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Summary
Platelets are a uniquely mammalian physiologic feature. As the only non-marine vertebrates to experience menopause,
humans have a substantial post-reproductive lifespan and are believed to have a limited, non-renewable oocyte supply.
Ovarian reserve typically declines after about age 35yrs, marking losses which cannot be recovered by available fertility
medications. When in vitro fertilization fails due to low or absent ovarian response, gonadotropin adjustments are often
ineffectual and if additional oocytes are occasionally harvested, egg quality is usually poor. This problem was confronted by
Greek researchers who developed a new surgical method to insert autologous platelet-rich plasma (PRP) into ovaries; the
ﬁrst ovarian PRP success to improve reproductive outcomes was published from Athens in 2016. This innovation inﬂuenced
later research with condensed platelet-derived growth factors, leading to correction of oocyte ploidy error, normal blastocyst
development, and additional term livebirths. Yet women's health was among the last clinical domains to explore PRP, and
its role in ‘ovarian rejuvenation’ remains unsettled. One critical aspect in this procedure is platelet activation, a commonly
overlooked step in the cytokine release cascade considered essential for successful transition of undifferentiated ovarian
stem cells to an oocyte lineage. Poor activation of platelets thus becomes an unforced error, potentially diminishing or even
negating post-treatment ovarian follicular response. To answer this query, relevant theory, current disagreements, and new
data on platelet activation are presented, along with clinical challenges for regenerative fertility practice.
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1. Introduction

I

n 1882, Giulio Bizzozero was examining blood
droplets by microscope and noticed specks
resembling small piatto behaving with odd clumping properties. His was the ﬁrst paper to describe
‘platelets’ and brought the term to the medical
literature [1,2]. Despite being the smallest of all
formed elements in circulation, platelets (PLTs) are
outnumbered only by erythrocytes and play a key
role in cell signaling, wound healing, and tissue
growth [3]. Platelet-rich plasma (PRP) is perhaps
today the platelet product most familiar to reproductive practice, although it remains an incompletely tested and controversial adjunct before in
vitro fertilization (IVF). To be sure, its broader

acceptance has been slowed by PRP protocols which
still require standardization [4] as even subtle
change in technique or equipment can yield heterogeneous or indeterminate effects for target tissue. While PLTs contain many growth factors to
manage cell differentiation, recruitment and
migration as well as directing tissue repair after
injury [5], decades of research in hematology,
oncology and immunology, ﬁnd the cytokine portfolio carried by PLTs insufﬁciently audited. This
diverse signaling fund was untapped for IVF until
Pantos et al. [6] reported the ﬁrst PRP success in a
human fertility context. Since there are several ways
to process and administer PRP [7e9] it is not surprising that diverse responses have accompanied its
use in reproductive practice. However, much can be
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learned from allied clinical and laboratory experience where PLT handling has been better
standardized.
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translation enzymes needed for protein synthesis
which is left over from their megakaryocyte ancestor
[14]. PLTs thus offer a stable proteome for transcription and ribosomal translation analysis [15,16].

2. Origins in blood banking
Most published PRP work in fertility practice
involve fresh whole blood collection with insertion
of the processed sample into ovarian tissue soon
after preparation. In contrast, dermatology, cosmetic
surgery, and other clinical settings have described
freezing PLTs (or PRP) for later use, thus increasing
patient convenience by obviating the need for
separate blood draws with later treatments. This
method of PLT handling and cryostorage has been
used by hospitals and blood banks for many years,
where resting PLTs (non-activated) are preferred as
biological activity starts with PLT activation. This
inert status will change only when an urgent clinical
need arises, such that PLT activation is not already
underway while on the freezer shelf [10]. This
principle has relevance for fertility practice as well,
where activation should occur just before planned
ultrasound-guided ovarian injection [11].
How centrifugation, banking, and storage
methods impact frozen PLT function post-thaw has
been assessed by comparing PLT extracellular vesicles generated over 2 vs. 7 days [12]. With a longer
seven-day storage interval, numerous proteins
which attract monocytes and neutrophils were
signiﬁcantly upregulated along with much higher
lactate production and deregulation of PLT metabolism [12]. It may be that further investigations
discover better protocols for intraovarian PRP where
samples are frozen/stored well in advance of injection, but for now there seems to be general agreement that fresh is best.

