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When tissue injury results in breakage, platelets are not only involved in plug formation and
wound sealing, but they also play an important role throughout the tissue recovery process.
Specifically, platelets accumulate at the site of injury and release a large number of biologically active mediators at injury sites, which initiate or modulate damaged tissue regeneration. Moreover, extensive experimental evidence has elucidated the involvement of platelets
in tumor growth and metastasis. As such, this mini-review aimed to highlight the relatively
lesser known functions of platelets.
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INTRODUCTION

PLATELETS IN POST-TRANSPLANT LIVER
REGENERATION
Platelets primarily accumulate at the site of tissue damage,
wherein vascular defects are sealed as part of the coagulation cascade. Furthermore, they release a large number of
biologically active mediators at these injury sites, initiating
or modulating immune responses, inflammation, angiogenesis, and damaged tissue regeneration [1,4,5]. Notably, these
mediators are primarily stored in α-granules of resting platelets and include a number of growth factors, such as hepatocyte growth factor (HGF), vascular endothelial growth factor,
and insulin-like growth factor-1, all of which play important
roles in liver repair and regeneration [6–10].
Liver regeneration is defined as the process of adjusting
the liver mass size to meet functional demands, starting immediately as needed and resolving in only a few days or
weeks [6,7]. Among the different types of liver cells, hepatocytes were found to be the first to proliferate and trigger various signals to promote the regeneration of other liver cells,
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Platelets have long been considered to play an important
role in plug formation and wound sealing following tissue
breakage secondary to injury. However, recent research has
further suggested that platelets play a critical role throughout the tissue repair process aside from plug formation, with
extensive experimental evidence elucidating their involvement in cancer metastasis [1–3]. Platelets are versatile cells
involved in many biological processes, such as stimulating
inflammation, alerting immune cells, attacking microbial
pathogens, and shaping the vascular system [1]. On the other hand, platelets are also known to play certain roles in disease conditions, such as in the development of stroke, heart
attack, and rheumatoid arthritis, among others [1]. Therefore, among these various functions, the current mini review
focused on the role of platelets in tissue regeneration and
metastasis.
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in which platelet-released mediators were found as the most
important contributors for the initiation of hepatocyte proliferation [6–10]. In particular, previous studies performed in
rats showed that plasma HGF concentration rose immediately and liver HGF receptor was activated within 30 min after hepatectomy, whereas the intrahepatic HGF reserve was
rapidly consumed during the first three hours after hepatectomy [11,12]. Additionally, other platelet-released mediators, such as serotonin, were also known to be important in
initiating mitogenic signaling and triggering hepatocyte proliferation [9,10]. Given this evidence, it could be deduced
that the presence of a sufficient number of functioning
platelets to deliver and release mediators to the graft immediately after liver graft reperfusion is crucial in liver transplantation, particularly in living donor liver transplantation
requiring quantitative liver regeneration [13]. The positive
association between intraoperative platelet transfusion and
graft regeneration in our research team’s recent study also
supports this hypothesis [14,15]. To date and to the best of
our knowledge, this study was the first to identify the importance of intraoperative platelet transfusion during living donor liver transplantation [14]. Particularly, our results have
clinical relevance since intraoperative platelet transfusion
was clearly reported to be beneficial for graft regeneration in
recipients with an increased risk of liver failure, such as
those with macrosteatotic or small-for-size grafts. In contrast
to our study showing no negative intraoperative platelet
transfusion effects, two previous studies performed in a
transplant center demonstrated negative impacts of intraoperative platelet transfusion on post-transplant mortality
[16,17]. Putative reasons for these discrepant outcomes were
thought to be attributable to the differences in graft type (living donor vs. deceased donor), platelet process (leukoreduction and irradiation) [18,19], transfusion indication (socalled rescue strategy: platelets were never indicated solely
based on platelet counts and were always given after excessive blood loss occurred) [14], and hemostatic agent (routine
aprotinin use) [20]. Apart from platelet transfusion, we also
identified the importance of immediate post-reperfusion
platelet counts measured during the reperfusion phase of
living donor liver transplantation, which was consistent with
a recent study of patients undergoing hepatectomy, suggesting that immediate postoperative platelet count was a predictor of liver regeneration [21]. Studies have shown that
platelet counts during liver transplantation tend to decrease
considerably according to blood loss (progressive coagulopathy and surgical bleeding) and hemodilution (fluid infusion
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and transfusion). In this regard, transplant teams should
make efforts to maintain adequate platelet count levels
during the critical period when diverse signals trigger liver
regeneration. Moreover, these findings were consistent with
a previous study in rats demonstrating that platelet-rich
plasma infusion immediately after 70% hepatectomy promoted mitogenic signaling pathways for the first 4 h postoperatively, which was connected to improved early hepatocyte proliferation and liver mass recovery [22]. The authors
of that study also suggested that platelet administration
might be an innovative therapeutic strategy for liver regeneration in small-for-size liver transplantations.
