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Preface to ”Hemorheology and Metabolism”

By A.L. Copley’s definition, hemorheology deals with macro- and micro-dimensions of blood

flow properties, and the vessel wall with which the flowing blood comes into direct contact. In

this sense, hemorheology plays an important role in determining the characteristics of blood flow,

the tissue perfusion, microcirculation and the shear-stress-related endothelial functions in health

and disease. In the past decades, clinical and experimental studies revealed that micro-rheological

parameters, such as red blood cell deformability and aggregation, are influenced by numerous

factors, including metabolic ones. However, several questions remained unanswered related to

the magnitude and dynamics of changes, border of reversibility/irreversibility, pathophysiology,

as well as preventive and therapeutic issues. Thanking to the modern investigative methods new

insights have been provided into the relation of blood rheology and metabolites. This relation

has a significance in cardiovascular and metabolic disorders, in inflammatory processes, including

sepsis and ischemia-reperfusion, in intensive therapy, sports medicine, as well as in exercise and

comparative physiology.

This e-book version of the Special Issue “Hemorheology and Metabolites” has been dedicated

to the novel findings and recent advances in this field, presenting clinical or clinically oriented

experimental research and review articles in the context of metabolites, metabolic alterations and

blood macro- and micro-rheology. Many thanks to all the authors of these papers for their valuable

contributions to the new results and concepts!

Norbert Nemeth

Editor
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Metabolic Influences Modulating Erythrocyte Deformability
and Eryptosis
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Abstract: Many factors in the surrounding environment have been reported to influence erythrocyte
deformability. It is likely that some influences represent reversible changes in erythrocyte rigidity
that may be involved in physiological regulation, while others represent the early stages of eryptosis,
i.e., the red cell self-programmed death. For example, erythrocyte rigidification during exercise
is probably a reversible physiological mechanism, while the alterations of red blood cells (RBCs)
observed in pathological conditions (inflammation, type 2 diabetes, and sickle-cell disease) are more
likely to lead to eryptosis. The splenic clearance of rigid erythrocytes is the major regulator of RBC
deformability. The physicochemical characteristics of the surrounding environment (thermal injury,
pH, osmolality, oxidative stress, and plasma protein profile) also play a major role. However, there
are many other factors that influence RBC deformability and eryptosis. In this comprehensive review,
we discuss the various elements and circulating molecules that might influence RBCs and modify
their deformability: purinergic signaling, gasotransmitters such as nitric oxide (NO), divalent cations
(magnesium, zinc, and Fe++), lactate, ketone bodies, blood lipids, and several circulating hormones.
Meal composition (caloric and carbohydrate intake) also modifies RBC deformability. Therefore,
RBC deformability appears to be under the influence of many factors. This suggests that several
homeostatic regulatory loops adapt the red cell rigidity to the physiological conditions in order to
cope with the need for oxygen or fuel delivery to tissues. Furthermore, many conditions appear to
irreversibly damage red cells, resulting in their destruction and removal from the blood. These two
categories of modifications to erythrocyte deformability should thus be differentiated.

Keywords: erythrocyte deformability; metabolism; hormones; homeostasis; eryptosis; stress; COVID-
19; sleep apnea

1. Introduction

Red blood cells (RBCs) are known to markedly modify their shape in order to transit
into small capillary vessels, whose radius is smaller than their own [1]. This ability to
deform also results in RBC elongation in flow. This property plays an important role in
the blood viscosity at high shear rates, so that in this situation blood can be modeled as a
Newtonian fluid [2,3], whose viscosity reflects RBC deformability.

In fact, the term ‘red cell deformability’ is not so easy to define, because it appears more
and more obvious that RBCs can undergo many varieties of deformation in narrow channels
or in flow according to the experimental or physiological situation. Classical studies using
microscopic flow visualization led to the idea that the deformation of RBCs resulted from
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continuous viscous deformation, which was called “fluid drop-like adaptation” by H.
Schmid-Schönbein [4]. This kind of deformation was determined by the cytoplasm fluidity
and the surface-area-to-volume ratio of the red cells.

Over recent years, these classical concepts have been reassessed with new sophisticated
experimental approaches, resulting in a more complex picture, mostly in the context
of a new emphasis given to the rheological behavior of RBCs in sickle-cell disease [5].
Studying the stiffness of RBCs from individuals with sickle-cell trait, Zheng [6] developed a
microsystem able to measure the individual mechanical properties (i.e., shear modulus and
viscosity) of a single red cell submitted to a shear stress. After the RBCs were deformed
under the influence of this shear stress, the dynamic RBC recovery was monitored and
analyzed according to the Kelvin–Voigt model, allowing the measurement of an elastic
shear modulus of RBCs submitted to different shear rates. Even more recently, another
group [7–9] developed a microfluidic impedance red cell assay (MIRCA) in order to measure
RBC transition through narrow openings and also challenged to some extent the concept of
‘fluid drop-like’ RBCs whose deformation was assumed to be mostly related to viscosity
with little or no elastic component. The authors defined new parameters such as an RBC
occlusion index (ROI) and an RBC electrical impedance index (REI), which measure the
cumulative percentage of vessel occlusion and the impedance change, respectively.

These recent experiments suggest that the process of RBC deformability was until
now misinterpreted by previous microfluidic measurements. Furthermore, Lanotte and
coworkers [10] recently performed experiments on and simulations of microcirculatory
flow in various conditions of volume fractions and shear rates. They showed that RBCs
undergo a large variety of morphological modifications during their deformation. With an
increasing shear rate, the RBCs were first shown to tumble, then they were shown to roll,
then they adopted the form of a tumbling stomatocyte, and finally they exhibited various
polylobed shapes that were only observed above a threshold value of the viscosity contrast
between the plasma and cytosol. In another paper, the same team further described the
complexity of the mechanisms involved in these transition processes from one shape to
another under the influence of an increase in shear stress [11].

All this recent literature emphasizes the complexity of red cell deformation, which is
far from a simple phenomenon. In light of this quite recent literature, it becomes clear that
the experiments performed in recent decades on so-called ‘red cell deformability’ explored
only a limited aspect of this physiological mechanism. Until now, our knowledge on the
regulation of RBC deformability is mostly based on the measurement of the deformation of
RBCs entering a narrow channel and the deformation of RBCs submitted to a shear stress in
flow. These two approaches are likely to rely on different cellular mechanisms. It is likely that
most of this information needs to be investigated again with newer experimental approaches.

Some experiments have been conducted with artificially stiffened erythrocytes, show-
ing that impaired deformability dramatically decreases perfusion, with a quite different
effect in various tissues [12]. It is clear that such experiments do not reflect typical in vivo
situations, but they are not meaningless. Examples of extremely rigid erythrocytes can
be found in situations such as sickle-cell disease [5,13]. In this case, consistent with these
experiments, stiffened RBCs can clearly be responsible for vessel occlusion. In fact, in
the majority of cases, the modification of the erythrocyte rigidity is not so dramatic and
the RBCs remain able to deform and transit through the microcirculation. However, such
moderately rigidified erythrocytes transit mostly in the largest microvessels, a situation
that has been termed capillary maldistribution [14,15].

Research has also focused on studying the physiological and pathological changes
that happen to RBCs during either disease or when RBCs are artificially rigidified. Over the
last 30 years of the 20th century, an impressive body of literature has been published on the
factors that modify erythrocyte deformability. This early research did not, however, clearly
separate reversible and irreversible RBC rigidification, and most of this early research was
carried out before the emergence of the concept of eryptosis (or programmed RBC death,
which is similar to apoptosis but specific to the anuclear RBC) [16–23].
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Conditions where eryptosis have been noted, have all been reported to impair ery-
throcyte deformability. This is the case for hypoxia, iron deficiency, cancers, dehydration,
metabolic syndrome, phosphate depletion, hemolytic anemia, heart failure, diabetes melli-
tus, chronic kidney disease, mycoplasma infection, malaria, hemolytic uremic syndrome,
sepsis, sickle-cell disease, etc. Additionally, factors known to inhibit eryptosis such as
catecholamines, erythropoietin, adenosine, resveratrol, urea, vitamin E, and caffeine have
also been reported to modify erythrocyte rheology [24]. It is clear that the most important
regulator of erythrocyte deformability is the clearance of rigid erythrocytes within the
spleen. A mechanical checking of the deformability of circulating erythrocytes is regularly
performed in the splenic microcirculation, so that the RBCs that are not able to correctly
squeeze through the narrow splenic slits are trapped and removed from circulation [25–27].

Therefore, we suggest that all the literature dealing with the factors that modify
erythrocyte deformability should be analyzed in light of the new concept of eryptosis. For
example, the pathologic alterations of erythrocytes that occur in metabolic diseases such
as diabetes [28,29] should probably be considered as a completely different process to the
physiological reversible erythrocyte stiffening observed during muscular exercise [30]. The
exercise-induced decrease in red cell deformability is a very interesting example of this
difference. In healthy athletes, exercise transiently modifies the blood rheology without
evidence of increased eryptosis [31,32], while in sickle-cell disease patients, it induces a
long-lasting stiffening of the red cells that seems to be explained by irreversible damage
and probable further eryptosis [5]. Sickle-cell disease is clearly a condition associated with
increased eryptosis [33].

Additionally, there are many influences that can modify RBC deformability. This paper
is an attempt to summarize this large body of literature and to integrate our knowledge
with regards to the classical definitions of deformability and eryptosis.

2. The Main Classical Physicochemical Modifiers of RBC Deformability

Classically, the most important modifiers of RBC deformability were the physico-
chemical characteristics of the surrounding environment [34]. A biphasic influence of
pH and osmolality on RBC deformability displaying a “u-shaped curve” has been de-
scribed. The deformability of red cells appears to be optimal within the physiological range
and is markedly impaired above and below these narrow physiological boundaries. This
stiffening effect of pH and osmolality changes has been assumed to increase erythrocyte
trapping in the spleen and thus decrease RBC lifespan [35]. It has also been shown that
an environment containing proteins such as albumin is mandatory for preventing alter-
ations of the erythrocyte shape, since albumin has the ability to prevent and even reverse
echinocytosis [36].

Recently, the physiological relevance of such osmotic changes to red cell water content
has been emphasized by studies showing that aquaporin-1 (AQP1), which is expressed
in red cell membranes, may drive rapid water exchange and that this exchange results
in an important volume change (up to 39%) [37]. This effect is almost suppressed in
AQP1-knockout (KO) erythrocytes [37]. Such alterations of the erythrocyte volume in
microvessels result in an increase in the osmotic gradient between the plasma and interstitial
fluid. Red cells thus appear to be “micropumps” that regulate in situ local osmolarity [37].
Accordingly, red cells are likely to be major regulators of water exchange in the body, and
thus, to contribute to body water homeostasis [37].

Some studies have also been devoted to divalent cations. For example, magnesium
has been shown to protect RBCs from in vitro experimental rigidification by several proce-
dures [38,39].

3. A Brief Overview of Eryptosis

The mechanisms of eryptosis are described in the classical publications by the Lang
group [16–19,21,24,40–46]. Eryptosis occurs in conditions such as heart failure, uremia,
haemolytic uremic syndrome, sepsis, fever, dehydration, mycoplasma infection, anemia,
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metabolic syndrome, cancer, diabetes, hepatic failure, Wilson’s disease, malaria, sickle-
cell anaemia, iron deficiency, thalassemia, glucose-6-phosphate dehydrogenase deficiency,
Parkinson’s disease, type 2 diabetes, Alzheimer’s disease, and rheumatoid arthritis [20].
Figure 1 shows a brief overview of eryptosis, which is triggered by various signaling
pathways, including the presence of circulating inflammatory molecules that results in
oxidative stress. Eryptosis is therefore the culminative term for the end-stage of the process,
resulting in cell death; even so, as RBCs are known to be exceptionally resilient, they do
have the ability to recover if the stressor molecule or environment is changed. However,
there is, as with all physiological and molecular pathways, a point of no return, after which
recovery is not possible.

 

Figure 1. A brief overview of eryptosis (adapted from [47]) showing the pathways that initiate it,
under the influence of osmotic shock or oxidative stress, resulting in activation of intracellular path-
ways, leading in turn to phospholipid membrane scrambling (1); cell shrinkage (2); and membrane
blebbing (3). Figure created using www.biorender.com accessed on 17 December 2021.

4. RBC Receptors

The receptors expressed on the red cell membrane play an important role in its optimal
functioning. The following paragraphs will provide a brief summary of these receptors
and their role in deformability and eryptosis. Several receptors for various ligands are
present on the red cell membrane [1]. Some of these are mentioned later in this review.
Among them, we should mention the N-methyl D-aspartate (NMDA) receptors, which
are expressed on the red cell membrane. These receptors are major targets of divalent
cations and mediate most of their effects in various conditions. They contribute to the
regulation of intracellular calcium in erythrocytes [48]. However, it has been shown that
the experimental activation of NMDA receptors has no measurable effect on the rheological
properties of erythrocytes [49], suggesting that the effects of divalent cations on red cell
deformability are not mediated by NMDA receptors. Notwithstanding, an abnormally
high abundance of N-methyl D-aspartate receptors on the erythrocyte membranes of
sickle-cell disease patients has been reported and is associated with an excessive calcium
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uptake. Presumably, this process can trigger the cascade of red-cell-damaging events that
include RBC rigidification [50]. Moreover, Unal and coworkers recently reported that
memantine, an antagonist of NMDA receptors, impairs RBC deformability in rats [51]. All
this suggests that, despite the lack of a measurable effect of NMDA receptor activation on
the deformability of normal erythrocytes, the inactivation of these receptors does have such
an effect, whose physiological significance needs to be more precisely established.

There is a large body of literature about the purinergic receptors in RBCs, and de-
spite a relative paucity of hemorheological studies dealing with this issue, this literature
suggests that they may be important modulators of red cell deformability. P1 and P2
purinergic receptors are expressed on the red cell membrane and are able to bind extracel-
lular nucleosides and nucleotides [52]. P1 receptors are stimulated by adenosine and P2
receptors are stimulated by adenosine triphosphate (ATP). P2 receptors comprise P2X and
P2Y receptors. Their activation triggers the intracellular signaling pathways in progenitor
erythrocytes, resulting in reactive oxygen species formation, microparticle release, and
apoptosis. In mature erythrocytes, P2 receptor stimulation is involved in cell volume regu-
lation, phosphatidylserine exposure, eicosanoid release, hemolysis, impaired ATP release,
and susceptibility or resistance to infection [52]. Furthermore, the P1 receptor agonist
adenosine protects against eryptosis via the activation of a pathway which most proba-
bly acts downstream of PKC. Purinergic signaling in erythrocytes is probably involved
in the maintenance of microcirculation in ischemic tissue [45]. Erythrocytes, in fact, are
not only targets of purinergic stimulation but are also able to release ATP and ADP [53].
It has been shown that ATP and ADP are continuously released by RBCs and are later
converted outside the cell into adenosine, which then re-enters the red cell. ATP release
by erythrocytes is triggered by hypoxia, hypercapnia, mechanical deformation, reduced
O2 tension, acidosis, cell swelling, prostacyclin analogues, and β-adrenoceptor agonists.
According to Sprague and coworkers [54], erythrocyte transit through narrow capillaries,
where the shear stress makes them deform, results in ATP release. This ATP then binds to
purinergic P2 receptors expressed on endothelial cell membranes, resulting in a release of
NO and PGI2 [55]. Caffeine increases ATP release from RBCs, probably via its effect on the
intracellular cAMP levels. Intracellular ATP is essential for maintaining the function and
structural integrity of erythrocytes. By contrast, ATP depletion has been shown to sensitize
RBCs to the eryptotic effects of Ca2+ [20].

The A3 adenosine receptor is also expressed on red cells. Its antagonist reversine (2-
(4-morpholinoanilino)-6-cyclohexylaminopurine) has important effects in nucleated cells,
since it is known to induce cell cycle arrest, inhibit cell proliferation, influence cellular
differentiation, induce cell swelling, and trigger apoptosis. In fact, since erythrocytes
lack mitochondria, they exhibit a different response to reversine. In this case, reversine
powerfully inhibits cell membrane scrambling after energy depletion, Ca2+ loading, and
oxidative stress, and therefore prevents the occurrence of eryptosis [41].

Purinergic signaling is involved in the response to low blood O2 which triggers ATP
release by erythrocytes, leading to the stimulation of P2 × 2/3 receptors in the aortic
body [56]. The breakdown of ATP into ADP inhibits ATP release via a negative feedback,
which involves the P2Y13 receptors in human erythrocytes [57].

Undoubtedly, all these purinergic effects are likely to modulate RBC rheology, but,
surprisingly, there is very little published information on this issue. I. Juhan-Vague reported
forty years ago that the ADP released by rigid RBCs impaired the deformability of normal
erythrocytes [28]. More recently, it was reported that the ADP release from RBCs in healthy
human volunteers was lower in middle-aged than in young healthy individuals, and that
fish oil intake improved the erythrocyte deformability, parallel to a 50% decrease in the
ADP release [58].

Thus, erythrocyte deformability is included in a regulatory loop involving purinergic
signaling. Erythrocyte stiffening inhibits the release of ATP, which is in turn increased
when red cells become more deformable, e.g., when treated by hydroxyurea or the HMG-
CoA reductase inhibitor simvastatin [59]. Subsequently, the stiffened erythrocytes release
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ADP, which inhibits the release of ATP. This mechanism probably aims at maintaining
RBC energy stores, but it is also likely to induce a self-potentiating loop resulting in RBC
rigidification. Moreover, when erythrocytes are well-deformable and release ATP, they
induce more NO production by the vessel wall, and this NO results in vasodilation and
increased RBC deformability [60].

Acetylcholine (Ach) can also bind to RBCs that express both muscarinic [61] and
nicotinic cholinergic receptors [62]. The hemorheologic effects of Ach are both an increase
in RBC deformability and a decrease in RBC aggregation [63]. Further studies by the team
of A. Muravyov have helped to describe the signaling pathways involved in the effects of
Ach [64].

The RBC membrane also expresses receptors for the endogenous ligands of benzodi-
azepines [65], corticotropin-releasing factor (CRF) [66], and prolactin [67]. Most of these
chemical messengers have been reported to modify in vitro or in vivo erythrocyte rheologic
properties, but the data on these effects remain to some extent conflicting.

It is logical to hypothesize that the receptor-mediated alterations in erythrocyte de-
formability induced by chemical messengers that physiologically circulate in the blood
are reversible adaptative processes that do not involve eryptosis. However, physiological
factors such as NO, anandamide, iron, adenosine, retinoic acid, and zinc appear in the
list of eryptosis-inducing substances that can be found in the recent review on this topic
published by Pretorius and coworkers [20]. Therefore, it can be assumed that eryptosis
(which involves an irreversible modification of erythrocytes leading to their premature
death) can actually be triggered outside of any pathologic context, as an adaptation to a
fully physiological situation.

The following paragraphs will revisit our previous knowledge on the effect of various
circulating molecules on RBC deformability and integrate our new knowledge regarding eryptosis.

5. Iron and Oxidative Stress as Drivers of RBC Deformability

Among trace elements, iron is surely the most studied and the best-known. The
frequency of iron deficient states and the possibility of treating them with iron supple-
mentations is likely to explain this. It is known that roughly 30 to 40% of the total body
iron is stored in the form of ferritin and hemosiderin. Additionally, a lower amount of
iron is stored as transferrin [68]. Circulating ferritin is the classical quantitative marker
of iron stores. It is also a marker of inflammation, since it appears in blood as a leakage
product from damaged cells [69,70]. It is known that oxidant stress caused by increased
serum ferritin levels and dysregulated iron rigidifies RBCs and induces eryptosis [71]. In
the presence of high serum ferritin, e.g., in conditions such as hemochromatosis, the RBC
structure is compromised [72–74]; see also Figure 2. Therefore, erythrocyte deformability
may be moderately and reversibly impaired in some physiological situations but can also
be irreversibly damaged, according to the severity of the applied stress. Another example
is the early postburn period. In this situation, Bekyarova and coworkers have evidenced a
decrease in RBC deformability that is related to the activation of lipid peroxidation [75] and
is very likely to reflect an increase in programmed cell death in response to a major oxidant
stress [76]. The susceptibility to spontaneous eryptosis which increases with erythrocyte
age and oxidative stress is abrogated by antioxidants such as N-acetyl-L-cysteine [24]. An
increased rate of eryptosis in such situations of erythrocyte damaging is perhaps another
kind of homeostatic adaptation, protecting the body against exposure to older erythro-
cytes, which is now evidenced as independently associated with an increased risk of
fatality [77,78].
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Figure 2. Morphology of RBCs in the presence of high circulating serum ferritin. This picture shows
that in conditions like hemochromatosis, RBC structure is markedly compromised. (A) Individual
with hereditary hemochromatosis (H63D/C2882Y), serum ferritin level 374 ng/mL−1; (B) individual
with hereditary hemochromatosis (H63D/wild type), serum ferritin level 1500 ng/mL−1. Raw data
from [72].

The high levels of serum ferritin found in those with conditions such as Alzheimer’s
disease and Parkinson’s disease may also modify erythrocyte function and structure [47,79–83].
It is now well established that Fe++ triggers eryptosis [20]. This eryptotic effect of iron may
explain why erythrocyte deformability is significantly impaired in hemochromatosis and
hyperferritinemia [74,84,85].

Although a high value of serum ferritin cannot rule out the existence of iron deficiency,
a low ferritin value is well recognized as being highly specific to iron deficiency. Exper-
imental studies in iron-deficient rats have evidenced a lower erythrocyte deformability
that appeared to be related at least in part to the lower hemoglobin content of the erythro-
cytes [86,87]. Athletes with low plasma ferritin also exhibit a higher value of blood viscosity,
a higher plasma viscosity, and a higher RBC aggregation index when compared to athletes
exhibiting normal values of plasma ferritin. By contrast, no difference in hematocrit or RBC
deformability could be evidenced between these two subgroups [88]. In fact, iron is known
to damage the structure of RBC membranes [89], resulting in more rouleaux networks.

6. Antioxidants

Erythrocyte deformability is improved by the antioxidants vitamin E [90,91], alpha-
tocopherol [92], alpha-tocotrienol [93], fish oil, and dietary tea catechins [94]. Muscular
activity is a situation known to be associated with an increase in oxidant stress, which in this
case should of course be considered as a purely physiological event. However, this rise in
oxidative stress can be very important and become harmful. Trained athletes appear to be
protected against the potential deleterious effects of this oxidative stress. This is evidenced
by the fact that in both rats [95] and humans [96], exercise-induced oxidative stress decreases
RBC deformability in sedentary individuals but not in exercise-trained ones.

7. Zinc

Zinc is also known to increase the deformability of artificially hardened RBCs in vitro [97]
and is frequently low in the serum of athletes, reflecting some degree of deficiency. It is
known that athletes who exhibit low serum zinc values have a higher blood viscosity and
impaired erythrocyte deformability [98], and this hemorheologic profile is associated with
a decrease in exercise performance. Experimentally, a double-blind randomized trial with
oral zinc gluconate in healthy volunteers was found to decrease the blood viscosity [99],
while no significant effect on performance could be evidenced. Zinc was also shown to
decrease erythrocyte aggregation both in vitro and in vivo [100]. More recently, in contrast
with these findings, it was shown that zinc is also able to promote eryptosis [42]. It is
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likely that, as discussed above for iron, the impact of this mineral on RBCs can be different
according to the severity of the applied stress, which explains this apparent paradox.

8. RBCs and Their Energy Needs

Since erythrocytes need energy to undergo deformation, the depletion of their energetic
stores has a marked effect on their deformability. This is regularly observed when RBCs
are stored in vitro. In this situation, there is a gradual temperature- and time-dependent
decrease in the glucose and ATP levels, with a simultaneous rise in the intracellular levels
of lactate and LDH. Parallel to this process, there is a time- and temperature-dependent
swelling and an echinocytic transformation of RBCs. At the same time, a gradual increase
in the RBC rigidity can be evidenced with the measurement of blood viscosity at a high
shear rate. This process of echinocytosis can be partially reversed if the erythrocytes are
resuspended in a buffer containing 0.2% albumin [101]. The literature on eryptosis shows
that the glucose depletion of RBCs (and more generally, an energy crisis, see Figure 1 and
Table 1) triggers the process of programmed cell death in RBCs [46].

Table 1. Factors influencing red cell deformability and eryptosis.

Increases RBC
Deformability

Decreases RBC
Deformability

Increases Eryptosis (After
[24] and [20])

Decreases Eryptosis
(After [24] and [20])

Biologically
active

molecules and
metabolites

ATP
NO
H2S

Carbon monoxide
Zn++

Lactate (in trained
athletes)

Ketone bodies
Cholesterol

Glucose > 200 dg/mL
Lactate (in sedentary

subjects)

Aluminium
Arsenic

Cadmium
Carbon monoxide

Ceramide
(acylsphingosine)

Chromium
Copper

Fe++,

Energy depletion
Glucose (via glycation)

Osmotic shock
Zn++

NO
Erythropoietin

Catecholamines β and α

Hormones and
chemical

messengers

Acetylcholine
Epinephrine
Endothelin 1

Apelin
Leptin

Progesterone
Erythropoietin
Somatostatin

Prostaglandin E1
DHEA

Glucagon
Melatonin

ADP
PGE2

Norepinephrine (?)
Leukotriene B4

Thyroxin
IGF-I

Estradiol

Anandamide
Estradiol

Leukotriene C(4)
Lithium

Lysophosphatidic acid
Mercury

PAF
Phosphate

Progesterone
Prostaglandin E2

Silver ions
Sphingosine

Adenosine
Chloride

Erythropoietin
Nitroprusside (NO-donor)

Urea

Nutritional
factors

Tea catechins
Vitamin E

α-tocopherol, α
tocoterol

Carbohydrate intake

Curcurmin
Gossypol
Oxysterol

Phytic acid
Retinoic acid
Retinoic acid

Selenium (sodium selenite)
Tannic acid
Vitamin K

Caffeine
Glutathione

Monohydroxyethylrutoside
N-acetylcysteine

Naringin
Vitamin E

On the other hand, hyperglycemia also has an effect on erythrocytes that has been ex-
tensively investigated. In older studies, it was reported that short-term hyperglycemia does
not markedly impair the blood rheology unless extremely high concentrations (hundreds of
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millimoles per liter) were reached. The relevance of these experiments is unclear, since such
concentrations can never be found in human diseases [102]. However, the chronic exposure of
RBCs to high concentrations of glucose is known to increase intracellular sorbitol, and high
values of sorbitol within RBCs were shown to be associated with impaired erythrocyte deforma-
bility [103]. In fact, the concentrations of sorbitol used in the abovementioned experiments
were extremely high and probably irrelevant to what can be found in human diseases.

Obviously, it is important to study this issue of high glucose levels because it can
be relevant to the pathophysiology of the vascular complications of diabetes mellitus. In
diabetes, it is well known that the blood rheology is altered [104], but these alterations
are rather moderate when the disease is correctly equilibrated [105,106]. Thus, one cannot
expect in the case of diabetes the conditions of rheologic occlusions as have been observed
in classical experiments with hardened RBCs [12] or sickle-cell disease [5,13]. In contrast
with these conditions of “overtly abnormal blood rheology”, diabetes represents an example
of “covertly abnormal” blood rheology [107], which has a different pathophysiological
relevance but is also likely to induce some microcirculatory disturbances.

A recent study on 300 patients showed that there is a threshold value for the effect of
chronic hyperglycemia on red cell rigidity at a value of 9.05% glycated hemoglobin. This
means that the average blood glucose levels need to chronically remain above roughly
200 mg/dL to result in a measurable decrease in red cell deformability [108]. This is likely
to reflect nonreversible alterations of red cell structure and properties that do not have
the same significance and may be involved in a pathologic process. Not surprisingly, in
a recent prospective study on 247 diabetics, it was shown that RBCs’ characteristics are
predictors of the development of diabetic retinopathy [109]. In this context, eryptosis
has been reported to occur [110]. In fact, in the metabolic syndrome which represents
a disorder that combines hyperglycemia, dyslipidemia, hypertension, and obesity and
leads to diabetes and atherosclerosis, increased eryptosis is already observed [111]. In vivo,
an acute hyperglycemic “spike”, which is a situation associated with a rise in oxidant
stress in diabetes, has been shown to impair blood rheology [112]. Recently, Babu and
Singh [113] reported an effect of glucose added in vitro to a medium containing erythrocyte
from diabetic patients. Increasing the glucose concentrations resulted in an increase in
RBC aggregation and a decrease in RBC deformability. This decrease in deformability
was associated with a change in the shape of the erythrocytes. The RBCs’ perimeter-to-
area ratio was increased, and this effect likely explained, at least in part, the alteration
in deformability. This effect was observed in the RBCs from diabetic patients but not in
the RBCs from healthy subjects. This question was also investigated by Shin [114], who
observed significant hemorheological changes in red cells incubated with glucose. Both the
deformability and aggregation of the erythrocytes decreased in a dose- and time-dependent
manner. These authors interpreted these hemorheological modifications as a consequence
of the glucose-induced (auto)oxidation and glycation of the erythrocytes.

In fact, in normal red cells, glucose deprivation (energy crisis) [20,24], rather than
hyperglycemia, induces irreversible red cell damage and eryptosis [115,116]. Interestingly,
in physiological conditions, RBC rigidity is positively correlated with carbohydrate intake
in trained athletes [117]. Presumably, this physiological effect does not have the same
significance as the red cell stiffening induced by chronic hyperglycemia. Physiological
changes in blood glucose concentration may be associated with some hemorheological
alterations, but when these changes reach a pathological range, they may be associated with
red cell damage due to free radicals or other factors and thus trigger irreversible alterations
and eryptosis. Figure 3 shows an RBC from an individual with diabetes.
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Figure 3. A representative RBC from a type 2 diabetes patient (Raw data from [83]. Erythrocyte
deformability is often found to be moderately impaired in diabetes mellitus patients, due to sev-
eral metabolic and hormonal disturbances (glycation and oxidative stress) that may also promote
eryptosis. This is an example of “covertly abnormal blood rheology”, which is supposed to induce
microcirculatory disturbances. The main glucose-regulating hormones insulin and glucagon have
also been reported to exert an influence on red cell deformability, whose pathophysiological relevance
remains unclear.

9. RBCs and Circulating Lipids

Among the factors that are the strongest statistical determinants of blood viscosity,
blood lipid concentrations deserve a special emphasis. All the studies investigating the
relationships between serum cholesterol and erythrocyte deformability have evidenced
a strong positive correlation between cholesterol levels and RBC rigidity [118]. This was
interpreted as a reflection of the changes in the membrane lipid composition which mod-
ified the cell membrane fluidity and thus the whole deformability of erythrocytes. If
RBC membrane cholesterol content is decreased under the effects of treatment by the
lipid-lowering drug simvastatin, there is an increase in red cell deformability and an
increase in ATP release by the erythrocytes [119]. Polyunsaturated fatty acids of the
omega 3 family (3PUFA), on the other hand, improve RBC deformability in both healthy
volunteers [58,120,121] and patients with disease [122–124].

Postprandial lipemia is a physiological condition involving increased lipid concen-
trations in the blood. In this condition, of course, the abovementioned changes in red
cell deformability are observed, and it is also observed that lipids and fibrinogen may
act synergistically, suggesting that the effect of large triglyceride-rich lipoproteins can be
potentiated by fibrinogen [125].

10. The Effect of Lactate and Ketones on RBCs

Lactate is an important metabolite generated by carbohydrate breakdown upstream
in the Krebs cycle and released into the blood in situations of hypoxia or simply during
exercise, and it has been shown to exert hemorheological effects [126]. If erythrocytes are
submitted to increased concentrations of lactate in vitro, there is a decrease in erythrocyte
deformability. In vivo, a rigidification of erythrocytes during muscular exercise is only
found when the circulating lactate concentrations rise above 4 mmol/L, i.e., the level of the
onset of acidosis [127]. Interestingly, in highly trained endurance athletes, this stiffening
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effect of lactate on RBCs is no longer found. Conversely, lactate appears in this case to
improve erythrocyte deformability [128]. This specific training-induced pattern of response
to lactate may be one of the explanations for the exercise-induced arterial hypoxemia that
occurs in extreme athletes.

Ketone bodies are another metabolite that can be used by tissues as an alternative
fuel in some physiological situations such as starvation. Situations such as a short-term
ketogenetic diet [129] have been experimentally shown to impair red cell flexibility.

11. Nitric Oxide and RBC Function

Nitric oxide (NO) is surely one of the most important substances known to interact
with erythrocytes, which are in turn able to release it [130,131]. The major source of nitric
oxide is the endothelial cell, but nitric oxide can also be produced by the erythrocyte,
which possesses functional NO-synthesizing mechanisms [132]. NO synthesis in RBCs
via nitric oxide synthase (NOS) and NO release into the blood stream can be induced
by mechanical stress, so that NO is released by the red cell in close proximity to the
vessel wall [133]. One of the effects of NO on RBCs is to protect them from subhemolytic
mechanical damage [134], but NO also increases RBC deformability, as demonstrated by M.
Bor-Kuçukatay and coworkers [135]. These investigators also reported that, in contrast to
NO donors which improved erythrocyte deformability, NOS inhibitors above a threshold
concentration value decreased erythrocyte deformability. Nitric oxide donors, as well as
the NO precursor L-arginine and the potassium blocker TEA, have been shown to reverse
the effects of NOS inhibitors [135]. Therefore, NO is not only a potent regulator of vascular
tone but is also a major physiological regulator of blood rheology via its direct effect on
RBC deformability. Furthermore, NO release by polymorphonuclear leukocytes increases
RBC deformability [136]. In fact, the effect of NO on erythrocyte rigidity depends on the
NO concentration, as studied by Mesquita and coworkers [137], who reported a biphasic
effect. At a NO concentration of 10(−7) M, the erythrocyte deformability improved, while at
10(−5) M, the membrane lipid fluidity decreased. At a NO concentration of 10(−3) M, there
was an increase in the methemoglobin concentration and the RBC deformability decreased,
although the membrane fluidity and lipid peroxidation were not changed compared to the
control. We should also mention the experiments with spermine NONOate that resulted in
an increase in the RBC deformability, due to an effect on the RBC membrane associated
with an improvement in its oxygen carrying properties [63]. Older erythrocytes exhibit a
decrease in both internal NO synthesis and sensitivity to external NO, which likely explains,
at least in part, why older erythrocytes are less deformable [138]. It is important to point
out that nitric oxide is also a protector of the red cell against eryptosis [44]. Presumably,
this antieryptotic effect is likely to prevent a further decrease in RBC deformability.

In human diseases, the effects of nitric oxide on RBC deformability have some po-
tentially interesting applications. In Plasmodium falciparum malaria, hypoargininemia has
been reported to impair nitric oxide production and decrease erythrocyte deformability,
even more so at febrile temperatures [139]. In sickle-cell anemia, oxidative stress impairs
the effectiveness of RBC NOS for producing NO, so that the stimulating effect of NO on
erythrocyte deformability is blunted [140,141]. In experimental hypertension, the effect of
NO on RBC deformability is also impaired [142]. NO donors such as nitroglycerine help to
maintain red cell deformability in conditions such as cardiopulmonary bypass. High-dose
nitroglycerin has been shown in this case to improve erythrocyte deformability through
activating the phosphorylation of aquaporin 1 [143].

In fact, NO is not the only representative of the novel family of gasotransmitters,
which are signaling molecules that easily diffuse across lipid membranes and exert their
effect only in the area of their biosynthesis. Another gasotransmitter that is generating
an increasing interest in hemorheology is hydrogen sulfide (H2S). Hydrogen sulfide is
produced from L-cysteine and D-cysteine under the influence of enzymes such as cystathio-
nine β-synthase, cystathionine γ-lyase, 3-mercaptopyruvate sulfurtransferase, and cysteine
aminotransferase [144]. This gasotransmitter has been shown to exert a cardioprotective
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effect and to regulate vascular tone via an effect on the contractility of vascular smooth
muscle cells. H2S has been reported to play a role in angiogenesis, the functional properties
of platelets, thrombus stability, and erythrogenesis. Its involvement in the pathogenesis
of atherosclerosis and arterial hypertension is a matter of current research. On the whole,
all three known gaseous mediators, NO, CO, and H2S, improve RBC deformability and
decrease RBC aggregation. [145]. H2S, like the other gasotransmitters, is assumed to act as
an oxygen sensor and to be in close synergistic interaction with NO and CO to perform
this function.

12. Hormones and Circulating Chemical Messengers

As explained above, the number of chemical messengers and hormones exhibiting
specific receptors on RBCs is regularly increasing. We propose a tentative list of these in
Table 1. Among the chemical messengers, we should mention immunoglobulins (IgG),
complements [146], and lectins [147].

12.1. Insulin and IGF-I

The fuel-regulating hormone insulin deserves a special mention in regard to this.
Insulin binds on the red cell membrane and activates intracellular pathways, with an
effect on erythrocyte deformability that was evidenced in several prior studies [28,148,149]
and has been confirmed by more recent investigations [141]. The influence of insulin on
erythrocyte rheology seems to be mediated by an effect on the cell membrane [148] that
includes changes in the molecular composition of the lipid membrane bilayer and thus
in its microviscosity, which is associated with alterations to the function of membrane
Na/K ATPase [150]. Similarly to the other factors presented in this review, the effects
of insulin may be an improvement or a decrease in erythrocyte deformability. When
very high, supraphysiological levels of insulin are applied in vitro, there is a decrease
in RBC deformability, as was recently reconfirmed during insulin clamp experiments in
hypertensives [151]. Interestingly, the ATP concentrations in RBCs are closely correlated
with the free insulin levels in plasma [152]. Since, as reported above, intracellular ATP is an
important determinant of RBC deformability, this positive relationship between the insulin
and ATP content of the red cell may be involved in the regulation of red cell deformability.

C-peptide is a pancreatic hormone co-secreted with insulin. It is mostly a useful
index of endogenous insulin secretion but is also supposed to exert some hormonal effects.
Among these effects, C-peptide appears to increase eNOS in diabetics, resulting in a
fluidification of the RBC membranes [153]. This effect is associated with some blood flow
redistributions, a reduction in the NaK ATPase pump function, and an improvement in the
renal function [153].

Another important hormone closely related to insulin is insulin-like growth factor
I (IGF-I). IGF-I can bind on insulin receptors and thus, via this binding, can exert some
insulinlike effects. It also has its own receptors that mediate important anabolic effects
throughout the entire body. There are also IGF-I receptors on the red cell membrane [154].
Some clinical reports suggest that IGF-I may be a regulator of blood viscosity. In trained
athletes, values of IGF-I within the upper quintile of distribution are associated with an
impairment of blood fluidity. Since in this study IGF-I is correlated with a lower RBC
deformability, measured with viscometry at high shear rate [155], this observation raises
the possibility of a direct effect of IGF-I on RBC deformability via the binding of this
hormone on its receptors on the red cell membrane.

12.2. Glucagon and RBCs

Glucagon is another important hormone involved in the regulation of fuel metabolism,
in which it exerts an action opposite to that of insulin. Glucagon also exerts catabolic
effects on the body’s carbohydrate and protein stores. It was reported to decrease RBC
deformability by P. Valensi and coworkers in 1986 [156]. However, more recently, the
opposite effect has been reported by R. Komatsu and coworkers. These investigators
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showed that intravenously injected glucagon improved the erythrocyte deformability (as
measured with a technique of filterability), resulting in a significant decrease in whole
blood viscosity, which was associated with an increase in the blood flow [157]. Both of these
reports are in disagreement with another publication by W. Reinhart, who reported that
neither C-peptide, insulin, or glucagon had any measurable influence on RBC deformability,
as assessed by blood viscometry [158].

12.3. Thyroid Hormones

Erythrocytes also exhibit receptors for the thyroid hormone L-triodothyronine [159].
Whether thyroid hormones are regulators of blood rheology remains unclear, but a decrease
in RBC deformability has been reported to exist in hyperthyroidism and to be reversible
after the successful treatment of the disease [160].

12.4. Leptin

In this context, leptin, a hormone released by adipocytes and thus belonging to the
family of adipokines [161], is involved in a feedback loop linking the size of the body fat
stores and the energy intake, but it has also been shown to improve red cell deformability
via a NO- and cGMP-dependent mechanism [162]. In a preliminary work, we reported that
leptin was correlated with plasma viscosity and erythrocyte disaggregation [163], and more
recently, we confirmed that it was closely associated with increased red cell deformability
and aggregation [164]. This hormone also regulates the body water stores via a direct
effect on the adrenal production of aldosterone [165,166]. Therefore, leptin, which has been
until now barely investigated in hemorheological research, may be one of the important
physiological regulators of red cell rheology, involving it in regulatory loops that link
energy stores and circulation.

12.5. Erythropoietin

Erythropoietin (EPO) is undoubtedly a major regulator of blood viscosity. This hor-
mone released by the kidney is stimulated by hypoxia and inhibited by increases in plasma
viscosity at the level of the juxtaglomerular apparatus in the nephron. It stimulates ery-
throcyte development in the bone marrow. The team of W. Reinhardt has elegantly demon-
strated in a seminal paper that EPO mediates the homeostatic regulation of viscosity
(“viscoregulation”) that follows a rise in plasma viscosity [167] and results in a decrease in
RBC mass. In the early 1990s, several teams closely analyzed the evolution of blood viscos-
ity factors during the natural history of chronic renal failure. The studies by our Portuguese
colleagues J. Martins e Silva and C. Saldanha, and by M. Delamaire, are more thoroughly
reviewed in our preceding review [168]. CKD-associated hemorheological disturbances
(less deformable RBCs, increased plasma viscosity) were corrected by a treatment with
recombinant human erythropoietin (rhEPO). In cancer patients, rhEPO increases red cell
deformability and decreases red cell aggregation [169]. It is important to notice that EPO,
in addition to being a hormone that improves red cell deformability, also has antieryptotic
properties, although it remains unable to completely counteract the triggering of eryptosis
induced by an intracellular calcium influx in RBCs [170]. Young erythrocytes appear to be
particularly prone to eryptosis following a decline of EPO, a phenomenon which has been
termed neocytolysis [24].

12.6. Somatostatin

Somatostatin is another important hormone synthesized in the pancreas and in other
tissues which circulates in blood [171]. Somatostatin can induce dramatic circulatory
changes and increase the peripheral blood flow in humans [172]. In addition, somatostatin
interferes with platelet functions [173]. Consistent with this circulatory effect, somatostatin
seems to improve erythrocyte deformability, as suggested by its beneficial effect when
assessed in vivo by our group using several techniques [174].
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12.7. Melatonin

Melatonin is a hormone released by the pineal gland, which plays an important role in
the circadian rhythms in the body. Additionally, melatonin has been reported to decrease
RBC deformability in experiments. However, pinealectomy by itself did not induce any
statistically significant change in erythrocyte deformability [175]. Erythrocyte deformability,
measured by a method of filterability, was not modified by in vitro incubation of blood
samples with melatonin [176]. Therefore, this issue remains controversial and requires
more study.

