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Objective: To study whether increased body mass index is associated with altered expression of extracellular vesicle microRNAs (EV-
linked miRNAs) in human follicular fluid.
Design: Cross-sectional study.
Setting: Tertiary-care university-affiliated center.
Patient(s): One hundred thirty-three women undergoing in vitro fertilization (IVF) were recruited from January 2014 to August 2016.
Interventions(s): None.
Main OutcomeMeasure(s): EV-linkedmiRNAs were isolated from follicular fluid and their expression profiles were measured with the
use of the Taqman Open Array Human miRNA panel. EV-linked miRNAs were globally normalized and inverse-normal transformed.
Associations between bodymass index (BMI) and EV-linkedmiRNA outcomes were analyzed bymeans of multivariate linear regression
and principal component analysis.
Result(s): Eighteen EV-linked miRNAs were associated with an increase in BMI after adjusting for age, ethnicity, smoking status, and
batch effects. Hsa-miR-328 remained significant after false discovery rate adjustments. Principal component analyses identified the
first principal component to account for 40% of the variation in our EV-linked miRNA dataset, and adjusted linear regression found
that the first principal component was significantly associated with BMI after multiple testing adjustments. Using Kyoto
Encyclopedia of Genes and Genomes enrichment analyses, we predicted gene targets of EV-linked miRNA in silico and identified
PI3K-Akt signaling, ECM-receptor interaction, focal adhesion, FoxO signaling, and oocyte meiosis pathways.
Conclusion(s): These results show that a 1-unit increase in BMI is associated with altered follicular fluid expression of EV-linked
miRNAs that may influence follicular and oocyte developmental pathways. Our findings provide potential insight into a
mechanistic explanation for the reduced fertility rates associated with increased BMI. (Fertil Steril� 2019;112:387–96. �2019 by
American Society for Reproductive Medicine.)
El resumen está disponible en Español al final del artículo.
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H uman infertility is influenced
by a broad range of physical,
hormonal, genetic, and

environmental stressors (1). Despite
enormous advances in the technical as-
pects of in vitro fertilization (IVF), the
success rates of the procedure remain
relatively low. Whereas much has
been published about nonmodifiable
factors associated with outcomes of
IVF, such as female age, fertility diag-
nosis, and ovarian reserve, less atten-
tion has been devoted to modifiable
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behavioral risk factors, such as body mass index (BMI), that
may influence IVF outcomes (2–4).

Studies have shown that an increased BMI and obesity
alter follicular development, oocyte maturation, and reduced
numbers of oocytes retrieved (5–9). Women with BMIs
R25 kg/m2 undergoing IVF have a significantly reduced
chance of a clinical pregnancy compared with women
with BMIs <25 kg/m2 (10–12). Despite the ample
epidemiologic evidence, the molecular mechanisms
underlying how increased BMI contributes to infertility are
still unknown.

The ovarian follicle houses the oocyte itself, and as it
matures cellular differentiation occurs, creating cellular
layers of thecal, mural granulosa, and cumulus cells. Theca
and granulosa cells create the membrane of the follicle itself,
and cumulus cells encapsulate the oocyte (13, 14). Follicular
fluid (FF) is a crucial microenvironment for the developing
oocytes, containing hormones, metabolites, ions, proteins,
and various biologic structures, including noncoding RNAs
and extracellular vesicles (EVs) (14–21). EVs, membrane-
enclosed structures (22), have been identified as a means
for intercellular communication between the granulosa cells
and oocyte in the FF (15). They are nanosized (30–700 nm in
diameter) and can contain numerous molecules involved in
cell signaling and cell-to-cell communication, including
microRNAs (miRNAs), which are short noncoding RNA mol-
ecules (�22 nucleotides long) (23). MiRNAs can post-
transcriptionally regulate gene expression (24–26) and can
be free-floating or packaged in EVs (EV-linked miRNAs).
Extracellular vesicles (exosomes, microvesicles, and other
membrane-bound vesicles) have been detected in almost
every biofluid, including FF (22), and can act as a vehicle
carrying proteins, messenger RNAs (mRNAs), and miRNAs
(27). These EV-linked miRNAs can be encapsulated within
the EV itself as well as also associated with the EV extracel-
lularly (28). These EV-linked miRNAs can influence gene
expression and may be important for follicular signaling
(15, 29, 30).

