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Suboptimal uterine fluid (UF) composition can lead to pregnancy
loss and likely contributes to offspring susceptibility to chronic
adult-onset disorders. However, our understanding of the bio-
chemical composition and mechanisms underpinning UF formation
and regulation remain elusive, particularly in humans. To address
this challenge, we developed a high-throughput method for intra-
organoid fluid (IOF) isolation from human endometrial epithelial
organoids. The IOF is biochemically distinct to the extraorganoid
fluid (EOF) and cell culture medium as evidenced by the exclusive
presence of 17 metabolites in IOF. Similarly, 69 metabolites were
unique to EOF, showing asymmetrical apical and basolateral secre-
tion by the in vitro endometrial epithelium, in a manner resembling
that observed in vivo. Contrasting the quantitative metabolomic
profiles of IOF and EOF revealed donor-specific biochemical signa-
tures of organoids. Subsequent RNA sequencing of these organoids
from which IOF and EOF were derived established the capacity to
readily perform organoid multiomics in tandem, and suggests that
transcriptomic regulation underpins the observed secretory asym-
metry. In summary, these data provided by modeling uterine lumi-
nal and basolateral fluid formation in vitro offer scope to better
understand UF composition and regulation with potential impacts
on female fertility and offspring well-being.
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Uterine glands and their product, uterine lumen fluid (UF),
are central to mammalian pregnancy establishment (1–5).

Despite UF being the site of critical reproductive events, in-
cluding sperm migration, embryo implantation, and conceptus
development, our understanding of the mechanisms governing UF
formation and composition regulation is poor. This is largely at-
tributable to ethical (6) and technical (7) limitations surrounding
human UF interrogation in vivo, in addition to inadequate cell
culture techniques recapitulating UF formation in vitro (8). Re-
garding the former, several available methods for sampling UF
from animals, such as in situ cannulation, perfusion, and excision
and rapid sampling (7), are not transferable to women. However,
UF sampling, by aspiration or lavage, remains one of the least
invasive methods for collecting material indicative of a woman’s
uterine health; further emphasizing the importance of, and need
for, understanding UF composition.
Regarding UF investigation in vitro, previous cell culture-

based efforts to capture reproductive fluids include the culture
of primary bovine, porcine, and murine oviduct epithelial mono-
layers on semipermeable supports in an apical-basal air-liquid
interface. Oviduct epithelial cells in this configuration regain cili-
ation (9–12), are hormonally responsive (11, 13–16), and mediate
physiological-like interactions with sperm (11, 17, 18). Moreover,
their apically secreted oviduct fluid surrogate differs in biochem-
ical composition to the culture medium provided basally (16, 19),
contains oviduct-specific glycoproteins (12, 16), responds to basal
stromal cell coculture (16, 19), and supports early embryo devel-
opment (12). However, major limitations of this culture approach
include a loss of physiological attributes and monolayer integrity
after ∼4 wk in culture (20). Furthermore, attempts to similarly

maintain primary endometrial, as opposed to oviductal, epithelia
have been less successful, as hormonal responsiveness is incon-
sistent, and cellular senescence is observed by the third culture
passage (21–23).
Endometrial epithelial cell organoids (EEOs) derived from

primary endometrial tissue represent a paradigm shift in this
regard (24). EEOs are heterogeneous and comprise both luminal
and glandular epithelia (25, 26) and more faithfully mimic in vivo
phenotypes and genetics while retaining appropriate hormonal
responsiveness over multiple passages (27). EEOs are, therefore,
amenable to long-term expansion and can be cryopreserved (25,
28, 29). Interestingly, EEOs exhibit polarity, whereby apical cell
membranes face the center of the organoid (inwards) while the
basolateral side faces outwards (25, 30, 31), suggesting that
EEOs could be a useful model for investigating UF formation
and function in vitro. As such, our overarching aim was to test
the hypothesis that EEO intraorganoid fluid (IOF) may repre-
sent an in vitro UF surrogate. To achieve this, EEOs from three
different donors were cultured prior to the capture of their IOF
by two complementary methods (micromanipulation [MMN] or
high-throughput centrifugation [HTC]) and metabolomic analy-
sis. In parallel, EEO extraorganoid fluid (EOF) was collected
and similarly analyzed. Finally, bulk RNA-sequencing (RNA-
seq) was performed on the EEOs from which IOF and EOF
were derived to understand their transcriptome (Fig. 1A).