12.8. Leukotrienes and Prostaglandins

Leukotrienes belong to the family of arachidonic acid derivatives, and some of them
are known to exert powerful biological effects. Some leukotrienes, but not all [177,178], have
been reported to impair erythrocyte deformability. Leukotriene B4 decreases the filterability
of washed resuspended erythrocytes measured with the hemorheometre [178]. Consistent
with what is observed for the other arachidonic derivatives, some prostaglandins have an
opposite effect. Prostaglandin E1 and the prostacyclin analogue iloprost improve red and
white cell filterability in vitro and in vivo [179,180]. PGE2 decreases the deformability of
RBCs and increases their aggregability [181].

12.9. Sex Hormones

The literature about the hemorheological effects of sex hormones has primarily been
driven by the issue of the thrombogenic effects of oral contraceptives (OCs). We previously
reviewed this classical literature more thoroughly [168]. Briefly, it was shown that OC
users in the late 1970s exhibited a lower erythrocyte deformability that was associated
with a moderate increase in the whole blood viscosity, while the values of the plasma
viscosity remained in the normal range. Hematocrit was also found to be increased under
OCs in some studies but not in others. It was assumed that the progestin component
of the OC was responsible for a rise in the circulating fibrinogen that explained most of
this pattern. In fact, this picture observed in old OC pills (whose progestin compounds
were mostly 19-nortestosterone derivatives) is no longer observed. More recent low-dose
compounds appear to be almost devoid of hemorheological side-effects, in contrast to
the older compounds, although they still induce moderately higher RBC aggregation. In
addition, more recent physiological investigations have been conducted in women with
normal menstrual cycles, showing that their estradiol levels were positively correlated
with their whole blood viscosity, plasma viscosity, and fibrinogen, and that their RBC
deformability was impaired correlatively to their estradiol levels. Thus, in physiological
conditions, estrogens appear to decrease blood fluidity. On the other hand, progesterone
had the opposite effect in physiological conditions, decreasing both the fibrinogen and the
blood viscosity, and increasing the RBC deformability. Therefore, the RBC deformability
was lower in the follicular than in the luteal phase. Interestingly, the recent literature on
estrogens and red cell rheology has pointed out the role of nitric oxide. Estrogens are
known to physiologically increase both NO synthesis and release by the endothelial cells.
This effect is likely to be mediated by the estrogen-responsive elements located in the
promoting region of the gene coding for endothelial NOS.

Beside the classical mode of action of estrogens, which involves intracellular receptors,
recent emphasis has been placed on the membrane receptors, on which estrogens can
specifically bind and thus act more rapidly, inducing an increase in cytosolic Ca++ in some
cells. In addition, estrogens also exhibit antioxidant properties which can delay NO clearing
from blood [168]. All these mechanisms are therefore likely to improve RBC deformability
via NO-mediated mechanisms. This seems to be in disagreement with the reports showing
that in vivo hormonal treatment by either transcutaneous or oral estrogens impairs RBC
deformability by increasing membrane rigidity [168].

In vitro, 17 β-estradiol at a concentration of 10−5 M also decreased the RBC aggrega-
tion in the blood samples of postmenopausal women undergoing hormone therapy [182].
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A recent paper by M. Grau [183] suggests that the gender differences in hematological
parameters in males compared to females (with higher RBC deformability in females)
might be related to the higher estradiol levels that are associated with higher RBC NO
levels. However, Pretorius and coworkers also reported on the effects of estrogen and
progesterone on the RBC structure, and they noted increased eryptosis [184,185].

12.10. Dehydroepiandrosterone

The incorporation of dehydroepiandrosterone sulfate (DHEAS) into the human red
cell membrane increases the acyl chain motion in the middle portion of the membrane and
induces the echinocytosis of red cells. It is suggested that the increase in the viscosity of a
red cell suspension, the decreased deformability, and the decrease in the deoxygenation rate
of hemoglobin in the presence of DHEAS probably reflect the presence of echinocytes. In
the presence of plasma proteins, the incorporation of DHEAs into red cells was remarkably
suppressed [186].

12.11. Apelin

Apelin is a recently discovered hormone belonging to the family of adipokines, which
can bind on the G-protein-coupled APJ receptor which is expressed over the surface of
many cells in the body. It is widely expressed in various organs such as the heart, lungs,
and kidney and exerts a hypotensive effect via the activation of the APJ receptors on the
surface of endothelial cells, thus inducing the release of NO. In addition, it decreases the
hypothalamic secretion of vasopressin and increases water intake, thus exerting important
effects on the homeostatic regulation of the body’s fluid stores. In rats that exhibited a
decrease in erythrocyte deformability due to the experimental induction of diabetes and
ischemia-reperfusion injury of the heart, apelin-13 has been shown to reverse this loss of
deformability [187].

12.12. Catecholamines

The catecholamines norepinephrine and epinephrine are the two circulation messen-
gers of the sympathetic nervous system that can be released into the blood by the adrenal
medulla and act on RBCs via specific α- and β- receptor agonists. It is well known that
norepinephrine is mostly an α-adrenergic agonist, while epinephrine is mostly a potent
β-adrenergic agonist. Over recent years, evidence has been accumulated that both of these
catecholamines are important regulators of RBC rheology. The α1-adrenergic receptor can
be detected on human erythrocyte membranes [188]. There are also β-adrenergic receptors
on the red cell membrane that have been shown in animal studies to mediate the regulating
effects of catecholamines on cell volume and ion transport [189]. The first studies on cate-
cholamines and red cell rheology were conducted in the late 1980s by Pfafferott and Volger,
who reported that in vitro, both norepinephrine (α-adrenergic agonist) and isoprenaline
(β-adrenergic agonist) decreased erythrocyte deformability [190]. More recently, however,
Hilario demonstrated that epinephrine (β-adrenergic agonist) actually improves RBC de-
formability when measured with a more accurate technique but is also able to induce the
transformation of human RBCs into echinocyte [191]. Catecholamines (both β-agonists and
α-agonists) also have an antieryptotic effect [43], consistent with the short-term beneficial
role of these hormones regarding the body’s adaptation to unusual stresses. In fact, in
experiments on species whose RBCs are nucleated, catecholamines induced a dramatic
increase in the cell volume as a result of an accumulation of sodium and chloride due to
the activation of an amiloride-sensitive, cyclic, AMP-dependent Na+-H+ exchanger which
allowed Na+ to enter in exchange for internal H+. At the same time, the RBC deformability
was improved (despite the increase in the cell volume). Both the RBC fluidification and
the activation of this ionic exchange were likely to be an adaptive response to hypoxia
which resulted in the increased oxygen-carrying capacity of the RBCs [192]. The literature,
however, suggests that this epinephrine may improve RBC deformability [193–195], pre-
sumably via β-adrenergic receptors, while there is apparently no effect of either α1- and

15



Metabolites 2022, 12, 4

α2-receptor agonists. It was also shown that RBCs incubated with epinephrine and isopro-
terenol exhibited significant changes of deformability, by 10% and 30%, respectively. This
is consistent with the other classical effects of catecholamines mediated by β-adrenergic
receptors (vasodilation, increased cardiac output, etc.) that all lead to an increased blood
flow. The team of A. Muravyov extensively studied the effect of catecholamines on the
rheological properties of the human RBC, showing that the effect of these hormones on RBC
deformability is mostly under the control of intracellular Ca2+-regulating pathways [196].
In contrast to this positive effect of catecholamines on RBC deformability in physiological
conditions, an increased viscosity and decreased RBC deformability were observed in
untreated pheochromocytoma [197].

12.13. Cortisol

Beside catecholamines, cortisol is a major hormone involved in the body’s adaptation
to stress. Cortisol has been shown to bind to the erythrocyte membrane, impairing the
epinephrine binding at this level and resulting in an increase in the microviscosity of the
membranes and a rise in Na(+),K(+)-ATPase activity [198]. This is in line with the other
effects of corticosteroids that moderate the effects of stress hormones in order to cope with
them. Windberger has also described the hemorheological profile of Cushing syndrome in
dogs, i.e., hypercortisolism due to increased and sustained cortisol release by the adrenal
cortex, showing that this situation is associated with increased plasma viscosity and RBC
aggregation [199]. This area surely deserves more investigation.

12.14. Endocannabinoids

The Endocannabinoid System (ECS) is an important regulatory system aiming at main-
taining homeostasis in a variety of body functions such as temperature, mood, the immune
system, and energy input and output. It exerts a wide variety of effects on emotional
behavior, feeding behavior, appetite, nervous functions, fertility, and pre-and postnatal de-
velopment. This system involves endogenous lipid mediators called endocannabinoids, of
which the most well-known are 2-arachidonoylglycerol and anandamide, which are synthe-
sized from the pool of arachidonic acid in cell membrane phospholipids. The modulation
of this system with cannabinergic, cannabimimetic, and cannabinoid-based therapeutic
drugs that are currently under development offers some potential for treating a number of
diseases [200]. The endocannabinoid system (ECS), via the activation of the type-1 cannabi-
noid receptor (CB1), is involved in the process of exostasis, i.e., overeating and storage due
to the anticipation of future energy needs, and thus adds some adaptatory regulations to
homeostasis [201]. Endocannabinoids and their receptors are almost ubiquitous in the body
and regulate intermediary metabolism and energy expenditure. They interfere with glucose
and lipid metabolism so as to promote energy storage and reduce energy expenditure.
This system is overactive in obesity and appears to play a role in the maintenance of fat
mass [202]. All these functions modulated by endocannabinoids are also known to be asso-
ciated with hemorheological processes. However, little is known about endocannabinoid
involvement in the regulation of blood rheology. It is thus interesting to point out that the
endocannabinoid anandamide has been reported to induce apoptosis in several varieties
of nucleated cells, and to increase the activity of RBC cytosolic Ca2+, resulting in the cell
shrinkage and cell membrane scrambling of mature RBCs and, subsequently, inducing
eryptosis [40].

12.15. Other Hormones

Erythrocytes are also known to be able to release endothelin-1 (ET1), a potent vaso-
constrictor which is also produced by endothelial and smooth muscle cells. ET1 has been
reported to improve the deformability (as assessed by filterability) of stiffened RBCs via an
activation of the protein kinase C [203]. However, another study was unable to evidence
this effect when the RBC deformability was evaluated with viscometry [204].
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Finally, we should mention the surprising lack of a hemorheologic effect of calcium
regulating hormones (parathormone, calcitonin, and vitamin D), which contrasts to the
major importance of intracellular calcium in regard to erythrocyte rheology [205].

13. RBCs in Various Pathophysiological Situations

In the previous paragraphs, we referred to a pathological structure of the RBCs in condi-
tions such as type 2 diabetes and hereditary hemochromatosis. We have published extensively
on the RBC structural changes in other inflammatory conditions such as rheumatoid arthritis,
Alzheimer’s disease, and Parkinson’s disease and also on the effect of selected dysregulated
inflammatory markers including cytokines on RBC structure [47,79,82,206–209]. In all inflam-
matory conditions, the circulating dysregulated inflammatory markers have a profound
effect on RBCs, platelets, and plasma protein structure. Both deformability patterns and
eryptosis are visible in these conditions. Similar changes have been noted in septic shock
and sleep apnea patients.

13.1. Stress

Stress is a neuroendocrine complex reaction (“general adaptation syndrome”) which
aims at maintaining homeostasis in the body when it is submitted to an unusual situation.
The stress can be sufficient to cope with this unusual situation (eustress) or result in a
prolonged disturbance of the body’s functions (distress) [210]. All stress hormones (as
indicated above in this review) are likely to exert hemorheologic effects, although the
situation is not very clear concerning cortisol. Catecholamines exert complementary effects:
epinephrine increases red cell deformability (thus favoring microcirculatory perfusion),
while norepinephrine increases red cell aggregation and induces a fluid shift reduction
of plasma volume with a parallel rise in hematocrit due to α1-receptor stimulation [211].
Therefore, unsurprisingly, stress induces hemorheological modifications. A pioneering
study was presented by A. Ehrly [212], evidencing a rise in blood and plasma viscosity
after video-film-induced emotional stress. More recently, a hyperviscosity syndrome was
evidenced among evacuees who survived the earthquake and tsunami of Fukushima in
Japan [213]. In this case, there was polycythemia.

A study on American veterans with Gulf War Illness (GWI) also deals with this issue.
These patients experience chronic symptoms that include fatigue, pain, and cognitive
impairment. Assuming that this symptom cluster may be related to impaired tissue oxygen
delivery, the investigators measured the red cell deformability and found that it was
increased in veterans suffering from GWI. [214]. Further studies on GWI showed that the
increased deformability of the red cells was not affected during maximal exercise [215].
No clear explanation for this finding was given, but the effect of epinephrine on red cell
deformability may be a logic explanation.

The issue of stress and hemorheology is more thoroughly developed in our previous
review paper [216] but requires, of course, further investigation. On the whole, we can
assume that “eustress” induces reversible adaptative alterations in the blood viscosity
factors, while “distress” may induce more important damage that may involve eryptosis.

13.2. Chronic Fatigue Syndrome

By contrast, in people suffering from chronic fatigue syndrome, the red blood cells
were found to be significantly stiffer than those in healthy controls [217]. A previous report
on the same disease did not evidence this decrease in deformability [218], probably due to
methodological concerns. Since oxidant stress is one of the mechanisms underlying chronic
fatigue syndrome [219] and this oxidant stress damages red cells and makes them stiffer,
this finding is logical. In this situation, the increased apoptosis of various blood cell lines
was described [220], and, although we are not aware of a report on increased eryptosis, it
is logical to assume that red cells are stiffened in chronic fatigue syndrome as a result of
oxidant stress, which damages the cells and may lead to their programmed death.
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13.3. Septic Shock

There are conditions that combine many disturbances to various functions, including
RBC properties. The most impressive example of this is perhaps septic shock. Sepsis has
been shown to be associated with impaired blood rheology [221–223]. Furthermore, in this
context, decreased red blood cell deformability has been reported to be associated with a
poor outcome in septic patients [224,225]. The hemorheologic disturbances observed dur-
ing sepsis are associated with an altered metabolism; decreased 2,3-bisphosphoglycerate;
the redistribution of membrane phospholipids; changes in the RBC volume, the affinity
between hemoglobin and oxygen, the morphology, the antioxidant status, the intracellular
Ca2+ homeostasis, and the membrane proteins; membrane phospholipid redistribution; and
RBC O2–dependent adenosine triphosphate efflux. During septic shock, a phenomenon
of RBC autoxidation is observed and has been supposed to worsen the disorder [226,227].
Unsurprisingly, marked alterations in RBC rheology, including reduced deformability
and increased aggregation, occur early on in septic patients, and reductions in RBC de-
formability over time are associated with a poor prognosis [224,228]. The sepsis-associated
impairment of erythrocyte deformability is associated with a decrease in erythrocyte NO-
releasing activity, both abnormalities being apparently a consequence of the inflammatory
reaction [229]. In experimentally induced septic shock in rats, prostacyclin (iloprost) and
nitric oxide prevented the sepsis-induced loss of red blood cell deformability via a complex
mechanism [230].

13.4. Sleep Apnea

Another situation associated with a decrease in RBC deformability which is probably
multifactorial is obstructive sleep apnea syndrome (OSAS). This syndrome has emerged
over recent decades as an important risk factor for atherosclerosis and cardiovascular disor-
ders [231–233]. In OSAS, endothelial dysfunction is markedly disturbed due to recurrent
hypoxemic events, and there is a decrease in erythrocyte deformability [231]. Additionally,
a decrease in NO bioavailability is also observed and may be both a consequence and a
worsening factor of the defect in RBC deformability [232]. In this disease, there is also an
increase in plasma viscosity and an increase in RBC aggregation [231]. OSAS is also known
to be associated with apoptosis in various tissues and thus, presumably, eryptosis [233]. In
contrast with hypoxemia, it is interesting to point out that the opposite condition, hyper-
oxia, seems to have no measurable effect on blood rheology, so that its use for donor-organ
preservation before graft is not known to induce any hemorheologic disturbance [234].

13.5. COVID-19

The recent COVID-19 pandemic has generated a host of studies in all areas of biomed-
ical research [235], and, unsurprisingly, disturbances in microcirculation [236] and the
rheologic properties of blood [237] have been described. It is clear that endotheliopathies
are important clinical features of acute COVID-19 [238,239]. Various circulating and dysreg-
ulated inflammatory coagulation biomarkers, including fibrin(ogen), D-dimer, P-selectin,
the von Willebrand Factor (VWF), C-reactive protein (CRP), and various cytokines directly
bind to endothelial receptors and are likely to be indicative of a poor prognosis [240–243].
This poor prognosis is further worsened by a substantial deposition of microclots in the
lungs [244–246]. The plasma of COVID-19 patients also carries a massive load of preformed
amyloid clots and there are numerous reports of damage to erythrocytes [247–249] and
platelets and the dysregulation of inflammatory biomarkers [240–243,250]. Recently, we
also determined whether the spike protein may interfere with blood flow by comparing
naïve healthy plasma samples with and without added spike protein to plasma samples
from COVID-19-positive patients (before treatment). We concluded that the spike protein
may have direct pathological effects on blood rheology [251]. Significant pathological
changes in microcirculation and the presence of persistent microclots have also been noted
in Long COVID/PASC [250].
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14. Concluding Remarks

Since the review on this topic that we published 20 years ago [168], our knowledge
of the effects of various factors on erythrocyte deformability has expanded significantly.
However, many issues remain incompletely understood at this time. It is clear, however,
that this entire body of information we have put together suggests that there is an exquisitely
regulated system involved in the homeostasis of blood rheology and flow distribution.
The viscoregulatory loops hypothesized in the middle of the 20th century are now well
described [167]. Others will probably be evidenced over the coming years.

The best known is probably the endothelium–leukocyte–liver axis, which involves
polymorphonuclear neutrophils and monocytes that are able to release many biologically
active substances that may in turn modify the blood viscosity factors. The release of cy-
tokines such as IL-6 induces a rise in fibrinogen, which increases plasma viscosity and RBC
aggregation. Circulating free radicals and arachidonic acid derivatives modify erythro-
cyte membrane properties and thus RBC deformability. Free radicals increase the rigidity
and aggregation of erythrocytes. These interactions between white cell activation and
erythrocyte rheologic properties have been remarkably well-investigated by the team of O.
Başkurt [252]. This study showed that most of the hemorheological profiles of inflammatory
diseases (and vascular diseases) are explained by these leukocyte–erythrocyte interactions
and are likely to play an important role in the body’s response to an inflammatory stimula-
tion [253].

As indicated above, some other integrated responses of the body such as stress, the
regulation of energy stores, and growth involve a hemorheologic response whose relevance
is not completely understood. The relationship between the size of energy stores and the
blood rheology even in normal conditions is also an issue that deserves more research,
since some reports suggest that the hormones released by the adipose tissue (leptin and
adiponectin) have circulatory effects [254]. Our recent report showing that leptin is more
closely correlated with red cell aggregation than other determinants quantifying adipose
stores may suggest that this hormone is involved in a regulatory loop linking the body’s
energy status and the hemorheological modulation of microcirculation [163]. Another
interesting recent finding is that red cell rigidity in obesity is associated with higher values
of angiogenesis [255]. Such a relationship needs to be more closely investigated, but it may
lead to speculation that obesity-associated RBC stiffness may result in an adaptation of
the microcirculation network. Presumably, NO, which is known to modulate angiogenesis
in vitro and in vivo [256,257], may be involved in this effect.

In addition, according to several teams, dietary habits appear to be associated with
the modification of blood rheology [258]. Very little is known about this issue, which
requires further investigation. In order to propose a hypothesis, taking into account
the abovementioned effects of circulating metabolites, exercise, and nutrition on blood
rheology, we recently proposed the “healthy primitive lifestyle paradigm”. This hypothesis
assumes that evolution has selected in Homo sapiens genetic polymorphisms leading to
insulin resistance as an adaptative strategy to cope with the lifestyle of our Paleolithic
ancestors. According to the current scientific data, our Paleolithic ancestors performed a lot
of prolonged low-intensity physical activity and their food was mostly based on lean meat
and wild herbs (i.e., poor in saturated fat, rich in low-glycemic-index carbohydrates, and
moderately high in protein). According to this hypothesis, an individual whose exercise
and nutritional habits are close to this lifestyle represents the mainstream phenotype,
and highly trained athletes represent a minority group. Sedentary subjects undergo a
host of metabolic (and hemorheologic) modifications that aim at coping with the lack of
physiological activity, which represents a pathologic situation in these populations [259].
We previously published data in agreement with this theory, thus integrating them into a
logical picture of hemorheologic homeostasis [260].

Therefore, although this issue remains incompletely studied, we think that the body
of information summarized in this review supports the concept that among the numerous
situations where RBC rigidification has been reported to occur, some involve reversible
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changes in a fully physiological context, while others reflect quite irreversible damage to
the red cells that will lead to eryptosis (Figure 4). In some situations, however, there may be
a continuum between the two processes if the stimulus is too strong. Exercise, for example,
generally involves reversible changes in RBC rheology but may also induce irreversible
damage and programmed erythrocyte death. Such a triggering of eryptosis in this case
may represent a protective mechanism against the deleterious effect of old RBCs, which is
known to be associated with an increased risk of death [77,78]. However, further research is
required to more precisely delineate the respective importance of reversible (physiological)
and almost-irreversible (eryptosis related) RBC stiffening in various situations.

 

Figure 4. Regulatory loops involved in the modulation of red cell deformability. According to the
physiological or pathological context, the factors thoroughly enumerated in this review increase or
decrease red cell deformability, thus contributing to the adaptation of microcirculatory blood flow to
this context. Erythrocyte stiffening may be a reversible event or one of the components of the cascade
of events leading to programmed red cell death (eryptosis). Figure created using www.biorender.com
accessed on 17 December 2021.
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Abstract: Glucose metabolism disorders contribute to the development of various diseases. Numer-
ous studies show that these disorders not only change the normal values of biochemical parameters
but also affect the mechanical properties of blood. To show the influence of glucose and poloxamer
188 (P188) on the mechanical properties of a red-blood-cell (RBC) suspension, we studied the aggre-
gation of the cells. To show the mechanisms of the mechanical properties of blood, we studied the
effects of glucose and poloxamer 188 (P188) on red-blood-cell aggregation. We used a model in which
cells were suspended in a dextran 70 solution at a concentration of 2 g/dL with glucose and P188 at
concentrations of 0–3 g/dL and 0–3 mg/mL, respectively. RBC aggregation was determined using an
aggregometer, and measurements were performed every 4 min for 1 h. Such a procedure enabled the
incubation of RBCs in solution. The aggregation index determined from the obtained syllectograms
was used as a measure of aggregation. Both the presence of glucose and that of P188 increased the
aggregation index with the incubation time until saturation was reached. The time needed for the
saturation of the aggregation index increased with increasing glucose and P188 concentrations. As
the concentrations of these components increased, the joint effect of glucose and P188 increased the
weakening of RBC aggregation. The mechanisms of the observed changes in RBC aggregation in
glucose and P188 solutions are discussed.

Keywords: RBC aggregation; glucose; poloxamer 188

1. Introduction

The metabolic diseases plaguing today’s civilization result from damage to normal
metabolisms, especially in cases such as diabetes mellitus, in which the carbohydrate
pathway is disrupted by inappropriate insulin secretion or abnormal responses by the body.
With this disruption of the carbohydrate pathway, there is an elevated level of glucose
in the blood, called hyperglycemia. The glucose consumption of most cells is regulated
by insulin. Red blood cells (RBCs) do not need insulin; however, in the absence of this
hormone, they are exposed to high glucose levels during hyperglycemia. Glucose has
an effect on RBCs, changing their biochemical properties and the ability of these cells to
aggregate. Changes in these processes depend on the period of time the cells are exposed
to glucose and on the glucose concentration, but also on the composition of the solution
in which the RBCs are suspended. Polymers are widely known among the substances
that change the aggregation of RBCs. Thus, it is particularly important to understand the
simultaneous effects of glucose and drug polymers on RBC aggregation.

Biochemical tests, which are the basis for the diagnosis of diabetes, are increasingly
supplemented with analyses of the rheological properties of blood [1,2]. Many factors
influence the rheology of whole blood, including RBC aggregation. One of the first doc-
umented studies on the changes in RBC aggregation caused by elevated glucose levels
was conducted in 1956 [3]. The in vivo effect of increased RBC aggregation under hy-
perglycemia was confirmed in the following years using various research methods and
under various experimental conditions [4–8]. It has been shown that increased aggregation
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in patients with elevated glucose levels in type 2 DM decreases after the application of
glycemic control, and this effect is visible both for RBCs suspended in autologous plasma
and cells suspended in dextran solutions [8]. In general, the incubation of RBCs in glucose
solutions in vitro causes a decrease in the aggregation of the cells. In order to demonstrate
the effect in vitro, cells of healthy volunteers incubated in high glucose concentrations were
studied [9–12]. RBC aggregation, as measured by the Aggregate Shape Parameter (ASP)
method after two hours of incubation [10] and by the Myrenne method after half an hour
of incubation [11], showed a downward trend.

In the case of blood, RBCs are suspended in the plasma, which may contain medicinal
substances. One of these substances may be the nonionic surfactant poloxamer 188 (P188),
which has many uses as a pharmaceutical excipient [13–15]. Extensive research is ongoing
into its potential use as a biological membrane sealant [16–18], while other research is
focused on its hemorheological effects [19–22]. In vitro and in vivo studies of the influ-
ence of P188 on hemorheological parameters in patients with acute myocardial infarction
showed that the aggregation of RBCs in autologous plasma decreased after the application
of this surfactant [19]. Conversely, the aggregation of RBCs of healthy volunteers measured
in dextran 70 solution after in vitro treatment with P188 decreased, and the effect was
dependent on the concentration of P188 [21]. The in vitro activity of P188 tested in dextran
70 solution was confirmed by studies of cells from healthy donors and donors with sickle
cell anemia [18]. Another study showed a reduction in RBC deformability by 10% only
after 2 h of incubation in P188 [22]. The determination of the influence of P188 on the
aggregation of RBCs from healthy donors in dextran 70 solution, used as a medium for cells,
allows for the exclusion of the effects of interindividual differences in plasma composition.

Knowledge of the possible joint effect of P188 and glucose is important for both
the development of dosage forms and the prediction of enhancing effects in therapeutic
applications that are still under development. There are studies investigating the synergistic
effect of P188 and tinidazole on the solubility and drug release profile [23] or on the
treatment of certain diseases [24], but the effect on RBC aggregation is a new area of
research. Knowledge about the possible additional enhancement of the anti-aggregation
effect of P188 is important, especially in light of reports about the need to administer P188
as soon as possible in order to support endogenous cell repair systems [25]. In this work, the
effect of P188 on RBC aggregation in the presence of glucose was investigated. We present
the results of a new approach where RBC aggregation was tested during the incubation
of cells in dextran solutions with glucose and with or without P188. The aggregation of
RBCs is usually measured immediately after sample preparation. In this article, we use a
working hypothesis that the aggregation of RBCs changes during the incubation of these
cells in solutions containing glucose and P188. Thus, we propose the measurement of
temporal changes in RBC aggregation. This working hypothesis may be useful as the basis
for further research into the effects of various substances on erythrocyte aggregation.

2. Results

For each of the solutions used, the RBC aggregation index was measured based on the
time. Figure 1 shows the data for the 16 solutions used in which RBCs were suspended.
For every solution, six samples were prepared, and the results shown in Figure 1 represent
the mean values of the aggregation index from the samples; the error bars represent the
standard deviations.

The first result (in the top left corner) shows data for RBCs suspended in dextran
only. The first row contains the results for RBCs suspended in solutions with increasing
concentrations of glucose. The next rows contain results for solutions containing P188 with
increasing concentrations of glucose. The first column contains results for RBCs suspended
in solutions with increasing P188 concentrations. The following columns contain results for
glucose solutions with increasing P188 concentrations. As can be observed, the first result
is the only one for which the aggregation index did not change over time. In the other cases,
the aggregation index increased and became saturated over time. This saturation reflects a
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certain equilibrium state achieved by the system. The time it took for the system to reach
equilibrium varied with the concentration of glucose and P188. In addition, depending on
the concentrations of glucose and P188, the starting and ending values of the aggregation
index changed.
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Figure 1. Aggregation index (AI) as a function of time for RBCs incubated in a dextran solution
with P188 with concentrations ranging from 0 to 3 mg/mL (P1–P3) and glucose with concentrations
ranging from 0 to 3 g/dL (G1–G3).

As can be seen from Figure 1, the changes in the aggregation parameters are par-
ticularly visible for the results distributed on the diagonal. Figure 2 shows these results
together with the fit, allowing the time taken for the system to reach equilibrium to be
determined. The inset in Figure 2 shows how the time needed to reach equilibrium, Teq,
increased as the concentration of glucose and P188 increased. Note that this equilibrium
time increased both for RBCs suspended only in glucose solutions (row 1 in Figure 1) and
for RBCs suspended only in P188 solutions (column 1 in Figure 1).
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Figure 2. The aggregation index (AI) as a function of incubation time. P0G0 means RBCs suspended
in dextran 70 only. P1G1 denotes addition of P188 at a concentration of 1 mg/mL and glucose at
1 g/dL. P2G2 and P3G3 represent the higher concentrations of P188 and glucose. The fits were made
to obtain the Teq parameter. In the inset of this figure, the dependence of the time necessary to reach
an equilibrium by the system Teq on the concentrations of P188 and glucose is shown.

The data presented in Figure 1 make it possible to determine the initial aggregation
index corresponding to the first measurement and the final aggregation index correspond-
ing to the last measurement in a given series. This initial aggregation index for the RBCs
suspended in the test solutions is shown in Figure 3. The column groups contain the results
for the specific glucose values and, for each glucose value, the values for the different
P188 concentrations. In general, it can be seen that an increase in glucose concentration
resulted in a decrease in the initial aggregation index. The addition of P188 exacerbated this
effect, causing a further reduction in the initial aggregation index. Except for the results
for a glucose concentration of 1 g/dL, in all the other cases, the addition of increasing
concentrations of P188 resulted in a decrease in the initial aggregation index values.

The final aggregation index for the RBCs suspended in the test solutions is shown
in Figure 4. As previously stated, the column groups contain the results for the specific
glucose values and, for each glucose value, the values for the different P188 concentrations.
It can be seen that the addition of P188 caused a reduction in the final aggregation index.
As previously stated, except for the results for a glucose concentration of 1 g/dL, in all the
other cases, the addition of increasing concentrations of P188 resulted in a decrease in the
final aggregation index values.
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Figure 3. The dependence of the aggregation index (AI), obtained for the first measurement during
incubation (2 min after the start of the experiment), on the concentration of glucose and P188. A
decrease of the initial aggregation index with glucose concentration is observed. The presence of P
188 causes an additional decrease of the aggregation index.
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Figure 4. The dependence of the aggregation index (AI) obtained at 1 h of the incubation on the
concentration of glucose and P188. The presence of P 188 causes a decrease of the aggregation index.

3. Discussion

Metabolic processes are time dependent, and their courses are modified by the pres-
ence of drugs and other substances in the body. Both of these elements are taken into
account in this article. The subject of this study was the time dependence of RBC aggrega-
tion parameters in solutions containing glucose and the influence of P188 added to these
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solutions on the aggregation parameters. Thus, in addition to the temporal effect, the joint
effect of glucose and P188 on RBC aggregation was investigated.

Studying the influence of glucose on the rheological properties of blood has a long
history and results from the need to understand the mechanisms involved in diabetes [26].
Research shows that incubation of RBCs in glucose solutions causes oxidation of membrane
lipids and glycation of proteins, which leads to a reduction of RBC aggregation [9,12]. Shin
et al. suggest that these changes occur even after 1 h of incubation. We conduct research
depending on time. Thus, oxidation and glycation affect changes in RBC aggregation; how-
ever, the results presented in this paper suggest that glucose transport to erythrocytes plays
a key role in the temporal changes in the aggregation of these cells. Elevated blood glucose
also affects red-blood-cell aggregation, but the in vivo and in vitro effects are not the same
and are still not fully understood; thus, this issue still needs to be investigated [3–11]. The
results presented in this study show that, for RBCs placed in glucose solutions, the aggrega-
tion index increases with the time of incubation in these solutions. After the growth period,
the saturation of this parameter is observed. The time required for saturation increases as
the glucose concentration in the solution increases. The aggregation index values measured
immediately after placing the RBCs in solutions containing glucose decrease with the con-
centration of glucose. However, the aggregation index measured at the time of saturation
does not show such a marked decrease as a function of the glucose concentration. This
means that the time of the incubation of the RBCs in the glucose solution has a significant
influence on the course of aggregation and may lead to differing results [9–12].

The phenomenon of transport occurs for RBCs placed in glucose solutions. Glucose
enters the RBCs, and this transport does not require the presence of insulin [27]. As a result,
the concentration of glucose in the solution decreases while the concentration of glucose
inside the RBCs increases. Lowering the glucose concentration in the solution in which the
RBCs are suspended results in a lower viscosity of the solution [28,29]. This happens until
equilibrium is achieved—when the transportation back and forth is the same. The study of
this transport showed that the values of the parameters of this transport significantly differ
depending on whether the transport takes place inside the RBC or in the solution [12].
This immediately indicates that the issue of the incubation time and cell cleaning after
incubation can cause major changes in aggregation parameters. Finally, a question arises
about the mechanisms of the change in aggregation during incubation in glucose solutions.
Research shows that the biochemical changes of RBCs incubated in glucose solutions occur
slowly. Thus, it can be assumed that, for the results shown here, the biochemical changes
had little effect on the changes in aggregation. This allows for a hypothesis that, in the cases
considered here, mechanical changes in the cell membrane and changes in the viscosity of
the substance in which the RBCs are dissolved determine the changes in the aggregation of
these cells.

For RBCs placed in P188 solutions, as in the case of RBCs placed in solutions containing
glucose, we observed an increase in the aggregation index with the incubation time. The
saturation effect was also observed. In this case, both the initial and final aggregation index
values decreased with increasing P188 concentrations in the solution. This RBC aggregation
behavior corresponding to the initial aggregation index values studied here was observed
using the microscopic aggregation index (MAI) and Myrenne method [21]. As in the
previous case, a question arises about the mechanism of the aggregation process in the
case of RBCs in solutions containing P188. The reduction in the aggregation index appears
to be due to the presence of a low-molecular-weight polymer in the solution. According
to the depletion theory of aggregation, such polymers reduce the aggregation capacity of
RBCs [30]. The question remains open, however, of why the presence of polaxamer causes
temporary changes in the RBC aggregation index similar to the temporal changes in the
aggregation index of RBCs placed in glucose solutions.

Consider the problem of the synergistic effect of glucose and P188 on RBC aggregation.
According to the definition, a synergistic effect takes place when the effect of processes
interacting together is greater than the effects of the individual processes. The results
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presented in this study show that the presence of P188 enhances the process of suppressing
glucose-dependent RBC aggregation. We showed this effect, expected by clinicians, only
in vitro. The mechanism of lowering aggregation in this case results from the aggregation
mechanisms for glucose solutions and the aggregation mechanism for P188 solutions. It is
not certain, however, whether the mechanism of the synergistic effect is a simple assembly
of partial mechanisms.

Each measurement technique has certain limitations. This is also the case for RBC ag-
gregation measurements. When choosing the measurement technique, we were guided by
the need to simultaneously measure the aggregation and incubation of cells. In addition, we
were looking for a technique that would allow for relatively fast repeatable measurements.
The choice fell on a photometric technique that meets the above-mentioned requirements.
The approach proposed in this paper enables RBC aggregation measurements with a
resolution of 4 min.

In conclusion, we performed a study of the effects of P188 in the presence of glucose
on RBC aggregation. The aggregation was studied as a function of time. The study showed
a synergistic effect of glucose and P188 on RBC aggregation and the temporary changes in
this aggregation. To the best of our knowledge, the synergistic effect of P188 and glucose,
as well as temporal changes, on aggregation are presented for the first time. The research
method applied and the results obtained appear to be promising for further research in
this area.

4. Materials and Methods

4.1. Materials

Human venous blood was obtained from 96 healthy adult volunteers. The blood was
collected in sterile tubes containing the K3-EDTA anticoagulant and was maintained at
4 ◦C until processing, which was performed as soon as possible. The RBCs were separated
from whole blood via centrifugation at 3000× g rpm for 5 min at 4 ◦C; next, the buffy
coat and plasma were discarded. The fractionated RBCs were washed three times with
phosphate-buffered saline (PBS), pH 7.4, under the same centrifugation conditions as before.
Dextran with a molecular mass of 70 kDa (Dextran from Leuconostoc spp., Sigma-Aldrich,
MO, USA), glucose (D-(+)-Glucose, Sigma-Aldrich, MO, USA) and P188 (Poloxamer 188
Solid, Alfa Aesar, TX, USA) were used to make the solutions in PBS. The sixteen solutions
for RBCs were prepared, in which dextran was always at the same concentration, while
glucose and P188 were combined at different concentrations. The final concentrations were
as follows: dextran: 2 g/dL; glucose: 0, 1, 2 or 3 g/dL; and P188: 0, 1, 2 or 3 mg/mL. The
RBCs were suspended in these solutions immediately before measurement. The hematocrit
of these suspensions was adjusted to 40%. The measurements were performed at room
temperature (22 ± 1 ◦C). All the experiments were performed according to the guidelines
of the Bioethics Commission of Collegium Medicum Nicolaus Copernicus University.

4.2. Method

RBC aggregation was determined using an aggregometer, as shown in Figure 5. The
investigated suspension was placed in a transparent cylinder with an internal diameter of
32 mm. A rotor with an outer diameter of 30.9 mm was placed in the cylinder. The layer
of the suspension was illuminated by laser diode light at a wavelength of 840 nm. The
backscattered light was detected by a photodiode, and the backscattered light’s intensity
was recorded as a function of time.
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backscattered light was detected by a photodiode, and the backscattered light’s intensity 
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Figure 5. Experimental set up.

The measurement was carried out for one hour. During this time, the rotor was
operated in cycles of 2 min of rotation and 2 min of rest. Figure 6 shows the light intensity
of the backscattered light for the first cycle for RBCs suspended in dextran. During the
first part of the cycle, the intensity remained constant. Due to the rotor operation, the
RBC suspension was subjected to a shear stress at a shear rate of 165 s−1. During the first
part of the cycle, red blood cells were completely disaggregated and deformed through
elongation. Stopping the rotor first caused the light intensity to increase rapidly and then
to slowly decrease. The rapid increase in light intensity reflects the return of the RBCs to
their original shape. The decrease in light intensity was the result of RBC aggregation. The
light intensity recorded in this last part of the cycle was recorded as a syllectogram. The
aggregation index AI = 100 × A/(A + B) was taken as a measurement of RBC aggregation,
where surfaces A and B are shown in Figure 6.
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Figure 6. Syllectogram of RBC aggregation in dextran.

The classical measurement of RBC aggregation was carried out on the basis of the
first rotor cycle. In this paper, we present a new approach to measuring RBC aggregation
by tracking this process during 15 rotor cycles. The procedure for measuring the time
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dependence of aggregation is shown in Figure 7. The first column in this figure shows
the light intensity recorded over 1 h, sequentially, for RBCs suspended in dextran, for
RBCs suspended in glucose solution, and for RBCs suspended in P188 solution. As can be
observed, the upper light intensity envelope was constant for RBCs suspended in dextran
and for RBCs suspended in P188 solution, while it changed with time for RBCs suspended
in glucose solution. For this reason, the light intensity in all cases was divided by the
intensity value corresponding to the upper envelope. In this way, the data presented in the
second column were obtained. Based on these data, the aggregation index was determined
for each syllectogram. This resulted in time-dependent aggregation index values. These
values are presented in the third column. The presented method makes it possible to
determine the aggregation index with a resolution of 4 min. An additional advantage of
this method is that, during the measurement, RBCs were incubated in the solution in which
they were suspended, and the effect of this incubation on aggregation could be recorded.
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Figure 7. Scheme of data analysis. Column (A) shows the intensity obtained from the measurement. Column (B) shows the
normalized intensity, and column (C) contains the values of the aggregation index over time. The first row represents RBCs
suspended in dextran, the second row represents RBCs suspended in glucose solution, and the last row represents RBCs
suspended in P188.
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Abstract: Diabetes mellitus influences several important hemorheological parameters including
blood viscosity, erythrocyte aggregation and deformability. In the present study, 159 type-2 diabetic
patients and 25 healthy controls were involved. Patient’s age, body weight, body mass index (BMI),
smoking habits, physical activity, history of cardiovascular diseases, current antidiabetic therapy and
concomitant medication were recorded. Patients were grouped according to their antidiabetic treat-
ment with insulin, or with one or more of the following antidiabetic drugs: metformin, sulfonylureas,
acarbose, or no antidiabetic therapy. Hemorheological measurements (hematocrit, erythrocyte aggre-
gation, plasma fibrinogen, whole blood and plasma viscosity), von Willebrand factor activity, and
platelet aggregation measurements were performed. Platelet aggregation was investigated with the
method of Born. Plasma viscosity and red blood cell aggregation were significatly higher in diabetes.
No significant difference was found in hemorheological parameters between different antidiabetic
regimens. Whole blood and plasma viscosity and red blood cell aggregation correlated with glucose
levels but not with HbA1C levels. In conclusion, plasma and whole blood viscosity, as well as red
blood cell aggregation appear to be associated with concurrent hyperglycemia, but not with the
quality of glycemic control or the applied antidiabetic treatment. Platelet aggregation induced by
ADP or epinephrine does not seem to be associated with diabetes even at subthreshold doses.

Keywords: hemorheology; viscosity; red blood cell aggregation; diabetes; insulin; metformin;
sulfonylureas

1. Introduction

Diabetes mellitus resulting in micro-and macrovascular complications is one of the
major risk factors for cardiovascular disease. Hemorheological alterations have been
associated with diabetes mellitus and diabetes related conditions as hyperglycemia, hyper-
insulinemia and insulin resistance [1–3]. Increased red blood cell aggregation in diabetic
patients has been described by several studies. Poor glycemic control was found to be an
important determinant of excessive erythrocyte aggregation. Our previous results showed
significant elevation in red blood cell aggregability in patients with abnormal glucose
tolerance in oral glucose tolerance tests during hyperglycemia [4]. Significantly higher
whole blood viscosity has been found in patients with diabetes by several researchers [5].
Elevated blood viscosity plays an important role in diabetic microangiopathy by adversely
affecting microcirculation [6].

