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Background: Angiogenesis in folliculogenesis contributes to oocyte
developmental competence in natural and in vitro fertilization (IVF) cycles.
Therefore, the identification of key angiogenic factors in follicular fluid (FF)
during folliculogenesis is clinically significant and important for in vitro
fertilization. This study aims to identify the key angiogenic factors in FF for
predicting oocyte maturity during in vitro fertilization.

Materials and methods: Forty participants who received ovarian stimulation
using a GnRH antagonist protocol in their first in vitro fertilization treatment were
recruited. From each patient, two follicular samples (one preovulatory follicle, >
18 mm; one mid-antral follicle, < 14 mm) were collected without flushing during
oocyte retrieval. In total, 80 FF samples were collected from 40 patients. The
expression profiles of angiogenesis-related proteins in FF were analyzed via
Luminex high-performance assays. Recorded patient data included antral follicle
count, anti-mullerian hormone, age, and BMI. Serum samples were collected on
menstrual cycle day 2, the trigger day, and the day of oocyte retrieval. Hormone
concentrations including day 2 FSH/LH/E2/P4, trigger day E2/LH/P4, and
retrieval day E2/LH/P4 were measured by chemiluminescence assay.

Results: Ten angiogenic factors were highly expressed in FF: eotaxin, Gro-o, IL-
8, IP-10, MCP-1, MIG, PAI-1 (Serpin), VEGF-A, CXCL-6, and HGF. The
concentrations of eotaxin, IL-8, MCP1, PAI-1, and VEGF-A were significantly
higher in preovulatory follicles than those in mid-antral follicles, while the Gro-o
and CXCL-6 expressional levels were lower in preovulatory than in mid-antral
follicles (p < 0.05). Logistic regression and receiver operating characteristic
(ROC) analysis revealed that VEGF-A, eotaxin, and CXCL-6 were the three
strongest predictors of oocyte maturity. The combination of VEGF-A and
CXCL-6 predicted oocyte maturity with a higher sensitivity (91.7%) and
specificity (72.7%) than other combinations.
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Conclusion: Our findings suggest that VEGF-A, eotaxin, and CXCL-6
concentrations in FF strongly correlate with oocyte maturity from the mid-
antral to preovulatory stage. The combination of VEGF-A and CXCL-6 exhibits a
relatively good prediction rate of oocyte maturity during in vitro fertilization.
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1 Introduction

Angiogenesis, the formation of new blood vessels from pre-
existing vessels (1), is critical to ovarian follicle development and
oocyte growth. The development of new blood vessels provides
cytokines, growth factors, and hormones that induce follicle growth.
Healthy follicles are highly vascularized, whereas those undergoing
atresia have poor vascularity (2). Thus, properly functioning
follicular vasculature is critically important to the fate of the
follicle (3).

In the human ovary, new blood vessels form in the medulla
(interior) (4) and provide nutrients by passive diffusion to the
cortex (outer layer), where they induce primordial follicle
development (3). Moreover, the onset of follicular vascularization
begins at the early secondary stage, increases during follicular
growth, and declines during follicular atresia in the marmoset (5).
Thus, the decrease in vascularization is thought to be a cause or
consequence of atresia, perhaps because dying follicles fail to
produce angiogenic factors needed to support the vasculature.
The levels of vascular endothelial growth factor (VEGF),
fibroblast growth factor 2 (FGF2), growth differentiation factor-9
(GDF-9), and insulin-like growth factor (IGF) correlate with
folliculogenesis and oocyte maturation (6-8). These factors are
either indirectly induced or directly produced by follicular
granulosa cells (GCs) and VEGF, FGF-2, and IGF have been
shown to associate with angiogenesis among these factors (9, 10).

Ovarian follicular fluid (FF) contains a variety of molecules
involved in oocyte maturation that are secreted by GCs, cumulus
cells, and theca cells (TCs) and are transported via blood circulation
(11). The FF includes steroid hormones, metabolites, polysaccharides,
and antioxidants that provide a microenvironment for oocyte
development (12, 13). Clinically, oocyte maturity (one of the
factors determining oocyte quality) is commonly determined

Abbreviations: AFC, antral follicle counts; AMH, anti-miillerian hormone; AUC,
area under the curve; BMI, body mass index; CCR3, CC chemokine receptor 3;
CXCL-6, chemokine ligand-6; Deg, degenerate; E2, estradiol; EOS, eosinophils;
FF, follicular fluid; FSH, follicle-stimulating hormone; GC, granulosa cell; GnRH,
gonadotropin-releasing hormone; GV, germinal vesicle; hCG, human chorionic
gonadotropin; ICSI, intracytoplasmic sperm injection; IVF, in vitro fertilization;
LH, luteinizing hormone; MII, metaphase II; MI, metaphase I; P4, progesterone;
ROC, receiver operating characteristic; TC, theca cells; VEGF-A, vascular

endothelial growth factor-A.
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according to morphological criteria under microscopy (14).
However, morphological appearance does not predict oocyte
quality with absolute certainty. Therefore, more accurate tests are
needed to assess oocyte quality and maturity. FF may contain
molecules that could serve as biomarkers for predicting oocyte
maturity and quality (15).

A prudent strategy for investigating such potential biomarkers
in FF is to identify angiogenic factors essential to folliculogenesis, as
angiogenesis contributes to oocyte development in the natural cycle
and may also play an important role during in vitro fertilization
(IVE) cycles. Thus, this study aims to identify the key angiogenic
factor(s) in FF that are responsible for oocyte maturation
during IVF.

2 Materials and methods
2.1 Patient recruitment

This study was approved by the Ethics Committee of Cathay
General Hospital, Taipei, Taiwan (CGH-P107083). The study was
carried out from March 2019 to March 2020, and informed consent
was obtained from all patients. Patients meeting the following criteria
were enrolled in the study (1): undergoing first IVF or intracytoplasmic
sperm injection (ICSI) (2); age 20-45 years (3); cycle day 2 or day 3
basal follicle stimulating hormone (FSH) < 15 IU/mL (4); ovarian
stimulation with gonadotropin-releasing hormone (GnRH) antagonist
protocol (5); without chromosomal abnormalities. Patients with
ovarian pathologies, including endometrioma, cyst (> 3cm in
diameter), teratoma, and benign ovarian tumors, were excluded. A
total of 40 IVF patients aged 26-44 years were enrolled. Patient clinical
data collected for further evaluation included age, anti-miillerian
hormone (AMH), body mass index (BMI), antral follicle counts
(AFCs), basal hormone profiles, and sex hormones on human
chorionic gonadotropin (hCG) day.

