressed in tumor cells 
associated with Trp-kyn metabolic reprogramming could 
increase secretion of L-kyn enriched EVs. Moreover, 
numerous studies have demonstrated that EVs mediate 
intercellular communication by transferring their con-
tents [36]. Our findings also suggested that EVs released 
from tumor cells could deliver their contents to endothe-
lial cells and exert biological effects. Interestingly, unlike 
the major previous studies that mainly focus on the RNA 
and protein cargos in EVs, we observed that EVs could 
mediate intercellular communication via enriching as 
well as transmitting metabolites such as L-kyn. Kyn is an 
essential substrate for the de novo  NAD+ synthesis path-
way. In addition,  NAD+ is known as a cofactor contribut-
ing to mitochondrial functions including mitophagy [55]. 
Here, we demonstrated that EVs obtained from IDO1 high 
tumor cells increased L-kyn levels of the endothelial cells, 
which could further promote the intercellular NAD + lev-
els, implying part of the mechanisms contributing to 
mitophagy. These findings suggest that metabolic con-
tents in EVs should be taken into account as an important 
regulator of intercellular communication.

In addition, abnormally high expression levels of IDO1 
in tumor cells involved in tryptophan metabolic disor-
der could secrete L-kyn enriched EVs into the TME and 
circulation, resulting in elevated L-kyn enriched EVs in 
tumor tissues and plasma with the patients, which might 
furnish evidence for OC diagnosis. Previous studies have 
suggested that EVs incorporate abundant metabolites [40, 
68–72], representing an undeveloped fountainhead for 
biomarker identification. In addition, altered metabolism 
patterns of tumor cells could influence EV metabolome. 
Consistently, our findings indicated that an upregula-
tion of L-kyn in EVs released from IDO1 high tumor 
cells associated with tryptophan metabolic reprogram-
ming could further result in high levels of L-kyn in EVs 
derived from tumor tissues and plasma with OC patients. 
We therefore, speculated that L-kyn could constitute a 

potential EV-based metabolomic fingerprint, offering 
evidence for the development of non-invasive biomarkers 
in OC.

Ultimately, we uncovered that sirt3 expression of the 
endothelial cells could be upregulated by EVs released 
from  IDO1high ovarian cancer cells, which is known to 
play essential roles in regulating mitophagy [60, 73, 74]. 
Prior studies have shown that acetylation favors protein 
stabilization [75]. Accordingly, we further indicated that 
 IDO1high ovarian cancer cell derived-EVs could upregu-
late sirt3 expression of the endothelial cells by increasing 
the acetylation modification levels. Moreover, the IDO1 
inhibitor could suppress endothelial mitophagy, tumor 
angiogenesis and progression in orthotopic OC mice.

Inevitably, several limitations might affect the findings 
obtained. To begin with, we were unable to identify the 
potential diagnostic value of EV L-kyn in ovarian cancer 
due to a lack of sufficient clinical samples. In addition, we 
did not clarify the underlying roles of sirt3 modulated by 
 IDO1high ovarian cancer cell-derived EVs in regulating 
endothelial mitophagy, which will be an essential issue 
for future research. Studies indicated that IDO1 inhibi-
tors modulate the tumor immune microenvironment, 
encompassing ovarian cancer [76, 77]. Thus, the effects 
of IDO1 inhibitor-mediated modulation of endothelial 
mitophagy on the immune cells within the tumor micro-
environment need to be further explored.

