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Abstract

Pregnancy establishment in cattle is contingent on conceptus elongation—a fundamental devel-
opmental event coinciding with the time during which most pregnancies fail. Elongation in vivo
is directly driven by uterine secretions, indirectly influenced by systemic progesterone concentra-
tions, and has yet to be recapitulated in vitro. To better understand the microenvironment evolved
to facilitate this phenomenon, the amino acid and carbohydrate composition of uterine fluid was
interrogated using high-throughput metabolomics on days 12, 13, and 14 of the estrous cycle from
heifers with normal and high circulating progesterone. A total of 99 biochemicals (79 amino acids
and 20 carbohydrates) were consistently identified, of which 31 showed a day by progesterone
interaction. Fructose and mannitol/sorbitol did not exhibit a day by progesterone interaction, but
displayed the greatest individual fluctuations (P ≤ 0.05) with respective fold increases of 18.39 and
28.53 in high vs normal progesterone heifers on day 12, and increases by 10.70-fold and 14.85-fold
in the uterine fluid of normal progesterone animals on day 14 vs day 12. Moreover, enrichment
analyses revealed that the phenylalanine, glutathione, polyamine, and arginine metabolic path-
ways were among the most affected by day and progesterone. In conclusion, progesterone had
a largely stabilizing effect on amino acid flux, and identified biochemicals of likely importance to
conceptus elongation initiation include arginine, fructose, glutamate, and mannitol/sorbitol.
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Summary Sentence

Day 3 progesterone supplementation alters the amino acid and carbohydrate profile of the bovine
uterine fluid on days 12, 13, and 14 postestrus—the window coinciding with conception elongation
initiation.

Key words: histotroph, cattle, pregnancy, conceptus development, metabolomics.

Introduction

Conceptus elongation is central to pregnancy establishment in ru-
minants as it prerequisites successful apposition, incremental at-
tachment, and implantation [1]. It is characterized by the on-
set of extraembryonic membrane differentiation [2,3] and a rapid
trophectoderm length and weight increase [4–6]. The latter in-
volves two distinct morphological transitions—from ovoid to tubu-
lar to filamentous—typically commencing between days 12 and
13 postestrus [7–9] and likely attributable to cellular prolifera-
tion and intercalation about a randomly distributed axis [10],
rendering it an energetically and metabolically demanding pro-
cess. This is, perhaps, unsurprising given the majority of genes
expressed by the early elongation bovine conceptus relating to
metabolism [11,12].

Unlike earlier, prehatching, embryo development, the elongating
conceptus is not autonomous, but dependent on endometrial secre-
tions, as it neither occurs in vivo in the absence of uterine glands [13]
nor in vitro [14]. Conceptus elongation, moreover, positively relates
to maternally circulating progesterone (P4) levels [15–17], which act
on the endometrium; the conceptus does not need to be in the uterus
during the period of elevated P4 to benefit from it [18]. Similarly,
low P4 perturbs conceptus development and likely contributes to
maternal pregnancy recognition failure [19].

Bovine pregnancy loss is greatest during the first 3 weeks af-
ter fertilization, coinciding with the elongation window [20–22];
one-third of viable blastocysts are estimated to fail to elongate and,
therefore, maintain pregnancy [22,23]. This is because the concep-
tus must secrete sufficient interferon tau (IFNτ ) to inhibit uterine
oxytocin receptor upregulation for subsequent luteolysis prevention
and pregnancy establishment [24,25], and IFNτ production is pro-
portional to conceptus size [5,26]. Elongation is, thus, essential to
pregnancy establishment, and is a P4-correlated maternally driven
process, dependent on substances in the uterine luminal fluid (ULF),
derived from the endometrium, for development [27].

The importance of carbohydrates and amino acids to embryo
development is well established. The former are a key fuel source,
post-transcriptional modification contributors, and uterine–embryo
contact mediators [28–31], whilst the latter are involved in energy
provision, gene expression regulation, maternal–embryo signaling,
proteinogenesis, and immune system modulation [32]. ULF compo-
sition has been interrogated in several species in which elongation
occurs, including the pig [33] and sheep [34,35]; however, little is
known about the dynamic amino acid and carbohydrate milieu in
which the peri-elongation bovine conceptus is bathed in vivo, and
on which cattle pregnancy is contingent.

The first studies in this area found that viscosity increased with
estrous cycle stage and that reducing sugars were more abundant
in ULF than in blood [36], as was the case for free amino acids
throughout the cycle [37]. The same study also observed endometrial
regulation of ULF content (amino acid ULF flux was independent to
that of blood) and confirmed earlier work [36,38,39] describing the
cyclicity of ULF amino acid composition, concluding that uterine
endometrial secretions are subject to hormonal control.

Advances in high-performance liquid chromatography (HPLC)
enabled Elhassan et al. [40] to repeat aspects of these experiments
with greater analytical sensitivity. Amino acids were measured in
uterine fluid aspirates—alanine, glutamate, glycine, and taurine were
“strikingly high” contrasted against (a) other amino acids in ULF and
(b) their levels in modified simplex optimized (KSOM) embryo cul-
ture medium. Alanine, glycine, and taurine were similarly high on
days 6, 8, and 14 in the ULF of anesthetised heifers whose reproduc-
tive tracts were exteriorized, catheterized, and directly sampled over
3 h [41].