2.2 Ovarian stimulation protocol and
sample collection

Patients were treated by ovarian stimulation with a GnRH

antagonist protocol starting with human recombinant FSH
(Follitropin Alfa, Gonal-F; Merck Serono) on menstrual cycle day
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2 or 3 according to their age, BMI, and AFC. A daily subcutaneous
dose of 0.25 mg of Cetrotide (Merck Serono) was started 5 to 6 days
after the initiation of gonadotropins or when the mean follicle
diameter was 14 mm. When two or more than two follicles were
over 18 mm in diameter, the ovulation was induced using a dual
trigger (hCG 6,500 U + GnRH-a 0.2 mg) (Ovidrel, Merck-Serono)
(Decapeptyl, MSD). Transvaginal oocyte retrieval was performed
35-37 hours after dual trigger administration. The FF and blood
serum were obtained during oocyte retrieval. Two follicular samples
with one preovulatory follicle (size > 18 mm: group A) and one
mid-antral follicle (follicle size < 14 mm: group B) were collected
from each patient during oocyte retrieval. The maturation stage of
all oocytes, including group A and group B, was recorded from
patients. The oocytes were evaluated and categorized based on their
nuclear maturation status into three groups: metaphase II (MII),
metaphase I (MI), and germinal vesicle (GV) stages. An oocyte was
categorized as metaphase I (MI) if it lacked a germinal vesicle (GV)
and a polar body (PB), while an oocyte was classified as metaphase
IT (MII: mature oocytes) if it had a spherical shape, a uniform zona
pellucida, a uniform translucent cytoplasm, and an extruded first
polar body of appropriate size (16).

2.3 Preparation of human FF

The FF sample collection was performed as previously described by
our laboratory (8). FF was collected immediately after isolation of the
cumulus-oocyte complexes. The aspirates of FF containing cells such as
mural GCs, erythrocytes, and leukocytes were pooled in tubes on ice.
The sample collection procedure was carried out very carefully to avoid
blood contamination, and the FF was obtained without washing with
culture medium to minimize the wash medium volume and to avoid
FF dilution. If blood contamination occurred, that FF sample was
discarded. Otherwise, the FF was then further centrifuged at 1000 x g
for 3 min at 4°C to remove any contaminating blood cells or cell debris.
The FF supernatant was then aliquoted into tubes and stored at —80°C
for further analysis.

2.4 Preparation and analysis of
human serum

Patient serum samples were collected at three time points during
IVE: on day 2 or 3 of the menstrual cycle, i.e. before gonadotropin
administration; on the day of hCG/GnRHa administration, and 35-37
h after hCG/GnRHa administration. In contrast to the other sex
hormones, the serum level of AMH (AMH Gen II assay, Beckman
Coulter, Brea, CA) was measured by ELISA before the IVF cycle. All
serum samples were collected into tubes and centrifuged at 1300 x g at
4°C for 10 min and stored at —80°C for further analyses. Serum
estradiol (E2), luteinizing hormone (LH), progesterone (P4), and/or
FSH levels were measured by chemiluminescence assay (Abbott
Biologicals B.V., The Netherlands).
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2.5 Luminex assay of angiogenic
factors in FF

To identify angiogenic targets that were involved in
folliculogenesis and oocyte maturation, 20 selected angiogenic
proteins were assayed via Luminex. The absolute concentration of
each sample was calculated from each standard. Briefly, the
customized human antibody array 20-plex kit (Thermo Fisher
Scientific) and ProcartaPlex antibody isotyping panel were used
to perform quantitative and multiplexed protein measurements of
FF using magnetic beads from Luminex. The targeted angiogenic
proteins were of several categories, including 1) growth factors:
HGF (hepatocyte growth factor), EGF (epidermal growth factor),
FGEF-2 (fibroblast growth factor-2), TGF-o. (transforming growth
factor-alpha), TNF-o (tumor necrosis factor-alpha), VEGF-A
(vascular endothelial growth factor-A); 2) cytokines/chemokines:
CXCL-6, Gro-o. (growth-regulated oncogene-alpha; CXCL-1), IL-
1B (interleukin-1beta), IL-6 (interleukin-6), IL-8 (interleukin-8;
CXCL-8), IP-10 (interferon gamma-induced protein 10; CXCL-
10), ENA-78 (epithelial-derived neutrophil-activating peptide-78;
CXCL-5), eotaxin (CCL-11), IFN-y (interferon-gamma), MCP-1
(monocyte chemoattractant protein-1), MIG (monokine induced
by gamma interferon; CXCL-9), and 3) others: ANGPTI
(angiopoietin-1), MMP-2 (matrix metalloproteinase-2), PAI-1
(plasminogen activator inhibitor-1; serpin).

2.6 Granulosa cell culture

Follicular GCs were prepared as previously described (17).
Briefly, GCs were obtained from patients undergoing oocyte
retrieval for IVF. GCs in FF were isolated by centrifugation at
1000 x g for 3 min. The pellets with GCs were resuspended and
placed in 50% Percoll solution and centrifuged at 400 x g for
30 min. After centrifugation, GCs retrieved from the middle of
Percoll layer were cultured at M199 with 10% FBS and 100-U/mL of
penicillin, 100-pg/mL streptomycin, and 25-ug/mL amphotericin B
(Thermo Fisher Scientific, NY, USA) in tissue culture flasks at 37°C.

2.7 RT-PCR analysis

FF angiogenic factor and B-actin mRNA expression were
determined by RT-PCR. The following oligonucleotide PCR
primers targeting human CXCL-6, eotaxin, and B-actin were used
for RT-PCR:

CXCL-6 forward primer, 5- GGGAAGCAAGTTTGTCTGGA-
3’; CXCL-6 reverse primer, 5- CTTTCCCCCACACTCTTCAA-3’
eotaxin forward primer, 5- CTCGCTGGGCCAGCTTCTGTC-3’
eotaxin reverse primer, 5- GGCTTTGGAGTTGGAGATTTTTG
G-3’; B-actin forward primer, 5-ATCATGTTTGAGACCTTCAA-
3’; B-actin reverse primer, 5-CATCTCTTGCTCGAAGTCCA-3’.

