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Abstract

Reproductive efficiency in livestock is a major driver of sustainable food production. The poorly
understood process of ruminant conceptus elongation (a) prerequisites maternal pregnancy
recognition, (b) is essential to successful pregnancy establishment, and (c) coincides with a
period of significant conceptus mortality. Conceptuses at five key developmental stages between
Days 8-16 were recovered and cultured in vitro for 6 h prior to conditioned media analysis by
untargeted ultrahigh-performance liquid chromatography tandem mass spectroscopy. This global
temporal biochemical interrogation of the ex situ bovine conceptus unearths two antithetical
stage-specific metabolic phenotypes during tubular (metabolically retentive) vs. filamentous
(secretory) development. Moreover, the retentive conceptus phenotype on Day 14 coincides with
an established period of elevated metabolic density in the uterine fluid of heifers with high systemic
progesterone—a model of accelerated conceptus elongation. These data, combined, suggest a
metabolic mechanism underpinning conceptus elongation, thereby enhancing our understanding
of the biochemical reciprocity of maternal-conceptus communication, prior to maternal pregnancy
recognition.

Summary sentence

Temporal changes in conceptus metabolism occur in the period leading to maternal pregnancy
recognition.
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Introduction . Lo . .
the concentration of the conceptus-derived signal required to trigger

The elongating ruminant conceptus (embryo and extra-embryonic
tissues) undergoes (i) a morphological transition from spherical to
ovoid to tubular to filamentous [1, 2], (ii) extraembryonic membrane
differentiation [3], and (iii) a rapid increase in trophectoderm mass
and length [4] around a seemingly randomly distributed axis [5].
The process of elongation is reproductively essential, not least as

the maternal pregnancy recognition cascade, interferon tau (IFNT)
[6, 7], is proportional to conceptus size [8]. Whilst a threshold
concentration of IFNT required to establish pregnancy has yet to
be established [9], the conceptus must first elongate to a sufficient
length to establish pregnancy, with short conceptuses failing to elicit
an appropriate response from the endometrium [10]. Only then can
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apposition, attachment, adhesion, and full placentation commence
[11].

Several studies into early (Days 1-7) bovine embryo metabolism,
among other species, have led to a comprehensive understanding of
the metabolic character of the early embryo; notably amino acid,
glucose, lactate, and pyruvate utilization. Specifically, incremental
modifications [12] to embryo culture media have unearthed the
importance of several metabolites to early embryo development.
However, the metabolic traits of the elongating conceptus remain
poorly defined, partly owing to the technical constraints associated
with obtaining conceptuses, as elongation has not, as yet, been
recapitulated in vitro [13-15]. Indeed, this is an active area of
research [16, 17].

The importance of optimal metabolism to successful conceptus
elongation is apparent as (a) many genes expressed by the early elon-
gating bovine conceptus relate to metabolism [18, 19], (b) a greater
enrichment of differentially expressed genes relating to metabolism
and biosynthesis has been observed in long vs. short (i.e., likely
retarded) conceptuses [20,21], and (c) conceptus elongation does not
occur in vitro or in vivo in the absence of uterine glands [22]. Fur-
thermore, exogenous systemic progesterone (P4) supplementation—
a model which accelerates the rate of conceptus elongation [23]—
results in select endometrial metabolite amplification in uterine
lumen fluid (ULF) on Day 14 [24-27]. It is also worth noting that, to
our knowledge, only one study has investigated ruminant conceptus
metabolite consumption and release, in which the turnover of 18
amino acids by Days 14-16 bovine conceptuses cultured in vitro was
quantified [28].

Given the importance of metabolism to conceptus development,
in addition to the conceptus elongation window coinciding with
a period of significant pregnancy loss in cattle [29-32], a better
understanding of conceptus metabolism during this critical period
in pregnancy establishment is essential. To this end, our aim was to
comprehensively characterize the biochemical turnover of the bovine
conceptus during the peri-elongation period (Days 8-16) using high-
throughput untargeted ultra-high-performance liquid chromatogra-
phy mass spectrometry. Our hypotheses were that (a) total metabo-
lite uptake would increase with time—in line with likely elevated
metabolic demands associated with exponential cellular prolifer-
ation, (b) metabolite consumption and secretion would correlate
inversely to previously identified ULF metabolite turnover [24-27],
and (c) the pattern of specific metabolite utilization would differ
between the spherical vs. filamentous conceptus.

Materials and methods

Unless otherwise stated, all reagents were procured from Sigma
Aldrich (Arklow, Ireland).

Experimental design

Bovine conceptuses at five developmental time-points leading up to
maternal pregnancy recognition—Days 8, 10, 12, 14, and 16—were
cultured in vitro for 6 h prior to the profiling of their conditioned
media. To obtain Days 10-16 conceptuses, Day 7 in vitro produced
blastocysts (Day 0 = day of in vitro fertilization) were transferred
into synchronized heifers 8 days after the onset of estrus (Figure 1A);
Day 8 embryos were obtained following an additional 24 h in in vitro
culture. For consistency, the same volume of culture medium (500 pL
per well) was used across all groups. To maximize the likelihood
of metabolite detection in conceptus-conditioned culture media,

smaller Days 8-14 conceptuses were cultured in groups, whereas
Day 16 conceptuses were cultured individually (Figure 1B and C).
Five biological replicates per developmental stage were carried out.
Post-culture, conceptuses were recovered and analyzed for total
protein content (Figure 1D and E), to enable metabolomic data nor-
malization by total protein, in addition to per conceptus (discussed
below).

