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Abstract

In platelets, most of the ADP is stored in dense granules and released into
extracellular space through exocytosis as a signaling molecule upon platelet
activation. Glycolysis and the TCA cycle consume considerable amounts of
ADP; however, limiting quantities of available ADP to make ATP through
OXPHOS result in failure of ATP production and release of energy as heat
into the surroundings. Thus, body heat may be a potential product of circu-
lating platelets. Furthermore, the incomplete OXPHOS process causes the
production of ROS that leads to earlier platelet death resulting in shorter life
span. In the future, this new function may have a wide variety of clinical ap-
plications.
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1. Introduction

Platelets are the smallest (2 - 4 um in diameter) blood cells that are integral in
clot formation to prevent blood loss upon injury and serve to maintain the inte-
grity of the vasculature. Their life span is between 7 - 10 days, whereas other cells
in our body live much longer. They are anucleate and possess functional mito-
chondria numbering between 5 - 8 per platelet [1]. Apart from mitochondria,
platelets have other organelles like ribosomes, Golgi bodies and endoplasmic re-
ticulum for RNA and protein synthesis. In addition, platelets have three types of
vesicles namely a-granules, dense granules, also known as J-granules, and lyso-

somes [2]. These granules play important roles in hemostasis and thrombosis.
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a-granules are the most abundant granules ranging from 50 to 80 per platelet,
measuring 0.2 to 0.5 pm in diameter, and occupying 10% of the platelet volume.
They contain membrane associated receptors (allbj3, P-selectin) and soluble
proteins involved in hemostasis (fibrinogen, VWEF), inflammation (cytokines,
interleukins-8) and wound healing (VEGF, FGF). The dense granules are the
second most abundant granules ranging from 3 to 8 per platelet, measuring 0.15
pum in diameter, and occupying approximately 1% of the platelet volume. They
contain bioactive molecules such as serotonin and histamine, adenine nucleotides
(ADP/ATP), polyphosphates, pyrophosphates, calcium and magnesium. The ly-
sosomes are the least abundant granules ranging from 1 to 3 per platelet and mea-
suring 0.1 to 0.5 um in diameter. They contain enzymes that degrade all biological
macromolecules such as proteins, nucleic acids, carbohydrates, and lipids.

Platelets are produced by the megakaryocytes of the bone marrow and re-
leased into the blood stream through the process of thrombopoiesis. In humans,
the megakaryocytes release 1 x 10" platelets into the blood circulation every day.
There are 1.5 — 4.5 x 10°® platelets/mL of blood in a normal healthy adult [1].
Thrombopoiesis is controlled by the cytokine, thrombopoietin [3], which is
produced in the liver by the parenchymal and sinusoidal endothelial cells as well
as in the kidney by proximal convoluted tubule cells to maintain a constant
number of platelets [4]. Abnormal thrombopoiesis can lead to clinically signifi-
cant disorders such as thrombocytopenia, defined as a platelet counts less than
1.5 x 10® platelets/mL, and thrombocythemia, a platelet counts greater than 6 x
10® platelets/mL. Thrombocytopenia can lead to inadequate clot formation and
increased risk of bleeding, and thrombocythemia can increase the risk of
thrombotic events, including stroke, peripheral ischemia and myocardial infarc-
tion [5]. Platelets were first identified by Bizzozero in 1882 and recognized to
play a role in hemostasis and thrombosis [6] [7] From that time onwards, physi-
cians, clinicians, and scientists are still working to study the biogenesis, mor-
phology, physiology and functions of platelets. So far it has been proposed that
platelets have several functions in hemostasis, thrombosis, inflammation, angi-
ogenesis, wound healing, anti-microbial activities, and apoptosis [1].

A portion of the chemical energy that we consume is converted into heat for
maintaining our body temperature. In most animals, body heat is simply lost to
the environment, and they normally have a well-developed insulation system to
retain the body heat. Still, it is not clearly understood which organ of our body
facilitates the process of heat production and how body temperature is main-
tained. It is well known that the hypothalamus region of the brain is responsible
for thermoregulation [8], but it is not reported to produce heat. Following the
analysis of available literature, it is being proposed, for the first time, that plate-
lets are the cells most responsible for heat production and contribute to temper-

ature maintenance in healthy individuals.