Both type-1 and type-2 diabetes are characterized by diabetic thrombocytopathy. Hy-
perglycemia, insulin resistance or deficiency, cellular abnormalities as increased generation
of thrombin and thromboxane A2, accelerated platelet turnover and associated metabolic
conditions as obesity, dyslipidemia and inflammation have been identified as mechanisms
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of platelet dysfunction [7]. Platelet abnormalities in diabetes include reduced membrane
fluidity, altered platelet shape, secretion and aggregation, increased formation of platelet-
derived microparticles, increased expression of surface receptors and adhesion molecules
as well as increased platelet-dependent activation of coagulation [8].

Compared to the large amount of data concerning the hemorheological consequences
of diabetes, studies on the effects of antidiabetic drugs on these parameters are much
less abundant.

Sulfonylureas are insulin secretagogues that stimulate insulin release from pancreatic
beta cells. Early filterability studies did not show different effect on blood filterabil-
ity from various kinds of sulfonylureas and insulin [9]. An inhibitory effect of certain
sulfonylureas on platelet aggregation has been described by a number of authors. Gli-
clazide, glibenclamide, glyburide and to a lesser extent glimepiride were suggested to have
platelet aggregation inhibitory properties [8,10]. On the other hand, a study by Larkins
et al. reported no significant effect of gliclazide on platelet function in insulin-treated and
non-insulin-treated diabetic patients [11]. A novel investigation of two population-based
cohorts found decreased mean platelet volume (MPV), a cell trait partially associated with
markers of platelet activity in sulfonylurea treated patients [12].

Metformin is the most prescribed drug for type 2 diabetes mellitus (T2DM) treatment.
Studies investigating hemorheological properties in metformin treatment are scarce and
limited in sample size. Metformin has been found to improve endothelial function [13].
Schiapaccassa et al. reported no effect of metformin treatment on blood viscosity [14].
A number of studies found that metformin affected platelet activation [15] and aggrega-
tion [16]. Metformin has been reported to decrease mean platelet volume (MPV) [12,17].
However, it was suggested that these effects were caused by improved glycemic control
rather than any specific effect of metformin.

Acarbose, an α- glucosidase inhibitor is not widely used nowadays due to its relatively
modest impact and the potential for significant gastrointestinal adverse effects, diarrhea
and flatulence. Very limited research data is available on possible hemorheological or
microcirculatory effects of acarbose therapy. In a study by Shimbakuro et al. postprandial
endothelial dysfunction defined by peak forearm blood flow response and total reactive
hyperemic flow was improved by a prior use of acarbose [18].

The first investigations on the hemorheological effects of insulin were performed in the
70ies and the 80ies, however, most of these studies had a limited sample size and used vary-
ing methodologies. Results concerning the effect of insulin on hemorheological parameters
remained contradictory [9]. Insulin therapy reduced erythrocyte aggregation in gestational
diabetes [19]. In a study by Jennings et al. the effect of intensified dietary measures and
subsequent insulin therapy upon haemorheological measures was studied in Type 2 dia-
betic patients. Increased levels of the platelet release proteins beta-thromboglobulin and
platelet factor 4 but no hemorheological changes were found [20].

2. Results

Diabetic patients had a significantly higher BMI than controls. They were 8 years
older on average, and exercised less (Table 1). They had higher glucose and lower HDL
cholesterol levels than controls. Red blood cell aggregation and von Willebrand factor
activity were significantly higher in the diabetic group. Plasma viscosity was significantly
higher in diabetic patients. The difference in whole blood viscosity and in fibrinogen
levels between diabetic patients and healthy controls was not statistically significant.
Glucose levels, but not HbA1c levels, were correlated with plasma viscosity (p < 0.01),
whole blood viscosity (p < 0.05), red blood cell aggregation (M: p < 0.05, M1: p < 0.001),
and von Willebrand factor activity (p < 0.05). In the subgroup of diabetic patients who
were not treated with antiplatelet agents, while there was a trend towards higher platelet
aggregability compared to controls, the difference was significant only with the lowest
applied doses of collagen inducer (Table 2).
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The examined hemorheological parameters of insulin-treated patients did not differ
significantly from those of patients treated with oral antidiabetic drugs. Insulin-treated
patients had higher blood glucose, fructosamine, HbA1c, and CRP levels compared to
patients treated with oral antidiabetic drugs (Table 3).

Platelet aggregation was higher in insulin-treated patients, compared to patients
treated with oral antidiabetic drugs who were not receiving any antiplatelet therapy, in
cases when low doses of collagen inducer were applied (Table 4).

We found no significant differences in hemorheological parameters (Figure 1), von
Willebrand factor activity, or lipid and glycemic parameters between patients treated with
different antidiabetic therapy (Table 5).

Table 1. Hemorheological and selected other parameters in diabetic patients and non-diabetic controls. NS: not significant.

Variables Diabetic Patients (n = 159) Healthy Controls (n = 25) p

Body weight (kg) 83 (75–95) 72 (63–92) p < 0.05
BMI (kg/m2) 29.4 (26.1–32.9) 24.9 (21.8–29.3) p < 0.001

Physical activity/week 1 (1–2) 3 (2–3.5) p < 0.001
Glucose (mmol/L) 8.0 (6.7–11.3) 4.7 (4.4–4.9) p < 0.001

Triglyceride (mmol/L) 1.90 (1.30–2.82) 0.94 (0.70–1.29) p < 0.001
Total cholesterol (mmol/L) 4.99 (4.31–5.71) 4.91 (4.37–5.45) NS
HDL cholesterol (mmol/L) 1.12 (0.96–1.37) 1.37 (1.17–1.69) p < 0.001

Uric acid (µmol/L) 288 (234–342) 279 (242–341) NS
CRP (mg/L) 3.55 (1.6–6.1) 1.95 (1.0–3.43) p < 0.001

Hematocrit (%) 40.8 (38.7–43.3) 41.5 (38.9–44.8) NS
Platelet count (G/L) 240 (189–280) 260 (206–325) NS

Whole blood viscosity (mPAS) 4.74 (4.22–5.21) 4.5 (4.13–4.94) NS
Plasma viscosity (mPAS) 1.33 (1.28–1.40) 1.28 (1.24–1.3) p < 0.001

Erythrocyte aggregation index M 11.35 (9.48–13.3) 8.05 (7.15–10.73) p < 0.01
Erythrocyte aggregation index M1 24.13 (21.86–26.21) 19.95 (16.95–21.73) p < 0.001

Fibrinogen (g/L) 3.44 (3.03–3.94) 3.27 (2.93–3.65) NS
vWf activity 138 (98–182) 102 (75–117) p < 0.01

Table 2. Platelet aggregation induced with different doses of ADP, collagen and epinephrine in diabetic patients who were
not under antiplatelet therapy and in non-diabetic controls. NS: not significant.

Inducer Concentrations Diabetic Patients (n = 45) Control Group (n = 25) p (Mann-Whitney)

ADP 10 µM 79 (69–84) 79 (69–89) NS
ADP 5 µM 78 (64–82) 76 (62–86) NS

ADP 2.5 µM 68 (58–76) 67 (82–80) NS
ADP 1 µM 57 (16–77) 37 (14–72) NS

ADP 0.5 µM 12 (4–62) 11 (2–64) NS
Collagen 2 µg/mL 75 (67–81) 78 (69–89) NS
Collagen 1 µg/mL 68 (60–74) 70 (35–77) NS

Collagen 0.5 µg/mL 66 (44–75) 21 (2–76) NS
Collagen 0.2 µg/mL 58 (6–70) 2 (0–53) p < 0.01
Epinephrine 10 µM 81 (68–89) 85 (64–92) NS
Epinephrine 5 µM 71 (55–77) 71 (43–79) NS

Epinephrine 2.5 µM 68 (39–83) 68 (13–73) NS
Epinephrine 1 µM 65 (29–77) 60 (5–70) NS

Spont. aggr 4 (1–19) 2 (0–4) NS
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Table 3. Hemorheological and other parameters in diabetic patients who were either on insulin, or on oral antidiabetic
treatment. NS: not significant.

Variables Insulin Therapy (n = 33) Oral Antidiabetic Therapy (n = 124) p (Mann-Whitney)

Age (years) 59 (50.5–67) 60.5 (54–68) NS
Sex 61% male 52% male NS (Chi Square Test)

Body weight (kg) 85 (78–94) 82 (73–95) NS
BMI (kg/m2) 30.4 (27.2–33.1) 29.3 (25.9–32.9) NS

Physical activity/week 1.5 (1–2.25) 1 (1–2) NS
Glucose (mmol/L) 11.1 (7.7–13.4) 7.7 (6.5–9.6) p < 0.001

HbA1c (%) 7.89 (6.65–8.74) 6.56 (5.91–7.57) p = 0.001
Triglyceride (mmol/L) 1.76 (1.19–2.30) 1.90 (1.41–2.86) NS

Total cholesterol (mmol/L) 5.11 (4.61–5.89) 4.98 (4.26–5.68) NS
HDL cholesterol (mmol/L) 1.14 (1.03–1.54) 1.10 (0.92–1.30) NS

Uric acid (µmol/L) 297 (240–338) 286 (234–350) NS
CRP (mg/L) 5.0 (3.0–8.1) 3.0 (1.3–6.0) p < 0.01

Hematocrit (%) 41.5 (40.0–44.2) 40.8 (38.6–43.1) NS
Platelet (G/L) 244 (192–283) 235 (189–279) NS

Whole blood viscosity (mPAS) 4.8 (4.36–5.39) 4.72 (4.29–5.21) NS
Plasma viscosity (mPAS) 1.35 (1.28–1.44) 1.33 (1.28–1.39) NS

Erythrocyte aggregation index M 10.7 (9.5–12.7) 11.5 (9.5–13.6) NS
Erythrocyte aggregation index M1 24.7 (20.0–25.6) 24.0 (22.0–26.7) NS

Fibrinogen (g/L) 3.58 (3.16–4.25) 3.40 (2.96–3.83) NS
vWf activity 138 (119–200) 138 (87–178) NS

Table 4. Platelet aggregation in diabetic patients who were not under antiplatelet therapy and were treated either with
insulin or with oral antidiabetic medicines. NS: not significant.

Inducer Concentrations Insulin Therapy (n = 15) Oral Antidiabetic Therapy (n = 31) p (Mann-Whitney)

ADP 10 µM 79 (70–85) 78 (68–84) NS
ADP 5 µM 80 (72–84) 76 (63–82) NS

ADP 2.5 µM 72 (59–76) 66 (51–76) NS
ADP 1 µM 67 (40–77) 36 (14–70) NS

ADP 0.5 µM 10 (6–59) 13 (4–65) NS
Collagen 2 µg/mL 71 (66–79) 76 (68–83) NS
Collagen 1 µg/mL 75 (66–82) 66 (52–72) p < 0.05

Collagen 0.5 µg/mL 72 (59–76) 66 (31–71) NS
Collagen 0.2 µg/mL 65 (45–78) 14 (3–65) p < 0.05
Epinephrine 10 µM 76 (68–88) 84 (77–90) NS
Epinephrine 5 µM 74 (69–78) 70 (32–76) NS

Epinephrine 2.5 µM 83 (68–84) 66 (13–76) NS
Epinephrine 1 µM 70 (65–80) 65 (9–76) NS

Spont. aggr 6 (1–42) 4 (1–17) NS

Table 5. Selected hemorheological, laboratory, and clinical parameters of patients treated with different oral antidiabetic regimens.

Variables
Metformin

n = 16
Sulfonylureas

n = 41
Acarbose

n = 15

Combined Oral
Antidiabetic Therapy

n = 42

No Antidiabetic Therapy
n = 12

Whole blood viscosity (mPAS) 4.75 (4.44–5.26) 4.80 (4.29–5.28) 4.56 (4.15–5.11) 4.67 (4.27–5.08) 4.48 (4.10 –5.58)
Plasma viscosity (mPAS) 1.35 (1.28–1.40) 1.34 (1.29–1.44) 1.31 (1.27–1.35) 1.34 (1.27–1.42) 1.26 (1.24–1.38)

Aggregation index M 11.8 (9.3–14.1) 10.4 (8.8–12.9) 11.6 (9.8–14.9) 11.5 (9.0–13.6) 12.9 (10.1–14.9)
Aggregation index M1 25.5 (22.9–27.7) 23.8 (22.6–26.2) 25.8 (19.2–27.3) 23.9 (20.8–25.5) 25.0 (23.0–29.7)

Plasma fibrinogen (g/L) 3.51 (2.96–3.74) 3.48 (3.05–4.06) 3.42 (3.01–3.61) 3.40 (2.89–3.85) 3.53 (3.06–3.78)
Triglyceride (mmol/L) 2.15 (1.37–3.08) 2.09 (1.24–3.01) 1.84 (1.46–2.57) 1.90 (1.43–2.87) 2.04 (1.51–3.94)
Cholesterol (mmol/L) 4.72 (4.19–5.26) 5.19 (4.42–5.72) 4.78 (4.16–5.74) 4.80 (3.96–5.62) 4.48 (4.04–6.03)

HDL cholesterol (mmol/L) 1.18 (1.06–1.31) 1.05 (0.88–1.44) 1.07 (0.98–1.45) 1.07 (0.88–1–24) 1.15 (1.02–1.52)
vWf activity 115 (35–171) 132 (118–185) 141 (78–240) 129 (88–177) 118 (36–156)

Glucose (mmol/L) 8.04 (5.6–9.3) 7.7 (6.8–10.0) 6.5 (5.9–8.2) 7.9 (6.7–11.8) 6.8 (6.4–8.3)
HbA1c (%) 6.7 (5.08–7.3) 6.5 (6.1–7.2) 6.03 (5.6–8.1) 6.6 (6.1–8.0) 7.9 (6.6–8.7)
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Table 5. Cont.

Variables
Metformin

n = 16
Sulfonylureas

n = 41
Acarbose

n = 15

Combined Oral
Antidiabetic Therapy

n = 42

No Antidiabetic Therapy
n = 12

Hematocrit (%) 40.8 (39.7–44.0) 41.7 (38.6–43.1) 40.3 (38.2–45.6) 40.2 (38.0–41.7) 42.5 (38.3–45.9)
Body weight (kg) 75 (70–92) 80 (75–94) 77 (64–92) 87 (77–105) 75 (63–94)

BMI (kg/m2) 27.1 (25.2–31.7) 29.4 (26.0–32.5) 27.6 (25.1–30.1) 30.5 (27.5–35.8) 27.7 (23.9–32.8)
Previous diseases (%)

Hypertension 87 92 83 90 100
Myocardial infarction 18 22 21 12 0

Angina pectoris 43 35 35 46 27
Stroke 56 32 14 37 54

Transient ischemic attack 31 12 28 23 18
Peripheral artery disease 6 7 0 7 0

Carotid stenosis 0 2 0 0 0
Venous thromboembolism 0 2 0 0 18

Average of years since diagnosis
of diabetes 11 7 2 10 5

 

Figure 1. Red blood cell aggregation in patients with different antidiabetic regimens and in healthy controls (Boxplots:
median, IQR and 5–95 percentiles; circle: outliers; parentheses show significant difference among groups according to
Kruskal-Wallis test, p < 0.05). M mode: aggregation at stasis, M1 mode: aggregation at low shear.

3. Discussion

Similar to results commonly found in earlier studies, we found higher plasma viscosity
and red blood cell aggregation in diabetic patients compared to healthy controls [5,21].
Whole blood viscosity is mainly determined by hematocrit, plasma viscosity, erythrocyte
aggregation and red blood cell deformability [5], which was reflected in correlations be-
tween these parameters in the present study. On the other hand, we did not find a clear
difference in whole blood viscosity between diabetic patients and healthy controls, unlike
several pioneer researchers of hemorheology in earlier decades [5]. This might be associ-
ated with basic changes in the therapy of diabetes and concomitant vascular diseases when
compared to the 70ies, such as the use of statins and the much wider use of antiplatelet
agents. Fibrinogen is an acute phase reactant and independent cardiovascular risk factor.
Although fibrinogen has been found to be elevated in type-2 diabetic patients in several
studies [22–26], in our present study we did not find a significant difference in fibrinogen
levels between diabetic patients and controls, despite the presence of several other aggra-
vating factors in the diabetic group, such as higher age, a higher percentage of vascular
diseases, and higher body weight and BMI. Concomitant lipid-lowering therapies may
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influence fibrinogen levels in diabetic patients, as both statin and fibrate monotherapies
have been found to decrease fibrinogen levels [27].

De Silva et al. found that patients treated with sulfonylureas had higher fibrinogen
concentration than patients who were treated with insulin, biguanides, or sulfonylurea
plus biguanides [28]. Contrary to these results, no significant difference in fibrinogen levels
was found between different antidiabetic regimens in the present study.

High platelet reactivity in diabetes has been described in several studies. Platelets
in diabetic patients were reported to undergo rapid consumption due to hyperreactivity
even to subthreshold stimuli [29]. While chronic hyperglycemia has been associated with
in vivo platelet activation and platelet hyperreactivity, tight metabolic control has been
found to reduce urinary thromboxane metabolites. Increased levels of von Willebrand
factor in the circulatory system seem to correlate with an increase in platelet activation
in diabetes [30]. In our study, we applied such subthreshold doses of inducers, however,
a significant difference in platelet aggregation between diabetic and healthy people was
seen only with the lowest applied dose of collagen. In a recent study performed with
light aggregometry, partially similar to our results, platelet aggregation induced by ADP,
collagen, or epinephrine did not appear to be consistently associated with diabetes [12].

4. Materials and Methods

4.1. Patients and Methods

A total of 159 type-2 diabetic patients (83 females, 76 males, mean age: 60 ± 10 years)
and 25 healthy controls (15 females, 10 males, mean age: 52 ± 12 years) were involved in
this study. Patient’s age, body weight, BMI, smoking habits, physical activity, case history
of cardiovascular diseases, family history of diabetes and cardiovascular diseases, current
antidiabetic therapy, and concomitant medication were recorded. Physical activity/week
was assessed by self-report. Hours spent engaging in exercise at least equivalent in intensity
to vigorous walking were recorded. Patients were either treated with insulin or with one
or more of the following antidiabetic drugs: metformin, sulfonylureas, acarbose. A total
of 12 diabetic patients were involved, who were not treated with any antidiabetic drugs.
Patients who were treated both with insulin and with oral antidiabetic drugs were excluded
from the study.

4.2. Hemorheological Measurements

Hematocrit, erythrocyte aggregation, and von Willebrand factor measurements were
performed at room temperature (22 ± 1 ◦C). Whole blood viscosity, plasma viscosity,
and platelet aggregation measurements were performed at 37 ◦C within two hours after
venipuncture. Plasma fibrinogen levels were measured by the Clauss method.

4.2.1. Plasma and Whole Blood Viscosity

Venous blood was collected into lithium-heparin coated Vacutainer tubes. Plasma and
whole blood viscosity were measured in a Hevimet 40 capillary viscosimeter (Hemorex
Ltd., Budapest, Hungary). Samples were centrifugated at 1500× g for ten minutes to obtain
plasma. A 1.0 mL sample was injected into the capillary tube of the viscosimeter. The flow
of the fluid was detected optoelectronically. Shear rate and shear stress were calculated
from the flow curve. Viscosity was calculated as a function of these parameters, according
to Casson’s principle. Whole blood viscosity values, calculated at 90 s−1 shear rate, were
used for the presentation of results.

4.2.2. RBC Aggregation

Venous blood samples were collected into lithium-heparin coated Vacutainer tubes. RBC
aggregation was assessed in a Myrenne aggregometer (MA-1 Aggregometer, Myrenne GmbH,
Roetgen, Germany), according to the light transmission method of Schmid-Schonbein et al.
To assess M and M1 mode aggregation, 30 µL of blood was first sheared at 600 s−1 in order
to disperse pre-existing aggregates. M mode was detected by decreasing the shear rate
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rapidly to zero. In the case of M1 mode, low shear rate was achieved. The aggregation
indices, M and M1, were calculated from the surface area below the light-intensity curve,
in a 10 s measurement period.

4.2.3. Hematocrit

Venous blood was collected into lithium-heparin coated Vacutainer tubes. Samples
were centrifugated in hematocrit capillaries at 12,000 rpm for five minutes, in a microhema-
tocrit centrifuge (Hemofuge, Heraeus Instr., Hanau, Germany).

4.3. Measurement of von Willebrand Factor

Von Willebrand factor (vWf) activity was assessed by quantitative direct-enzyme
immunoassay (Shield Diagnostics Ltd., Dundee, UK). The wells of microtiter strips were
coated with a preparation of a purified monoclonal antibody that binds to a functional
epitope of the vWf antigen. Plasma was added, and vWf bound to the plates. After further
incubation and washing, a third layer was introduced that was comprised of a horseradish-
peroxidase-labelled mouse anti-human monoclonal anti-vWf conjugate to vWf. After a
washing step, a substrate solution was added to trace the specifically bound antibody. A
stop solution terminated the reaction. The amount of conjugate bound was measured in
absorbance units. A dose-response curve was prepared from a calibrator set, according to
the 4th International Standard. Activity of vWf was estimated by interpolation.

4.4. Measurement of Platelet Aggregability

Blood samples were collected into sodium-citrate coated Vacutainer tubes between
8 a.m. and 10 a.m., after an overnight fast. Platelet-rich plasma (PRP) was obtained by
centrifugation at 150× g for 10 min. PRP was carefully removed. Platelet-poor plasma
(PPP) was prepared by further centrifugation of the remaining samples at 2500× g for
10 min. Platelet aggregation was measured according to Born’s method in a 4-channel
optical aggregometer (Carat TX-4, Carat Diagnostics Ltd., Budapest, Hungary), at 37 ◦C,
within two hours after vein puncture. Platelet aggregation was evaluated considering the
maximal percentage of platelet aggregation in response to 0.5, 1, 2.5, 5, and 10 µM ADP; 0.2,
0.5, 1, and 2 µg/mL collagen; and 1, 2.5, 5, and 10 µM epinephrine inducers. Spontaneous
aggregation was also assessed. In the diabetic group, platelet aggregability was investigated
only in a subgroup of those patients who were not under antiplatelet therapy (55 patients,
24 males, 31 females). None of the control patients were on antiplatelet therapy.

4.5. Statistical Analysis

The Kolmogorov–Smirnov test was used to investigate normal distribution of param-
eters. As the results showed mostly non-normal distribution, nonparametric tests were
used. Variables were presented as median (interquartile range) or mean ± SD. The Mann–
Whitney U test was used to detect differences between diabetic patients and controls, as
well as patients taking oral antidiabetic drugs or insulin. The Kruskall-Wallis test was used
to test hemorheological and blood-chemistry parameters between different regimens of
oral antidiabetic treatments. A p value < 0.05 was considered statistically significant. Rela-
tionships between dichotomic variables were tested with the Chi-square test. Spearman’s
correlation was used between hemorheological parameters, von Willebrand factor activity,
and glucose and HbA1c levels.
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Abstract: Hypercholesterolemia plays an important role in the development of atherosclerosis,
leading to endothelial dysfunction, ischemic events, and increased mortality. Numerous studies
suggest the pivotal role of rheological factors in the pathology of atherosclerosis. To get a more
detailed hematological and hemorheological profile in hypercholesterolemia, we carried out an
experiment on rabbits. Animals were divided into two groups: the control group (Control) was
kept on normal rabbit chow, the high-cholesterol diet group (HC) was fed with special increased
cholesterol-containing food. Hematological parameters (Sysmex K-4500 automate), whole blood and
plasma viscosity (Hevimet-40 capillary viscometer), red blood cell (RBC) aggregation (Myrenne MA-1
aggregometer), deformability and mechanical stability (LoRRca MaxSis Osmoscan ektacytometer)
were tested. The white blood cell and platelet count, mean corpuscular volume, and mean corpuscular
hemoglobin were significantly higher in the HC group, while the RBC count, hemoglobin, and
hematocrit values were lower than the Control data. Viscosity values corrected to 40% hematocrit
were higher in the HC group. The RBC aggregation significantly increased in the HC vs. the Control.
The HC group showed significantly worse results both in RBCs’ deformability and membrane stability.
In conclusion, the atherogenic diet worsens the hematological and macro- and micro-rheological
parameters, affecting blood flow properties and microcirculation.

Keywords: hypercholesterolemia; rabbit model; hemorheology; atherosclerosis

1. Introduction

Atherosclerosis is a generalized disease of the arterial wall, characterized by thicken-
ing of the intimal layer and accumulation of fat, partly caused by hyperlipidemia (high
concentration of lipids and/or lipoproteins) and lipid oxidation (as low-density lipoprotein
[LDL] oxidation) [1]. An increasing number of international multi-center studies (Edin-
burgh Artery Study, Puerto Rico Study, Caerphilly and Speedwell Study, Northwick Park
Heart Study) have shown that the development of atherosclerosis and thrombotic predis-
position is associated with changes in hemorheological factors [2–5]. There are several
mechanisms by which hemorheological factors can promote atherogenesis. These include
the hypercoagulability, which predisposes to thrombosis, the decreased blood flow due to
rheological changes, and the increased concentration of fibrinogen and its metabolites [6,7].

The rabbit is a widely used animal model for the study of human metabolic dis-
eases [8]. The lipid metabolism of rabbits makes these animals particularly suitable for the
study of the pathophysiology of lipoprotein metabolism, atherosclerosis, and metabolic
syndromes [9–12]. Furthermore, this species’ cardiac physiology (actin-myosin structure,
ion channel characteristics) [13,14] is comparable to humans, defining the rabbit as an
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ideal model to study heart diseases as cardiac arrhythmia, myocardial infarction, heart
failure, ischemic heart disease. A considerable number of articles have presented data
about atherosclerotic rabbits [10,11], but the number of papers presenting detailed hema-
tological and hemorheological data of healthy [15,16] and atherosclerotic [17] rabbits is
relatively few.

The aim of our research was to evaluate how the atherogenic diet affects hemato-
logical, macro-rheological (whole blood cell and plasma viscosity) and micro-rheological
(erythrocytes’ aggregation, deformability, and mechanical membrane stability) parameters
in a rabbit model of cardiovascular disease.

2. Results

2.1. Bodyweight Changes

The bodyweight of the animals before starting the follow-up period with diet was
2898 ± 111 g in the Control and 2923 ± 133 g in the HC group. At the time of the blood
sampling the weight of Control group animals was 3087 ± 56 g (p = 0.004 vs. base), and
4131 ± 61 g in the HC group (p = 0.002 vs. base, p < 0.001 vs. Control).

2.2. Hematological Parameters

Table 1 summarizes the hematological results. The white blood cell count, the mean
corpuscular volume and platelet count were significantly higher in the HC group than in
the Control group. Mean corpuscular hemoglobin did not differ significantly. The red blood
cell count, the hemoglobin value and the mean corpuscular hemoglobin concentration
significantly decreased in HC group versus to the Control group.

Table 1. Hematology parameters in the Control and the atherogenic groups (HC). Means ± SEM.

Hematological
Parameter

Control
(n = 6)

HC
(n = 6)

p Value
vs. Control

White blood cell count [×109/L] 8.375 ± 0.270 23.59 ± 4.762 0.0042
Red blood cell count [×1012/L] 6.863 ± 0.125 3.758 ± 0.245 <0.0001

Hemoglobin [g/dL] 15.25 ± 0.272 8.392 ± 0.558 <0.0001
Hematocrit [%] 46.37 ± 0.929 29.38 ± 1.729 <0.0001

Mean corpuscular volume [fL] 67.58 ± 0.472 78.88 ± 2.426 0.0001
Mean corpuscular hemoglobin [pg] 22.22 ± 0.258 22.50 ± 0.757 n.s.

Mean corpuscular hemoglobin
concentration [g/L] 32.90 ± 0.270 28.82 ± 1.270 0.0047

Platelet count [×109/L] 254.8 ± 27.54 481.5 ± 38.73 <0.0001

2.3. Hemorheological Parameters

2.3.1. Whole Blood and Plasma Viscosity

The whole blood viscosity values corrected to 40% hematocrit were significantly
increased vs. the Control group’s data (p = 0.0051). In the plasma viscosity no considerable
changes were detected (Figure 1).

2.3.2. Red Blood Cell Aggregation

In the HC group all the aggregation index values increased. The changes were
significant at stasis (M 5 s: p < 0.001, M 10 s: p < 0.001) and at low shear rate (3 s−1, M1 10 s:
p = 0.0251) (Figure 2).

Figure 3 shows the changes in erythrocyte aggregation values determined by the
LoRRca device. The difference in aggregation index (AI [%]) values was highly significant
(p = 0.0003) between Control vs. HC groups. The amplitude values (Amp [au]) were lower
in the HC group than in the Control group (p < 0.0001). The t1/2 [s], which describes the
kinetics of RBC aggregation, in the HC group values presented a non-significant decrease
compared to the Control group.
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Figure 1. (A): whole blood viscosity corrected to 40% hematocrit (WBV [mPas]) and (B): plasma
viscosity (PV [mPas]) values in the Control and the atherogenic groups (HC). Means ± SEM; * p < 0.05
vs. Control.
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Figure 2. The red blood cell aggregation indices (A): M 5 s, (B): M1 5 s, (C): M 10 s, (D): M1 10 s [au])
measured by the Myrenne MA-1 aggregometer in the Control and the atherogenic group (HC). In M
mode (shear rate = 0 s−1) and M1 mode (shear rate = 3 s−1) the index values are expressed at the 5th
or at the 10th second of the aggregation. Means ± SEM; * p < 0.05 vs. Control.
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Figure 3. The red blood cell aggregation parameters measured by LoRRca rotational ectacytometer in the Control and
the atherogenic group (HC). (A): aggregation index (AI [%]), (B): amplitude (Amp [au]) of the aggregation syllectogram
(maximal-minimal intensity), (C): t1/2 [s] representing the aggregation time at half Amp. Means ± SEM; * p < 0.05 vs. Control.

2.3.3. Red Blood Cell Deformability

The deformability of red blood cells was impaired in the HC group. The elongation
index (EI)—shear stress (SS) curves showed remarkable differences, as the EI values of the
HC groups were significantly lower compared to the Control group (Figure 4).
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Figure 4. The red blood cell deformability describing elongation index (EI [au]) in the function of
shear stress (SS [Pa]) of the Control and the atherogenic groups (HC); Means ± SEM; * p < 0.05
vs. Control.

The calculated parameters from the individual EI-SS curves also expressed the differ-
ences. The EImax data were higher in the Control group and the differences were significant
versus the HC group. EI values at 3 Pa were significantly lower in the HC group. SS1/2
values were significantly increased in the HC group, while the EImax/SS1/2 ratio values of
the HC group were lower than in the Control animals (Table 2).

Table 2. The red blood cell deformability measurements in the Control and the atherogenic groups
(HC). EI at 3 Pa: elongation index at shear stress of 3 Pa, EImax: the maximal elongation index, SS1/2:
shear stress belonging to the half of EImax. Mean ± SEM.

Parameter Control HC p Value vs. Control

EI at 3Pa 0.591 ± 0.009 0.448 ± 0.051 <0.0001
EImax 0.397± 0.011 0.298 ± 0.043 <0.0001

SS1/2 [Pa] 1.544 ± 0.172 2.125 ± 0.633 0.0272
EImax/SS1/2 [Pa−1] 0.387 ± 0.044 0.228 ± 0.069 0.0007

2.3.4. Red Blood Cell Membrane (Mechanical) Stability

The EI-SS curves obtained before and after applied mechanical stress (100 Pa for 300 s)
on the samples presented remarkable changes. Firstly, as the conventional deformability
tests showed (see above), the HC group presented significantly lower EI values versus the
Control with lower EImax and higher SS1/2 values. Secondly, after the mechanical stress,
the decrease in EI values was more expressed in the HC group. The decrease in EI and
EImax values, as well as the increase in SS1/2 values, were significant, compared to the
Control group (Figure 5A,B, Table 3).
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Figure 5. Elongation index (EI [au])—shear stress (SS [Pa]) curves in the mechanical stability test: before and after applying
mechanical stress (100 Pa for 300 s) on the samples of the Control (A) and the atherogenic (HC) group (B). Means ± SEM;
* p < 0.05 vs. before mechanical stress; # p < 0.05 vs. Control.

Table 3. Comparative parameters of red blood cell membrane stability test before and after applying
the mechanical stress (100 Pa for 300 s). EI at 3 Pa: elongation index at shear stress of 3 Pa, EImax:
maximal elongation index, SS1/2: shear stress belonging to the half of EImax. Mean ± SEM.

Parameter Test Control HC
p Value vs. Control,

or vs. before
(* Control, # HC)

EI at 3Pa
before (B) 0.392 ± 0.002 0.318 ± 0.015 0.002
after (A) 0.360 ± 0.008 * 0.235 ± 0.019 # 0.0015; * 0.002; # 0.006

ratio (A/B) 0.919 ± 0.019 0.734 ± 0.038 <0.0001

EImax

before (B) 0.592 ± 0.003 0.461 ± 0.017 <0.0001
after (A) 0.595 ± 0.004 0.458 ± 0.011 <0.0001

ratio (A/B) 1.005 ± 0.007 0.999 ± 0.033 ns

SS 1
2

[Pa]
before (B) 1.690 ± 0.081 1.977 ± 0.227 ns
after (A) 1.960 ± 0.149 4.540 ± 0.875 # 0.009; # 0.018

ratio (A/B) 1.169 ± 0.089 2.228 ± 0.280 0.001

EImax/SS1/2
[Pa−1]

before (B) 0.355 ± 0.021 0.249 ± 0.028 0.012
after (A) 0.311 ± 0.019 0.124 ± 0.025 # 0.0318; # 0.002

ratio (A/B) 0.883 ± 0.062 0.484 ± 0.062 <0.0001

3. Discussion

The hypercholesterolemic rabbit model is a preferred model to study human atheroscle-
rosis and lipoprotein metabolism [18,19]. It is well-known that rabbits are sensitive to
dietary cholesterol and rapidly develop severe hypercholesterolemia which drives aortic
atherosclerosis. The hepatic LDL receptors in both humans and rabbits are down-regulated
according to the level of cholesterol uptake in the liver. Very-low-density lipoprotein
(VLDL) receptors are highly expressed in macrophages, this is also a similarity between
rabbits and humans [11]. The larger arteries compared to the small rodent models allow the
clinical evaluation: using MRI and ultrasound (echocardiography), morphological (plaque
composition and structure) and functional changes (systolic, diastolic dysfunction) can
be detected [18,19]. The atherosclerotic rabbit model is considered suitable to investigate
numerous human diseases, however, it presents several limitations: e.g., the laboratory rab-
bits do not develop spontaneous atherosclerosis on a standard diet, because they have low
cholesterol levels. The severe pathological changes, such as worsened ejection fraction and
general deterioration of cardiac functions, with increased atherosclerotic plaque formation,
infarct size, and increased mortality, develop only in rabbits receiving high cholesterol diets
for a long period of time [20]. When feeding the rabbits with high-cholesterol-containing
food, aortic lesions can develop, first in the aortic arch and then in the thoracic aorta. The
abdominal aortic lesions, characteristic for humans, appear only when the whole aortic
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lesions are severe. Coronary atherosclerosis is also observed in cholesterol-fed rabbits (with
predilection in the left arterial trunks). Another disadvantage is that the advanced lesion
as fibrosis, hemorrhage, ulceration, or aortic aneurysms are not seen; the rabbits’ plaque is
characterized by foam cells with a fatty streak and they are rich in macrophages [11,18].
The so-called advanced lesions can develop following prolonged cholesterol feeding, but
due to low hepatic lipase activity, this leads to increased hepatotoxicity [18].

In our study the used rabbit model was characterized by significant morphological,
functional, and serological alterations. The area of the left atrium was enlarged; the weight
of the left ventricle and relative wall thickness was increased. During the histological
analysis, a foamy atherosclerotic plaque was observed on aortic sections, while in my-
ocardial tissue interstitial fibrosis was determined. Symptoms of diastolic dysfunction
were detected too. The serum lipid parameters, the atherogenic index, and ApoB/ApoA
ratio were increased significantly in rabbits fed with additional 1% cholesterol and 1%
saturated fat [19]. However, the limitations of the study include the low case number and
the inter-species differences as mentioned above.

The atherogenic diet has affected numerous hematological parameters in our study.
The red blood cell and the hemoglobin count were considerably decreased. This alteration
was reported in experimental rabbits with high total cholesterol and increased LDL lev-
els [21]. The low RBC and hemoglobin can appear even after 6 weeks of the experiment
in rabbits, together with MCV, MCH, and MCHC changes [22,23]. In our investigation,
in the HC group, the significantly increased MCV, unchanged MCH, and significantly
decreased MCHC count show the signs of macrocytic hypochromic regenerative anemia.
Anemia causes hypoxia due to decreased hemoglobin level, and there are several hemody-
namic and non-hemodynamic compensatory mechanisms. The clinical and hemodynamic
changes as a result of acute anemia are reversible, but chronic anemia drives progressive
cardiac enlargement and left ventricular hypertrophy [24–26]. This cardiac alteration was
detected in our rabbits, too [19]. The elevated MCV can be associated with the severity of
atherosclerotic alterations and deficiency of vitamins related to atherosclerotic diseases as
well [27].

Hypercholesterolemia stimulates platelet biogenesis through megakaryopoiesis, and
leukocytosis by myelopoiesis, and increases platelet activation, by promoting platelet pro-
duction and by direct impact on platelets [28–31]. The increased cholesterol level enhances
the hyperaggregability of thrombocytes, too. Activated platelets can form aggregates with
neutrophils and monocytes, and the subsequent crosstalk between platelets and leuko-
cytes also plays an important role in the production of inflammatory cytokine, in the
biosynthesis of leukotrienes and reactive oxygen species (ROS) [28]. The ROS can induce
the production of inflammatory mediators such as C-reactive protein (CRP), which can
activate the pro-thrombotic factors and platelets [32,33]. In our experimental animals, we
detected significantly increased white blood cell and platelet count and CRP level [19].
These markers have shown the inflammatory character of atherosclerosis.

The high cholesterol level has direct effects on blood flow; this includes the growth of
atherosclerotic plaques in the arterial system, reducing the lumen of coronary arteries, caus-
ing endothelial inflammation, and impaired endothelium-dependent vasorelaxation [34].
All together, these lead to an impairment of myocardial circulation and tissue perfusion [35].
Indirect effects of hypercholesterolemia involve blood rheology: a high level of cholesterol
may increase whole blood viscosity by promoting the elevation of white blood cell and
platelet count [29,36].

Remarkable changes in red blood cell aggregation using light-transmittance and
syllectometry methods were observed. With light-transmittance, we detected that the HC
group has significantly increased aggregation index values in each measuring mode (M
and M1). Using the syllectometry method, in the HC group an increased aggregation
index was accompanied by decreased aggregation amplitude, with unchanged time values.
A similar tendency in aggregation index and syllectogram amplitude was reported in
a clinical trial, performed with the same measuring method, on obese diabetic patients
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with hypercholesterolemia [37,38]. This study revealed that the total cholesterol level is
correlated positively with the RBC aggregation index and negatively with aggregation
half-time.

Red blood cell aggregation under low shear conditions is the main cause of increased
blood viscosity [39–42]. The blood flow resistance during aggregation may decrease due
to a reduced hematocrit but can increase at the same time by redistribution of red blood
cells. Diminished blood flow can be caused by adhesion reactions between the blood
cells and the endothelium of capillaries, such as the adhesion of white blood cells during
inflammatory processes. Narrowing of the vessels due to atherosclerotic plaque can also
adversely affect and increase cellular adhesion and flow resistance [43–45]. The increased
aggregation can stimulate the axial migration of red blood cells which promotes plasma
skimming. In this environment, a lower tissue hematocrit may cause decreased local
viscosity at the marginal zone of blood vessels and could reduce the frictional resistance
with the endothelium [46–49]. The axial migration promotes the phenomenon called
margination described in white blood cells and platelets. The rigid RBC increases platelet
marginalization which increases the tendency for thrombosis. Munn and Dupin [47]
showed that the rouleaux formation of aggregating RBC is a more productive way to push
the WBC to the vascular wall compared to a loosely associated group of cells. The WBC
margination depends on the flow properties, axial migration of RBCs and RBC aggregates,
local hematocrit as well as on blood cell deformability [48,49].

The mechanical stability of erythrocytes is essential to complete their function and to
survive in the blood circulation. Several physiological and pathophysiological changes can
affect the determining parameters of red blood cell deformability [45,50,51]. The stability of
erythrocytes is directly related to LDL-cholesterol levels [52]. An excessive increase in the
quantity of cholesterol in the erythrocyte membrane increases the rigidity and decreases
the membrane deformability. This rigidity is correlated to the increase in relative choles-
terol/phospholipid ratio [53]. The changes in cholesterol/phospholipid ratio can also affect
RBCs’ phosphatidylserine by reducing the exposure on the external surface of the cell in pa-
tients with hypercholesterolemia and spur cell anemia (in vitro study [54]. In high-fat diet
fed mice, the levels of membrane cholesterol and phosphatidylserine externalization were
increased, promoting erythrocytes-macrophage inflammatory interactions, and promoting
macrophage phagocytosis in vitro [55]. Impairment of red blood cell deformability in
hypercholesterolemia has been shown in clinical cases as well [56]. The phosphatidylserine
serves as a trigger for macrophage recognition for senescent cells and plays an important
role in erythrocyte’s membrane stability [54,57].

Erythrocytes with excessively rigid membrane are less stable and more susceptible
to lysis by mechanical forces especially when passing through narrow vessels (capillaries,
spleen) [58,59]. In comparison to normal erythrocytes, the rigid ones are unable to deform
well under shear stress, so the higher viscosity caused by increased shear force can also be
attributed to impaired erythrocyte deformability [60]. Our result supports these findings:
impaired deformability of red blood cells was accompanied by dramatically decreased
membrane stability in the HC group. The examined sensitive parameters well expressed
the differences in deformability (EI, EImax, SS1/2, and their ratio) and mechanical stability
(before and after shear stress) deterioration of red blood cells [51]. The degradation of
erythrocytes’ deformability in the HC group was confirmed by the parameterization of
EI-SS curves and was manifested in a decrease of maximal RBC elongation index and
higher SS1/2, and decreased SS1/2/EImax values. The worsening of membrane stability was
represented by EI-SS curves compared before and after mechanical stress application. We
must remark that the HC group elongation index and the maximum of elongation have
deteriorated significantly even before the application of the shear stress and this tendency
exacerbates after the applied mechanical stress. This worsening was well presented by
impaired SS1/2/EImax ratio, too.
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4. Materials and Methods

4.1. Experimental Animals

The animal experiments were approved by the University of Debrecen Committee
of Animal Welfare and by the National Food Chain Safety Office (registration Nr.25/2013
UDCAW) in accordance with the national (Act XXVIII of 1998 on the protection and sparing
of animals) and EU (Directive 2010/63/EU) regulations.