Forde et al. [42] quantified 18 amino acids in cyclic vs pregnant
heifers on days 7, 10, 13, 16, and 19. Numerous day and pregnancy
effects were observed; however, most notable was an increase in
amino acid content between days 16 and 19 of pregnancy, i.e. after
pregnancy recognition. In a complementary study, uterine flushes of
artificially inseminated dairy cows on day 15 contained conceptuses
ranging from morphologically ovoid (1–4 mm; 27.7%), tubular (5–
19 mm; 40.0%), and filamentous (20–60 mm; 32.3%). Correspond-
ing ULF analysis by LC-MS revealed that the top five identified
pathways related to amino acid synthesis and metabolism [43].

Regarding the sole impact of P4 on ULF composition, one study
compared the amino acid content of ULF on days 4 and 7 in beef
cows treated to have contrasting preovulatory oestradiol and pos-
tovulatory P4 concentrations. Animals that ovulated a large preovu-
latory follicle and thereby presented a large corpus luteum (CL) (i.e.
greater oestradiol and P4 concentrations) had less taurine, alanine,
and α-aminobutyric acid on day 4 but greater valine and cystathio-
nine concentrations in the ULF on day 7 than the group of animals
that ovulated a smaller follicle [44].

The carbohydrate content of the bovine endometrium has been
characterized to a much lesser extent, despite their known impor-
tance for successful embryo development [45], and a long-standing
knowledge of the dynamic presence of glucose, sorbitol, and fruc-
tose in the uterine lumen [46]. Hugentobler et al. [47] presented the
ipsilateral and contralateral mean concentrations of glucose, lactate,
and pyruvate in the ULF of cyclic heifers on days 6, 8, and 14, re-
spectively. No relationship between secretion rates or carbohydrate
concentrations was observed.

The broad hypothesis was that contrasting the ULF amino acid
and carbohydrate composition from high vs normal P4 heifers on
days 12, 13, and 14 of the cycle would reveal the key molecular
players involved in driving and sustaining conceptus elongation. The
specific aim of this study, therefore, was to comprehensively char-
acterize the amino acid and carbohydrate composition of ULF in
normally cycling heifers vs ULF from a high P4 heifer model known
to accelerate conceptus elongation, during the period corresponding
to the initiation of elongation.

Materials and methods

Animals
The estrous cycles of 35 Charolais-Limousin heifers with a mean
age (±SD) of 24.9 ± 5.6 months and weight (±SD) of 601.6 ±
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Figure 1. (A) The study design for recovering uterine luminal fluid from synchronized heifers with either normal or high circulating progesterone (P4) on days
12, 13, or 14 postestrus. (B) Mean serum P4 concentrations of the high and normal P4 cohorts. P4 concentrations were different on day 5 (P ≤ 0.05). Error bars
depict the standard error of the mean. Replicate values are as stated in (A). P4 comparisons by day are provided for within the normal P4 group (C) and high P4
group (D), wherein ∗∗ represents P ≤ 0.01 and ∗∗∗ represents P ≤ 0.001. GnRH, gonadotropin releasing hormone; PRID, P4 releasing intravaginal device; PGF2α,
prostaglandin F2α; ULF, uterine luminal fluid, N/S, not significant.

47.7 kg were synchronized with an injection of a gonadotropin re-
leasing hormone (GnRH) analog (Ovarelin; Ceva Santé Animale)
concurrent with the insertion of a progesterone-releasing intravagi-
nal device (PRID Delta; Ceva Santé Animale). Seven days later, a
prostaglandin F2α (PGF2α) analog (Enzaprost; Ceva Santé Animale)
was administered, with PRID removal the following day. Thirty
hours after PRID removal, heifers were observed for signs of es-
trus five times per day. On day 3 postestrus, 20 randomly allocated
heifers received a second PRID (high P4 group), which remained un-
til the morning of slaughter. The remaining 15 heifers comprised the
normal (i.e. unmanipulated) P4 group. All animals were kept under
identical conditions and fed grass and maize silage supplemented
with a standard beef ration.

All experimental procedures involving animals were approved
by the Animal Research Ethics Committee of University College of
Dublin and licensed by the Health Products Regulatory Authority
(HPRA), Ireland, in accordance with Statutory Instrument No. 543
of 2012 (under Directive 2010/63/EU on the Protection of Animals
used for Scientific Purposes).

Experimental design
As schematically depicted in Figure 1A, the experimental group al-
locations were as follows: (i) day 12 normal P4 (n = 6), (ii) day 12
high P4 (n = 6), (iii) day 13 normal P4 (n = 4), (vi) day 13 high
P4 (n = 8), (v) day 14 normal P4 (n = 5), and (vi) day 14 high P4
(n = 6).