Several studies have reported possible associations be-
tween BMI and EV-linked miRNA profiles in either adipocytes
or serum, linking some of these EV-linked miRNAs with path-
ways of inflammation and insulin resistance (31–34). To the
best of our knowledge, no study has examined associations
between BMI and EV-linked miRNAs found in FF. Investi-
gating EV-linked miRNAs in FF might help to elucidate the
mechanisms and pathways by which these modified risk fac-
tors that can impact fertility. Therefore, the present study
aimed to investigate the effects of BMI with EV-linkedmiRNA
expression isolated from FF in women undergoing IVF
treatment.
MATERIALS AND METHODS
Ethics

This study was approved by the Sheba Medical Center Institu-
tional Review Board in accordance with the Declaration of
Helsinki (35). All participants provided written informed con-
sent at enrollment.
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Study Population

From January 2014 to August 2016, women undergoing IVF
were recruited in a tertiary-care university-affiliated hospital.
Eligibility criteria were women aged 19–38 years, undergoing
their first to sixth IVF attempt with basal FSH <10 IU. To
avoid potential confounding by the stimulation regimen or
fertility diagnosis, we enrolled only women who were treated
with the use of GnRH antagonist protocol as well as women
undergoing IVF due to unexplained infertility, with mild
male factors, and undergoing IVF for pregestational diagnosis
of autosomal recessive disorders. We excluded those with a
diagnosis of polycystic ovarian syndrome, endometriosis, or
poor response according to the Bologna criteria (36) which
might impair oocyte quality. All women contributed a single
IVF cycle.
Exposure Assessment

Each participant's height and weight were measured at the
beginning of the IVF cycle and were used to calculate BMI
by dividing the weight with the square of the height (kg/m2).
Outcome Assessment

RNA extraction from follicular fluid. Follicular fluid (other-
wise discarded material) was collected during oocyte retrieval
from a single follicle >18 mm per patient and centrifuged at
1,500g for 15 minutes. FF was aliquoted to 0.5-mL tubes so
that the volumes of FF that were analyzed were equivalent
among patients. Samples were precleaned with the use of a
0.80-mm-pore polyethersulfone filter (StericupRVP; Merck
Millipore) to remove larger proteins and debris and aliquoted
into 500 mL for immediate storage at�80�C (37). Only mature
(metaphase II) oocytes were examined for RNA analysis.
Methods for RNA extraction from biologic fluids have been
previously described (38). In short, samples were thawed,
centrifuged for 15 minutes at 1,200g at room temperature,
and then centrifuged at 1,000g, 2,000g, and 3,000g for 15 mi-
nutes each at 4�C. Following this step, samples were ultracen-
trifuged (Beckman Coulter Optima-MAX-XP) at 110,000g for
75 minutes at 4�C for the extraction of EV, because ultracen-
trifugation is considered to be the standard according to Inter-
national Society for Extracellular Vesicle recommendations
(28, 39). The pellets obtained were kept at �80�C until use.
EV-linked miRNAs were extracted from the ultracentrifuged
pellets with the use of the miRNAeasy Kit and RNeasy
Cleanup Kit per the manufacturer (Qiagen). The final purified
EV-linked miRNA-enriched RNA was eluted into 20 mL
RNAse-free water and stored at �80�C until further use.
This protocol had been tested and samples were examined
with the use of both Nanosight and flow cytometry for
CD63 (an EV-specific marker; results unpublished).

Expression analysis of EV-Linked miRNAs in follicular

fluid. We screened for 754 miRNAs with the use of the Taq-
man Open Array system. We obtained 758 relative cycle
threshold (Crt) values for each FF sample, which included
754 unique miRNAs and four internal control samples (ath-
miR159a, RNU48, RNU44, and U6). Methods of real-time
quantitative polymerase chain reaction (RT-qPCR) for
VOL. 112 NO. 2 / AUGUST 2019
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screening EV-linked miRNAs with the use of the miRNA array
in biologic fluids are published elsewhere (38). Quantstudio
12K Flex is a fixed-content panel containing validated hu-
man TaqmanMicroRNAAssays derived from Sanger miRBase
release v.14. All 754 assays have been functionally validated
with the use of miRNA artificial templates. The panel is spe-
cifically designed to provide specificity for only the mature
miRNA targets. Taqman MicroRNA Assays (spotted in the
panel) incorporate a target-specific stem–loop reverse-
transcription primer allowing the assay to work despite the
short length of mature miRNAs (�22 nucleotides) which pro-
hibits conventional design of primers. Briefly, we prepared
3.3 mL of each RNA sample and then reverse-transcribed to
complementary DNA and preamplified. Preamplified samples
were mixed with the Taqman Open Array Real-Time PCR
Master Mix (Life Technologies) and loaded onto a Taqman
Open Array Human miRNA panel with the use of the Quant-
studio Accufill System Robot (Life Technologies). RT-qPCR
was performed on the Quantstudio 12K Flex Real-Time PCR
Systemwith the use of the Open Array Platform (QS12KFLEX;
Life Technologies) according to the manufacturer's instruc-
tions. Expression levels were calculated in Crt values, esti-
mating the amplification cycle at which the fluorescence
levels for each of the analyzed EV-linked miRNAs exceed
the background fluorescence threshold (40).
Covariate Assessment