3. Development and anatomy
Platelets are a distinctly mammalian entity. For
humans, they are 2e3 mm discoid cytoplasmic fragments with no nucleus, originating from splintered
megakaryocytes. PLTs circulate for 7e10 days and it is
during this relatively short time that growth factors
may be released. Once the PLT lineage is committed,
megakaryocyte progenitors undergo endomitosis
and polyploidization where numerous DNA replications yield polyploid cells. Supporting this developmental process are integrin receptors which enable
communication between the extracellular environment and cell cytoskeleton. Integrins support PLT
development with heterodimers of a and b subunits,
conferring receptor speciﬁcity [13]. Despite being
anucleate, PLTs do have residual mRNA and

4. Receptors and release products
Activation of PLTs is the summation of a rapid
and complex sequence without which full function
cannot be achieved [17,18]. It brings a dynamic
reshufﬂe of the PLT cytoskeleton, an event best
studied in response to local tissue injury. Strong
cellulareextracellular matrix interactions emerge
ﬁrst, exposed in subendothelial lesions. Of note,
recent in situ structural study of PLT membrane
receptors via high resolution (20e30 Å) cryoelectron
tomography detailed an actin ﬁlament network able
to generate contractile forces required for integrinmediated functions [19]. The main second
messenger here is calcium [20]. Indeed, PLT activation by calcium gluconate induces mass efﬂux of
local growth factors [21] and was the reagent used in
the initial ovarian PRP clinical trial in California
[11,22]. Calcium gluconate was selected based on
contemporary work [23] which found this to be a
suitable PLT activator from among several alternatives (see Fig. 1). Interestingly, the ﬁrst description
of a PLT bleeding disorder secondary to altered
calcium handling was attributed to a loss-of-function mutation involving a single amino acid shift
(D84G) in Sax proteindnamed for Bulgarian exKing and Prime Minister Simeon Saxe- CoburgGotha (b. 1937) who suffers from the condition
[24,25].
PLT activation is also an important defense and
repair response, achieved via multiple pathways
involving thromboxane A2, adenosine diphosphate,
thrombin or other agonists. Any intracellular ‘second message’ received through a stimulated PLT
surface antenna (receptor) must be conveyed to a
granule-associated protein, which itself is exposed
to PLT cytoplasm. Recent research on granule-speciﬁc PLT protein processes has highlighted the
SNARE family [26] while others have focused on
members of the pleckstrin family [27]. Regarding
the latter, PLTs without pleckstrin marked impairments are noted in granule exocytosis, actin assembly, and aggregation under certain conditions.
While pleckstrin-knockout PLTs can merge granules, they cannot discharge their cargo into the open
canalicular system, implicating pleckstrin as a
required mediator necessary for granule fusion and
exocytosis [28].
Once classiﬁed as a waste product of cells, granules are now known to harbor a large repertoire of
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Fig. 1. Schema summarizing signaling dynamics for resting (grey oval) and activated platelets (PLT) following 3 response to agonists (i.e., collagen,
thrombin), thromboxane A2 (TxA2), adenosine diphosphate (ADP), and/or. 4 extracellular calcium (Ca2þ). These mediators contribute to increased
PLT 1,2-diacylglycerol (DAG) and inositol 5 1,4,5-triphosphate (IP3). Intracellular PLT Ca2þ results in calcium efﬂux (grey arrow), itself augmented
by 6 pharmacologic calcium gluconate (bracket) as activator reagent. These mediators coordinate PLT alpha-granule 7 (green) action to discharge
‘cargo proteins’ (blue) including growth factors & cytokines.