Male Californian-New Zealand hybrid (CAL/NZW) rabbits (n = 12), age 20 weeks
and 2700–3000 g bodyweight, were involved in this study. The animals were kept in a
conventional experimental animal facility, under a 12 h-12 h light-dark cycle. The rabbits
(Jurasko Ltd., Debrecen, Hungary) received during the first two weeks of the adaptation
(acclimatization) period commercial laboratory rabbit chow. After the acclimatization
period the animals were randomly divided into Control (n = 6) and high-cholesterol diet
(HC), atherogenic group (n = 6). During the next 16 weeks, the animals of the Control
group were fed with standard rabbit chow, while a special “atherogenic” chow (additional
1% cholesterol and 1% saturated fat, formulated in the Department of Pharmaceutical Tech-
nology, Faculty of Pharmacy, University of Debrecen) were given in the HC group [19,61].
At the end of the follow-up period, blood samples were taken (Figure 6).

16 weeks of follow-up period
Control group: normal diet
HC group: atherogenic diet

Blood
samplings

2 weeks of 
acclimatization

Figure 6. The timeline of the study.

4.2. Collection of Blood Samples

The blood samples were obtained from the marginal ear vein, with Vacutainer™-
system, into a 3 mL BD Vacutainer® tube containing 1.8 mg/mL K3-EDTA as anticoagulant
(Becton, Dickinson and Company, Franklin Lake, NJ, USA) 2 mL blood samples per animal,
and kept on 20 ◦C for further lab analysis. All laboratory measurements were completed
within 2 h.

4.3. Laboratory Methods

4.3.1. Hematological Parameters

A Sysmex K-4500 automate (TOA Medical Electronics Co., Ltd., Kobe, Japan) was
used to determine the hematological parameters: red blood cell count (RBC [1012/µL]),
white blood cell count (WBC [109/µL]), hemoglobin concentration (Hgb [g/dL]), platelet
count (Plt [109/µL]). The hematocrit (Hct [%]), mean corpuscular volume (MCV [fL]), mean
corpuscular hemoglobin (MCH [pg]), and mean corpuscular hemoglobin concentration
(MCHC [g/L] were calculated from the measured data.

4.3.2. Hemorheological Parameters

The changes in whole blood and plasma viscosity were measured by Hevimet-40
capillary viscometer (Hemorex Ltd., Budapest, Hungary) at 90 s−1 shear rates [16]. To
calculate the whole blood viscosity the hematocrit count was normalized to 40% [62].

The erythrocytes’ aggregation was measured by light-transmittance method using
Myrenne MA-1 erythrocyte aggregometer (Myrenne GmbH, Germany). After disaggrega-
tion (600 s−1) of 20 µL blood sample, at 5 or 10 s, the aggregation index values M mode (at a
shear rate of 0 s−1) and M1 mode (at a shear rate of 3 s−1) were calculated [41,63]. The RBC
aggregation was also tested with a LoRRca MaxSis Osmoscan ektacytometer (Mechatronics
BV, The Netherlands). The device was operated with laser backscattering method. In the
Couette-system, the blood sample is disaggregated by rotation, after this, the rotor stops
promptly, and the changes in the intensity of the light reflected from the blood sample are
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measured [41,63]. The analyzed parameters were amplitude (Amp [au]), aggregation index
(AI [%]) and half-amplitude time (t1/2 [s]). The test requires 1 mL of blood.

Using LoRRca MaxSis Osmoscan ektacytometer, for the deformability and membrane
stability of erythrocytes, for each measuring, 10 µL of blood was diluted in 2 mL of
polyvinyl-pyrrolidone (PVP)/phosphate-buffered saline (PBS) solution (viscosity: 36.1 mPas,
osmolarity: 300, mOsm/kg, pH: 7.3). The elongation index (EI) values of red blood cells
were tested in the function of shear stress (SS [Pa], range: 0.3–30 Pa) [41,63]. For the
comparison of the EI-SS curves EI values at 3 Pa, maximal elongation index (EImax) and the
shear stress belonging to the half of it (SS1/2, [Pa]) and their ratio (EImax/SS1/2) were used.
These values were calculated using Lineweaver-Burk equation [64]. The cell membrane
(mechanical) stability test was performed by comparing two deformability measurements
before and after mechanical stress (100 Pa, for 300 s) [51,65].

4.4. Statistical Analysis

All data are presented as the average of the data on the group (mean) +/− standard
error of the mean (SEM). The D’Agostino–Pearson normality test was used to determine
Gaussian distribution, and statistical analysis was then performed using unpaired Student’s
t-test or Mann–Whitney test (when normality test was not passed) between the groups, and
two-way ANOVA was performed in case of the red blood cell deformability and membrane
stability results. Analyses were carried out using GraphPad Prism software for Windows,
version 8.0 (GraphPad Software Inc., La Jolla, CA, USA). Probability values (p) less than
0.05 were considered as statistically significantly different.

5. Conclusions

Macro- and micro-rheological parameters play an important role in determining
tissue perfusion and shear stress-related endothelial functions and are influenced by nu-
merous factors, involving metabolic changes too. Our study demonstrates that hyperc-
holesterolemia can cause severe changes in hematological, macro-, and microrheological
factors. The 16-week “atherogenic” diet altered not only the red blood cells’ number and
hemoglobin content but also decreased the deformability and membrane stability of the
erythrocytes. The aggregation indices of erythrocytes were characterized by a significant
deterioration in the high cholesterol group, and this was proven by two different measuring
techniques too. Our results may provide additional information to better understand the
processes taking place in the vascular system during atherosclerosis and might contribute
to optimizing the therapy.
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Abstract: Optimal tissue oxygen supply is essential for proper athletic performance and endurance. It
also depends on perfusion, so on hemorheological properties and microcirculation. Regular exercise
is beneficial to the rheological status, depending on its type, intensity, and duration. We aimed to
investigate macro and microrheological changes due to short, high-intensity exercise in professional
athletes (soccer and ice hockey players) and untrained individuals. The exercise was performed on a
treadmill ergometer during a spiroergometry examination. Blood samples were taken before and after
exercise to analyze lactate concentration, hematological parameters, blood and plasma viscosity, and
red blood cell (RBC) deformability and aggregation. Leukocyte, RBC and platelet counts, and blood
viscosity increased with exercise, by the largest magnitude in the untrained group. RBC deformability
slightly impaired after exercise, but showed better values in ice hockey versus soccer players. RBC
aggregation increased with exercise, dominantly in ice hockey players. Lactate increased mostly
in soccer players, and the respiratory exchange rate was the lowest in ice hockey players. Overall,
short, high-intensity exercise altered macro and microrheological parameters, mostly in the untrained
group. Significant differences were found between the two sports. The data can be useful in training
status monitoring, selection, and in revealing the causes of physical loading symptoms.

Keywords: hemorheology; metabolites; physical activity; training; sport

1. Introduction

Hemorheological parameters play a pivotal role in tissue perfusion. Blood is a non-
Newtonian fluid as its viscosity depends on the shear rate. Lowering the shear rate is
associated with increasing viscosity values due to the red blood cell aggregation [1–3].
Whole blood viscosity is mainly determined by the plasma viscosity (a Newtonian fluid),
number of blood cells, dominantly red blood cells (RBCs), and microrheological parameters
of the RBCs, such as deformability and aggregation [1,3,4]. RBC deformability is influenced
by the cells’ volume, surface-to-volume ratio, morphology, intracellular viscosity, as well
as by cell membrane properties [5,6]. RBC aggregation is determined by plasmatic factors
(fibrinogen, other plasma proteins, and macromolecules) and cellular features (deforma-
bility, morphology, and the composition of the glyocalyx layer) as well as by the shearing
forces [1,4–7]. It is well known that oxidative stress (free radical reactions), inflamma-
tory processes, mechanical stress, osmolarity changes, oxygenation levels, temperature,
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nitric oxide, and metabolic and pH alterations may deteriorate these microrheological
parameters [5,6,8–12]. Impaired RBC deformability and enhanced RBC aggregation in-
crease viscosity, so decreasing blood fluidity, and result in disturbed tissue perfusion, so
increasing vascular resistance, and a deterioration in the microcirculation [3,5,13].

Optimal tissue oxygen supply is essential for proper athletic performance and en-
durance, an important factor of which is tissue perfusion, and thus, hemorheological
parameters and microcirculation characteristics. It is known that exercise, usual physical
activity, has a beneficial effect on the rheological status, but it also depends on its type,
intensity, and regularity [14–17].

Romain et al. in their meta-analysis study confirmed that regular exercise decreases
hematocrit and RBC aggregation; however, there are still many controversial data and
more studies are needed to further analyze these effects [18]. In general, it can be con-
cluded that an unhealthy, sedentary lifestyle with obesity is associated with impaired
RBC deformability, enhanced RBC aggregation, and increased hematocrit and plasma
viscosity [16,17]. Physical activity is beneficial, but the effect strongly depends on the
type of exercise, its intensity, regularity, and duration or volume [16,19–22]. Irregular,
inappropriate, or heavy/intensive physical exercise may increase blood and plasma viscos-
ity, and hematocrit, with bidirectional changes in the microrheological features. Regular,
well-balanced exercise may lead to a kind of “hemorheological fitness” characterized with
lower blood and plasma viscosity, lower hematocrit, improved RBC deformability, and
decreased aggregation [22,23].

The question may rise whether untrained people, who perform physical activity in
their leisure time, and professional athletes, sportsmen, may have different hemorheological
conditions. What happens with these parameters if short, high-intensity exercises have to
be performed? To investigate this question, a standardized condition of physical exercise
load can be used, such as the spiroergometry test.

Spiroergometry is a diagnostic procedure to continuously measure respiration and
gas metabolism during ergometer exercise [24,25]. The aim of a standard cardiopulmonary
exercise testing (CPET) protocol is for the individual to be exposed to a load using an
ergometer and incrementally increase workload for about 8 to 12 min until they can go no
further. These are often referred to as an incremental ramp protocol to a volitional maxi-
mum. It enables judgment of function and performance capacity of the cardiopulmonary
system and metabolism. This also makes it possible to determine the maximum exercise ca-
pacity, maximal oxygen uptake capacity as well as aerobic threshold and anaerobic/lactate
threshold values [24,25].

The aim of our research was to evaluate the macro and microrheological parameters
of the blood as well as lactate and respiratory parameters in professional athletes and in
untrained men before and after a standardized physical exercise in spiroergometry. We
also wished to investigate whether these parameters differ in various professional sports,
with different training and competition loads, such as soccer and ice hockey.

2. Results

2.1. Hematological Parameters

Table 1 summarizes the changes in the general quantitative and qualitative hema-
tological parameters. Short-term, high-intensity exercise by spiroergometry resulted in
increased white blood cells (untrained Control: p < 0.001, Soccer players: p < 0.001, Ice
hockey players: p < 0.001 vs. before; Control vs. Soccer players: p < 0.001; Soccer players
vs. Ice hockey players: p = 0.01) and platelet counts (Control: p < 0.001, Soccer players:
p < 0.001, Ice hockey players: p < 0.001 vs. before) with hemoconcentration (Hct, Control:
p < 0.001, Soccer players: p < 0.001, Ice hockey players: p < 0.001 vs. before). The increase in
the white blood cell count was the largest in its magnitude in the ice hockey players, while
the red blood cell count and hematocrit increased slightly more in the untrained group.
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Table 1. Changes of hematological parameters in untrained control group and groups of professional soccer players and ice
hockey players before and after the standardized physical exercise load by spiroergometry.

Variable

UnTrained Control Group Professional Soccer Players Professional Ice Hockey Players

Before After
Before/After

Ratio
Before After

Before/After
Ratio

Before After
Before/After

Ratio

WBC
[×109/L]

6.53
± 0.99

11.86
± 2.34 *

1.81
± 0.22

5.22
± 1.21 #

9.28
± 2.39 *,#

1.78
± 0.37

5.48
± 0.84 #

11.01
± 2.08 *,+

2.05
± 0.52

Lymph [%] 37.36
± 10.77

46.24
± 8.16 *

1.28
± 0.21

32.39
± 5.52

43.47
± 8.34 *

1.31
± 0.21

34.12
± 7.99 +

35.01
± 11.77 #,+

1.04
± 0.27 #,+

Gr+Mo [%] 10.54
± 2.23

10.21
± 2.78

0.97
± 0.16

9.08
± 2.54 #

8.43
± 2.43 #

1.06
± 0.47

13.79
± 3.85 #,+

11.44
± 4.45 +

0.82
± 0.18 #,+

RBC
[×1012/L]

5.06
± 0.25

5.45
± 0.25 *

1.08
± 0.03

5.24
± 0.19 #

5.53
± 0.22 *

1.06
± 0.03 #

5.14
± 0.33

5.41
± 0.41 *

1.05
± 0.03 #

Hct [%] 45.14
± 2.11

49.45
± 2.29 *

1.10
± 0.03

45.52
± 1.56

49.02
± 1.42 *

1.08
± 0.03 #

45.71
± 1.74

49.27
± 2.78 *

1.08
± 0.03

Hgb [g/L] 15.46
± 0.84

16.77
± 0.97 *

1.08
± 0.03

15.68
± 0.73

16.53
± 1.07 *

1.06
± 0.06 #

15.65
± 0.68

17.86
± 6.21 *

1.14
± 0.41 #

MCV [fL] 89.24
± 3.05

90.74
± 2.87 *

1.02
± 0.01

86.95
± 3.07 #

88.62
± 3.06 *,#

1.02
± 0.01

89.09
± 3.25 +

91.21
± 3.90 *,+

1.02
± 0.01 #,+

MCH [pg] 30.57
± 1.34

30.76
± 1.49

1.01
± 0.01

29.95
± 1.47

29.91
± 2.33

1.00
± 0.06

30.51
± 1.12

31.98
± 1.15

1.05
± 0.21

MCHC
[g/L]

34.24
± 0.72

33.90
± 0.85

0.99
± 0.02

34.44
± 0.89

33.75
± 2.19

0.98
± 0.06

34.24
± 0.54

33.71
± 0.64 *,+

0.98
± 0.02

Plt
[×109/L]

231.45
± 49.71

301.59
± 66.13 *

1.31
± 0.08

215.46
± 22.61

287.25
± 41.43 *

1.31
± 0.14

224.75
± 38.89

288.67
± 45.53 *

1.29
± 0.10

MPV
[fL]

10.77
± 0.77

11.09
± 0.91

1.03
± 0.03

10.35
± 1.23

10.46
± 1.19

1.03
± 0.03

10.40
± 0.92

10.88
± 1.00

1.05
± 0.04

Means ± S.D.; * p < 0.05 vs. before, # p < 0.05 vs. untrained group, and + p < 0.05 vs. professional soccer players.

2.2. Blood and Plasma Viscosity

Both blood and plasma viscosity increased after the high-intensity exercise. In the case
of blood viscosity, the change was significant in all groups (untrained Control: p < 0.001,
Soccer players: p = 0.038, and Ice hockey players: p = 0.001). However, the highest elevation
was seen in the untrained group. The difference between the untrained groups and the
groups of professional sportsmen was more obvious when the blood viscosity values were
corrected for 40% hematocrit (Soccer players: p = 0.03, Ice hockey players: p = 0.034 vs.
Control). Hematocrit/viscosity values significantly dropped in the untrained group (p = 0.002
vs. before, p = 0.004 vs. Soccer players, and p = 0.018 vs. ice hockey players) (Figure 1).

Figure 1. Changes of whole blood viscosity (WBV [mPas]) (A), plasma viscosity (PV [mPas]) (B),
WBV corrected for 40% hematocrit (Hct) (C), and Hct/WBV ratio (D) in untrained control group
and groups of professional soccer players and ice hockey players before and after the standardized
physical exercise load by spiroergometry. Means ± S.D.; * p < 0.05 vs. before, # p < 0.05 vs. untrained.
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2.3. Red Blood Cell Deformability

The elongation index at 3 Pa did not change with exercise; however, the values were
the highest in ice hockey players (p < 0.001 vs. the untrained Control or Soccer players).
The maximal elongation index showed a decrease with exercise, more dominantly in the
untrained men (p = 0.045) and in a smaller manner in the sportsmen groups. The highest
shear stress values belonging to the half-maximal elongation index (SS1/2 [Pa]) were found
in the Soccer player group (p < 0.001 vs. untrained Control or Soccer players), associated
with the lowest ratio of these two parameters (Figure 2). The ratio of the values tested
before and after the exercise are shown in Table 2 with the viscosity data.

Figure 2. Changes of red blood cell deformability parameters: the elongation index at 3 Pa shear stress
(EI at 3 Pa) (A), the maximal elongation index (EImax) (B), the shear stress at half-EImax (SS1/2 [Pa])
(C), and EImax/SS1/2 ratio (D) in untrained control group and groups of professional soccer players
and ice hockey players before and after the standardized physical exercise load by spiroergometry.
Means ± S.D.; * p < 0.05 vs. before, # p < 0.05 vs. untrained group, and + p < 0.05 vs. professional
soccer players.

Table 2. The ratio of blood and plasma viscosity and red blood cell deformability parameters tested
before and after the standardized physical exercise load by spiroergometry in untrained control
group and groups of professional soccer players and ice hockey players.

Before/After Ratio of
Untrained Control

Group
Professional Soccer

Players
Professional

Ice Hockey Players

WBV [mPas] 1.20 ± 0.08 1.10 ± 0.10 # 1.12 ± 0.05 #
PV [mPas] 1.18 ± 0.19 1.41 ± 0.77 1.09 ± 0.11
Hct40% [%] 1.08 ± 0.06 1.03 ± 0.13 1.03 ± 0.06 #

Hct/WBV [mPas−1] 0.91 ± 0.046 0.99 ± 0.11 # 0.96 ± 0.04 #
EI at 3 Pa 1.02 ± 0.11 1.02 ± 0.05 1.02 ± 0.04

EImax 1.13 ± 0.55 0.98 ± 0.04 # 0.1 ± 0.04
SS1/2 [Pa] 1.02 ± 0.37 0.96 ± 0.14 0.96 ± 0.17

EImax/SS1/2 [Pa−1] 1.34 ± 1.32 1.04 ± 0.11 1.06 ± 0.15
Means ± S.D.; # p < 0.05 vs. untrained control group.

Investigating the osmotic gradient deformability (osmoscan) parameters, we found
that the maximal elongation index values were the highest in sportsmen (Soccer players:
p = 0.011, Ice hockey players: p < 0.001 vs. Control). With exercise, their values decreased,
while the values of ice hockey players increased. The minimal elongation index values
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were higher in soccer players (p = 0.04 vs. Control, p = 0.015 vs. Ice hockey players). The
parameter derived from the area under the elongation index–osmolarity curves were higher
in sportsmen (Soccer players: p = 0.023, Ice hockey players: p = 0.008 vs. Control), and
with high-intensity exercise, these values decreased in soccer players and increased in ice
hockey players (Table 3).

Table 3. Changes of osmotic gradient deformability (osmoscan) parameters of the red blood cells in untrained control group
and groups of professional soccer players and ice hockey players before and after the standardized physical exercise load by
spiroergometry.

Variable

Untrained Control Group Professional Soccer Players Professional Ice Hockey Players

Before After
Before/
After
Ratio

Before After
Before/
After
Ratio

Before After
Before/
After
Ratio

EI min 0.117
± 0.007

0.12
± 0.01

1.029
± 0.069

0.13
± 0.013 #

0.128
± 0.009 #

0.992
± 0.079

0.122
± 0.01

0.119
± 0.008 +

0.979
± 0.074

EImax
0.548

± 0.011
0.547

± 0.011
0.999

± 0.034
0.569

± 0.015#
0.558

± 0.007 *,#
0.978

± 0.022
0.554

± 0.011 +
0.566

± 0.008 *,#,+
1.022

± 0.027 +

EI hyper 0.2742
± 0.005

0.2738
± 0.005

0.999
± 0.033

0.284
± 0.007 #

0.279
± 0.004 *#

0.978
± 0.021

0.277
± 0.005 +

0.283
± 0.004 *,#,+

1.021
± 0.027 +

O min
[mOsm/L]

139.09
± 3.96

145.45
± 4.69 *

1.04
± 0.02

137.5
± 4.381

141.08
± 4.72 #

1.021
± 0.03 #

138.66
± 4.81

140.75
± 4.22 #

1.015
± 0.016 #

O (EImax)
[mOsm/L]

281.54
± 16.38

278.64
± 29.33

0.992
± 0.115

288.64
± 9.45

291.33
± 11.63

1.007
± 0.03

282.5
± 9.01

289.5
± 9.67

1.025
± 0.022

O hyper
[mOsm/L]

413.55
± 14.14

418.82
± 15.09

1.012
± 0.016

418.21
± 15

422.91
± 16.26

1.008
± 0.019

424.83
± 9.97 #

425.5
± 11.21

1.002
± 0.015

Area 143.98
± 5.94

142.97
± 5.11

0.994
± 0.034

150.2
± 6.63 #

147.91
± 5.91 #

0.98
± 0.024 #

150.51
± 4.71 #

153.95
± 3.54 #,+

1.024
± 0.038 +

Means ± S.D.; * p < 0.05 vs. before, # p < 0.05 vs. untrained control group, and + p < 0.05 vs. professional soccer players.

2.4. Red Blood Cell Aggregation

Table 4 summarizes the various erythrocyte aggregation parameters. Using light-
transmission aggregometry M 5 s, M1 5 s, M 10 s, and M1 10 s index parameters were
determined. In the untrained group, both M index values (at 0 s−1 shear rate) decreased,
while M1 index values (at 3 s−1 shear rate) increased significantly (M 5 s: p = 0.045, M1 5 s:
p = 0.001, and M1 10 s: p < 0.001). Similar changes were observed in the sportsmen groups
(Soccer players’ M1 5 s: p < 0.001, M1 10 s: p < 0.001; Ice hockey players’ M 5 s: p = 0.033,
M1 5 s: p < 0.001, and M1 10 s: p = 0.022), however, the largest increase was seen in the
untrained control group.

Table 4. Red blood cell aggregation parameters in untrained control group and groups of professional soccer players and
ice hockey players before and after the standardized physical exercise load by spiroergometry.

Variable
UnTrained Control Group Professional Soccer Players Professional Ice Hockey Players

Before After
Before/After

Ratio
Before After

Before/After
Ratio

Before After
Before/After

Ratio

M 5 s 3.38
± 1.13

2.81
± 1.07 *

0.89
± 0.36

2.97
± 1.07

2.65
± 0.96

0.99
± 0.64

3.39
± 0.88

3.00
± 1.41 *

0.88
± 0.32

M1 5 s 2.75
± 1.23

4.07
± 1.15 *

1.80
± 1.02

2.78
± 1.03

3.61
± 1.01 *,#

1.53
± 0.94

3.14
± 1.30

4.02
± 1.14 *

1.34
± 0.44

M 10 s 9.43
± 3.97

9.00
± 3.08

1.07
± 0.41

7.62
± 3.34 #

8.00
± 2.55

1.27
± 0.69

8.89
± 3.36

8.36
± 3.12

1.03
± 0.50

M1 10 s 7.27
± 2.57

10.53
± 3.41 *

1.61
± 0.68

6.20
± 3.07

8.94
± 2.86 *,#

1.74
± 0.99

7.98
± 3.80 +

9.81
± 3.89 *

1.49
± 0.97 #

AI [%] 74.83
± 18.44

86.45
± 10.12 *

1.24
± 0.44

63.41
± 4.90 #

68.31
± 3.59 *,#

1.09
± 0.06

78.43
± 15.65 +

79.19
± 9.59 #,+

1.03
± 0.15 #,+

Amp [au] 7.05
± 4.80

4.55
± 4.20

0.79
± 0.29

16.80
± 2.66 #

15.54
± 2.26 #

0.96
± 0.18

1.39
± 2.95 #,+

0.20
± 0.27 #,+

0.85
± 0.90

t1/2 [s] 1.91
± 2.04

0.97
± 1.01

2.01
± 3.26

2.25
± 0.49

1.70
± 0.29 *,#

0.75
± 0.15

1.48
± 1.29 +

1.36
± 0.68 #,+

1.89
± 1.96 +

Means ± S.D.; * p < 0.05 vs. before, # p < 0.05 vs. untrained control group, and + p < 0.05 vs. professional soccer players.
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The aggregation values determined by the syllectometry, correlated with the changes
of M1 index values, as the aggregation index (AI [%]) increased after the exercise, showing
the largest rise in the untrained group (p = 0.003). The most stable values were seen in the
ice hockey players. Amplitude values were very low in ice hockey players and were the
highest in soccer players. After exercise values decreased in all groups, together with the
half-time values (t1/2 [s]) (p < 0.001 in Soccer players).

2.5. Maximal Oxygen Uptake, Respiratory Exchange Rate, and Lactate Concentration

The maximal oxygen consumption (VO2 max) values were 42.89 ± 4.56 mL/min/kg
in the untrained Control group, 58.91 ± 5.67 mL/min/kg in Soccer players (p < 0.001 vs.
Control group), and 51.66 ± 3.36 mL/min/kg in Ice hockey players (p < 0.001 vs. Control
group and vs. Soccer players).

The respiratory exchange rate (RER) showed the highest values in the untrained group
and was lower in soccer players and the lowest in ice hockey players. The maximal lactate
concentration and lactate concentration 5 min after the exercise did not differ significantly;
however, when the exercise was finished, the values slightly decreased. The lowest values
were seen in the untrained individuals, the highest in soccer players, and in between
values were in ice hockey players. The correlation coefficient values between the RER and
lactatemax were the highest in untrained men and the second highest in ice hockey players
(Table 5).

Table 5. Respiratory exchange rate (RER) and lactate concentration (maximal and 5 min and their ratio) and their correlation
coefficients in untrained control group and groups of professional soccer players and ice hockey players before and after the
standardized physical exercise load by spiroergometry.

Group RER
Lactatemax

[mmol/L]
Lactate5′

[mmol/L]
Lactatemax/Lactate5′

R2 of RER
and

Lactatemax

R2 of RER
and

Lactate5′

Untrained control
group 1.22 ± 0.08 12.71 ± 1.91 12.29 ± 2 1.04 ± 0.13 0.4176 0.1319

Professional soccer
players 1.18 ± 0.05 14.94 ± 3.01 # 14.58 ± 2.96 # 1.03 ± 0.16 0.0029 0.0287

Professional ice
hockey players 1.13 ± 0.04 #,+ 13.26 ± 1.96 12.53 ± 2.16 1.07 ± 0.14 0.2027 0.1439

Means ± S.D.; # p < 0.05 vs. untrained control group and + p < 0.05 vs. professional soccer players.

3. Discussion

Hemorheological changes induced by exercise is an intensively studied field that is
still full of controversies. However, some general conclusions can be taken, thanks to the
pioneer groups working on this field in the past two to three decades (e.g., L. Dintenfass, E.
Ernst, J.F. Brun, P. Connes, and M. El-Sayed, among others) [16,17,19,21].

Many authors support that regular, low-intensity exercise activity has value for
“hemorheological fitness”. As a result of training, the expansion of blood volume, particu-
larly plasma volume, results in better fluidity of the athletes’ blood [15–17,21].

Microrheological parameters of red blood cells are influenced by oxidative stress,
mechanical stress, metabolic alterations (e.g., accumulation of lactate and decrease in pH),
and changes in oxygenation levels [5,6,9–12,26–28]; All are factors present during exercise
in various magnitudes. When blood viscosity acutely increases during exercise (as short-
term, exercise-induced hyperviscosity), in the case of a healthy vasculature, it means a key
modulator for vasodilatation via the endothelial mechanoreceptor-mediated nitric oxide
production process, as part of the adaptation [16,17,23,29]. Concerning the effect of lactate
concentration increase and RBC deformability impairment [30], it has been demonstrated
that red blood cell deformability does not impair under a lactate concentration threshold of
4 mmol/L. Above that, decreased red blood cell deformability can be found [16,31,32]. In
athletes with high-level endurance, this correlation is not obvious, probably due to a kind
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of adaptation to exercise-induced hypoxemia with an improved lactate transfer through
the cell membrane [16,31–38]. These findings correlate well with our study. However,
the physical fitness level of trained and untrained people can be different, as well as
the amount of accumulated lactate that affects lipid peroxidation [31], which influences
rheological parameters, such as RBC deformability [5,6]. A wider investigative scope of
metabolomics [36] would be important to better reveal the background of these alterations.

In our study, the age and BMI values of the healthy male volunteers were comparable.
Therefore, we assumed that the observed changes can be dominantly related to the differ-
ences in physical activity level and profession. An important difference between the players
of the two sports from the point of view of training physiology is that while soccer players
play at medium intensity for a longer period of time, performing a higher proportion of
aerobic activity, ice hockey players train at higher intensities at shorter time intervals. This
is also supported by the higher VO2 max values obtained by spiroergometry in the case of
soccer players (better endurance). It is supposed that the differences in the muscle mass
and its capillarity and thus metabolic responses might contribute to the explanation of the
differences we found [39–41]. Hemorheological results (higher EI max values for hockey
players under exercise) correlate with the results of maximum lactate levels after exercise
and lactate levels measured 5 min after exercise. Presumably, due to the better red blood
cell deformability, we may see a better lactate elimination in the case of hockey players as a
result of the favorable microcirculation compared to the other two groups. Furthermore,
the lower respiratory exchange rate values measured in hockey players can be explained by
the positive effect of the high-intensity exercise on lipid and carbohydrate oxidation [33,38].

We have found that professional athletes experience more favorable hemorheological
changes as a result of intense exercise than untrained individuals. While hematocrit
normalized whole blood and plasma viscosity, and RBC deformability and aggregation
deteriorated in the control group, in the case of athletes, these parameters remained
unchanged or changed only to a lesser extent.

In our study, hematocrit increased almost equally in all three groups under intense
exercise. When viscosity was normalized to 40% hematocrit, a significant increase in whole
blood viscosity was observed only in the untreated group, with no increase in athletes
relative to preload values. As whole blood viscosity depends primarily on hematocrit,
plasma viscosity, and RBC aggregation and deformability [1–3], it was hypothesized that a
smaller increase in viscosity was more likely to be due to a more favorable change in RBC
aggregation and deformability in athletes.

Examining the change in plasma viscosity, a significant increase under load occurred
only in the untrained group. An increase was also observed in athletes only with a smaller
rate. Alis et al., during high-intensity interval training, observed an increase in serum
protein, cholesterol, and triglyceride levels in healthy individuals in addition to an increase
in hematocrit, explaining the increase in plasma viscosity [42]. The increase of hematocrit
levels in athletes was slightly smaller than in the untrained men in our study, suggesting a
lower hemoconcentration, which may explain the more moderate deterioration in plasma
viscosity. It should also be emphasized that in our case, the total load time was much
shorter than in the above-mentioned study, so no significant fluid loss could develop.

The intense exercise did not change the deformability of RBCs, only in untrained
individuals. There are few data in the literature on changes in deformability under short-
term intense loading. Kilic-Toprak et al. similarly analyzed hemorheological parameters
on female volleyball players before and after the Yo-Yo intermittent recovery test level
1 (Yo-YoIR1) [43]. As a result of the test, an increase in whole blood viscosity and red
blood cell deformability was also observed. This contradicts our own results, but may be
explained by the different nature of the load, especially the interval type of the load. It is
known that the deformability of RBCs improves in healthy adults as a result of regular
training. Bizjak et al. also found an increase in the theoretical maximal elongation index at
infinite shear stress during six weeks of moderately intense exercise [44].
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It was an interesting observation that the value of the RBC aggregation index at rest
was slightly higher in hockey players than in soccer players; however, under maximum
load, it increased only slightly in hockey players, as opposed to the significant increase
observed in soccer players. This difference in the two sports can also be explained by
different training and match loads. In hockey, the proportion of short but high intensity
loads and the acceleration that requires concentric muscle work is much more common [45].

4. Materials and Methods

4.1. Volunteers

Thirty-seven male volunteers (ethical permission nr.: DE RKEB/IKEB:5410-2020)
took part in the study, forming three different groups. The untrained control group
included 11 medical students with a hobby level of physical activity. The second group
had 14 professional soccer players (time spent in competitive sport level: 14.4 ± 3.4 years).
Twelve professional ice hockey players formed the third group (time spent in competitive
sport level: 15.9 ± 4.5 years.). Anthropometric data are presented in Table 6.

Table 6. Age, height, weight, body mass index (BMI), and further body composition data (tested with InBody 770 device;
InBody USA Co., Ltd., Cerritos, CA, USA) of the participants.

Group Age [year] Height [cm] Weight [kg] BMI [kg/m2]
Percent Body

Fat [%]

Skeletal
Muscle Mass

[kg]

Untrained
control group 25.09 ± 2.55 184.09 ± 5.82 89.55 ± 13.02 26.36 ± 3.41 20.41 ± 3.91 38.87 ± 1.94

Professional
soccer players 22.71 ± 3.43 182.21 ± 5.63 77.79 ± 6.55 # 23.64 ± 1.08 10.03 ± 4.55 # 39.69 ± 3.54

Professional ice
hockey players 24.25 ± 4.29 183.92 ± 5.6 86.17 ± 8.72 + 25.42 ± 1.68 + 16.46 ± 3.94 #,+ 43.35 ± 8.83 #

Means ± S.D., # p < 0.05 vs. untrained control group and + p < 0.05 vs. professional soccer players.

4.2. Spiroergometry Tests and Collection of Blood Samples

Five minutes before the beginning of the spiroergometry test [25,46,47], we collected
venous blood samples from the individuals (median cubital vein, 23 G needle, Vacutainer
tubes K3-EDTA). After that, all participants had to complete a ramp protocol (Vitamaxima
12) on a treadmill ergometer with increasing performance (W) [46,47]. The protocol started
with a 2 min warm-up phase with 4 km/h velocity. In the test phase following the warm-up,
the workload of the ergometer increased every minute with 45 W by increasing the speed
and elevation of the treadmill. The maximal velocity was 12 km/h reached in the 5th
minute and, additionally, the maximal speed gradient was still continuously increasing to
a maximum of 17.5 degrees. The reachable maximal workload was 645 W.

During the test, the athletes were connected via face mask to a Vyntus CPX hardver
(Vyaire medical, Mettawa, IL, USA), giving minute ventilation, breathing frequency, oxygen
uptake, carbon dioxide production, and other specific data. The device has an inbuilt
automatic calibration mechanism that we proceeded after every 5th test. The heart rate
was measured by a Polar H9 (Polar Electro, Kempele, Finland) chest belt, and real time
data were trackable using a Bluetooth connection. The test was performed at a temperature
of 20 ◦C. When participants reached their maximal performance capacity, we stopped the
protocol. This running time was 7:04 ± 0:46 min in the control group, 8:19 ± 0:33 min in
soccer players, and 6:59 ± 0:43 min in hockey players.

Recorded main parameters were: load [W] and time [min], heart rate [1/min], ven-
tilation volume [L/min], breathing frequency [1/min], oxygen uptake as volume (VO2
[mL/min]), carbon dioxide output as volume (VCO2, [mL/min]), respiratory exchange
ratio (RER, VCO2/VO2), systolic and diastolic blood pressure [mmHg]. In this paper, the
RER values were correlated with the laboratory parameters.
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Right after the exercise, we collected venous blood samples again and measured heart
rate and blood pressure for 5 additional minutes. In this 5 min resting period, we also
collected capillary blood samples from the individuals’ fingertip (right hand, index finger
with Accu-Chek Safe T-Pro lancets) to determine the blood lactate concentration in the first
and fifth minutes of resting. To test lactate concentration [mmol/L], a Nova Lactate Plus
device was used (Nova Biomedical, Waltham, MA, USA).

4.3. Laboratory Methods

4.3.1. Hematological Parameters

A Sysmex K-4500 automate (TOA Medical Electronics Co., Ltd., Kobe, Japan) was
used to determine red blood cell count (RBC [1012/µL]), white blood cell count (WBC
[109/µL]), lymphocyte percent (Lymph [%]), granulocyte and monocyte percent (Gr+Mo
[%]),]), platelet count (Plt [109/µL]), hematocrit (Hct [%]), hemoglobin concentration (Hgb
[g/dL]), mean corpuscular volume (MCV [fL]), mean corpuscular hemoglobin (MCH [pg]),
mean corpuscular hemoglobin concentration (MCHC [g/L], and mean platelet volume
(MPV [fL]) values.

4.3.2. Hemorheological Parameters

Whole blood and plasma viscosity were determined by a Hevimet-40 capillary vis-
cometer (Hemorex Ltd., Budapest, Hungary) at 90 s−1 shear rates. To calculate the whole
blood viscosity, the hematocrit count was normalized to 40% according to the Matrai for-
mula [48]: WBV40%/PV = (WBVHct/PV)40%/Hct where WBVHct is the whole blood viscosity
[mPas] measured at a 90 s−1 shear rate and at the actual hematocrit (Hct [%]); PV is the
plasma viscosity [mPas], and Hct is the hematocrit of the sample.

RBC deformability was tested with a LoRRca MaxSis Osmoscan ektacytometer. For
the conventional deformability tests, 10 µL of blood was diluted in 2 mL of a polyvinyl-
pyrrolidone (PVP)/phosphate-buffered saline (PBS) solution (viscosity: 29.6 mPas, osmo-
larity: 293, mOsm/kg, and pH: 7.2). The elongation index (EI) values of red blood cells
were determined in the function of shear stress (SS [Pa] at a range of 0.3–30 Pa) [49,50]. The
individual EI-SS curves were compared using the EI values at 3 Pa, the maximal elongation
index (EImax) and the shear stress belonging to the half of it (SS1/2, [Pa]) and their ratio
(EImax/SS1/2) and calculated with the help of the Lineweaver–Burk equation [51].

RBC osmotic gradient deformability (osmoscan) parameters were determined using
250 µL of a blood sample that was suspended to 5 mL of a PVP–PBS solution. In this
measurement, the SS was constant (30 Pa), while the osmolality (O [mOsm/kg]) of the sus-
pending medium changed gradually from 0 to 500 mOsm/kg. The descriptive parameters
of the EI-O curves are the followings: the minimal elongation index values measured in
a low osmotic environment (EI min), the maximal elongation index values (EI max, not
equal to EImax above), the half EI max at high osmolality range (EI hyper), the belonging
osmolality vales (O min and O (EI max) and O hyper, [mOsm/kg]), and the area calculated
from the individual elongation index-osmolality curves [49,50,52].

RBC aggregation was tested using two devices operating with different methods. A
Myrenne MA-1 erythrocyte aggregometer (Myrenne GmbH, Germany) was used to test
erythrocyte aggregation by the light transmission method. After disaggregation (shear rate:
600 s−1) of a 20 µL blood sample, the aggregation index values were determined at the 5th
and the 10th second of the aggregation process in M mode (shear rate: 0 s−1) and in M1
mode (shear rate: 3 s−1) [49,50]. Accordingly, the parameters were M 5 s, M 10 s, M1 5 s,
and M1 10 s index values. In the LoRRca MaxSis Osmoscan ektacytometer (Mechatronics
BV, The Netherlands), based on the laser backscattering method, further parameters could
be determined. In the Couette system, the blood sample (1 mL) was disaggregated by
rotation, and as the rotor stopped the aggregation process started, while a syllectogarm of
the reflected laser beam (intensity) was analyzed [49,50]. The obtained parameters were:
amplitude (Amp [au]), aggregation index (AI [%]), and half-amplitude time (t1/2 [s]).
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4.4. Statistical Analysis

Data are expressed as means ± standard deviation (S.D.). A SigmaStat for Win-
dows (Systat Software Inc., San Jose, USA) software was used for statistical analysis. The
D’Agostino–Pearson normality test was used to determine Gaussian distribution. Intra-
and inter-group differences were analyzed by ANOVA test followed by post hoc the Bon-
ferroni test or Dunn’s method, depending on the result of normality test. Before/after
relations were also analyzed by paired t-test or the Wilcoxon Signed-Rank test, depending
on the normality of data distribution. Probability values (p) less than 0.05 were considered
as statistically significantly different.

5. Conclusions

Overall, exercise (physical exercise by spiroergometry) in the untrained group showed
more significant metabolic and hemorheological changes. Macro and microrheological
differences were found not only in the comparison of the untrained group and the athletes
but also in the two sports (ice hockey vs. soccer: shorter and high intensity vs. longer and
moderate intensity training and games). Regular, professional sport activity may result
in a beneficial hemorheological status that improves tissue perfusion, together leading to
a better performance (Figure 3). An examination of the hemorheological parameters can
be a useful adjunct in assessing the health status of athletes. The results of our tests may
help to monitor individual condition during their team’s regular semiannual diagnostic
surveys. In addition, it may provide an opportunity for the coaching staff to modify the
training program and training methods, if necessary, taking into account any deviations
that can be corrected. However, based on these promising results, a more detailed and
more sophisticated metabolomics study will be important.

Figure 3. Supposed role in beneficial hemorheological changes supporting regular physical/sport
activity leading to better performance.
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Abstract: It has been well established in epidemiological studies and randomized controlled trials
that habitual exercise is beneficial for brain health, such as cognition and mental health. Generally,
it may be reasonable to say that the physiological benefits of acute exercise can prevent brain
disorders in late life if such exercise is habitually/chronically conducted. However, the mechanisms
of improvement in brain function via chronic exercise remain incompletely understood because such
mechanisms are assumed to be multifactorial, such as the adaptation of repeated acute exercise. This
review postulates that cerebral metabolism may be an important physiological factor that determines
brain function. Among metabolites, the provision of lactate to meet elevated neural activity and
regulate the cerebrovascular system and redox states in response to exercise may be responsible for
exercise-enhanced brain health. Here, we summarize the current knowledge regarding the influence
of exercise on brain health, particularly cognitive performance, with the underlying mechanisms
by means of lactate. Regarding the influence of chronic exercise on brain function, the relevance
of exercise intensity and modality, particularly high-intensity interval exercise, is acknowledged to
induce “metabolic myokine” (i.e., lactate) for brain health.

Keywords: executive function; mental health; brain-derived neurotrophic factor; insulin-like growth
factor-1; vascular endothelial growth factor; neurogenesis; angiogenesis; cerebral blood flow;
nicotinamide adenine dinucleotide hydrate

1. Introduction

It has been well established that habitual exercise is beneficial for the cognition and
brain health of most individuals, including older adults [1,2]. This view is not surprising
because it is said that “exercise is the real polypill” based on organ-induced peripheral
factors [3]. In general, it has been considered that the effects of habitual exercise on the
human body are the result of repeated exercise and thus may be associated with cumulative
acute responses to exercise.