Embryo production

In vitro maturation (IVM), fertilization (IVF), and culture (IVC) were
performed to produce 373 grade 1 blastocysts, of which 305 were
transferred into the recipient heifers. The remaining 68 blastocysts
comprised the Day 8 group. In brief, immature cumulus—oocyte
complexes (COCs) were aspirated from local slaughterhouse-derived
ovaries and matured in groups of 50 for 24 h in 500 pL tissue culture
medium (TCM) 199 + 10% (v-v™!) fetal calf serum +10 ng-ml™!
epidermal growth factor at 39 °C under 5% CO; in air. IVF was
subsequently achieved by the co-incubation (39 °C under 5% CO,
in air) of IVM COCs and 10° percoll-separated spermatozoa-ml™!
from a single fertility-proven bull (Day 0). Following 20 h post-
insemination, presumptive zygotes were isolated, denuded by light
vortex, and IVC in groups of 25 in 25 pL synthetic oviduct fluid
(SOF) until Day 7.

Animal husbandry and ethics

All animals were kept under identical conditions and fed grass and
maize silage supplemented with a standard beef ration. All proce-
dures involving animals were approved by the University College
Dublin Animal Research Ethics Committee, and licensed by the
Irish Health Products Regulatory Authority, in accordance with the
European Union Directive 2010/63/EU on the Protection of Animals
Used for Scientific Purposes, and the Republic of Ireland Cruelty to
Animals Act of 1876.

Estrous synchronization

The estrous cycles of 28 Charolais-Limousin heifers with a mean age
(£SD) of 2.1 & 0.3 years and weight (£SD) of 606.7 & 32.0 kg were
synchronized with an injection of a gonadotropin releasing hormone
(GnRH) analog (Ovarelin; Ceva Santé Animale, Libourne, France)
concurrent with the insertion of a progesterone releasing intravagi-
nal device (PRID Delta; Ceva Santé Animale). Seven days later, a
prostaglandin F2« (PGF2«) analog (Enzaprost; Ceva Santé Animale)
was administered, with PRID removal the next day (Figure 1A).
Beginning 30 h following PRID removal, all heifers were observed
for signs of estrus five times per day. Day 0 was estimated to be
analogous to the day of fertilization—i.e., 28-32 h after first standing
heat for mounting [33]. This was to ensure physiological synchrony
between in vitro-produced and subsequently transferred embryos
(discussed below).

Embryo transfer

On Day 7 post-estrus, ovaries were assessed by transrectal
ultrasound. Four heifers lacking an appropriately developed corpus
luteum (CL) were excluded. Between 5 and 15 in vitro-produced Day
7 embryos were transferred into the uterine horn ipsilateral to the
ovary bearing the CL of the remaining 24 heifers. More specifically,
to retrieve sufficient Days 10, 12, 14, and 16 conceptuses, 135, 75,
75, and 20 embryos were transferred into 9, 5, 6, and 4 heifers,
respectively (Figure 1A).
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Figure 1. Experimental design and conceptus elongation validation. (A) Schematic depiction of the animal synchronization protocol for embryo and conceptus

recovery wherein “X(ET)” denotes the total number of embryos transferred per cohort and

"

n"” denotes the number of recipient heifers per cohort. Percentages

denote the proportion of conceptuses recovered. (B) Diagrammatical representation of embryo and conceptus culture design providing biological (n = 5)
replicate values per day in addition to the number of conceptuses pooled (n = 1-14) per replicate. (C) Representative images of recovered embryos/conceptuses
(not to scale). Mean (+SEM) total protein concentration per embryo or conceptus per day on (D) logarithmic and (E) linear axes (R2 = 0.976). Abbreviations:
progesterone releasing intra-vaginal device (PRID), gonadotropin releasing hormone (GnRH), and prostaglandin F2 alpha (PGF2«), embryo transfer (ET).

Conceptus recovery and culture

Reproductive tracts were recovered at slaughter and transported to
the laboratory within 45 min, where both uterine horns were flushed
with 45 mL pre-equilibrated phosphate-buffered saline (PBS). Recov-
ered conceptuses were immediately transferred into serum-free SOF
supplemented with 0.1% polyvinyl alcohol (SOFPV). Specifically,
conceptuses were cultured in 500 pL SOFPV per well, either singu-
larly (Day 16) or in groups (Days 10-14; Figure 1B), based on con-
sistent morphology (Figure 1C). Conceptuses were cultured at 39 °C
in 5% CO3 in air for 6 h, as was a control SOFPV aliquot devoid of
any conceptuses. The same SOFPV batch was used throughout this
study to eliminate batch-to-batch composition variability.