Uterine luminal fluid recovery
Reproductive tracts were recovered at a commercial abattoir within
30 min of slaughter, and the uterine horns ipsilateral to the CL were
immediately excised at the point of bifurcation and flushed with
10 ml phosphate buffered saline (Sigma Aldrich). This diluted ULF
was centrifuged for 15 min at 1000 × g, and the supernatant was
aliquoted and snap-frozen in liquid nitrogen, as previously described
[42], and stored at –80◦C until analysis.

Progesterone analysis
Blood samples were taken from all heifers on days 3 and 5 in addi-
tion to the morning of slaughter by coccygeal venipuncture. Samples
were stored at 4◦C for 24 h prior to centrifugation at 1500 × g for
20 min at 4◦C. The serum-containing supernatant was recovered and
stored at –20◦C. P4 concentrations were determined by solid-phase
radioimmunoassay (RIA) (PROG-RIA-CT kit, DIAsource) in accor-
dance with the manufacturer’s instructions, similarly to Sanchez
et al. [48].

Metabolomic analyses
All samples were screened for over 5000 biochemicals by ultra-
high performance liquid chromatography tandem mass spectroscopy
(UPLC-MS/MS) by Metabolon Inc. as previously described by Evans
et al. [49]. A brief summary of the method is provided below.
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Samples were extracted using the automated MicroLab STAR
system (Hamilton Company) and precipitated with methanol un-
der vigorous centrifugation at 680 × g for 2 min (Geno/Grinder
2000, Glen Mills) to remove protein, prior to centrifugation. The
resulting extract was divided into four fractions—two for analysis
by reverse phase (RP) UPLC-MS/MS with positive ion mode electro-
spray ionization (ESI), one for analysis by RP UPLC-MS/MS with
negative ion mode ESI, and one for analysis by hydrophilic inter-
action liquid chromatography (HILIC) UPLC-MS/MS with negative
ion mode ESI. All samples were subsequently briefly placed on a Tur-
boVap (Zymark) to remove the methanol, and incubated overnight
in nitrogen.

Sample extracts were then dried and reconstituted in solvents
compatible to each aforementioned UPLC-MS/MS method. More
specifically, (a) the first fraction running under positive ionization
was subject to gradient elution (Waters UPLC BEH 1.7 μm C18
column 2.1 × 100 mm) in water and methanol supplemented with
0.05% perfluoropentanoic acid and 0.1% formic acid, (b) the second
fraction analyzed under positive ionization was identically eluted us-
ing the same column but with the elution buffer additionally com-
prising acetonitrile, (c) the first fraction analyzed under negative
ionization was similarly eluted using a gradient buffer comprising
methanol, water, and 6.5 mM and pH 10.8 ammonium bicarbon-
ate, and (d) the second fraction run under negative ionization was
eluted using a HILIC (Waters UPLC BEH Amide 1.7 μm column
2.1 × 150 mm) using a gradient of water and acetonitrile with
10 mM and pH 10.8 ammonium formate.

Samples were subsequently run on a Waters Acquity UPLC cou-
pled to a Thermo Scientific Q-Exactive high-resolution MS inter-
faced with heated electrospray ionization (HES-II) source, and an
Orbitrap mass analyzer operating at 35,000 mass resolution was
used. The scan range varied between 70 and 1000 m/z. Biochemicals
were quantified against known internal and recovery standards, run
in parallel at random intervals, and were identified based on reten-
tion time and a m/z within ±10 ppm. The technical median relative
standard deviation was 5%.

Data extraction
Biochemical profiles were quantified by relative abundance and
visualized within relevant metabolic networks using MetaboLync
pathway analysis (MPA) software (portal.metabolon.com). Pathway
enrichment—a measure of intrapathway metabolite flux relative to
interpathway metabolite flux—was calculated within MPA using the
following formula: (k/m)/(n/N) where k = the number of significant
metabolites per pathway, m = the total number of detected metabo-
lites per pathway, n = the number of significant metabolites in the
study, and N = the total number of detected metabolites in the study,
similarly to Brown et al. [50]. Pathway enrichment scores > 1 indi-
cate that the pathway comprised more metabolites with statistically
significant fold differences compared to all other pathways within
the study.

Statistical analyses
All differences in serum progesterone were determined by two-way
analysis of variance (ANOVA) followed by a Sidak nonparametric
post hoc correction for multiple comparisons, using GraphPad Prism
6. Biochemical data were logarithmically transformed and similarly
contrasted by two-way ANOVA with a P ≤ 0.05 or 0.05 < P < 0.10
cut off. Network visualizations were made using Java Cytoscape
3.6.1.

Results

Insertion of a PRID on day 3 (Figure 1A) resulted in elevated serum
P4 on day 5 (P ≤ 0.05), specifically 1.53 ± 0.163 ng/ml compared to
3.17 ± 0.341 ng/ml in the normal P4 (control) group. This difference
was no longer apparent on day 12 (3.97 ± 0.526 ng/ml [normal P4]
vs 4.06 ± 1.53 ng/ml [high P4]), day 13 (4.26 ± 0.64 ng/ml [normal
P4] vs 4.01 ± 1.17 ng/ml [high P4]), or day 14 (1.75 ± 0.266 ng/ml
[normal P4] vs 2.51 ± 0.772 ng/ml [high P4]) (Figure 1B).