The total RNA, 1st strand cDNA synthesis, PCR, and PCR
product analysis were performed as previously described (18)
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except the annealing temperature for PCR was set at 60°C and
amplification was 30 cycles.

2.8 Statistical analysis

Data are reported as the standard error of mean (SEM) and
were compared using the paired t-test. Logistic regression and
receiver operating characteristic (ROC) curve analysis were used
to determine the correlation between angiogenic protein level in
human FF and oocyte maturation rate. The area under the ROC
curve was used to determine the probability of accurately
distinguishing high-quality oocytes. Statistical significance was
considered as p < 0.05. All analyses were performed using SPSS
version 18.0 (Chicago, IL, USA).

3 Results
3.1 Patient demographics

Patient demographic data are summarized in Supplementary
Table 1. A total of 80 FF samples including preovulatory and mid-
antral follicles were collected from 40 patients with a mean age of
36.38 £ 0.79 years old, mean AMH of 3.65 + 0.4 ng/mL, mean BMI
of 20.51 * 0.44 kg/m> and mean AFC of 11.34 % 4.53. The
concentration of serum E2 on trigger day was 27.4 times higher
than that on basal day and 1.75 times than that on oocyte retrieval
day. The level of serum P4 on oocyte retrieval day was 29.9 and 12.2
times higher than that on basal day and trigger day, respectively.

3.2 Comparison of oocyte maturation
rate between preovulatory and
mid-antral follicles

Next, we compared oocyte maturation rate between
preovulatory and mid-antral follicles. Two approaches were
adopted. First, the percentage of oocyte maturity in which stage
for all oocytes from the 40 patients was analyzed. Second, the
fraction of oocytes in MII was compared between preovulatory
(group A) and mid-antral (group B) follicles. Among them, 9
patients were undergone egg freezing without fertilization,
whereas 31 patients were undergone IVF procedure. The total
maturation rate of oocytes was found to be MII, 69.57%; MI,
13.87%, GV, 14.91%; and degenerative, 1.66% (Supplementary
Table 2), in which the MII oocyte production rate is similar to
that of a previous study (19). In parallel, the fraction of oocytes in
MII differed significantly between group A and B, with 90.0% versus
72.5%, respectively (p < 0.05). The fertilization rate in group A was
80.6%, and that in group B was 67.7% (p > 0.05) (Table 1).
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3.3 FF angiogenic protein levels differed
significantly between preovulatory and
mid-antral follicles

To further determine whether angiogenic protein(s) in FF from
preovulatory and mid-antral follicle correlate(s) with oocyte
maturity, Luminex assay was performed to compare protein
concentrations between FF from preovulatory and mid-antral
follicles. The result showed that 10 of the targeted proteins were
not detected (ND) or in a lower concentration and 3 of the targets
did not differ in concentration between preovulatory and mid-
antral follicles (Supplementary Figure 1). However, the
concentrations of 7 of the angiogenic proteins in FF, including
VEGE-A (p = 0.000), PAI-1 (p = 0.017), IL-8 (p = 0.001), MCP-1 (p
= 0.001), eotaxin (p = 0.001), CXCL-6 (p = 0.000), and Gro-o. (p =
0.002) differed significantly between these two groups (Table 2 and
Figure 1). The concentrations of eotaxin, IL-8, MCP1, PAI-1, and
VEGF-A were significantly higher in preovulatory follicles than
those in mid-antral follicles, while the Gro-oo and CXCL-6
expressional levels were lower in preovulatory than in mid-antral
follicles (p < 0.05). However, one may concern that some
concentration data points in the PAI-1 scatter plot were near the
upper limit of detection. To confirm the PAI-1 result, the original
mean fluorescence intensity (MFI) data obtained from the Luminex
analysis were reanalyzed. It was found that the reanalyzed result was
similar to the previous one shown in Figure 1, demonstrating a
significant higher level of PAI-1 expression in the FF of
preovulatory follicle (p < 0.05) (Supplementary Figure 2).
Therefore, the data presented in Table 2 and Figure 1 were
further used in the following analyses. Logistic regression analysis
revealed that the concentrations of VEGF-A, eotaxin, and CXCL-6
differed significantly between the fluid of preovulatory and mid-
antral follicles (p < 0.05) (Table 3).

3.4 ROC analysis

The analysis of receiver operating characteristic (ROC) curves
demonstrated a significant correlation between the concentrations of
three angiogenic proteins, namely VEGF-A, eotaxin, and CXCL-6, and
oocyte maturity (Figure 2). Specifically, VEGF-A and eotaxin exhibited
a significantly positive correlation with oocyte maturity (AUC = 0.838,
sensitivity = 66.7%, specificity = 90.9%, p = 0.0001 < 0.05; AUC = 0.756,
sensitivity = 69.4%, specificity = 81.8%, p = 0.003 < 0.05; respectively)
(Figures 2A, E). In contrast, CXCL-6 showed a significantly negative
correlation with oocyte maturity (AUC = 0.811, sensitivity = 83.3%,
specificity = 72.7%, p = 0.0002 < 0.05) (Figure 2C). The optimal cut-oft
values for VEGF-A, eotaxin, and CXCL-6 were determined as 4521.3
pg/mL, 19.2 pg/mL, and 38.5 pg/mlL, respectively (Table 4). The
detailed individual data points for these ROC curves could be found
in Supplementary Table 3. Conversely, the concentrations of IL-8, PAI-
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TABLE 1 Comparison of oocyte maturation and fertilization rate between preovulatory and mid-antral follicles.

Group A (Preovulatory follicle; >18 mm) Group B (Mid-antral follicle; <14 mm) p value
Number of FF 40 40
Number of oocytes 40 40
Number of oocyte frozen 9 9
MII (%) 36/40 (90%) 29/40 (72.5%) 0.006*
MI (%) 0/40 (0%) 3/40 (7.5%) 0.083
GV (%) 0/40 (0%) 7/40 (17.5%) 0.006*
Degeneration (%) 4/40 (10%) 1/40 (2.5%) 0.083
Number of 2PN 25 21
Fertilization rate (%) 25/31 (80.6%) 21/31 (67.7%) 0.044*

FF, Follicular fluid; MII, metaphase II (mature oocyte); MI, metaphase I; GV, germinal vesicle; 2PN: 2 pronuclei (fertilized oocyte).
Fertilization rate (%): the number of fertilized oocytes/ the number of oocytes for fertilization. 9 patients underwent egg freezing only, without fertilization.

