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Abstract
Purpose: In	 the	 context	 of	 in	 vitro	 fertilization–embryo	 transfer	 (IVF–ET),	 factors	
other	than	egg	quality	may	be	key	determinants	of	treatment	success,	in	particular,	
maternal factors related to uterine endometrial receptivity and unidentified factors. 
We	therefore	aimed	to	analyze	the	metabolome	and	microbiome	in	IVF–ET	patients	
who did and did not achieve pregnancy.
Methods: Cervicovaginal	 mucus	 was	 collected	 from	 patients	 undergoing	 IVF–ET.	
Metabolite	analysis	was	conducted	by	liquid	chromatography-	mass	spectrometry	and	
the microbiota were determined by the polymerase chain reaction using universal 
16S-	rRNA	gene	bacterial	primers	by	MiSeq	sequencing.	Patients	were	classified	as	
pregnant	 (N = 10)	 or	 nonpregnant	 (N = 13).	Metabolic	 pathways	were	 examined	 by	
MetaboAnalyst.
Results: Three	metabolic	pathways,	 including	alanine-	aspartate–glutamate	metabo-
lism,	 arginine	 biosynthesis,	 and	 cysteine-	methionine	 metabolism,	 were	 commonly	
decreased at the time of embryo transfer irrespective pregnant outcomes. Notably, 
pyruvate	was	decreased	in	the	pregnant	group.	Amino	acid	metabolites	showed	in-
verse correlations with the presence of anaerobic microbiota in the nonpregnant 
group.
Conclusions: Metabolism	decreased	during	embryo	 transplantation,	with	a	notable	
decrease in pyruvate metabolism, particularly in patients who became pregnant. The 
behavior of metabolites in the pregnant and nonpregnant groups suggests that me-
tabolome analysis in the cervicovaginal mucus may be a diagnostic marker for predict-
ing pregnancy.
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1  |  INTRODUC TION

It is estimated that approximately one in 13.9 births in Japan is 
achieved	 through	 in	 vitro	 fertilization–embryo	 transfer	 (IVF–ET),	
which	 has	 become	 a	 widely	 recognized	 technology	 among	 the	
Japanese population.1	Even	when	 the	quality	of	 the	 fertilized	em-
bryos is high, successful pregnancy is likely to depend on the con-
dition of the mother's endometrium and other factors; however, 
the detailed mechanisms remain unclear. The receptivity of the 
endometrium, especially during embryo transfer, is a crucial factor 
affecting pregnancy success.2 Recent metabolomic and microbi-
ome	analyses	have	been	employed	to	analyze	the	factors	 involved	
in	achieving	a	successful	pregnancy.	For	instance,	Handelman	et	al.	
conducted a metabolomic analysis using serum samples from preg-
nant and nonpregnant patients,3	while	McMillan	et	al.	reported	on	
the characteristics of the vaginal microbiome in pregnant patients.4 
Both prospective and retrospective studies found that patients with 
abundant Lactobacillus in endometrial fluid and endometrial tissue 
samples tended to have successful live births compared with patients 
with bacteria, such as Streptococcus, and Staphylococcus.5 Ichiyama 
et al. reported on the characteristics of the microbiota of the uterine 
cavity	 and	vagina	 in	 cases	of	 recurrent	 implantation	 failure	 (RIF),6 
and Tsai et al. found that a decrease in vaginal Lactobacilli and rela-
tive increase in Gardnerella were related to pregnancy failure.7 It has 
been reported that microbiota present in the vagina have a pathway 
through the cervix and uterine cavity to the abdominal cavity, and 
indeed	a	high	similarity	between	vaginal	and	intra-	abdominal	micro-
biota has been reported.8,9 On the other hand, the biological signif-
icance of microbiota may vary greatly depending on the anatomical 
localization	 of	 microbiota.	 There	 have	 been	 many	 discussions	 on	
the vaginal and uterine cavity in past papers, but there are few dis-
cussions on the microbiota in the cervicovaginal region, which is lo-
cated in the middle of the vaginal and uterine cavity. Therefore, we 

analyzed	 cervicovaginal	mucus	 specimens	 in	 this	 study.	Obtaining	
cervicovaginal mucus samples is thus a less burdensome and painful 
way of collecting samples. We therefore conducted a comprehen-
sive analysis of microbiomes and metabolites using cervicovaginal 
mucus,	 and	 compared	 the	 findings	 between	 IVF	patients	who	did	
and did not become pregnant.

2  |  MATERIAL S AND METHODS

2.1  |  Sample collection

We collected cervicovaginal mucus from patients undergoing fer-
tility	treatment	who	attended	the	outpatient	clinic	of	Fujita	Health	
University	 Hospital,	 Aichi	 Prefecture,	 Japan,	 from	 February	 2020	
to	December	2020	(Figure 1).	Cervicovaginal	mucus	was	collected	
twice from the same patient: at the time of oocyte retrieval and 
at the time of embryo transfer. The anatomic site of sampling was 
fixed. The samples were collected using BD BBL Culture Swabs 
(Becton,	Dickinson	and	Company,	Franklin	Lakes,	NJ,	USA)	for	mi-
crobial	analysis,	and	with	a	1-	cm	diameter	cotton	swab	for	metabo-
lomic	analysis.	All	 samples	were	 taken	by	an	 identical	physician	 in	
order	to	prevent	inter-	physician	bias.	The	samples	were	immediately	
stored	at	−20°C	at	the	outpatient	ward,	then	transferred	into	a	deep	
freezer	at	−80°C.	The	patient's	pregnancy	status	during	sample	col-
lection was unknown, and confirmation of pregnancy/nonpregnancy 
was determined at a later date. The patients/samples were there-
fore	classified	later	into	pregnant	(N = 10)	and	nonpregnant	(N = 13)	
groups, and the analyses were conducted based on these groups.

