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Background: Increasing the success rate of in vitro fertilization/intracytoplasmic sperm injection (IVF/ICSI) is a duty of clini-
cians that has made many seek a variety of protocols. This study was undertaken to use a liquid chromatog-
raphy-mass spectrometry (LC-MS) to define the alterations of follicular fluid (FF) lipid metabolites in patients
undergoing progestin-primed ovarian stimulation (PPOS) compared with short-term protocol, revealing poten-
tial correlations between the differentially expressed lipids and ameliorative clinical outcomes.

Material/Methods: Ninety-three infertile women undergoing IVF/ICSI treatment with PPOS (n=62) or a short-term protocol (n=31)
were prospectively enrolled in a randomized controlled trial. FF samples were obtained from dominant follicles
at the time of oocyte retrieval. Lipid metabolism profiles were analyzed using LC-MS.

Results: Twelve lipids were found to be higher in patients treated with the PPOS protocol than in those receiving the
short-term protocol, including triacylglycerols (TAG-34: 1+NH,, TAG-58: 0+NH,, TAG-64: 3+NH,, and TAG-64:
8+NH,), diacylglycerol DAG-38: 6+NH,, phosphatidylglycerols (PG-26: 0, PG-30: 2, and PG-40: 5), phosphatidyl-
ethanolamine PE-32: 2, lysophosphatidylethanolamine LPE-14: 1, lysophosphatidylinositol LPI-12: 0, and lyso-
phosphatidylcholine LPC-16: 0.

Conclusions: Our data demonstrate that the PPOS protocol increases the levels of 12 lipids in FF, which reveals a strong as-
sociation between the differentially elevated lipids and better IVF/ICSI outcomes.
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Background

Follicular growth involves a complex pattern of hormonal signals
regulated by the hypothalamus-pituitary-ovarian axis (HPOA)
and by autocrine/paracrine signaling between oocytes and their
adjacent somatic cells [1]. These processes have been utilized
by assisted reproductive technology in the clinic for 30 years to
help more infertile couples conceive. There are still many fac-
tors affecting the success rate of IVF/ICSI, especially premature
LH surges, which lead to early ovulation, causing failure in up
to 20% of patients undergoing IVF/ICSI [2,3]. Gonadotropin-
releasing hormone (GnRH) agonists and antagonist have been
used to reduce surface expression of the GnRH receptor in the
pituitary or reduce GnRH sensitivity to prevent premature LH
surges [4]. However, such protocols have increased the inci-
dence of ovarian hyperstimulation syndrome and these surges
range from 0.34% to 38% [5-7]. PPOS, created by Dr. Kuang,
using medroxyprogesterone 17-acetate (MPA) negative feed-
back on the HPOA to inhibit the synthesis and secretion of pi-
tuitary LH [8-11]. This protocol is not only suitable for patients
with a normal ovarian response, but has also been effectively
applied in aged patients and those with low ovarian response
and polycystic ovary syndrome.

The development of oocytes, fertilization, and early em-
bryo cleavage are influenced by the composition of FF, which
provides a microenvironment comprising a variety of nutri-
ents [12]. The importance of FF in maintaining follicle devel-
opment and oocyte quality has been extensively reported and
discussed [13]. In particular, with the recent development in
mass spectrometric technology, metabolomics has been trans-
formed into a principal tool in biomedical research to decipher
fine changes in FF metabolism in the potential of follicle and
oocyte development. Nevertheless, there have been no stud-
ies published to date describing a detailed analysis of FF com-
positions following IVF/ICSI treatment with methods such as
PPOS. As progesterone (P) is also involved in the regulation
of metabolism at multiple levels, such as glucose and lipopro-
tein lipase activity, we hypothesized that a LC-MS analysis of
lipid profiles from FF samples can identify the association be-
tween the alterations and the ameliorative clinical outcomes
in the PPOS protocol.

Material and Methods

Patients

Ninety-three infertile women undergoing IVF/ICSI in the
Shanghai Ninth People’s Hospital, Shanghai Jiaotong University
School of Medicine were prospectively recruited between March
2015 and June 2016. The patients were randomly divided
into 2 protocols: PPOS protocols (4 or 10 mg) and short-term
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protocol. The maximum age was 35 years old, basal follicle-
stimulating hormone (FSH) levels were less than 10 IU/ml,
antral follicles (AFC) were greater than or equal to 5, and all
had a normal body mass index (BMI) and regular menstrual
cycles (MC) (27-35 days). We excluded patients with infertili-
ty induced by male factor infertility or uterine or tubal factor
infertility, or unexplained infertility. Women with polycystic
ovary syndrome, premature ovarian failure, cancer, a history
of no used embryo, and more than 3 degrees of endometri-
osis were also excluded. Women were recruited according to
different protocols: 31 patients receiving the short-term pro-
tocol served as the control group; 62 women were enrolled
in the PPOS protocols, including 28 women with PPOS (4 mg)
and 34 with PPOS (10 mg), based on the dose of MPA, under-
going IVF/ICSI treatment.