Each participant's age, number of previous IVF attempts, and
number of oocytes retrieved at the start of IVF cycle were ex-
tracted from her medical charts. Cigarette smoking status was
determined by a questionnaire in which participants were
asked about cigarette smoking history and intensity. Smoking
status was categorized as never smoker, former smoker, or
current smoker. Those who self-identified as former smokers
had stopped smoking before the beginning of their IVF cycle.
FF samples were analyzed for EV-linked miRNAs in two
batches, and in our subsequent statistical analyses we
controlled for batch (batch 1 vs. batch 2).
Statistical Analysis

Descriptive statistics and normalization of EV-Linked miR-

NAs. Thermo Fisher Cloud Relative Quantification software
was used to extract the EV-linked miRNA qPCR data. To
ensure accuracy of in our normalization methods of the EV-
linked miRNAs, we ran algorithms to identify the best
normalization strategy. We first applied the NormFinder
and geNorm algorithms to select the best normalization strat-
egy among global mean (arithmetic and geometric), RNU48,
RNU6, or the average of the four miRNAs with the lowest
standard deviation (SD) among subjects. Based on these algo-
rithms, we found that global mean was the best method to
normalize the data. EV-linked miRNAs data was normalized
using the global mean (GM) method: DCrt EV-linked miRNAi
¼ Crt EV-linked miRNAi � Crt EV-linked miRNAi global
mean (38). All of the EV-linked miRNA with a Crt value
>28 or amplification score %1.24 were identified as unex-
pressed. For the global mean, we coded all those EV-linked
VOL. 112 NO. 2 / AUGUST 2019
miRNAs that were unexpressed as 28, as suggested by Pergoli
et al. (38). We calculated DCrt based on the global mean
across all of the miRNAs within that subject and dividing it
by the total miRNAs (n ¼ 754). All subsequent analyses
were performed exclusively on those EV-linked miRNAs
that had expressed values detected in R15% of our samples,
based on the histogram distribution of the percentage
detected in our samples (Supplemental Fig. 1 and
Supplemental Table 1 available online at www.fertstert.org).
This cutoff was chosen to maximize the number of EV-
linked miRNAs examined while retaining a large enough
sample to assess the associations (R20 individuals) and
removing those EV-linked miRNAs that had a very large
missing rate. Standard descriptive statistics were used to
explore the characteristics of the study participants and expo-
sure data. Spearman correlation coefficients were used to
examine correlations between covariates and exposure
variables.

EV-linked miRNA by EV-linked miRNA regression

analysis. Linear regression models were performed to eluci-
date top-hit EV-linked miRNAs. Models were adjusted for
continuous age (years), continuous BMI, categoric smoking
status, binary race/nationality, binary batch, and continuous
surrogate variables identified by the surrogate variable anal-
ysis (SVA) package in R. The SVA package can help to identify
and remove any batch effects or unwanted sources of varia-
tion, seasonal, meteorologic, exposure, or technical variables,
which are unknown but might be differently distributed in the
two batches of samples (41, 42). EV-linked miRNA outcomes
were inverse normally transformed to ensure normality with a
standard deviation of 1. To account for multiple testing, we
applied the Benjamini-Hochberg false-discovery rate (FDR)
p.adjust function in R (43). All statistical analyses were per-
formed in R version 3.4.0 (44). Statistical significance was
set at P< .05.
Principal Component Analysis