Fertility	 treatment	 was	 conducted	 according	 to	 the	 following	
protocol. Ovarian stimulation was performed with recombinant or 
urinary	follicle-	stimulating	hormone.	When	follicles	reached	at	least	
18 mm,	 human	 chorionic	 gonadotropin	 was	 administered.	 Oocyte	

F I G U R E  1 Details	of	sample	collections.	(A)	Cervicovaginal	mucus	samples	were	collected	twice	from	the	same	patient,	at	the	time	of	
oocyte	retrieval	and	at	the	time	of	embryo	transfer,	from	pregnant	(N = 10)	and	nonpregnant	(N = 13)	patients.	*Metabolome	analysis	was	
carried	out	in	12	patients	in	the	nonpregnant	group	because	of	improper	sampling	in	one	patient.	(B)	Information	on	age	at	time	of	sample	
collection and number of days between oocyte retrieval and transplantation.
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retrieval	was	performed	36 h	later.	The	remaining	blastocysts	were	
cryopreserved on day 5 or 6. Transdermal estrogen was adminis-
tered	for	35 days	from	day	2	or	3	after	the	onset	of	period	until	the	
day of the pregnancy test or until the end of the first trimester of 
pregnancy. Once the endometrial stripe thickness on ultrasound ex-
amination	was	≥8 mm	with	a	proliferative	pattern,	daily	progester-
one was administered via vaginal suppositories and oral tablets for 
6 days.	Frozen–thawed	embryo	transfer	was	then	performed	on	day	
6 of progesterone support, and patients were advised to use proges-
terone until the end of the first trimester of pregnancy or when they 
obtained a second negative pregnancy blood test.

We	estimated	blastcyst	before	transfer	according	to	a	three-	part	
scoring system based on blastocyst expansion, inner cell mass, and 
trophectoderm development by Gardner and Schoolcraft.10 Briefly, 
the	inner	cell	mass	was	assessed	as	follows:	A,	tightly	packed,	many	
cells; B, loosely grouped, several cells; or C, very few cells. The tro-
phectoderm	was	assessed	as	follows:	A,	many	cells	forming	a	cohe-
sive epithelium; B, few cells forming a loose epithelium; or C, very 
few large cells. The patients having the development of very few 
cells of inner cell mass and very few large cells of the trophecto-
derm were eliminated from this study. This study was approved by 
the	Institutional	Review	Board	of	Fujita	Health	University,	Japan.	All	
procedures were performed in accordance with relevant guidelines 
and regulations. Written informed consent was obtained from all pa-
tients prior to specimen collection.

2.2  |  Sample preparation for cervical metabolomics

Swabs	 with	 cervicovaginal	 mucus	 were	 immersed	 in	 500 μL 
of	 ice-	cold	 methanol	 containing	 10 μM	 internal	 standard	
(2-	morpholinoethanesulfonic	 acid)	 solution	 and	 vortexed	 at	 high	
speed,	and	200 μL	of	ice-	cold	chloroform	and	125 μL of water were 
then	 added	 to	 200 μL of the extract. The mixture was vortexed 
and	centrifuged	at	13 500 g	for	10 min	at	4°C.	The	supernatant	was	
then	filtered	through	a	10 kDa	molecular	 filter	 (Merck,	Darmstadt,	
Germany)	and	the	filtrate	was	dried	in	a	centrifuge.

2.3  |  Metabolite profiling and quantification

Extracts	for	cervical	metabolomics	were	diluted	with	50 μL of water 
and	 used	 for	 liquid	 chromatography-	mass	 spectrometry	 (LC–MS/
MS)	using	a	LCMS-	8060	 (Shimadzu	Scientific,	 Japan)	accompanied	
by	the	LC/MS/MS	Method	Package	for	Primary	Metabolites	Ver.	3,	
which	 provides	 optimized	 analytical	 conditions	 including	 chroma-
togram	 acquisition,	 detection	 of	mass	 spectral	 peaks	 using	 an	 in-
corporated mass spectral library, and method files that specify the 
analytical	conditions.	A	Supelco	Discovery	HS	F5-	3	reversed-	phase	
column	(2.0 mm × 150 mm,	3 μm)	(Merck)	was	used	as	the	analytical	
column.	 The	 Liquid	 chromatography	 parameters	 were	 as	 follows:	
mobile	phase	A,	0.1%	(v/v)	formic	acid	in	water;	mobile	phase	B,	0.1%	
(v/v)	formic	acid	in	acetonitrile;	and	gradient	profile,	t = 0 min,	0%	B;	

t = 2.0 min,	0%	B;	t = 5.0 min,	25%	B;	t = 11.0 min,	35%	B;	t = 15.0 min,	
95%	B;	 t = 20.0 min,	 95%	B;	 t = 20.1 min,	 0%	 B;	 and	 t = 25 min,	 0%	
B.	 The	 columns	were	maintained	 at	 40°C,	 the	mobile	 phase	 flow	
rate	 was	 250 μL/min,	 and	 the	 sample	 injection	 volume	 was	 1 μL. 
The	analytical	 conditions	were	determined	according	 to	Shimadzu	
Manufacturing's	method	package	primary	metabolite	ver.2.	Peak	in-
tensities for primary metabolites were estimated using LabSolutions 
software	(Shimadzu	Scientific).	The	method	of	evaluation	using	vol-
cano plots was carried out following the approach of Liu et al. and 
Jia et al.11,12