Conceptus and conditioned media recovery

Post-culture, conceptuses were isolated, rinsed twice in chilled PBS
and snap-frozen in liquid nitrogen, prior to storage at —80 °C until
protein content analysis. Specifically, all conceptuses per given well
were snap frozen together to determine the conceptus protein content
per well for normalization (discussed below). In parallel, conceptus-
conditioned and SOFPV control media were centrifuged at 1000
x g for 15 min at 4 °C before supernatant snap-freezing in liquid
nitrogen and storage at —80 °C until metabolomic analysis.
Conceptus analysis: total protein quantification

Each vial comprising recovered conceptuses was thawed on ice and
centrifuged at 16 100 x g for 20 min. The supernatant was discarded,
and the resulting pellet was lysed with an aqueous buffer comprising
150 mM NaCl + 10 mM tris-hydroxymethyl-aminomethane
(THAM) + 1 mM ethylenediaminetetraacetic acid (EDTA) + 1 mM
egtazic acid (EGTA) + 1% octylphenoxypolyethoxyethanol
(Igepal) + 1 mM phenylmethanesulfonyl fluoride (PMSF) + 2.5 mM
Na3VO4 + phosphatase cocktail inhibitor and protease cocktail
inhibitor at pH 7.4 identically to Aburima et al. [34]. Total protein
in each lysed sample was subsequently determined against a standard
curve using the DC (calorimetric) protein assay kit (Bio-Rad)—based
on the Lowry method [35]—coupled to a microplate reader (Infinite

200 Pro, Tecan) (A = 750 nm) in accordance with the manufacturer’s
instructions.

Conditioned media analysis: mass spectroscopy
Experimental and SOFPV control samples were screened for metabo-
lites by ultrahigh-performance liquid chromatography tandem mass
spectroscopy (UPLC-MS/MS) by Metabolon Inc. as described below.

Protein was precipitated and extracted using the automated
MicroLab STAR system (Hamilton Company) with methanol under
vigorous centrifugation at 680 x g for 2 min (Geno/Grinder 2000,
Glen Mills) prior to methanol removal using a TurboVap (Zymark)
and overnight incubation in nitrogen. Each sample was subsequently
divided into four fractions—two for analysis by reverse phase (RP)
UPLC-MS/MS with positive ion mode electrospray ionization (ESI),
one for analysis by RP UPLC-MS/MS with negative ion mode ESI,
and one for analysis by hydrophilic interaction liquid chromatogra-
phy (HILIC) UPLC-MS/MS with negative ion mode ESI.

Sample extracts were then dried and reconstituted in solvents
compatible to each UPLC-MS/MS procedure. Specifically, the first
fraction analyzed under positive ionization was subject to gradient
elution (Waters UPLC BEH 1.7 pm C18 column 2.1 x 100 mm) in
water and methanol with 0.05% perfluoropentanoic acid and 0.1%
formic acid. The second run under positive ESI was identically eluted,
using the same column, but with the elution buffer additionally
comprising acetonitrile. The third fraction, analyzed under negative
ionization, was similarly eluted using a gradient buffer comprising
methanol, water, and 6.5 mM ammonium bicarbonate (pH 10.8),
and the fourth ran under negative ESI and was eluted using a HILIC
(Waters UPLC BEH Amide 1.7 pm column 2.1 x 150 mm) with a
water plus acetonitrile plus 10 mM ammonium formate (pH 10.8)
gradient.

Samples were subsequently analyzed using a Waters Acquity
UPLC coupled to a Thermo Scientific Q-Exactive high resolution MS
interfaced with heated electrospray ionization (HES-II) source and
Orbitrap mass analyzer operating at 35 000 mass resolution and with
a scan range between 70 and 1000 72/z. Biochemicals were quantified



Bovine conceptus metabolism, 2021, Vol. 104, No. 5

1025

against known internal and recovery standards, run in parallel, as
described below. Metabolite identification was based on retention
time/index (RI), mass to charge ratio (m/z) within 10 ppm, and
MS/MS forward and reverse scores between the experimental data
vs. Metabolon Inc. in-house authentic standards. In a minority of
cases where this was not possible, metabolite identification was
predicted by comparing metabolite RI, m/z, and chromatographic
(MS/MS spectral data) to those of purified standards; predicted
metabolites are listed in Figure 5 and Supplementary Table S2. The
technical (instrument) median relative standard deviation was 3%
with a total process variability of 8%.

Metabolomics quality control

Three controls were analyzed in parallel with the experimental
samples, the first being a pooled aliquot of all experimental sam-
ples, serving as a technical replicate control. Secondly, ultra-pure
water samples served as process blanks, also run in between the
experimental samples at defined intervals. Thirdly, a cocktail of qual-
ity control (QC) metabolites, absent from endogenous compound
measurements, were spiked into each sample. This internal standard
enabled instrument performance monitoring and chromatographic
alignment.