Maturation rate (%): the number of MII oocytes/ the number of total retrieved oocytes.
Statistical significance was determined by paired t-test. *p < 0.05.

1, Gro-a, and MCP-1 did not exhibit significant differences in relation
to oocyte maturity (Figures 2B, D, F, G).

The identified optimal cut-off values of VEGF-A, eotaxin, and
CXCL-6 suggested that they have a good predictive power for oocyte
maturity. Therefore, the ROC analysis was further conducted using
these optimal cut-off values as predictors. The results revealed that
VEGEF-A yielded an AUC of 0.788, with a sensitivity of 66.7% and
specificity of 90.9%, p < 0.05. Similarly, eotaxin (AUC = 0.756,
sensitivity = 69.4%, specificity = 81.8%, p < 0.05) and CXCL-6 (AUC
= 0.780, sensitivity = 83.3%, specificity = 72.7%, p < 0.05) exhibited
considerable a predictive power for oocyte maturity (Figures 3A-C).

Notably, the combination of VEGF-A and CXCL-6 displayed a
strikingly high AUC of 0.900, with a sensitivity of 91.7% and
specificity of 72.7% in predicting oocyte maturity (p < 0.001).
Additionally, the combination of VEGF-A and eotaxin yielded an
AUC of 0.883, with a sensitivity of 97.2% and specificity of 63.6%
(p < 0.001). Furthermore, the combination of eotaxin and CXCL-6
achieved an AUC of 0.870, with a sensitivity of 61.1% and specificity

0f 100% (p < 0.001). These findings indicate that the combination of
VEGF-A and CXCL-6 outperforms all other individual factors or
combinations in terms of predictive power (Table 4 and
Figures 3D-F).

3.5 CXCL-6 and eotaxin mRNA are
expressed in follicular GCs

Our previous study showed that VEGF is produced by follicular
GCs and thus is likely to be present in FF (17). Because VEGF,
CXCL-6, and eotaxin are three potential predictors of oocyte
maturity, CXCL-6 and eotaxin mRNA expression in follicular
GCs was examined by RT-PCR analysis. CXCL-6 and eotaxin
mRNA expression was observed in GCs, although at different
levels of expression in the two representative patients (Figure 4).
These results suggest that follicular GCs may be a secretory source
of the CXCL-6 and eotaxin found in FF.

TABLE 2 Comparison of highly expressed angiogenic factors between preovulatory and mid-antral follicles.

Biomarkers Group A (SEM)(Preovulatory follicle >18mm) Group B (SEM)(Mid-antral follicle <14mm)

FF No. 40 40

VEGE-A (pg/mL) 6762.82 + 686.92 3813.98 + 492.19 0.000
PAI-1 (pg/mL) 50820.15 + 1973.13 43109.77 + 2968.90 0.017*
IL-8 (pg/mL) 9.59 +0.72 7.55 + 0.66 0.001%
MCP-1 (pg/mL) 143.13 + 1743 101.02 + 11.55 0.001%
Eotaxin (pg/mL) 21.72 + 1.33 17.85 + 1.14 0.001%
CXCL-6 (pg/mL) 26.82 + 2.53 5171 + 5.72 0.000*
Gro-o. (pg/ml) 10.72 + 1.68 19.97 + 3.28 0.002*%

Group A: preovulatory follicle >18 mm; Group B: mid-antral follicle <14 mm.
Statistical significance was determined by paired t-test. *p < 0.05.
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FIGURE 1

Comparison of the concentrations of seven angiogenic factors in human ovarian FF between preovulatory and mid-antral follicles. Follicles were
divided into two groups according to their mean size: preovulatory follicles > 18 mm (group A) and mid-antral follicles < 14 mm (group B). The
absolute concentration of an angiogenic protein in human ovarian FF was determined via Luminex assay. *p < 0.05.

4 Discussion

In this study, we identified 7 angiogenesis-related proteins that
were differentially expressed between preovulatory and mid-antral
FF (Figure 1). Of these, VEGF-A, eotaxin, and CXCL-6
concentrations strongly correlated with oocyte maturity. The
correlation with oocyte maturation was positive for VEGF-A and
eotaxin, but negative for CXCL-6 (Figure 1, 2). Two of the three
significantly-expressed angiogenic factors (eotaxin and CXCL-6)
belong to the chemokine family (20). Previous studies have shown
that VEGF and eotaxin play roles in angiogenesis (17, 21).
Additionally, VEGF is one of the most relevant angiogenic factors
studied to date in orchestrating folliculogenesis (22). Elevated
VEGEF levels in FF have been observed in both natural and IVF

cycles, and it has been established that mature follicles originate
from highly vascularized follicles (23, 24). Moreover, in hormone-
stimulated IVF cycles involving patients with normal ovarian
response, a positive correlation was found between VEGF levels
in FF and the extent of peri-follicular vascularity on the day of
follicle aspiration (25). Nevertheless, our current study revealed that
the area under the curve (AUC) of VEGF in predicting oocyte
maturity was only 0.788 (Figure 3), indicating that FF VEGF alone
is insufficient to serve as a robust predictor of oocyte maturity.
Follicles with a diameter of 16-22 mm on trigger day are most
likely to contain mature oocytes in IVF (26). Therefore, the follicle
size appears to indicate the timing of the final follicular maturation
trigger (27). In addition, healthy follicles are highly vascularized,
suggesting a relationship between follicular vascularization and

TABLE 3 Logistic regression analysis of the significant angiogenic proteins associated with oocyte maturation between preovulatory and mid-antral

follicles.
Biomarkers Odds ratio 95% C.I. p value
VEGF-A 1.00061 1.00017/1.00106 0.006*
PAI-1 1.00004 0.99999/1.00008 0.055
IL-8 1.08495 0.91383/1.28811 0.352
MCP-1 1.00515 0.99614/1.01424 0.263
Eotaxin 1.11860 1.00812/1.24119 0.035*
CXCL-6 0.95568 0.91685/0.99616 0.032*
Gro-o. 0.956 0.90462/1.01089 0.115