2.4  |  Pathway analysis

Pathway	 analysis	was	 performed	using	 the	Metabolomic	 Pathway	
Analysis	(MetPA)	web-	based	tool	embedded	in	the	MetaboAnalyst	
5.0	platform	(https:// www. metab oanal yst. ca/ ),	to	identify	pathways	
that	were	 significantly	 altered	between	 samples.	Metabolites	 that	
differed significantly in abundance between nonpregnant and preg-
nant groups and between embryo transfer and oocyte retrieval were 
imported	 into	the	Pathway	Analysis	 function	of	MetaboAnalyst	 to	
perform	 pathway	 enrichment	 and	 topology	 analysis.	 Metabolite	
identifiers were converted as necessary, according to the synonyms 
listed	 in	 the	 Kyoto	 Encyclopedia	 of	 Genes	 and	 Genomes	 (KEGG).	
The pathway impact value was calculated as the sum of importance 
measures of the metabolites generated by topology analysis, nor-
malized	by	the	sum	of	importance	measures	of	all	metabolites	in	the	
relevant pathway.

2.5  |  DNA extraction for microbial analysis

DNA	 was	 extracted	 from	 cervicovaginal	 mucus	 collected	 using	
a	 BD	 BBL	 Culture	 Swab	 Plus	with	 a	 ChargeSwitch	 Forensic	 DNA	
Purification	Kit	 (Thermo	Fisher	Scientific,	Waltham,	MA,	USA)	ac-
cording	 to	 the	 manufacturer's	 instructions.	 DNA	 concentrations	
were	 measured	 using	 a	 Synergy	 H1	 microplate	 reader	 (BioTek,	
Winooski,	VT)	and	a	QuantiFluor	dsDNA	system	(Promega,	Madison,	
WI,	USA)	according	to	the	manufacturer's	instructions.

2.6  |  Library preparation and sequencing

Cervicovaginal microbiota were determined from extracted 
genomic	DNA	by	the	polymerase	chain	reaction	(PCR)	using	uni-
versal	16S	 rRNA	gene	 (rDNA)	bacterial	primers	 for	 the	V3/4	 re-
gion,	 followed	 by	 MiSeq	 sequencing.13 Libraries were prepared 
using	a	two-	step	tailed	PCR	method.	First,	two	PCR	analyses	were	
performed	 using	 Bakt_341F	 and	 Bakt_805R	 primers	 and	 index	
primers. Library concentrations were measured using a Synergy 
H1	microplate	reader	(BioTek	Instruments	Inc.,	Winooski,	VT,	USA)	
and	 a	QuantiFluor	dsDNA	System	 (Promega),	 and	 library	quality	
was	 assessed	 using	 a	 Fragment	 Analyzer	 (Advanced	 Analytical	

https://www.metaboanalyst.ca/
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Technologies,	 Ankeny,	 IA,	 USA)	 and	 a	 dsDNA	 915	 Reagent	 Kit	
(Agilent,	Santa	Clara,	CA,	USA)	according	to	the	manufacturer's	in-
structions.	Paired-	end	sequencing	(2 × 300 bp)	was	performed	on	
the	Illumina	MiSeq	platform	(Illumina,	San	Diego,	CA,	USA)	using	a	
MiSeq	Reagent	Kit	v3	(Illumina).

2.7  |  Microbial data analysis

Reads	that	started	with	a	sequence	that	completely	matched	the	
primer were extracted using the fastx_barcode_splitter tool in 
the	 FASTX-	Toolkit,	 and	 the	 primer	 sequence	was	 then	 trimmed.	
The	 Sickle	 tool	 was	 then	 used	with	 a	 quality	 of	 20	 to	 trim	 and	
filter	 the	 reads,	 and	 trimmed	 reads	 and	 paired-	end	 reads	 with	
<150	bases	were	discarded.	Paired-	end	reads	were	merged	using	
FLASH	program	to	merge	the	remaining	reads	with	the	following	
conditions: fragment length after merge, 420 bases; read frag-
ment length, 280 bases; and minimum overlap length, 10 bases. 
All	merged	 sequences	were	 used	 for	 further	 analysis.	QIIME2.0	
(2019.4)	 with	 default	 parameter	 values	 was	 used	 for	 sequence	
denoising	 using	 the	 Divisive	 Amplicon	 Denoising	 Algorithm	 2	
(DADA2)	 method,	 chimera	 checking,	 and	 for	 taxonomic	 assign-
ments	 using	 the	 Greengenes	 database	 (13_8),	 clustered	 at	 97%	
identity.	 Alpha	 diversity	 estimators	 observed	 species	 richness	
(Sobs)	 −	 the	 observed	 operational	 taxonomic	 units	 (OTUs)	were	
calculated	for	the	entire	bacterial	community	using	QIIME2.0.	The	
Ribosomal	 Database	 Project	 (RDP)	 classifier	 was	 used	 for	 taxo-
nomic assignments for the genus Lactobacillus, and the merged 
sequences	 (reads)	 were	 used	 as	 the	 input	 to	 the	 RDP	 classifier.	
Because	the	region	of	the	gene	to	be	analyzed	was	different	and	a	
new	database	had	to	be	created,	the	16S	rRNA	gene	sequences	of	
12 species of Lactobacillus	(L. coleohominis, L. crispatus, L. gasseri, L. 
iners, L. jensenii, L. mucosae, L. paracasei, L. paraplantarum, L. plan-
tarum, L. reuteri, L. rhamnosus, and L. vaginalis)	included	in	the	da-
tabase	 attached	 to	SpeciateIT	 (https:// sourc eforge. net/ proje cts/ 
speci ateit/  )	were	downloaded	from	the	RDP	website	 (http:// rdp. 
cme. msu. edu/ hiera rchy/ hb_ intro. jspusing)	 the	 following	 options:	
strain = both;	 source = isolates,	 size	 ≥1200	 bases;	 quality = good,	
and	taxonomy = nomenclatural.	Following	SpeciateIT	instructions,	
a database for species discrimination analysis was created from 
the	16S	rRNA	gene	sequences,	and	a	species	discrimination	analy-
sis was performed using SpeciateIT, using the created database 
and	the	output	sequences	of	RDP	classifier	classified	as	the	genus	
Lactobacillus.