Biochemical data analysis and data presentation

The raw chromatographic data were logarithmically (In) trans-
formed (i.e., scaled) with neither imputation nor sample media
subtraction. These semi-quantitative data pertinent to metabolite
flux in conceptus-conditioned medium (CCM) are presented as
either conceptus-normalized (CN)—i.e., on an individual conceptus
basis, whereby raw peak area values used to calculate the rela-
tive concentration of each metabolite were divided by the number
of conceptuses per well (Figure 1B) prior to further processing
(i.e., representative of the metabolite concentration to which the
endometrium would be exposed in vivo), or protein-normalized
(PN)—i.e., on a total protein basis, whereby raw peak area values
were divided by the total protein concentration of each well before
further processing. The former is reflective of conceptus-mediated
extracellular changes (i.e., conceptus being the unit), whereas the
latter, as conducted by Morris et al. [28], is indicative of changes
in conceptus cell metabolism (i.e., per unit protein). A two-way
analysis of variance and Welch’s two-sample #-test, with a P < 0.05
denoted as significant and 0.05 < P < 0.10 denoted as a trend,
was subsequently applied, unless otherwise stated. Biochemical net-
works were visualized within relevant metabolic networks using
MetaboLync™ pathway analysis software (portal.metabolon.com).
Additional statistics and heat mapping—details of which are pro-
vided within corresponding figure legends—were generated using
Prism 8 (GraphPad Inc., CA, USA).

Uterine luminal fluid comparisons

To identify uniquely conceptus-derived metabolites, data generated
in this study were qualitatively contrasted against our previous
analyses of the composition of ULF from cyclic heifers on Days 12,
13, and 14 [24-27]. Across those studies, a total of 233 metabolites
were consistently identified in ULF (Figure 2)—regardless of day or
heifer treatment. Whilst metabolite concentrations varied by day and
treatment, such quantitative data are not repeated here; however,
those data are discussed in the context of disentangling the metabolic
reciprocity of maternal-conceptus communication.

Results

Experimental design

Mean (+SEM) total protein per culture well (Figure 1B), irrespec-
tive of conceptus number, was 0.043 £+ 0.002 mg/ml (Day 8),
0.041 £ 0.004 mg/ml (Day 10), 0.041 & 0.01 mg/ml (Day 12),
0.966 £ 0.12 mg/ml (Day 14), and 5.01 & 0.91 mg/ml (Day 16).

Conceptus elongation
Mean (+SEM) total protein per conceptus (Figure 1D) increased
from 3.0 £ 0.8 pg/ml (Day 8), 4.9 £ 5.2 pg/ml (Day 10),
59 + 1.4 pg/ml (Day 12), 0.3 £ 0.03 mg/ml (Day 14), to
5.0 +£ 0.9 mg/ml (Day 16).

Qualitative metabolite presence

The exponential increase in mean conceptus protein content during
elongation (Figure 1D) was accompanied by a comparatively modest
linear (R? = 0.9) increase in the total number of metabolites detected
in CCM over time—rising from 132 to 140, 148, 237, and 280
on Days 8, 10, 12, 14, and 16, respectively (Figure 2A-E). This
corresponds to a rate of 19.7 new metabolites per day. These
metabolites clustered within 8 super-pathways; overall super-
pathway mean (£SD) distribution in terms of the percentage of total
corresponding metabolites in CCM across all days was: amino acids
(45.0 + 4.2%), lipids (20.4 £+ 2.7%), nucleotides (9.6 + 5.3%),
xenobiotics (8.2 £+ 1.6%), carbohydrates (6.2 + 1.3%), energy
substrates (5.2 + 0.8%), peptides (3.0 £ 1.9%), and cofactors
and vitamins (2.2 + 0.8%) (Figure 2A-E). As such, changes in
the proportions of each super-pathway by day were relatively
subtle. The unconditioned (SOF control) medium comprised
98 metabolites, spanning the same 8 super-pathways in similar
proportions (Figure 2F).

Contrasting CCM and SOF by day revealed 37, 43, 53, 140, and
182 conceptus-secreted metabolites on Days 8-16 (Figure 2A-E).
Intriguingly, further contrasting these data against our previous
interrogation of ULF composition (Figure 2G) [26] revealed 90
metabolites unique to CCM, being undetected in blank SOF and
ULF (Figure 2E)—i.e., uniquely conceptus-derived. Of these, just
14 were identified on all days studied (Figure 2I). A full list is
provided in Supplementary Table S1. Figure 2H depicts the overlap
of CCM metabolites by day—118 were common to CCM on all days,
whereas 83 were only common to CCM on Days 14 and 16, and 36
metabolites were unique to Day 16 CCM.