Results
Isolation of EEO IOF. The first approach to isolating IOF was as-
piration by MMN, a technique commonly used for injecting
material into oocytes and embryos. The primary advantage of
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MMN is clean IOF extraction, i.e., with minimal, if any, EOF or
cell debris contamination. Disadvantages, however, include high
user competency and time requirements, in addition to consid-
erable equipment costs. Furthermore, IOF extraction by MMN is
limited to a very small number of organoids, between 8 and 10
EEOs per donor in this study. This limitation results in a low IOF
volume yield, translating to high IOF dilution for subsequent
analysis, thereby compromising chromatographic resolution. Ad-
ditionally, MMN does not allow for tandem multiomic (e.g.,
transcriptomic) analyses on the EEOs from which IOF was de-
rived as easily as an HTC approach, and the requirement to
overlay EEOs with mineral oil for MMN (Fig. 2A) may interfere
with EOF biochemistry.
To alleviate these constraints, a method for IOF extraction in

a high-throughput capacity was developed. A centrifugal force of
3,750 × g for 15 min at 4 °C was determined sufficient for EEO
disruption without compromising individual cell viability. This is
in line with other human cell types, which can withstand centrif-
ugal forces of up to 10,000 × g for up to 30 min without impacting
their integrity (32). To compare the semiquantitative metabolomic
profiles of IOF obtained by MMN vs. HTC, the following nor-
malization parameters were applied. For MMN: 1) raw peak in-
tensities were multiplied to account for gas chromatography-mass
spectrometry (GC-MS) sample loading (technical normalization),
to yield “adjusted peak intensities” before 2) the application of the
following normalization formula: [(adjusted peak intensity) × (fold
dilution)]/[(aspirated organoid count) × (mean organoid area)],
wherein “fold dilution” refers to the dilution factor incurred by
IOF transfer to phosphate buffered saline (PBS) (Fig. 2A), and
“mean organoid area” serves as a biological material normaliza-
tion factor. Thereafter, 3) normalized values were logarithmically
transformed (Dataset S1). For HTC: 1) raw peak intensities were
multiplied to account for PBS dilution during the IOF extraction
process, before 2) dividing this value by the RNA concentration

recovered in the residual cell pellet from which the IOF was de-
rived, as a biological material normalization. Then, 3) normalized
values were logarithmically transformed (Dataset S2). N.B.: For
EOF metabolomic data, raw peak intensities were divided by the
RNA concentration recovered in the residual cell pellet from
which IOF and EOF were sampled, prior to logarithmic trans-
formation (Dataset S2).
Comparing mean normalized semiquantitative metabolomic

profiles of IOF obtained by MMN (Fig. 2B) compared to HTC
found that both methods yield statistically identical (P = 0.735)
results (Fig. 2C) from each donor (Fig. 2 D–F). As such, MMN
and HTC are analogous approaches to isolating IOF. Moreover,
the IOF metabolome differed (P ≤ 0.0001) to that of the culture
medium (CM) provided basally at both the mean (Fig. 2C) and
individual donor (Fig. 2 D–F) levels. Thus, EEO consistently
form a biochemically selective barrier.

Qualitative Metabolomics of EEO Fluids. Upon confirmation that
HTC is a comparable approach to MMN for IOF isolation, the
following were subjected to more thorough high-throughput
untargeted ultrahigh-performance liquid chromatography (LC)-
MS: HTC-derived IOF (n = 3); EOF (n = 3); unconditioned CM
(n = 1); and Matrigel-conditioned medium (MCM; n = 1). IOF is
representative of the uterine lumen (25, 30), whereas EOF is
quasirepresentative of the uterine epithelial-stromal cell inter-
face and underlying vasculature. The unconditioned or blank
CM, in addition to MCM, served as negative controls. The latter
was performed to determine whether biochemical leaching from
Matrigel, a solubilized heterogeneous complex basement mem-
brane protein (33), affects the biochemical composition of CM
and, therefore, EEO fluid metabolomic profiles (34). Indeed, 40
metabolites were identified in MCM that were absent from CM
(Fig. 3A and Dataset S2). It is worth noting that the same
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Fig. 1. Study design and EEO monitoring. (A) Schematic depiction of study-dependent variables. (B) Time-lapse live imaging over 60 h of representative EEO
formation from each donor. (Scale bars, 100 μm.) (C) Schematic depiction of the EEO preparation regimen including a 48-h 17β-estradiol (E2) exposure. Mean
(±SEM) EEO (D) count and (E) areas on days 0 and 6 (n = 12); P ≤ 0.0001 (****). Representative EEO on days 0 (F) and 6 (G) at ×40 magnification. (Scale bars,
500 μm.)
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Matrigel batch was used throughout this study, to avoid potential
lot-to-lot variation (8).
In total, 374 metabolites were identified, of which 172 were