The liver’s remarkable ability to regenerate has allowed
the possibility for living-donor liver transplantation to become a reality; however, this procedure has also been found
to involve the potential risk of liver failure resulting from insufficient graft regeneration. Therefore, liver regeneration is
a key element in the success of living donor liver transplantation. Particularly, liver regeneration is orchestrated by the
interplay between various cells and mediators, of which
platelet-derived mediators are known to play important
roles. Notably, a landmark study by Lesurtel et al. [9] and
certain subsequent studies newly discovered that platelet-derived serotonin mediated liver regeneration [8–10,15],
and that triggering regeneration pathway signals occurred
immediately after hepatic tissue injury, such as functional
mass decrease or ischemia-reperfusion injury. More specifically, regeneration of a reduced-size partial liver graft was
initiated immediately after graft reperfusion during living
donor liver transplantation, and thus the intraoperative
post-reperfusion period was considered to be highly critical.
In this regard, our recent research showed that intraoperative platelet counts during the post-reperfusion phase and
platelet transfusion were significantly associated with the
degree of early graft regeneration following living donor liver
transplantation [14]. Taken together, we hypothesized that
intraoperative platelet counts and platelet transfusion may
affect graft regeneration in relation to the serotonin pathway.
Given that, we then evaluated the association between intraoperative platelet counts and serum serotonin levels, as well
as the effect of intraoperative platelet transfusion on serum
serotonin levels in living donor liver transplantation. Indeed,
this was the first study to describe intraoperative changes in
serum serotonin levels during living donor liver transplantation, measured using liquid chromatography with tandem
mass spectrometry, which has been established highly reliable method. On observation, platelet counts and serotonin
www.anesth-pain-med.org
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PLATELETS IN POST-TRANSPLANT
METASTASIS AND TUMOR RECURRENCE
Liver transplantation has been a well-established therapeutic option for hepatocellular carcinoma (HCC) treatment, addressing both underlying liver diseases, which is
considered a premalignant lesion, and a tumor burden. Despite this, many recipients experience tumor recurrence,
wherein recurrent HCC becomes a major cause of death for
these patients. As mentioned previously, platelets are the
primary cells for hemostasis and tissue repair, but extensive
www.anesth-pain-med.org

experimental evidence has also elucidated their involvement in tumor growth and metastasis [1–3]. More specifically, clinical evidence has demonstrated an association between higher platelet counts with both shorter survival time
and increased recurrence after treatment in various solid tumors [27]. In HCCs, a retrospective analysis using a large database of biopsy-proven HCC patients reported a positive
correlation between platelet count and tumor size/total tumor mass [28]. Another retrospective cohort study demonstrated that pretreatment platelet count was positively associated with the probability of HCC recurrence after curative
treatment [29]. These findings, as well as those from other
previous studies, suggested that the relationship between
platelets and tumors was not a simple epiphenomenon resulting from tumor-induced thrombopoiesis, but rather a direct contribution of platelets to multiple steps in cancer progression, including tumor cell angiogenesis, protection from
immune processes, extravasation, and arrest within the vasculature [2,27,30,31]. In fact, a previous study in hepatitis B
transgenic mice clearly demonstrated that antiplatelet treatment reduced intrahepatic inflammatory responses and
HCC development with improved long-term survival [32].
Thus, our research team hypothesized that the risk of HCC
recurrence after living donor liver transplantation was affected by platelets [33]. Given that, we then evaluated the relationship between preoperative platelet count and
post-transplant HCC recurrence, demonstrating the independent association between them. Recurrence risk was
greater with higher platelet counts after adjustment for confounders, such as tumor biology and liver disease severity in
both the pre- and post-matching cohorts.