Semi-quantitative metabolite flux:

conceptus normalized

Principal component analysis of all metabolites, and their relative
concentrations in CCM, revealed that conceptus-normalized CCM
biochemical profiles were most distinct on Days 14 and 16
(Figure 3A). Total metabolite concentrations in CCM increased
on Day 16 alone (Figure 3B). This broad profile was near-
identical to the breakdown of just amino acid-related metabolites
(Figure 3C). Significant differences in carbohydrate (Figure 3D),
cofactor and vitamin (Figure 3E), energy substrate (Figure 3F),
nucleotide (Figure 3H), lipid (Figure 3G), peptide (Figure 3I), or
xenobiotic (Figure 3]) related metabolites were not observed. Sub-
pathway comparisons of relative metabolite concentrations by day
(Figure 3K) confirm the negligible differences in metabolite turnover
preference by the conceptus until Day 16. However, Figure 3K
additionally shows a propensity by the Day 16 conceptus to
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Complete datasets are provided as Supplementary Material. Abbreviations:
(SOF), and uterine luminal fluid (ULF).

secrete higher levels of metabolites primarily related to: (a) fructose,
mannose, and galactose, (b) creatine, (c) glycolysis, gluconeogenesis,
and pyruvate, and (d) (hypo)xanthine/inosine-containing purine
metabolism. The complete list of metabolites and their conceptus-
normalized fold-changes is provided in Supplementary Table S2.
Regarding conceptus-normalized individual metabolite flux,
only two decreases (P < 0.05) were observed. Firstly, the
creatine level declined in CCM on Day 10 vs. 8 by 0.13-fold
(Supplementary Table S2). As creatine was not detected in SOF and
identified in CCM on Day 10, it was not absorbed, but secreted
less on Day 10. Similarly, 2-hydroxylaurate exhibited a 0.61-fold
decrease on Day 16 vs. 14 (Supplementary Table S2). This lipid
was not identified in SOF, was detected in only one Day 16 CCM
replicate, and was present in all five Day 14 replicates. As such, it too
was secreted less on Day 16. Moreover, two trends (0.05 < P < 0.10)
towards a decrease were observed, by cysteine-s-sulfate (0.69-fold;
Day 12 vs. 10) and 3-methyl-2-oxovalerate (0.68-fold; Day 10 vs.
8). In contrast, the largest cross-day conceptus-normalized increases
(P < 0.05) observed include: (i) 126 603-fold in xanthine on Day 16

—4-chlorobenzoic acid
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— 3-formylindole
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Day 8-16 (D8-16), conceptus-conditioned medium (CCM), synthetic oviduct fluid

vs. 10, (ii) 37 647-fold in glycerophosphorylcholine (GPC) on Day
16 vs. 8 and 10, (iii) 18 987-fold choline on Day 16 vs. 10, (iv) 14
806-fold in mannitol/sorbitol on Day 16 vs. 8, and (v) 14 073-fold in
acetylcarnitine on Day 16 vs. 8 (Supplementary Table S2; Figure 6).

Semi-quantitative metabolite flux: protein normalized

Consistent with conceptus-normalized data, protein-normalized
CCM biochemical profiles were most distinct on Days 14 and 16
(Figure 4A). Intriguingly, total metabolic output declined on Day
14 (Figure 4B). Specifically, mean (£SEM) total metabolite flux
increased by 1.14 & 0.03-fold on Day 10 vs. 8 (7 = 125),1.80 £ 0.20-
fold on Day 12 vs. 10 (n = 127), and 2.83 + 0.42-fold on Day 16
vs. 14 (n = 237), but declined by 0.22 + 0.05-fold on Day 14 vs.
12 (n = 143). This decline on Day 14 vs. 12 is attributable to the
depletion (P < 0.05) of 85.3% of identified CCM metabolites in the
same comparison (Supplementary Table S2). Breaking these data
down by super-pathways shows similar profiles across the board
(Figure 4C-J). Sub-pathway comparisons of relative metabolite
concentrations by day (Figure 4K) confirm the fairly ubiquitous


https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioab021#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioab021#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioab021#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioab021#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioab021#supplementary-data

Bovine conceptus metabolism, 2021, Vol. 104, No. 5 1027

. S 337
A FREERE K
A A AA AR
10 S Alanine and aspartate
R Creatine
o o 3
Glutamate
5 L
8 °° Glutathione
— D16
g‘ D12 Glycine, serine, and threonine
5] e .
=} °
~ | =" & i Histidine
L L2
o~ .
(&) k| Leucine, isoleucine, and valine
SOF —A;— D8
i Lysine
-5 = 3
Methionine, cysteine, SAM, and taurine
D10 Phenylalanine
-10 0 C1 [70.06%] 20 30 Polyamine
Total . Amino Acids ) Carbohydrates Tryptophan
i T T T T T i T T T T T i T T T T T
132 140 147 237 280 64 68 69 94 115 17 8 8 18 20 2
1000 4 1000 4 10005 i Tyrosine
100 B 4 1004 C LI 100 D - Urea cycle [arginine and proline]
103 E 103 | 3 104 E Aminosugar
13 3 14 3 14 3
Fructose, mannose, and galactose
0.1 3 0.1 E 0. 1-_' 3
- Glycolysis, gluconeogenesis, & pyruvate
0.01 0.01 - ——F—7—
Pentose
8 8
10 10 Ascorbate and aldarate
12 12
14 14 Nicotinate and nicotinamide
19 16 TCA cycle
it Clofacltor 8Iz Vit.:amir:s O —T Enelrgy . 006 Liplids : Fatty acid [inc. BCAA]
2 3 2 8 9 338 8 11 117 30 31 33 4 51 7
10004 H 1000 4 1000 E Fatty acid [dicarboxylate]
1009 E E 100_5 F 3 0y G 3 Fatty acid [monohydroxy]
104 E 10+ E 10+
] 3 Glycerolipid
13 3 13 E 13
0.1 N 0.1; ] 0.1 Long-chain polyunsaturated fatty acid
0.01-— T T T T 0.01-— T T T T Medium chain fatty acid
8 10 12 14 16
8 Phosphatidylcholine
10 .
i ns Phospholipid