Within the normal P4 group, the P4 concentration in circulation
differed (P ≤ 0.01) between day 3 vs 12 and day 3 vs 13 (Figure 1C).
Within the high P4 group, P4 was greater (P ≤ 0.001) on days 5,
12, and 13 vs day 3 (Figure 1D). Moreover, there was no differ-
ence in P4 between days 12 vs 13 vs 14 between or within either
groups.

Regarding ULF characterization, a total of 79 biochemicals in-
volved in amino acid metabolism and 20 molecules involved in car-
bohydrate metabolism (Table 1) were consistently identified, cumu-
latively spanning 20 pathways. Of these identified biochemicals, six
were temporally dynamic, i.e. a day effect was observed (P ≤ 0.05)
which was independent of P4—sarcosine (Table 1A), histamine (Ta-
ble 1B), methylsuccinate (Table 1C), spermine (Table 1D), fructose,
and mannitol/sorbitol (Table 1E). Similarly, eight were hormonally
responsive, i.e. differed (P ≤ 0.05) between high vs normal P4 heifers
irrespective of day. These were glutamine, alpha-ketoglutaramate
(Table 1A), cystathionine (Table 1C), trans-4-hydroxyproline (Ta-
ble 1D), glucose, maltose, fructose, and mannitol/sorbitol (Table 1E).
Fructose and mannitol/sorbitol, thus, exhibited both a day and P4
effect, but not a day by P4 interaction.

Fructose and mannitol/sorbitol also showed the greatest fluctu-
ations (P ≤ 0.05) with respective mean fold increases of 18.39 and
28.53 in high vs normal P4 heifers on day 12, and increases of
10.70-fold and 14.85-fold in the ULF of normal P4 animals on day
14 vs day 12 (Table 1E). For context, the next greatest flux observed
was a 5.58-fold increase in N-acetylglutamine in day 13 vs 12 in
high P4 heifers (Table 1A). Furthermore, on day 12, fructose and
mannitol/sorbitol were the only two metabolites to increase in high
vs normal P4 heifers, in contrast to the 44 biochemicals which de-
creased (P ≤ 0.05) by a fold mean (±SD) of 0.39 ± 0.16 (n = 44)
within the same comparison.

This decreasing trend in high vs normal P4 heifers was reversed
on days 13 and 14 as only increases were observed. Specifically,
on day 13, creatine, putrescine, and spermidine (Table 1D) were
elevated by a fold average of 2.0 ± 0.37 (n = 3), and on day
14, N,N,N-trimethyl-5-aminovalerate, phenol sulfate (Table 1B), or-
nithine, N-delta-acetylornithine, spermidine, 5-methylthioadenosine
(MTA) (Table 1D), glucose, and N-acetylneuraminate (Table 1E)
increased by a fold mean of 2.74 ± 0.85 (n = 8).

Just 31 biochemicals showed a significant (P ≤ 0.05) day by
P4 interaction, i.e. the effect of day was dependent on P4 and vice
versa. These were aspartate, glutamate, S-1-pyrroline-5-carboxylate
(Table 1A), N6-N6-N6-trimethyllysine, 5-hydroxylisine, N,N,
N-trimethyl-5-aminovalerate, phenylalanine, phenol sulfate
(Table 1B), leucine, isoleucine, cysteine, cystine, hypotaurine,
taurine, N-acetyltaurine (Table 1C), urea, ornithine, proline, N-
delta-acetylornithine, creatine, creatinine, putrescine, spermidine, 5-
methylthioadenosine, 5-oxoproline, opthalmate (Table 1D), lactate,
ribitol, ribulose/xylulose, glucuronate, and N-acetylneuraminate
(Table 1E). In contrast, 14 biochemicals trended (0.05 < P < 0.10)
toward exhibiting a day, P4, or day by P4 effect, whereas 42 did
not fluctuate in response to day or P4 whatsoever (Table 1).
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Table 1. Metabolites involved in amino acid or carbohydrate metabolism detected and specifically implicated in (A) (i) glycine, serine,
and threonine, (ii) alanine and aspartate, and (iii) glutamate metabolism; (B) (i) histidine, (ii) lysine, (iii) phenylalanine, (iv) tyrosine, and
(v) tryptophan metabolism; (C) (i) leucine, isoleucine, and valine, and (ii) methionine, cysteine, S-adenosylmethionine (SAM), and taurine
metabolism; (D) (i) the urea cycle; arginine and proline, (ii) creatine, (iii) polyamine, and (iv) glutathione metabolism; and (E) (i) glycolysis,
gluconeogenesis, and pyruvate (ii) pentose, (iii) glycogen, (iv) fructose, mannose, and galactose, and (v) aminosugar metabolism. Light blue
shading highlights a trend (0.05 < P < 0.10) towards an effect. Dark blue shading highlights an effect (P ≤ 0.05). Dark green shading indicates
a decrease (metabolite ratio < 1.0) between the groups shown (P ≤ 0.05) with light green depicting a decreasing trend (0.05 < P < 0.10).
Dark red shading indicates an increase (metabolite ratio ≤ 1.0) between the groups shown (P ≤ 0.05), with light red depicting an increasing
trend (0.05 < P < 0.10). Noncolored cells and text additionally indicate that the mean fold-change value was not significantly different for
that comparison. Asterisks denote predicted metabolites.