2.8  |  Statistical analyses

Statistical	 analyses	were	performed	using	SPSS	 for	Windows	 (ver.	
22.0.0.0;	IBM	Corp,	Armonk,	NY,	USA)	and	MetaboAnalyst	5.0	free	
web	analysis	software.	Mann–Whitney	U-	tests	were	used	to	com-
pare relative abundances of continuous data between the pregnant 
and nonpregnant groups, and results for oocyte retrieval and embryo 

transplantation in the same patient were compared using Wilcoxon's 
signed-	rank	test.	Values	of	p < 0.05	were	considered	statistically	sig-
nificant.	Volcano	plots	were	created	by	MetaboAnalyst	to	visualize	
all variables, showing the fold change between the two groups on 
the	horizontal	axis	(on	a	log	scale)	and	the	p-	value	of	the	differences	
between	samples	on	the	vertical	axis	(on	a	negative	log	scale),	and	
presenting important variables with p < 0.05	and	fold	change	of	2.	
Spearman's rank correlation for multiple comparisons was estimated 
for the association between bacteria and metabolites.

3  |  RESULTS

3.1  |  Identification of metabolite sets in patients 
undergoing IVF

LC–MS/MS	used	with	the	LC/MS/MS	Method	Package	for	Primary	
Metabolites	 Ver.	 3	 identified	 86	 primary	 metabolites	 in	 patients	
undergoing	 IVF.	 In	 the	 volcano	plot,	 the	 significance	of	metabolic	
changes	 was	 determined	 using	 the	 following	 criteria:	 −log10(p-	
value) > 1.3	 (i.e.,	 p < 0.05)	 and	 absolute	 log2(fold	 change) > 1	 (i.e.,	
fold change >2)	(Figure 2; Tables S1 and S2).	4-	Hydroxyproline	was	
increased and spermine was decreased in the pregnant group com-
pared with the nonpregnant group at the time of oocyte retrieval 
(Figure 2A),	but	only	orotic	acid	was	decreased	in	the	pregnant	group	
at	the	time	of	embryo	transfer	(Figure 2B).	Comparing	samples	from	
the same patient at oocyte retrieval and embryo transfer, 52 me-
tabolites were downregulated and one was upregulated in the preg-
nant	group,	and	33	were	down-	regulated	in	the	nonpregnant	group	
(Figure 2C,D).	Among	the	downregulated	metabolites,	32	were	com-
mon between the pregnant and nonpregnant groups and 20 metab-
olites were significantly reduced at the time of embryo transfer in 
the	pregnant	group	(Table S2).	The	results	of	metabolome	analysis	
revealed that the metabolic changes in the pregnant group, which 
were actively fluctuating during oocyte retrieval, were subdued dur-
ing	embryo	transfer.	As	for	amino	acids	or	nucleic	acids,	there	were	
no significant differences between the pregnant and nonpregnant 
groups.	Metabolite	analysis	validation	involved	assessing	the	preci-
sion	of	the	methods	through	intra-	day	and	inter-	day	tests,	utilizing	
the	Relative	Standard	Deviation	(RSD)	as	a	measure.	In	these	tests,	
peak	 areas	 of	 components	were	 calculated.	 The	%RSD	 values	 for	
peak areas were determined to be within acceptable limits, rang-
ing	 from	2.88%	to	14.71%	for	 intra-	day	precision	and	 from	2.33%	
to	17.06%	for	 interday	precision.	Notably,	all	 calculated	values	 for	
individual components met the criteria of <30%RSD,	demonstrating	
the methods' accuracy and reproducibility.

3.2  |  Metabolic pathway and network analyses

Based	 on	 the	 MetaboAnalyst	 platform,	 pathway	 set	 enrichment	
analysis was employed to elucidate metabolic pathways affected by 
differences among 86 identified metabolites. To identify pathways 

https://sourceforge.net/projects/speciateit/
https://sourceforge.net/projects/speciateit/
http://rdp.cme.msu.edu/hierarchy/hb_intro.jspusing
http://rdp.cme.msu.edu/hierarchy/hb_intro.jspusing
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that were reduced at the time of embryo transfer relative to the time 
of oocyte retrieval, we performed pathway analysis on significantly 
changed metabolites in Figure 3A	 (false	 discovery	 rate-	adjusted	
p < 0.05	and	pathway	 impact	>0.40).	Among	 these	metabolic	path-
ways, three were reduced more strongly in the pregnant group than in 
the	nonpregnant	group	(Figure 3B).	Pathways	linked	with	altered	me-
tabolites by p-	value	or	impact	included	alanine,	aspartate,	and	gluta-
mate metabolism, arginine biosynthesis, and cysteine and methionine 
metabolism	(Figure 3B–E; Table S2).	These	three	metabolic	pathways	
included metabolites that were commonly decreased in the pregnant 
and nonpregnant groups at the time of embryo transfer, as well as 

metabolites that were specifically decreased in the pregnant group. 
Characteristically, pyruvate was decreased at embryo transfer in the 
pregnant group, in common with these three metabolic pathways.