PLT cargo proteins [29]. Conﬁrmation that PLT agranules are the key locus of agonist-dependent
protein release came from work published in the
1950's [30]. It is now known that numerous growth
factors are released, the most studied of which are
probably vascular endothelial growth factor (VEGF),
platelet derived growth factor (PDGF), insulinlike
growth factor-1 (IGF-1), epidermal growth factor
(EGF), hepatocyte growth factor (HGF), transforming growth factor beta (TGFb), and basic
ﬁbroblast growth factor (bFGF) [31]. PLT activation
involves release from at least two types of subcellular compartmentsdcell-surface membrane vesicles and exosomes. Experience with PLT processing
has shown how both can be sequestered by differential gradient centrifugation. PLT microvesicles of
surface membrane class are larger and may be
processed using a calcium ﬂux-calpain-dependent
protocol [32].
Release of smaller PLT exosomes is by fusion of agranules with the plasma membrane, where they
rest as intraluminal membrane-bound vesicles [32].
The initial phase of PLT-product release brings
serotonin and ADP release, followed by a second
wave dominated by acid hydrolases and lysosomal
proteins [33]. This cascade is based on PLT release
kinetics, metabolic characteristics, and subcellular
placement of moieties released over time. The
mechanism remained only partially understood into
the 1970's, as some aspects were not clearly designated either as an a-granule or dense granule
release product [34,35]. Electron microscopy substructure, protein mapping, and later PLT activation

experiments offered new data on a-granule anatomy and distribution. For example, a typical resting
PLT (non-activated) can include 50e80 ovoid agranules, each measuring about 200e500 nm
diameter [36]. These structures contain adhesive
glycoproteins such as P-selectin, ﬁbrinogen, and
von Willebrand factor (vWF), coagulation factors,
mitogenic factors, angiogenetic factors, ﬁbrinolytic
inhibitors, immunoglobulins, granule membranespeciﬁc proteins such as P-selectin and CD63, and
chemokines PF4 (also termed CXCL4) and Regulated upon Activation, Normal T-Cell Expressed
and Presumably Secreted (RANTES) [37].
In contrast, dense granules (sometimes termed dgranulomeres) are less numerous within the PLT
interior. PLT a-granules have membranes containing p-selectin, an electron-dense luminal matrix and
nucleoid, with clustered peripheral tubules of multimeric vWF oligomers [35]. In any case, PLT agranules likely exhibit some variance among granules. For these to discharge contents at activation,
the packet can merge directly with the exterior
plasma membrane or with the PLT open canalicular
system [38]. This latter structure manifests as complex plasma membrane invaginations to substantially enlarge PLT surface area; de-condensation can
be facilitated by contact with the plasma membrane
even if the union is transient [39,40].
Data supporting fusion mechanisms comes from
electron microscopy work, identifying PLT a-granules fused to the plasma membrane either by a short
neck or longer ‘pipe’ [41]. During activation, PLT
proteins from agranules appear to be jettisoned via
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membrane fusion but in contrast to synaptic vesicles, the PLT a-granule itself is not lost in the process. More exactly, an empty PLT a-granule ‘vestige’
lingers after membrane fusion akin to an opening
which connects the granular remnant to the extracellular space [42], an event which may be reversible. Of note, amperage status by membrane
electrophysiology shows a capacitance ‘ﬂickering’ as
release is underway, possibly indicating that PLT
pores and their ghosts are unstable [42].