Ethics approval and consent to participate

The study was approved by the Ethics Review Committee of the
Ninth People’s Hospital of Shanghai and the Shanghai Jiaotong
University Medical Center, China. Signed informed consent for
use of FF was obtained from each patient after recommend-
ing conventional infertility treatment and the IVF/ICSI process.

Protocol

In PPOS protocol [14], MPA (Xianju Pharma, Zhejiang, China)
4 mg or 10 mg per day was taken orally from the MC3, and
150-225 IU human menopausal gonadotropin (hMG, Lizhu
Pharmaceutical Trading Co., Zhuhai, China) until the day of in-
duced ovulation. Depending on follicle development, we ad-
justed the dose of hMG. When the primary follicle reached
18 mm, 0.1 mg triptorelin (Huilin, Germany) and 2000-5000 IU
human chorionic gonadotropin (hCG, Lizhu Pharmaceutical
Trading Co., Zhuhai, China) were administrated to trigger ovu-
lation. Transvaginal ultrasound-guided oocyte retrieval was
performed 32-36 h later.

In the short-term protocol [15], triptorelin (Lizhu, Shanghai,
China) 100 pg per day was injected from the MC3 until the day
of hCG administration. Beginning on the day after the injection
of triptorelin, 150-225 IU hMG was injected per day. Follicle
development was monitored by ultrasound and we adjusted
the dose of hMG based on the number and size of developing
follicles. When the primary follicle reached 18 mm, or LH and
P increased significantly compared with the baseline, 2000-
5000 IU hCG was injected to trigger ovulation. Transvaginal ul-
trasound-guided oocyte retrieval was performed 32-36 h later.

Collection of follicular fluid

For each patient, the first follicle was carefully collected to
avoid macroscopic blood contamination and a new needle was
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used for each patient. Each 3-5 mL of FF aspirate was centri-
fuged immediately at 2000 g for 20 min at 4°C, then the ex-
tracted FF supernatant was aliquoted (1.5 mL) and stored at
-80°C prior to assay.

Sample preparation

Using methyl tert-butyl ether, we extracted the lipid mole-
cules of follicular fluid twice. The organic phase was volatil-
ized by the vacuum centrifugal concentration meter and the
evaporated sample was redissolved by the mixed solvent. We
transferred the redissolved samples to the sample vials for
high performance liquid chromatography-electrospray time-
of-flight mass spectrometry (HPLC-TOF-MS).

Metabolomic analysis of follicular fluid

The lipid molecules of follicular fluid samples were analyzed
by HPLC-TOF-MS, which used a charged surface hybrid C18
chromatographic column as the chromatography/mass spec-
trum, 2.1x100 mm, 1.7 pm, flow velocity was 0.4 mL/min, and
column temperature was held at 55°C. Gradient elution was
used to elute the analyte, and we added 1-pL samples into
the column conducted under electrospray ionization positive
and negative ion mode. TOF/MS/MS was set to MS scanning,
and total scan time cycle was 0.83 s.

Metabolic correlation analysis

Heat Map analyzed the metabolites and the similarity relation
between samples to confirm which sample has a similar met-
abolic profile and metabolic path, and then gathered similar
metabolites. The clustering software was R language (www.r-
project.org) package Pheatmap. Correlation analysis was used
for calculating coefficient of association among the metabo-
lites, including each group of data matrix by Pearson’s prod-
uct-moment correlation and p-value of correcting by false dis-
covery rate (FDR).

Statistical analysis

SPSS22.0 software was used for statistical analysis. Statistical
analysis of normally distributed data was performed on 2 in-
dependent samples. The Mann-Whitney U test was used to
measure non-normally distributed data. The categorical data
were analyzed by chi-square test. LipidView (AB Sciex,1.2)
software was utilized for lipid analysis by accurate mass and
MS/MS fragment. LipidView software was used for quantita-
tive results by comparing the target lipid peak area and their
internal standard. To utilize quality control sample data for
quality assurance analysis, Simca-P 13.0 (Umetrics AB, Umea,
Sweden) software was used for principal component analysis
(PCA). Then, partial least squares-discriminant analysis (PLS-DA)
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was applied to the data set, and after the construction of the
PLS-DA models, a permutation test was used to prevent over-
fitting. Orthogonal partial least square-discriminate analysis
(OPLS-DA) was applied to explore differences between the 3
groups of lipids. A 2-sample t test was used to assess differ-
ences between the 2 groups by R 3.3.0 (www.r-project.org),
and P<0.05 and fold change >1.5 were regarded as indicating
a significant difference.