3.3  |  Characteristics of cervicovaginal microbiota 
in patients with infertility

The cervicovaginal microbiota was investigated in extracted 
genomic	DNA	using	PCR	with	universal	16S	rRNA	gene	(rDNA)	bac-
terial	primers	for	the	V3/4	region	followed	by	MiSeq	sequencing.	A	

F I G U R E  2 Volcano	plot	showing	differential	metabolites	in	patients	undergoing	IVF.	(A)	At	oocyte	retrieval	in	nonpregnant	group	versus	
pregnant	group;	(B)	at	embryo	transfer	in	nonpregnant	group	vs.	pregnant	group;	(C)	at	embryo	transfer	vs.	oocyte	retrieval	in	pregnant	
group;	(D)	at	embryo	transfer	vs.	oocyte	retrieval	in	nonpregnant	group.	Up	or	down	in	the	pregnant	group	relative	to	the	nonpregnant	
group	(A,	B)	and	at	the	time	of	embryo	transfer	relative	to	the	time	of	oocyte	retrieval	(C,	D).	Results	were	plotted	with	a	p-	value < 0.05	and	
a	fold	change > 2.	Significantly	increased	metabolites	are	shown	in	red	and	significantly	decreased	metabolites	are	shown	in	blue.	FC,	fold	
change.
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F I G U R E  3 Pathway	analysis	by	
MetaboAnalyst.	(A)	Plots	depicting	
several metabolic pathways that were 
reduced at the time of embryo transfer 
relative to the time of oocyte retrieval. 
Pathways represented as circles according 
to their pathway impact values from 
pathway	topology	analysis	(x-	axis)	and	
log p-	value	obtained	from	pathway	
enrichment	analysis	(y-	axis).	Each	dot	
represents a metabolic pathway, and label 
corresponds	to	pathway	number	in	(B).	(B)	
Overlapping	results	with	MetaboAnalyst	
analysis	in	(A)	identified	five	pathways	
(bold)	that	were	more	strongly	reduced	
in	the	pregnant	group	(false	discovery	
rate p < 0.05,	pathway	impact	>0.40).	
These included three pathways with large 
differences	(highlighted	orange)	in	impact	
values	(C–E).	Metabolites	that	were	
commonly decreased in the pregnant and 
nonpregnant groups at the time of embryo 
transfer are shown in blue, metabolites 
that were significantly lower in the 
pregnant group only are shown in red, 
and metabolites that were significantly 
lower in the nonpregnant group only are 
shown	in	green.	(C)	Alanine,	aspartate,	
and	glutamate	metabolism;	(D)	arginine	
biosynthesis;	(E)	cysteine	and	methionine	
metabolism.	S-	Adenosylhomocysteine	
was decreased in the nonpregnant group.
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total	of	3 567 507	reads	(average	775	54.5	reads	per	sample)	and	364	
OTUs	(average	17	OTUs	per	sample)	were	obtained	from	46	samples	
(Table 1).	 The	 dominant	 phyla	 in	 the	 vaginal	microbiota	 in	 the	 46	
samples	were	Firmicutes	and	Actinobacteria,	which	accounted	 for	
67.9%	and	16.7%	of	the	total	abundance,	respectively,	and	the	top	
four	dominant	orders	were	Lactobacillales	(62.3%),	Bifidobacteriales	
(15.4%),	Enterobacteriales	(9.5%),	and	Bacillales	(3.7%).

The relative abundances of representative microbiota in the 
pregnant and nonpregnant groups at the time of oocyte retrieval 
and embryo transfer, respectively, are shown in Figure 4 and 
Table 1. The composition of the cervicovaginal community was as 
expected: Lactobacillus predominated in both groups and was de-
tected	in	34	samples	(74%),	with	no	significant	difference	among	all	

groups	(Table 2).	In	addition	to	Lactobacillus, other bacteria, including 
Streptococcus and Gardnerella, were also detected, representing the 
diversity of the vaginal flora.

We compared the microbiota compositions between groups by 
compiling the data using α-	diversity,	which	reflects	species	richness	
and	evenness	within	bacterial	populations.	Alpha	diversity	observed	
species richness and diversity index, calculated using Chao1, faith_
PD, and Shannon indices, did not differ significantly between the 
groups	at	the	genus	level	(Figure 4; Figure S1).	Principal	coordinate	
analysis	of	weighted	and	unweighted	UniFrac	distances	showed	no	
clear difference in β-	diversity	of	the	cervicovaginal	microbial	com-
munities between the pregnant and nonpregnant groups at the time 
of oocyte retrieval or embryo transfer.

TA B L E  1 Relative	abundance	of	cervicovaginal	microbiota	in	pregnant	and	nonpregnant	groups	at	oocyte	retrieval	and	embryo	transfer.

Pregnant group (N = 10) Nonpregnant group (N = 13)