EEO-derived, i.e., absent from both CM and MCM (Fig. 3A).
Intriguingly, 231 metabolites were detected in IOF, of which 175
(75.8%) were common to IOF from all donors, showing a high
degree of homogeneity in the qualitative (i.e., biochemical presence)
metabolome of EEO IOF (Fig. 3B). Moreover, the IOF landscape
was dominated by lipids (42.9%) and amino acids (29.7%), followed
by carbohydrates (7.4%), among others (Fig. 3C). Regarding EOF,
355 metabolites were identified, of which 324 (91.3%) were com-
mon to EOF from all donors, showing even greater homogeneity in
the EEO EOF metabolome, from a qualitative perspective (Fig.
3D). Unlike IOF, however, these EOF common metabolites pri-
marily clustered under amino acids (37.4%) followed by lipids
(22.8%), among others (Fig. 3E). Moreover, of the 172 EEO-
derived metabolites, 86 (50%) were identified in both IOF and
EOF, 69 (40%) were exclusive to EOF, and 17 (10%) were unique
to IOF (Fig. 3A). Thus, in addition to EEO being a biochemically
selective barrier, EEO metabolite turnover and secretion is asym-
metrical about the apical-basolateral axis.

Quantitative Metabolomics of EEO Fluids. Comparing the normal-
ized semiquantitative metabolomic profiles of IOF vs. EOF
(Dataset S2) by principal component analysis (PCA) highlights
their clear separation (Fig. 4A), further demonstrating that IOF
and EOF are biochemically distinct. In addition to differential

qualitative metabolite presence (Fig. 3A), this is attributable to
the increase (P ≤ 0.05) of 296 metabolites in EOF compared to
IOF (Fig. 4A). Further contrasting EOF quantitative metabolic
profiles by donor reveals metabolic signatures unique to EEO
from each donor (Fig. 4 B and C), despite the high degree of ho-
mogeneity in respective qualitative metabolomes (Fig. 3). Thus,
while qualitative metabolite presence in EOF is broadly comparable
across donors, their relative concentrations are not. Total EOF
metabolite levels also differed by donor (Fig. 4D).
Regarding IOF, 20 biochemicals were elevated in IOF com-

pared to EOF (Fig. 4A) alongside 8 additional metabolites which
exhibited a trend (0.05 < P ≤ 0.10) toward an increase (Dataset
S2). Interestingly, of the 20 metabolites elevated in IOF, just 12
correspond to the 17 IOF-exclusive metabolites (Fig. 3A), as
concentrations of the remaining 5 IOF-exclusive metabolites did
not differ. The 7 metabolites identified in both IOF and EOF but
elevated (P ≤ 0.05) in IOF were: hypoxanthine, 1-(1-enyl-stearoyl)-
2-oleoyl-GPE; 1-palmitoyl-2-oleoyl-GPC; 1-oleoyl-2-linoleoyl-GPC;
laurate; spermine; and phosphate. In contrast, phenol red, a mini-
mally metabolizable dye (35) and convenient CM internal standard,
was 3,758-fold higher in EOF than IOF (Dataset S2), further ex-
emplifying endometrial organoid epithelial biochemical selectivity.
Lastly, comparing quantitative IOF profiles by donor revealed
similarly unique EEO IOF metabolic signatures, as observed in
EOF (Fig. 4 E and F); however, total metabolite levels in IOF were
independent of EEO origin (Fig. 4G). These data combined

A

B

C D

E

F

Fig. 2. EEO IOF isolation validation. (A) Schematic depiction of the preparation for extracting IOF by MMN and transferring it to PBS. (B) Sequential images of
IOF retrieval by MMN. (Scale bar, 250 μm.) (C) Mean normalized metabolomic profiles of IOF obtained by MMN vs. HTC from EEO vs. CM. Green depicts
undetected metabolites. IOF profiles obtained by MMN and HTC were statistically identical (P = 0.735), whereas the CM metabolome differed from MMN and
HTC counterparts (P ≤ 0.0001). (D–F) Metabolomic profiles of IOF obtained by MMN vs. HTC by donor vs. CM profiling. Legends and statistical comparisons
between groups are provided above each plot.
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demonstrate the ability to distinguish between EEO by donor based
on IOF or EOF quantitative biochemical profiles alone.