Similarly, it may be reasonable to say that acute exercise favorable for improving
brain function, although this is a transient response, is also beneficial for brain health with
continuous repetition via chronic exercise training. However, the mechanisms of chronic
exercise-improved brain function, especially how the effect of acute exercise on brain
function determines that of chronic exercise, remain incompletely unknown. For instance,
chronic exercise effects can be modified using the same acute exercise by changing exercise
strength, duration, and frequency. Hence, the proper exercise prescription for chronic brain
health may be difficult to build from results on the effect of acute exercise on brain function.
Nonetheless, it is important to explore and organize the underlying mechanisms of acute
exercise for brain health to provide insight into proper exercise prescriptions.
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Among the acute responses to exercise, a growing body of evidence is accumulating
to suggest that the myokine (i.e., muscle-induced peripheral factors) cathepsin B and irisin
pass through the blood–brain barrier to enhance brain-derived neurotrophic factor (BDNF)
production and hence improve neurogenesis, memory, and learning [4]. On the other
hand, lactate, as an exercise-induced myokine favorable to the brain, was not investigated
to identify the mechanism of exercise-induced improvement in brain function, although
the production of lactate has been widely used as a biomarker to reflect exercise mode,
strength, and duration [5–8].

In this minireview, we summarized the possibility of lactate as one of the underlying
mechanisms linking brain health outcomes, particularly cognitive performance and mental
health, to exercise regimens.

2. Exercise Intensity and Modality for Brain Health Regarding Chronic Exercise
Adaptation (Implication of Lactate)

To promote and maintain health, the American College of Sports Medicine (ACSM)
and American Heart Association (AHA) recommends that healthy adults aged 18–65 years
perform sufficient volumes of exercise, such as moderate-intensity exercise for at least
30 min for 5 days/week or vigorous-intensity exercise for 20 min for 3 days/week [9].
Importantly, compared to habitual lower-intensity exercise, higher-intensity exercise can
effectively improve cardiovascular and metabolic health [10–12]. In particular, long-
term/chronic high-intensity interval exercise (HIIE) training (i.e., HIIT) is more effective
than long-term/chronic moderate-intensity continuous exercise (MCE) because it increases
exercise capacity in addition to cardiovascular and metabolic health in healthy individu-
als [13–15]. The effectiveness of HIIT over MCE training is also relevant for brain health.
Recently, Mekari et al. demonstrated that HIIT was more effective for the improvement of
executive function (EF) than MCE training in young adults [16]. A recent meta-analysis
indicated that HIIT might be more effective for improving severe mental illness (e.g.,
cognition, negative and positive symptoms of schizophrenia, and depressive mood) than
moderate-intensity exercise [17]. Given that HIIE produces more lactate than general
exercise modalities, such as MCE, some beneficial effects of lactate on health, including
brain health, can be implicated. For instance, based on the notion that acute exercise
that is favorable for improving brain function is also beneficial for brain health with con-
tinuous repetition via chronic exercise training, our previous study demonstrated that
HIIE could improve EF rather than MCE and was accompanied by more lactate produc-
tion (Figure 1) [7], which may imply a potential benefit of lactate on increased cognitive
performance by HIIE and subsequent HIIT.
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Figure 1. Impact of exercise intensity, duration, and modality on acute enhancement of executive function. The graph is
illustrated by the authors based on previous studies [7,8,18]. HIIE could improve EF rather than volume-matched (i.e., same
workload) MCE with more lactate production during postexercise recovery period [7]. * p < 0.05 vs. MCE.

3. Chronic Cognitive and Mental Alterations with Regular Exercise and Its Potential Link
to Chronic Exercise-Induced Anatomical and Cerebral Microvasculature Alterations

The potential mechanisms of habitual exercise/physical activity-induced improve-
ment as well as aging-induced impairments in cognitive performance and mental health
remain unclear but are assumed to be associated with several physiological factors. For
instance, the deleterious effects of aging on the brain comprise negative physiological and
anatomical alterations, e.g., hemodynamic activity, synaptic plasticity, decreased brain vol-
ume and neurogenesis, while physical activity prevents the deleterious effects on the brain
and, in contrast, induces brain neural alterations, including the formation of new neurons,
the proliferation of neural cells, and integrated functional neural networks [19,20]. In par-
ticular, structural alterations, such as increased neurogenesis, synaptogenesis, angiogenesis,
and brain volume, seem to be characteristics of the beneficial effects of chronic exercise on
cognitive performance and mental health [2].

Regular aerobic exercise can increase or preserve the regional brain volume in areas
associated with cognitive decline and portions of mental health [8,21,22]. It has been
reported that aerobic exercise (i.e., 6 to 12 months of a walking program) increases spa-
tial memory as well as gray and white matter volumes in both temporal (including the
hippocampi) and prefrontal regions in healthy older adults (without dementia) [23]. In ad-
dition, Jonasson et al. demonstrated that following a 6-month exercise training period, the
change in “cognitive score” determined by episodic memory, updating, processing speed,
and EF was positively related to the thickness of the dorsolateral prefrontal cortex [24].
Regarding mental health, patients with major depressive disorder or schizophrenia show
decreased hippocampal or gray matter volume [25,26], while an exercise-induced increase
in hippocampal volume can be related to cognitive performance even in patients with
schizophrenia [21]. However, whether brain structure is associated with psychiatric and
neurological disorders is controversial [27], and whether the positive effects of aerobic
exercise can be extended to psychiatric disorders is still unclear [8]. Further studies are
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needed to uncover the pathophysiology of mental disorders and improve the effect of
exercise or physical activity.

In addition to brain structural/anatomical alterations, changes in cerebral microvas-
culature function can be a physiological factor that may elicit exercise-enhanced brain
function. Since the energy reserve of the brain is relatively small, a continuous supply
of glucose and oxygen from the cerebral circulation to the brain is required to maintain
its function, e.g., cognitive performance. Thus, especially in the brain, synaptic activity
suddenly increases the demand for energy for maintaining brain function and consequently
might cause a relative lack of oxygen and glucose. However, in the brain, the neural ac-
tivity causes neurovascular coupling with accordingly transient and adequate increases
in regional cerebral blood flow (CBF) and consequently partially maintains brain func-
tion [28]. Indeed, the onset of cognitive impairment often occurs following cerebrovascular
dysfunction, suggesting that dysfunction of CBF regulation is one of the mechanisms of
the onset of dementia [29]. Furthermore, a decrease in the response of regional CBF to a
simple motor task occurs when either intracranial carotid arteries or one vertebral artery
is occluded in asymptomatic patients [30]. In addition, neural coupling to several physio-
logical stimuli and resting CBF are reduced in patients with Alzheimer’s disease [31–35].
These findings indicate that brain function via neurovascular coupling is attenuated by
inadequate global or focal CBF regulation; thus, the regulation of global CBF is important
to maintain adequate neural coupling [28] and thus brain function.

4. Can Acute Alterations in CBF to Exercise Affect Cognitive Performance?

As mentioned above, it is expected that maintaining brain function requires adequate
CBF regulation as an important physiological factor. However, no study has examined
whether alterations in CBF directly modify cognitive performance because CBF cannot be
isolated from the many physiological factors that affect cognitive performance in patients
with cerebral disease, vascular disease, or dementia, as well as in healthy older adults.

Basically, augmented cerebral metabolism or cerebral neural activity [36–38] are ac-
companied by transient increases in CBF [39–41] as well as cognitive performance [42,43]
during and/or following mild- to moderate-intensity aerobic exercise. In contrast, similar
to the decrease in CBF associated with hyperventilation during prolonged or heavy aer-
obic exercise [40], the exercise-induced facilitation of cognitive performance disappears
during such prolonged exercise [44]. From this background, we previously examined for
the first time whether manipulation of CBF alteration affects cognitive performance in
young, healthy participants [45]. In contrast to our hypothesis, however, cognitive per-
formance improved in response to the decrease in CBF during prolonged heavy exercise,
and unexpectedly, an isolated change (i.e., hypercapnia-induced increase) in CBF did not
affect cognitive performance at rest or during exercise [45]. Furthermore, several studies
reported that increases in CBF during exercise were not directly related to changes in
cognitive performance [46,47]. These findings suggest that acute exercise-induced cogni-
tive improvement may not have the same narrative as that of chronic exercise in terms
of the cerebrovascular system; thus, it is not simply due to an increase in global CBF,
implying that another factor modified by exercise, rather than a change in CBF, affects
cognitive performance.

5. Cerebral Lactate Metabolism and Cognitive Performance

A decrease in cerebral oxygenation is induced by prolonged exercise [45,48] or exercise
under mild or severe hypoxia [49,50], while impaired cognitive performance is not evident
in healthy young participants, suggesting a dissociation between an alteration in CBF and
subsequent change in oxygen delivery to the brain and cerebral metabolism or cognitive
performance. Indeed, albeit with a reduction in CBF during heavy exercise, the elevation
of brain neural activity and metabolism might be accompanied by compensatory increases
in the uptake of lactate, glucose, and oxygen support for the brain (arterial-jugular venous
difference) [36]. Given that augmented brain neural activity and metabolism are indepen-
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dent of increases in CBF [51], extensive activation of motor and sensory systems due to the
higher-order function of the prefrontal cortex may affect cognitive performance rather than
cerebral perfusion in response to exercise.

Regarding metabolism, although the brain relies mainly on glucose at rest, during
high-intensity exercise, the brain becomes dependent on lactate delivery [52,53] and re-
peated HIIE, which attenuates the increase in systemic blood lactate, resulting in impaired
maintenance of HIIE-enhanced cognitive performance (i.e., EF) [18]. In particular, HIIE
may facilitate neuronal activation and excitation levels to the extent that summation is
facilitated to improve cognitive performance [7,54,55]. Neuronal activation is associated
with an increase in energy requirements due to the transport of neurotransmitters and
ions [56], and neurons preferentially utilize lactate as a fuel in vivo [57]. Sustained ele-
vation of arterial/systemic lactate in response to intense exercise promotes the supply
of lactate as an energy substrate to meet acute neuronal energy requirements [58–60]. In
addition, intravenous infusion of 100 mM L-lactate into rats promoted cognitive recovery
by preserving cerebral ATP generation following traumatic brain injury [61]. Furthermore,
Skriver et al. found a correlation between systemic lactate concentration and the acquisi-
tion and retention of motor skills [62]. In addition, lactate supports synaptic activity [63],
long-term potentiation and memory formation [64], and neuronal plasticity [65]. These
findings suggest that brain function as expressed by cognitive performance depends on
the provision of lactate. Indeed, we manipulated blood lactate during exercise at a given
intensity by repeated HIIE and evaluated whether such manipulation of peripheral lactate
metabolism affects brain lactate uptake (i.e., the arterial–jugular venous difference in lactate
(a-v difflactate)) and EF [66]. We found that brain lactate uptake is associated with the arterial
lactate concentration, and inadequate lactate provision to the brain might attenuate exercise
(i.e., HIIE)-enhanced EF [66], irrespective of increased BDNF and catecholamine, both of
which are supposed to relate to cognitive performance [55,67,68] (Figure 2). Given the
reliance on lactate as a fuel for the brain, variations in blood lactate could affect cognitive
performance during and after exercise and account for the significance of exercise (i.e.,
muscle contraction) for brain function.

 

ΔFigure 2. Relationship between a-v difflactate and ∆interference score (i.e., executive function) during postexercise recovery.
The open circles indicate the average of each time point during the post-first bout of HIIE recovery, and the solid circles
indicate the average of each time point during the post-second bout of HIIE recovery in which a lower systemic lactate
concentration is observed. This result suggests that brain lactate uptake is associated with better executive function. Values
are the means ± SEM. Modified/adopted from Hashimoto et al. [66].
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On the other hand, a recent study demonstrated that chronic lactate administration to
mice promotes hippocampal neurogenesis but does not affect cognitive performance [69].
In addition, Sudo et al. found that recovery of prefrontal oxygenation affected cognitive
performance after exhaustive exercise, irrespective of the blood lactate concentration [70].
Further studies are warranted to understand the role of lactate in brain function in acute
and chronic exercise.

6. Exercise-Induced Improvement in Brain Health Based on Chronic Anatomical and
Cerebral Microvasculature Alterations and Its Potential Link to Exercise-Produced
Lactate in Active Muscle

As described above, brain structure may determine CBF regulation and volume that
affects brain function. Of note, physical activity is useful to upregulate neurotrophins
and growth factors, such as BDNF, insulin-like growth factor-1 (IGF-1), and vascular
endothelial growth factor (VEGF), which are necessary to maintain existing neurons and
neurogenesis for continued brain development [20]. The increases in BDNF, VEGF, and
IGF-1 levels are positively related to augmented hippocampal volume, neurogenesis, and
angiogenesis, thereby increasing cognitive performance, such as spatial memory, in older
adults [8,20,23,71].

Among the growth factors, BDNF might be a key factor involved in cognitive perfor-
mance improvement, at least regarding memory function and mental health, by means of
promoting neurogenesis, synaptic plasticity, and cell survival, particularly in the cerebral
cortex and hippocampus [8,72]. Indeed, poor cognitive function and mental health are as-
sociated with low circulating BDNF levels in both young and elderly persons and patients
with a major depressive disorder [68,73,74]. On the other hand, Griffin et al. (2011) sug-
gested that postexercise improvement in short-term memory performance was related to an
acute increase in BDNF [68]. Additionally, to maintain a higher level of short-term memory
for brain health, it is important that the acute increase in systemic BDNF is repeated [68]. In
this connection, the effect of chronic exercise on cognitive function may be determined by
repeated single exercise bout-induced physiological effects, as seen in muscle hypertrophy
by resistance exercise training, and changes in some physiological and biological factors
(e.g., BDNF) during single bouts of exercise may partially link such determination.

In line with this, the indirect effects of lactate should be a focus. Again, general struc-
tural alterations of the brain via chronic (i.e., repeated/habitual) exercise training/physical
activity may be responsible for brain health, at least partly by growth factors. Interest-
ingly, lactate infusion at rest induced an increase in blood BDNF in young male sports
students [75]. Additionally, an increase in blood lactate concentration in response to acute
graded exercise was correlated with an increase in serum BDNF in young, healthy sub-
jects [76]. In this regard, it is not surprising that HIIE, which produces more lactate than
MCE, increased serum BDNF more than MCE in young obese subjects [77]. Furthermore,
acute sprint interval exercise-induced elevation in blood lactate concentration was associ-
ated with increased blood BDNF, IGF-1, and VEGF and improved cognitive performance
in young subjects [78]. In addition, Hayek et al. suggested that exercise-produced lactate is
transported through the circulation to the brain, whereby it induces BDNF expression via a
signaling cascade between silent information regulator 1 (SIRT1), peroxisome proliferator-
activated receptor gamma coactivator 1-alpha (PGC-1α), and fibronectin type III domain
containing 5 (FNDC5) in the mouse hippocampus [79]. Importantly, the study also showed
that such peripheral delivery of exercise-produced lactate promotes cognitive performance,
such as learning and memory. These results suggest that either exercise-induced or ex-
ogenously administered lactate can be a trigger to augment BDNF expression (see [80])
and subsequent structural adaptations and hence may contribute to the improvement of
cognitive performance.

Regarding VEGF, Morland et al. demonstrated that HIIE training and/or sodium
lactate injections for 7 weeks promoted cerebral VEGF and angiogenesis via the lactate re-
ceptor hydroxycarboxylic acid receptor 1 (HCAR1) in an animal model [81]. These findings
suggest that exercise-induced elevation of blood lactate can be an activator of neurogene-
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sis and angiogenesis, which are favorable for brain health and should be considered an
underlying molecular mechanism of HIIT benefits for the brain [82].

Interestingly, previous studies demonstrated that peripheral administration of lactate
reduced behavioral despair and anhedonia-like behavior and reversed social avoidance [83,84].
It was suggested that the lactate-induced expression of genes/proteins related to neuronal
plasticity, memory, neurogenesis, and neuroprotection, such as BDNF, VEGF, early growth
response 1 (Egr1), CCAAT/enhancer-binding protein (C/EBP), Hes5, p11, and proto-
oncogene c-Fos (c-Fos), as well as activity-regulated cytoskeletal-associated protein (Arc),
might be associated with the antidepressant actions of lactate [65,83,85,86]. Recently,
Carrard et al. suggested that hippocampal neurogenesis is important in the antidepressant
actions of lactate [83]. In this study, chronic administration of corticosterone induced
depression-like states with decreased hippocampal neurogenesis, while coadministration
of lactate maintained hippocampal neurogenesis to the control level with suppression of
oxidative stress. Importantly, this action was not induced by the administration of pyruvate
but was elicited by β-hydroxybutyrate, which can be oxidized to acetoacetate with the
production of nicotinamide adenine dinucleotide hydrate (NADH), suggesting that the
antidepressant effect of lactate is associated with lactate oxidation-induced NADH rather
than an energy substrate [83]. Indeed, NADH suppressed corticosterone-induced oxidative
stress and a subsequent reduction in adult hippocampal stem/progenitor cell proliferation
in an in vitro study [83]. Although physical activity/exercise-induced physiological strain
that elicits brain functional adaptation may be multifactorial [82], we should recognize that
muscle contraction-produced lactate might be a pivotal mediator of brain adaptation as a
myokine for brain structure (Figure 3).

 

Figure 3. Potential acute and chronic effects of exercise-induced lactate on brain health. Scheme illustrating the potential
acute and chronic effects of exercise-induced lactate on brain health.
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7. Can Cerebral Blood Flow Regulation That Determines Brain Function Be Modified
by Lactate?

Biochemical regulation of the cerebrovascular system by lactate is also evident in
an acute setting. Gordon et al. demonstrated in rat brain slices that low oxygen levels
facilitated lactate; hence, prostaglandin E2 (PGE2) elicited vasodilation [87]. In humans,
the CBF response to physiological activation induced by visual stimulation was increased
with lactate injection and plasma lactate/pyruvate ratio and subsequently augmented the
NADH/NAD+ ratio [88]. This increase in lactate/pyruvate and NADH/NAD+ ratios may
be related to the increase in CBF, probably through nitric oxide (NO) production [89]. In a
clinical setting, hypertonic lactate injection increased cerebral perfusion and brain glucose
availability and decreased the pulsatility index after acute brain injury [90]. In addition, the
brain-injured person is hypermetabolic, and lactate has a pivotal role in supplying energy to
bypass the restriction in glycolytic flux and spare limited glucose reserves for other cerebral
metabolisms (e.g., pentose phosphate pathway for neuroprotection) (see [91]). Indeed,
acute lactate infusion into mild traumatic brain injury patients improved their cognitive
function as evaluated by the Mini Mental State Examination (MMSE), with several possible
mechanisms, such as the energy substrate effect, the prevention of hyperchloremia, and
the reduction in brain cell edema, by restoring impaired brain homeostasis and synapse
function after brain injury [92].

8. Therapeutic Example of Exercise Modification to Consider the Interaction of Lactate

Given that resistance exercise is associated with several health benefits, such as a
reduced risk for sarcopenia, osteoporosis, and metabolic dysfunction [93], this type of
exercise is also attractive for improving quality of life. We found that an acute bout
of localized resistance exercise could enhance cognitive performance immediately after
exercise in a dose-dependent manner [94], whereby generally, high-intensity resistance
exercise produces more lactate. Recently, we also found that resistance exercise with slow
movement and tonic force generation improved EF more effectively than normal velocity
movement exercise, accompanied by a considerable amount of lactate production even
though the exercise intensity was low [95]. Interestingly, despite the application of a lower
exercise load, resistance exercise with slow movement and tonic force generation improved
postexercise EF similarly to high-intensity resistance exercise, which may be due to the
equivalent blood lactate response between the two protocols in healthy young adults [96].
Therefore, it may be relevant to focus on exercise-induced lactate to predict the proper
chronic exercise prescription for brain health.

9. Summary and Future Perspective

The potential mechanisms underlying the favorable effects of habitual exercise/physical
activity on brain function are assumed to be multidimensional. In particular, structural
alterations of the brain, such as increased neurogenesis, synaptogenesis, angiogenesis, and
brain volume, might be characteristics of chronic exercise benefits because they cannot
be achieved with only a single bout of acute exercise, although the cumulative effects
of acute exercise-induced physiological stress are needed. It may be reasonable to say
that acute exercise, if it is favorable for improvement of brain function, although it is a
transient response, is also beneficial for brain health, including cognitive performance, with
its continuous repetition via chronic exercise training. In this regard, it may be useful to
understand the impact and mechanisms behind the favorable effects of acute exercise on
brain function to develop a proper exercise prescription for brain health. Although such
mechanisms are assumed to be multifactorial, cerebral metabolism may be an important
physiological factor that determines brain function. Among metabolites, the provision of
lactate to meet elevated neural activity and to regulate the cerebrovascular system and
redox states in response to exercise may be responsible for exercise-enhanced brain health
(Figure 3).
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For this connection, the regulation of peripheral and cerebral lactate metabolism
through exercise may be important for brain function. Furthermore, exercise intensity,
duration, and modality also affect brain function possibly through the “metabolic myokine”
(i.e., lactate). Particularly, HIIE might be practically relevant for brain health. Nonetheless,
population (i.e., young and old) and gender (i.e., male and female) differences must be
considered in future studies.
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Abstract: In high-intensity interval training the interval duration can be adjusted to optimize training
results in oxygen uptake, cardiac output, and local oxygen supply. This study aimed to compare these
variables in two interval trainings (long intervals HIIT3m: 3 min work, 3 min active rest vs. short
intervals HIIT30s: 30 s work, 30 s active rest) at the same overall work rate and training duration.
24 participants accomplished both protocols, (work: 80% power output at VO2peak, relief: 85%
power output at gas exchange threshold) in randomized order. Spirometry, impedance cardiography,
and near-infrared spectroscopy were used to analyze the physiological stress of the cardiopulmonary
system and muscle tissue. Although times above gas exchange threshold were shorter in HIIT3m
(HIIT3m 1669.9 ± 310.9 s vs. HIIT30s 1769.5 ± 189.0 s, p = 0.034), both protocols evoked similar
average fractional utilization of VO2peak (HIIT3m 65.23 ± 4.68% VO2peak vs. HIIT30s 64.39 ±

6.78% VO2peak, p = 0.261). However, HIIT3m resulted in higher cardiovascular responses during
the loaded phases (VO2 p < 0.001, cardiac output p < 0.001). Local hemodynamics were not different
between both protocols. Average physiological responses were not different in both protocols owning
to incomplete rests in HIIT30s and large response amplitudes in HIIT3m. Despite lower acute
cardiovascular stress in HIIT30s, short submaximal intervals may also trigger microvascular and
metabolic adaptions similar to HIIT3m. Therefore, the adaption of interval duration is an important
tool to adjust the goals of interval training to the needs of the athlete or patient.

Keywords: interval exercise; oxygen uptake (VO2); cardiac output (CO); oxygen availability (HHb/VO2);
near-infrared spectroscopy (NIRS)

1. Introduction

Interval training is an often-used training modality to improve endurance performance
in athletes but also cardiorespiratory fitness in patients [1–3]. In contrast to continuous
training, interval training consists of several alternating phases of high and low intensities.
Buchheit & Laursen [1] defined multiple exercise variables used in the design of an interval
exercise session including intensities and durations of work and relief phases, the work
modality, and the combination of exercise series. The manipulation of these factors adjusts
the interval training in order to meet the demands of the sport, the athlete’s profile, or the
patient’s possibilities [1]. Sprint interval training or repeated sprint interval training, at
maximum effort, highly affect the capability in maximal energy production by aerobic and
anaerobic systems while short (<45 s) and long (2–4 min) high-intensity interval training
(HIIT) is associated with higher emphasis on submaximal performance [1,4]. Due to
intermittent exercise of work and relief, HIIT achieves longer times at high rates of oxygen
uptake (VO2) compared to long slow distance or moderate continuous training with the
same training duration [1,5]. Accordingly, HIIT represents a greater stimulus on maximum
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aerobic energy production and hence is associated with a fast increase in peak oxygen
uptake (VO2peak) [5,6]. Both, HIIT and continuous training affect the cardiovascular
system by increasing local perfusion [7]. Microvascular oxygen distribution and capillary
perfusion are known as key determinants to promote oxidative metabolism [8]. Recent
studies showed evidence for a higher impact of interval training on local muscle perfusion
compared to continuous training [9,10]. However, there are several confounding variables
in the investigation of interval training applications. One major issue in the research
of intermittent training is the matching of interval intensity and duration. Using an
isoeffort matching approach, Zafeiridis and colleagues compared a continuous training
(70% VO2max), HIIT with long intervals (2 min at 95% VO2max, 2min passive rest), and
HIIT with short intervals (30 s at 110% VO2max, 30 s passive rest). Cardiovascular stress
was highest in continuous and long interval training, while muscle oxygenation was
equal in all protocols [11]. However, this study does not clarify the effect of different
interval durations, as the work rate was not constant. Our study aimed to compare
two interval regimens of equal overall work rate but the different composition of work-
and relief-interval duration in respect of local and central cardiovascular effects. We
hypothesized that long interval duration, i.e., 3 min work, has higher cardiometabolic
demand compared to short interval duration, i.e., 30 s, at same overall work. Despite the
different cardiometabolic demands, both interval protocols achieve similar effects in acute
microvascular oxygen distribution.

2. Methods

24 male subjects (Table 1) participated in this study voluntarily. For this, informed
consent was obtained from all subjects involved in the study. All test persons were healthy
and performed recreational sport at least two times a week. This study was carried out
in accordance with the Declaration of Helsinki and was approved by the local Ethics
Committee of the Technical University of Munich (#67/14, 2014).

Table 1. Subject characteristics.

Parameter Mean ± SD N

Age [years] 24.3 ± 3.6 24
Height [cm] 181.4 ± 5.1 24
Weight [kg] 75.9 ± 7.6 24

Skinfold thickness at m. vastus lateralis [mm] 8.0 ± 3.2 24
Peak oxygen uptake (VO2peak) [L*min−1] 4.11 ± 0.53 24

Relative peak oxygen uptake (VO2peak) [mL*min−1 *kg−1] 54.1 ± 5.3 24
Gas Exchange Threshold (GET) [% VO2peak] 52.9 ± 8.4 24

Respiratory Compensation Point (RCP) [% VO2peak] 82.6 ± 6.9 24
peak heart rate (HRpeak) [bpm] 185.0 ± 7.7 24

peak cardiac output (COpeak) [L*min−1] 25.4 ± 3.4 17
peak stroke volume (SVpeak) [ml] 144.1 ± 19.4 17
peak power output (POpeak) [W] 359.5 ± 44.8 24

On an electrically braked cycle ergometer (Lode Excalibur, Groningen, NL, USA)
the participants performed three tests protocols which had to be separated at least 48 h
from each other and executed within two weeks. During each measurement, an open
spirometry device, Cortex Metalyzer 3b (Leipzig, GER), analyzed breath-by-breath the
respiratory gas exchange. For this, the participants were not allowed to consume food
and caffeinated drinks three hours before the measurements. The first test, a continuous
ramp test to exhaustion (3 min baseline measurement, 3 min warm-up at 50 W, 20 W/min
increase), was accomplished to determine the VO2peak, the respiratory thresholds (gas
exchange threshold, GET + respiratory compensation point, RCP), peak heart rate (HRpeak),
cardiac output (COpeak), stroke volume (SVpeak) and maximum power output (POpeak).
VO2peak, HRpeak, COpeak, SVpeak and was defined as the highest value in the 30 s moving
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average of each parameter. Both, GET and RCP, were estimated using the modified V-slope
method [12] by determining visual investigation of breakpoints in the plotted breath-by-
breath data of carbon dioxide output (VCO2) vs. oxygen uptake (VO2) [12,13]. To increase
the accuracy of GET and RCP, visual breakpoints in breath volume (VE) vs. time as well
as in the equivalents of VE/VCO2 and VE/VO2 vs. time were also used for threshold
detection. Additionally, VE vs. VCO2 provided further information about the RCP. Without
wearing special bike shoes, the participants were allowed to choose a comfortable cadence
above 60 rpm which had to be maintained. The incremental ramp test was terminated by a
drop of the pedal frequency below 60 rpm.

In randomized order, the participants performed two interval protocols that differed
in the duration of the intervals. Each protocol consisted of five consecutive sections. In
the long interval protocol (HIIT3m), one section was representing one complete interval
including 3 min work phase and 3 min active rest. During the short interval protocol
(HIIT30s), one section consisted of six repeated bouts of 30 s active recovery and 30 s work.
The work-interval was set equal to the power output achieved at 80% of VO2peak in the
incremental ramp protocol for both, HIIT3m and HIIT30s work intervals. The intensity
was then reduced by 5% to account for the delayed oxygen kinetics i.e., a mean response
time of about 30 s [14]. The recovery intensity was set to the power output achieved at
85% GET. Due to the work to rest ratio of 1:1 and the same power output during work and
relief phases, both interval protocols achieved the same amount of total work (Figure 1).
Each interval session began with a 3 min baseline measurement of oxygen uptake, cardiac
output, and muscle deoxygenation followed by a 5 min warm-up. The warm-up intensity
was set equal to the active recovery intensity. The short intervals started with active rest to
ensure that the last 30 s of a HIIT3m work interval was time-aligned with a work interval
in the HIIT30s. After the last work phase of both protocols, 20 µL of blood was taken
from the right earlobe for end-exercise lactate diagnosis. The blood-filled capillaries were
stored in reaction cups and mixed with 1000 µL of hemolyzing solution. The calibrated
Biosen S-Line system (EKF-diagnostic GmbH, Barleben, GER) analyzed the probes using
the enzymatic-amperometric principle.

Figure 1. Scheme of HIIT3m and HIIT30s protocol regarding interval intensities and duration. The black squares demon-
strate the 10 s period, where the means for work (loaded) and resting (unloaded) phases were calculated.
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In addition to the heart rate (HR), stroke volume (SV) and cardiac output (CO) were an-
alyzed non-invasively via impedance cardiography (PhysioFlow Enduro, Manatec Biomed-
ical, Folschviller, France). Also known as transthoracic-electrical-bioimpedance, impedance
cardiography detects changes of thoracic impedance caused by the alternating heart vol-
ume by sending a low amperage high-frequency current through the thorax [15,16]. The
method of impedance cardiography, respectively the PhysioFlow System was validated
against the direct Fick method and/or thermodilution in patients [15–17] and exercise
tests [18]. For this method, six electrodes must be placed at the subject’s neck and upper
body. Previously, the skin was shaved and cleaned with skin preparation gel and alcohol to
increase skin conductance and signal quality. After connecting the PhysioFlow, the blood
pressure was measured and the device was calibrated. For calibration, the participants
were asked to maintain a relaxed position on the ergometer. As soon as the signal stabi-
lized, the software analyzed 30 heartbeats to calibrate the system. The PhysioFlow system
was not available to the first seven participants during piloting. Hence, SV and CO were
analyzed in only 17 subjects, whereas VO2, HR, and muscle oxygenation were measured in
all 24 test persons.

Muscle oxygen saturation was analyzed by near-infrared spectroscopy (NIRS). In
general, a NIRS device consists of two optodes. The first emits near-infrared light into
human tissue. On its way through the tissue, light, i.e., photons, can be absorbed or
scattered by specific chromophores like oxygenated (O2Hb) or deoxygenated hemoglobin
(HHb). The second optode receives the remaining, attenuated light. According to the
modified Lambert-Beer law, attenuation of light and therefore the concentration of the
absorbing chromophores can be calculated by the logarithmic ratio between received and
emitted light. Due to the unknown pathlength of the photons inside the tissue, a differential
pathlength factor has to be included. In the used system, this factor was equal to 4 [19].

The near-infrared spectroscopy device (Portamon, Artinis medical Systems, Elst, NL)
was placed at the shaved, right m. vastus lateralis similar to the SENIAM recommendations
for EMG application [20]. The device emitted light (760 and 850 nm) continuously to the
35 mm distanced receiving optode, resulting in a penetration depth of approximately
17.5 mm [21]. To ensure that light penetrates muscle tissue, the skinfold at the NIRS
position was measured by a caliper (Skinfold Caliper, Harpenden, Burgess Hill, UK).
Limited by the continuous wave design of the device, only relative concentrations of
O2Hb [µmol*L−1] and HHb [µmol*L−1] can be measured. The NIRS software (Oxysoft,
Artinis medical Systems, Elst, NL, USA) started recording with 10 Hz measuring rate and
additionally calculated the total amount of hemoglobin (tHb = O2Hb + HHb [µmol*L−1])
as well as the tissue saturation index (TSI = 100*O2Hb*tHb−1 [%]). Measured HHb was
normalized from 0% (baseline) to 100% (maximum HHb response during ramp test) to be
comparable between both interval protocols.

Microvascular oxygen distribution was estimated by ∆HHb per unit ∆VO2 (∆HHb/∆VO2).
The ratio of normalized HHb to normalized VO2 (100% = VO2peak) reflects the continuous
matching of O2 distribution and its utilization. In general, a better microvascular O2
distribution is indicated by a lower ∆HHb/∆VO2 ratio. This method was used previously
in relation to microvascular O2 adjustment during exercise on-transient [8,22] as well as a
description of microvascular O2 availability during and after exercise [11,23,24].

All data were collected and processed by customized Matlab scripts (Mathworks,
Natick, MA, USA). The program interpolated the breath-by-breath data measured by the
spirometry and PhysioFlow to second-by-second values. NIRS data were downsampled
to 1 Hz. Data were smoothed using a moving average with a 30 s-time window. All data
were normalized to the maximum value in the preceding maximal ramp-test. The section
averages (1 long complete interval, 6 short complete intervals) as well as the end values
of the work phase (loaded) and the resting phase (unloaded) were statistically analyzed.
These end values were defined as the mean of the last 10 s of the loaded or unloaded phase
(Figure 1) respectively. Repeated measures ANOVAs with two factors (interval training,
section) were executed in SPSS 23 (IBM, Armonk, NY, USA). Results were corrected by the
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Greenhouse–Geisser method if the assumption of sphericity, tested by Mauchly’s test of
sphericity, was violated. For the prevention of α-error accumulation, the Bonferroni–Holm
method was used. Furthermore, time above GET, time above 80% VO2peak, and average
oxygen uptake were calculated to estimate the overall respiratory impact of the interval
protocols. A paired t-test analyzed these parameters as well as end-exercise lactate for
significant effects. The level of significance was set to p = 0.05.

3. Results

3.1. Aerobic Rate

Average oxygen uptake (Figure 2) increased progressively from Sections 1–5 in both
protocols (HIIT3m: ANOVA p ≤ 0.001, post hoc tests p ≤ 0.001; HIIT30s: ANOVA ≤ 0.001,
post hoc tests p ≤ 0.05). Although there was no significant difference in average oxygen
uptake in any of the five sections between both protocols, there was a significant interaction
effect between the first and second as well as the fourth and fifth section (ANOVA p ≤ 0.001,
post hoc tests p ≤ 0.002).

The loaded phases of all sections were significantly higher in the HIIT3m compared to
HIIT30s (ANOVA p ≤ 0.001, post hoc tests p ≤ 0.001). During the unloaded phases, VO2
was higher in HIIT30s (ANOVA p ≤ 0.001, post hoc tests p ≤ 0.001, Figure 3).

3.2. Heart Rate

The average heart rate (Figure 2) also increased progressively from Sections 1–5 in
HIIT3m (ANOVA p ≤ 0.001, post hoc tests p ≤ 0.001). In HIIT30s, relative HR increased up
to Section 3 and flattened afterward (ANOVA p ≤ 0.001, post hoc tests p ≤ 0.05).

The loaded phases of all sections were significantly higher in HIIT3m compared to
HIIT30s (ANOVA p ≤ 0.001, post hoc tests p ≤ 0.001). In contrast, HIIT30s resulted in
higher HR during the unloaded phases (ANOVA p ≤ 0.001, post hoc tests p ≤ 0.001)
(Figure 3).

3.3. Cardiac Output

Cardiac output (Figure 2) increased progressively with increasing exercise dura-
tion in both protocols (ANOVA p ≤ 0.001, post hoc tests p ≤ 0.002), except between
Sections 2 and 3 in HIIT3m (Figure 3). Furthermore, there was a significant difference
between both protocols in the first two sections, where the HIIT3m evoked a higher cardiac
output (ANOVA p = 0.045, post hoc tests p ≤ 0.025).

Cardiac output during the loaded phases was significantly higher (p ≤ 0.001) in
HIIT3m for all sections. Contrary to the loaded phases, HIIT30s resulted in higher cardiac
output in the unloaded phases (p ≤ 0.001, Figure 3).

3.4. Stroke Volume

Stroke volume remained stable despite the increasing exercise duration, and section
averages did not differ significantly between the two protocols. This also applied when
data was separated into loaded and unloaded phases (Figures 2 and 3).

3.5. Muscle Hemodynamics

HHb/VO2 increased from Sections 1–3 (ANOVA p = 0.001, post hoc tests p ≤ 0.05)
in both protocols and stayed stable thereafter (Figure 2). However, there was a signifi-
cant interaction effect indicating a steeper increase in HIIT30s between Sections 1 and 2
(p = 0.027).

Loaded and unloaded phases did not differ significantly between both protocols. But
in HIIT30s, there was a significant interaction effect of HHb/VO2 between Sections 1 and 2
as well as Sections 2 and 3 in the loaded phases (p ≤ 0.05, Figure 3).
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Figure 2. Averaged traces of relative oxygen uptake, heart rate, cardiac output and ∆HHb/VO2 ± SD (gray area); averaged
values of each 6 min-section are presented as mean ± SD; ♦ indicate significant differences between two successive sections;
interaction effects are marked with * (p ≤ 0.05).
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Figure 3. Averaged values for oxygen uptake, cardiac output and HHbVO2 at the end of loaded and unloaded phases for
HIIT3m (•, solid line) and HIIT30s (N, dashed line); ♠ indicates significant differences between both protocols (p ≤ 0.05);
significant interaction effects are marked with * (p ≤ 0.05).
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In HIIT3m, TSI dropped significantly in response to the first interval (p < 0.001),
decreased further after the second interval (p = 0.012), and remained stable thereafter. This
drop was not significant in HIIT30s.

3.6. End-Exercise Lactate

End-exercise lactate was significantly (p ≤ 0.001) higher in HIIT3m (6.2 ± 2.2 mmol/L)
compared to HIIT30s (4.2 ± 2.0 mmol/L).

4. Discussion

In order to optimize the effects of training, it is important to know the impact of
different training regimens on the desired performance-predicting physiological systems.
Our results demonstrate that interval training with long intervals increases training time
at high rates of oxygen uptake (i.e., higher aerobic rates) and cardiac output compared
to a short interval training at an identical overall workload. This suggests that long-
interval training approaches the central cardiovascular system more intensively. Although
average responses (i.e., including low intervals) of oxygen uptake and cardiac output
did not differ significantly, it agrees with recent findings that the exercise time at high
intensities might be crucial for triggering positive effects [25]. Overall metabolism rises
disproportionately [24,26], therefore higher aerobic rates represent considerably higher
metabolic stimuli, despite the longer unloaded phases during the HIIT3m. This is also
supported by much higher lactate values in the HIIT3m.

We have shown in previous studies that isolated 30 s work intervals might lead to
lower cardiovascular responses compared to 3 min work intervals [23]. However, repeated
30 s work-interval bouts could nevertheless be effective in a similar way compared to
longer interval durations. In the current study, results promote the 3 min intervals to
evoke a higher impact on the cardiovascular system. Short-interval training is very often
prescribed using short maximal or supramaximal intensities, interspersed by either passive
breaks or longer, active relief intervals [1]. This is associated with having a greater effect
on VO2max development by higher rates of oxygen consumption during training. In the
current study, we did not consider this type of interval training as we aimed to focus solely
on the effect of interval duration without changing the work rate.

4.1. Oxygen Uptake and Central Responses

As mentioned before, long intervals had a higher impact on peak oxygen uptake
and peak cardiac output during work intervals. This was associated with the long-lasting
demand for oxygen, which is reflected by a plateau or only a minor increase in oxygen
uptake at the end of the loaded phases. Work intervals were too short to affect a similar
VO2 response in HIIT30s and therefore VO2 reached lower values without attaining a
plateau. On the other hand, VO2 dropped lower during resting phases in HIIT3m com-
pared to HIIT30s, resulting in a high amplitude of VO2 response to the training session.
Contrary, there was only a small variation between loaded and unloaded phases in HIIT30s.
Despite this, the average response of VO2 to both protocols was similar. Nevertheless,
the participants’ aerobic rate did not recover to baseline values in both protocols. Thus,
average oxygen uptake increased almost consistently with each interval section.

The high difference in VO2 between the loaded and unloaded phases in HIIT3m as
well as the small variation in HIIT30s resulted in an equal average response in all sections
and protocols. In detail, the HIIT3m elicited shorter training times above GET than the
short interval training (1669.9 ± 310.9 s vs. 1769.5 ± 189.0 s, p = 0.034) while the average
fractional utilization of VO2peak was similar (65.23 ± 4.68% VO2peak vs. 64.39 ± 6.78%
VO2peak, p = 0.261). However, the long interval training caused a significantly longer time
above the target intensity of 80% VO2peak (377.3 ± 254.4 s vs. 121.7 ± 370.9 s, p = 0.001).
Further, 15 subjects exceeded the fractional utilization of VO2peak that is corresponding
to the occurrence of RCP in the ramp test. In contrast, only 4 subjects reached that level
during the short interval training. As oxygen uptake responses to constant load exercise
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above GET is not only dependent on exercise intensity but also on exercise time due to the
oxygen uptake slow component [27], this result is not surprising. However, it indicates
higher aerobic flux during the HIIT3m protocol. 8 subjects reached their RCP at intensities
of 85% VO2peak and higher and therefore did not reach RCP level in fractional utilization
of VO2peak despite the slow component. These findings indicate that the HIIT3m affects a
longer training period in the severe intensity domain. which is typically one major reason
for the application of interval regimens in endurance sports.

Directly linked to oxygen uptake, a similar behavior was shown in cardiac output. As a
result of incomplete recovery, cardiac output increased in both protocols due to an increase
in heart rate, while stroke volume remained constant. Again, the long intervals resulted
in higher cardiovascular stress during the loaded phases compared to short intervals.
But the section average values of cardiac output showed again a similar impact on the
cardiovascular system. However, adjustment of the cardiac output took longer in the
long-interval protocol (Figure 3).

4.2. Microvascular O2 Provision

As previously mentioned, microvascular oxygen provision was estimated by ∆HHb
per unit VO2. The larger the ratio, the more O2 is extracted in relation to VO2 uptake.
Lower values would indicate a smaller increase of ∆HHb at a given workload by higher
local muscle oxygen provision [8,24]. In both protocols, the average ratio of local oxygen
supply to systemic demand increased until Section 3, i.e., until the 18th minute of both
interval training, and flattened afterward. Local vasodilation could be associated with
the improvement of local O2 provision after the first three sections. It is assumed that
vasoactive substances, like lactate or acetylcholine, might promote tissue perfusion and
therefore enhance oxygen uptake on-kinetics, e.g., the response to the work-intervals in this
study [24,27,28]. Furthermore, acid substances are known to shift the O2 dissociation curve
and thus improve muscular O2 utilization according to the Bohr Effect [29,30]. However,
the Bohr Effect might be of smaller importance in the current study as exercise times in the
severe intensity domain were quite short and therefore is not likely to lower local pH that
much. Moreover, intermittent contractions during cycling might also enhance blood flow in
terms of muscle pumps. Especially during the active rest, where small intensities had to be
handled, mean arterial pressure might be maintained constant during the recovery phases
compared to a passive rest [31]. However, ∆HHb/VO2 increased significantly during the
loaded phases in HIIT30s compared to HIIT3m (Figure 3). Although ∆HHb/VO2 did
not differ following Section 3, HIIT3m presumably promotes vascular effects faster than
the HIIT30s.