Conclusions
In summary, we revealed for the first time that cancer 
cell-derived EVs activated endothelial mitophagy, which 
was related to tumor angiogenesis and progression in 
ovarian cancer, providing novel insights into the role of 
endothelial mitophagy in tumor angiogenesis. Further, 
the abnormally high IDO1 expression in cancer cells, 
associated with tryptophan metabolic reprogramming, 
could contribute to L-kyn changes in EVs, resulting in 
increased L-kyn levels in EVs obtained from plasma 
and the TME in OC patients. Mechanistically,  IDO1high 
cancer cell-derived EVs promoted mitophagy by deliv-
ering L-kyn or increasing sirt3 acetylation levels of the 
endothelial cells. Thus, metabolites in EVs represent not 
only a promising biomarker but also a key to elucidating 
the molecular mechanisms of tumor development in OC.
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tion and validation of IDO1 over-expression and down-expression in the 
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in A2780 by RT-PCR (n = 3, Mean ± SD, one-way ANOVA, **P ＜ 0.01, 
***P ＜ 0.001). b Validation for IDO1 over-expression and down-expression 
in A2780 by Western blot(n = 3, Mean ± SD, one-way ANOVA, *P ＜ 0.05, 
*P ＜ 0.01,***P ＜ 0.001). Table S1. Primary antibodies for Western blot, 
IHC or CoIP. Table S2. Primer sequence.

Acknowledgements
We would like to thank the Chinese Academy of Sciences Experimental plat-
form for technical support. We are also grateful to Figdraw (www. figdr aw. com) 
for some vector materials.

Author contributions
XY, XZ, XZ and XW conceived, designed and supervised the study. XY and 
XZ interpreted the results and drafted the manuscript. XY, XZ, XZ and YY 
performed the experiments. XY performed statistical analysis.

Funding
This work was supported by Gynecological Tumor Research Special Research 
Fund (KH-2021-LLZX-017 to Xipeng Wang).

Data availability
Any data generated or analyzed during this article can be available from the 
corresponding author upon reasonable request.

Declarations

Ethics approval and consent to participate
The study with tissues or plasma from patients were approved by Xinhua 
Hospital’s Ethics Committee. All of the mouse experiments were conducted 
following animal care and use guidelines from Xinhua Hospital, Shanghai 
Jiaotong University School of Medicine.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1 Department of Obstetrics and Gynecology, Xinhua Hospital, Shanghai Jiao 
Tong University School of Medicine, 1665 Kongjiang Rd, Yangpu District, 
Shanghai 200092, China. 

Received: 4 December 2023   Accepted: 1 March 2024

References
 1. Siegel RL, Miller KD, Wagle NS, Jemal A. Cancer statistics, 2023. CA Cancer 

J Clin. 2023;73(1):17–48.
 2. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, et al. 

Global Cancer Statistics 2020: GLOBOCAN estimates of incidence and 
mortality worldwide for 36 cancers in 185 countries. CA Cancer J Clin. 
2021;71(3):209–49.

 3. Konstantinopoulos PA, Matulonis UA. Clinical and translational advances 
in ovarian cancer therapy. Nat Cancer. 2023;4(9):1239–57.

 4. Zheng X, Wang X, Cheng X, Liu Z, Yin Y, Li X, et al. Single-cell analyses 
implicate ascites in remodeling the ecosystems of primary and meta-
static tumors in ovarian cancer. Nat Cancer. 2023;4(8):1138–56.

https://doi.org/10.1186/s12967-024-05054-5
https://doi.org/10.1186/s12967-024-05054-5
http://www.figdraw.com


Page 22 of 23Ying et al. Journal of Translational Medicine          (2024) 22:267 

 5. Torre LA, Trabert B, DeSantis CE, Miller KD, Samimi G, Runowicz CD, et al. 
Ovarian cancer statistics, 2018. CA Cancer J Clin. 2018;68(4):284–96.

 6. Kuroki L, Guntupalli SR. Treatment of epithelial ovarian cancer. BMJ. 
2020;371: m3773.

 7. Wang Z, Chen W, Zuo L, Xu M, Wu Y, Huang J, et al. The Fibrillin-1/VEGFR2/
STAT2 signaling axis promotes chemoresistance via modulating glycolysis 
and angiogenesis in ovarian cancer organoids and cells. Cancer Com-
mun. 2022;42(3):245–65.