EEO Transcriptome. Bulk RNA-seq was performed on the EEO
pellets from which IOF was extracted by HTC (i.e., in tandem).
In total, 14,597 genes were expressed. Contrasting fragments per
kilobase of transcript per million mapped reads (FPKM) values
by donor revealed a different transcriptome of EEO from donors
1 and 2, but not donors 1 and 3 and donors 2 and 3 (Fig. 5A).
Nonetheless, plotting FPKM values for each gene revealed
donor-dependent expression variation (Fig. 5B). Focusing on the
301 solute carrier transporter (SLC) transcripts revealed no dif-
ference in their overall expression across donors, although expres-
sion of 60 differed by twofold or more between donors (Fig. 5C).
Of these, 10% correspond to zinc transporters (SLC39), followed
by monocarboxylate (SLC16; 8.3%) and nucleotide sugar (SLC35)
transporters (6.7%). Gene ontology analysis of all transcripts
revealed 14 (70%) of the top 20 directly related to metabolic
processes (Dataset S3). Further interrogation of these tran-
scriptomic data, specifically, comparing data from donor 1 vs. 2
using Pathview rendering, showed altered gene expression of
several enzymes involved in the citric acid cycle (Fig. 5D), among
others. Moreover, EEOs from all donors also expressed tight

junction proteins ZO1-3 (TJ1-3), further corroborating EEO for-
mation of a biochemically robust barrier. Complete RNA-seq data
sets have been deposited at the Gene Expression Omnibus
(GSE166289) (36).

Discussion
This study utilized existing technologies for the application of
performing tandem multiomics experiments in organoids in a
high-throughput capacity. From a technical perspective, we found
that an optimized HTC approach to isolating EEO IOF was
analogous to MMN. Thereafter, the HTC approach was used to
determine that human EEO IOF and EOF are biochemically
distinct and exhibit donor-specific biochemical signatures. Fur-
thermore, IOF bears numerous key similarities to in vivo UF. This
is a report of uterine epithelial apical fluid formation in vitro, in
addition to basolateral fluid composition regulation, findings and
methods directly and readily transferrable to other organoid
systems.
Isolation of IOF has only been achieved by: 1) choroid plexus

organoid aspiration, similarly to the MMN method presented
here, to harvest in vitro cerebrospinal fluid (37); and 2) sonica-
tion for toxin extraction from snake venom gland organoids (38).
Advantages of the former method include IOF aspiration with
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Fig. 3. Qualitative organoid fluid metabolomics. (A) Venn diagram depicting the number of metabolites identified in organoid CM, MCM, IOF, and EOF
across donors. (B) IOF metabolite presence by donor, in addition to (C) the mean superpathway breakdown of the IOF metabolites common to all donors. (D)
EOF metabolite presence by donor, in addition to (E) the mean superpathway breakdown of the EOF metabolites common to all donors. (F) The 17 IOF-
exclusive metabolites, arranged by pathway, wherein italicized metabolites are predicted.
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minimal, if any, EOF or cell debris contamination. However, IOF
recovery from such few organoids may not be representative of the
broad organoid population, particularly regarding endometrial
organoids, in lieu of observed constituent cell heterogeneity (26).
In contrast, the latter method is highly effective for select protein
production and isolation in a high-throughput capacity; however,
sonication lyses both organoids and constituent cells, rendering
detailed interrogation of neat IOF challenging.
The endometrial secretome is complex and composed of proteins,

cytokine peptides, ions, and metabolites, such as carbohydrates,

amino acids, and lipids (2, 39–44). Perhaps the most notable met-
abolic trait of UF is relative hypoglycemia (44); Gardner et al. (39)
measured glucose in UF from 15 women, reporting a mean of 3.2 ±
0.3 mM across all stages of the menstrual cycle. This value is in
contrast to physiological systemic glucose concentrations in the re-
gion of 5.5 mM. Moreover, UF glucose levels remained unchanged
in cattle intravenously infused with glucose to induce systemic hy-
perglycemia (45). While EOF is not directly comparable to serum,
glucose was greatly reduced in IOF vs. EOF (Dataset S2), demon-
strating that endometrial epithelia cultured as organoids in vitro

