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Insights & Perspectives
Lactate production by the mammalian
blastocyst: Manipulating the
microenvironment for uterine
implantation and invasion?

David K. Gardner
The mammalian blastocyst exhibits a high capacity for aerobic glycolysis, a

metabolic characteristic of tumours. It has been considered that aerobic

glycolysis is a means to ensure a high carbon flux to fulfil biosynthetic

demands. Here, alternative explanations for this pattern of metabolism are

considered. Lactate creates a microenvironment of low pH around the embryo

to assist the disaggregation of uterine tissues to facilitate trophoblast

invasion. Further it is proposed that lactate acts as a signalling molecule

(especially at the reduced oxygen tension present at implantation) to elicit

bioactive VEGF recruitment from uterine cells, to promote angiogenesis.

Finally it is suggested that the region of high lactate/low pH created by the

blastocyst modulates the activity of the local immune response, helping to

create immune tolerance. Consequently, the mammalian blastocyst offers a

model to study the role of microenvironments, and how metabolites and pH

are used in signalling.
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Introduction: During the
preimplantation period the
mammalian embryo
undergoes dramatic
changes in its metabolism

Thepreimplantationmammalianembryo
undergoes dramatic transformations in
its physiology between fertilisation to
implantation. The fertilised oocyte and
cleavagestageembryo isdependentupon
stable mRNA and proteins synthesized
during oocyte maturation: embryonic
genes are activated sequentially through-
37: 364–371,� 2015 The Author. Bioessays pu
ess article under the terms of the Creative Comm
hich permits use and distribution in any medium
non-commercial and no modifications or adapta
out the preimplantation period, but with
major bouts of transcriptional activity
around the 4- to 8-cell in the human, and
a second round at themorula stage [1]. Of
note, the early embryo during the first
threecellcycles,similar to theunfertilised
oocyte, cannot use glucose as the sole
energy source, but rather requires pyr-
uvate or sufficient aspartate and lactate
to undergo the first cleavage division.
The high ATP/ADP ratio of the early
embryo [2], due to the low levels of energy
requirements and biosynthesis during
the first 48 hours of life, allosterically
inhibits phosphofructokinase, thereby
impairing glucose flux through the
Embden-Meyeroff pathway (reviewed
by [3]). A major change in physiology
occurs around the 8- to 16-cell stage
when the embryo creates the first trans-
porting epithelium of the conceptus,
through a process known as compaction
facilitated by the formation of tight
junctions, thereby enabling the creation
of a specific internal environment for
the embryo. As the embryonic genome
becomes activated and biosynthesis
increases, due to both cell proliferation
and the formation of a blastocoel cavity
(formed through the activity of baso-
lateral ATPases of the trophectoderm)
[4], glucose metabolism increases sig-
nificantly so that, by the time the embryo
forms theblastocyst, glucosehasbecome
the predominant nutrient. Of signifi-
cance, viable blastocysts exhibit high
glucose uptake [5, 6]. Concomitantly,
there is a parallel increase in oxygen
blished by WILEY Periodicals, Inc. This is an
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consumption, as the blastocyst increases
its capacity for respiration [7, 8].
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The blastocyst exhibits a
rather idiosyncratic
metabolism, converting
much of the glucose
consumed to lactate, even
in the presence of oxygen

A high level of aerobic glycolysis is a
common characteristic of rapidly divid-
ing cells and tumours, with which the
mammalian blastocyst shares several
traits [9–11]. Aerobic glycolysis, the
formation of lactate in the presence of
oxygen, was first characterised by War-
burg in 1956 [12], and was initially
thought to be specific to certain cancers.
However, it was subsequently revealed
that aerobic glycolysis was a trait
observed in other rapidly proliferating
cells such as lymphocytes [13]. In the
mouse and human blastocyst, >50% of
the glucose consumed is not oxidized
but is converted to lactate [5, 14], in the
presence of oxygen. In contrast to the
cleavage stage embryo, which has
mitochondria with poor cristae forma-
tion, the mammalian blastocyst pos-
sesses mitochondria with transverse
cristae, and exhibits the highest oxygen
consumption of the preimplantation
stages [7]. Consequently, the phenom-
enon of high lactate production by
blastocysts is not due to a deficiency
or defect in mitochondria. Further, at
reduced oxygen concentrations pyru-
vate oxidation may be restricted due to
down-regulation of pyruvate dehydro-
genase activity brought about by the
increased activity of pyruvate dehydro-
genase kinase induced by HIF-1 [15].