2. Material & Methods

Available literature regarding mitochondria, glucose metabolism, electron trans-
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port chain, oxidative phosphorylation, uncouplers, reactive oxygen species, apop-
tosis, life span of cells, adenine nucleotides, body heat production, thermoregu-
lation, platelet biogenesis, morphology, physiology, and function were collected
through PubMed (https://pubmed.ncbi.nlm.nih.gov/) and Google

(https://www.google.com). Out of several abstracts collected, only 70 related full

articles (including reviews) with a coverage of years1958 to 2022 were first se-
lected in a preliminary search. The selected articles were further analyzed twice
for exclusion and inclusion criteria, and only 34 articles which are more poten-
tially relevant for our hypothesis were finally used and the remaining less rele-
vant 36 articles were excluded in this study to support the newly proposed func-
tion of heat production and body temperature maintenance by platelets. Our

search was limited to the papers published in English.

3. Results

Defective ATP synthesis in platelets: I have collected and analyzed informa-
tion from the literature to support my proposed hypothesis that platelets main-
tain body temperature. The results of the analyses are presented in Table 1. In
all cells, ADP is the only molecule that functions to acquire energy and forms the
high energy molecule ATP during glycolysis, tricarboxylic acid (TCA) cycle,
electron transport chain (ETC) reaction, and oxidative phosphorylation (OXPHOS).

Table 1. Analysis of parameters to support the hypothesis that platelets produce heat and maintain the body temperature.

Parameters Effect Observation Conclusion
Low ADP due to
ATP synthesis from . M T
1 No ATP synthesis compartmentalization in Energy released as heat

[e]

OXPHOS [9] [10] [11]

ROS formation
(1] [12] [13] [14]

Solid organs and tissues

RBC and WBC

Stored ATP

Exercise
[15] [16] [17] [18]

Sex [19] [20] [21] [22]

Pathological conditions
[23] [24] [25] [26]

Platelet death by apoptosis

dense granule

ROS formation due to

. Lower life span of platelet
incomplete OXPHOS

Cannot serve as heat

Not too hot Normal temperature

generators

No TCA cycle, ETC, and
OXPHOS in RBC

No mitochondria in RBC Cannot serve as

and WBC are low in number heat generators

Not available for . . May not serve as heat
Used for vital functions

heat generation generators

More epinephrine
production

Platelets abnormal levels

Platelets number difference

More platelets near muscles

Females have more platelets
than males

Thrombocytopenia or
thrombocythemia

Temperature increased near
muscle

Females’ body temperature
is more than males’

Alternate mechanism

ATP: adenosine triphosphate; OXPHOS: oxidative phosphorylation; ADP: adenosine diphosphate; ROS: reactive oxygen species,
RBC: red blood cells; WBC: white blood cells.
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In addition to serving as an energy capturing molecule in ATP production, only
a small portion of ADP serves as a signaling molecule. In platelets, most of the
ADP molecules (653 mM) are compartmentalized into dense granules along
with ATP that serve as signaling molecules [9]. Since little free ADP is available,
it can be used for making ATP in glycolysis and TCA cycle through substrate
level phosphorylation reaction but will not be available for making ATP through
OXPHOS. So, the energy must be released as heat into the surroundings and can
serve as a source of heat in maintaining the body temperature. It has been shown
that the uncoupler of OXPHOS, carbonyl cyanide 3-chlorophenylhydrazone
(CCCP), did not affect the concentration of ATP in control and thrombin
treated platelets [10] indicating that there is no ATP generation through OXPHOS.
In those platelets the mitochondrial respiration was normal with maximal oxida-
tion of fuels.

Glucose enters platelets using glucose transporters (GLUT1 and GLUT3)
through insulin signalings [11]. In addition, platelets have glycogen storage ve-
sicles that serve as a reservoir for energy production during shortage of glucose
in conditions such as diabetes and heavy exercise. The glucose metabolism of
platelets along with other cells is presented in Figure 1. In all cells except platelets
and RBCs, glucose is completely oxidized to CO, and water along with the pro-
duction of ATP through glycolysis, TCA cycle, ETC, and finally OXPHOS. The