(A)

(B)

(C)
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Table 1. continued

(D)

(E)

Considering the greater metabolic pathways affected by their
constituent metabolites exhibiting a day by P4 interaction, the most
enriched (i.e. pathways consisting of more metabolites with sta-
tistically significant fold differences relative to all other pathways
within the study) were phenylalanine (4.3), glutathione (4.3), cre-
atine (2.9), polyamine (2.6), methionine, cysteine, S-adenosyl me-
thionine (SAM), and taurine (2.0), urea cycle, arginine, and proline
metabolism (1.7), aminosugar (1.7), lysine (1.6), tyrosine (1.4), pen-
tose (1.2), glycolysis, gluconeogenesis, and pyruvate (1.1), and as-
partate (1.1). Unenriched pathways were tryptophan (1), glutamate
(1), alanine (1), glycine, serine, and threonine (1), glycogen (1), and
fructose, mannose and galactose (1). The leucine, isoleucine, and va-
line metabolic pathway was underenriched (0.9)—i.e. the pathway
comprised less metabolites with statistically significant fold differ-
ences compared to all other pathways. In spite of this, it is worth
highlighting that not a single metabolite decreased in the ULF in
response to day and P4 (Figure 2).

Quantitative boxplots for metabolites implicated—either de-
tected, showing a trend (0.05 < P < 0.10) toward exhibiting a
day by P4 effect, or exhibiting (P ≤ 0.05) a day by P4 interaction—
in enriched pathways are also provided, within the context of their
respective pathways (Figures 3–5). Boxplots for remaining metabo-
lites which showed a day by P4 interaction are provided in Fig-
ure 6. The pathways discussed below are (i) phenylalanine and
tyrosine metabolism [3-(4-hydroxyphenyl)lactate, glutamate, glu-
tamine, glycine, phenol sulfate, phenylalanine, phenylacetylglycine,
pyruvate, and tyrosine (Figure 3)]; (ii) glutathione metabolism [5-

oxoproline, alanine, cysteine, cystine, hypotaurine, opthtalmate,
and taurine (Figure 4)]; and (iii) aspartate and glutamate, proline,
polyamine, creatine, arginine, and the urea cycle metabolism [5-
methylthioadenosine, arginine, asparagine, aspartate, creatinine, cre-
atine, N-acetylputrescine, ornithine, proline, spermidine, spermine,
and urea (Figure 5)].

Discussion

The overarching finding of this study is that the amino acid and
carbohydrate composition of ULF during the period of conceptus
elongation initiation is temporally dynamic and altered by a serum
concentration of P4 that is consistent with advanced conceptus elon-
gation.

Bovine embryos undergo dramatic changes in their utilization
of metabolites—from a glycolytic flux dependency until the eight-
cell stage to being primarily glycogenic until blastocyst formation
[45,51]. Moreover, existing data strongly suggest that optimal early
embryo development is achieved under conditions fostering a “quiet
metabolism” [52,53], which presupposes optimal amino acid provi-
sions [54]. Data on the metabolic composition of the microenviron-
ment evolved to support the posthatching elongating conceptus are
much more limited, in large part owing to the technical limitation of
being unable to achieve elongation in vitro [14], in addition to the
complexities and costs surrounding in vivo and ex situ bovine ULF
isolation [55–57].
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Figure 2. Network view of the identified biochemicals in bovine uterine fluid involved in amino acid and carbohydrate metabolism. Biochemicals showing a day
by progesterone (P4) interaction—i.e. the concentrations of which differed between groups (normal vs high P4) at different times (days 12 vs 13 vs 14)—are
represented by color and diameter combined. A large dark red node indicates a significant (P ≤ 0.05) interaction (node border thickness is inversely proportional
to the magnitude of the P-value), whereas a medium sized pink node depicts a trend (0.05 < P < 0.10) toward an interaction. Small black nodes depict a lack of
day by P4 interaction. Numbers within nodes are pathway enrichment values: a pathway score > 1 indicates that the pathway comprises a higher number of
experimentally regulated compounds relative to the overall study. A score of 1 depicts an unenriched pathway, whereas a score < 1 indicates an underenriched
pathway, i.e. the pathway comprised less metabolites with statistically significant fold differences compared to all other pathways in the study.

Model validation
Elevated P4 in the serum of heifers supplemented with exogenous P4
(Figure 1B) confirms this study comprised both normal and high P4
groups, with a similar endocrine profile to previous studies in which
heifers were confirmed as having biologically relevant elevated P4
in circulation and increased conceptus elongation [15]. The precise
mechanism by which elevated P4 on day 5 as a result of the intro-
duction of a PRID on day 3 results in a temporally advanced ULF on
days 12, 13, and 14 is unknown, although previous work from our
group has identified that the endometrial transcriptome is involved
[58,59]—i.e. elevated P4 on day 5 accelerates the uterine transcrip-
tome by approximately 48 h, an effect which is sustained during the
conceptus elongation window despite P4 concentrations returning
to normal.