This poses the question as to why are
such high levels of aerobic glycolysis
required? As well as being used to
generate energy for theenergy-expensive
process of blastocoel expansion and
mitosis, high levels of glucose utilisation
will be required for the synthesis of
triacylglycerols and phospholipids for
new membrane synthesis, and as a
precursor for complex sugars of muco-
polysaccharides and glycoproteins.
Glucose metabolised by the pentose
phosphate pathway (PPP) generates
ribose moieties required for nucleic acid
Bioessays 37: 364–371,� 2015 The Author. Bio
synthesis and the NADPH required for
the biosynthesis of lipids and nucleo-
tides [10, 16, 17]. NADPH is also required
for the reduction of intracellular gluta-
thione, an important antioxidant for the
embryo [18].

Implantation in the mouse and
human is characterised by the following
four stages: apposition, adhesion,
attachment and invasion [19]. During
these processes the cells of the embryo
and the endometrium of the uterus are in
immediate proximity, and there is little
free fluid within the uterus (measured to
be just 150 nanolitres per uterine horn in
the mouse) [20]. At the time of implanta-
tion, fluid is further removed from the
uterine lumen [21]. The concentration of
oxygen within the lumen of the uterus
has been reported to be in the range of 1.5
to5.3%dependinguponspeciesand time
of theoestrus cycle [22], considerably less
than atmospheric (�20%). Furthermore,
at the time of implantation itself, the
levels of oxygen available to the embryo
as it invades the endometrium (as is the
case for humans and rodents for exam-
ple), will be limited. It has been deter-
mined that thesiteof implantationwillbe
relatively anoxic, because of the absence
of maternal vasculature [23]. Of interest,
oxygen is a powerful regulator of blasto-
cyst function,where atmospheric oxygen
induces aberrant changes ingeneexpres-
sion [24, 25], the proteome [26] and
metabolism of both amino acids and
carbohydrates [27]. In the case of amino
acid and carbohydratemetabolism itwas
found that glucose consumption by the
blastocyst was inversely related to oxy-
gen concentration. Therefore, lower oxy-
gen concentrations are associated with
up-regulation of glucosemetabolismand
high levels of lactate formation. As
development proceeds, the implanting
blastocyst moves to a more glycolysis-
dependent metabolism, in which 90% of
the consumed glucose forms lactate [28].

At the late blastocyst stage, and
during the early phases of implantation,
there is a switch in lactate dehydrogen-
ase (LDH) isoforms from LDHB (which
favours pyruvate formation) to LDHA
(which favours lactate formation) [29],
and is the isoform utilised by tumours to
facilitate their metabolic phenotype and
tissue invasion [30, 31]. Monocarboxy-
late transporters (MCT) facilitate the
movement of lactate in and out of
cells [32]. Typically four isoforms are
essays published by WILEY Periodicals, Inc.
found: MCT 1, 2, 3 and 4. MCT4 has
the lowest affinity for lactate of all the
transporters, with a Km of >20mM,
and is found in cells where there is a
requirement for lactate export from
cells [33, 34]. The mouse blastocyst
possesses Mct 1, 2, 3 and 4, whereas the
human blastocyst expresses only MCT 1
mRNA, and MCT 4 has yet to be
detected [35]. However, MCT 1 has an
intermediate Km (3.5 to 10mM) and can
operate bidirectionally depending upon
environmental conditions. For example
in erythrocytes, proliferating lympho-
cytes and certain tumours, MCT 1 serves
to export lactate [36–38]. Hence the
mammalian blastocyst has at least one
appropriate transporter to facilitate
lactate export. The transport of lactate
by an MCT across the plasmamembrane
is associated with the co-transport of a
proton [39, 40], which has the effect of
reducing external pH (pHe). The pHe of
most tumours is characterised by a
significantly reduced pHe of around
6.7 to 7.1 [41–43].