Muscle cells under

Cells except Platelets RBCs anaerobic condition
Platelet & RBC (ADP Compartmentalized) (no mitochondria) (no oxygen)
glucose glucose glucose glucose
’ glucose . " glucose . .~ glucose . .~ glucose
<o . ADP A '/'/ADF’ . ADP N ,//ADP . ADI o . ADP
5 glycolysis Pt o~ glycolysis arp gy glycolysis A s glycolysis
ADP ADP / ADP
ABP pyruvate + NADH + @ pyruvate + NADH | —— pyruvate + NADH + | e pyruvate + NADH +
ATP  ADP 3 ATP | ¥ ATP | ATP  ADP ATP | ATP  ADP ATP \
| TCA | | TCA | -
/ ‘ actate |
ADP EEC ADP / @ Eic% g.i_(FI?HOS ADP ot ADP
) AT \ TCA TCA AT
: OXPHOS 4 +C0, & H,0 B ETC
ATP,,CS &H.O Q = A OXPHOS app OXPHOS
26 o) - a CO,&H,0 ~_ATP lactate o ATP '
. CO, & H,0 *\*+"' o o
Heat

Figure 1. Illustration of heat and ROS production from glucose metabolism in platelets. For comparison RBC and other cells at
aerobic and anaerobic conditions are shown. In all cells except platelet and RBC under normal condition glucose is completely
oxidized to CO: and water with the production of ATP. All TCA cycle, ETC, and OXPHOS are active. RBC does not have mito-
chondria and the pyruvate at the end of glycolysis is converted to lactate and there is no TCA cycle, ETC, and OXPHOS. Muscle
cells under anaerobic condition cannot carryout TCA cycle, ETC, and OXPHOS because of the insufficient oxygen and there will
not be any ATP production through OXPHOS. In platelet, most of the ADP is compartmentalized along with ATP in dense gra-
nules as shown in blue circles. Due to the unavailability of free ADP, platelet cannot synthesis ATP through OXPHOS. TCA cycle
and ETC are active and oxidize glucose to CO; and water. The energy (dark red square) from the oxidation of glucose at the end of
ETC is liberated as heat into the surroundings (red arrows). Since OXPHOS is incomplete, mitochondria produce ROS (purple
oval). In all 4 cell models, glycolytic ATP synthesis is active. The thick arrows indicate direction of glucose catabolism. The thin
red arrows with x marks denote further catabolism is blocked. RBC: red blood cell; ATP: adenosine triphosphate; ADP: adenosine
diphosphate; NADH+: reduced nicotinamide adenine dinucleotide; TCA: tricarboxylic acid; ETC: electron transport chain;
OXPHOS: oxidative phosphorylation; ROS: reactive oxygen species.
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RBCs do not have mitochondria and hence there is no TCA cycle, ETC, or
OXPHOS. The pyruvate produced at the end of glycolysis is converted to lactate
by the lactate dehydrogenase (LDH) enzyme and released into the circulation. It
should be noted that restriction of any one of the substrates of TCA, ETC, and
OXPHOS will inhibit ATP synthesis. During anaerobic conditions such as exer-
cise, oxygen is not available to muscle cells and further oxidation of pyruvate is
shut down without proceeding to TCA cycle, ETC, and OXPHOS, resulting in
the conversion of all pyruvates into lactate which is released into the circulation.
In platelets all substrates are available except ADP. As mentioned earlier, most of
the ADP is compartmentalized into dense granules as a signaling molecule. Only
a limited amount of ADP is available as free form and can be used for ATP syn-
thesis in glycolysis. Since ADP is not available for ATP synthesis in the last step
of oxidation, other reactions such as TCA cycle and ETC may be completed ex-
cept OXPHOS. The protons from NADH+ and electrons from ETC consume
oxygen and generate H,O without making ATP. The energy from the ETC is li-
berated as heat and diffused into the neighboring cells. Thus, it can be inferred
that the body heat is produced by the platelets. Since this process is not complete
like in other cells where the whole energy is captured as ATP, it is possible that
the platelets may produce more reactive oxygen species (ROS) that induce plate-
let death (apoptosis) at a much faster rate than other cells in the body.
Increased ROS formation in platelets. Oxidative stress is the imbalance
arising from intracellular overproduction of ROS and the intracellular antioxi-
dant response. It is the mechanism through which many of the human diseases
including aging are caused. ATP production relies on the coupling between the
proton gradient on both sides of the inner mitochondrial membrane (ETC) and
this proton motive force to feed the ATP synthase complex (OXPHOS) [12]. If
this coupling is not complete, it leads to the production of ROS, a process called
electron leak [13]. The important source of ROS in cells has been reported to be
the mitochondria with active ETC [14]. According to the hypothesis, if OXPHOS
is incomplete, then there is no ATP production in platelets leading to the pro-
duction of ROS. It has been shown that the mitochondrial uncouplers that block
the synthesis of ATP production also produce ROS in normal cells [15] [16]. In
those cells, ETC is normal without ATP production. Generation of ROS can lead
to cell death by apoptosis, and this happens to platelets [1]. This leads to a
shorter life span of 7 - 10 days compared to other cells. In addition, dinitrophe-
nol (DNP) is an uncoupler of OXPHOS used by human for weight loss and dis-
continued due to its associated fatality [15]. Since DNP is an uncoupler, it can
induce toxic effect through the production of ROS supporting the hypothesis.
Solid organs and tissues may not produce heat. If we assume solid organs
and tissue produce body heat, the core temperature of the organ must be re-
markably high, but this does not happen in the body. In addition, if the solid or-
gans and tissue produce heat through ETC, they may die much faster and have a
shorter life span due to ROS production. So, solid organs and tissues are not