These results were partially in line with the results of Zafeiridis’ study [11]. Although
different intensities and passive rests had been used, no significant differences in local
muscle perfusion were detected, while cardiovascular stress was increased by a long
interval training. Zafeiridis and colleagues speculated that both long and short intervals
trigger microvascular and metabolic adaption due to equal average central responses and
similar ∆HHb/VO2 [11].

The adaption of interval duration at submaximal workloads is an important parameter
to control the cardiorespiratory loading. Reductions in interval length should therefore be
accompanied by an increase in workload to achieve a comparable training stimulus for the
cardiorespiratory system. The equal work rates might limit the results of the study due to
different intensity domains resulting in different metabolic demands. However, interval
training affects muscle perfusion independent of interval duration. Thus, short submaximal
interval training can be a part of rehabilitation programs to improve muscular perfusion
with less cardiac stress. A training study would be necessary to validate the results and
estimate long-term adaption effects in the muscle and cardiorespiratory systems.
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5. Conclusions

In conclusion, the study aimed to detect possible differences in central and peripheral
hemodynamics in two interval protocols at the same work rate. Tested short and long
interval durations increased average response in oxygen uptake, cardiac output, heart rate
and local oxygen provision while stroke volume maintained almost constant. Differences
between the protocols were detected regarding loaded and unloaded phases in central
hemodynamic parameters and oxygen uptake, where the long-interval training regimen
results in stronger cardiovascular and metabolic responses. Therefore, interval duration is
a useful tool to adapt interval training to the needs and aims of the training process.
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Abstract: High rates of thrombosis are present in patients with severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2). Deeper insight into the prothrombotic state is essential to provide
the best thromboprophylaxis care. Here, we aimed to explore associations among platelet indices,
conventional hemostasis parameters, and viscoelastometry data. This pilot study included patients
with severe COVID-19 (n = 21) and age-matched controls (n = 21). Each patient received 100 mg
aspirin therapy at the time of blood sampling. Total platelet count, high immature platelet fraction
(H-IPF), fibrinogen, D-dimer, Activated Partial Thromboplastin Time, von Willebrand factor antigen
and von Willebrand factor ristocetin cofactor activity, plasminogen, and alpha2-antiplasmin were
measured. To monitor the aspirin therapy, a platelet function test from hirudin anticoagulated
whole blood was performed using the ASPI test by Multiplate analyser. High on-aspirin platelet
reactivity (n = 8) was defined with an AUC > 40 cut-off value by ASPI tests. In addition, in vitro vis-
coelastometric tests were carried out using a ClotPro analyser in COVID-associated thromboembolic
events (n = 8) (p = 0.071) nor the survival rate (p = 0.854) showed associations with high on-aspirin
platelet reactivity status. The platelet count (p = 0.03), all subjects. COVID-19 patients presented
with higher levels of inflammatory markers, compared with the controls, along with evidence of
hypercoagulability by ClotPro. H-IPF (%) was significantly higher among non-survivors (n = 18)
compared to survivors (p = 0.011), and a negative correlation (p = 0.002) was found between H-IPF
and plasminogen level in the total population. The platelet count was significantly higher among
patients with high on-aspirin platelet reactivity (p = 0.03). Neither the ECA-A10 (p = 0.008), and
ECA-MCF (p = 0.016) were significantly higher, while the tPA-CFT (p < 0.001) was significantly
lower among patients with high on-aspirin platelet reactivity. However, only fibrinogen proved
to be an independent predictor of hypofibrinolysis in severe COVID-19 patients. In conclusion, a
faster developing, more solid clot formation was observed in aspirin ‘non-responder’ COVID-19
patients. Therefore, an individually tailored thromboprophylaxis is needed to prevent thrombotic
complications, particularly in the hypofibrinolytic cluster.

Keywords: COVID-19; platelet; IPF; hemostasis; aggregometry; viscoelastic test

1. Introduction

The COVID-19 pandemic, caused by SARS-CoV-2, is a contagious potentially life-
threatening disease that has caused more than five million deaths worldwide [1]. Clinical
characteristics of the disease can range from mild upper tract respiratory infection to
multiple organ disfunction (MODS), multiple organ failure (MOF), and fatal hypoxemic
respiratory failure [2,3]. There is a great body of evidence that COVID-19 significantly
affects the coagulation system, contributing to hypercoagulable states and thrombotic
events. The reason for such alterations is multifactorial, including the activation of the
thrombo-inflammatory cascade and endothelial dysfunction [4,5]. There is a great need
to identify novel markers to stratify disease severity and predict the outcome of disease.
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Such attempts can not only provide deeper insight into the pathological process, but also
allow more accurate triage and faster therapeutic interventions. Based on this concept, a
faster correction of abnormal coagulation parameters might be associated with improved
prognosis in infected patients [6–8]. In addition to primary hemostasis, platelets play
an important role in inflammatory and immune responses. According to a recent study,
platelet count per se provide valuable data in the assessment of disease severity and
outcome [9]. Zhao et al. reported that an early decrease in blood platelet count was
associated with poor prognosis in COVID-19 patients [10]. Hypothetically, an infection-
induced cytokine storm or the virus itself directly affects bone marrow via CD13/CD66a
and destroys cells and inhibits hematopoiesis [9,11,12]. In contrast, SARS-CoV-2-associated
thrombocythemia has been reported too [12,13]. Platelet indices, such as immature platelet
fraction (IPF, %), are valid indicators of thrombopoiesis level [14]. IPF represents young cells
that have recently been released into the circulation and contain a higher concentration
of ribonucleic acid than mature platelets [14]. Recently, IPF was reported as a novel
early predictive marker for disease severity in patients with COVID-19 [15]. Critically ill
COVID-19 patients have impaired fibrinolysis. The hypofibrinolytic state due to decreased
fibrinolytic response may contribute to COVID-associated thromboembolic events. The
decreased fibrinolytic response was recently defined as a lysis time (LT) >393 s. The aim
of this clinical study was to explore associations among platelet indices and conventional
hemorheological parameters in patients with severe SARS-CoV-2 infection and their impact
on the clinical outcome [16].

The aim of this clinical study was to explore associations among platelet indices and
conventional hemorheological parameters in patients with severe SARS-CoV-2 infection.
In addition, the changes of platelet reactivity and fibrinolytic response contributing to the
etiology of an increased thrombotic risk associated with COVID-19 were also examined
here.

2. Results

2.1. Patients and Healthy Subjects

A total number of 21 COVID-19 patients (male: 12) and 21 age-matched SARS-CoV-2
PCR-negative control subjects were enrolled into this prospective observational study. All
patients had SARS-CoV-2 PCR positivity, and they required intensive care with oxygen
therapy with or without ventilator support. The demography, past medical history (co-
morbidities), and clinical data of the study population are summarized in Table 1. Patients
were compared to an age-matched control group (69 years; IQR: 52–71 vs. 67 years; IQR
63–69; p = 0.222). The gender ratio was the same in both study groups. There was no
significant difference in their body mass index (BMI). A total of 76% of enrolled patients
had hypertension and 57% of them was treated for diabetes (T2DM). Not surprisingly,
significantly higher erythrocyte sedimentation rates (ESR), D-dimer levels, von Willebrand
factor antigen and von Willebrand factor ristocetin cofactor activities (p < 0.001) were
observed on admission to the ICU. Furthermore, serum levels of IL-6 and ferritin also
exceeded the normal laboratory range in patients, but these markers were not measured in
the controls (not shown in the table).

We analyzed associations between erythrocyte sedimentation rate (ESR) and acute
phase proteins, such as fibrinogen and hs-CRP. We found strong positive correlations
between ESR and plasma fibrinogen levels, as well as serum hs-CRP concentration in
patients, but not in healthy controls, reflecting the ongoing inflammatory response in
severe SARS-CoV-2-infected patients (r = 0.812, p < 0.001 and r = 0.666, p = 0.001) (Figure 1).
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Table 1. Demography, comorbidities, and admission laboratory parameters of the total study popula-
tion.

Patients
n = 21

Controls
n = 21

p

Age (y) 69 (52–71) 67 (63–69) 0.222
Male (n) 12 (50%) 11 (52%) 0.757

BMI 27 (26–33) 25 (24–26) 0.189
Hypertension 16 (76)

Diabetes mellitus 12 (57)
Thromboembolic event

(stroke/TIA, DVT) 5 (24)

Myocardial infarct 4 (19)
Heart failure 1 (5)
ESR (mm/h) 84 (36–107) 4 (4–10) <0.001
Platelet (g/L) 214 (114–355) 261 (248–265) 0.950

IPF (%) 8.7 (6.1–12.5) 7.6 (6.7–8.2) 0.753
H-IPF (%) 2.2 (0.6–4.1) 0.9 (0.8–1.0) 0.308

Fibrinogen (g/L) 5.1 (3.5–5.4) 3.2 (2.8–3.2) 0.059
D-dimer (µg FEU/L) 2296 (1415–6260) 495 (363–575) <0.001

APTT (s) 12.9 (12.4–14.0) 26.3 (24.9–27.8) 0.002
TT (s) 34.0 (31.2–36.7) 10.4 (10.2–10.8) <0.001

vWF:Ag (%) 488 (412–605) 109 (97–109) <0.001
vWF:RCo (%) 399 (353–568) 104 (97–109) <0.001

Plasminogen (%) 86 (64–96) 104 (98–106) 0.028
Alpha-2-antiplasmin (%) 118 (107–126) 119 (116–121) 1.000

hs-CRP(mg/L) 90.5 (27.7–126.1) 1.2 (0.9–1.5) <0.001
BMI: body mass index; TIA: transient ischemic attack; DVT: deep vein thrombosis; ESR: erythrocyte sedimentation
rate; IPF: immature platelet fraction, H-IPF: high-immature platelet fraction, APTT: activated partial thrombo-
plastin time, TT: thrombin time, vWF:Ag: von Willebrand factor antigen, vWF:RCo: von Willebrand factor
ristocetin cofactor activity. hs-CRP: high-sensitivity C-reactive protein. Data are presented as count (%) or median
(25th–75th percentiles).

 
Figure 1. Correlation between erythrocyte sedimentation rate (ESR) and plasma fibrinogen level in
COVID-19 patients on admission (p < 0.001).

A strong positive correlation was observed between von Willebrand factor antigen
and plasma level of von Willebrand factor ristocetin cofactor activity in patients with severe
COVID-19 (r = 0.966, p < 0.001). Furthermore, a positive correlation was seen between
either von Willebrand factor antigen or von Willebrand factor ristocetin cofactor activity
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and plasma level of D-dimer (r = 0.683, p < 0.001; r = 0.675, p < 0.001, respectively—data
not shown).

2.2. Non-Survivals vs. Survivals

A total of 18 patients died during intensive care, while 3 patients were discharged
from hospital alive. The total platelet count showed no difference between non-survivors
and survivors (p = 0.08). In contrast, H-IPF (%) showed significant differences when
the non-survival vs. survival subgroups were compared (2.5, 1.0–4.2 vs. 0.5, 0.45–0.55;
p = 0.011) (Figure 2). Interestingly, we detected that activated partial thromboplastin time
(APTT, sec) was lower in those who died compared to survivors (13, 12.3–14.0 vs. 15.8,
14.95–26.35; p = 0.024).

Figure 2. High-immature platelet fraction (%) in survivals and non-survivals.

A significant negative correlation was observed between H-IPF (%) and plasma plas-
minogen (%) among non-survivors (r = −0.572, p = 0.002), but not in survivors (Figure 3).

−

− −

Figure 3. Correlation of high-immature platelet fraction (H-IPF, %) and plasma plasminogen level in
survivals and non-survivals. Rho and p indicate negative correlation among non-survivals.
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2.3. ‘Responders’ vs. ‘Non-Responders’

Despite aspirin alone or in combination with enoxaparin, eight patients developed
symptomatic thrombosis during their ICU stay. Patients were divided into two subgroups
based on their ex vivo platelet reactivity measured by a Multiplate analyzer. High on-
aspirin platelet reactivity was found in eight COVID patients using the AUC > 40 cut-off
value by the ASPI test [17]. Next, COVID patients were dichotomized based on their
fibrinolytic response; in patients with impaired fibrinolytic response, the AUC measured by
ASPI, Risto, TRAP and ADP tests showed significant differences when aspirin responders
and non-responders were compared (all p = 0.024, respectively) (Figure 4). Neither the
thromboembolic events related to COVID-19 (p = 0.071), nor survival rate (p = 0.854)
showed associations with high on-aspirin platelet reactivity status. The platelet count
(p = 0.03), the ECA-A10 (p = 0.008), and ECA-MCF (p = 0.016) were significantly higher,
while the tPA-CFT (p < 0.001) was significantly lower among patients with high on-aspirin
platelet reactivity. In addition, the platelet count showed positive correlations with the
AUC by Risto, ASPI, TRAP and ADP tests (0.500, p = 0.021; 0.500, p = 0.021; 0.760, p < 0.001;
0.621, p = 0.003, respectively), while H-IPF negatively correlated with the AUC by TRAP
and ADP tests (−0.559, p = 0.008; −0.530, p = 0.013, respectively). The acute COVID-related
thromboembolic events were acute coronary syndrome (n = 2), pulmonary embolism (n = 4),
and ischemic stroke (n = 2). Both vWF antigen and vWF ristocetin cofactor activity showed
positive correlations with H-IPF (both p = 0.016), and platelet count was significantly higher
among patients with high on-aspirin platelet reactivity (p = 0.03) (data not shown).

A

Figure 4. Comparisons of Risto, ASPI, TRAP and ADP tests (AUC) in patients with normal and
impaired fibrinolytic response dichotomized based on their responsiveness to aspirin (responder vs.
non-responder status). Mann-Whitney test (Asterix and white circles indicate extreme values).

Maximal clot firmness (MCF) was significantly higher measured by the ECA test
(p = 0.016) in patients with high on-aspirin platelet reactivity (n = 8) compared to the
‘responder’ subgroup (n = 13), indicating larger and more solid clots despite 100 mg aspirin
treatment. (Figure 5A,B). When the manufacturer’s AUC < 71 cut-off value was used
in comparison, the tPA lysis time (tPA LT) tended to increase among aspirin ‘responder’
COVID-19 patients (p = 0.06) compared to ‘non-responders’, and eight of these patients
showed features of the ‘fibrinolysis shut-down’ phenomenon.
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A 

 

Figure 5. (A) Maximal clot firmness measured by ECA test in patients with high on-aspirin platelet
reactivity vs. aspirin ‘responders’ (Mann–Whitney test, p = 0.016); (B) Clot formation time measured
by IN and tPA test in patients with high on-aspirin platelet reactivity vs. aspirin ‘responders’ (Mann–
Whitney test, p = 0.039 and p < 0.001, respectively).

2.4. Admission Platelet Count in COVID-19 Patients

Next, patients were divided into two subgroups based on their platelet count on ad-
mission (thrombocytopenia <150 g/L; and normocythemia >150 g/L). Both von Willebrand
factor antigen (vWF:Ag) and von Willebrand factor ristocetin cofactor activities (vWF:RCo)
were significantly higher in COVID-19 patients independently from their platelet count
on admission compared to healthy subjects (p < 0.001) (data not shown). In contrast, the
plasma level of plasminogen, but not alpha-2-antiplasmin, was significantly lower among
COVID-19 patients with thrombocytopenia (<150 g/L) than in patients with normal platelet
counts (>150 g/L) (Figure 6). In addition, significantly lower MCF values were observed
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in the IN and ECA tests among patients with lower platelet counts (both p = 0.004), while
significantly higher FIB and tPA test values were detected in patients with normal platelet
counts compared to healthy controls (p = 0.014 and p = 0.03, respectively) (Figure 7).

 

Figure 6. Plasminogen and alpha-2-antiplasmin levels in patients with low platelet counts (<150 g/L),
with normal platelet counts (>150 g/L), and healthy controls.

Figure 7. Maximal clot firmness MCF) by IN/FIB/ECA/tPA test respectively in patients with low
platelet counts (<150 g/L), with normal platelet counts (>150 g/L), and healthy controls.

Next, COVID patients were dichotomized based on their fibrinolytic response again.
Thereafter, the low platelet vs. normal platelet subgroups were compared. In patients with
impaired fibrinolytic response, the AUCs measured by ASPI and TRAP tests (p = 0.03)
were significantly higher in patients with normal platelet counts. In contrast, in the normal
fibrinolytic group, only the ADP test showed significant differences (p = 0.04) (Figure 8).

109



Metabolites 2021, 11, 826

 

Figure 8. Comparisons of Risto, ASPI, TRAP and ADP tests (AUC) in patients with normal and
impaired fibrinolytic response, dichotomized based on their platelet count (g/L).

2.5. Independent Predictors of Ompaired Fibrinolytic Response

A separate analysis was run with hypofibrinolysis as the outcome of interest. Based
on binary logistic regression analysis including age, gender, D-dimer, fibrinogen, and
aspirin responsiveness based on impedance electrode aggregometry by Multiplate, only
fibrinogen (OR: 3.55, 95% CI: 1.33–9.47, p = 0.01) proved to be an independent predictor of
hypofibrinolysis. The ROC analysis of plasma fibrinogen level as a predictor of hypofibri-
nolysis in severe COVID patients revealed a cut-off value of 3.86 g/L (AUC of 0.800, 95%
CI: 0.623–0.976; p = 0.006) with a 78% sensitivity and 73% specificity.

3. Discussion

Despite the small number of included patients, an elevated level of H-IPF (%) was
found to be predictive of the fatal outcome here. Welder et al. found that elevated percent-
ages of IPF at presentation was predictive of the length of hospitalization, the need of ICU
admission, and mechanical ventilation [15]. Importantly, a higher H-IPF level was associ-
ated with lower plasminogen levels in those COVID-19 patients who died. This finding
is indirectly supported by Bertolin et al., who reported increased plasminogen activator
inhibitor 1 (PAI-1) activity in COVID-19 patients, that may be due to the consumption
of plasminogen in association with hypercoagulability [18]. Taken together, endothelial
dysfunction (elevated vWF level), with the release of fibrinolysis inhibitor PAI-1, and hy-
perimmune response (increased ESR, CRP, ferritin, and IL-6) with younger (higher H-IPF)
activated platelets seem to be significant contributors to thrombogenesis in COVID-19.
Importantly, in our cohort, the aspirin non-responder patient group presented with not
only higher platelet count, but also increased platelet reactivity based on either Risto, ASPI,
TRAP or ADP tests in the hypofibrinolysis (LT > 393 s) group revealed by ClotPro (likewise
by Bachler et al.) [16]. Bertolin et al. also observed lower platelet reactivity based on
Multiplate aggregometry compared to healthy controls, despite having higher levels of
D-dimer, fibrinogen, and PAI-1, and hypercoagulability by thromboelastometry [18]. In
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accordance, eight COVID-patients on aspirin exhibited an increased platelet reactivity via
the ASPI test (referred to in this article as ‘non-responders’). Significantly higher maxi-
mal clot firmness (MCF) was observed in ECA tests; meanwhile, significantly lower IN-,
and tPA-CFT were found in ‘non-responders’ compared to ‘responders’, indicating faster
developing, larger and more solid clots despite aspirin treatment. A large randomized
clinical trial (RECOVERY) found that aspirin did not improve survival for patients hos-
pitalized with COVID-19 [19,20]. Therefore, there is an urgent need to identify aspirin
low/non-responders providing a modified antiplatelet regime or alternative strategies
(e.g., activated protein C, PAI-1 antagonists, and tissue plasminogen activators) to combat
thrombosis in this disease.

Based on our findings, besides platelet count itself, the MCF depends on several
other factors such as plasminogen and the von Willebrand factor. Kruse et al. observed
lower levels of plasminogen, suggesting that it was integrated into the clot, but unable to
disintegrate it effectively, presumably by the inhibitory effect of alpha2-antiplasmin, which
makes thrombi resistant to plasmin; meanwhile, plasminogen activator inhibitor (PAI-1)
inhibited the activation of tissue plasminogen activator (tPA). The net effect of these may
result in the ‘fibrinolysis shut-down’ phenomenon, leading to lysis-resistant microthrombi
formation in different organs, particularly in the lungs [21]. Importantly, we aimed to
explore predictors of impaired fibrinolytic response and found only fibrinogen with an OR:
3.55 as an independent predictor of hypofibrinolysis.

Moreover, ESR was found to be significantly higher in patients with severe SARS-CoV-
2 infection and it showed strong positive correlation with fibrinogen concentration. Similar
data were shown by Henry et al., who performed a meta-analysis involving 21 studies
showing that inflammatory markers such as ESR, CRP, serum ferritin, IL-6, procalcitonin,
and IL-2R were significantly elevated in patients with severe and fatal COVID-19 [22].
Another systematic review and meta-analysis detected that ESR positively correlated with
COVID-19 severity [23]. CRP is an exquisitely sensitive systemic marker of acute-phase
response in inflammation, infection, and tissue damage [24]. Elevation in serum CRP
levels has been suggested in several studies as a reliable indicator of the presence and
severity of SARS-CoV-2 infection [25–27]. D-dimer arises from the lysis of cross-linked
fibrin and indicates the activation of coagulation and fibrinolysis [25,28]. Although the
tPA lysis time (tPA LT) tended to be increased among aspirin ‘non-responder’ COVID-19
patients (p = 0.06), the D-dimer concentration was not different between ‘responder’ and
‘non-responder’ subgroups. There was no difference in D-dimer concentrations between
survival and non-survival subgroups in our cohort as well (also see limitations of our study).
In contrast, larger studies reported D-dimer level as a predictor for mortality. Zhang et al.
stated that it is an independent factor of all-cause death in hospitalized patients with
COVID-19 [29]. Regarding the kinetics, Corrado et al. found that non-survivals had rapidly
increasing D-dimer levels [30]. Due to the very low survival rate of our cohort, independent
predictors of mortality could not be analyzed here.

Despite the fact that we detected reduced activated partial thromboplastin time (APTT)
in non-survivors, in a recent Dutch study evaluating ICU patients with COVID-19, prolon-
gation of the prothrombin time >3 s and activated partial thromboplastin time >5 s were
found to be independent predictors of thrombotic complications [31]. In our cohort, the
thromboembolic complication was only associated with a reduced clotting time in the FIB
test.

In fact, a high number of patients with COVID-19 die due to thromboembolic compli-
cations. Della-Morte et al. hypothesized plasminogen as the precursor for fibrinolysis [32].
Our finding was supported by them, because they found that low levels of plasminogen
strongly correlated with mortality. Recently, plasminogen was suggested to play a pivotal
role in controlling the complex mechanisms beyond COVID-19 complications, so it could
be a useful prognostic marker and a potential therapeutic target [33].

Elevated vWF levels, as we also observed in our own cohort, imply activated or
damaged endothelium [34]. It would be anticipated that damaged endothelium would
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result in the release of ultra-large vWF multimers capable of interacting with platelets,
leading to platelet activation, microthrombi, and platelet consumption [5]. In accordance,
we also found positive correlations between vWF antigen and activity and H-IPF (%)
among patients with high on-aspirin platelet reactivity. Studies have shown that patients
with COVID-19 have significantly elevated levels of vWF antigen and activity, likely
contributing to an increased risk of thrombosis [35].

In summary, a faster-developing, larger and more solid clot formation was observed
in aspirin ‘non-responder’ COVID-19 patients than ‘responders’ here. Based on ClotPro
analysis, the clot seemed to be resistant to lysis in the ‘non-responders’ (longer lysis),
suggesting that this cluster of patients belong to the ‘hypofibrinolysis or fibrinolysis shut-
down’ group, but this requires further validation. Nevertheless, several physiological
aspects should also be considered in viscoelastic studies because activation of the vessel
wall, the endothelium, and platelets entering the clot is not present in vitro. Nevertheless,
our results suggest the necessity of an individual approach regarding antiplatelet therapy, as
was recently confirmed in other vascular diseases [36,37]. Our observations deserve further
validation in a larger prospective cohort, as there is an urgent need for individually tailored
thromboprophylaxis to prevent fatal complications such as symptomatic thrombosis in
severe COVID-19 patients.

4. Limitations

First, this is a small single-center study. Results need to be confirmed on a larger
sample size of COVID patients with different severity clusters. Secondly, sampling at
multiple time points instead of a single time could clarify whether the kinetics of such
variables differ in various outcome subgroups. Thirdly, the rigid inclusion/exclusion
criteria limit the generalizability of this study.

5. Methods

This pilot study was approved by the Hungarian Medical Research Council (20783-
5/2020/EÜIG). All procedures were performed in accordance with the ethical guidelines of
the 1975 Declaration of Helsinki. Written informed consent was provided by all participants
or relatives before enrolment in the present study. A total of 21 patients with severe SARS-
CoV-2 infection (with the inclusion criteria: requirement of O2 supplementation and
signed informed consent) were retrospectively analyzed from a prospective database at the
Coronavirus Crisis Centre of the Clinical Centre at the University of Pécs, Pécs, Hungary.
Patients under 18 years old, with congenital hemostatic abnormalities, anamnestic/current
malignancy, and pregnant women were excluded from the study. Patients hospitalized
in the ICU were on 100 mg/d aspirin and prophylactic anticoagulation (with enoxaparin
uniformly, 1x/d) based on our local therapeutic protocol. Patients who were enrolled
into the study did not receive non-steroid anti-inflammatory drugs; only paracetamol
was given occasionally (e.g., in case of fever) and basic analgosedation was conducted
with opioids (sufentanil uniformly). Twenty-one SARS-CoV-2 PCR negative health care
workers served as healthy controls. Blood samples for measurements were drawn into
a closed system blood sampling tube with 3.2% Na3-citrate (Becton Dickinson, Diagon
Ltd., Budapest, Hungary), hirudin (Sarstedt S-Monovette® 1.6 mL Hirudin), and K3-EDTA
(Becton Dickinson, Diagon Ltd., Budapest, Hungary) as anticoagulant and serum separator
tubes without anticoagulant. Samples were processed within a maximum of 1 h after
collection. The blood collection from volunteers was carried out through vein puncture
with a 21-gauge needle into a closed system.

5.1. Blood Count, Platelet Count, High Immature Platelet Fraction (H-IPF) Measurement

The total blood cell count from the whole blood and the absolute neutrophil count
after 1 h of sedimentation from the upper and lower part of the blood were measured on a
Sysmex XN 9000 integrated automated hematology analyzer (Sysmex Co., Kobe, Japan,
2017). The platelet number (PLT-F) was measured using the fluorescent platelet channel
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of the analyzer. In this channel, the platelets were specifically stained intracellularly with
fluorescent dye and measured on the principle of flow cytometry, analyzing the forward
scattered light (FSC), side scattered light (SSC) and side fluorescent light (SFL). The platelets
were counted and additionally, the plots in the area with high fluorescence intensities were
separated into the immature platelet fraction and the research parameter, the high immature
platelet fraction (H-IPF).

5.2. The Erythrocyte Sedimentation Rate (ESR)

The ESR test measures how quickly red blood cells sedimentate in the test tube. The
rate at which red blood cells settle is measured as the number of millimeters of clear plasma
present at the top of the column after one hour (mm/h). For the manual determination
of ESR according to Westergren, we used a BD seditainer stand with an adjustable zero
mark. After swiveling the tube to mix the blood sample and preparation, the tubes were
immediately placed in the stand to start the measurement. After 1 h of sedimentation, the
results were read.

5.3. Hemostasis

Fibrinogen (quantitatively determined based on the Clauss method) and Activated
Partial Thromboplastin Time (APTT) were measured as part of the routine hemostasis
parameters on an ACL-TOP-750 analyzer (Werfen, Hungary) with Q.F.A. Thrombin (Bovine;
HemosIL®, Werfen, Hungary) and APTT-SP (liquid; HemosIL®, Werfen, Hungary) reagent,
respectively.

The special hemostasis tests were measured on an ACL-TOP-500 analyzer (Werfen,
Hungary). The quantitative determination of von Willebrand factor antigen (vWF:Ag)
and von Willebrand factor ristocetin cofactor activity (vWF:RCo) was performed with an
automated latex enhanced immunoassay, both with HemosIL® reagent. For quantitative
measurement of plasminogen we used an automated chromogenic assay (Plasminogen;
HemosIL®). The quantitative determination of alpha2-antiplasmin as an important reg-
ulator of the fibrinolytic system was carried out using an automated chromogenic assay
(Plasmin Inhibitor, HemosIL®).

To monitor the aspirin therapy, we performed a platelet function test from hirudin
anticoagulated whole blood within 1 h after blood sampling on a Cobas® Multiplate®

Analyzer (Roche Diagnostics, Mannheim, Germany) using the ASPI test (using arachidonic
acid as an activator). The aggregation level was expressed as the area under the curve
(AUC). The AUC was calculated by the analyzer using the product of aggregation unit
(AU) × time (minutes). Given the lack of universal cut-off values, the normal aggregation
range for the ASPI test was expected as AUC: 71-115U according to the manufacturer
(laboratory cut off value). However, previous studies suggest that patients were considered
as ‘responders’ to aspirin therapy with an AUC < 40; and ‘non-responders’ with an AUC
≥ 40. In our data set, (n = 13) were defined as ‘responders’ and (n = 8) ‘non-responders’,
showing high on-aspirin platelet reactivity.

Viscoelastrometric testing was carried out on a ClotPro (DiaCare Solutions, Mumbai,
India) in vitro POCT coagulation analyzer. It uses pipettes prefilled with starting reagents
and 340 µL of citrated whole blood to initiate measurement. For measurement, it uses a
stationary pin placed in a moving cup, from which the reduction in movement is detected
and charted as the amplitude resulting in thrombelastometry curves. As standard tests
in COVID-19 and control patients, we used the EX test (tissue factor-activated assay with
polibrene), IN test (ellagic acid-activated assay), FIB test (tissue factor activated assay,
without functional platelet), ECA test (ecarin-based assay), and tPA test (r-tPA within
an extrinsic pathway-based assay). Of note, the EX test, tPA test, and FIB test contain
polybrene to neutralize heparin. In each test, we recorded the next parameters which
characterized the whole course of coagulation: clotting time (CT), clot formation time
(CFT), α angle, “amplitude of the clot” at a given time x (A(x)), maximum clot firmness
(MCF), maximum lysis (ML), and lysis time (LT). The critically ill COVID-19 patients were
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divided into two groups based on their fibrinolytic response. A decreased fibrinolytic
response (n = 9) was defined as LT > 393 s [18,38].

5.4. Statistical Analysis

Statistical analysis of the collected data was evaluated by IBM SPSS Statistics® 27.0. To
analyze demographic and clinical factors, the chi-square test was used for categorical data.
The Kolmogorov–Smirnov test was applied to test for normality of continuous variables
distribution. Comparisons of continuous non-normally distributed data between COVID
vs. control groups were carried out using the Mann–Whitney U-test, while COVID vs.
controls with or without ASA subgroups were tested using a one-way ANOVA test. A
Student’s T-test was used for the analysis of normally distributed continuous data. Contin-
uous variables are reported as median and interquartile range or mean and standard error
of mean (SEM). Correlation analysis was performed calculating Spearman’s correlation
coefficient (rho). Correlations between variables were analyzed with univariate and mul-
tivariate linear regression with corresponding beta values and 95% confidence intervals.
Multivariable logistic regression was used to identify factors independently associated
with decreased fibrinolytic response defined as hypofibrinolysis. A p value <0.05 was
considered statistically significant.
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Abstract: Acute mesenteric ischemia, caused by an abrupt interruption of blood flow in the mesenteric
vessels, is associated with high mortality. When treated with surgical interventions or drugs to re-
open the vascular lumen, the reperfusion process itself can inflict damage to the intestinal wall.
Ischemia and reperfusion injury comprise complex mechanisms involving disarrangement of the
splanchnic microcirculatory flow and impairment of the mitochondrial respiratory chain due to initial
hypoxemia and subsequent oxidative stress during the reperfusion phase. This pathophysiologic
process results in the production of large amounts of reactive oxygen (ROS) and nitrogen (RNS)
species, which damage deoxyribonucleic acid, protein, lipids, and carbohydrates by autophagy,
mitoptosis, necrosis, necroptosis, and apoptosis. Fluorescence-based systems using molecular probes
have emerged as highly effective tools to monitor the concentrations and locations of these often
short-lived ROS and RNS. The timely and accurate detection of both ROS and RNS by such an
approach would help to identify early injury events associated with ischemia and reperfusion
and increase overall clinical diagnostic sensitivity. This abstract describes the pathophysiology of
intestinal ischemia and reperfusion and the early biological laboratory diagnosis using fluorescent
molecular probes anticipating clinical decisions in the face of an extremely morbid disease.

Keywords: ischemia-reperfusion injury; molecular probes; oxidative stress; mesenteric ischemia

1. Introduction

Acute mesenteric ischemia (AMI) is characterized by an abrupt interruption or reduc-
tion of the intestinal blood supply, either temporarily or permanently, and is a medical-
surgical emergency that requires immediate attention. Despite advances in medical imaging
techniques, the evolution of clinical knowledge, and the development of biotechnology
beyond the adoption of less invasive treatments, AMI still represents a major diagnostic
and therapeutic challenge, largely due to the absence of specific markers related to the
severity of the condition [1–3]. The clinical course of the disease is correlated with a high
mortality rate (70%) in patients with AMI admitted to the emergency room [4].

It should be clarified that in clinical practice mesenteric ischemia is more severe
when the occlusion occurs more centrally in a mesenteric vessel. Mechanical obstruction
is the most common etiology of ischemia, followed by intestinal reperfusion. It can be
caused by an embolus or thrombus within the vascular lumen, but also by phenomena
that directly affect the intestinal wall such as volvulus (loop twist), intestinal invagination,
incarcerated hernia, or extrinsic compression (caused by tumors or adhesions among
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others). In addition to a mechanical obstruction, an intestinal transplant, blood pressure
variations (hypovolemic, cardiogenic, or neurogenic shock), and non-occlusive phenomena
(e.g., due to the use of drugs) represent other reported causal events [3].

The quicker appropriate treatment of AMI is provided, the greater the chances of
successful visceral perfusion with the return of effective blood flow and reduced risk
of any sequelae. However, reperfusion inevitably produces reactive oxygen (ROS) and
nitrogen (RNS) species, indicative of oxidative and nitrosative stress, respectively. The
severity of intestinal tissue damage due to increased ROS and RNS levels depends on the
magnitude of exacerbated synthesis of these humoral mediators, which is determined by
the persistence of the deleterious causal agent and the extent of depletion of the organic
defensive capacity to scavenge such reactive species. Under conditions of sustained stress,
degradation of energy sources, enzyme synthesis, and activation of nuclear transcriptional
factors occur, resulting in a chain reaction with significant production of ROS and/or
RNS and the formation of several oxidizing substances, including lipid peroxides and
carbonyl proteins. Such oxidants can trigger extensive cell damage and aggravate ischemia-
initiated injury in the intestinal loop [5]. Beyond their roles in processes like modulation
of cell survival, differentiation, cell death, cell signaling, and inflammation-related factor
production, some reactive species have clear beneficial actions, such as the containment
of invading pathogens, when present in physiologically ‘normal’ levels. However, when
overproduced they typically become harmful to cellular homeostasis and can cause local
and distant tissue damage [6].

Currently, the diagnosis of mesenteric ischemia is based on patient history, main
symptoms, physical examination findings, and the use of state-of-the-art imaging methods.
Abdominal computed tomography angiography with three-dimensional imaging can
identify features of acute splanchnic vascular obstruction and intestinal injury. However, it
is inaccurate in assessing the extent and severity of parietal involvement [7]. In this context,
there is a lack of serum biomarkers and/or molecular methods to identify AMI with
satisfactorily specificity and sensitivity to enable a straightforward and rapid diagnosis
when required (i.e., as soon as AMI is suspected) [8].

Fluorescent probes allow for accurate detection of complex biomolecular components,
such as ROS and RNS. Taking advantage of the diagnostic potential of these probes in
diseases that affect visceral perfusion can benefit clinical-surgical practices, especially when
it comes to patients with early acute abdominal pain. The present review will explore
fluorescence techniques that rely on molecular probes for the measurement of ROS and RNS
and evaluate how they could serve as a useful complementary resource in the diagnosis
of AMI.

2. Discussion

2.1. Historical Context

The first studies related to oxygen-derived free radicals date back to 1931 when
Haber and Weiss described the monovalent reduction of molecular oxygen to superoxide
anion (O2

−), a free radical capable of oxidizing organic structures and enzymes [9]. The
conversion of superoxide to the highly reactive hydroxyl radical (OH.) was described three
years later [10].

In 1968, McCord and Fridovich referred to xanthine oxidase (XO) as a biological
source of superoxide production and found it was present in various organic tissues.
The same authors later described the discovery of the superoxide dismutase enzyme
capable of inactivating the superoxide radical [11]. In the 1970s, N-acetylcysteine, a small
molecule inclosing the thiol group, was identified as a ROS scavenger, acting as a potent
antioxidant [12].

It was not until the early 1980s that the inexplicable worsening of patients after
supposedly adequate treatment to relieve AMI was starting to be clarified in terms of
pathophysiology, biochemistry, and molecular biology. The first reports on potentially
harmful effects of intestinal reperfusion were related to cell damage. De novo oxygena-
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tion of ischemic tissues was found to produce ROS and cause deleterious effects on cell
structures by lipid peroxidation, protein oxidation, and nucleotide involvement, including
purine bases [13–16]. In 1981, Granger and colleagues characterized the presence of XO in
the intestine of different animals and humans and determined its relationship with tissue
damage following intestinal ischemia and reperfusion. These data were fundamental in
sparking research focusing on the role of reactive species biology in the digestive system
under physiological and pathological conditions [17–19].

During the 1980s, endovascular intervention using catheters in the vessel lumen to
locally deliver drugs therapy or for revascularization of AMI emerged as an alternative
approach. It is a less invasive procedure than surgically opening the abdominal cavity
and, if successful, reduces the need for intestinal resection, incidence of postoperative
complications, length of hospitalization and mortality [20,21].

In the mid-1980s, the first probes consisting of a single-stranded deoxyribonucleic acid
(DNA) fragment conjugated to a product (radioisotope, biotin, fluorescent compound) were
developed. Nevertheless, fluorescent molecular probes to study oxidative stress and detect
specific intracellular components in complex biomolecular matrices, with applicability in
various visceral ischemic conditions, were only introduced very recently [22].

2.2. Free Radical Synthesis and the Pathophysiology of Ischemia/Reperfusion

When (partial or total) occlusion of the superior mesenteric artery or its branches
occurs, splanchnic perfusion is limited due to reduction or, more frequently, interruption of
blood flow. Blockage of oxygen supply and an impediment to aerobic energy metabolism
induce an acute pathophysiological changes in the affected tissue(s) [23]. The lack of
oxygen supply causes tissue ischemia and, if not restored promptly, will result in cellular
dysfunction and cell death, ultimately resulting in parietal necrosis [24,25] (Figure 1).

Figure 1. ROS and RNS formation mechanisms in the AMI setting. Adapted from [23].

Intestinal Epithelial Cells

ROS and RNS formation begins in the intestinal ischemia phase with adenosine
triphosphate (ATP) accumulation generated in the anaerobic metabolism. There is degrada-
tion until the accumulation of hypoxanthine that at the beginning of the reperfusion phase,
when there is reintroduction of oxygen to the intestinal tissue, interact with xanthine oxi-
dase forming the superoxide anion (O2

−), the first ROS formed. From there, the organism
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launches defenses such as superoxide dismutase (SOD), attenuating and forming ROS such
as hydrogen peroxide (H2O2). However, if the response to reperfusion injury continues, the
hydrogen peroxide is transformed into hydroxyl from the metal Iron (Fe+) into hydroxyl
(OH−), in the so-called Fenton reaction. And in parallel, there may be the activation of
RNS with the formation of nitric oxide (NO) from L-arginine, mediated by inducible nitric
oxide synthase (iNOS). The combination of NO and superoxide anion forms the highly
reactive species called nitrite peroxide (ONOO) which will further damage the intestinal
cell’s epithelium.

During the ischemic phase, mitochondrial oxidative phosphorylation is inhibited
rendering a drop in the production and storage of adenosine triphosphate (ATP). ATP
is successively degraded to adenosine diphosphate (ADP), adenosine monophosphate
(AMP), adenosine, inosine, and finally hypoxanthine. Lack of cellular energy causes
sodium-potassium (Na+/K+) pump failure resulting in intracellular Na+ accumulation and
K+ out of cells, ultimately leading to cellular edema and organelle dysfunction. In addition,
an influx of calcium (Ca2+) and chloride (Cl−) ions into the intracellular environment occurs
and triggers the activation of calpain protease, which in turn promotes the breakdown of a
peptide bridge of the enzyme xanthine dehydrogenase (XDH) and subsequent formation
of XO.

Although essential for the rescue of morphofunctional integrity of the affected tissues,
restoration of mesenteric blood flow and consequent ischemic tissue reoxygenation has a
deleterious effect because, paradoxically, reperfusion itself aggravates the damage [26,27].
Oxygen together with hypoxanthine and XO, synthesized during ischemia, catalyze the for-
mation of ROS [28,29]. Re-introducing oxygen into the visceral circulation via reperfusion
leads to the formation of O2

− and hydrogen peroxide (H2O2) after successive monovalent
reductions. In the presence of iron, copper, cobalt, chromium, or vanadium, the production
of highly reactive hydroxyl radical (OH.) is promoted via the Haber-Weiss and Fenton
reactions [30]. There is an activity burst of the oxidative process characterized by the
abundant production of multiple ROS and RNS within a few minutes after the restoration
of blood flow [27]. The events underlying the damage caused by ischemia/reperfusion
produce an uncontrolled and excessive release of ROS and RNS that overcome the organic
line of defense represented by free radical scavengers [31].

The mitochondrial respiratory electron transport chain is the main intracellular site
of ROS production and polymorphonuclear leukocytes play an important role in several
pathological conditions also generating free radicals and nitric oxide (NO) synthesis. Dif-
ferent forms of mitochondrial dysfunction and tissue inflammation can affect the organ
undergoing ischemia and reperfusion and may even compromise other organs and systems
with a paracrine or and endocrine effect. This phase can lead to the failure of multiple
organs and systems [23,32].