Total
At oocyte 
retrieval At embryo transfer

At oocyte 
retrieval At embryo transfer

N = 10 N = 10 N = 13 N = 13 N = 46

Phylum,	%

Firmicutes 66.4 58.2 75.7 71.2 67.9

Actinobacteria 19.7 17.9 19.0 10.3 16.7

Proteobacteria 1.4 20.8 0.1 17.4 9.9

Tenericutes 3.6 2.2 2.2 0.8 2.2

Class,	%

Bacilli 62.4 57.2 74.3 69.9 65.9

Actinobacteria 18.4 17.0 17.8 9.2 15.6

Gammaproteobacteria 1.3 20.7 0.0 17.4 9.8

Mollicutes 3.6 2.2 2.2 0.8 2.2

Order,	%

Lactobacillales 60.5 51.4 71.8 65.4 62.3

Bifidobacteriales 18.4 17.0 17.8 8.6 15.4

Enterobacteriales 0.0 20.7 0.0 17.3 9.5

Bacillales 1.9 5.7 2.5 4.5 3.7

Family,	%

Lactobacillaceae 46.1 37.8 54.4 43.8 45.5

Streptococcaceae 13.0 13.6 17.0 21.1 16.2

Bifidobacteriaceae 18.4 17.0 17.8 8.6 15.4

Enterobacteriaceae 0.0 20.7 0.0 17.3 9.5

Genus,	%

Lactobacillus 46.1 37.8 54.4 43.8 45.5

Streptococcus 13.0 13.6 17.0 21.1 16.2

Gardnerella 11.7 17.0 6.0 8.4 10.8

Escherichia 0.0 12.9 0.0 14.8 6.9

Bifidobacterium 6.7 0.0 11.7 0.1 4.6

Total reads 745 263 741 094 1 005 598 1 075 552 3 567 507

Average	reads/specimen 74526.3 74109.4 77353.7 82734.8 77554.5

Average	OTU/specimen 16 17.9 12.9 21.2 17

Abbreviation:	OTU,	operational	taxonomic	unit.
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3.4  |  Change in microbiota between oocyte 
retrieval and embryo transfer

To identify significant differences in relative abundance at the spe-
cies	 and	genus	 levels,	we	 further	 analyzed	 the	abundance	of	 taxa	
in the pregnant and nonpregnant groups at the times of oocyte 
retrieval and embryo transfer. There was no significant difference 
in the relative abundance of Lactobacillus	 in	either	group	 (Table 2, 
Figure S2).	 Streptococcus anginosus was significantly increased in 
the pregnant group at embryo transfer compared with oocyte re-
trieval, and Escherichia coli, Prevotella, and Pseudomonas were sig-
nificantly increased in the nonpregnant group at embryo transfer 
compared	with	oocyte	retrieval.	At	the	genus	level,	Corynebacterium 
and Pseudomonas were significantly increased at embryo trans-
fer in the nonpregnant group compared with the pregnant group. 
Pseudomonas was not detected in the pregnant group and was only 
detected at embryo transfer in the nonpregnant group.

3.5  |  Correlation of microbiome and metabolites 
during oocyte retrieval

For	the	genus	Lactobacillus, we further classified the genera of in-
terest to species level using SpeciateIT. Correlation analysis was 
performed in the pregnant and nonpregnant groups at oocyte 
retrieval, between the six Lactobacillus species found to be pre-
sent and the dominant bacteria at genus level and 86 metabolites 

(Figure 5; Figure S3).	 Lactobacillus showed completely different 
behaviors in the pregnant and nonpregnant groups during oocyte 
retrieval	 (Figure 5A).	4-	Hydroxyproline,	whose	expression	was	 re-
duced	in	the	nonpregnant	group	at	oocyte	retrieval	 (Figure 2)	was	
positively correlated with L. coleohominis and L. crispatus in the non-
pregnant group, while spermine, whose expression was reduced in 
the pregnant group, was positively correlated with L. coleohominis 
in the pregnant group. Notably, L. iners	and	2-	ketoglutaric	acid	were	
positively correlated in the pregnant group but negatively correlated 
in the nonpregnant group. There were no significant differences in 
amino acids or nucleic acids between the pregnant and nonpreg-
nant groups; however, correlation analysis with Lactobacillus and the 
microbiota	 (Figure 5B)	showed	that	L. coleohominis and L. crispatus 
were positively correlated with many amino acids in the nonpreg-
nant group, while Finegoldia, Peptoniphilus, and other anaerobic 
microbe showed negative correlations. In contrast, there was no 
characteristic correlation in the pregnant group.

4  |  DISCUSSION

When	 analyzing	 the	metabolome	 and	microbiome	of	 the	 female	
genitalia,	it	is	essential	to	recognize	the	differences	in	data	inter-
pretation based on the collection sites. This study does not deny 
the	 importance	of	analyzing	the	metabolome	and	microbiome	of	
the uterine cavity or endometrium. Rather, it examines biological 
phenomena in the cervicovaginal region as part of investigating 

F I G U R E  4 Heatmap	of	relative	abundance	of	representative	microbiota.	Cervicovaginal	microbiota	were	collected	from	23	patients	
undergoing	oocyte	retrieval	and	embryo	transfer.	A	total	of	46	samples	were	identified	by	16S	rRNA	V3/4	sequencing.	Color	gradient	
indicates	relative	abundance	of	microbial	groups	(scale	indicated	at	bottom).	Number	of	microbial	species	qualified	by	observed	species	
richness indicated as α-	diversity	in	each	sample.
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the physiological changes associated with the movement of mi-
crobiota from the vagina to the endometrium by way of the cer-
vicovaginal area. We examined the cervicovaginal metabolome 
and microbiome in women who did and did not become preg-
nant	 through	 IVF–ET.	Comparing	 the	 results	 for	 the	 two	groups	
revealed distinctive cervicovaginal metabolome and microbiome 
characteristics in the group that achieved pregnancy. To mini-
mize	the	burden	on	patients,	sample	collection	was	limited	to	the	
times of oocyte retrieval and embryo transfer. We observed that 
4-	hydroxyproline	metabolism	was	 increased	while	 spermine	was	
decreased in the pregnant group at the time of oocyte retrieval. 
4-	Hydroxyproline	is	known	to	be	present	in	follicular	fluid,	and	its	
metabolism increases with age.14 The median age of women in the 
pregnancy	 group	 in	 the	 current	 study	was	 33.5 years	 compared	
with	 37 years	 in	 the	 nonpregnancy	 group,	 but	 the	 relationship	
with	age	was	not	clear.	4-	Hydroxyproline	is	also	known	to	be	de-
graded	by	enzymes	produced	by	the	vaginal	microbiota,	especially	
Clostridioides difficile15–17; given that C. difficile was not detected in 
the pregnancy group in this study, the accelerated metabolism of 
4-	hydroxyproline	in	this	group	may	indicate	the	absence	of	this	mi-
crobe.	Spermine	is	known	to	have	anti-	inflammatory	properties,18 