likely the source of heat under normal conditions.
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RBC and WBC cannot produce heat. RBCs do not have mitochondria and
cannot serve as a heat generator. WBCs numbers are low when compared to
RBCs and platelets and cannot produce sufficient amount of heat to solely
maintain the body temperature. In addition, both have longer life span confirm-
ing that they cannot serve as heat generators.

Stored ATP may not be used for heat generation: ATP is an energy cur-
rency and has many vital functions in our bodies such as synthesis of macromo-
lecules, muscle contraction, purinergic signaling, and active ion transport. So,
stored ATP may not be available for heat production.

Effect of exercise on platelet count and body temperature: Several studies
[17] [18] [19] have shown that acute exercise increases the platelet count tran-
siently and the increase is caused by the liberation of platelets from the spleen
storage. During exercise, the plasma concentration of epinephrine is increased
more than 5 times (>3500 pM) [20] and that causes the release of platelets from
spleen. Since there are more platelets, they can increase the body temperature. In
addition, exercise can produce an anaerobic condition in muscles due to the re-
quirement of more oxygen. Anaerobic respiration may be exothermic like fer-
mentation and can generate heat near muscles. Moreover, platelets can accumu-
late near muscles due to anaerobic condition that may mislead platelets to an in-
flammation-like condition. So, platelet accumulation near muscles can produce
increased temperature.

Sex alters platelet count and body temperature: Platelet count varies from
person to person, but females have higher average platelet count than males. It
has been reported that 15% to 20% more platelets are seen in females than males
[21] [22]. Albeit minor, females have higher body temperature than males [23]
[24]. Males have higher metabolic rate than females and females have better
body insulation system than males. Given these two conditions, males and fe-
males should have comparable body temperatures, but this is not the case. The
reason may be explained by the higher number of platelets seen in females.

Pathological conditions and body temperature: Under pathological condi-
tions, the platelet levels can increase or decrease causing thrombocythemia or
thrombocytopenia respectively depending on the severity of the conditions. For
example, during early viral infections, platelet levels often increase due to in-
flammation [25] and decrease at advanced stages of infection due to decreased
production or increased destruction [26] [27] [28]. Typically, viral infections
raise body temperature, resulting in fever. During such a condition (thrombo-
cytopenia), the body may switch to an alternate mechanism to produce heat for

maintaining the body temperature that will be discussed in discussion section.

4. Discussion

Platelets are tiny, anucleate cells with several active mitochondria in each cell.
They have a short life span of 7 - 10 days [1]. ADP is an important molecule that
serves as an energy transferring molecule from glucose to various functions of