A
B C

D

E F

G

H

Fig. 4. Quantitative intraorganoid fluid metabolomics. (A) Principal component analysis of IOF and EOF quantitative metabolic profiles from each donor in
addition to the number of metabolites elevated (P ≤ 0.05) in each. (B) EOF metabolomic signatures by donor (relative concentration [RC]). (C) Corresponding
EOF donor vs. donor statistical comparisons [P ≤ 0.0001 (****)] are also provided. (D) Mean total metabolite levels in EOF by donor. (E) IOF metabolomic
signatures by donor. (F) Corresponding IOF donor vs. donor statistical comparisons [P ≤ 0.01 (**)] are also provided. (G) Mean total metabolite levels in IOF by
donor (not significant [NS]). (H) Network view by pathway of the metabolites elevated (P ≤ 0.05) in IOF vs. EOF wherein node diameter is proportional to fold-
change magnitude.
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form a selective barrier to glucose, similarly to in vivo. Furthermore,
glucose transporters SLC2A1, SLC2A3, and SLC2A10-13, among
others, in addition to SLC2A4RG (encoding the nuclear transcrip-
tion factor involved in regulating SLC2A4 expression) (46), were
expressed in EEOs. Glucose flux regulation by the uterine epithe-
lium is particularly important as glucose, in turn, regulates human
trophoblast proliferation (47). Specifically, glucose activates MTOR
signaling, independently of PI3K, via intermediary metabolite acti-
vation, notably uridine diphosphate N-acetylglucosamine (UDP-
GlcNAc) (47). In addition to the central role of UDP-GlcNAc to
trophoblast proliferation, it is the sole source of GlcNAc for

O-linked protein glycosylation in the trophoblast (48). Intrigu-
ingly, UDP-GlcNAc was one of the 17 metabolites exclusively
identified in IOF and was absent from EOF, CM, and MCM
(Fig. 3F). It is tempting to suggest that UDP-GlcNAc, an integral
substrate to embryo development, whose transporter (SLC35A3)
(49) was expressed in EEO, may not be endogenously produced by
the conceptus, but rather maternally derived. Given the estab-
lished centrality of glucose and glycogen homeostasis to successful
pregnancy establishment (44), it is perhaps unsurprising that 35%
of IOF-exclusive metabolites pertained to glucose and glycogen
metabolism (Fig. 3F).

A B C

D

Fig. 5. Tandem organoid transcriptomics. (A) Statistical comparison [P ≤ 0.05 (*); not significant (NS)] of transcriptomic profiles of endometrial epithelial
organoids obtained from all three donors. (B) Logarithmically transformed FPKM values per donor per gene (transcriptomic signatures) presented in
descending order. (C) Relative transcript abundance of SLC protein genes, specifically, those exhibiting a ≥2.0-fold change between two or more donors.
Green depicts undetected transcripts. (D) Pathview and Kyoto Ecyclopedia of Genes and Genomes (KEGG) database adapted extrapolation and rendering of
transcriptomic profiles of donors 1 vs. 2 within the context of the citric acid cycle, wherein green denotes enzyme transcript-relative down-regulation and red
depicts enzyme transcript-relative up-regulation.
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Another metabolite exclusive to IOF was oxidized nicotin-
amide adenine dinucleotide (NAD+). The significance of NAD+