ULF characterization: amino acids
As a primary amino acid, phenylalanine “metabolism” comprises
of its hydroxylation to form tyrosine, or, under rare conditions
such as phenylketonuria, its deamination to yield phenylpyruvate or
decarboxylation to form phenylethylamine [60]—neither of which
were detected in ULF. Given the simplicity of phenylalanine
metabolism, the high enrichment value of the pathway is attributable
to phenylalanine itself exhibiting a strong day by P4 interaction.

Specifically, a 0.6-fold decrease in high vs normal P4 heifers fol-
lowed by a comparable decrease in normal P4 heifers on day 14
relative to day 12 (Table 1B). These findings are in broad align-
ment with Groebner et al. [61], who observed that phenylalanine
in bovine ULF exhibited a strong day by pregnancy effect between
days 12, 15, and 18. Specifically, phenylalanine increased 3.7-fold
in pregnant animals between days 12 and 18 and was 2.1-fold
higher in pregnant vs cyclic heifers on day 15. In a similar study,
Groebner et al. [62] analyzed 41 amino acids and derivatives in
uterine flushes from day 18 heifers impregnated with in vitro fer-
tilized or somatic cell nuclear transfer (SCNT) embryos and found
that phenylalanine was reduced by approximately 1.5 fold in SCNT
cohorts.

Whilst the importance of phenylalanine to the pre-elongation
bovine embryo has been explored to a limited extent—day 8 in vitro
bovine embryos uptake considerable phenylalanine for de novo pro-
tein synthesis [63]—the role in promoting and sustaining elongation
is unknown. Moreover, from the heatmap (Figure 3) it appears that
P4 had a stabilizing effect on phenylalanine flux—a phenomenon
largely observed across amino acid profiles, and in contrast to the
ULF from normal P4 heifers where greater flux was observed over
all 3 days.

P4 also appeared to stabilize glutamine levels (Figure 3), which
were subject to a P4 main effect, owing to a 0.37-fold decrease on
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Figure 3. Phenylalanine and tyrosine metabolic pathways surrounded by the scaled intensities of relevant biochemicals. Biochemical node color alone corre-
sponds to day by progesterone (P4) interaction—dark red indicates a significant (P ≤ 0.05) interaction (node border thickness is inversely proportional to the
magnitude of the P-value). Within these statistically significant nodes, node diameter is correlated to metabolic hierarchy (cofactor and intermediate metabolite
nodes are smallest, followed by by-products and central metabolites). Pink depicts an increasing trend (0.05 < P < 0.10), black depicts an identified amino acid
which did not exhibit a day by P4 interaction, and gray represents a biochemical present in the metabolic library but not detected in this study. Box plots: the
central horizontal line represents the median value with outer boundaries depicting the upper and lower quartile limits. Error bars depict the minimum and
maximum distributions, with + representing the mean value and © the extreme data point. Day 12 normal P4 (12N), day 12 high P4 (12H), day 13 normal P4
(13N), day 13 high P4 (13H), day 14 normal P4 (14N), day 14 high P4 (14H).

day 12 in high vs normal P4 heifers (Table 1A). Despite this modest
flux, the identification of glutamine synthetase, which catalyzes the
formation of glutamine and a phosphate group, in bovine ULF [64]
hints at a role for glutamine in elongation. The deaminated form of
glutamine, glutamate, followed a very similar profile, in addition to
a day by P4 effect (Figure 3), and has been previously identified as
highly abundant in the ULF of pregnant and nonpregnant cows on
day 15 [43]. The identification of three enzymes, glutamate dehy-
droxylase, decarboxylase, and dehydrogenase, in the uterine lumen
of day 16 pregnant heifers [64] in addition to the central metabolic
nature of glutamate (Figures 3–5) suggests a role for glutamate in
conceptus elongation.

Moreover, glutamate, in addition to glycine and cystine, is in-
volved in glutathione synthesis (Figure 4). Glutathione metabolism
was jointly the most enriched pathway with regard to a day by P4

interaction (Figure 2). Glutathione is the most abundant cellular an-
tioxidant, and central to DNA synthesis, gene expression, and signal
transduction regulation [65]. Although glutathione, either reduced or
oxidized, was not detected in this study, the constituent biochemicals
required to produce it were detected, and glutathione synthetase, and
transferase have been previously identified in ULF [64]. Glutathione
flux has, furthermore, been observed in the pregnant and nonpreg-
nant ovine uterus on days 10–16, significantly increasing on days 15
and 16 in pregnant animals [34]. It is, therefore, highly likely that
glutathione metabolism is implicated in conceptus elongation.