14 ns  ns Dinucleotide

ns ns 16 ns ns ns ns
Purine [(hypo)xanthine/inosine]
Nucleotides Peptides
b I | T T T T LI T T T T T i i
36 6 12 36 4 2 3 2 13 14 1313 13 16 17 Purine [adenine]
1000 H 10003 < 10003 E
] Purine [guanine]
1004 H 4 1004 | 4 1004 J E
104 ] 104 ] 104 ] Pyrimidine [cytidine]
15 E 14 = 14 E Pyrimidine [uracil]
o 1_§ 3 0.1 E 3 y-glutamyl amino acid

Benzoate
Chemical

Food component / plant

Figure 3. Conceptus-normalized semi-quantitative metabolomics. (A) Principal component analysis of biochemical profiles of synthetic oviduct fluid (SOF) and
conceptus conditioned medium (CCM) by developmental stage (Days 8-16). Relative mean (SEM) concentrations (n = 5 per group) of (B) all metabolites,
(C) amino acid, (D) carbohydrate, (E) cofactor and vitamin, (F) energy substrate, (G) lipid, (H) nucleotide, (l) peptide, and (J) xenobiotic related metabolites
(vertical axes) by day (horizontal axes). Numbers of identified metabolites within each group are provided within the upper frame of each graph. Differences
determined by ordinary one-way analysis of variance coupled to a Tukey non-parametric post hoc test (**** = P < 0.0001, *** = P < 0.001, ** = P < 0.01,
and * = P < 0.05). (K) Heat-maps of metabolite fold-changes about the mean by sub-pathway across days. Green cells denote a lack of identified metabolites,
whereas blue to red (bottom-right) denotes the scaled intensity of the change. Additional abbreviations: s-adenosyl methionine (SAM), tricarboxylic acid cycle
(TCA), and branch-chain amino acids (BCAA).
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(TCA), and branch-chain amino acids (BCAA).
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Figure 5. Filamentous vs. tubular conceptus biochemical turnover. Network view of metabolites within corresponding super-pathways and sub-pathways in
the conceptus-conditioned media on Day 16 vs. 14 when normalized for total protein. Node diameter and color describe metabolite fold-change magnitude
and directionality, respectively: Dark red and dark green respectively indicate an increase or decrease (P < 0.05), whereas pink or light green denote a trend
(0.05 < P < 0.10) towards a respective increase or decrease. Gray depicts a lack of a statistically significant difference. Asterisks denote predicted metabolites.

phnshmc 1

pregnancy recognition. Main findings include: (a) the identification
of 14 uniquely conceptus-derived and consistently secreted, as well
as other stage specific, metabolites (Figure 2I), (b) an increase in

nature of this Day 14 less secretory—or comparatively retentive—
phenotype. In contrast, protein-normalized CCM data from Day 16
vs. 14 reveal a reduction (P < 0.05) of 69 metabolites by a mean
(£SEM) of 0.27 £ 0.14-fold, and the parallel elevation (P < 0.05) of
59 by a mean (£SEM) of 7.22 + 1.43-fold (Supplementary Table S2;
Figure ).

conceptus metabolic output with time (Figure 3B), (c) different
metabolite utilization between the spherical (Day 8), tubular
(Day 14), and filamentous (Day 16) conceptus (Figures 3 and
4), and (d) on the cellular (protein-normalized) level, the tubular
Day 14 conceptus exhibits a metabolically retentive phenotype
(Figure 4B and K). Moreover, based on these data and existing

Regarding such individual metabolite flux in CCM, account-
ing for protein-normalization, across all comparisons, the largest
increases (P < 0.05) observed include: (i) 81.40-fold in hypotau-
rine on Day 16 vs. 14, (ii) 67.64-fold in xanthine on Day 16
vs. 8, (iii) 33.71-fold in ribitol on Day 16 vs. 14, (iv) 30.9-fold
in GPC on Day 16 vs. 8, (v) 28.59-fold in guanine on Day 12
vs. 8, (vi) 19.66-fold in choline on Day 16 vs. 10, (vii) 15.76-
fold in 3-(4-hydroxyphenyl)lactate on Day 16 vs. 14, (viii) 15.71-
fold in orotate on Day 16 vs. 14, (ix) 14.08-fold in N6, N6, N6-
trimethyllysine on Day 16 vs. 14, and (x) 13.91-fold in spermidine
on Day 16 vs. 10. In contrast, over 70 metabolites exhibited a signifi-
cant < 0.01-fold decrease across all protein-normalized comparisons

literature, a metabolic mechanism underlying maternal-conceptus
communication during the conceptus elongation window is
presented (Figure 6) and discussed below.