Principal component analyses (PCA) were performed to
examine the overall variation of EV-linked miRNA profiles.
All of the selected 192 EV-linked miRNAs were included in
the analysis. The prcomp function in R was used to calculate
the principal components (PCs) and the PC loadings for each
component. All variables were scaled and centered with a
mean of 0 and a standard deviation of 1 before the PCA.
PCs were inverse normally transformed for normality. Sepa-
rate unadjusted univariate analyses were performed on age,
smoking status, and BMI by means of linear regression with
each principal component as the outcome. Mutually adjusted
linear regressions were performed with the principal compo-
nents as the outcomes and adjusted for age, BMI, smoking
status, race, batch, and SVA surrogate variables. Absolute
values of the PC loadings were taken and the EV-linked miR-
NAs that contributed a loading in the 90th percentile or higher
were examined further. This threshold was chosen based on
both the histogram distribution of the absolute values of the
PC loadings (Supplemental Fig. 2) and the percentile cutoffs
(Supplemental Table 2). This would allow us to examine those
EV-linked miRNAs that are the most important to the
389

http://www.fertstert.org


TABLE 1

Patients' demographic characters (n [ 133).

Variable Data

Age, y 30.9 � 3.7
BMI, kg/m2 23.6 � 4.7
Number of oocytes retrieved 9.4 � 5.1
WHO BMI categories

Underweight 15 (11)
Normal 73 (56)
Overweight 31 (23)
Obese 14 (10)

Smoking status
Never smoker 72 (54)
Ever smoker 27 (20)
Current smoker 34 (26)

IVF attempts
First attempt 87 (65)
Attempt >1 46 (35)

Ethnicity
Caucasian 122 (92)
Asian 8 (6)
African 1 (1)
Hispanic 2 (1)

Diagnosis
PGD 57 (43)
Male factor 53 (40)
Unexplained 20 (15)
Other 3 (2)

Pre-IVF fertility status
Fertile 58 (44)
Infertile 75 (56)

Note: Values represent mean � standard deviation or n (%). BMI ¼ body mass index; IVF ¼
in vitro fertilization; PGD ¼ pregestational diagnosis; WHO ¼ World Health Organization.
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principal component while keeping the number of EV-linked
miRNAs manageable.

Kyoto encyclopedia of genes and genomes pathway

analysis. An in silico analysis with the use of a web-based
tool, miRWalk2.0 (mirwalk.umm.uni-heidelberg.de) was per-
formed to investigate gene targets of EV-linked miRNAs (45).
Target predictions included a comparative analysis of seven
prediction programs: DIANAmT, miRanda, miRDB, miRWalk,
PICTAR5, RNA22, and Targetscan. To decrease the number of
false positive pathways, targeted genes were identified that
were validated in a total of five prediction programs: Targets-
can and any combination of at least four of the other predic-
tion programs. The predicted target search examined
promoter, 50-untranslated regions, 30-untranslated regions,
and coding sequences and included a minimum seed length
of 7 nucleotides (45). Using the genes selected by miRWalk,
we ran a Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway enrichment analysis with the use of the
web-based tool DAVID (david.ncifcrf.gov/summary.jsp) (46,
47). We restricted our results to only those with R10 genes
listed in the in silico predicted targets and an FDR q value
<0.05.
RESULTS
Study Population

This study consisted of 133 women, mainly white (92%). On
average, the women in our study were 30.9 � 3.7 years of
390
age and had a BMI of 23.6� 4.7 kg/m2, and 9.4� 5.1 oocytes
retrieved during the IVF cycle (Table 1). The majority were
never smokers (54%) and 26% were current smokers. Most
of the women were attempting IVF for the first time (65%).
Profile of EV-Linked miRNAs in Follicular Fluid

We screened for EV-linked miRNAs from a panel of 754 miR-
NAs in FF samples collected from follicles that contained
mature oocytes. We detected a signal for 320 EV-linked miR-
NAs in at least one of the 133 FF samples analyzed. Of these,
192 EV-linked miRNAs met our predetermined threshold for
inclusion and were therefore considered to be expressed. A
list of the selected EV-linked miRNAs with their percentage
expression levels is provided in Supplemental Table 1.
Associations Between Body Mass Index and EV-
Linked miRNA Expression in Follicular Fluid