Dietary arginine supplementation has been shown to improve the
reproductive performance of pigs [66], and in sheep, arginine inter-
acts with phosphoprotein 1 to stimulate the migration and adhesion
of the conceptus with trophectoderm [67]. Arginine is a source of ni-
tric oxide (NO) and polyamines required for placental development
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Figure 4. Glutathione metabolic pathway with corresponding scaled intensities of relevant biochemicals. Biochemical node color alone corresponds to day by
progesterone (P4) interaction—dark red indicates a significant (P ≤ 0.05) interaction (node border thickness is inversely proportional to P-value magnitude).
Within these statistically significant nodes, node diameter is correlated to metabolic hierarchy (cofactor and intermediate metabolite nodes are smallest, followed
by by-products and central metabolites). Pink depicts an increasing trend (0.05 < P < 0.10), black depicts an identified amino acid which did not exhibit a day
by P4 interaction, and gray represents a biochemical present in the metabolic library but not detected in this study. Box plots: the central horizontal line
represents the median value with outer boundaries depicting the upper and lower quartile limits. Error bars depict the minimum and maximum distributions,
with + representing the mean value and © the extreme data point. Day 12 normal P4 (12N), day 12 high P4 (12H), day 13 normal P4 (13N), day 13 high P4 (13H),
day 14 normal P4 (14N), day 14 high P4 (14H).

[68], and it regulates conceptus gene expression via the mechanistic
target of rapamycin signaling pathway [69–71]. Although arginine
only showed a weak (0.05 < P < 0.10) day by P4 effect (Figure 5), it
was significantly elevated in the uterine lumen of high P4 animals on
day 14 vs 12 and significantly reduced in normal P4 heifers on day 13
vs 12 (Table 1D). However, both ornithine and urea—produced by
the catabolic transamination of arginine by arginase [72]—showed a
strong day by P4 effect (Table 1D). Ornithine and urea profiles were
similar, decreasing in high vs normal P4 heifers on day 12 and in
normal P4 animals on day 13 vs 12 (Figure 5). In spite of this, their

profiles did not sufficiently differ from that of arginine to suggest
that arginine is converted to ornithine and urea in the ULF. This is
supported by arginase not having been identified in ULF [64].

Downstream metabolites of arginine were either (a) not detected
in ULF (e.g. N-acetylarginine and agmatine), (b) their levels did
not fluctuate in response to day and/or P4 (e.g. citrulline), or (c)
their abundance did not fluctuate inversely to that of arginine [e.g.
spermine, putrescine, spermidine, and proline (Table 1D)]. There-
fore, within the lumen, endometrial arginine secretions are unlikely
to directly feed into the citric acid cycle, proline, or polyamine
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Figure 5. Arginine and the urea cycle, polyamine, proline, creatine, aspartate, and glutamate metabolic pathways with corresponding scaled intensities of relevant
biochemicals. Biochemical node color alone corresponds to day by progesterone (P4) interaction—dark red indicates a significant (P ≤ 0.05) interaction (node
border thickness is inversely proportional to P-value magnitude). Within these statistically significant nodes, node diameter is correlated to metabolic hierarchy
(cofactor and intermediate metabolite nodes are smallest, followed by by-products and central metabolites). Pink depicts an increasing trend (0.05 < P < 0.10),
black depicts an identified amino acid which did not exhibit a day by P4 interaction, and gray represents a biochemical present in the metabolic library but not
detected in this study. Box plots: the central horizontal line represents the median value with outer boundaries depicting the upper and lower quartile limits.
Error bars depict the minimum and maximum distributions, with + representing the mean value and © the extreme data point. Day 12 normal P4 (12N), day 12
high P4 (12H), day 13 normal P4 (13N), day 13 high P4 (13H), day 14 normal P4 (14N), day 14 high P4 (14H).

metabolism. To this end, our hypothesis is that the dip in argi-
nine flux on day 13 vs 12 in normal P4 heifers is attributable to
paracrine endometrial uptake, presumably to initiate angiogenesis
[73], whereas the arginine spike in high P4 day 14 cohorts (Ta-
ble 1D) is intended for uptake by the conceptus trophectoderm in
the event of pregnancy, as described by Bazer et al. [74].

ULF characterization: carbohydrates
Fructose has been studied to a large extent within the context of
early maternal–embryo dialog in the pig [75,76] and sheep [67,77],
but not in the bovine. The increase in luminal fructose on day 12

in high vs normal P4 heifers and the increase in normal heifers on
day 13 vs 12 and day 14 vs 13 suggest a role for fructose in this
regard. This is corroborated by the flux magnitude observed—a fold
increase of 18.39 in high vs normal progesterone heifers on day 12,
and 10.70 in the ULF of normal P4 animals on day 14 vs day 12
(Table 1E). Moreover, the fructose profile observed correlates with
earlier work showing that P4 supplementation on day 3 is associated
with recovery of larger conceptuses on days 14 [18] and 16 [15] as a
result of a temporally advanced uterine luminal environment [78,79].

The same applies for the mannitol/sorbitol profiles observed—
isomeric sugar alcohols, chemically derived by the reduction of
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Figure 6. Box plots of metabolites which exhibited a day by progesterone in-
teraction, not previously provided. The central horizontal line represents the
median value with outer boundaries depicting the upper and lower quartile
limits. Error bars depict the minimum and maximum distributions, with + rep-
resenting the mean value and © the extreme data point. Day 12 normal P4
(12N), day 12 high P4 (12H), day 13 normal P4 (13N), day 13 high P4 (13H),
day 14 normal P4 (14N), day 14 high P4 (14H).

fructose—which too displayed a striking fold increase of 28.53 in
high vs normal P4 heifers on day 12, and 14.85-fold in the ULF
of normal P4 animals on day 14 vs fay 12 (Table 1E). These data
are consistent with findings in pigs that P4 upregulates the fructose
transporter SLC2A8 (GLUT 8) on the protein level in uterine luminal
epithelia [76], and may be the mechanism underpinning the higher
levels of fructose observed in P4-treated heifers.