Statistical significance was determined using logistic regression. *p < 0.05.
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FIGURE 2

Receiver operating characteristic (ROC) curve analysis of the seven angiogenic proteins for oocyte maturity differentially expressed between
preovulatory and mid-antral FF. Seven differentially expressed angiogenic factors associated with oocyte maturity were analyzed by ROC curve
analysis: (A) VEGF-A; (B) PAI-1; (C) Gro-a; (D) IL-8; (E) Eotaxin; (F) CXCL-6; (G) MCP-1. VEGF-A, Eotaxin, and CXCL-6 concentrations differed
significantly between preovulatory and mid-antral FF (p < 0.05). Optimal cutoff values were as follows: VEGF-A, 4521.3 pg/mL (AUC, 0.788;
sensitivity, 66.7%; specificity, 90.9%); Eotaxin, 19.2 pg/mL (AUC, 0.756; sensitivity, 69.4%; specificity, 81.8%); CXCL-6, 38.5 pg/mL (AUC, 0.780;
sensitivity, 83.3%; specificity, 72.7%).

TABLE 4 Optimal cutoff points of VEGF-A, CXCL-6 and eotaxin level on oocyte maturation between preovulatory and mid-antral follicles.

Biomarkers optimal cutoff values Odds ratio 95% C.I. p value
VEGEF-A 4521.3 pg/mL 20.000 2.285/175.040 0.007*
Eotaxin 19.2 pg/mL 10.227 1.890/55.334 0.007*
CXCL-6 38.5 pg/mL 13.333 2.718/65.401 0.001%
VEGE-A with eotaxin 18.048 3.451/94.376 0.001%
VEGF-A with CXCL-6 35.206 3.902/317.623 0.002*
Eotaxin with CXCL-6 9.575 2.513/36.482 0.001%

Statistical significance was determined using logistic regression. *p < 0.05.
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ROC curve analysis using combined biomarker signatures for predicting oocyte maturity. The ROC curves of 3 significant angiogenic proteins and the combined
biomarker signatures: (A) VEGF-A; (B) VEGF-A + CXCL-6; (C) Eotaxin; (D) VEGF-A + Eotaxin; (E) CXCL-6; (F) Eotaxin + CXCL-6. The AUC for predicting oocyte
maturity: VEGF-A plus CXCL-6, AUC = 0.900 (sensitivity, 91.7%; specificity, 72.7%); VEGF-A plus Eotaxin, AUC = 0.883 (sensitivity, 97.2%; specificity, 63.3%);

Eotaxin plus CXCL-6, AUC = 0.870 (sensitivity, 61.1%; specificity, 100%).

follicular function (28). Predicting oocyte maturity using follicle size
is not a perfect method as it might cause an interpersonal and
intrapersonal errors of measurement. Therefore, measuring the
serum concentration of estradiol is an alternative method for
predicting oocyte maturity (200 pg/mL per mature oocyte). In
this study, we observed that follicles larger than 18 mm in
diameter (preovulatory follicle) had an oocyte maturation rate of

Frontiers in Endocrinology

90%, whereas those smaller than 14 mm (mid-antral follicle) had a
maturation rate up to 72.5% (Table 1). Thus, follicle size neither can
perfectly predict oocyte maturity nor follicular maturity. Two
related limitations are encountered in the clinical practice. First,
identifying the stage of oocyte maturation prior to cumulus cell
removal presents challenges. Second, inducing oocyte maturation
via artificial methods after removing cumulus cells is time-
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FIGURE 4

Differential expression of CXCL-6 and eotaxin mRNA in follicular
GCs in patients undergoing IVF. The total mMRNA was extracted from
follicular GCs of two IVF patients as examples (P1: patient 1 and P2:
patient 2). The differential expression of CXCL-6 and eotaxin mRNA
was detected using RT-PCR.

consuming. Therefore, the identification of key angiogenic factor(s)
in FF that are responsible for oocyte maturation during IVF could
lead to new methods for determining oocyte maturity.

Eotaxin (also known as CCL11), an 8.3-kDa protein belonging
to the chemokine CC family, interacts with eosinophils (EOS)
through CC chemokine receptor 3 (CCR3) (29). EOS
preferentially accumulates in dilated microvessels of the thecal
layer transforming into septae of the corpus luteum. The number
of extravasated EOS was observed to be low in the granulosa layer
under luteinization, moderate in the thecal layer, and high in
hemorrhages in the former antrum (30). Eotaxin binds to human
endothelial cells to induce endothelial proliferation and migration
(31, 32). Elevated eotaxin expression in FF might play an important
role in angiogenesis and oocyte maturation during the stage of
ovarian angiogenesis between the LH surge and meiosis completion
(33, 34). This phenomenon would explain the higher eotaxin level
observed in the preovulatory follicle during IVF.

We found that the expression level of CXCL-6 was higher in
mid-antral FF than that in preovulatory FF, demonstrating its
negative correlation with oocyte maturity. A previous study
showed that CXCL-6 is a neutrophil-activating chemokine with
bactericidal properties (35). Toran et al. reported that CXCL-6 is an
important paracrine factor in the pro-angiogenic human cardiac
progenitor-like cell secretome (36). Further, VEGF-A, IGF-1, HGF,
and IL-8 gene expression was promoted at a high level by CXCL-6
in a myocardial infarction model (37). Hence, the higher level of
CXCL-6 in small follicles (mid-antral follicles; group B) implies that
CXCL-6 may affect oocyte maturity in an earlier phase of follicle
development. On the contrary, VEGF-A may influence oocyte
maturity in late phase (preovulatory phase; group A). Whether
the two factors work together or independently to contribute to
oocyte maturation remains to be determined. However, our study,
at least in part, revealed that the combination of CXCL-6 and VEGF
can be a better predictor for oocyte maturation in IVFE.