Analysis of the metabolic activities
of the mouse and human blastocyst
reveals their considerable capacity to
produce lactic acid into the surrounding
fluids in the uterus, thereby altering
their immediate environment. Around
the time of implantation the mouse and
human blastocyst will conservatively
consume around 50 to 320 pmols glu-
cose/embryo/h respectively. Over a 24
hour period in a uterine volume of
150 nl, and assuming a greater shift to
lactate production, this equates to the
capacity to produce around 16mM lactic
acid in the mouse and up to 100mM
lactic acid in the human. These values
are in contrast to the 1–3mM lactate
found in blood and resting tissues [44].
As development proceeds the amount
of lactate produced by the blastocyst
will increase significantly [28] and
the volumes of fluid surrounding the
embryo will further diminish. Hence,
the blastocyst has the capacity to
significantly modify the external envi-
ronment during implantation, which
will subsequently be characterised by
high extracellular lactate and concom-
itantly, low pHe.

For implantation to be successful,
the blastocyst has not only to invade the
surrounding endometrial tissue but has
to remodel vasculature, while at the
same time modulate the local immune
365
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system of the mother. It is hypothesised
that the creation of a high lactate
microenvironment by the blastocyst
enables endometrial breakdown, angio-
genesis and immunoregulation, thereby
facilitating successful implantation.
Lactate as a facilitator of
tissue disaggregation

A key aspect of implantation is the
controlled degradation of the extracel-
lular matrix (ECM) of the endometrium
to facilitate trophoblast invasion. The
ECM is dynamic and exists in a fine
balance between the synthesis of matrix
components and their subsequent
breakdown. In the mouse and human,
matrix metalloproteinases (MMPs) are
the key proteinases underlying matrix
degradation; the blastocyst expresses
MMP-9, while during the peri-implan-
tation period the late blastocyst also
expresses MMP-1 and -2 [45]. In certain
tumours, an acidic environment indu-
ces the expression of MMP-9 and
increases the capacity of cells to
degrade the ECM during in vitro
assays [46–48]. Similarly, in glioma
cells the production of lactate induces
the expression of TGF-b2, which in turn
results in an increased expression,
secretion and release of MMP-2 [49]. T-
reg cells accumulate in the decidual
tissue and are known to secrete TGF-
b [50]. Furthermore, TGF-b1 and 2 are
present in the human [51] and rodent
endometrium in the luminal and glan-
dular epithelium around the time of
implantation [52]. Consequently, lactate
could enhance production of TGF-b
from both endometrial and T-reg cells
thereby increasing the production of
blastocyst-derived MMPs.

Low external pH also creates a
microenvironment that favours the acti-
vation of proteases such as the MMPs.
For example, MMP-3 has an optimum
range of 5.75 to 6.25, and a low pH can
further increase total MMP activity by
facilitating the proteolytic cascade that
converts pro-MMPs to their active form.
Of physiological significance, the activ-
ity of blastocyst-derived MMPs is tightly
regulated by their inhibitors, tissue
inhibitors of metalloproteinases (TIMPs)
[53]. TIMP transcripts are readily
detected in the decidual tissue next to
366
the implanting blastocyst [54]. The
presence of functional TIMPs therefore
has the capacity to reduce ECM break-
down by decreasing blastocyst MMP-9
and MMP-2 activity. The relative activ-
ities of MMPs and TIMPs in endothelial
cells appears to be inversely related
under conditions of stress [55, 56]. In the
case of reduced pH, it has been
demonstrated in nucleus pulposus cells
that whereas the production of TIMPs
was decreased by >90%, the produc-
tion of MMPs remained unaffected [57].
Such an imbalance in the relative
activities of these enzymes would con-
sequently favour an increased break-
down of the ECM.

Another protease associated with
extracellular digestion of the ECM by the
mammalian blastocyst is cathepsin
B [58]. Inhibition of cathepsin activity
in utero on day 4.5 results in complete
implantation failure [59]. Cathepsins are
upregulated in a number of tumours
and are associated with increased neo-
plastic activity [60]. Of note, it has been
demonstrated that an acidic microenvir-
onment around malignant cells induces
enhanced secretion of active cathepsin
B [61]. Consequently, it is realistic that a
reduction in pH in the microenviron-
ment of the blastocyst, induced by
lactate production from aerobic glycol-
ysis, will increase the release of both
MMP-9 and cathepsin, and potentially
other embryonic-derived proteases, to
facilitate the breakdown of the ECM of
the endometrial tissues, thereby pro-
moting the implantation process.