Possible associations between FF EV-linked miRNAs and BMI
were investigated with the use of regression for each EV-
linked miRNA. Models adjusted for age, smoking status,
race, batch, and SVA surrogate variables and modeled BMI
continuously. Eighteen EV-linked miRNAs were marginally
significantly associated with BMI (P< .05; Table 2;
Supplemental Table 3), and after adjusting for multiple
testing, hsa-miR-328 remained significant. A 1-unit increase
in BMI was associated with an increase of hsa-miR-328
expression value (DCt) in 0.03 standard deviation (95% con-
fidence interval 0.02–0.05; q value 0.03).
Using Principal Component Analysis to Examine
Global Variability of EV-Linked miRNA Profile

Global variability of EV-linked miRNAs was explored with
the use of PCA, which revealed that the first three PCs ex-
plained >50% of the variability in the outcome data set
(PC1 40%, PC2 6%, PC3 5%) (Supplemental Fig. 3). No asso-
ciations were identified between smoking status, BMI, or age
and these PCs in unadjusted univariate analyses; however,
mutually adjusted models identified PC1 to be significantly
associated with BMI (P¼ .01; Supplemental Table 4). This as-
sociation remained significant after FDR (q value 0.04). To
further examine the makeup of PC1, the absolute values of
the PC loadings were examined (Supplemental Fig. 2;
Supplemental Table 5). Twenty-five EV-linked miRNAs in
PC1 with a PC loading in the 90th percentile or higher (90th
percentile threshold >0.10) were identified. Six EV-linked
miRNAs were identified in both the top 25 EV-linked miRNAs
from PC1 and the 18 top EV-linked miRNAs from the BMI
analyses (Fig. 2).
In Silico KEGG Pathways Analyses

KEGG pathways of EV-Linked miRNAs associated with

BMI. We performed two KEGG analyses with the EV-linked
miRNAs associated with BMI. The first examined the 18
EV-linked miRNAs that were associated with BMI in the
EV-linked miRNA–by–EV-linked miRNA analysis. For this
analysis, the miRWalk tool recognized 1,872 unique genes
VOL. 112 NO. 2 / AUGUST 2019
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TABLE 2

P value–significant EV-linked miRNAs associated with body mass index and top false-discovery rate (FDR)–significant extracellular vesicle (EV)–
linked miRNA.

EV-linked miRNA name
% expressed in population

(samples) Effect sizea 95% CL Unadjusted P value FDR q valueb

hsa-miR-328c 100% (n ¼ 133) 0.032 (0.016, 0.048) < .001 0.03
hsa-miR-1290 51% (n ¼ 67) 0.049 (0.016, 0.081) .004 0.3
hsa-miR-193b-3p 100% (n ¼ 133) 0.03 (0.008, 0.051) .01 0.3
hsa-miR-193b-5p 52% (n ¼ 69) 0.035 (0.009 0.061) .01 0.3
hsa-miR-29a 93% (n ¼ 123) 0.018 (0.005, 0.032) .01 0.3
hsa-miR-99b 100% (n ¼ 133) 0.017 (0.004, 0.031) .01 0.3
hsa-miR-331 100% (n ¼ 133) 0.017 (0.004, 0.031) .01 0.3
hsa-miR-423-5p 69% (n ¼ 91) 0.028 (0.005, 0.052) .02 0.39
hsa-miR-320a 100% (n ¼ 133) 0.022 (0.003, 0.040) .02 0.46
hsa-miR-720 98% (n ¼ 130) 0.028 (0.003, 0.054) .03 0.5
hsa-miR-28 99% (n ¼ 131) 0.017 (0.001, 0.032) .03 0.5
hsa-miR-483-5p 100% (n ¼ 133) 0.027 (0.002, 0.052) .03 0.5
hsa-miR-152 89% (n ¼ 118) 0.018 (0.001, 0.035) .03 0.5
hsa-miR-376a 95% (n ¼ 126) �0.023 (�0.045, �0.001) .04 0.5
hsa-miR-376c 84% (n ¼ 111) �0.023 (�0.046, �0.001) .04 0.5
hsa-miR-1274B 100% (n ¼ 133) 0.026 (0.001, 0.051) .04 0.5
hsa-miR-184 53% (n ¼ 70) 0.023 (0.000, 0.047) .05 0.51
hsa-miR-139-5p 71% (n ¼ 94) �0.024 (�0.049, 0.000) .05 0.51
Note: Models were adjusting for age, smoking status, ethnicity, batch, and SVA surrogate variables. CL ¼ confidence limits.
a For every 1-unit increase in body mass index, there is an effect size increase/decrease in standard deviation of EV-linked miRNA DCrt, with a lower DCrt indicating higher expression.
b FDR q value adjusted for multiple testing for the 192 EV-linked miRNAs.
c FDR-significant EV-linked miRNA after adjusting for multiple testing.