To our knowledge, few studies have investigated the relationship
between follicular angiogenic factors and oocyte maturation in
preovulatory and mid-antral FF in the human ovary. FF is a
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plasma filtrate with a large dynamic range of protein
concentrations that render the detection of lower-abundance
proteins challenging (38). Luminex multiplex assays are designed to
simultaneously detect and quantitate multiple secretory proteins (e.g.,
cytokines, chemokines, and growth factors) with greater efficiency
and high throughput. Our results may pave the way for the selection
of angiogenic factors in FF for use in predicting oocyte maturity.
However, the following limitations of this study should be addressed:
1) this study was a prospective and observational study, and the
results should be further validated by a well-designed randomized
controlled trial; 2) the relatively small sample size may produce bias
in statistical data; 3) due to limited FF sample amount, the absolute
PAI-1 concentrations of some patients near upper limits cannot be
reanalyzed by Luminex assay. Therefore, the non-involvement of
PAI-T as a potential angiogenic factor doesn’t mean to exclude the
possibility of its potential. Inversely, based on our analysis on the
original MFI data (Supplementary Figure 2), PAI-1 may also be a
potential factor for predicting oocyte maturation, although it needs to
be further investigated; 4) the mechanisms underlying the action of
FF angiogenic factors on oocyte maturation were not investigated in
this study. Further studies in cultured GCs and animal models are
needed to address this question.

In this study, we did not include parameters such as age, BMI,
AMH, AFCs, and hormones for statistical analyses in the two
groups. The main focus of this study was to compare the
differences in follicular angiogenic factors between preovulatory
and mid-antral follicles from the same patient. Therefore, we
collected two follicular samples, one preovulatory follicle (size >
18 mm: group A) and one mid-antral follicle (size < 14 mm: group
B), during oocyte retrieval. Consequently, there is no need to adjust
the results based on each patient’s age, BMI, AMH, AFCs, and
hormones. Hence, we utilized the paired t-test to compare the
differences in follicular angiogenic factors between these two
groups. The mean age of the study participants was 36.38 + 0.79
years. Each patient contributed two follicular samples, one from
group A and one from group B, ensuring that the follicular fluid
(FF) samples were obtained from the same patient. Consequently,
any age-related effects should be offset between the two groups.
However, the impact of age on the expression of angiogenic factors
could not be assessed due to the limited sample size of only 40
patients. We intend to investigate this aspect in future studies,
where a larger sample size can provide more robust insights into the
relationship between age and angiogenic factor expression.

In conclusion, FF VEGF-A, eotaxin, and CXCL-6 are involved
in oocyte maturation during the mid-antral to preovulatory stage.
These three angiogenic factors can be used individually as a
biomarker to predict oocyte maturity. In addition, a combination
of CXCL-6 and VEGF can be a better predictor for oocyte maturity
in IVF, revealing a potential application of FF CXCL-6 and VEGF in
judging oocyte maturity during IVF. In this regard, it is possible to
develop a protein assay kit for fast predicting oocyte maturity by
targeting these biomarkers. However, further efforts are required to
explore the actual biological roles of the three angiogenic factors
and combined impact of VEGF-A and CXCL-6 in oocyte maturity
prediction in folliculogenesis in IVF cycles.

frontiersin.org


https://doi.org/10.3389/fendo.2023.1173079
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Chen et al.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.

Ethics statement

The Ethics Committee of Cathay General Hospital approved
this study (IRB no.: CGH- P107083), and written informed consent
was obtained from all patients. The patients/participants provided
their written informed consent to participate in this study.

Author contributions

H-TC drafted the manuscript. H-TC, W-BW, and T-HL
conceived and designed the study. W-BW, H-TC, and J-JL
contributed to the statistical analysis and interpretation of data.
T-HL participated in the discussion and critically revised the
manuscript. All authors contributed to the article and approved
the submitted version.

Funding

This work was supported by research grants from Cathay General
Hospital, Taipei, Taiwan (107CGH-FJU-06) and (112-CGH-FJU-06)
and by grant MOST 108-2314-B-281-004 (recipient: T-HL) from the
Ministry of Science and Technology, Taiwan.

References

1. Birbrair A, Zhang T, Wang ZM, Messi ML, Mintz A, Delbono O. Pericytes at the
Intersection between Tissue Regeneration and Pathology. Clin Sci (Lond) (2015) 128
(2):81-93. doi: 10.1042/CS20140278

2. Chowdhury MW, Scaramuzzi R], Wheeler-Jones CP, Khalid M. The expression of
angiogenic growth factors and their receptors in ovarian follicles throughout the estrous cycle
in the ewe. Theriogenology (2010) 73(7):856-72. doi: 10.1016/j.theriogenology.2009.10.011

3. Fraser HM. Regulation of the ovarian follicular vasculature. Reprod Biol
Endocrinol (2006) 4:18. doi: 10.1186/1477-7827-4-18

4. Kawashima I, Kawamura K. Regulation of follicle growth through hormonal
factors and mechanical cues mediated by hippo signaling pathway. Syst Biol Reprod
Med (2018) 64(1):3-11. doi: 10.1080/19396368.2017.1411990

5. Wulff C, Wiegand SJ, Saunders PT, Scobie GA, Fraser HM. Angiogenesis during
follicular development in the primate and its inhibition by treatment with truncated flt-
1-fc (Vascular endothelial growth factor trap(A40)). Endocrinology (2001) 142
(7):3244-54. doi: 10.1210/endo.142.7.8258

6. Sills ES, Wood SH. Growth factors, gene activation, and cell recruitment: from
intraovarian condensed platelet cytokines to de novo oocyte development. J Clin Transl
Res (2022) 8(1):49-53. doi: 10.18053/jctres.08.202201.008

7. Li SH, Hwu YM, Lu CH, Chang HH, Hsieh CE, Lee RK. VEGF and FGF2 improve
revascularization, survival, and oocyte quality of cryopreserved, subcutaneously-transplanted
mouse ovarian tissues. Int ] Mol Sci (2016) 17(8):1237. doi: 10.3390/ijms17081237

8. Wu WB, Chen HT, Lin JJ, Lai TH. VEGF concentration in a preovulatory leading
follicle relates to ovarian reserve and oocyte maturation during ovarian stimulation
with gnRH antagonist protocol in in vitro fertilization cycle. J Clin Med (2021) 10
(21):5032. doi: 10.3390/jcm10215032

Frontiers in Endocrinology

10.3389/fendo.2023.1173079

Acknowledgments

We want to thank Miss Zhi-Yi Weng, Zi-Xiu Chen, Ru-Hua Xu,
and Xiu-Man Chen for their help with sample collection and data
management. We would also like to express our sincere gratitude to
professor San-Lin You for his kind assistance in the statistical
analysis for this study.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fend0.2023.1173079/
full#supplementary-material