the biological system. Without ADP, the energy cannot be captured during gly-
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colysis, TCA cycle, ETC, and OXPHOS. If this is the case, why are most of the
platelets’ ADP compartmentalized in dense granules as signaling molecules and
thus limiting their availability to accept the energy to form ATP through
OXPHOS? With this question in mind, I started analyzing the data from the li-
terature and proposed that platelets produce heat during ETC which serves to
maintain the body temperature at a constant level. The hypothalamus can regu-
late body temperature but cannot produce heat. There are several suggestions in
the literature regarding the organs that produce heat such as the heart and the
liver. If these organs produce heat, how can they be sufficient to maintain the
whole-body temperature? For instance, assume a heating unit in a house that
maintains the temperature around 22°C - 25°C. To maintain this temperature,
the core temperature of the heating unit must be remarkably high. In the same
sense, if we assume that the heat is produced by an organ of our body, the organ
must reach remarkably elevated temperature. Even though blood circulation can
transfer the heat to the whole body, the organ responsible for heat production
would not be able to tolerate that high of temperatures resulting in organ failure.
Our body temperature is almost uniform with a very minor fluctuation. Platelets
are circulating throughout the body and can transfer the heat to the whole body
uniformly. Thus, the liver and heart are less likely responsible for the production
of body heat.

Another important aspect to rule out that organs such as the liver and the
heart are not producing heat is the ROS effect. Mitochondria are the major site
of intracellular ROS formation [14]. ROS can cause damage to the cells and the
damaged cells will die due to apoptosis. In our body, ROS is controlled by the
presence natural antioxidants like glutathione and there may not be any harmful
effect of ROS under normal conditions [15] [16]. If the level of ROS outcom-
petes the antioxidant effect, this will cause deleterious effects on the cells that
can lead to cell death by apoptosis. Under normal conditions, healthy heart and
liver cells have longer life span, suggesting that there may not be excess ROS,
and that normal OXPHOS is occurring to form ATP. Unlike heart and liver
cells, platelets have a short life span of 7 - 10 days. According to the hypothesis,
under normal conditions platelets have a defective OXPHOS due to limited
availability of ADP (due to compartmentalization in dense granules) resulting in
the failure of ATP formation and releasing the energy to the surroundings along
with the production of ROS. If this ROS production is not controlled by the an-
tioxidants, it can induce early cell death by apoptosis leading to a shorter life
span. Taken together, these events suggest that platelets are integral in produc-
ing heat to maintain body temperature under normal conditions.

The other blood cells, RBCs and WBCs, may not be capable of producing
heat, but they live longer. The RBCs do not have mitochondria and make ATP
only through glycolysis, which is then used for the function of carrying CO, and
O,. WBCs are little in number and so are less likely to produce sufficient heat. In
addition, the stored ATP is used for the vital functions of the cells and may not
be available for heat generation.
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During exercise, platelet count is increased transiently through the effect of
epinephrine [17] [18] [19] on spleen and accumulates near muscle cells and
causes local increase in body temperature. This increase in body temperature
causes sweating to reduce the temperature. Females have increased platelet
counts and higher body temperature than males. Even though the difference is
minor, it supports the hypothesis of platelets being a key player in body heat
production.

There is a strong correlation between hypothermia and thrombocytopenia as
evidenced by case reports of patients [29] [30] [31] and animal experiments in
dogs [32] [33]. In both cases, first, they were exposed to cold temperature that
caused a temporary sequestration of platelets by the liver and spleen leading to
thrombocytopenia which in turn induced hypothermia. When the patients and
dogs returned to normal temperature, they resume normal platelet count and
body temperature.

Platelets produce heat and maintain body temperature in healthy individuals.
Under pathological conditions, the situations are different. For example, during
most viral infections [34], the platelet count decreased causing thrombocytope-
nia, but also leads to pyrexia. This observation contradicts the hypothesis. How-
ever, a possible explanation is that during such pathological conditions, the hy-
pothalamus can induce an alternate mechanism that can provide heat to the
body. In such conditions, the body induces natural uncouplers of OXPHOS such
as uncoupling protein-1 (UCP) and adenine nucleotide translocase-1 (ANT)
[15]. Both function as uncouplers of OXPHOS in normal cells with the release of
heat and inhibition of ATP synthesis. This alternate mechanism can work for a
shorter period of time with a minor damage by the production of ROS. Once the
infection is clear, the hypothalamus region shuts down the alternate mechanism
and the body regenerates the normal mechanism to produce heat. It is also im-
portant to note that the nonsteroidal pain relievers such as aspirin, paracetamol,
and ibuprofen reduce the fever by inhibiting the platelet activity. This discussion
highlights an area of biochemistry and physiology that is yet to be fully explored.
The hypothesis was obtained as a result of extensive analyses of available evi-

dence from the literature and has to be further confirmed with experiments.
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