 8. Yang Y, Xia L, Wu Y, Zhou H, Chen X, Li H, et al. Programmed death 
ligand-1 regulates angiogenesis and metastasis by participating in 
the c-JUN/VEGFR2 signaling axis in ovarian cancer. Cancer Commun. 
2021;41(6):511–27.

 9. He L, Zhu W, Chen Q, Yuan Y, Wang Y, Wang J, et al. Ovarian cancer cell-
secreted exosomal miR-205 promotes metastasis by inducing angiogen-
esis. Theranostics. 2019;9(26):8206–20.

 10. Yuan D, Guo T, Zhu D, Ge H, Zhao Y, Huang A, et al. Exosomal lncRNA ATB 
derived from ovarian cancer cells promotes angiogenesis via regulating 
miR-204-3p/TGFβR2 axis. Cancer Manag Res. 2022;14:327–37.

 11. Masoumi-Dehghi S, Babashah S, Sadeghizadeh M. microRNA-141-3p-
containing small extracellular vesicles derived from epithelial ovarian 
cancer cells promote endothelial cell angiogenesis through activating 
the JAK/STAT3 and NF-κB signaling pathways. J Cell Commun Signal. 
2020;14(2):233–44.

 12. Chaves-Moreira D, Mitchell MA, Arruza C, Rawat P, Sidoli S, Nameki R, et al. 
The transcription factor PAX8 promotes angiogenesis in ovarian cancer 
through interaction with SOX17. Sci Signal. 2022;15(728): eabm2496.

 13. Bhardwaj V, Zhang X, Pandey V, Garg M. Neo-vascularization-based thera-
peutic perspectives in advanced ovarian cancer. Biochim Biophys Acta 
Rev Cancer. 2023;1878(3):188888.

 14. An D, Banerjee S, Lee JM. Recent advancements of antiangiogenic com-
bination therapies in ovarian cancer. Cancer Treat Rev. 2021;98:102224.

 15. Shen K, Pender CL, Bar-Ziv R, Zhang H, Wickham K, Willey E, et al. Mito-
chondria as cellular and organismal signaling hubs. Annu Rev Cell Dev 
Biol. 2022;38:179–218.

 16. Monzel AS, Enríquez JA, Picard M. Multifaceted mitochondria: moving 
mitochondrial science beyond function and dysfunction. Nat Metab. 
2023;5(4):546–62.

 17. Picard M, Shirihai OS. Mitochondrial signal transduction. Cell Metab. 
2022;34(11):1620–53.

 18. Onishi M, Yamano K, Sato M, Matsuda N, Okamoto K. Molecular mecha-
nisms and physiological functions of mitophagy. EMBO J. 2021;40(3): 
e104705.

 19. Sun Y, Shen W, Hu S, Lyu Q, Wang Q, Wei T, et al. METTL3 promotes chem-
oresistance in small cell lung cancer by inducing mitophagy. J Exp Clin 
Cancer Res. 2023;42(1):65.

 20. Li Y, Chen H, Xie X, Yang B, Wang X, Zhang J, et al. PINK1-mediated 
mitophagy promotes oxidative phosphorylation and redox homeo-
stasis to induce drug-tolerant persister cancer cells. Cancer Res. 
2023;83(3):398–413.

 21. Zheng Y, Huang C, Lu L, Yu K, Zhao J, Chen M, et al. STOML2 potentiates 
metastasis of hepatocellular carcinoma by promoting PINK1-mediated 
mitophagy and regulates sensitivity to lenvatinib. J Hematol Oncol. 
2021;14(1):16.

 22. Tang J, Peng W, Ji J, Peng C, Wang T, Yang P, et al. GPR176 promotes 
cancer progression by interacting with G protein GNAS to restrain cell 
mitophagy in colorectal cancer. Adv Sci. 2023;10(12): e2205627.

 23. Cai C, Guo Z, Chang X, Li Z, Wu F, He J, et al. Empagliflozin attenuates car-
diac microvascular ischemia/reperfusion through activating the AMPKα1/
ULK1/FUNDC1/mitophagy pathway. Redox Biol. 2022;52:102288.