and its precursor, nicotinamide mononucleotide (NMN), to
pregnancy has been recently elucidated. Genome sequencing of
families with histories of congenital malformations revealed
variants in two genes encoding enzymes involved in de novo
NAD+ synthesis (50). Cuny et al. (51) subsequently found that
maternal NAD+ deficiency—whether environmental or genetic
in etiology—elevated congenital malformations and miscarriages
in mice. Corroborating these data, NMN supplementation to
murine embryos, derived from oocytes from aged mothers, re-
stored embryo competence and development in vitro, and im-
proved subsequent live birth rates (52). The fact that NAD+ is
present in the in vitro human endometrial epithelial lumen, but
not basolaterally (Fig. 3F), and is found extracellularly in other
systems, rendering it unlikely to be artifactual (53), further
supports this emerging notion that NAD+ plays a key role in
human maternal-embryo communication and gestation. Indi-
rectly linked to NAD+ and, therefore, conceptus redox homeo-
stasis, are lactate and pyruvate, as their extracellular ratio (lactate-
to-pyruvate ratio [LPR]) influences intracellular NAD+ levels
(54). The LPR of serum is ∼15, whereas it is almost 60 in UF, on
account of high lactate (5.9 ± 1.2 mM) as compared to pyruvate
that is present in UF at levels comparable to those in circulation
(0.1 ± 0.05 mM) (39). Intriguingly, lactate was present in IOF and
EOF but not CM or MCM, whereas pyruvate was present in CM,
MCM, and EOF, but absent from donor 1 and 3 IOF. Thus, the
mean (±SD) EOF LPR was 3.0 ± 0.8, whereas the IOF LPR for
donor 2 was 132. Although these in vitro LPR values are incom-
plete, and LPR values differ to in vivo counterparts, they do show
that EEOs create an LPR gradient, the directionality of which is
the same as that observed in vivo. Inconsistent pyruvate secretion
by EEOs from different donors may be partially reflected in dif-
ferential EEO monocarboxylate transporter (SLC16A) family ex-
pression. For instance, the expression of SLC16A3, which exhibits
a particularly high affinity for pyruvate and is presumed to have
evolved to retain cellular pyruvate for glycolytic NADH produc-
tion prevention (55), was considerably variable among donor
EEOs. SLC16A4, SLC16A5, SLC16A8, and SLC16A9 FPMK
values were similarly inconsistent across EEOs from different
donors (Fig. 5C).
Also closely related to glucose metabolism and NAD+ po-

tentials is the adenosine monophosphate (AMP)-activated protein
kinase (AMPK), which senses intracellular energy [ADP/ATP]
status and glucose availability (56), and is expressed (PRKAB2) by
the human morula (57). As AMPK activation by elevated AMP
(another of the solely identified metabolites in IOF; Fig. 3F) leads
to increased intracellular NAD+ (58), it may be that the endo-
metrium has evolved two functionally redundant strategies for
equipping the conceptus with NAD+

—one direct (i.e., NAD+

secretion), the other indirect (i.e., AMP provision). Proper AMPK
function is paramount to early embryo development, as perturbed
activity is correlated to retarded murine blastocyst trophectoderm
differentiation and poor tight junction formation (59, 60). Further,
there are compelling data to suggest that pharmacological and
environmental AMPK agonists contribute to miscarriages and
assisted reproductive technology failures (61). Moreover, bovine
early conceptus development has been recently hypothesized to
revolve around a glucose-AMPK-PPARG (proliferator-activated
receptor gamma) axis, modulated by uterine secretions of glucose,
adenosine phosphates, and lipids (62–65). Whether such meta-
bolic mechanisms are conserved in human embryos—in addition
to the relative contribution of maternally derived lipids to human
embryo development—remain open questions. While lipids
dominated (42.9%) the IOF landscape, followed by amino acids
(29.7%) (Fig. 3C), only a few studies have interrogated the lipid
(41) and amino acid (43) composition of human UF. The former
identified just 9 lipids, whereas the latter were limited to 18 free

amino acids, in contrast to the 102 lipid and 125 amino acid
moieties identified in the present study of EEOs. As such, the
scarcity of comprehensive in vivo data (66, 67) render robust
comparisons a challenge. Rectifying this is by thoroughly meta-
bolically profiling uterine fluid from women, similarly to what has
been conducted in cattle (63, 68–70), sheep (71), pigs (72), and
mice (73) will shed much needed light on the biochemistry sur-
rounding maternal-embryo communication in our species, and
allow us to better evaluate the merits of IOF as a UF surrogate.
Perhaps the most interesting of the 69 EOF-exclusive metab-