and the decreased spermine metabolism in the pregnant group 
suggests the potential for creating an environment conducive to 
inflammation or suppressing microbiota activity. Previous studies 
reported that spermine production by microbiota in the intestines 
was six times higher than that produced from dietary intake,19 and 
spermine in the vagina is believed to be produced by the vaginal 
microbiota. Orotic acid is produced by the microbiota20 and was 
decreased in samples taken at the time of embryo transfer. The 
reduced metabolism of orotic acid in the pregnant group suggests 
either fewer relevant microbes or decreased activity of microbes 
in	 this	group.	Analyzing	 the	metabolites	produced	by	 the	micro-
biota may shed light on the relationship between the microbiome 
and pregnancy.

To elucidate the crucial factors related to uterine receptivity 
during embryo implantation, we also investigated specific metabolic 
changes during implantation, by comparing samples collected at the 
time of implantation with samples collected at oocyte retrieval. We 
found that pyruvate metabolism, which plays a fundamental role in 
human metabolism,21 was decreased in the pregnancy group. It has 
been	suggested	that	the	metabolism	of	fertilized	eggs	at	the	preim-
plantation	stage	decreases,	referred	to	as	metabolic	“quiet”,22–25 to 

F I G U R E  5 Spearman's	correlation	coefficients	between	Lactobacillus species or other microbes and metabolites at the time of oocyte 
retrieval.	Heatmap	showing	Spearman's	correlation	coefficients	between	(A)	Lactobacillus species and metabolites other than amino 
acids	and	nucleic	acids,	and	(B)	Lactobacillus	species	or	other	microbes	and	amino	acids	and	nucleic	acids.	Microbiota	present	in	three	or	
more patients were selected. Color corresponds to Spearman's correlation coefficient distribution: dark yellow indicates strong positive 
correlation	(correlation	coefficient	0.6–1.0);	pale	yellow	indicates	weak	positive	correlation	(correlation	coefficient	0.2–0.6);	pale	blue	
indicates	weak	negative	correlation	(correlation	coefficient	−0.2	to	−0.6);	and	dark	blue	indicates	strong	negative	correlation	(correlation	
coefficient	−0.6	to	−1.0).	*p < 0.05.



    |  11 of 13NISHIO et al.

avoid	exposing	fertilized	eggs	to	various	stresses	due	to	metabolic	
overactivity. Notably, our data indicated that a similar metabolic 
“quiet”	phenomenon	occurred	on	the	maternal	side,	with	a	particular	
decrease in pyruvate metabolism, in accord with reports for fertil-
ized	eggs.24,26,27 Pyruvate undergoes decreased metabolism in mul-
tiple	pathways	and	may	play	a	pivotal	role	in	successful	pregnancy.	A	
previous study reported the disappearance of glutamate and aspar-
tate from the uterine fluid of rabbits during the implantation period, 
suggesting that metabolic decline may be a common phenomenon in 
mammals.28	Alanine,	aspartate,	and	glutamate	metabolism	has	been	
reported	to	increase	during	early	miscarriage	(EM),	recurrent	miscar-
riage	(RM),	and	RIF.29	Further	studies	are	needed	to	investigate	the	
relationship between the current results and these previous data, 
suggesting a link between miscarriage and enhanced amino acid me-
tabolism, to determine if a decrease in metabolism is a necessary 
condition for a successful pregnancy outcome.

The current analysis found no significant difference in cer-
vicovaginal microbial diversity between the pregnant and non-
pregnant	groups.	A	previous	study	of	 individual	bacteria	showed	
increases in Gardnerella and decreases in Lactobacillus in cervical 
mucus from nonpregnant patients,7 while another study showed 
that Streptococcus was more prevalent in nonpregnant patients30; 
however, the current analysis found no significant difference. In 
contrast, Pseudomonas and Corynebacterium were not detected 
at oocyte retrieval but were detected at implantation in nonpreg-
nant patients. Pseudomonas is known to be a causative agent of 
pelvic inflammatory disease and low pregnancy rates.31 The use 
of vaginal suppositories before embryo transfer might have intro-
duced microbes artificially or disrupted the bacterial community, 
and the possibility that this interference might have affected the 
success of pregnancy cannot be ruled out. Given the potential 
for	 contamination	 during	 embryo	 transplantation,	 we	 analyzed	
the relationship between the microbiota and metabolites using 
samples collected at the time of egg retrieval. L. iners showed a 
positive	correlation	with	2-	ketoglutaric	acid	 in	pregnant	patients	
and	a	negative	correlation	in	nonpregnant	patients.	2-	Ketoglutaric	
acid has been reported to play a role in active oxygen removal in 
the citric acid cycle,32	as	well	as	 improving	 the	quality	of	mouse	
oocytes.33	 The	 metabolic	 enhancement	 of	 2-	ketoglutaric	 acid	
appears to have a positive effect on the establishment of preg-
nancy.	Although	there	were	no	obvious	trends	for	nonamino	acid	
metabolites in either group, we examined the associations of 
amino acids with the microbiome, and found a positive correla-
tion with Lactobacillus, while many metabolites showed inverse 
correlations with mainly anaerobic microbes in the nonpregnant 
group, suggesting deep involvements of amino acid metabolism 
and anaerobic microbes. The presence of Lactobacillus has been 
positively correlated with amino acids and negatively correlated 
with bacterial vaginosis.34 In addition, an increase in amino acids 
in	uterine	secretions	at	 the	peri-	implantation	stage	has	been	 re-
ported in cattle, but the relationship in humans remains unclear.35 
While we have discussed the correlation between the microbiome 
and metabolome, providing direct evidence for this relationship is 

challenging.	However,	Laniewski	et	al.	were	analyzing	the	associ-
ation with the metabolome by infecting clinical isolates of cervi-
calvaginal bacteria into a 3D epithelial cell model that replicates 
human cervical epithelium.36 They discovered that as a result of 
Prevolleta infection, asparagine is completely depleted from the 
3D cell culture supernatant. Considering that the breakdown of 
asparagine	catalyzed	by	bacterial	asparaginase	is	occurring,	and	as	
shown in our Figure 5 results, asparagine is negatively correlated 
with the presence of Prevolleta, supporting their findings.