 24. Lai TC, Chen YC, Cheng HH, Lee TL, Tsai JS, Lee IT, et al. Combined expo-
sure to fine particulate matter and high glucose aggravates endothelial 
damage by increasing inflammation and mitophagy: the involvement of 
vitamin D. Part Fibre Toxicol. 2022;19(1):25.

 25. Ma L, Li K, Wei W, Zhou J, Li Z, Zhang T, et al. Exercise protects aged 
mice against coronary endothelial senescence via FUNDC1-dependent 
mitophagy. Redox Biol. 2023;62:102693.

 26. Fan Y, Cheng Z, Mao L, Xu G, Li N, Zhang M, et al. PINK1/TAX1BP1-directed 
mitophagy attenuates vascular endothelial injury induced by copper 
oxide nanoparticles. J Nanobiotechnology. 2022;20(1):149.

 27. Hara Y, Yanatori I, Tanaka A, Kishi F, Lemasters JJ, Nishina S, et al. Iron loss 
triggers mitophagy through induction of mitochondrial ferritin. EMBO 
Rep. 2020;21(11): e50202.

 28. Zhang Y, Zhang M, Zhu W, Yu J, Wang Q, Zhang J, et al. Succinate accu-
mulation induces mitochondrial reactive oxygen species generation 
and promotes status epilepticus in the kainic acid rat model. Redox Biol. 
2020;28:101365.

 29. Pavlova NN, Zhu J, Thompson CB. The hallmarks of cancer metabolism: 
still emerging. Cell Metab. 2022;34(3):355–77.

 30. Hönigova K, Navratil J, Peltanova B, Polanska HH, Raudenska M, Masarik 
M. Metabolic tricks of cancer cells. Biochim Biophys Acta Rev Cancer. 
2022;1877(3):188705.

 31. Dey P, Kimmelman AC, DePinho RA. Metabolic codependencies in the 
tumor microenvironment. Cancer Discov. 2021;11(5):1067–81.

 32. Liu Y, Yang C. Oncometabolites in cancer: current understanding and 
challenges. Cancer Res. 2021;81(11):2820–3.

 33. Li F, Simon MC. Cancer cells don’t live alone: metabolic communication 
within tumor microenvironments. Dev Cell. 2020;54(2):183–95.

 34. Li M, Yang Y, Xiong L, Jiang P, Wang J, Li C. Metabolism, metabolites, and 
macrophages in cancer. J Hematol Oncol. 2023;16(1):80.

 35. Kao KC, Vilbois S, Tsai CH, Ho PC. Metabolic communication in the 
tumour-immune microenvironment. Nat Cell Biol. 2022;24(11):1574–83.

 36. Kalluri R, LeBleu VS. The biology, function, and biomedical applications of 
exosomes. Science. 2020;367(6478):eaau6977.

 37. Paskeh M, Entezari M, Mirzaei S, Zabolian A, Saleki H, Naghdi MJ, et al. 
Emerging role of exosomes in cancer progression and tumor microenvi-
ronment remodeling. J Hematol Oncol. 2022;15(1):83.

 38. Wang X, Huang J, Chen W, Li G, Li Z, Lei J. The updated role of exosomal 
proteins in the diagnosis, prognosis, and treatment of cancer. Exp Mol 
Med. 2022;54(9):1390–400.

 39. Tan S, Yang Y, Yang W, Han Y, Huang L, Yang R, et al. Exosomal cargos-
mediated metabolic reprogramming in tumor microenvironment. J Exp 
Clin Cancer Res. 2023;42(1):59.

 40. Wang G, Li J, Bojmar L, Chen H, Li Z, Tobias GC, et al. Tumour extracel-
lular vesicles and particles induce liver metabolic dysfunction. Nature. 
2023;618(7964):374–82.