Qualitative metabolomics

The characteristic exponential increase in total conceptus protein
content during elongation (Figure 1D) was accompanied by a
linear increase in the number of metabolites identified in CCM
(Figure 2A-E). Specifically, the scale of conceptus metabolism
(Supplementary Table S2). increased with developmental stage, evidenced by the rate of
metabolite output (+19.7 metabolites/day). This rise was greatest
between Day 12 and 14 (+44.5 metabolites/day), coinciding with the
conceptus transition from an ovoid to tubular structure (Figure 1C).
Contrasting the presence of these metabolites in CCM vs. SOF vs.
our previous interrogation of ULF composition (from non-pregnant
heifers) (Figure 2G) [26] revealed 90 CCM-positive but SOF and

Discussion

This study provides a detailed characterization of the metabolic
fingerprint of the developing bovine embryo in the period from the
blastocyst stage to the elongated conceptus at the time of maternal
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ULF-negative (i.e. uniquely conceptus-derived) metabolites. It is
important to note that failure to detect these metabolites in ULF may
be related to a dilution effect and requires validation. Nonetheless,
14 of these 90 conceptus-derived metabolites were detected in CCM
at each developmental stage (Figure 2I). Thus, we extrapolate that
the uterine luminal microenvironment becomes more metabolically
diverse (Figure 2H) as pregnancy progresses.

Semi-quantitative metabolomics: conceptus
normalized
Regarding our first hypothesis, that metabolite uptake would
increase with time, the exponential increase in conceptus protein
content was not accompanied by an equivalent increase in metabolite
uptake. On the contrary, the total conceptus-normalized metabolite
ratio was consistently >1 and rose over time, resulting in a significant
difference on Day 16 (Figure 3B).

Interestingly, one of the 14 consistently secreted uniquely
conceptus-derived metabolites—2-hydroxylaurate—was the only
metabolite to decline in concentration in CCM on Day 16 vs.

14 (Supplementary Table S2)—i.e., retained more by the Day 16
conceptus. To our knowledge, the only other study linking 2-
hydroxylaurate to pregnancy is a recent metabolomic analysis of
human placentas from spontaneous preterm (SPTB) vs. physiological
births, which identified elevated 2-hydroxylaurate as a marker of
SPTB [36].

Creatine similarly bucked the trend, declining in CCM on Day
10 vs. 8 (Supplementary Table S2). A primary function of this non-
proteinogenic amino acid is ADP to ATP regeneration in tissues with
high and fluctuating energy demands [37]. Moreover, intracellular
creatine delays ATP loss under hypoxic—ischemic conditions [38, 39]
whilst elevated creatine kinase activity can protect against hypoxia
[40]. As such, creatine retention by the conceptus at the onset of
elongation may facilitate ATP recycling within the hypoxic uterine
luminal microenvironment [41-43]. Whilst bovine conceptus pro-
teomic data are lacking, four subunit isoforms of creatine kinase
(CKM, CKB, CKMT1, and CKMT?2) have been identified in the
murine blastocyst [44]. Similarly, the bovine blastocyst expresses
both hypoxia-inducible factors (HIF) 1« and 2« [45], which regulate
creatine metabolism [46], and whose knockouts are embryo-lethal in
mice [47-49].

The largest cross-day conceptus-normalized increase observed
was that of xanthine, whose derivatives are competitive nonse-
lective phosphodiesterase inhibitors [50, 51], between Day 16 vs.
10 (Supplementary Table S2). Given that phosphodiesterase-18—
which catalyzes the conversion of cAMP to AMP [52, 53]—is
expressed by the elongating (Days 10-14) porcine conceptus [54], it
is tempting to suggest that xanthine secretions are indirect paracrine
modulators promoting conceptus ATP retention, in a cooperative
manner to that proposed for creatine (Figure 6).

Furthermore, PPARG—encoding peroxisome proliferator-
activated receptor gamma (PPARy), a nuclear receptor protein and
transcription factor regulating glycolysis—expression is elevated in
the bovine conceptus at the onset of elongation [55],as is PRKAB2—
encoding the AMPK regulatory subunit, which senses ADP/ATP
status and glucose availability [19, 56]. These data, combined,
suggest that intra-conceptus ATP generation and retention are
fundamental traits of bovine conceptus-associated membrane
elongation.