Martinez. BMI and EV-linked microRNAs. Fertil Steril 2019.
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that were predicted from at least four prediction programs and
the Targetscan software. The DAVID software identified 18
FDR-significant KEGG pathways that were associated with
unique genes related to these EV-linked miRNAs. Twelve of
these identified KEGG pathways are related to oocyte and fol-
licle development and maturation (Fig. 1).

The second BMI KEGG analysis examined the 25 EV-
linked miRNAs having a PC loading in the 90th percentile
or above in PC1. The miRWalk software recognized 4,092
unique genes and the DAVID software found 43 KEGG path-
ways significantly associated with these 4,092 genes (q value
<0.05). Among these 43 KEGG pathways, 24 were involved
with biologic processes of interest to our study (Fig. 1).
DISCUSSION
We identified 18 EV-linked miRNAs associated with BMI. Of
those, only hsa-miR-328 remained statistically significant af-
ter FDR adjustment. In addition, PCA was applied to examine
the global variability in the profile of 192 EV-linked miRNAs.
The first principal component explained 40% of the vari-
ability in the EV-linked miRNA dataset and was significantly
associated with an increased BMI in a mutually adjusted
model.

It has been well established that an increased BMI is asso-
ciated with decreased fertility outcomes, such as reduced
pregnancy and fertilization rates (10–12). We found hsa-
miR-328 to be significantly associated with BMI after adjust-
ing for covariates and taking into account multiple testing.
Further examination of hsa-miR-328 identified associations
with cancer (48, 49). MiR-328 has been known to play
a role in myocardial infarction and cancers in adults,
VOL. 112 NO. 2 / AUGUST 2019
where obesity is an established risk factor (50). A study exam-
ining childhood obesity and circulating miRNAs found that
circulating concentrations of hsa-miR-328 were higher in
obese compared to lean children (51). This suggests that
hsa-miR-328 might play a role in adipose regulation, obesity,
and obesity-related diseases. A rodent study found that
reducing expression of miR-328 blocked preadipocyte
commitment and inducing miR-328 instigated differentiation
of brown adipose tissue (52).

Few studies have examined the underlying molecular
mechanisms linking BMI with fertility. One previous study as-
sessed the associations between circulating plasma miRNAs
and BMI and found 19 significant miRNAs, including
hsa-miR-193b-3p (53). This was the only EV-linked miRNA
overlapping with our analysis, but the directionality of the as-
sociation with hsa-miR-193b-3p was the opposite of that pre-
viously reported (53). Another study examined prepregnancy
BMI and circulating miRNAs during pregnancy and identified
27 significant miRNAs in two separate cohorts. Specifically,
hsa-miR-28-5p, hsa-miR-376a, has-miR-139-5p, and hsa-
miR-423-5p were found to overlap with those EV-linkedmiR-
NAs that were significantly associated with BMI in our
analysis (54). Even more EV-linked miRNAs overlapped
with Enquobahrie et al., but the direction of association was
not consistent for hsa-miR-376a and hsa-miR-139-5p (54).

We also examined whether the global variability of EV-
linked miRNAs was associated with BMI. EV-linked miRNAs
can come from different noncoding sequences but can target
the same messenger RNA transcripts (55). Thus, one EV-
linked miRNA can interfere with the expression of many
genes and that one gene can be negatively regulated or
silenced by many EV-linked miRNAs. Our PCA identified
391



FIGURE 1

Venn diagram of EV-linked miRNAs identified in linear models and principal component (PC) analyses. Red: top identified EV-linked miRNAs
associated with the 90th percentile of PC1 loadings. Blue: EV-linked miRNAs that were found to be marginally significant in linear models (P<.05).
Martinez. BMI and EV-linked microRNAs. Fertil Steril 2019.
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PCs that would explain a certain percentage of the variability
within our EV-linked miRNA dataset and found PC1 to be
significantly associated with BMI. This suggests that the bio-
logic variability captured by PC1 was significantly associated
with BMI. From these two analyses, six EV-linked miRNAs
overlapped as significant: hsa-miR-99b, hsa-miR-29a, hsa-
miR-28, hsa-miR-328, hsa-miR-152, and hsa-miR-331. The
EV-linked miRNA that was FDR significant in the EV-linked
FIGURE 2