 41. Bojmar L, Kim HS, Tobias GC, Pelissier Vatter FA, Lucotti S, Gyan KE, et al. 
Extracellular vesicle and particle isolation from human and murine cell 
lines, tissues, and bodily fluids. STAR Protoc. 2021;2(1):100225.

 42. Sellick CA, Hansen R, Stephens GM, Goodacre R, Dickson AJ. Metabolite 
extraction from suspension-cultured mammalian cells for global metabo-
lite profiling. Nat Protoc. 2011;6(8):1241–9.

 43. Yuan M, Breitkopf SB, Yang X, Asara JM. A positive/negative ion-switching, 
targeted mass spectrometry-based metabolomics platform for bodily 
fluids, cells, and fresh and fixed tissue. Nat Protoc. 2012;7(5):872–81.

 44. Schaaf MB, Houbaert D, Meçe O, Agostinis P. Autophagy in endothelial 
cells and tumor angiogenesis. Cell Death Differ. 2019;26(4):665–79.

 45. Reglero-Real N, Pérez-Gutiérrez L, Nourshargh S. Endothelial cell 
autophagy keeps neutrophil trafficking under control. Autophagy. 
2021;17(12):4509–11.

 46. Gubbiotti MA, Buraschi S, Kapoor A, Iozzo RV. Proteoglycan signaling in 
tumor angiogenesis and endothelial cell autophagy. Semin Cancer Biol. 
2020;62:1–8.

 47. Lu Y, Li Z, Zhang S, Zhang T, Liu Y, Zhang L. Cellular mitophagy: mecha-
nism, roles in diseases and small molecule pharmacological regulation. 
Theranostics. 2023;13(2):736–66.

 48. Huang P, Wang L, Li Q, Tian X, Xu J, Xu J, et al. Atorvastatin enhances the 
therapeutic efficacy of mesenchymal stem cells-derived exosomes in 
acute myocardial infarction via up-regulating long non-coding RNA H19. 
Cardiovasc Res. 2020;116(2):353–67.

 49. Chen RR, Yung M, Xuan Y, Zhan S, Leung LL, Liang RR, et al. Targeting of 
lipid metabolism with a metabolic inhibitor cocktail eradicates peritoneal 
metastases in ovarian cancer cells. Commun Biol. 2019;2:281.

 50. Kanakkanthara A, Kurmi K, Ekstrom TL, Hou X, Purfeerst ER, Heinzen EP, 
et al. BRCA1 deficiency upregulates NNMT, which reprograms metabo-
lism and sensitizes ovarian cancer cells to mitochondrial metabolic 
targeting agents. Cancer Res. 2019;79(23):5920–9.

 51. Zhang T, Liu Q, Gao W, Sehgal SA, Wu H. The multifaceted regulation of 
mitophagy by endogenous metabolites. Autophagy. 2022;18(6):1216–39.



Page 23 of 23Ying et al. Journal of Translational Medicine          (2024) 22:267  

 52. Liu L, Zhang W, Liu T, Tan Y, Chen C, Zhao J, et al. The physiological metab-
olite α-ketoglutarate ameliorates osteoarthritis by regulating mitophagy 
and oxidative stress. Redox Biol. 2023;62:102663.

 53. Guo Z, Wang X, Yang Y, Chen W, Zhang K, Teng B, et al. Hypoxic tumor-
derived exosomal long noncoding RNA UCA1 promotes angiogenesis 
via miR-96-5p/AMOTL2 in pancreatic cancer. Mol Ther Nucleic Acids. 
2020;22:179–95.

 54. Xu J, Fang Y, Chen K, Li S, Tang S, Ren Y, et al. Single-Cell RNA sequenc-
ing reveals the tissue architecture in human high-grade serous ovarian 
cancer. Clin Cancer Res. 2022;28(16):3590–602.

 55. Xue C, Li G, Zheng Q, Gu X, Shi Q, Su Y, et al. Tryptophan metabolism in 
health and disease. Cell Metab. 2023;35(8):1304–26.