This	study	had	several	 limitations.	 In	this	study,	egg	quality	as-
sessment is based on morphological features under a microscope. 
However,	 this	 does	 not	 guarantee	 egg	 quality	 in	 a	 strict	 sense.	
Actually,	 pregnant	 and	 nonpregnant	 group	 had	 five	 and	 eight	 AA	
class	of	blastcysts,	respectively	(Table S3).	It	was	not	possible	in	the	
present	study	to	analyze	egg	quality	uniformly	for	all	AAs.	While	AB	
and	BA	were	seen	in	cases	of	pregnancy	but	miscarriage,	there	were	
also	cases	of	full-	term	delivery	with	a	similar	evaluation,	so	the	egg	
evaluation was not always directly related to whether or not a preg-
nancy	was	achieved.	Similarly,	in	the	nonpregnant	group,	the	quality	
of the eggs by morphology did not appear to have a direct link with 
the	quality	of	the	pregnancy.	The	relationship	among	previous	mis-
carriages,	 nonpregnancy	 outcomes	 and	 egg	 quality	 in	 the	 present	
study is also unclear. In the future, it would be better to compare 
those who get pregnant with those who cannot under the euploid 
embryo	transfer	by	PGT-	A.

We compared the relationship between metabolites and the 
microbiota between the times of egg retrieval and embryo trans-
fer	in	the	same	patients,	to	eliminate	potential	inter-	individual	bias;	
however, in the comparison between the pregnancy and nonpreg-
nancy groups, the limited number of patients may have introduced 
patient-	specific	 biases.	Notably,	 the	 nonpregnant	 group	 included	
seven	patients	with	EM	 (7/13,	53.8%),	one	with	RM	 (1/13,	7.6%),	
and	 one	with	 RIF	 (1/13,	 7.6%),	 and	 the	 pregnant	 group	 included	
three	 patients	 with	 miscarriages	 (3/10,	 30%),	 no	 preterm	 births,	
and	seven	patients	with	full-	term	deliveries	(7/10,	70%),	and	not	all	
pregnancies necessarily resulted in live births. Regarding the asso-
ciation	between	RIF	and	 the	vaginal	microbiota,	previous	studies	
have reported a decrease in Lactobacillus6,37; however, the limited 
number of samples in our study meant that we could not carry out 
a similar subanalysis. RoyChoudhury et al. reported a distinction 
at	metabolomic	level	between	RIF	and	repeated	implantation	suc-
cess,38 and Zhang et al. noted that one pathway containing alanine, 
aspartate,	glutamate	metabolism	was	 shared	 in	patients	with	EM	
and	RM.29 These data were in accordance with one of the pathways 
identified in the current study. The previous study used blood, 
urine, and follicular fluid samples and discussed the divergence of 
results due to sample differences. In contrast, we used cervicovag-
inal secretions, and hope that these will continue to be used as an 
additional sample source in the future. To investigate uterine re-
ceptivity, it is crucial to examine samples collected from the uterus, 
and	 in	 the	 future,	 it	 is	 important	 to	analyze	 the	correlation	using	
large number of samples collected from both the vagina and the 
uterine cavity.
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Notably, it is difficult to eliminate bias due to vaginal agent ad-
ministration when conducting vaginal microbiome analysis, and a 
separate control group should be included to investigate the asso-
ciation between the cervicovaginal microbiome and metabolites in 
relation to vaginally administered drugs. The microbiome and metab-
olome are thought to be influenced by diet,3 and the concentration 
of amino acids in uterine secretions was shown to be influenced by 
diet39; however, we did not investigate diet in this study. When using 
fresh	fertilized	eggs,	the	interval	between	egg	retrieval	and	embryo	
transfer	is	estimated	to	be	about	6 days,	and	the	time	intervals	for	
specimen	collection	were	consistent.	However,	this	study	used	fro-
zen	fertilized	eggs,	and	the	 interval	between	specimen	collections	
at egg retrieval and transfer varied among individual patients. There 
may also be differences in metabolic mechanisms between natural 
and	IVF	cycles,	suggesting	the	need	for	further	analyses	in	natural	
cycles.26

In	 conclusion,	metabolism	becomes	 “quiet”	during	 IVF	embryo	
transfer, and pyruvate metabolism may play a crucial role. Nucleic 
acid and amino acid metabolism showed inverse correlations with 
the microbiota in the nonpregnant group, which differed from the 
pregnant group. The distinct metabolic behaviors of cervicovagi-
nal metabolites in the pregnant and nonpregnant groups suggests 
that use of cervicovaginal secretions may be a potential diagnostic 
marker for predicting pregnancy success. We hope that the current 
analytical method will support the establishment of biomarkers for 
successful	embryo	implantation	in	IVF.40,41 We aim to extract can-
didate molecules using the approach demonstrated in this study, 
and in the future, we hope to employ simpler methods, for instance, 
measuring	target	molecules	with	ELISA.
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