Results

Clinical characteristics of the patients

A total of 93 women were recruited for the study. Table 1
shows characteristics of the 62 patients who underwent 1 of
2 PPOS protocols (4 or 10 mg) and the 31 control participants
in the short-term protocol that were finally selected for inclu-
sion in the study. There were no significant differences among
the 3 groups with respect to age, infertility time, cause of in-
fertility, basal hormone level, antral follicle count, percentage
of primary infertility, previous IVF attempts, or body mass in-
dex. Furthermore, there were no significant differences in to-
tal doses of human menopausal and chorionic gonadotropins,
the numbers of oocytes retrieved, the numbers of fertilizations
and embryos, or the rates of clinical pregnancy. However, sig-
nificant differences were found among groups for the total
doses of MPA.

Serum hormone of each groups

The levels of serum hormones detected during ovarian stim-
ulation with the PPOS and short-term protocols are present-
ed in Figure 1. The levels of FSH in patients receiving ovarian
stimulation with the PPOS protocol were higher than in those
receiving the short-term protocol, appearing as a FSH surge on
the trigger day. The levels of LH decreased in the PPOS proto-
col but increased and were maintained at a higher level in the
short-term protocol. By contrast, the levels of estrogen (E2) and
P were significantly lower with the PPOS protocol than with
the short-term protocol. There were no significant differenc-
es between the 4-mg and 10-mg PPOS protocols.

Overall lipid analysis and pattern recognition and
functional analysis

A total of 294 lipids, including 276 positive ions and 18 neg-
ative ions, were obtained according to the quality assurance,
and 12 lipid molecules were identified, including PA, PC, PE,
PG, PI, PS, CE, TAGs, DAGs, Cer, SM, and free fatty acids. A PCA
revealed that the metabolic profiles from FF samples differed
among the 3 groups. Furthermore, an OPLS-DA model with
good predictability was applied to compare the PPOS and
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Table 1. Clinical characteristics of the patients included in the study.

Short-term

PPOS (4 mg)
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PPOS (10 mg)

Parameter n=31 n=28 n=34 P-value 1 P-value 2
Age 31.9+2.8 30.743.1 31.242.9 298 592
infertiltyime ~ 20+38  22#13  27%20 109 . 32
CBasalFSH(U/m) 57423 57410 5412 961 . 840
CBasallH(Wm)  33+14 35412 38sl0 8% 113
BasalE2 (pg/m) 2734205 2884200 2554167 . st0 . 738
CBasalP(gm) 04s10 03:01 0302 920 . 487
CACCO) 101433 09426 - 118541 . 673 116
primary infertilty %) s41 s24 538 0133 0106
D Frevicus VEatt=mp @ 09414  10:11  09¢15 0929 0966
CBMIGgm)  217#37 217424 214519 988 . 680
Totaldose of MG (IU) 17026138 - 19134147 18046345 149 . 32
Totaldoseof hCG () 2067413099 225041357 215041182 . g78 . 809
Totaldose of MPA (mg) 1 0 363s50  900:129 000 . 000t
ComsmrmeEm 115899 - 1412138 146:261 43 . a3
Miloocytes () 92409 - 108:07 109:04 . 080 . 847
et gomwe 87107  88:05 066 . o8
Clevage®  76%06 87107  88:05 066 . o8
High-qualityembryes 32126 326 40834 516 . 366
 Allcryopreserved embryos () 3225 3me2s 40833 523 368
fri:rf?fzr:'i%l pregnancy rate per 48 (15/31) 57 (16/28) 58 (20/34) 217 164
dnelpemie e #2133) 50(14/28) s0(17/34) . w2 . 205
Bithweight () 29984223 3164%634 31164755 245 432

Plus—minus values represent the mean +SD. The categorical datas were analysed by Chi-square. The baseline hormonal profile was
typically assayed in patients treated with on menstrual days 2—4. P-value 1 for the comparison between short-term vs. PPOS (4 mg),
P-value 2 for the comparison between short-term vs. PPOS (10 mg). AFC — antral follicles; BMI — body mass index; E2 — estrogen;
FSH — follicle-stimulating hormone; hCG — human chorionic gonadotropin; hMG — human menopausal gonadotropin; LH — luteinizing
hormone; MC — mentrual cycle day 3; MPA — medroxyprogesterone 17-acetate; P — progesterone; PPOS — progestin primed ovarian

stimulation; * represent a statistically significant difference (P<0.05).

short-term groups. These analyses revealed significant differ-
ences among the 3 groups (Figure 2).