olites identified (Fig. 3A) was adenosine 3′-5′-cyclic mono-
phosphate (cAMP)—whose supplementation to culture media is
required to induce stromal cell decidualization in vitro (74). While
the mechanisms of extracellular cAMP secretion, via ATP-binding
cassette C (ABCC) transporters, are well characterized in other
systems (75, 76), the potential paracrine function of cAMP in
endometrial epithelial-stromal cross-talk has yet to be established.
Intriguingly, however, EEOs from all three donors expressed eight
ABCCs, including ABCC4, whose dysregulation in vivo is associ-
ated with endometriosis (77). As such, we hypothesize that baso-
lateral cAMP secretion by EEOs is not artifactual, rather a
physiological phenotype previously unobservable in vitro and still
so in vivo. Further intriguing EOF-exclusive substrates were di-
peptides Cys-Gly, Tyr-Gly, and Pro-Gly. Given that glycine com-
prises approximately one-third of all collagen (78)—extracellular
matrix protein synthesized and deposited by stromal fibroblasts
(79)—it is tempting to suggest that EEOs basolaterally secrete
glycine conjugates as stromal substrate for collagen production.
Moreover, unconjugated glycine levels were 15-fold higher in EOF
vs. IOF (Dataset S2). Teasing-out these hypotheses using EEO-
stromal coculture systems, similarly to Abbas et al. (31), represent
important areas for further research, as discussed below.
Despite the identification of 14,597 gene transcripts and pro-

filing of 374 metabolites in the EEOs, greater EOF and IOF
(Fig. 4) metabolomic variance was observed than transcriptomic
variance (Fig. 5). Thus, metabolomics offers greater resolution in
distinguishing between EEO donors. This, in addition to the fact
that metabolomics offers several advantages over genomics, tran-
scriptomics, and proteomics, as it represents the final result of
interactions between genes, RNAs, and proteins (80), is an im-
portant consideration for personalized, or precision, medical ap-
plications, whose value to reproductive medicine is gaining traction
(81, 82). Although the EEO sample size in this study is too small to
determine whether IOF or EOF biochemistry correlates to donor
attributes (e.g., age), metabolically profiling IOF, and EOF, from
aged or infertile women, in a similar vein to Boretto et al. (30), may
help us build an atlas of secreted substrates important to—and
therefore predictors of—pregnancy success. Additional areas for
future work include investigating the IOF and EOF proteome and
determining the extent to which hormonal supplementation alters
IOF and EOF composition. Hormonal supplementation is lacking
from the current experimental design as existing data indicate that
the stage of the menstrual cycle does not impact UF carbohydrate
(39) or amino acid (43) composition, barring possibly taurine (83).
However, investigating whether EOF composition is hormonally
responsive and functionally relevant, e.g., capable of inducing stro-
mal cell decidualization in vitro (84, 85), represents an interesting
line for pursual. Furthermore, probing the influence of a patho-
physiological endocrine milieu—mimicking aspects of subfertility-
associated disorders such as polycystic ovary syndrome (i.e., hyper-
androgenism) and diabetes mellitus (i.e., hyperglycemia)—on the
EEO IOF and EOF secretome, may shed light on several metab-
olomic etiologies of pregnancy loss. Additional important areas for
future work include investigating the extent to which Matrigel batch
variation and EEO passage number influence EEO IOF and EOF
dynamics. Moreover, the innovations presented here, coupled to
gene editing technologies such as CRISPR-Cas9-mediated homology-
independent organoid transgenesis (CRISPR-HOT) (86), represent
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an opportunity to conduct functional metabolomics for transporter
function elucidation. Finally, the methods presented herein are di-
rectly and readily transferrable to organoids from other secretory
cell types.

Materials and Methods
EEO Culture. Primary human endometrial epithelial cells were derived from
three donors. Donor 1 was a 30 y old undergoing a cystectomy 18 d post-
menstruation. Donor 2 was a 25 y old admitted for bilateral tubal ligation 6 d
postmenstruation. Donor 3 was a 37 y old with a body mass index (BMI) of 38,
without history of irregular bleeding or endometriosis, and of proven fer-
tility, also undergoing a bilateral tubal ligation. Current literature suggests
that BMI does not alter the UF metabolome (43). Written informed consent
was obtained from each donor and all experiments were approved by the
University of Missouri Institutional Review Board.