9. Lin S, Zhang Q, Shao X, Zhang T, Xue C, Shi S, et al. IGF-1 promotes angiogenesis
in endothelial cells/adipose-derived stem cells co-culture system with activation of
PI3K/AKkt signal pathway. Cell Prolif (2017) 50(6):¢12390. doi: 10.1111/cpr.12390

10. Shibuya M. "Vascular endothelial growth factor (VEGF) and its receptor
(VEGFR) signaling in angiogenesis: A crucial target for anti- and pro-angiogenic
therapies.". Genes Cancer (2011) 2(12):1097-105. doi: 10.1177/1947601911423031

11. Li Q, McKenzie L], Matzuk MM. Revisiting oocyte-somatic cell interactions: in
search of novel intrafollicular predictors and regulators of oocyte developmental
competence. Mol Hum Reprod (2008) 14(12):673-8. doi: 10.1093/molehr/gan064

12. Ambekar AS, Nirujogi RS, Srikanth SM, Chavan S, Kelkar DS, Hinduja I, et al.
Proteomic analysis of human follicular fluid: A new perspective towards understanding
folliculogenesis. J Proteomics (2013) 87:68-77. doi: 10.1016/j.jprot.2013.05.017

13. Kushnir MM, Naessen T, Wanggren K, Hreinsson J, Rockwood AL, Meikle AW,
et al. Exploratory study of the association of steroid profiles in stimulated ovarian
follicular fluid with outcomes of ivf treatment. J Steroid Biochem Mol Biol (2016)
162:126-33. doi: 10.1016/j.jsbmb.2015.09.015

14. Sun B, Yeh J. Identifying fertilization-ready metaphase ii stage oocytes beyond
the microscope: A proposed molecular path forward. F S Rev (2021) 2(4):302-16.
doi: 10.1016/j.xfnr.2021.09.001

15. Da Broi MG, Giorgi VSI, Wang F, Keefe DL, Albertini D, Navarro PA. Influence
of follicular fluid and cumulus cells on oocyte quality: clinical implications. ] Assist
Reprod Genet (2018) 35(5):735-51. doi: 10.1007/s10815-018-1143-3

16. Ekart J, McNatty K, Hutton J, Pitman J. Ranking and selection of MII oocytes in
human ICSI cycles using gene expression levels from associated cumulus cells. Hum
Reprod (2013) 28(11):2930-42. doi: 10.1093/humrep/det357

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fendo.2023.1173079/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fendo.2023.1173079/full#supplementary-material
https://doi.org/10.1042/CS20140278
https://doi.org/10.1016/j.theriogenology.2009.10.011
https://doi.org/10.1186/1477-7827-4-18
https://doi.org/10.1080/19396368.2017.1411990
https://doi.org/10.1210/endo.142.7.8258
https://doi.org/10.18053/jctres.08.202201.008
https://doi.org/10.3390/ijms17081237
https://doi.org/10.3390/jcm10215032
https://doi.org/10.1111/cpr.12390
https://doi.org/10.1177/1947601911423031
https://doi.org/10.1093/molehr/gan064
https://doi.org/10.1016/j.jprot.2013.05.017
https://doi.org/10.1016/j.jsbmb.2015.09.015
https://doi.org/10.1016/j.xfnr.2021.09.001
https://doi.org/10.1007/s10815-018-1143-3
https://doi.org/10.1093/humrep/det357
https://doi.org/10.3389/fendo.2023.1173079
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Chen et al.

17. Lai TH, Chen HT, Wu WB. TGFbetal Induces in-Vitro and Ex-Vivo
Angiogenesis through VEGF Production in Human Ovarian Follicular Fluid-Derived
Granulosa Cells During in-Vitro Fertilization Cycle. J Reprod Immunol (2021)
145:103311. doi: 10.1016/j.jri.2021.103311

18. Lai TH, Shieh JM, Tsou CJ, Wu WB. Gold nanoparticles induce heme
oxygenase-1 expression through nrf2 activation and bachl export in human vascular
endothelial cells. Int ] Nanomedicine (2015) 10:5925-39. doi: 10.2147/IJN.S88514

19. Tan TY, Lau SK, Loh SF, Tan HH. Female ageing and reproductive outcome in
assisted reproduction cycles. Singapore Med ] (2014) 55(6):305-9. doi: 10.11622/
smed;j.2014081

20. Mortier A, Gouwy M, Van Damme J, Proost P, Struyf S. Cd26/
dipeptidylpeptidase iv-chemokine interactions: double-edged regulation of
inflammation and tumor biology. J Leukoc Biol (2016) 99(6):955-69. doi: 10.1189/
jlb.3MR0915-401R

21. Salcedo R, Young HA, Ponce ML, Ward JM, Kleinman HK, Murphy WJ, et al.
Eotaxin (Ccl11) induces in vivo angiogenic responses by human CCR3+ Endothelial
cells. J Immunol (2001) 166(12):7571-8. doi: 10.4049/jimmunol.166.12.7571

22. Devesa J, Caicedo D. The role of growth hormone on ovarian functioning and
ovarian angiogenesis. Front Endocrinol (Lausanne) (2019) 10:450. doi: 10.3389/
fendo.2019.00450

23. Esencan E, Beroukhim G, Seifer DB. Age-related changes in folliculogenesis and
potential modifiers to improve fertility outcomes - a narrative review. Reprod Biol
Endocrinol (2022) 20(1):156. doi: 10.1186/s12958-022-01033-x

24. Sharma N, Saravanan M, Saravanan Mbbs L, Narayanan S. The role of color Doppler
in assisted reproduction: A narrative review. Int ] Reprod BioMed (2019) 17(11):779-88.
doi: 10.18502/ijrm.v17i10.5484

25. Hafner D, Zivkovic SV, Bauman R, Tiljak K, Papic N, Lepej SZ. Follicular fluid
vascular endothelial growth factor is associated with type of infertility and interferon
alpha correlates with endometrial thickness in natural cycle in vitro fertilization. Reprod
Biol (2018) 18(3):289-94. doi: 10.1016/j.repbio.2018.06.001