Interestingly, lactate can stimulate
fibroblasts and cancers to increase
hyaluronan synthesis [62, 63]. Hyalur-
onan has the capacity to make cells less
adhesive, reducing their cell-cell con-
tacts and thereby inducing them to
separate from each other. Due to its
vast ability to sequester water through
hydration, which is several thousand
times greater than the volume of the
actual polymer, the secretion of hyalur-
onan has the ability to create spaces into
which cells can move. An increase in
hyaluronan in the surrounding endo-
metrial tissues would therefore facilitate
cell migration and implantation. Anal-
ysis of capillaries around the rodent
blastocyst following implantation
reveals an avascular area, determined
to be in the primary decidual zone [64],
plausibly due to the expansion induced
Bioessays 37: 364–371,� 2015 The Author. Bio
by hyaluronan, stimulated by lactate.
The increase of extracellular space from
hyaluronan expansion combined with
an absence of vascularity and may serve
to facilitate invasion of the trophoblast
cells. These events are summarised in
Fig. 1.
Lactate as a signalling
molecule to induce
angiogenesis and increase
vascular permeability

For embryo development post-implan-
tation to be successful, it is paramount
that a fetal-maternal blood supply is
established, which in turn requires
successful angiogenesis to proceed. It
is proposed that lactate has a direct role
to play in the successful establishment
of a microcirculation to promote sub-
sequent blastocyst development during
implantation.

Wound healing is an example of a
physiological process in which it is
necessary to establish newmicrocircula-
tion. It has been established that during
wound healing tissues create a micro-
environment characterised by a high
lactate concentration (10 to 15mM) as a
consequence of microcirculation disrup-
tion and the need for tissue prolifera-
tion [65]. Hence, in the case of tissue
damage and certain cancers, the sur-
rounding tissues will be exposed to a
high extracellular lactate concentration
inducing the surrounding cells to takeup
lactate via MCTs, thereby increasing
intracellular lactate. Lactate can then
be converted topyruvate byLDHwith the
concomitant consumption of NADþ to
form NADH, reducing the intracellular
availability of NADþ which is the only
substrate for ADPribose. This decrease in
NADþ in turn reduces ADPribosylation.
Hence the cells surrounding the blasto-
cyst will perceive that they are in a state
of hypoxia, and activate pathways that
upregulate growth factor and cytokine
signalling, even in the presence of
molecular oxygen [44, 66]. In a similar
manner, the implanting blastocyst can
release significant amounts of lactate
into the surrounding extracellular space,
inducing the uptake of lactate by the
surrounding tissues.

Analysis of endometrial tissue in the
area around the blastocyst at the time of
essays published by WILEY Periodicals, Inc.
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Figure 1. Blastocyst-derived lactate facilitates tissue disaggregation. The high lactate
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the expression and activity of MMPS, both in the blastocyst and endometrial tissue, whilst
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implantation has revealed an accumu-
lation of VEGF [67]. An extracellular
microenvironment high in lactate will
serve to reduce pH around the implan-
tation site at a time when uterine VEGF
expression increases. Lactate-induced
acidosis has been shown to increase
VEGF expression in tumour cells [68].
VEGF isoforms are involved in the
majority of steps during angiogenesis,
such as vasodilation, endothelial cell
proliferation, their migration and finally
tube formation. Furthermore, lactate,
through its ability to enhance VEGF
production, has been demonstrated to
stimulate endothelial cell migration in a
dose-dependent fashion in an in vitro
migration assay [69]. Significantly,
VEGF normally exists as a mixture of
free (angiogenic) and ADP-ribosylated
(poorly angiogenic) forms. As dis-
cussed, the suppression of intracellular
NADþ levels reduces the activity of
ADP-ribosyl transferases, thereby affect-
Bioessays 37: 364–371,� 2015 The Author. Bio
ing the levels of ADP-ribosylated
VEGF. Consequently, blastocyst-derived
lactate could not only be involved in
the expression and production of
VEGF, but also, through its ability to
reduce NADþ in the surrounding tissue,
lactate could promote the release of
active forms of VEGF to stimulate new
vessel development [65].