Accordingly, the risk of post-transplant HCC-related deaths
was also greater with higher platelet counts. Notably, the influence of platelets was consistent regardless of tumor aggressiveness, which was an important finding since a more
aggressive tumor biology due to higher platelet counts could
be considered a bias. Moreover, the incorporation of platelet
count into the Milan criteria significantly increased its predictive power for estimating recurrence, and no inflammation-based scores, including platelet-to-lymphocyte ratio,
were superior to preoperative platelet count, which was in
agreement with a previous study [34]. Particularly, the platelet-to-lymphocyte ratio was analyzed as significant, despite
the insignificance of neutrophil or lymphocyte counts as well
as the neutrophil-to-lymphocyte ratio, supporting the importance of platelets per se. In contrast to the surrogate markers,
platelets are effector cells directly interacting with cancer cells
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levels moved in the same direction throughout the surgical
procedure. An immediate increase during the first hour after
graft reperfusion followed by a gradual decrease was also
observed, possibly reflecting initial systemic platelet extraction and subsequent hepatic platelet exhaustion [23]. On
analysis, platelet counts and serotonin levels showed significant linear correlations. In healthy individuals, more than
95% of serotonin exists in the platelet, resulting in almost
similar serum serotonin and intraplatelet serotonin levels
[24,25]. In our findings, this similarity in the intraoperative
movement of platelet counts and serum serotonin levels
combined with the linear correlation between them indicated that most serotonins existed in platelets and were delivered by them in liver transplant recipients, resulting to platelet counts and serum serotonin levels that were physiologically similar to healthy individuals [10]. Therefore, our findings supported the hypothesis that the association between
platelet count and early graft regeneration after living donor
liver transplantation may be mediated by serotonin [14]. In
addition, the platelet transfusion dose for cirrhotic patients
was unknown despite its clinical importance [26]. We found
that 1 unit of apheresis platelets, which corresponds to 6
units of whole blood platelets, increased platelet counts by
30 × 109/L, which was the amount expected in healthy persons. This immediate increase in serotonin levels following
platelet transfusion also supported the hypothesis that the
association between platelet transfusion and early graft regeneration after living donor liver transplantation may be
mediated by serotonin. However, it should be noted that
platelet-mediated liver graft regeneration was mediated by
other various cytokines and growth hormones aside from
serotonin [6–8,10]. Thus, further studies are warranted to
distinguish the respective roles of serotonin from other
platelet-derived molecules, such as HGF, vascular endothelial growth factor, and insulin-like growth factor-1.
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in the metastatic cascade [1–3,27,30,31], in which their association with tumor recurrence appears to be robust and independent in liver transplant recipients, whose systemic inflammation status and platelet counts are both affected by liver
disease. Taken together, the results from our study suggested a
potentially important role of platelets in HCC metastasis after
living donor liver transplantation, as well as demonstrated the
following important clinical implications [32,35,36]. First, the
decision-making processes of HCC staging and management
largely depended on estimated recurrence probability [37].
Our study indicated that HCC management guidelines could
be refined by considering platelet counts. Second, the data
supported the feasibility of platelet modulation therapies and
its selective implication based on platelet count, which has a
spectrum of feasible therapies, including cyclooxygenase,
protease-activated receptor, and integrin GPIIb/IIIa inhibitors
[2,32,35,36,38,39]. Until more scientific data verifying their
safety is accumulated, HCC patients with mild thrombocytopenia, in particular, are likely better candidates for these therapies, since such patients can have less bleeding diathesis and
greater metastasis risks. Furthermore, the stable late
post-transplant phase might provide another time window for
targeting latent metastasis, which has a lesser concern on
bleeding complications or graft regeneration [13,14]. In that
regard, therapies that can differentiate the platelet-cancer
loop from coagulation or tissue regeneration pathways represent opportunities to prevent metastasis with minimum related complications. Third, the study suggested that restrictive
perioperative platelet transfusion policies might have another
advantage from the viewpoint of metastasis prevention [40].