 56. Chini C, Zeidler JD, Kashyap S, Warner G, Chini EN. Evolving concepts in 
NAD(+) metabolism. Cell Metab. 2021;33(6):1076–87.

 57. Wilson N, Kataura T, Korsgen ME, Sun C, Sarkar S, Korolchuk VI. The 
autophagy-NAD axis in longevity and disease. Trends Cell Biol. 
2023;33(9):788–802.

 58. Fu Z, Kim H, Morse PT, Lu MJ, Hüttemann M, Cambronne XA, et al. The 
mitochondrial NAD(+) transporter SLC25A51 is a fasting-induced gene 
affecting SIRT3 functions. Metabolism. 2022;135:155275.

 59. Wang H, Sun Y, Pi C, Yu X, Gao X, Zhang C, et al. Nicotinamide mono-
nucleotide supplementation improves mitochondrial dysfunction and 
rescues cellular senescence by NAD(+)/Sirt3 pathway in mesenchymal 
stem cells. Int J Mol Sci. 2022;23(23):14739.

 60. Guo Y, Jia X, Cui Y, Song Y, Wang S, Geng Y, et al. Sirt3-mediated 
mitophagy regulates AGEs-induced BMSCs senescence and senile osteo-
porosis. Redox Biol. 2021;41:101915.

 61. Drazic A, Myklebust LM, Ree R, Arnesen T. The world of protein acetyla-
tion. Biochim Biophys Acta. 2016;1864(10):1372–401.

 62. Xiang J, Zhang C, Di T, Chen L, Zhao W, Wei L, et al. Salvianolic acid B 
alleviates diabetic endothelial and mitochondrial dysfunction by down-
regulating apoptosis and mitophagy of endothelial cells. Bioengineered. 
2022;13(2):3486–502.

 63. Zeng Z, Li Y, Pan Y, Lan X, Song F, Sun J, et al. Cancer-derived exosomal 
miR-25-3p promotes pre-metastatic niche formation by inducing vascu-
lar permeability and angiogenesis. Nat Commun. 2018;9(1):5395.

 64. Wang H, Luo Y, Ran R, Li X, Ling H, Wen F, et al. IDO1 modulates the 
sensitivity of epithelial ovarian cancer cells to cisplatin through ROS/
p53-dependent apoptosis. Int J Mol Sci. 2022;23(19):12002.

 65. Meng C, Sun Y, Liu G. Establishment of a prognostic model for ovarian 
cancer based on mitochondrial metabolism-related genes. Front Oncol. 
2023;13:1144430.

 66. Zhang L, Sun W, Ren W, Zhang J, Xu G. Predicting panel of metabolism 
and immune-related genes for the prognosis of human ovarian cancer. 
Front Cell Dev Biol. 2021;9:690542.

 67. Tang K, Wu YH, Song Y, Yu B. Indoleamine 2,3-dioxygenase 1 (IDO1) 
inhibitors in clinical trials for cancer immunotherapy. J Hematol Oncol. 
2021;14(1):68.

 68. Puhka M, Takatalo M, Nordberg ME, Valkonen S, Nandania J, Aatonen M, 
et al. Metabolomic profiling of extracellular vesicles and alternative nor-
malization methods reveal enriched metabolites and strategies to study 
prostate cancer-related changes. Theranostics. 2017;7(16):3824–41.

 69. Palviainen M, Saari H, Kärkkäinen O, Pekkinen J, Auriola S, Yliperttula M, 
et al. Metabolic signature of extracellular vesicles depends on the cell 
culture conditions. J Extracell Vesicles. 2019;8(1):1596669.

 70. Luo P, Mao K, Xu J, Wu F, Wang X, Wang S, et al. Metabolic characteristics 
of large and small extracellular vesicles from pleural effusion reveal 
biomarker candidates for the diagnosis of tuberculosis and malignancy. J 
Extracell Vesicles. 2020;9(1):1790158.