Nitric oxide (NO) dynamics underpin changes involving RNS. NO is produced from
L-arginine by three main isoforms of nitric oxide synthase (NOS): epithelial NOS (eNOS),
related to vasodilation and vascular regulation; neuronal NOS (nNOS), linked to various
intracellular signaling pathways; and inducible NOS (iNOS), which has been reported
to have beneficial microbicidal, antiviral, antiparasitic and antitumoral actions, but has
also been implicated in the pathophysiology of colitis [33]. While the production of NO
by nNOS and eNOS is regulated by a Ca2+/calmodulin-dependent mechanism, iNOS
is activated in response to triggers such as endotoxins or cytokines, which can lead to
rapid production of large amounts of NO. Several diseases have been associated with
excessive levels of NO production, resulting in serious deleterious cell-physiological conse-
quences [34–38]. All products formed by NO reactions are collectively called RNS. Despite
the discovery of NO as an endothelium-derived relaxing factor, it plays a critical role in
the pathophysiology of sepsis as an important mediator of endotoxin-induced arteriolar
vasodilatation, hypotension, and shock [39]. At high concentrations, NO is importantly
involved in inflammatory, infectious, and degenerative diseases [40]. Via reactions with
other free radicals produced during oxidative stress, NO can be converted to nitrogen diox-
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ide (NO2), peroxynitrite (ONOO−), and dinitrogen trioxide (N2O3). NO2 is formed from
NO autoxidation (reaction of NO with oxygen). ONOO− is a powerful electron oxidant
and is formed through the diffusion-controlled reaction between O2

− and NO; its most
relevant targets are peroxiredoxins, glutathione peroxidase (GSH), CO2, and metal centers.
N2O3 can be formed from a reaction between NO2 and NO and is considered an important
intermediate in the autoxidation of NO. N2O3 is rapidly hydrolyzed to NO2 [41]. All these
compounds can subsequently react with various classes of biomolecules, including lipids,
DNA, thiols, amino acids, and metals, leading to oxidation and nitration. If produced at
high levels, RNS will detrimentally impact cell function, leading to changes in membrane
integrity, loss of enzyme function, and DNA mutations [42].

It is noteworthy that, despite its typically beneficial antioxidant and vasodilatory
functions, NO in high concentrations induces caspase-mediated apoptosis of epithelial cells
in the intestinal tissue during ischemia and reperfusion. In addition, O2

− rapidly reacts
with NO to produce ONOO−, which is another potent oxidant [43]. In the vasculature, the
reaction of NO with O2

− leads to the formation of ONOO− and decreases the vasorelaxant
efficacy of NO. ONOO− is a strong oxidant that can hydroxylate aromatic amino acids,
oxidize thiols and lipids, and nitrate-free and protein-bound tyrosine residues. The number
of possible reactions leading to secondary RNS formation illustrates the strong potential
of NO to contribute to oxidative damage. High concentrations of NO, particularly in
combination with increased oxidant production, cause tissue damage and inflammation
through the production of NO2, ONOO− and other nitrating, nitrosating, and oxidizing
intermediates, and via inhibition of metal-dependent enzymes [44,45].

Several enzymes, such as cytochrome P450, the enzyme complexes of the mitochon-
drial respiratory chain, XO [46], eNOS [47], heme oxygenase (HO) [48], myeloperoxi-
dase (MPO) [49], lipoxygenase (LOX), cyclooxygenase (COX) [50], and NADPH oxidases
(NOX) [51] generate ROS under pathological conditions leading to oxidative stress [52].
All these factors contribute to persistent oxidative stress in the cellular environment, which
will result in progressive functional impairment of critical intracellular organelles and struc-
tures, including membranes, mitochondria, the endoplasmic reticulum, the cytoskeleton,
and the nucleus. These deleterious effects occur mainly due to the oxidation of proteins,
DNA, and lipids, ultimately culminating in cell death [53,54].

A balance between ROS levels and the activity of inactivating (antioxidant) enzymes is
crucial for the maintenance of cellular homeostasis. Erythroid-related nuclear factor 2 (Nrf2)
is a transcription factor that plays an important role in the response to oxidative stress to
maintain redox balance. Under homeostatic conditions, Nrf2 is bound to its chaperone
Keap1 (Kelch-like ECH association protein 1) in the cytoplasm. However, when oxidative
stress occurs, Nrf2 dissociates from the inactive Keap1-Nrf2 complex and translocates to the
nucleus, where it regulates specific gene expression to induce the synthesis of antioxidant
enzymes [55]. O2

− and H2O2 are inactivated by superoxide dismutase and catalase or
the glutathione peroxidase system, respectively. OH. is typically more harmful than these
ROS, as this oxygen-derived free radical does not have an intracellular inactivator. Its
production intensifies the severity of injuries to cell structures, causing DNA damage
caused by adducts of lipid peroxidation, and the production of other free radicals (such
as malondialdehyde, hydroperoxide, and ONOO−, among other substances capable of
stimulating the adherence of granulocytes to the microvascular endothelium [55,56].

2.3. Molecular Probe Fundamentals

Oxidative and nitrosative stress biomarkers are important tools to assess the balance
between reactive species and antioxidants, contributing to the understanding of the patho-
physiology of diseases [57]. Direct measurement of your cellular levels is a challenge,
as direct and accurate measurement is complex, due to its short productive life and fast
reactivity with other REDOX regulators [58]. Fluorescent probes for ROS selectively assess
cellular levels of ROS in a very simple way, but it is important to consider their limitations.
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Fluorescent probes are able to monitor the behavior of a target biomolecule in live cells in
real time [59].

The dihydrorhodamine 123 (DHR123) probe passively diffuses the cell membrane and
concentrates in the intracellular space. In the presence of H2O2, hypochlorous acid (HOCl),
or ONOO−, it is oxidized to rhodamine (R123) which exhibits green fluorescence. DHR123
is considered an intracellular probe for general detection of ROS; however, it has a lower
stability than several other commercially available probes.

The CM-H2DCFDA (5-diacetate and 6-chloromethyl-2′,7′-dichlorodihydro-fluorescein)
probe passively crosses the plasma membrane to enter the cell after which its acetate
groups are cleaved by esterases to generate intracellular CM-H2DCF; the thiol-reactive
chloromethyl group reacts with intracellular glutathione and other thiols, and subsequent
oxidation renders a fluorescent intracellular adduct. This probe is used to detect intracellu-
lar ROS and can react with H2O2, OH, ONOO− and other peroxide radicals. However, it is
easily auto-oxidized resulting in a spontaneous increase in fluorescence, which must be
corrected for at the time of the reading, discounting the value of a cell-free well containing
the probe, as described by Hempel et al. Although this type of probe mainly detects H2O2,
OH, and ONOO−, it is not specific for any oxidant because it responds to a wide range of
oxidizing reactions; the CM-H2DCFDA probe is therefore considered a probe for general
detection of ROS [60].

Fluorogenic complex probes containing boronate are used as a basis for detecting
intracellular H2O2. Aromatic boronates react with H2O2, to generate a corresponding
phenol, forming a highly fluorescent molecule in cells. Arylboronates also react with
ONOO−, six times faster than with H2O2, verified by flow kinetics technique and high
performance liquid chromatography (HPLC) analysis [61]. One of the characteristics is its
photophysical properties, such as high photostability and suitable high fluorescence. In
addition, the iminocoumarin by-products have excitation and emission wavelengths that
are longer, whereas rapid cyclization would generate the highly fluorescent benzothiazolyl
iminocoumarin [62].

Amplex Red reagent is a colorless, highly sensitive, non-fluorescent compound used
as a stable probe to detect the generation of H2O2. It is oxidized by horseradish peroxi-
dase (HRP) to a fluorescent product, resorufin. One of the main complicating factors is
photochemical oxidation in the presence of biological reducers (glutathione) that induce
the formation of free radicals (O2

− and H2O2), making the measurement of intracellular
H2O2 a problem, even in the absence of HRP and H2O2. It is a highly sensitive method for
detecting H2O2 and resorufin is stable for some time. However, it is impervious to cells
and cannot be used to detect intracellular H2O2. Amplex Red is a very sensitive method
for detecting ROS in organelles, as well as extracellular ROS, which is freely diffusible. The
Amplex Red assay is also used to evaluate ROS formation in mitochondria [61,63].

CellRox represents another class of probes used for the general detection of ROS and
comes in different models capable of emitting distinct fluorescence signals. In a reduced
state, these cell-permeant dyes are non- or weakly fluorescent and become fluorescent
upon oxidation by ROS. In general, CellRox can be oxidized by OH. and O2

−, while
CellRox orange is also capable of detecting H2O2, NO and ONOO-. These probes exhibit
outstanding photostability compared to DCF [64] and it has also been shown that these
probes can detect signals not detected by DCF [65]. Furthermore, depending on the model,
can be used for in situ detection, allowing the assessment of real-time ROS dynamics in
any given tissue [66].

The dihydroethidium (DHE) probe is capable of specifically detecting O2
− radicals in

intracellular and extracellular environment [67]. In addition, it can also be used to detect
O2

− in situ. The primary radical hydroethidine is derived from the loss of an aromatic
amino hydrogen atom that, upon rearrangement, further reacts with another O2

− anion to
form DHE. Acetylation of the aromatic amino groups in hydroethidine inhibited its reaction
with O2

− [68]. MitoSox is the preferred probe for the specific analysis of mitochondrial
O2

−; this reagent selectively targets mitochondria where it is rapidly oxidized by O2
−
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(but not by other ROS or RNS) producing a red fluorescent signal, the oxidized product is
highly fluorescent upon binding to nucleic acid [69].

DAF-FM (4-amino-5-methylamino-2′,7′-difluorofluorescein diacetate) is the leading
molecular probe for the detection of NO. Like CM-H2DCFDA, DAF-FM diacetate also
passively diffuses the plasma membrane and is cleaved by esterases to generate intracellular
DAF-FM. Subsequent oxidation by NO yields a triazole product accompanied by increased
fluorescent recovery [70]. DAF-FM is not a reversible balance sensor, which limits its ability
to track rapid target substance (NO) fluctuations in real time.

The aminophenyl fluorescein (APF) and hydroxyphenyl fluorescein (HPF) probes
provide better selectivity and stability than CM-H2DCFDA for specific detection of OH.

and ONOO− with relatively high resistance to light-induced oxidation. In their initial
(reduced) form, the APF and HPF molecular probes are not fluorescent until they react
with ONOO− or OH, producing bright green fluorescence [45], resulting in cleavage of the
aminophenyl ring from the fluorescein ring system, which is highly fluorescent. APF will
also be transformed into the fluorescent form if exposed to a combination of H2O2 and
horseradish peroxidase (HRP); HRP catalyzes the oxidation of APF by H2O2 [71].

The main fluorescent probes are widely used, mainly due to their simplicity, sensitivity,
selectivity, execution speed and wide possibility of use in liquids and organic materials.
There are limitations that should be known, such as autoxidation, but this could possibly be
mitigated by the combined use of several fluorescent probes. Some regularly used probes
are listed in Table 1.

Table 1. Probes for reactive species [72]. In the table are represented some fluorescent probes and
possible reactive species identified in each reaction.

Probes Reactive Species Chemical Structure

DHR123
Hydrogen peroxide
Hypochlorous acid
Peroxynitrite anion

CM-H2DCFDA

Hydrogen peroxide
Hydroxyl radical

Peroxynitrite anion
Peroxyl radical

−

−

−

−

−

′ ′

−

−

CellRox

Hydrogen peroxide
Hydroxyl radical

Nitric oxide
Peroxynitrite anion
Superoxide anion

Dihydroethidium Superoxide anion

MitoSox Superoxide anion
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Table 1. Cont.

DAF-FM Nitric oxide

APF and HPF Hypochlorous acid
Peroxynitrite anion

Hydroxyl radical

Boronate Hydrogen peroxide
Peroxynitrite anion

Amplex red Hydrogen peroxide

2.4. Translational Studies

Molecular fluorescent probes for the detection of free radicals have been increas-
ingly used in experimental animal studies and clinical trials, with proof of diagnostic
efficacy in injuries resulting from visceral ischemia and reperfusion in a range of diseases.
Childs and co-workers (2002) conducted a study with a fluorescent probe sensitive to
hydroperoxides (DHR123) in Sprague-Dawley rats submitted to hemorrhagic shock. They
evaluated the production of ROS in real-time and demonstrated an 80% elevation 5 min
into the reperfusion phase, followed by an increase in leukocyte adherence between 5
and 10 min of reperfusion after volume replacement [73]. Others recently reported the
attenuation of oxidative damage as measured by the fluorescent probe DCFH-DA (2′,7′-
dichlorodihydrofluorescein diacetate) in an experimental model of reperfusion brain injury
in rats [74]. In rats subjected to 45 min of the celiac trunk and superior mesenteric artery is-
chemia, followed by 60 min of reperfusion, treatment with melatonin (applied 5 min before
to reperfusion) significantly reduced ischemia-reperfusion injury (neutrophil-mediated
oxidative stress) as indicated by the inhibition of pathways related to ONOO− measured
by the molecular probe DHR123 [75]. Yan et al. used the DCFH-DA fluorescent probe to
confirm the attenuation of oxidative stress induced by temporary ischemia of the superior
mesenteric artery in mice treated with HO-1-expressing bone mesenchymal stromal cells
(BMSC); based on the analysis using the fluorescent probe, it was concluded that BMSC
that express HO-1 are more effective than treatment with BMSC alone in limiting intestinal
damage and inflammation following ischemia and reperfusion injury [76]. Nagira et al.
used DHR123 in the monolayers of human intestinal epithelial cell line to indicate that tight
junctions and dysfunction of P-glycoprotein are induced through generation of reactive
oxygen metabolites by ischemia and reperfusion in vitro model, and demonstrate the use
of lutein as an antioxidant [77].

Recently was performed a study with Wistar rats in a model of small bowel ischemia
(established by clamping of branches of the superior mesenteric artery) followed by reper-
fusion. Using fluorescent molecular probes, we measured the synthesis of ROS and RNS,
80 min after starting the experiment and 45 min after reperfusion. The CM-H2DCFDA
probe was used for general analysis of intracellular ROS, whereas DAF-FM and APF al-
lowed specific evaluation of NO and ONOO−, respectively. Analysis of the results using
these fluorescent probes revealed that treatment with the antioxidants sulforaphane and
albumin significantly reduced levels of total ROS, NO, and ONOO− in rats subjected
to intestinal ischemia and reperfusion. Furthermore, reduced formation of free radicals
and their by-products was shown to protect the intestinal mucosa. Antioxidant treatment
decreased the concentration of macrophage-positive cells (ED-1), activation of intracellular
NFκB signaling, and increased the amount of iNOS, LDH, and caspase 3 expression. They
also observed relevant intestinal mucosal lesions and reduced concentration of goblet
cells, a significant increase in apoptosis, greater macrophage infiltration, detachment, and
structural disarrangement of the small intestine epithelium [78] (Figure 2).
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Figure 2. Sulforaphane (S) and albumin (A) administration attenuates the production of reactive
oxygen and nitrogen species in intestinal ischemia/ reperfusion (I/R) injury. The administration of
S and A before reperfusion prevented increases in reactive oxygen species (ROS) (A), nitric oxide
(NO) (B), and peroxynitrite (ONOOL) (C) in the peripheral blood. The horizontal bars represent the
medians, the boxes represent the 25th and 75th percentiles, and the vertical lines below and above
the boxes represent the minimum and maximum values, respectively. The data are representative of
two independent experiments (8 animals per group) [78]. The value of each “p” is showing in the
figure its value related to the groups shown in blox plot graph.

The development of new versatile fluorescent probes with the possibility of high yield,
high photostability, fast response time, low detection limit, high sensitivity and selectivity,
low cytotoxicity, is what has been pursued by research aimed at diagnosing and interpreting
evolution [79]. It is imperative for redox researchers to understand the detection mechanism
and limitations of fluorescent probes in order to draw appropriate conclusions.

A clinically useful probe to identify biomarker(s) of mesenteric ischemia should have
diagnostic specificity, exhibit prognostic value, be reasonably stable in various biological
samples, and correlate with disease severity. Application and measurements would also
need to be cost-effective with high reproducibility. Despite dozens of recognized markers
and methods, results using fluorescent probes for the detection of oxidative stress are
inconsistent among authors and thus weaken the overall translational value for clinical-
surgical practice [80]. Therefore, additional and uniform research with consistent sampling
will be necessary to avoid biases and identify the limited values of molecular probes as
well as disease-specific diagnostic standards. Concerning AMI, future investigations using
selective fluorescent probes, in parallel with proteomic and metabolomic approaches, will
considerably improve our understanding of the signaling mechanisms that underpin the
disease and facilitate the identification of clinically relevant biomarkers.

Table 2 lists some studies that support the use of fluorescent probes, especially in the
pathophysiology of ischemia reperfusion, based on various clinical conditions, showing
benefits from their use. What we need is the translational extrapolation to clinical practice,
with clinical works that support the proper use in some specific conditions, mainly because
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there is a technological effort to improve the quality of fluorescent probes. Acting on the
pathophysiological basis of some diseases seems to be better supported.

Table 2. Fluorescent probes for reactive oxygen species use in translational studies. Several studies have been carried out to
justify the use of fluorescent probes in experimental models with the possibility of use in clinical practice.

Author Fluorescent Probe Results Graphics

Childs EW, et al. [73]
Dihydrorhodamine 123 i.v. and

observes in vivo mesenteric
endothelium

Reactive oxygen species
production in the mesenteric
microvascular endothelium,

attributed to hemorrhagic shock
and reperfusion injury, after

resuscitation, and mediated by the
administration of a platelet
activating factor antagonist

Effect of platelet activating factor
(anti-LFA-1_ and WEB 2086) on

leukocyte adherence ROS
given 10 min prior to the shock period

versus the hemorrhagic shock
alone group. * p < 0.05 compared with
the hemmorhagic shock alone group.

Tang Y, et al. [74]

DCFH-DA (2′,
7′-dichlorodihydrofluorescein
diacetate) used in fresh tissue

homogenates

Human albumin intravenous
administration, in ROS

attenuation, in a global cerebral
ischemia reperfusion model by

Wnt/β-Catenin
pathway signaling

Effect of human albumin treatment on
oxidative stress following global

cerebral ischemia/reperfusion, (p < 0.05)
in contrast to the Global Cerebral

Ischemia/Reperfusion (GCI/R) group,
* p < 0.05 in contrast to GCI/R group,

# p < 0.05, in contrast to the
GCI/R+Human Serum Albumin group.

Cuzzocrea S, et al. [75] Dihydrorodamine 123 i.v.
plasma analysed

Melatonin infusion attenuated the
reperfusion injury produced by

splanchnic artery occlusion

Plasma peroxynitrite production
assessed by oxidation of

dihydrorhodamine 123 to rhodamine.
Peroxynitrite production in the

Splancnic Arterial Oclusion
(SAO)-shocked rats was significantly

increased versus sham group.
Melatonin-treated rats show a

significant reduction of the
SAO-induced elevation of the plasma

peroxynitrite production. * p < 0.01
versus vehicle. ◦ p < 0.01 versus SAO.
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Table 2. Cont.

Author Fluorescent Probe Results Graphics

Yan XT, et al. [76] DCFH-DA used in homogenized
intestinal tissue

Heme Oxygenase-1-expressing
Bone Marrow Steam Cell after

intestinal I/R performed by
temporary occlusion of the
superior mesenteric artery

Bone Marrow Steam
Cell/HemeOxygenase-1 (BMSC/HO-1)

attenuated production of ROS in
intestine and serum. Levels of ROS in
intestine at 24 h of reperfusion were

significantly higher than those in sham
group and decreased after treatment of

BMSC/HO-1. ** p < 0.01 vs. Sham;
# p < 0.05 vs. I/R; + p < 0.05 vs. BMSC.

Nagira M, et al. [77] Rhodamine 123

Lutein effects In vitro ischemia
reperfusion injury, using

monolayers of human colon
cancer intestinal epithelial cell line

The effects of lutein and biliverdin on
rhodamine 123 permeability in the

apical to basal direction in cell
monolayers. * p < 0.05 and ** p < 0.01 vs.

lipid peroxidation inducer.
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Abstract: Intestinal acute rejection (AR) lacks a reliable non-invasive biomarker and AR surveillance
is conducted through frequent endoscopic biopsies. Although citrulline and calprotectin have been
suggested as AR biomarkers, these have limited clinical value. Using a mouse model of intestinal
transplantation (ITx), we performed a proteome-wide analysis and investigated rejection-related
proteome changes that may eventually be used as biomarkers. ITx was performed in allogenic (Balb/C
to C57Bl) and syngeneic (C57Bl) combinations. Graft samples were obtained three and six days after
transplantation (n = 4/time point) and quantitative proteomic analysis with iTRAQ-labeling and
mass spectrometry of whole tissue homogenates was performed. Histology showed moderate AR
in all allografts post-transplantation at day six. Nine hundred and thirty-eight proteins with at
least three unique peptides were identified in the intestinal grafts. Eighty-six proteins varying by
>20% between time points and/or groups had an alteration pattern unique to the rejecting allografts:
thirty-seven proteins and enzymes (including S100-A8 and IDO-1) were significantly upregulated
whereas forty-nine (among other chromogranin, ornithine aminotransferase, and arginase) were
downregulated. Numerous proteins showed altered expression during intestinal AR, several of
which were previously identified to be involved in acute rejection, although our results also identified
previously unreported proteome changes. The metabolites and downstream metabolic pathways of
some of these proteins and enzymes may become potential biomarkers for intestinal AR.

Keywords: intestinal transplantation; rejection; biomarkers; enzymes; chromogranin A

1. Introduction

The enterocytes abundantly express class II major histocompatibility complex molecules,
making the intestinal lining highly immunogenic and susceptible to acute rejection (AR).
During AR, recipient T-cells initially leave the intravascular compartment and infiltrate
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the lamina propria of the graft and ultimately attack graft enterocytes, eventually leading
to mucosal loss. Unlike kidney and liver grafts, the acute rejection (AR) of the intestinal
allograft lacks reliable non-invasive markers. The need for a biomarker of intestinal AR
is pressing as AR may lead to graft and patient loss [1,2]. Given this lack of biomarkers,
the current strategy for rejection surveillance still relies heavily on frequent protocol endo-
scopies and mucosal biopsies, which incur logistic issues, risks, and costs [1,3]. Depending
on its stage, the histology of intestinal AR reveals various degrees of inflammation in the
lamina propria, increased crypt apoptosis, crypt damage, crypt loss, villous blunting with
edema, and congestion, culminating in mucosal sloughing. Alterations in the metabolism of
several biomolecules such as decrease in plasma citrulline or increased fecal calprotectin
have been reported during intestinal AR, and these two parameters were suggested as
non-invasive rejection biomarkers. Unfortunately, both are influenced by numerous factors
including the renal function, body surface area, infectious enteritis, or reperfusion injury.
Hence, the significant inter-individual variation and their low specificity (50–75%) make
them unreliable [4,5] and a search for other reliable biomarkers, suitable for safe, routine
measurements is warranted.

Changes in the cellular expression of various molecules have been reported during
intestinal AR in both the experimental and clinical setting. These changes appear secondary
to different biological processes such as inflammation [6–8], tissue injury and repair [9,10],
cell metabolism or apoptosis [11]. Two studies using proteomics and metabolomics to
analyze the stomal effluent in intestinal transplant patients revealed complex patterns in
the metabolism of various molecules released into the intestinal lumen, many of which
seemed related to the AR. One study showed a clear interclass separation of metabolites
detected during episodes of rejection with several metabolites related to leukotriene E4 and
water soluble vitamins [12]. Another study identified 17 distinct protein expression profiles
altered during rejection including human neutrophil peptide (HNP) 1, HNP 2, and human
α-defensin 5 [13]. Despite the interesting and comprehensive data, and the undeniable
clinical relevance, clinical studies have several limitations such as concurrent medication,
the contribution of other digestive organs, or patient and sampling heterogeneicity [14,15].

Experimental transplantation in mice offers unique advantages such as highly stan-
dardized experimental conditions, a similar surgical procedure, and the advantage of a
fully mapped proteome. Moreover, the investigator may easily influence the timing of
rejection by the use of various strain combinations [16], select endpoints, and analyze
rejection-related changes without the involvement of immunosuppressants. In the current
study, we performed a proteome-wide analysis of the protein changes that occurred within
the intestinal graft prior to, and during the acute rejection using isobaric tags for relative
and absolute quantitation (iTRAQ). We then analyzed and compared protein expression
changes in rejecting grafts (allogeneic combination) with non-rejecting (syngeneic) grafts.

2. Results

2.1. Intestinal Graft Histology

Syngeneic grafts did not show any histological alterations at any of the two time points
and revealed long, slender villi, continuous epithelium, and no apoptosis in the crypts.
Three days after transplantation, the histology of the intestinal allografts was unremarkable,
and did not show any signs of acute rejection or other abnormalities. However, at post-
transplantation day six, all allografts showed swollen villus tips, significant lymphocytic
infiltrate in the lamina propria, widespread crypt apoptosis, and focal crypt destruction,
findings consistent with moderate rejection (Figure 1).

2.2. The Proteomic Analysis

The proteomic analysis identified 3172 proteins, 1522 of which were identified based
on three or more unique peptides. Of these, 1087 proteins were detected in all samples. We
identified 109 proteins that demonstrated a significant change (either increase or decrease)
in the allogeneic grafts between day 3 and day 6. Ninety-four proteins were found differen-
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tially expressed between the rejecting (allogenic) grafts and the non-rejecting (syngeneic)
grafts at day 6 after transplantation (Figure 2). Of these, the following eight proteins had
the same alteration pattern as that found in syngeneic grafts (and were likely unrelated to
AR) and were therefore excluded from the analysis: mitochondrial 3-ketoacyl-CoA thiolase
(THIM), non-specific lipid-transfer protein (NLTP), Arginase 2 (ARGI2), cytoplasmic isoci-
trate dehydrogenase (IDHC), hydroxyacyl-coenzyme A dehydrogenase (HCDH), alcohol
dehydrogenase 1 (ADH1), carbonyl reductase 1 (CBR1), and UDP-glucose 6-dehydrogenase
(UGDH). The remaining 86 proteins had a changed pattern only found in the rejecting
allografts. Eighteen proteins (21%) had a >2-fold change (either increase or decrease) while
the other forty-six proteins (53%) revealed a 1.5–2-fold change compared with the levels
before rejection. Interestingly, the expression of four proteins, serine protease inhibitor
A3N (SPA3N), fibrinogen gamma (FIBG), annexin 13 (ANX13,) and NADPH-cytochrome
P450 reductase (NCPR), increased in rejecting grafts at day 6 whereas they decreased in
non-rejecting syngeneic grafts at the same time point compared with day 3.

Figure 1. Histology of the intestinal allografts three days (A,C) and six days after transplantation
(B,D) at low (100×) and high (400×) magnification showing essentially normal histology after
three days and moderate acute rejection six days after transplantation with swollen villi, lymphocytic
infiltration of lamina propria, crypt apoptosis (black arrows), and focal crypt destruction (white
arrow). Scale bar = 100 µm.

In brief, the number of proteins that showed more than a 1.2-fold increased expression
included enzymes (11), regulatory proteins, or transcription factors (16) and structural
proteins (11). The identified number of proteins that decreased their expression by more
than 20% during the rejection event included enzymes (28), regulatory proteins (9), and
structural or functional proteins (10). Further details are presented in Table 1.

IPA interaction analysis found two hundred and ten canonical pathways differentially
expressed between the syngenic (no rejection) and allogeneic grafts (moderate rejection) at
day 6. In addition, two hundred and fourteen canonical pathways were found differentially
expressed between the allogeneic grafts at day 3 (no rejection) and allogeneic grafts (moder-
ate rejection) at day 6. The first 20 canonical pathways (ordered according to the magnitude
of changes between the first and the second time point) in both allogenic and syngenic
grafts are shown in Figure 3. Pathways involved in energy metabolism, TCA, substrate
metabolism (glucose, fatty acid, amines and amino acid metabolism), and mitochondrial
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oxidative phosphorylation, all linked to oxidative stress response were among the most
altered (mostly downregulated proteins).

Figure 2. An outline of the proteomics analysis. (A) Summary of proteins differing between the
two time points and groups; (B) Heat map showing the relative abundance and clustering of the
86 proteins identified across all four groups; (C) Principal component analysis (PCA) of the samples
in the syngeneic group post-transplant day 3 (open circle) and day 6 (closed circle), and in the
allogenic group at post-transplant day 3 (open square) and day 6 (closed square); (D) Volcano plot
illustrating the fold change (log base 2) in protein expression in relation to the p-value (−log base 10)
between non-rejecting (syngeneic) vs. rejecting (allogenic) grafts at day 6. Each dot represents a
protein. Proteins at a significance level greater than 0.01 are in blue, those with a log2 fold change
less than −2 and greater than 2 are in green, while proteins fulfilling both thresholds are in red, and
their names are displayed.

Table 1. List of proteins in the rejecting allografts with an altered protein expression relative to that
found in syngeneic, non-rejecting grafts at the same time point (post-transplant day 6) as identified
by iTRAQ-based quantitation.

Accession Symbol Description Fold Change Molecular Function Biological
Process

Upregulated tissue expression
P28776 Ido1 Indoleamine 2,3-dioxygenase 1 4.72 Dioxygenase,

Oxidoreductase
Inflammatory response

Q01514 Gbp1 Interferon-induced
guanylate-binding protein 1

4.44 Hydrolase Inflammatory response

P52624 Upp1 Uridine phosphorylase 1 4.21 Glycosyltransferase,
Transferase

Inflammatory response

Q91WP6 Ser3na Serine protease inhibitor 3.19 Protease inhibitor Inflammatory response
P27005 S100a8 Protein S100-A8 3.17 Antimicrobial Cell death and survival
P42225 Stat1 Signal transducer and activator of

transcription 1
3.04 Activator, DNA-binding Cell death and survival

P05367 Saa2 Serum amyloid A-2 protein 2.91 Cytokine Inflammatory response
Q8VCM7 Fgg Fibrinogen gamma chain 2.44 Binding protein Hemostasis
O35744 Chi3l1 Chitinase-3-like protein 3 2.38 Antimicrobial Inflammatory response
Q99KQ4 Nampt Nicotinamide

phosphoribosyltransferase
2.12 Cytokine,

Glycosyltransferase
Cell death and survival

E9Q555 Rnf213 E3 ubiquitin-protein
ligase RNF213

1.82 Hydrolase, Transferase Angiogenesis
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Table 1. Cont.

Accession Symbol Description Fold Change Molecular Function Biological
Process

P01899 H2-d1 H-2 class I histocompatibility
antigen, D-B alpha chain

1.69 Binding protein Immunology

Q9R233 Tapbp Tapasin 1.59 Binding protein Immunology
Q9JIK5 Ddx21 Nucleolar RNA helicase 2 1.56 Binding protein Immunology
P17918 Pcna Proliferating cell nuclear antigen 1.55 DNA-Binding Cell death and survival
P31001 Des Desmin 1.52 Muscle protein Cell structure
P26041 Msn Moesin 1.49 Signal protein Inflammatory response
Q60590 Orm1 Alpha-1-acid glycoprotein 1 1.46 Transport protein Inflammatory response
P25206 Mcm3 DNA replication licensing factor

MCM3
1.4 DNA-binding, Helicase,

Hydrolase
Cell death and survival

P09405 Ncl Nucleolin 1.36 Binding protein Angiogenesis
P16858 Gapdh Glyceraldehyde-3-phosphate

dehydrogenase
1.35 Oxidoreductase,

Transferase
Inflammatory response

P68033 Actc1 Actin, alpha cardiac muscle 1 1.35 Muscle protein Cell movement
Q6NZJ6 Eif4g1 Eukaryotic translation initiation

factor 4 gamma 1
1.35 Initiation factor,

RNA-binding, Translational
shunt

Cell death and survival

P52480 Pkm Pyruvate kinase isozymes M1/M2 1.35 Allosteric enzyme, Kinase,
Transferase

Cancer

Q9CPY7 Lap3 Cytosol aminopeptidase 1.32 Aminopeptidase,
Hydrolase, Protease

Cell death and survival

Q9Z1Q5 Clic1 Chloride intracellular channel
protein 1

1.32 Ion channel Cellular growth and proliferation

Q99JG3 Anxa13 Annexin A13 1.31 Binding protein Cell death and survival
P97372 Psme2 Proteasome activator complex

subunit 2
1.29 Immunoproteasome

assembly
Cell death and survival

Q61029 Tmpo Lamina-associated polypeptide 2 1.27 DNA-Binding Cell structure
P11499 Hsp90ab1 Heat shock protein HSP 90-beta 1.25 Chaperon Cell death and survival
P05784 Krt18 Keratin, type I cytoskeletal 18 1.24 Structural protein Cell structure
Q80 × 90 Flnb Filamin-B 1.24 Actin-binding, Cell movement
P60710 Actb Actin, cytoplasmic 1 1.21 Muscle protein Cell movement
P97371 Psme1 Proteasome activator complex

subunit 1
1.21 Immunoproteasome

assembly
Inflammatory response

P62137 Ppp1ca Serine/threonine-protein
phosphatase PP1-alpha catalytic
subunit

1.2 Hydrolase, phosphatase Cellular growth and proliferation

P37040 Por NADPH–cytochrome P450
reductase

1.2 Oxidoreductase Cellular function and
maintenance

O08808 Diaph1 Protein diaphanous homolog 1 1.2 Actin-binding Cell structure
Downregulated tissue expression
Q9CZ13 Uqcrc1 Cytochrome b-c1 complex subunit

1, mitochondrial
0.79 Electron transport,

Respiratory chain,
Transport

Cellular function and
maintenance

Q9ERG0 Lima1 LIM domain and actin-binding
protein 1

0.79 Binding protein Lipid metabolism

Q9D0F3 Aldh1b1 Protein ERGIC-53 0.79 Oxidoreductase Cancer
Q921H8 Acaa1 3-ketoacyl-CoA thiolase A,

peroxisomal
0.79 Acyltransferase,

Transferase
Lipid metabolism

Q02819 Nucb1 Nucleobindin-1 0.78 DNA-binding,
Guanine-nucleotide
releasing factor

Cellular growth and proliferation

P09103 Pdia1 Protein disulfide-isomerase 0.78 Isomerases Cell death and survival
Q9CY27 Tecr Trans-2,3-enoyl-CoA reductase 0.78 Oxidoreductase Lipid metabolism
Q9JII6 Ak1a1 Alcohol dehydrogenase 0.77 Dehydrogenase/reductase Small molecule biochemistry
P28271 Aco1 Cytoplasmic aconitate hydratase 0.77 Lyase, RNA-binding Cellular growth and proliferation
Q9JLQ0 Cd2ap CD2-associated protein 0.76 Adapter protein Cell cycle
Q99KI0 Acon Aconitate hydratase,

mitochondrial
0.76 Lyase Cellular growth and proliferation

P47738 Aldh2 Aldehyde dehydrogenase,
mitochondrial

0.75 Oxidoreductase Small molecule biochemistry

P19783 Cox41 Cytochrome c oxidase subunit 4
isoform 1

0.75 Oxidoreductase Cellular function and
maintenance

P35700 Prdx1 Peroxiredoxin-1 0.74 Peroxidase Cellular function and
maintenance

P45952 Acadm Medium-chain specific acyl-CoA
dehydrogenase, mitochondrial

0.74 Oxidoreductase Lipid metabolism
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Table 1. Cont.

Accession Symbol Description Fold Change Molecular Function Biological
Process

P24270 Cat Catalase 0.74 Catalase Cellular function and
maintenance

Q60598 Cttn Src substrate cortactin 0.72 Unknown Cell structure
Q80XN0 Bdh1 D-beta-hydroxybutyrate

dehydrogenase, mitochondrial
0.71 Dehydrogenase/reductase Lipid metabolism

Q9EPB4 Pycard Apoptosis-associated speck-like
protein containing a CARD

0.71 Unknown Inflammatory response

Q9DBS5 Klc4 Kinesin light chain 4 0.71 Motor protein Cell movement
P99028 Uqcrh Cytochrome b-c1 complex subunit

6, mitochondrial
0.71 Oxidoreductase Cellular function and

maintenance
Q9D855 Uqcrb Cytochrome b-c1 complex subunit

7
0.71 Electron transport,

Respiratory chain,
Transport

Cellular function and
maintenance

Q5SYD0 Myo1d Myosin-Id 0.71 Motor protein Cell structure
Q8K2B3 Sdha Succinate dehydrogenase

[ubiquinone] flavoprotein
subunit, mitochondrial

0.7 Oxidoreductase Cellular function and
maintenance

Q9CQW5 Lgals2 Galectin-2 0.7 Binding protein Unknown
Q99K01 Pdxdc1 Pyridoxal-dependent

decarboxylase domain-containing
protein 1

0.69 Decarboxylase, Lyase Cell cycle

P10852 Slc3a2 4F2 cell-surface antigen heavy
chain

0.68 transport protein Cellular function and
maintenance

Q3UMR5 Mcu Coiled-coil domain-containing
protein 109A

0.68 Calcium channel, Ion
channel

Cellular function and
maintenance

Q9Z2I8 Suclg2 Succinyl-CoA ligase subunit beta,
mitochondrial

0.68 Ligase Cellular function and
maintenance

Q8VC30 Tkfc Bifunctional ATP-dependent
dihydroxyacetone kinase

0.66 Multifunctional enzyme Cellular function and
maintenance

Q9R100 Cdh17 Cadherin-17 0.65 Adhesion protein Cell structure
P56391 Cox6b1 Cytochrome c oxidase subunit

6B1
0.65 Oxidoreductase Cellular function and

maintenance
P14152 Mdh1–2 Malate dehydrogenase,

cytoplasmic
0.64 Oxidoreductase Cellular function and

maintenance
Q8C196 Cps1 Carbamoyl-phosphate synthase,

mitochondrial
0.64 Ligase Cellular function and

maintenance
P31786 Acbp Acyl-CoA-binding protein 0.63 Binding protein Unknown
Q9DCN2 Nb5r3 NADH-cytochrome b5 reductase

3
0.61 Oxidoreductase Lipid metabolism

P57016 Lad1 Ladinin-1 0.59 Anchoring filament Cell structure
O09131 Gsto1 Glutathione S-transferase

omega-1
0.58 Oxidoreductase,

Transferase
Oxidative stress

Q8K0C9 Gmds GDP-mannose 4,6 dehydratase 0.57 Lyase Cellular function and
maintenance

Q9CZS1 Al1b1 Aldehyde dehydrogenase X,
mitochondrial

0.57 Oxidoreductase Small molecule biochemistry

Q9CQ62 Decr 2,4-dienoyl-CoA reductase,
mitochondrial

0.54 Oxidoreductase Lipid metabolism

Q8R0Y6 Fthfd 10-formyltetrahydrofolate
dehydrogenase

0.54 Oxidoreductase Cellular function and
maintenance

Q9D8W7 Ocad2 OCIA domain-containing protein
2

0.5 Unknown Cancer

Q9QWG7 St1b1 Sulfotransferase family cytosolic
1B member 1

0.49 Sulfotransferase Cellular function and
maintenance

P29758 Oat Ornithine aminotransferase,
mitochondrial

0.47 Aminotransferase,
Transferase

Cellular function and
maintenance

Q64133 Aofa Amine oxidase A 0.46 Oxidoreductase Cellular function and
maintenance

O88310 Itl1a Intelectin-1a 0.37 Antimicrobial Inflammatory response
P26339 Cmga Chromogranin-A 0.31 Inhibitor protein Immunology
P35230 Reg3b Regenerating islet-derived protein

3-beta
0.28 Antibacterial protein Immunology
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Figure 3. The alterations in the first 20 canonical pathways in allogenic grafts between post-transplant
day 3 and day 6 (left) and between rejecting (allogeneic grafts) and non-rejecting (syngeneic grafts)
at post-transplant day 6 (right) as revealed by the interactive pathway analysis. Downregulated
pathways shown in green, upregulated pathways shown in red.

The four biological networks that differed the most between allografts with or without
rejection, as indicated by the IPA, were (i) cell-to-cell signaling and interaction, tissue devel-
opment and cell cycle (35 proteins differing); (ii) energy production, lipid metabolism, small
molecule biochemistry (33 proteins differing); (iii) cell death and survival, carbohydrate
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metabolism, lipid metabolism (21 proteins); and (iv) lipid metabolism, small molecule
biochemistry, organismal functions (21 proteins).

2.3. Confirmatory Analysis: Western Blot Analysis and Immunohistochemistry

To confirm the iTRAQ data from the pooled samples, we assessed the expression level
of chromogranin A in individual samples using western blot analysis and immunofluo-
rescence. This protein was selected as it was the second most downregulated protein as
indicated by the proteomics analysis. In addition, chromogranin A is an analyte for which
reliable, routine laboratory tests are already available. Immunoblotting for chromogranin A
revealed downregulation in allogeneic, rejecting transplants on day 6 post-transplant when
compared with the normal intestines (9.4-fold change, p = 0.05, Mann–Whitney U test)
or syngeneic controls at the same time point (3.32-fold change, p = 0.1, Mann–Whitney
U test; Figure 4).

Figure 4. (Upper panel) Immunofluorescence microphotographs showing crypt cells positive for
chromogranin A (red). Nuclei were stained blue using 40,6-diamidino-2-phenylindole. Original
magnification 400×, scale bar 25 µm. (Lower panel) Western blot analysis for chromogranin A and
representative immunoblot bands. The results from four separate experiments in each group are
shown. PTD–post-transplant day.

Normal intestines had 1–2 cells positive for chromogranin A in each crypt (Figure 4).
Syngeneic grafts had similar density and distribution of chromogranin-positive cells with
that of normal intestines at both time points. At day 3 post-transplant, allografts had lower
density and size of chromogranin A-positive cells whereas at during moderate rejection
(post-transplant 6), most crypts were devoid of positive cells

3. Discussion

This study deciphers novel molecular mechanisms of intestinal allograft rejection
in mice and represents the most comprehensive proteomic investigation on this topic to
date. The analysis offers a simultaneous snapshot of several major processes and events
during the acute rejection and maps its key players (e.g., showing the upregulation of
specific proteins responsible for apoptosis and cell death, inflammation, cell migration, and
antigen presentation). A few of these alterations such as impaired citrulline or tryptophan
metabolism or increased calprotectin have been identified earlier in experimental and
clinical studies [4,5], while several of our findings are novel for the intestinal transplanta-
tion setting.
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The current results also revealed significant alterations in the tissue expression of
several structural proteins. Due to the ongoing cell and tissue injury during rejection, this
was an anticipated finding that we considered in the experimental design and explains
why grafts with only a moderate rejection were assessed. Advanced AR would have
involved significant tissue injury and mucosal loss, whereas during moderate AR, all
mucosal compartments are preserved and the enterocyte mass is nearly intact. Hence, our
experimental model allowed us to study a broad array of changes that occurred in a largely
retained mucosa.