5. Activation: speciﬁc or general?
A range of surface receptors suggests that PLTs
have ﬂexibility to mount a bespoke response to
different agonist inputs, sorting membrane inputs
even down to the individual granule level. From a
mechanistic viewpoint, there are two different
pathways by which PLTs activatedendogenous and
exogenous. The ﬁrst follows vessel injury and contact of PLTs with exposed collagen (physiologic
activation). Exogenous activation is via pharmacologic reagents, and those most frequently used are
10% calcium chloride, 10% calcium gluconate, and
thrombin. For 10% CaCl2, a dosing of 1:9
(reagent:PRP) is typical and this ratio may also be
used with calcium gluconate [43].
Earlier work reported that protease-activated receptor-1 (PAR-1) and PAR-4 agonists counterregulate endostatin vs. VEGF release from human
PLTs [44], although evidence to conﬁrm such differential release from agranule subtypes is pending.
Others [45] have questioned this, observing a kinetic
rather than context-driven difference in PLT granule
release after exposure to various agonists, a ﬁnding
which challenges the a-granule subtype theory. One
interesting problem confronting this topic is that
human PLTs express some receptors on surface
membranes (PAR-1 and PAR-4), while most other
vertebrates below primates display different exterior receptors [46]. Velez et al. [47] reported almost
all differences in PLT release following contact with
thrombin vs. collagen resulted from proteolytic activity of thrombin agonist on the releasate. From
this, PLT a-granules appeared to respond in concert
to agonist stimulation, such that any stimulatory
signal was perceived uniformly by the a-granule
ensemble [48].
Integrin mediates conformational change [49]
needed for signaling and PLT adhesion, even
though this has not yet been directly observed in
physiologic conditions [19]. PLT deformation utilizes an actomyosin contractile system [50,51] which
time-lapse imaging has shown begins with
contraction and then a ﬂare of extended
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pseudopodia, akin to a molecular clutch [52]. In
2009, Kinoshita et al. [53] reported on a previously
unknown kinase, vertebrate lonesome kinase (Vlk),
which is highly conserved in vertebrates. This kinase domain cannot be classiﬁed under any previously deﬁned groups or families, and is now
regarded as critical to regulate protein export from
the Golgi apparatus and PLT competency in general
[53,54]. PLT-derived cytokines stimulate stem cell
differentiation, proliferation, and migration to
improve angiogenesis and can also modulate
inﬂammation [21,55]. While these cytokines can
potentiate recovery by ‘natural healing’, matching
results with speciﬁc components of PLT releasate is
the goal of ongoing study.
Modulating particular members within the cytokine family could inﬂuence the prevailing treatment
effect [56]. In other words, increasing PLT cytokine
output en gross is desirable only up to a speciﬁed
threshold, above which point an accumulation of
pro-inﬂammatory mediators dominates other biological effects. Even at lower concentrations, PRP
still shows some chemotactic properties for stem
cells [57]. It is notable that when PRP was studied
after experimental dilution down to 10% or 20%
concentrations [58], the lowest density preparation
exhibited better growth and secretion of hepatocyte
growth factor, monocyte chemoattractant protein-1,
epithelial neutrophil-activating peptide-78, and
VEGF. Moreover, the 20% PRP culture showed
signiﬁcantly higher levels of pro-inﬂammatory
granulocyte-macrophage colony-stimulating factor
[58]. He et al. [59] hypothesized that an undesirable
cytokine proﬁle is related to leukocyte load, and PRP
handling technique can inﬂuence this leukocyte
accumulation. Indeed, PLT derivatives with many
leukocytes are more often associated with growth
factor suppression, decreased cell viability,
increased catabolic cytokine concentrations, and
inﬂammation [60].
When two PRP preparations differing only in
leukocyte content were assessed [61], samples with
more leukocytes led to catabolic and inﬂammatory
changes and overexpression of catabolic marker
genes, matrix metalloproteinase-1 (MMP-1), MMP13, interleukin-1beta (IL-1b), IL-6 and tumor necrosis factor-alpha (TNF-a). In contrast, PRP samples with reduced leukocyte counts chieﬂy induced
anabolic changes [61]. While the optimal balance
between PLTs and leukocytes for reproductive use
has not been established, a relatively enriched PLT
concentration appears favorable. We therefore
agree with previous work [62] which found that
minimizing leukocytes in PRP is preferred over
simply boosting absolute PLT numbers.

It may be that individual PRP cytokines evoke
narrow action upon speciﬁc cell populations with
comparable, perhaps greater, efﬁciency than unprocessed PRP. Depending on how PLTs are
cultured or supported before tissue insertion, cell
death is far more likely when PRP concentration is
excessive (i.e., 50%), underscoring a potential role
for PLT factor adjustment according to indication
[59]. A negative tissue response post-PRP might
result from excessive osmotic pressure or an uptick
of proinﬂammatory mediators, both increasing ROS
and favoring apoptosis [5]. Suboptimal PRP effects
have also been attributed to elevated Fas ligand
(FasL), IL-1b, IL-6 and TNFa levels [63]. Another
inﬂammatory cytokine is interferon-g, which accelerates cellular apoptosis when overproduced [64].
As a corrective technique, PRP immunoprecipitation might cancel such levels by silencing unhelpful
pro-inﬂammatory mediators, thus providing a
custom PRP product [59].
Since PLT cargo proteins are lodged inside granules
and thus maintain latency until activation, none of
these signaling factors attain any relevance to the
ovary until the critical step of activation. Research
regarding how this process is orchestrated suggests
that ultrarapid ‘crescendo’ PLT activation is nonphysiologic [59]. This raises an unusual technical
question given the impressive rate at which PLT
activation normally proceeds. Yang et al. [65] reported
on PLT activation by calcium gluconate where slow,
gradual release of cargo proteins was observed. Rui
et al. [66] found that activation by thrombin þ calcium
gluconate produced the highest growth factor concentration at PLT activation. Cytokines were also
noted to be released differentially from PLT granules,
according to speciﬁc activation signaling features [66].
Whether or not these identiﬁers can be actuated for
preferential discharge of speciﬁed PLT factors upon
‘surgical activation’ remains to be proven.