Venn diagram of false-discovery rate–significant KEGG pathways. Red: p
percentile of PC1 loadings. Blue: pathways associated with EV-linked miR
or follicle maturation, development, or fertilization.
Martinez. BMI and EV-linked microRNAs. Fertil Steril 2019.
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miRNA–by–EV-linked miRNA analysis, hsa-miR-328, was
identified as significant in both analyses. This suggests that
this hsa-miR-328 might be an important EV-linked miRNA
that could be affected by an increase in BMI.

Our KEGG pathway analysis of the top EV-linkedmiRNAs
contributing to PC1 revealed several pathways associated
with pathways of cellular signaling, follicular growth, and
oocyte maturation (56–60). We also performed KEGG
athways identified with EV-linked miRNAs associated with the 90th
NAs and BMI. Bold indicates KEGG pathways associated with oocyte

VOL. 112 NO. 2 / AUGUST 2019
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pathway analyses on the 18 EV-linked miRNAs associated
with BMI in the EV-linked miRNA–by–EV-linked miRNA
regression analyses. We identified 16 significant pathways
that overlapped between the three KEGG analyses. Eleven of
these were associated with oocyte and follicle maturation
and development: extracellular matrix (ECM)–receptor inter-
action, focal adhesion, FoxO signaling, oocyte meiosis, PI3K-
Akt signaling, adipocytokine signaling, AMPK signaling,
cGMP-PKG signaling, ErbB signaling, gap junction, and
GnRH signaling pathways.

These 11 pathways contribute to oocyte development,
maturation, and signaling. More notably, the Pl3K-Akt
pathway has been associated with recruitment of primordial
follicles, granulosa proliferation, and ovarian function (61).
It also activates the mTOR and FoxO pathways (62). The
FoxO pathway plays an important role in intra-oocyte
signaling and can negatively regulate oocyte growth and
follicular development by acting as a regulatory switch to
initiate primordial follicle activation (63–66). The pathway
of oocyte maturation is induced to transform an immature
oocyte into a mature or fertilizable egg (67). ECM-receptor
interaction is thought to play an essential role in regulating
follicle development (68) and significantly contributes to fol-
licle microenvironments that allow intracellular communica-
tion to occur between cells and the oocyte (68). Focal
adhesion is necessary to establish or maintain the oocyte–
granulosa cell contact in the follicle (69). Pathways identified
by the significant EV-linked miRNAs play major roles in fol-
licle and oocyte development andmaturation, suggesting that
BMI could disrupt these processes. This could provide a mech-
anistic explanation for the reduced fertility rates and
increased spontaneous abortion rates that are observed with
an increased BMI.

This study has limitations. First, we quantified EV-
linked miRNA profiles from a single follicle, which might
not accurately represent the EV-linked miRNA profile of
the whole cohort of follicles. In a previous analysis (unpub-
lished data) we compared the profile of EV-linked miRNA
from two follicles per patient that contained mature oocytes
and their profiles were highly correlated. Because the single
follicle did not always contain the oocyte that yielded the
embryo that was transferred and in many of the cases
more than one embryo was transferred, we were limited in
testing associations of BMI, EV-linked BMI, and pregnancy
outcomes. Second, we ran our KEGG pathway analyses on a
relatively small number of EV-linked miRNAs. Therefore,
our results may be subject to overfitting of the selected path-
ways by the software. To minimize this, we set our inclusion
of genes to those found in at least four separate prediction
software packages in addition to the Targetscan database.
We also included those EV-linked miRNAs that were
marginally significant but did not meet the FDR threshold
for multiple comparisons. EV-linked miRNAs are highly
correlated and have high biologic variability between sam-
ples, so to prioritize biologic relevance in our pathway ana-
lyses we chose to include all those EV-linked miRNAs that
met the marginally significant threshold (P< .05). In addi-
tion, although we can assure that we have a pellet enriched
in EVs, it is possible that the pellet included not only
VOL. 112 NO. 2 / AUGUST 2019
miRNAs that are encapsulated within the EVs, but also miR-
NAs that were extracellularly attached to the EVs (28). In
addition, there is a possibility that some of the miRNAs in
the pellet derived from necrotic cells (28, 70). To ensure
that we extract EV-linked miRNAs, we have optimized our
protocol by running thousands of samples in previous large
studies investigating EV-linked miRNAs as well as assessed
random FF samples with the use of Nanosight and flow
cytometry.