Differences in metabolites with ovarian stimulation

Based on the OPLS-DA model, together with the p-value of the
t test (p<0.05) and a greater that 1.5-fold difference, significant
augmentation in the levels of 12 lipids metabolites were ob-
served in the PPOS groups compared with the short-term group.
As detailed in Figure 3, those lipids included triacylglycerols

(TAG-34: 1+NH,, TAG-58: 0+NH,, TAG-64: 3+NH,, and TAG-64:
8+NH,), diacylglycerol DAG-38: 6+NH,, phosphatidylglycerols
(PG-26: 0, PG-30: 2, and PG-40: 5), phosphatidylethanolamine
PE-32: 2, lysophosphatidylethanolamine LPE-14: 1, lysophospha-
tidylinositol LPI-12: 0, and lysophosphatidylcholine LPC-16: 0.

Two-way hierarchical clustering of these metabolites revealed
small differences within groups, with good sample repeatabili-
ty. Overall, patterns of lipid expression in the PPOS groups dif-
fered significantly from that of the short-term group, with most
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Figure 1. The trends of serum hormones during ovarian stimulation in the PPOS and short-term protocols. E2 — estrogen; FSH — follicle-
stimulating hormone; LH — luteinizing hormone; P — progesterone; PPOS — progestin-primed ovarian stimulation; MC3 —
menstrual cycle day 3; MC10-12 — menstrual cycle day 10-12; (A) FSH (IU/L); (B) LH (1U/L); (C) E2 (ngl/L); (D). P (ng/L); n=6;

* represent short-term protocol and PPOS protocols, and P<0.05.

of the lipids showing upregulation with 10 mg PPOS (Figure
OPLS-DA score plot o 4A). Correlational analyses showed that there was a correla-
tion between the selected variables and a high correlation be-

407 tween TAG-34: 1+NH4, TAG 58: 0+NH4, TAG 64: 3+NH4, TAG
205 64: 8+NH4 and DAG 38: 6+NH4 (Figure 4B).
8 >
g Discussion
207
_405 In this study, we performed LC-MS analysis of FF lipid compo-

sition from patients undergoing IVF/ICSI treatment with 4 or
-60 10 mg PPOS or a short-term protocol. We identified 12 differ-
150 100 -0 100223*t[1] %0 100 entially expressed lipids that were associated with the dose

) of MPA in the PPOS treatment that achieved high-quality oo-

RX[1]=0447 RaX[21=0.101  Elipse: Hotellings T2 (95%) cytes and satisfactory pregnancy outcomes. Future studies will

reveal the mechanism(s) for the alteration in the lipid profile.

Figure 2. Score plot of OPLS-DA analysis. OPLS-DA — orthogonal
partial least square-discriminate analysis; PPOS — The main characteristic of the PPOS protocol is the use of a
progestin-primed ovarian stimulation; A - Short-term high dose of MPA to reduce LH levels to produce more folli-
protocol, B — PPOS (4 mg) protocol, C ~ PPOS (10 mg) cles during the follicular phase. Although a study found that
protocol P can inhibit follicular activity in llamas by suppressing LH
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Figure 3. Differences in metabolite levels among 3 groups. DAG — diacylglycerol; LPC — lysophosphatidylcholine; LPE —
lysophosphatidylethanolamine; LPI — lysophosphatidylinositol; PE — phosphatidylethanolamine; PG — phosphatidylglycerol;
TAG - triacylglycerol; PPOS — progestin-primed ovarian stimulation; A — Short-term protocol, B — PPOS (4 mg) protocol,

C - PPOS (10 mg) protocol.

pulsatility [16], another study showed that P treatment corre-
lates with the emergence of young follicles [17]. Moreover, the
cumulus complex secretes P to promote follicle maturation, and
this high P environment had no effect on the process of follic-
ular development in humans [18]. Indeed, it is widely accept-
ed that P can slow the frequency of LH secretion in the early
stages of follicle development, effectively suppressing prema-
ture LH surges, but does not damage the follicular develop-
ment at later stages [19-21]. Interestingly, PPOS also induced
an increase in basal serum FSH by using hMG, which surged
on the trigger day. Studies suggest that a surge in FSH before
ovulation also promotes the development of the follicles, and
the appearance of the FSH surge before ovulation effective-
ly improves the developmental potential of follicles [22-24].
However, the underlying molecular mechanisms remain elusive.