6. Other variables
Screening for intraovarian PRP must query patients on medication and botanical use, as PLT
activation will be reduced or blocked by several
compounds. The most familiar agent with potent
anti-PLT action is aspirin, although pentoxifylline
should probably also be avoided for 10e14 days
before planned PRP use [67]. Turmeric is a cooking
spice and health supplement with important effects
on PLTs. Speciﬁcally, tetrahydrocurcumin is the
major bioactive metabolite of curcumin and significantly attenuates agonist-induced PLT granule
secretion [68]. Safﬂower extract likewise inhibits

N.S. RICKERS, E.S. SILLS
PLATELET ACTIVATION IN REPRODUCTIVE MEDICINE

5

ADP-mediated PLT function, impairing activation of
downstream ADP receptors [69].
Ambient physiologic conditions can also inﬂuence
what PLTs release after activation. Altered membrane lipids and proteins exist in hypertension,
impacting PLT function and leading to formation of
vascular obstruction. Armenta-Medina et al. [70]
identiﬁed numerous PLT proteins expressed differently, depending on blood pressure. Hypertension
thus can inﬂuence PLT cytoskeletal organization
and release of granule cargo [70] which can show a
wide range in total protein, ﬁbrinogen, albumin,
IgG, as well as antioxidative capacity [71]. Recent
data from Geneva outlined a method where after
centrifugation, blood components were separated to
isolate PRP and was considered better than standard
media to support and expand human cell culture
[72]. Previously, two distinct PLT protocols which
otherwise used identical equipment were compared
and found to produce signiﬁcantly different results,
especially regarding matrix leukocytes and growth
factors [73].
Higher levels of ﬁbrinogen, albumin, IGF-1, keratinocyte growth factor (KGF), and HGF often occur
in samples which include plasma. Conversely, chemokine RANTES and PDGF-bb were increased with
PLT proteins. Specimens containing both plasma
and plasma proteins have the most pronounced
proliferation effects for mesenchymal stem cells &
ﬁbroblasts [74].

7. Conclusions
Gains in longevity now make menopause relevant
for about 1/3rd of the female lifespan, and by 2025
about one billion women will experience this
journey worldwide. While differences among published ovarian PRP methods may meet some needs
of advancing age, when successful they all have the
common attribute of clearly delineated PLT activation. For ‘ovarian rejuvenation’, local cross-talk between PLT cytokines and downstream ovarian stem
cells is obligatory. Indeed, this was foreshadowed by
work from Pantos et al. [6] which presaged a seismic
shift in women's health and fertility practice.
Fundamentally this PRP-based treatment aspires to
realign the ovarian microclimate, even if only
temporarily, to conditions lost with the descent into
menopause. True, a remedy is already reachable to
some extent using hormone replacement therapy or
IVF. Yet with activated PLTs, a nonsynthetic,
personalized dimension to care can alleviate concerns with ‘artiﬁcial’ pharmaceuticals engineered at
industrial scale. Questions certainly remain for
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intraovarian PRP, and researchers are exploring
these topics. For example, the potential for PRP to
induce tumorigenic transformation requires an
answer. This appears to be a theoretical issue only,
as such danger has fortunately not been observed in
any tissue context where PRP has been used. The
likely explanation for this is that PLT cytokines bind
to receptors on cell membranesdnot in the nucleusdso their mechanism of action is unlike trophic
hormones [55]. Reassurance also comes from others
using PRP outside reproductive medicine, where
accelerated growth of healthy cells is attained with
no malignant transformation [75]. In vitro assays
have likewise shown PLTs block the tendency of
cancer cells to establish ‘vasculogenic mimicry’ or to
acquire independent vessel connections [76]. These
features help explain why intraovarian PRP
methods, irrespective of which protocol is used, thus
far have proven safe with no adverse events [77].
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