Uterine luminal glucose flux was also linked to systemic P4 in
circulation, increasing on day 14 in high P4 vs normal P4 heifers (Ta-
ble 1E). This is unsurprising, given that endometrial expression of
glucose transporters SLC2A1, SLC5A1, and SLC5A11 in the ovine
[9] and SLC2A5 in the porcine [76] is upregulated in response to

P4. If one extrapolates that a day 14 high P4 uterine lumen is analo-
gous to a normal P4 day 16 uterine environment [78], the increased
glucose abundance observed hints at a requirement for glycolytic
catabolism by the filamentous conceptus, but not the ovoid or tubu-
lar conceptus. In loose support of this hypothesis is the observation
that conceptuses recovered on day 14 from heifers infused with ex-
ogenous glucose displayed retarded development [80], and that sev-
eral genes encoding metabolically relevant enzymes are differentially
expressed in tubular vs filamentous bovine conceptuses [43]. It is,
moreover, worth highlighting that aldose reductase, which converts
glucose to sorbitol, is the 12th most abundant protein in bovine ULF
on day 16 [64]; thus, any apical secretion of glucose by the uter-
ine epithelium may be detected as a mannitol/sorbitol peak in the
lumen. These data, combined, suggest that ULF may be relatively
metabolically autonomous as the composition of the ULF is unlikely
to be solely dependent on endometrial secretions—i.e. independent
enzymatically facilitated biochemical pathways are likely to be ac-
tive within the uterine lumen. Further research is required to confirm
this.

Additional considerations and future work
A greater appreciation for the importance and influence of the bovine
uterine microbiome in health and disease is emerging [81], although
any physiological contribution to maternal–embryo dialog remains
elusive [82], particularly in cattle. In this study, numerous potential
microbiome-mediated metabolic pathways were identified and have
been presented in Figures 3–5 in the interest of completeness, al-
though not discussed. Whether these additional pathways are active
in the endometrium warrants further research.

In the interest of brevity, data presentation and discussion has
revolved around biochemicals involved in a selection of the most
enriched pathways, despite both (a) the known value of outliers
in metabolomic analyses [83] and (b) the common discrepancy be-
tween statistical and biological significance [84]. Two such “out-
liers” worthy of further investigation include trans-4-hydroxyproline
(Table 1E), a molecule found almost exclusively within collagen [85],
and thus potentially indicative of collagen homeostasis in uterine re-
modeling, and phenol sulfate (Figure 3) which was elevated in high
P4 heifers on day 14 vs days 12 and 13 (Table 1B), thus correlat-
ing with the initiation of elongation. As phenol sulfate is relatively
metabolically inert yet highly acidic, it is tempting to suggest that it
may play a role in priming the luminal epithelium for adhesion in a
similar way to what has been suggested for lactate in other mammals
[86].

Additional future work includes similarly analyzing further
metabolites already identified in the ruminant ULF, such as secreted
proteins [64,87–89], ions [41], lipids [90,91], and potentially other
unidentified factors, over an additional number of days, to gain
a higher-resolution picture of the environment evolved to facilitate
conceptus elongation. Most notably, sampling prior to day 12 would
elucidate whether elongation is “programmed” by ULF prior to the
morphological initiation of elongation.

It is worth highlighting that whilst this study comprised nonpreg-
nant animals—as elongation initiation is independent of maternal
pregnancy recognition, and conceptus presence would interfere with
the uterine-driven metabolic profiles observed—comprehensively an-
alyzing the ULF of pregnant cattle and isolated conceptuses in future
would, in parallel to these data, tease out the reciprocity of maternal–
embryo dialog.
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Lastly, it is expected that advances in the in vitro cellular model-
ing of the oviduct [92–94] will be translated to the uterus, to allow
for the complementary study of maternal–embryo communication
within a controlled laboratory environment.

Conclusion

This high-throughput metabolomic analysis of the detailed amino
acid and carbohydrate composition of ULF during the period of elon-
gation has identified that (a) the main driver of elongation (P4) has a
stabilizing effect on amino acid flux (Table 1), (b) day and P4 com-
bined have an overwhelmingly stimulatory effect on ULF metabolite
abundance (Figure 2), and (c) biochemicals of likely importance to
conceptus elongation initiation include arginine, fructose, glutamate,
glutamine, and mannitol/sorbitol (Figures 3–5)—the fact that several
molecules highlighted have already been shown to be important dur-
ing early pregnancy in other mammals corroborates these previous
findings and suggests the mechanisms underpinning elongation are
evolutionary conserved. Furthermore, the data presented, coupled
with previous work suggest that the ovoid and tubular vs filamen-
tous conceptus has different metabolic requirements, and that the
uterine lumen may have a degree of metabolic autonomy.
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