HCC recurrence arises from tumor cells present in the circulation or in micrometastatic colonies following primary
tumor removal. To metastasize successfully, disseminated
tumor cells must complete multiple complex steps, consisting of survival in the blood stream, adherence to the vascular wall, subsequent extravasation and initial seeding, and
lastly, the re-initiation of growth [31]. During this metastatic
cascade, platelets interact with tumor cells at every step in
circulation, as well as at the site of distant metastases, while
directly enhancing invasive potential or indirectly modulating the microenvironment [2,27,41,42]. For example, platelet-tumor cell cross-linking forms a shield around tumor
cells and protects them from mechanical destruction by hemodynamic shear forces and immunologic lysis by natural
killer cells. Additionally, they also promote tumor cell arrest
to the secondary site through rolling and tethering to the
vessel wall. Regarding cellular motility, platelet-derived mol-
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ecules promote extravasation by increasing endothelial permeability and inducing morphological changes from epithelial to mesenchymal transition. Moreover, platelets are
known to release proangiogenic growth factors, such as the
vascular endothelial, platelet-derived, fibroblast, insulin-like, and transforming growth factors [2,10]. Although
extensive experimental research has outlined the platelet-cancer loop, clinical studies also support the importance
of platelets by demonstrating an association between platelet count and poor prognosis in cancers of various organs,
including the liver [27,29,43]. Interestingly, sorafenib, the
first systemic drug to be approved for advanced HCC management, was found to suppresses HCC progression by inhibiting cellular signaling mediated by platelet-derived
growth factors, such as the vascular endothelial and platelet-derived growth factors [44].
Furthermore, recent studies have consistently demonstrated that early post-transplant platelet count was mainly
determined by preoperative platelet count [45]. Thus, it
could be deduced that patients with higher preoperative
platelet counts continue to experience greater platelet-tumor cell interactions and consequently a more favorable
metastasis microenvironment during early post-transplantation when surgery-induced stress, inflammation, and immunomodulation provide a vulnerable time window. Evidence that circulating tumor cells require only a few hours
to days to complete the metastatic cascade further supports
the relevance of preoperative platelet count [31]. Additionally, some tumor cells may also remain dormant at the secondary site for a long period, thus initiating growth at a
much later time and resulting in a metastasis that occurs
over an extended duration [31]. Since post-transplant platelet counts significantly correlated with preoperative values
even months or years after transplantation, recipients with
higher preoperative platelet counts might have a greater
chance of experiencing HCC cell metastasis in much later
periods.
Platelet counts in HCC patients are determined by parenchymal liver disease severity and HCC aggresiveness [46].
More specifically, platelet production is decreased mainly
due to impaired thrombopoietin synthesis in the diseased
liver, whereas platelet destruction is increased due to cirrhosis-related hypersplenism and platelet-associated antibodies. Moreover, systemic inflammation increases platelet consumption and hyperdynamic circulation dilutes platelet
concentration [47]. In contrast, solid tumors enhance hepatic thrombopoietin synthesis by releasing thrombopoietic cywww.anesth-pain-med.org
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tokines, wherein more aggressive tumors induce a greater
degree of thrombocytosis [27,48]. Accordingly, parenchymal
liver disease status and tumor biology are significantly different according to preoperative platelet counts. Since some
determinants of platelet count are also contributors to
post-transplant outcomes, the success of the study evaluating the relationship of platelets and post-transplant metastasis mainly depends on determining whether the platelet
count is an epiphenomenon. First, there is the possibility of
recurrence risk being overestimated in patients with higher
platelet counts with a more aggressive tumor biology. Second, there is the possibility of recurrence risk being underestimated in patients with lower platelet counts, since HCC-unrelated death was reported to be greater in this group [33].
Therefore, future studies evaluating the relationship between
perioperative platelets counts or platelet transfusion, and
post-transplant HCC metastasis or recurrence, should be
considered with regards to their potential biasing effects as
in our research [33].
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Liver transplant physicians who perform perioperative
platelet transfusion should be aware that platelets are not
only cells involved in decreasing the amount of medical
bleeding, but they are also in charge of liver regeneration
and post-transplant HCC metastasis. The two relatively novel concepts are now being actively studied in various populations, including liver transplant recipients, as presented in
this paper. As such, we would like to call attention to research evaluating the potential positive and negative roles of
platelets and platelet transfusion in liver transplant recipients for the creation of future studies in this field.
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