 71. Wojakowska A, Zebrowska A, Skowronek A, Rutkowski T, Polanski K, 
Widlak P, et al. Metabolic profiles of whole serum and serum-derived 
exosomes are different in head and neck cancer patients treated by 
radiotherapy. J Pers Med. 2020;10(4):229.

 72. Clos-Garcia M, Loizaga-Iriarte A, Zuñiga-Garcia P, Sánchez-Mosquera P, 
Rosa Cortazar A, González E, et al. Metabolic alterations in urine extracel-
lular vesicles are associated to prostate cancer pathogenesis and progres-
sion. J Extracell Vesicles. 2018;7(1):1470442.

 73. Gong Y, Tang N, Liu P, Sun Y, Lu S, Liu W, et al. Newcastle disease virus 
degrades SIRT3 via PINK1-PRKN-dependent mitophagy to reprogram 
energy metabolism in infected cells. Autophagy. 2022;18(7):1503–21.

 74. Li R, Wang Z, Wang Y, Sun R, Zou B, Tian X, et al. SIRT3 regulates 
mitophagy in liver fibrosis through deacetylation of PINK1/NIPSNAP1. J 
Cell Physiol. 2023;238(9):2090–102.

 75. Li L, Fang R, Liu B, Shi H, Wang Y, Zhang W, et al. Deacetylation of tumor-
suppressor MST1 in Hippo pathway induces its degradation through 
HBXIP-elevated HDAC6 in promotion of breast cancer growth. Oncogene. 
2016;35(31):4048–57.

 76. Odunsi K, Qian F, Lugade AA, Yu H, Geller MA, Fling SP, et al. Metabolic 
adaptation of ovarian tumors in patients treated with an IDO1 inhibitor 
constrains antitumor immune responses. Sci Transl Med. 2022;14(636): 
eabg8402.

 77. Fujiwara Y, Kato S, Nesline MK, Conroy JM, DePietro P, Pabla S, et al. 
Indoleamine 2,3-dioxygenase (IDO) inhibitors and cancer immunother-
apy. Cancer Treat Rev. 2022;110:102461.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Kynurenine in IDO1high cancer cell-derived extracellular vesicles promotes angiogenesis by inducing endothelial mitophagy in ovarian cancer
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	Patient samples
	Cell culture
	EV isolation
	EV identification
	EV labeling and uptake
	Immunofluorescence (IF)
	Western blotting and co-immunoprecipitation (CoIP) assay
	Mitochondria isolation
	Quantitative real-time PCR (qRT-PCR)
	Tube formation assay
	Wound healing assay
	Multicolor immunohistochemistry
	Immunohistochemistry (IHC)
	Hematoxylin–eosin (HE) staining
	Plasmids construction and cell transfection
	Cellular ATP detection
	Mitochondrial reactive oxygen species (mito-ROS), mitochondrial membrane potential, NAD + NADH, and kyn measurement
	Animal orthotopic OC model
	Untargeted LC–MSMS metabolomics
	Metabolomic data processing and statistical analysis
	Bioinformatics analysis of public database
	Statistical analysis

	Results
	Cancer cell-derived EVs activated endothelial mitophagy involved in OC angiogenesis and progression in vivo
	Cancer cell-derived EVs promoted angiogenesis by inducing endothelial mitophagy of OC in vitro
	Enrichment of L-kyn in EVs derived from OC patients and OC cells
	Aberrant tryptophan metabolism of tumor cells informed by OC scRNA-seq data
	Abnormal upregulation of IDO1 expression related to tryptophan metabolic disorder in tumor cells of OC
	IDO1high cancer cell-derived EVs activated endothelial mitophagy involved in OC angiogenesis and progression
	IDO1highcancer cell-derived EVs induce angiogenesis through activating endothelial mitophagy in OC
	IDO1high cancer cell-derived EVs promoted endothelial mitophagy by increasing NAD + levels and sirt3 expression
	IDO1 inhibitor suppressed endothelial mitophagy and effectively inhibited ovarian cancer progression

	Discussion
	Conclusions
	Acknowledgements
	References