Regarding the second hypothesis, that metabolite consumption
would correlate to previously identified uterine secretions, the broad
biochemical turnover in CCM on Days 12 and 14 mapped fairly
well with previously studied uterine secretions [24-27]. Specifically,
of the 62 depleted metabolites in ULF on Day 14 vs. 12 [26],
52 were identified in CCM, of which 37 were elevated in the
conceptus-normalized CCM on Day 14 vs. 12. This inversely pro-
portional metabolite flux between ULF and CCM strongly supports
the notion of a significant metabolic component to conceptus—
maternal interactions during the conceptus elongation window. Con-
cerning our third hypothesis, that metabolite utilization would differ
between the spherical vs. filamentous conceptus, this was indeed the
case within both a conceptus- (Figure 3A) and protein-normalized
(Figure 4A) contexts, as demonstrated by the clear group separation
of Days 8 and 16 profiles by principal component and network
(Supplementary Figure S1) analyses.

Semi-quantitative metabolomics: protein normalized

To our knowledge, only one study has investigated ruminant concep-
tus metabolite consumption and release; Morris et al. [28] quantified
the turnover of 18 amino acids (protein-normalized) by Days
14-16 bovine conceptuses cultured in vitro for either 1, 4,
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or 8 h. Arginine was consistently depleted, whereas alanine
and glutamate were consistently produced, during all culture
durations. Arginine was consistently consumed in this study too
(Supplementary Table S2)—perhaps unsurprising given that arginine
in part stimulates ovine trophectoderm migration and adhesion
[57], improves porcine reproductive performance following dietary
supplementation [58], is a placental nitric oxide and polyamine
source [59], and regulates conceptus gene expression [59-61].

In contrast, alanine and glutamate were not released by con-
ceptuses on Day 14 vs. 12 and 16 vs. 14 here. However, one key
difference between this study and that by Morris et al. [28] is their
use of in vivo-derived conceptuses. Given that the in vivo Day 20
[62] and in vitro Day 15 [63] endometrial transcriptome differs in
the presence of in vivo vs. in vitro derived conceptuses, it seems
reasonable to assume that these differences may be attributable to
differential metabolism by in vivo vs. in vitro derived conceptuses.

Moreover, it is worth noting that the conceptus incubation dura-
tion of 6 h was selected based on previous work by Morris et al.
[28], who observed accelerated amino acid depletion by conceptuses
during 1 h vs. 4 and 8 h culture, speculating that the latter turnover
rates are more likely to reflect a steady state, and Forde et al. [64],
who noted negligible differences in the protein secretome of Day 16
bovine conceptuses cultured for 6 vs. 24 h.

Morris et al. [28] also observed that the broad pattern of amino
acid turnover by the elongating conceptus was similar to that of the
early (Days 1-7) embryo. However, this, coupled with reduced de
novo protein synthesis during elongation [65] suggests that metabo-
lite utilization differs between the spherical vs. filamentous concep-
tus, as confirmed by Figures 3 and 4.

Lastly, a significant decline in metabolic output by the tubular
Day 14 conceptus was observed when the data were normalized for
protein (Figure 4B). Specifically, the increased mean (+SEM) con-
ceptus protein content (Figure 1E) on Day 14 (0.32 £ 0.03 mg/ml)
vs. 12 (0.006 + 0.0001 mg/ml) was not accompanied by a similarly
elevated metabolic output, as the mean (£SEM) non-normalized
metabolite fold change on Day 14 vs. 12 was 6.13 £+ 1.1-fold.
The protein-normalized decline in secretions on Day 14 vs. 12
was, therefore, 0.23 % 0.05-fold, and, as such, was comparatively
absorptive. However, given that the Day 14 CCM vs. SOF metabolite
ratio did not fall below 1, we refer to this phenotype as retentive.

These data in the context of existing literature, point towards
a mechanism underpinning accelerated conceptus elongation fol-
lowing elevated systemic P4 [23] as the metabolically retentive
phenotype of the Day 14 conceptus (Figure 4B) coincides with high
P4-induced (i) advanced endometrial gene expression [66] and (ii)
a more metabolically dense ULF [26]—both on Day 14 (Figure 6).
Thus, it is likely that the metabolic shift observed in the ULF of
normal P4 cyclic heifers on Day 12 [26] primes the retentive Days
13-14 conceptus for filamentous trophectoderm proliferation prior
to maternal pregnancy recognition around Day 16. This also implies
that unsuccessful attempts to recapitulate conceptus elongation in
vitro [13-15] may be at least partly attributable to culture media
inadequately mimicking sequential composition changes observed
in vivo.

Future work

In addition to identifying the aetiologies of differential metabolism
by in vivo vs. in vitro derived conceptuses, elucidating whether
optimal conceptus development is achieved in an extracellular milieu
favoring a “quiet metabolism”—as seems to be the case for the
early embryo [67, 68]—is an important area for further research.

Additional areas include confirming that the conceptus-derived
metabolites identified in this study are unique to the conceptus,
i.e., not lost in ULF analyses by dilution, in addition to probing
whether the high incidence of metabolite methylation, N-acetylation,
and y-glutamylation among the conceptus-derived metabolites
(Supplementary Table S1) is coincidental. Lastly, ex situ conceptus
culture in the presence and absence of oxidative phosphorylation
inhibitors under advanced oxygen sensing platforms [69] will
further enhance our understanding of the biochemistry underpinning
conceptus elongation.
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