26. Ectors FJ, Vanderzwalmen P, Van Hoeck J, Nijs M, Verhaegen G, Delvigne A,
et al. Relationship of human follicular diameter with oocyte fertilization and
development after in-vitro fertilization or intracytoplasmic sperm injection. Hum
Reprod (1997) 12(9):2002-5. doi: 10.1093/humrep/12.9.2002

27. Orvieto R, Mohr-Sasson A, Blumenfeld S, Nahum R, Aizer A, Haas J. Does a
large (>24 mm) follicle yield a competent oocyte/embryo? Gynecol Obstet Invest (2020)
85(5):416-9. doi: 10.1159/000510876

Frontiers in Endocrinology

11

10.3389/fendo.2023.1173079

28. Guzman A, Hughes CHK, Murphy BD. Orphan nuclear receptors in
angiogenesis and follicular development. Reproduction (2021) 162(3):R35-54.
doi: 10.1530/REP-21-0118

29. Kim YS, Kim EY, Moon J, Yoon TK, Lee WS, Lee KA. Expression of interferon
regulatory factor-1 in the mouse cumulus-oocyte complex is negatively related with oocyte
maturation. Clin Exp Reprod Med (2011) 38(4):193-202. doi: 10.5653/cerm.2011.38.4.193

30. Aust G, Simchen C, Heider U, Hmeidan FA, Blumenauer V, Spanel-Borowski K.
Eosinophils in the human corpus luteum: the role of rantes and eotaxin in eosinophil
attraction into periovulatory structures. Mol Hum Reprod (2000) 6(12):1085-91.
doi: 10.1093/molehr/6.12.1085

31. Asosingh K, Vasanji A, Tipton A, Queisser K, Wanner N, Janocha A, et al.
Eotaxin-rich proangiogenic hematopoietic progenitor cells and CCR3+ Endothelium in
the atopic asthmatic response. J Immunol (2016) 196(5):2377-87. doi: 10.4049/
jimmunol.1500770

32. Park JY, Kang YW, Choi BY, Yang YC, Cho BP, Cho WG. Ccll1 promotes
angiogenic activity by activating the PI3k/akt pathway in huvecs. J Recept Signal
Transduct Res (2017) 37(4):416-21. doi: 10.1080/10799893.2017.1298132

33. Rengaraj D, Han JY. Female germ cell development in chickens and humans: the
chicken oocyte enriched genes convergent and divergent with the human oocyte. Int |
Mol Sci (2022) 23(19):11412. doi: 10.3390/ijms231911412

34. Lund M, Pearson AC, Sage MAG, Duffy DM. Luteinizing hormone receptor
promotes angiogenesis in ovarian endothelial cells of macaca fascicularis and homo
sapiens. Biol Reprod (2022). 108(2):258-268. doi: 10.1093/biolre/ioac189

35. Jovic S, Linge HM, Shikhagaie MM, Olin AI, Lannefors L, Erjefalt JS, et al. The
neutrophil-recruiting chemokine GCP-2/CXCL6 is expressed in cystic fibrosis airways
and retains its functional properties after binding to extracellular DNA. Mucosal
Immunol (2016) 9(1):112-23. doi: 10.1038/mi.2015.43

36. Toran JL, Aguilar S, Lopez JA, Torroja C, Quintana JA, Santiago C, et al. CXCL6
is an important paracrine factor in the pro-angiogenic human cardiac progenitor-like
cell secretome. Sci Rep (2017) 7(1):12490. doi: 10.1038/s41598-017-11976-6

37. Kim SW, Lee DW, Yu LH, Zhang HZ, Kim CE, Kim JM, et al. Mesenchymal
stem cells overexpressing GCP-2 improve heart function through enhanced angiogenic
properties in a myocardial infarction model. Cardiovasc Res (2012) 95(4):495-506.
doi: 10.1093/cvr/cvs224

38. Nishigaki A, Tsubokura H, Ishida M, Hashimoto Y, Yoshida A, Hisamatsu Y,
et al. Ndrgl is expressed in human granulosa cells: an implicative role of NDRGI in the
ovary. Reprod Med Biol (2022) 21(1):e12437. doi: 10.1002/rmb2.12437

frontiersin.org


https://doi.org/10.1016/j.jri.2021.103311
https://doi.org/10.2147/IJN.S88514
https://doi.org/10.11622/smedj.2014081
https://doi.org/10.11622/smedj.2014081
https://doi.org/10.1189/jlb.3MR0915-401R
https://doi.org/10.1189/jlb.3MR0915-401R
https://doi.org/10.4049/jimmunol.166.12.7571
https://doi.org/10.3389/fendo.2019.00450
https://doi.org/10.3389/fendo.2019.00450
https://doi.org/10.1186/s12958-022-01033-x
https://doi.org/10.18502/ijrm.v17i10.5484
https://doi.org/10.1016/j.repbio.2018.06.001
https://doi.org/10.1093/humrep/12.9.2002 
https://doi.org/10.1159/000510876
https://doi.org/10.1530/REP-21-0118
https://doi.org/10.5653/cerm.2011.38.4.193
https://doi.org/10.1093/molehr/6.12.1085
https://doi.org/10.4049/jimmunol.1500770
https://doi.org/10.4049/jimmunol.1500770
https://doi.org/10.1080/10799893.2017.1298132
https://doi.org/10.3390/ijms231911412
https://doi.org/10.1093/biolre/ioac189
https://doi.org/10.1038/mi.2015.43
https://doi.org/10.1038/s41598-017-11976-6
https://doi.org/10.1093/cvr/cvs224
https://doi.org/10.1002/rmb2.12437
https://doi.org/10.3389/fendo.2023.1173079
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	Identification of potential angiogenic biomarkers in human follicular fluid for predicting oocyte maturity
	1 Introduction
	2 Materials and methods
	2.1 Patient recruitment
	2.2 Ovarian stimulation protocol and sample collection
	2.3 Preparation of human FF
	2.4 Preparation and analysis of human serum
	2.5 Luminex assay of angiogenic factors in FF
	2.6 Granulosa cell culture
	2.7 RT-PCR analysis
	2.8 Statistical analysis

	3 Results
	3.1 Patient demographics
	3.2 Comparison of oocyte maturation rate between preovulatory and mid-antral follicles
	3.3 FF angiogenic protein levels differed significantly between preovulatory and mid-antral follicles
	3.4 ROC analysis
	3.5 CXCL-6 and eotaxin mRNA are expressed in follicular GCs

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