Our analyses revealed that PGs, including PG-26: 0, PG-30:
2, and PG-40: 5, were higher in FF from patients treated with
the PPOS protocol. PG is a lipid mediator synthesized by ar-
achidonic acid in the cyclooxygenase pathway, which plays

important roles in LH secretion, follicular development, fertil-
ization, and blastocyst implantation [25,26]. Also, PGs are in-
volved in mammalian ovulation by stimulating the follicular
wall smooth muscle contraction, leading to follicular rupture
and ovulation, which are mediated by the cAMP signaling sys-
tem. Furthermore, a reduction of PGs results in many sperma-
tozoa that cannot penetrate cumulus cells when levels of PGs
are low [27-29]. Thus, the finding from our study of higher
PG levels with the PPOS protocol is consistent with these re-
sults. PGs receptors located in many tissue cell membranes
play a different function [30]. They mediate the physiological
functions of PGs through their second messenger pathways,
stimulating or inhibiting the activity of adenylatecyclopase
(AC) in the cell membrane to increase or decrease the level
of cCAMP. This suggests that PGs not only promote the ovula-
tion of mature follicles, but also act as a second messenger of
GnRH-mediated granule cells on cAMP response to promote
the proliferation of follicular granulosa cells by mediating the
PKA signaling pathway of the FSH in cells [31], which in turn
plays an important role in the selection of dominant follicles.
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Figure 4. Differentially expressed lipids in PPOS protocol. DAG — diacylglycerol; LPC — lysophosphatidylcholine; LPE —
lysophosphatidylethanolamine; LPI — lysophosphatidylinositol; PE — phosphatidylethanolamine; PG — phosphatidylglycerol;
TAG - triacylglycerol; PPOS — progestin-primed ovarian stimulation; (A) Heatmap of expression profiles for the 12 lipids
that showed significant expression changes, green through red color indicates low to high expression level; A — short-term
protocol, B — PPOS (4 mg) protocol, C — PPOS (10 mg) protocol; (B) Metabolite-associated correlation analysis, the highest
correlation is 1 for the complete positive correlation, the correlation is a minimum of -1 for a complete negative correlation,
and the blanks were statistically correlated with a P>0.05 and a color-coded portion of P<0.05.

Another important finding of our study was that levels of TAGs
and DAGs in FF samples were increased by PPOS. As second
messengers, these metabolites play important roles in cell signal
transduction, proliferation, differentiation, and survival [32-34].
However, little is known about the effects of high TAG levels

This work is licensed under Creative Common Attribution-
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on human oocyte development. Animal studies have shown
that TAGs can be used as the key energy source in bovine oo-
cyte maturation and embryo development in vitro [35]. TAGs
account for 60% of the neutral lipids in oocytes and accumu-
late with oocyte growth in the insect Rhodnius prolixus [36].
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Future studies evaluating the relationship between TAG lev-
els and human oocyte development are needed. With regard
to DAGs, a previous study has shown that P stimulates Rana
sp. oocytes to release large amounts of DAG [37]. Consistent
with this, we found the IVF/ICSI treatment that induces high
levels of P increases DAGs. Eckberg and Szuts similarly found
that DAGs initiate the meiotic maturation of oocytes [38].
Furthermore, Albessard et al. found that levels of TAG, DAG,
and PA were higher in ready-to-spawn ovaries than in spent
females [39]. These findings demonstrate the crucial relation-
ship between TAG and DAG, and the developmental potential
of oocytes in a high P environment.

A remarkable finding of this study is the elevation of LPC and
LPI. LPC can activate several second messengers, including ex-
tracellular-signal-regulated kinases and protein kinase C, which
have been shown to be involved in the regulation of follicu-
lar development and oocyte maturation [40-42]. Likewise, LPI
(specifically, LPI-12: 0), acts as a second messenger in the reg-
ulation of P and activates phosphoinositide 3-kinase signaling,
which also modulates follicle development via the mammalian
pre-implantation nutrition ligand, and is needed for cell sur-
vival and the first embryo division [43,44]. Therefore, we pro-
pose that the P-induced elevation of LPC and LPI levels in FF
of the PPOS protocol regulates follicular development by ac-
tivating several second messengers.
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Our findings also showed that levels of PE and LPE were al-
tered in FF by the PPOS protocol. However, further studies
are needed to investigate the significance of these changes.

Conclusions

In conclusion, the results of these analyses demonstrate that
use of the PPOS protocol alters the lipid profiles in FF. Moreover,
these changes reveal the strong relevance of the differential-
ly elevated lipids and better IVF/ICSI outcomes. The mecha-
nisms by which these changes influence IVF/ICSI outcomes re-
main to be elucidated.
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