EEO IOF Extraction by MMN. To isolate IOF by MMN, EEOs from donors 1, 2,
and 3 at their passage 12, 9, and 7, respectively, were plated to 100-mm
Petri dishes (Fisher Scientific, FB0875712). Specifically, four 20-μL Matrigel
domes per dish, in addition to a single 1.5-μL 1× PBS drop were positioned
according to the schematic depiction in Fig. 2A. EEO cultures were then
covered with organoid expansion culture medium (OEM), before overlaying
the entire dish with mineral oil (Sigma, M8410). Mineral oil was required to
enable the accurate deposition of aspirated IOF into the adjacent PBS drop
(Fig. 2A). EEOs were maintained as such at 37 °C under 5% CO2 in air for
10 d without hormonal supplementation. IOF was subsequently manually
extracted using a Leica DMi8 microscope coupled to an Eppendorf Trans-
ferMan 4r micromanipulator. EEOs were held in place by the surrounding
Matrigel (Fig. 2B) and EEO IOF aspiration was achieved using an Eppendorf
CellTram 4r Oil and Biopsy Tip I (Eppendorf, 5195000052). Eight, 10, and 10
EEOs, selected at random, were aspirated from donors 1, 2, and 3, respec-
tively. Thereafter, the IOF was dispensed into the adjacent 1.5-μL PBS droplet
(Fig. 2A). Each PBS drop—now also comprising IOF—was then transferred to
a 500-μL conical tube, brought to a total volume of 25 μL with 1× PBS, snap
frozen in N2(l), and stored at −80 °C until being sent on dry ice for analysis to
the University of Missouri Metabolomics Core. To isolate IOF by HTC to
compare against the MMN method, EEOs from donors 1, 2, and 3 at the
same passage were plated to 4 wells of a 12-well plate each by seeding four
20 μL Matrigel domes per well and maintained in OEM at 37 °C under 5%
CO2 in air for 10 d also without hormonal supplementation. Thereafter, IOF
was extracted by HTC as described below.

EEO IOF Extraction by HTC. Culture medium was aspirated from EEO culture
wells and replaced with chilled 1× PBS twice. EEOs were then incubated with

chilled Cell Recovery Solution (Corning, 354253) at 4 °C for 30 min. Using a
1-mL micropipette coupled to a wide-bore tip, EEOs were gently transferred
to a 15-mL tube and centrifuged at 270 × g for 10 min at 4 °C. The super-
natant was aspirated, and the pellet was gently resuspended in 3 mL chilled
1× PBS prior to recentrifugation and pellet resuspension in 250 μL chilled 1×
PBS. EEOs were then transferred to a 1.5-mL tube and lightly vortexed for
5 min before centrifugation at 3,750 × g for 15 m at 4 °C. The resulting
diluted IOF (supernatant) was transferred to a 1.5-mL tube, snap frozen in
N2(l), and stored at −80 °C until analysis. The residual endometrial epithelial
cell pellet was suspended in 1 mL TRIzol reagent (Invitrogen, 15596026) and
stored at −80 °C until further processing.

EEO IOF vs. EOF Experimental Design. EEO from donors 1, 2, and 3 were each
transferred to 4 wells of a 12-well plate at a density of three 20-μL Matrigel
domes per well and 10,000 cells per dome. Following 4 d of postpassage
culture in OEM, the EEO culture medium was replaced by OEM lacking N2
supplement, instead comprising 10 nM 17β-estradiol (E2; Sigma E1024) for
48 h. EEOs were subsequently maintained in conventional CM—i.e., OEM
without N2 supplement—for a further 96 h, with media replenishment every
48 h. Thereafter, 250 μL of 750 μL total EEO-conditioned CM (EOF) was as-
pirated from each well, pooled according to donor, snap frozen in N2(l), and
stored at −80 °C until analysis. IOF was subsequently isolated by HTC as
described above. In parallel, one well comprising four 20-μL Matrigel domes
and CM alone was similarly maintained at 37 °C under 5% CO2 in air for 10 d.
This MCM control, in addition to a 500-μL aliquot of the same CM, was also
snap frozen in N2(l) and stored at −80 °C.

Full details pertinent to EEO culture, time-lapse imaging of EEO formation,
metabolomics (MMN vs. HTC), metabolomics (IOF vs. EOF), metabolomic
data normalization and presentation, EEO population and size analyses, and
RNA isolation and sequencing, can be found in SI Appendix, Materials
and Methods.

Data Availability. RNA-seq data have been deposited in the National Center
for Biotechnology Information (NCBI) Gene Expression Omnibus (accession no.
GSE166289) (36). All study data are included in the article and/or supporting
information.
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