Lactate activates several pathways
in endothelial cells. In wounds, lactate
has been shown to stabilise HIF-1a,
through the inhibition of prolyl hydrox-
ylase 2 [70], which in turn can also
increase VEGF levels [44]. Specifically,
lactate has the ability to enter endothe-
lial cells resulting in increases in
vascular permeability and transcription
of VEGF. In primary human endothelial
cells, lactate activates the PI3K/Akt
pathway [71]. Lactate readily enters
endothelial cells through MCT-1 and
stimulates cell migration and tube
formation through the action of nuclear
essays published by WILEY Periodicals, Inc.
factor kappaB (NFkB)[72]. NF-kB, which
acts as a lactate-responsive transcrip-
tion factor, is localised to the endome-
trial epithelium [73], and consequently
will be readily upregulated by the
presence of a metabolically active
blastocyst. Indeed the highest activity
of NFkB is detected in the mouse uterus
3.5 days after mating, i.e. when the
blastocyst is present. Although the
precise roles for NFkB in the uterus
have yet to be fully elucidated, as NFkB
can modulate the expression of cyto-
kines, growth factors and MMPs, it is
feasibly involved in signalling at
implantation (Fig. 2).

Finally, lactate may be considered
as a component of a feedback loop
whereby blastocyst-derived lactate pro-
motes transcription of VEGF in the
surrounding tissue, which in turn has
a direct effect on both uterine remod-
elling, immune regulation and survival
(via NFkB) and blastocyst function.
For example, exogenous VEGF has
now been shown to increase blastocyst
adhesive capacity and subsequent
development in utero [74, 75]. It is,
therefore, highly plausible that lactate
is involved in the initial signalling to
promote angiogenesis during the
implantation process. Furthermore, it
has been established in a primate model
that there is significant up-regulation of
367
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endometrial factors, including TGF-b2
and IL-6 even before the blastocyst
commences invasion, which is in
response to embryo-derived signals [76].
Given its lowmolecular weight and high
solubility, it is likely that lactate is one
of the first signals from the blastocyst to
reach the endometrium.
Lactate as a modulator of
the local immune
response

One of the biggest challenges to the
embryo during implantation is to
prevent the mother from rejecting it
as foreign. It has been documented in
several tumours that metabolically-
derived lactate modulates the activity
of the local immune response during
growth and invasion [77]. Lactate,
through its ability to reduce pH in
the microenvironment, significantly
decreases the growth and expression
of T-cell receptors and production of
cytokines by human cytotoxic T-cells
[78–81]. Of note, activated T-cells are
themselves dependent upon glycolysis
for energy production. It is therefore
368
feasible that the high production of
lactate by the blastocyst could block
lactate export by the T-cells inducing
metabolic aberrations and subse-
quently leading to loss of their function
or exclusion from the implantation
site, thereby reducing the local
immune response at the implantation
site [82].

Significantly, T-cell regulatory cells
are potent suppressors of the initiation
and effector function of the inflamma-
tory cell-mediated immune response,
and are essential if implantation is to be
successful [83]. A key regulator of T-cell
function is the cytokine TGF-b, which
exhibits immunosuppressive proper-
ties [84]. TGF-b has been linked to the
induction of T-cell regulatory cells
through the production of suppressor
T-cells from naı̈ve CD4þ/CD25- T-
cells [50, 85]. Further, exogenous TGF-
b administered vaginally has been
shown to promote a regulatory T-cell
response [86]. Of significance to this
hypothesis, lactate has been shown to
induce the expression of TGF-b in
glioma cells [49, 87], and can promote
IL-17A production in macrophages and
CD4þ T-cells [88]. The role of lactate in
the induction of other interleukins has
Bioessays 37: 364–371,� 2015 The Author. Bio
yet to be elucidated. Hence, lactate
could act as a signal to up-regulate TGF-
b expression, thereby modulating local
immune function in the vicinity of the
blastocyst (Fig. 3).