Our study has significant strengths as well. First, to our
knowledge it is the first to examine BMI with respect to EV-
linked miRNAs in FF. Second, we used PCA to examine how
EV-linked miRNAs contribute to variability in our dataset, al-
lowing us not only to expand onwork done by others, but also
to examine the global variability of the outcomes.

In conclusion, these identified associations between an
increased BMI and FF EV-linked miRNAs may provide an
insight as to how higher BMI may disrupt fertility on a mech-
anistic level.
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ORIGINAL ARTICLE: REPRODUCTIVE SCIENCE
Relaci�on entre el índice de masa corporal y los microRNAs ligados a vesículas extracelulares del líquido folicular humano

Objetivo: Estudiar si un aumento en el índice de masa corporal (IMC) est�a asociado con una expresi�on alterada de los microRNAs
asociados a vesículas extracelulares (EVlinked miRNAs) en el líquido folicular humano.

Dise~no: Estudio transversal.

�Ambito: Centro universitario de atenci�on terciaria.

Paciente(s): Se reclutaron 133 mujeres sometidas a un ciclo de fecundaci�on in vitro (FIV) entre enero de 2014 y agosto de 2016.

Intervenci�on(es): Ninguna.

Principal(es) medida(s) de resultado(s): Se aislaron los EV-linked miRNAs del líquido folicular y se midi�o su perfil de expresi�on me-
diante el uso de un panel Taqman Open Array Human miRNA. Los EV-linked miRNAs fueron globalmente normalizados y transforma-
dos de forma inversamente-normal. La relaci�on entre el índice de masa corporal (IMC) y el resultado de los EV-linked miRNA se analiz�o
mediante regresi�on lineal multivariante y an�alisis de componentes principales.

Resultados (s): Tras hacer un ajuste por edad, etnia, h�abito de fumar y lotes, se observ�o una relaci�on entre 18 EV-linked miRNAs y un
aumento del IMC. Los Hsa-miR-328 permanecieron significativos tras los ajustes de hallazgos falsos. El an�alisis de componentes prin-
cipales identific�o el principal componente responsable de una variaci�on del 40% en nuestro conjunto de datos de EV-linked miRNA, y
ajustando mediante regresi�on lineal se encontr�o que el componente principal estaba asociado con el IMC, tras ajustes de pruebas
m�ultiples. Utilizando la enciclopedia Kyoto de genes y an�alisis enriquecido del genoma, predijimos genes dianas de EV-linked miRN
in silico e identificamos la se~nalizaci�on de PI3K-Akt, la interacci�on con el receptor matriz extracelular (ECM), la adhesi�on focal, la
se~nalizaci�on Fox0 y los circuitos de la meiosis ovocitaria.

Conclusi�on (es): Estos resultados demuestran que el aumento de 1 unidad en el IMC est�a asociado con la expresi�on alterada de EV-
linked miRNAs en el líquido, el cual puede influir en vías implicadas en el desarrollo folicular y ovocitario. Nuestros hallazgos propor-
cionan una percepci�on potencial sobre una explicaci�on mec�anica de la reducci�on de la fertilidad asociada a un elevado IMC.
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SUPPLEMENTAL FIGURE 1

Histogram of percentage detected levels of expression of each EV-linked miRNA. Red line denotes the 15% threshold which separates the majority
of expressed EV-linked miRNAs (to the right of the line) from those that did not express (to the left of the line).
Martinez. BMI and EV-linked microRNAs. Fertil Steril 2019.
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SUPPLEMENTAL FIGURE 2

Histogram of the absolute values of the principal component (PC) loadings from PC1. Bars indicate the 90th percentile or higher of PC loadings. EV-
linked miRNAs examined in this percentile are listed.
Martinez. BMI and EV-linked microRNAs. Fertil Steril 2019.
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SUPPLEMENTAL FIGURE 3

Principal components (PCs) from PC analysis. On the left, all 133 principal components calculated with the y-axis showing the percentage of
variability that each PC explains in the EV-linked miRNA dataset. On the right, a close-up of the top three PCs with their percentage of
variability described.
Martinez. BMI and EV-linked microRNAs. Fertil Steril 2019.
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