Characteristic of the implantation
site itself is a high abundance of
macrophages, which represent another
source of cytokines and growth factors.
It has therefore been suggested that
such a high density of macrophages
facilitates endometrial tissue remodel-
ling required to accommodate prolif-
eration of extra-embryonic tissue [89].
Consequently, macrophages could
provide a microenvironment to pro-
mote blastocyst growth by reducing
harmful local inflammatory immune
reactions. In support of this, it has
been revealed that tumour cells,
through their ability to produce a
microenvironment high in lactate,
induce VEGF expression by macro-
phages [90]. The effect of lactate was
found to induce, through HIF-1a, an
M2-like phenotype in macrophages,
the phenotype involved in down-reg-
ulation of the local immune response
at the time of implantation.
The pH of the
endometrium becomes
acidic at implantation

This hypothesis has focused on the role
of the blastocyst in regulating implan-
tation, with reference to the role of its
production lactate and its ability to
essays published by WILEY Periodicals, Inc.
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reduce pHe. However, implantation is
an exquisite dialogue between two
tissue types, the blastocyst and the
endometrium. An established dialogue
facilitated by specific factors has been
considered [19, 91, 92], but what of pH
and the endometrium? Of potential
significance an analysis of the pHwithin
the lumen of the rodent uterus during
pseudopregnancy demonstrated an
increase in acidity to 7.14 (compared
to 7.31 in oestrous) [93]. Further
decreases in pH (below 7) are associated
with decidualisation. This latter obser-
vation could be associated with the
proliferation of the decidual cells them-
selves. More recently it has been
demonstrated that acidification of the
uterine tissue may be essential for
implantation in the mouse. Prevention
of uterine acidification using balifomy-
cin A1, to inhibit V-ATPase which
regulates the acidity of the environ-
ment, results in a dose-dependent
disruption of implantation [94]. As
balifomycin also inhibited decidualisa-
tion induced through the introduction
Bioessays 37: 364–371,� 2015 The Author. Bio
of oil into the uterus, these data indicate
that uterine acidification is also impor-
tant for implantation to proceed suc-
cessfully. This apparent reduction of
uterine pH around the time of implan-
tation could serve to increase the
sensitivity of endometrial cells to the
presence of blastocyst-derived lactate.
Quantification of pHe around the blas-
tocyst has not been undertaken, but
given advances in imaging it may be
possible to attain data in situ [42]. Given
the calculated levels of lactate produced
by the blastocyst during implantation,
further reductions in the pHe in the
immediate vicinity of the blastocyst are
predicted.
Conclusions and outlook

Historically lactate has beenperceived as
anendpoint of glucosemetabolism, yet a
substantial body of evidence documents
the utilisation of lactate to support a
varietyof cellular changesand functions.
Here,direct roles for the lactate produced
essays published by WILEY Periodicals, Inc.
by the mammalian blastocyst have been
proposed: in tissue breakdown to facil-
itate implantation, in signalling to facil-
itate angiogenesis, and in immune
modulation to prevent maternal rejec-
tion. These are highlighted in Figs. 1–3.
Consequently, impairmentof continuous
lactate release by the blastocyst could
compromise the implantation process.
By being able to either promote or inhibit
the creation of a microenvironment
characterised by high lactic acid around
the blastocyst, one could theoretically
eitheraugmentthe implantationprocess,
or develop a means of contraception,
respectively. To date several extensive
treatise exist on the complex dialogue
that occurs between the blastocyst and
endometrium during the implantation
process [19,91,92],howevernoneof them
have considered the role of metabolites
as a component or facilitator of the
signalling processes involved. Rather
than a metabolic by-product, lactate
should be considered as a key embryo-
derived signal to facilitate and/or aug-
ment several key events during implan-
tation. Furthermore, the role of lactate
in establishing an effective dialogue
between the embryo and the mother
will not cease after the initial phases of
implantation. Rather, post-implantation
the embryo becomes more dependent
upon glycolysis [28], where lactate pro-
duction will continue to characterise
embryo metabolism, and will conse-
quently maintain a specific
369
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microenvironment to facilitate events
post-implantation. The concepts pre-
sentedhere could be verified in a number
of ways though both in vitro models of
implantation, and through analysis of
endometrial tissue response to foci of
high lactate and/or acidification.
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