Besides changes in structural proteins, the analysis found quantitative changes of
various enzymes and components of several cellular signaling pathways. Some of these
pathways were identified as parts of the ongoing inflammation and tissue injury. As an
example, we found a greatly increased expression of signal transducer and activator of tran-
scription (STAT)-1, a transcription factor known to promote intestinal allograft rejection [17]
or the upregulation of H-2 class I histocompatibility antigen, the murine correspondent
of the human major histocompatibility complex class II. Furthermore, rejecting intestines
showed increased expression of serum amyloid A, an acute-phase lipoprotein induced
during inflammation or infection and has been shown to correlate with ICAM-1 or VCAM
in patients with Crohn’s disease [18].

Several of the identified proteins are involved in maintaining the cellular redox status,
modulate the oxidative stress, and provide cytoprotection against pro-oxidant stimuli. It is
known that inflammation increases the level of reactive oxygen metabolites, resulting in
oxidative stress due to an imbalance between antioxidants and reactive oxygen. Many of
these classical antioxidant enzymes such as catalase, glutathione peroxidases, and peroxire-
doxins directly inactivate reactive oxygen and nitrogen species, and have been suggested to
be suitable biomarkers themselves for oxidative stress [19,20]. Other antioxidant enzymes
such as 2,4-dienoyl-CoA reductase, 3-ketoacyl-CoA thiolase A, or glutathione-S-transferase
recycle thiols or detoxify endogenous compounds such as peroxidized lipids and reac-
tive secondary metabolites (such as aldehydes, peroxides, epoxides) [20]. The notable
decrease in the tissue expression of several key antioxidant enzymes shown herein reflects
a significant, ongoing oxidative stress and suggests that this is a mechanistic cause for
cell injury related to intestinal acute rejection. This mirrors an earlier proteomics analysis
that assessed rejection after rat liver transplantation. That study detected decreased tissue
levels of catalase and aldehyde dehydrogenase and advocated that the imbalance in the
reactive oxygen species scavenging machinery may have contributed to the dysfunction of
hepatocytes and liver allografts [21]. Our results are also similar to a proteomics analysis of
rejecting mouse hearts that found significantly decreased aconitate hydratase and increased
pyruvate kinase isozyme M2 and glyceraldehyde-3-phosphate dehydrogenase (all related
to the energy metabolism) [22]. Taken together, these findings suggest an impending
energetic failure, in addition to the deteriorating antioxidant defense.

Our proteome analysis also revealed an obvious ongoing stress response in the reject-
ing grafts as indicated by the upregulation of several stress-related proteins, most notably
heat shock protein (HSP) 90. Although acute rejection has been previously shown to induce
various heat shock proteins in the intestine [10,23] and other organs [24], the significance of
the heat shock response and its pathways remains unclear [25,26]. In addition, we found
significant increases in the tissue expression of several central enzymes including uridine
phosphorylase 1 (UPP1) and nicotinamide phosphoribosyltransferase (NAMPT), which
are involved in key cellular functional mechanisms such as DNA repair and chromatin
remodeling, secondary to the progressive, ongoing tissue injury (apoptosis, necrosis). In-
terestingly, the expression of the four proteins serine protease inhibitor A3N (SPA3N),
fibrinogen gamma (FIBG), annexin 13 (ANX13), and NADPH-cytochrome P450 reductase
(NCPR) increased in the rejecting grafts at day 6, while they decreased in non-rejecting
syngeneic grafts at the same time point compared with day 3. Whereas the PCA analysis
revealed a certain overlay of the non-rejecting groups, rejecting grafts did not overlap with
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any of the other datasets, indicating an alteration pattern rather specific to AR and giving
hope to the search for new candidate biomarkers for intestinal rejection.

Chromogranin A, a neuroendocrine secretory protein produced by the enteroen-
docrine crypt cells, was selected for the confirmatory study as it was the second most
downregulated protein in the rejecting intestines, as revealed by the proteomics analysis.
Immunoblotting and immunofluorescence confirmed the decreasing trend in the reject-
ing allografts. This may be followed by lower levels in the blood or feces, suggesting a
potential use of chromogranin A in blood or feces as a non-invasive rejection biomarker.
Interestingly, the confirmatory analyses also indicated a trend toward lower chromogranin
in syngeneic, non-rejecting grafts. The significance of this finding is unclear, although previ-
ous studies found a lower density of chromogranin A-positive cells in the mouse intestine
following vagotomy [27] or in the prostate after its peripheral denervation [28]. Hence,
lower chromogranin A expression may be, at least in part, secondary to graft denervation
following transplantation.

The current analysis was restricted to proteins identified on the basis of three or more
unique peptides. This arbitrary threshold made protein identification extremely accurate,
but this selection may have omitted numerous other relevant proteins. Hence, an extended
analysis of the remaining >200 proteins identified based on two unique peptides is man-
dated. A relative shortcoming of the present study is the use of homogenate from whole
tissue samples. Thus, it is difficult to discriminate between the tissue compartments (i.e.,
mucosa, submucosa, muscular layer, vasculature, immune cells) where these changes have
occurred. The results were obtained using intestinal transplantation in mice and without
the use of immunosuppressive medication, and the intestine was transplanted heterotopi-
cally, without exposure to luminal alimentary stimuli or proximal trophic factors. However,
despite the experimental setting, the clinical relevance of the current findings is apparent
when considering the current findings of impaired citrulline metabolism during intestinal
acute rejection [29] and the increased expression of S100-A8 (a constitutive part of calpro-
tectin) [4]. As discussed earlier, citrulline has been shown to decrease following significant
intestinal mucosal damage during severe rejection supposedly through the loss of ente-
rocyte mass [5]. Our analysis identified altered expression of several enzymes central for
citrulline biosynthesis. Hence, the current data suggest that, besides the loss of enterocytes,
citrulline decrease may also be functional due to lower expression of upstream enzymes.

This study confirmed the proteomics finding for only one protein out of the 86 proteins,
revealing an altered expression during intestinal AR. This investigation needs to be ex-
panded to other proteins in the list, and analyzed with respect to corresponding alterations
in the intestinal luminal content and in the blood, using both animal and human samples.
In conclusion, this proteome-wide analysis indicated a significant ongoing oxidative stress
during the acute rejection of the murine intestinal allograft and the exhaustion of several
key redox mechanisms. Almost 100 proteins involved in numerous metabolic pathways
altered their expression during allograft rejection. These pathways may include metabolites
with potential new, non-invasive biomarkers for intestinal acute rejection.

4. Materials and Methods

4.1. Animals and Study Design

Male BalbC (donors) and C57BL6 (donors and recipients) mice weighing 25–30 g were
used. Donor mice were fasted overnight before the explantation, while recipients had
unrestricted access to food and water. The study closely followed the ethical regulations
outlined by the NIH and the European Union and were reviewed and approved by the
local committee of the Swedish Animal Welfare Agency (Dnr 287/99).

Heterotopic intestinal transplantation was performed in either allogeneic (BalbC donor
to C57BL6 recipient) or syngeneic (C57BL6 to C57BL6) combinations. Previous experiments
revealed that this fully allogeneic, high responder strain combination resulted in advanced
rejection at post-transplant day six and severe rejection and animal death due to graft
perforation and peritonitis by post-transplant day eight [16]. Mice (n = 4 per group and
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time point) were sacrificed at either day 3 and day 6 and graft segments were stored in
formalin (histology) or snap-frozen (proteomics and western blot).

4.2. Surgery

Surgery was performed under 2% isoflurane anesthesia using a technique previously
described [30]. In brief, the proximal half of the donor intestine was isolated by removing
the duodenum, ileum, and colon and freeing the portal vein and the aorta above and below
the emergence of the superior mesenteric artery. The intestinal graft was perfused in situ
with cold, heparinized saline via the infrarenal aorta and stored in saline at 4 ◦C until
recipient preparation (around 1 h). The graft was transplanted into the recipients using
microvascular end-to-side anastomoses between the aortic patch containing the emergence
of the superior mesenteric artery of the graft and the infrarenal recipient aorta. Venous
drainage was achieved by anastomosing the portal vein of the graft and the recipient
infrarenal vena cava, respectively, using 11/0 nylon sutures. The extrinsic, splanchnic
nerves were not reconstructed. The proximal graft end was brought out as a stoma, while
the distal end was anastomosed to the terminal ileum of the recipient. The recipient mice
received a single intraperitoneal dose of cefuroxim (40 mg/kg) (Zinacef®, Glaxo Wellcome,
UK) at the end of surgery. No immunosuppression was used.

4.3. Histology

Formalin-fixed intestinal graft segments were embedded in paraffin and cut into
5-micron sections. Hematoxylin-eosin slides were examined blindly by an experienced
transplant pathologist and scored using a previously described scheme [30].

4.4. Immunofluorescence

Paraffin sections were deparaffinized and rehydrated, then antigen retrieval was
performed by pressure cooking the slides in citrate buffer (pH 6) for 20 min. After species-
specific blocking, slides were incubated overnight at 4 ◦C with antibodies against chro-
mogranin A (PA5-77917, 1:250, Invitrogen AB, Lidingö, Sweden). Thereafter, slides were
incubated with secondary antibody conjugated with Alexa 488 (1:500; Invitrogen). The
sections were counterstained with 4′6′-diamidino-2-phenylindole, mounted with aqueous
mounting medium (Vector Laboratories, Burlingame, CA, USA) and examined by fluores-
cence microscopy (Leica). Image acquisition and processing were performed using Leica
LAS software.

4.5. Proteomic Analysis

4.5.1. Sample Preparation

Samples were homogenized using a FastPrep-24 System (MP Biomedicals, Santa Ana,
CA, USA). Samples were transferred to Lysis Matrix B tubes (MP Biomedicals, Santa Ana,
CA, USA) containing 0.1 mm silica spheres. A total of 300 µL of lysis buffer (50 mM
Triethylammoinium bicarbonate (TEAB) (Fluka, Sigma Alrdich, St Louis, MO), 8 M urea,
4% 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS), 0.2% sodium
dodecyl sulfate (SDS), 5 mM ethylenediaminetetraacetic acid (EDTA), adjusted to pH 8.5,
was added to the tubes.

The protein concentration was determined using the Pierce 660 nm Protein Kit (Thermo
Scientific, Basel, Switzerland) according to the manufacturer’s guidelines. For Tandem
Mass Tag (TMT) labeling, 100 µg of the total protein of each sample and 100 µg of a pool
containing equal amounts of all samples were diluted with two volumes of 0.5 M TEAB and
1 volume of 18 mΩH2O. One µL of 2% SDS was also added to each tube. The samples were
reduced by the addition of 2 µL of 50 mM tris-(2-carboxyethyl) phosphine (TCEP) (Thermo
Scientific, Basel, Switzerland), which was incubated at 37 ◦C for 1 h. The samples were
subsequently alkylated with the addition of 1 µL of 200 mM methyl methanethiosulfonate
(MMTS) (Fluka, Sigma Aldrich, St Louis, MO, USA) in gradient grade acetonitrile (Merck
KGaA, Darmstadt, Germany) and incubated at room temperature for 10 min. The samples
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were digested with 4 µg of sequencing grade modified porcine trypsin (Promega, Madison,
WI, USA) in 18 mΩH2O water to (Promega, Madison, WI, USA) overnight at 37 ◦C.

The digested samples were dried in a SpeedVac to ~25–30 µL and 70 µL of 0.5 M was
then added to each tube as a preparation for labeling with the TMT® (Thermo Scientific,
Basel, Switzerland). TMT reagents were allowed to equilibrate to room temperature,
and thereafter, 42 µL of gradient grade acetonitrile was added to each tube. The TMT
reagent was transferred to the appropriate sample tube (see Table 1 for labeling details)
and incubated at room temperature for 1 h. The reaction was quenched by the addition of
8 µL of 5% hydroxylamine (Thermo Scientific, Basel, Switzerland), which was incubated
for 15 min at room temperature. After TMT labeling, the labeled samples were pooled
and concentrated to ~50 µL in a SpeedVac in preparation for strong cation exchange
(SCX) fractionation.

4.5.2. Strong Cation Exchange Chromatography (SCX) of TMT Labeled Peptides

The concentrated peptides were acidified to below pH 3 by the addition of 25 µL 10%
formic acid. The acidified labeled peptides were diluted with 25% gradient grade acetoni-
trile (Merck KGaA, Darmstadt, Germany) and injected onto a 2.1 mm i.d. × 10 cm length,
5 µm particle size, 300 Å pore size PolySULFOETHYL ATM strong cation-exchange (SCX)
column (PolyLc Inc., Columbia, MD, USA) at a flowrate of 0.25 mL/min. SCX chromatog-
raphy and fractionation was performed using an ÄKTA purifier system (GE Healthcare life
science, Uppsala, Sweden) at 0.25 mL/min flow rate using the following gradient: 100% A
(25 mM ammonium formate, pH 2.8 in 25% acetonitrile) for 10 min; 0–20% B (500 mM
ammonium formate, pH 2.8 in 25% acetonitrile) for 20 min; 20–40% B for 10 min, and
40–100% B for 10 min and 100% B held for 10 min. UV absorbance at 280 nm was monitored
while fractions were collected in tubes at 0.5 mL intervals and dried down in a Speedvac
to approximately 50 µL. The 16 peptide containing fractions were desalted on PepClean
C18 spin columns (Thermo Fisher Scientific, Inc., Waltham, MA, USA) according to the
manufacturer’s guidelines.

4.5.3. LC-MS/MS Analysis on LTQ-Orbitrap Velos

The desalted and dried fractions were reconstituted with 15 µL of 0.1% formic acid
(Sigma Aldrich, St. Louis, MO, USA) in 3% acetonitrile and analyzed on a LTQ-Orbitrap
Velos mass spectrometer (Thermo Fisher Scientific, Inc., Waltham, MA) interfaced with an in-
house constructed nano-LC column. For each sample, a two micro-liter sample injection was
made with an Easy-nLC autosampler (Thermo Fisher Scientific, Inc., Waltham, MA, USA),
running at 200 nL/min. The peptides were trapped on a precolumn (45 × 0.075 mm i.d.)
and separated on a reversed phase column, 190 × 0.075 mm, both packed in-house with
3 µm Reprosil-Pur C18-AQ particles (Dr. Maisch, Ammerbuch, Germany). The gradient
was set to 0–70 min 5–35% acetonitrile in 0.2% formic acid, 70–80 min 35–80% acetonitrile
in 0.2% formic acid, and the last 10 min at 80% acetonitrile in 0.2% formic acid.

Ions were injected into the LTQ-Orbitrap Velos mass spectrometer by electron spray
ionization (ESI) under a spray voltage of 1.6 kV in positive ion mode with a capillary
temperature of 250 ◦C. For MS scans, one microscan was performed at a 30,000 resolu-
tion (at m/z 400), and ions were detected within the mass range of m/z 400–1800. MS
analysis was performed in a data-dependent mode. The top 10 most abundant doubly or
multiply charged precursor ions, with a threshold count greater than 2000 and an isolation
width (m/z) of 2.0 in each MS scan was selected for fragmentation (MSn) by stepped high
energy collision dissociation (HCD). For MSn scans, one microscan was performed at
a 7500 resolution (at m/z 400) with a mass range between m/z 120–2000 with stepped
collision energies of 25%, 35%, and 45%, and a maximum injection time of 100 ms, and
one repeat count was performed with a 30 s dynamic exclusion.
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4.5.4. Database Search and TMT Quantification

MS raw data files from all 16 SCX fractions for each TMT set were merged for relative
quantification and identification using Proteome DiscovererTM version 1.3 (Thermo Fisher
Scientific, Inc., Waltham, MA, USA). A database search for each set was performed with
the Mascot search engine (Matrix Science LTD., London, UK) using the Swissprot Database
version 2.3 (Swiss Institute of Bioinformatics, Switzerland) with MS peptide tolerance
of 10 ppm and MS/MS tolerance of 100 molecular mass units. Tryptic peptides with a
maximum of one missed cleavage were accepted and variable modifications of methionine
oxidation, cysteine methylthiolation, and fixed modifications of N-terminal TMT6plex and
lysine TMT6plex were selected. Only spectra with a precursor mass between 400 and
8000 Da and a minimum peak count of 10 were chosen for identification.

The detected peptide threshold in the software was set to 1% false discovery rate by
searching against a reversed database. Criteria used for positive protein identification were
≥3 peptides match, and an averaged ratio-fold change ≥1.2. For TMT quantification, the
ratios of the TMT reporter ion intensities in MS/MS spectra ([M + H]+ m/z 126–131) from
raw datasets were used to calculate fold changes between samples. Ratio was derived by
Proteome DiscovererTM using the following criteria: fragment ion tolerance as 80 ppm
for the most confident centroid peak, TMT reagent purity correction factors were used,
and missing quantification values were replaced with minimum intensity. To correct
for experimental bias, all peptide rations were normalized by the median protein ratio,
assuming a minimum count of 20 proteins had been observed. The co-isolation exclusion
threshold of 30% was accepted for co-isolation interference. Only peptides unique for a
given protein were considered for relative quantitation excluding those common to other
isoforms or proteins of the same family. The quantification was normalized using the
protein median. The results were then exported into MS Excel 2016 (Microsoft, Redmond,
WA, USA) for manual data interpretation and statistical analysis.

4.5.5. Bioinformatics Analysis of the Differentially Expressed Proteins

Pathway analysis (Ingenuity Pathway Analysis, IPA, Qiagen) was used to obtain
further insight into potential cellular pathways that might be modified as a result of
protein changes identified in present experiments. IPA automatically generated networks
of gene, protein, small molecule, drug, and disease associations on the basis of “hand-
curated” data held in a proprietary database. The identifiers (GI mouse identification
number) of DEPs were uploaded as an Excel spreadsheet file onto the Ingenuity software
(Ingenuity Systems, Redwood City, CA, USA). Each GI mouse identification number was
mapped to its corresponding molecule in the Ingenuity Pathway Knowledge Base. The
biological functions assigned to each network were ranked according to the significance of
that biological function to the network. Networks of these proteins were algorithmically
generated based on their connectivity and assigned a score. The score was used to rank
networks according to how relevant they were to the proteins in the input dataset. The
network identified was then presented as a graph indicating the molecular relationship
between proteins. Finally, we compared the proteins differentially expressed between
rejecting and non-rejecting grafts varying more than 20% between groups and time points

4.6. Western Blot Analyses of Intestinal Mucosa

Western blot protein analysis was performed using whole tissue frozen specimens
as described earlier [31]. In brief, after electrophoresis and protein transfer on poly-vinyl-
difluoride membranes, the membranes were blocked, then incubated overnight at 4 ◦C
with primary antibody against chromogranin A (PA5-77917, 1:500, Invitrogen AB, Lidingö,
Sweden). After repeated washings, a secondary antibody was applied for 1 h at room tem-
perature and visualization was carried out using the chemiluminescent enzyme substrate
CDP-Star (Tropix, Bedford, MA, USA). After repeated washings, a secondary antibody was
applied for 1 h at room temperature and visualization was carried out using the chemilu-
minescent Clarity Western ECL (1705062, Bio-rad). The signal intensities of specific bands
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were detected and analyzed using a Chemi-doc Imaging system. Data were obtained via
ImageLab software using Stain-free technology to perform total protein normalization. The
Mann–Whitney U test was used for statistical analysis of western blot data; GraphPad
Prism 6 (GraphPad Software, La Jolla, CA, USA) was used, and p values less than 0.05 were
considered statistically significant.
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Abstract: Cold ischemic injury to the intestine during preservation remains an unresolved issue in
transplantation medicine. Autophagy, a cytoplasmic protein degradation pathway, is essential for
metabolic adaptation to starvation, hypoxia, and ischemia. It has been implicated in the cold ischemia
(CI) of other transplantable organs. This study determines the changes in intestinal autophagy
evoked by cold storage and explores the effects of autophagy on ischemic grafts. Cold preservation
was simulated by placing the small intestines of Wistar rats in an IGL-1 (Institute George Lopez)
solution at 4 ◦C for varying periods (3, 6, 9, and 12 h). The extent of graft preservation injury (mucosal
and cellular injury) and changes in autophagy were measured after each CI time. Subsequently, we
determined the differences in apoptosis and preservation injury after activating autophagy with
rapamycin or inhibiting it with 3-methyladenine. The results revealed that ischemic injury and
autophagy were induced by cold storage. Autophagy peaked at 3 h and subsequently declined. After
12 h of storage, autophagic expression was reduced significantly. Additionally, enhanced intestinal
autophagy by rapamycin was associated with less tissue, cellular, and apoptotic damage during and
after the 12-h long preservation. After reperfusion, grafts with enhanced autophagy still presented
with less injury. Inhibiting autophagy exhibited the opposite trend. These findings demonstrate
intestinal autophagy changes in cold preservation. Furthermore, enhanced autophagy was protective
against cold ischemia–reperfusion damage of the small bowels.

Keywords: autophagy; apoptosis; ischemia–reperfusion; cold preservation; mucosal injury; small
bowel grafts

1. Introduction

Intestinal transplant (Itx) is indicated for patients presenting life-threatening compli-
cations due to long-term total parenteral nutrition, short bowel syndrome, or intestinal
failure [1,2]. Recent advancements in immunosuppressive pharmacology, surgical tech-
niques, and postoperative care have contributed greatly to making this procedure a valid
therapeutic option [2]. However, complications still exist with Itx, some of which are es-
sentially caused by the unavoidable ischemia and the ensuing reperfusion of the organ [3].
Minimizing ischemic damage to the intestinal graft is, therefore, crucial. Thus, effective
measures should be undertaken to ensure its viability [1]. Currently, the widespread strat-
egy for preserving the intestine involves standard retrograde vascular perfusion followed
by static cold storage (SCS) [4]. Although hypothermic storage is deployed to avert adverse
intestinal insult, with time, grafts still deteriorate [3,5]. This is primarily due to the total ab-
sence of tissue perfusion and microcirculation during preservation. The developing tissue
hypoxia will result in reduced adenosine triphosphate (ATP) formation, decreased gly-
colysis (shift to anaerobic type), increased acidosis, and dysfunction of energy-dependent
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enzymes [6]. The alterations present at the end of the storage period are worsened by
reperfusion, initiating a complex injury cascade referred to as ischemia–reperfusion injury
(IRI) [7]. Several parameters are used in addition to the mucosal changes to evaluate this
ischemic damage of the intestine [8,9]. Ischemic injuries may result in graft dysfunction or
non-function and chronic organ failure in the recipient. Advanced IRI of the intestinal graft
is also followed by bacterial translocation, post-reperfusion syndrome, and massive fluid
and electrolyte shifts, secondary to the impairment of its mucosal barrier [3]. Hence, the
current clinical consensus on intestinal preservation allows only for a storage time of less
than 10 h [3,10]. Within this limit, evidence suggests that the intestines will only exhibit
moderate pathological changes [10].

Ischemic events deprive the affected cell populations of their oxygen and nutrient require-
ments, resulting in states of starvation and stress. To sustain core cellular function, these cells
undergo a starvation-induced ‘’self-eating” process known as autophagy [11]. The autophagy
pathway involves the formation of a membrane-bound vesicle, called the autophagosome,
that encircles cytoplasmic proteins and organelles. Autophagosome formation is generally
under the control of autophagy-related genes (Atg) and associated proteins [12]. Some of
the well-studied Atg proteins include Beclin-1 and the microtubule-associated protein 1 light
chain 3 (LC3) proteins. By interacting with the autophagy-specific class III PI3k complex,
Beclin-1 can initiate autophagy. In contrast, modification of the LC3 protein to LC3II is con-
sidered an essential step for the maturation of autophagosomes [13–15]. Both Beclin-1 and
LC3II proteins are frequently used to monitor the autophagy process [15,16]. The mature
autophagosomes will fuse and empty their contents into lysosomes for degradation. The
degradation products are then released back into the cytoplasm and re-utilized to aid
metabolism [12,13]. Studies into autophagy using various models show that this pathway
is rapidly upregulated under conditions of starvation, hypoxia, or ischemia [14,17–21].

Extended periods of ischemia can also elicit an apoptotic response in cells. Apoptosis
is often described as the major form of cell death during warm and cold ischemia [22].
Increased caspase-3 activation and enterocyte apoptosis after varying periods of cold
preservation have also been depicted in intestinal models [6,23]. Apoptosis and autophagy
have a complex relationship [24,25]. Typically, an early autophagic response is associated
with cell survival. In contrast, the upregulation of apoptosis will hasten cell demise, in some
cases, by even inactivating autophagy [24,25]. The interaction between both pathways has
been described as important for organ survival during ischemia [19,26–28].

The role of autophagy during cold preservation tends to show variation amongst the
different organs. In the kidney, for example, a protective effect of autophagy during cold
preservation has been described in the literature and that inhibition of this pathway acceler-
ates ischemic injury [26]. Meanwhile, in the lungs, the opposite has been suggested [17,20].
Therefore, understanding the influence of autophagy on intestinal preservation may prove
significant. Previous studies on the intestine have shown that disruption of the epithelial
barrier by amino acid deprivation can induce protective autophagy in intestinal epithelial
cells [29]. More so, the benefits of regulating autophagy have been demonstrated in the
warm IRI of the intestine [14]. Hence, this study is designed to explore the changes in
autophagy during the cold preservation of small bowel grafts. Furthermore, we determine
whether modulating this pathway can play a protective role in the intestinal ischemia
induced by cold storage.

2. Results

2.1. Preservation Injury of Small Bowel Grafts

2.1.1. Histology

We evaluated the extent of intestinal histological injury amongst the groups according
to Park/Chiu’s classification system [8]. Intestinal mucosal injury was significantly higher
in all the preservation groups (3, 6, 9, and 12 h) compared to the operated control group (0 h)
(p ≤ 0.0001). High injury grades (Park/Chiu ≥ 4), characterized by frequently denuded
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villi, loss of villous tissue, and injured crypts, occurred more frequently after 12 h of
preservation (4.27 ± 0.10) (Table 1).

Table 1. Mucosal injury scores after cold preservation.

Groups 0 h 3 h 6 h 9 h 12 h

Post-preservation 0.16 ± 0.04 1.13 ± 0.09 * 2.21 ± 0.12 * 2.86 ± 0.10 * 4.27 ± 0.10 *
Data are mean ± SEM, n = 6. * p < 0.0001 versus the 0 h group (operated control).

By quantitative analysis, we also measured changes in mucosal thickness and crypt
depth as indicators of mucosal atrophy. A significant decrease in mucosal thickness in the
3, 6, 9, and 12 h preservation groups was observed when compared to the operated control
(p < 0.005) (Figure 1a). Similarly, crypt depth decreased with increasing time. This decrease
was significant after 9 and 12 h of preservation (p = 0.0103 and p = 0.0005, respectively)
(Figure 1b).

≤ ≥

(a) (b) 

Figure 1. Morphometric analysis of the mucosa. Panel (a) shows changes in mucosal thickness. Panel
(b) shows changes in crypt depth. Data are mean ± SEM, n = 6. * p < 0.05 versus the 0 h group
(operated control).

2.1.2. Goblet Cell Abundance

Goblet cells are present in the entire intestinal mucosa and secrete mucin, which is
protective against luminal insults and bacteria gaining access to the epithelium. They are
rapidly depleted in response to ischemia, whereas they contribute significantly to mucosal
restitution after ischemia–reperfusion [30]. Using periodic acidic Schiff (PAS) staining, we
were able to estimate the presence of mucin-containing goblet cells in the mucosa of our
experimental groups. From the results, the number of goblet cells decreased slightly but
significantly in the 3 h group compared to the operated control (p = 0.0254). The decrease
was more pronounced in the 6, 9, and 12 h groups (p < 0.0001) (Figure 2).
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(a) (b) (c) 

Figure 2. Goblet cell abundance in intestinal mucosa. Panel (a) is a representative photograph taken from the operated
control (0 h) group. Panel (b) is a representative photograph taken from the 12 h group. The goblet cells containing mucin
are stained purple (PAS staining positive). Panel (c) represents the changes in goblet cell numbers among the groups. Data
are mean ± SEM, n = 6. * p < 0.05 increase versus the 0 h group (operated control).

2.1.3. Biochemical Analysis

By biochemical analysis of the preservation fluid, we quantified the released lactate
dehydrogenase enzyme (LDH) and lactate from the preserved grafts. LDH, as a general
marker of cell injury, has been associated with ischemic events in the intestine. Similarly,
changes in lactate are frequently used as a marker of cellular hypoxia [9,31]. The results
show a significantly increased concentration of both markers in the 6 h group and the 12 h
group in contrast to the 0 h group (LDH: p < 0.0001; lactate: p < 0.0001) (Table 2).

Table 2. Biochemical analysis of preservation fluid.

Groups 0 h 6 h 12 h

LDH (IU/L) 27.44 ± 2.17 349.40 ± 15.86 * 716.30 ± 34.02 *

Lactate (mmol/L) 0.07 ± 0.01 0.68 ± 0.06 * 1.55 ± 0.06 *
Data are mean ± SEM, n = 6. * p < 0.0001 versus 0 h.

2.2. Autophagy Changes during Cold Preservation of Small Bowel Grafts

To quantify autophagic changes in intestinal tissues following cold preservation,
the protein expression of two common markers of autophagy, LC3II and Beclin-1, were
examined using immunoblot and immunostaining techniques. Our Western blot results
for LC3II illustrated a significant increase in the 3, 6, and 9 h groups compared to the
control (p < 0.0001) (Figure 3a,d). In the 12 h group, the LC3II protein expression was
significantly decreased (p < 0.0001). Results for the Western blot analysis of Beclin-1 also
showed a significant increase in the 3 and 6 h groups than in the control (p < 0.0001 and
p = 0.0052, respectively). After 9 h, the values were higher than the control but not to the
level of significance (p = 0.4007) (Figure 3a,e). In the 12 h group, a significant decrease
was also observed compared to the control (p < 0.0001). A similar trend was noted in the
immunohistochemical staining for the Beclin-1 protein. This method stains the cytosolic
presence of Beclin-1. A darker stain signifies more prominence of the protein, and this can
be quantified by measuring optical density (OD). Compared to the control, average OD
scores were significantly increased in the 3 h group and significantly decreased in the 12 h
group (p = 0.0095 and p < 0.0001, respectively) (Figure 3b,c,f).

We also observed the presence of autophagosomes in the cytoplasm of intestinal
epithelial cells (those that have microvilli) using electron microscopy. When compared,
more autophagosomes could be observed in the 6 h group than the 0 h or 12 h group.
Representative electron microscopy photographs are available as Supplementary Material
(S1).
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(d) (e) (f) 

μ

Figure 3. Changes of autophagy in intestinal mucosa. Panel (a) shows representative electrophoresis patterns for LC3II
and Beclin-1. Panels (b,c) are representative of immunostaining for Beclin-1 at 0 h (b) and 12 h (c). Scale bar: 100 µm; Mg:
14.0x. Panels (d,e) show changes in LC3II and Beclin-1, respectively, with time. Each protein is represented as a ratio of
GAPDH. Panel (f) illustrates changes in optical density (OD) scores for Beclin-1 immunostaining. Data are mean ± SEM, n
= 6. * p < 0.05 increase versus the 0 h group (operated control). ** p < 0.05 decrease versus the 0 h group.

2.3. Effects of Regulating Autophagy during Cold Preservation of Small Bowel Grafts

2.3.1. Changes in Autophagic Activity

Significant mucosal disintegration and autophagy decline were observed after 12 h of
storage in our first study. Therefore, we adopted this extended preservation duration for
our second experiment series. To access the influence of autophagy, we treated separate
groups with rapamycin (Rapa) or 3-methyladenine (3-MA) shortly before organ retrieval.
Rapamycin is frequently used for promoting autophagy, while 3-MA is a known inhibitor
of starvation-induced autophagy [14,15]. An untreated group served as a cold preservation
control (PC). We verified the influence of these pharmacological agents on autophagic
activity by performing immunostaining for Beclin-1 and p62/sqstmi proteins at the begin-
ning (0 h), during (6 h), and at the end of cold preservation (12 h). p62/sqstmi (simply,
p62) is another widely used autophagy marker that is selectively incorporated into the
autophagosome and degraded by autophagy. The level of p62 protein inversely correlates
with autophagic activity [14]. Additionally, at the end of preservation, we performed
immunoblot staining for LC3II and Beclin-1 proteins.

Immunostaining for Beclin-1 and p62 showed no significant difference amongst the
groups after organ retrieval. By the 6 h mark, Beclin-1 OD scores for the Rapa group
were significantly higher (p = 0.0072), while those for 3-MA group were significantly less
(p = 0.0337) than for the PC group. At the end of the preservation period, immunostain-
ing for Beclin-1 in the Rapa-group was still significantly more intense than the control
(p < 0.0001). The 3-MA group scores were lower but not to a level of statistical significance
(p = 0.48400). Immunostaining for p62 in the Rapa group had significantly lower OD
scores than the PC group after both 6 and 12 h of preservation (p = 0.0318 and p = 0.0007,
respectively). In contrast, the OD scores for p62 immunostaining in the 3-MA group were
significantly higher at both 6 and 12 h time points (p = 0.0018 and p = 0.0194, respec-
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tively). Representative pictures for immunostaining for Beclin-1 and p62 are available
as Supplementary Material (S2.1). Western blot analysis indicated that autophagy was
enhanced in the group treated with rapamycin, as evidenced by significantly increased
LC3II expression (p < 0.0001) and significantly increased Beclin-1 expression (p < 0.0001)
when compared to the preservation control. By contrast, autophagy was inhibited in the
group of animals treated with 3-methyladenine. We noted significant LC3II (p < 0.0001)
and Beclin-1 (p = 0.0073) decreases compared to the preservation control. (Figure 4). Taken
together, these results confirm that rapamycin enhances autophagy activity in the intestinal
grafts, while 3-MA inhibits autophagy.

 

(a) (b) 

≤

Figure 4. Changes in autophagy after 12 h long preservation. Panels (a,b) show changes in im-
munoblot for LC3II and Beclin-1, respectively. Each protein is represented as a ratio of GAPDH. Data
are mean ± SEM, n = 6. # p ≤ 0.05 versus PC. Electrophoresis patterns for LC3II and Beclin-1 are
available as supplementary materials (S2.2).

2.3.2. Effects on Apoptosis

The consequence of promoting or inhibiting autophagy on apoptosis was evaluated at
different time points during the preservation period (0, 6, 12 h). Immunostaining for active
caspase 3 showed that at the onset of preservation (0 h), there was no significant difference
between the Rapa and 3-MA groups versus the PC group (p = 0.6501 and p = 0.8278,
respectively). At 6 h of preservation, there were significantly more positive-stained caspase
cells in the 3-MA group than the PC group (p = 0.0060), while in the Rapa group, there
were significantly fewer positive cells present (p = 0.0012) (Figure 5a). After 12 h, the
3-MA group still had a significantly higher amount of positively stained apoptotic cells
(p = 0.0092) compared to the preservation control, while in the Rapa group, we observed
fewer apoptotic cells (p = 0.0138) (Figure 5b). Representative pictures for immunostaining
for cleaved caspase-3 are available as Supplementary Material (S3). Consistently, at the end
of the 12 h long preservation period, the expression of cleaved caspase-3 in Western blot
analysis also significantly increased in the 3-MA group (p = 0.0183) and decreased in the
Rapa group (p < 0.0001) when juxtaposed with the PC group (Figure 5c). Altogether, these
results suggest that enhancing autophagy attenuates apoptotic damage while inhibiting
this autophagy process accelerates apoptotic injury.
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Figure 5. Changes in apoptosis after autophagy regulation. Panels (a,b) represent quantitative apoptotic cell counts for
positively stained caspase-3 cells at 6 and 12 h, respectively. Panel (c) shows changes in expression of cleaved caspase-3
after 12 h of preservation. Data are mean ± SEM, n = 6. # p ≤ 0.05 versus PC. Representative electrophoresis pattern for
cleaved caspase-3 is available as Supplementary Material (S3).

2.3.3. Effects on Intestinal Mucosa

To evaluate the role of autophagy on preservation-induced intestinal mucosa damage,
we quantified Park/Chiu scores, mucosal thickness, crypt depth, and goblet cell density
after 0, 6, and 12 h of preservation. Mucosal examination was unremarkable between the
treated groups (Rapa and 3-MA) and the control group (PC) at the onset of preservation.
Injury scores, mucosal thickness, crypt depth, and goblet cell density showed no significant
difference between the groups.

After 6 h of preservation, however, the 3-MA group showed higher injury scores,
characterized by areas of epithelial breakdown and some denuded villi compared to the
PC group (p = 0.0002), while the Rapa group displayed only minimal injury in comparison,
with some regions containing subepithelial blebbing at the tip of the villus (p = 0.0307;
Figure 6). Similarly, mucosal thickness and crypt depth decreased significantly in the 3-MA
group (p < 0.0001 and p = 0.00339, respectively). In the Rapa group, the values of mucosal
thickness were significantly superior to the PC group (p = 0.0049), while the values for
crypt depth were higher but not significant enough in comparison (p = 0.7183). Goblet cell
count was significantly higher in the Rapa group compared to the PC group (p = 0.0104).
In the 3-MA group, the number of goblet cells reduced significantly (p = 0.0418).

At the end of the preservation period (12 h), the Rapa group still displayed significantly
lesser tissue injury (p < 0.0001), superior mucosal thickness (p < 0.0001), and crypt depth
(p = 0.0084) compared to the control. Similarly, the goblet cell count was significantly
higher (p < 0.0001)). In contrast, the 3-MA group had worse injury scores, characterized
by more regions of crypt damage compared to the control (p = 0.0050). Crypt depth
was also significantly reduced (p = 0.0481), while the mucosal thickness was reduced but
not significantly (p = 0.1577). Furthermore, the number of goblet cells was less in the
3-MA group (p = 0.2273). Picture representation after 12 h of preservation is available
as Supplementary Material (S4.1). These results from the intestinal mucosa collectively
suggest that enhancing autophagy attenuates preservation-induced mucosal changes while
inhibiting this process proves detrimental for the graft mucosa.
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Figure 6. Representative pictures for mucosa changes after 6 h of preservation. Panel (a) represents the Rapa group. The
arrows here point to subepithelial bleb at the tip of the villus, which corresponds to a Park/Chiu score of 1. Panel (b)
represents the PC group. The arrows here point to more extended subepithelial spaces in the upper half of the villus
(Park/Chiu score = 2). Panel (c) represents the 3-MA group. The arrows here show regions of epithelial breakdown and the
denudation of villi (Park/Chiu score = 3).

2.3.4. Effects on LDH and Lactate

To quantify the effect of autophagy on the cellular markers of preservation injury,
LDH and lactate release were evaluated after 6 and 12 h of storage. The findings show that
the extent of preservation-induced release of LDH and lactate was attenuated in the Rapa
group and worsened in the 3-MA group. After 6 h of preservation, there was less release
of LDH and lactate into the preservation solution in the Rapa group compared to the PC
group (p = 0.0015 and p = 0.0194, respectively). In contrast, in the 3-MA group, there was
significantly more LDH and lactate in the preservation solution (p < 0.0001 and p = 0.0002,
respectively). Similarly, after 12 h of preservation, increased concentrations of LDH and
lactate were measured from the preservation fluid in the 3-MA group when juxtaposed
with the PC group (p = 0.0221 and p = 0.0090, respectively). In the Rapa group, both LDH
and lactate were significantly less concentrated (p < 0.0001). These results indicate that
rapamycin-enhanced autophagy attenuates while inhibiting autophagy exacerbates cellular
injury during intestinal preservation. Data for changes in LDH and lactate are available as
Supplementary Material (S4.2).

2.3.5. Reperfusion Injury

To further confirm the role of autophagy on the preservation-induced ischemia–
reperfusion cascade of the intestine, at the end of the 12 h storage period, we re-perfused
the grafts briefly. We compared reperfusion injury between the treated and non-treated
group by quantifying the histology (Park/Chiu) scores and the release of LDH upon per-
fusion. The amount of LDH was measured at the end of the first minute and after the
60-min-long perfusion. Compared to the PC group, the grafts with enhanced autophagy
(Rapa group) had significantly less mucosal damage (p < 0.0001). In contrast, the 3-MA
group exhibited worse average injury scores but not significantly (p = 0.1119). Similarly,
the amount of LDH released in the first minute and 60th minute was significantly less
in the Rapa group (p = 0.0125 and p = 0.0005, respectively) compared to the PC group,
while in the 3-MA group, LDH was significantly increased at both times (p = 0.0233 and
p = 0.0009, respectively). These results illustrate that enhancing autophagy limits the extent
of reperfusion injury while inhibiting autophagy aggravates this injury. Data for changes
after reperfusion are available as Supplementary Material (S5).

2.3.6. The Protective Effects of Rapa-Enhanced Autophagy Are Attenuated by 3-MA

Although rapamycin is well known as a pro-autophagic drug, some other effects,
independent of autophagy, have been described in the literature [32]. Hence, we determined
whether the effects observed, using rapamycin as an inducer of autophagy, were truly
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dependent on the autophagic pathway. We compared tissue changes, biochemical changes,
and apoptotic changes at the end of the preservation period (12 h) in the Rapa group with
a drug control (DC) group (animals here received both 3-methyladenine and rapamycin at
the same time). The finding showed that the beneficial effects of administering rapamycin
on preservation injuries were indeed due to its effect on autophagy, as evidenced by the
Park/Chiu injury scores, which were significantly higher in the DC group compared to the
Rapa group (p < 0.0001). Similarly, there were also significantly higher concentrations of
LDH (p < 0.0001) and lactate (p = 0.0120) in the DC group than in the Rapa group. Picture
representation for mucosal changes and changes in LDH and lactate for the DC group can
be found in the Supplementary Material (S4). With regards to apoptosis, the protective
role of rapamycin was still due to its pro-autophagic effect. Immunostaining for cleaved
caspase-3 revealed more positive cells in the DC group than in the Rapa group (p = 0.0051).
Similarly, the blot analysis for cleaved caspase 3 showed a significant increase in the DC
group in comparison to the Rapa group (p < 0.0001). Representative immunostaining and
immunoblots for cleaved caspase-3 for the DC group are available in the supplementary
material (S5).

3. Discussion

Mucosal damage is the hallmark of tissue injury associated with cold preservation of
the intestine. Whatever mucosal injury is present at the end of the preservation period will
get worse during reperfusion. Epithelial ulceration, barrier disruption, and increased per-
meability of the intestinal mucosa may occur and affect clinical outcomes negatively [1,7].
Evaluating the extent of mucosal damage is, therefore, commonly employed to ascertain the
integrity of intestinal grafts [1,7]. Our first study examined mucosal changes during cold
preservation. We accessed mucosal damage by quantifying changes using the Park/Chiu
ischemic injury score system [8], total mucosal thickness, villus depth, and goblet cell
counts at different time points. The Park/Chiu scoring system can microscopically describe
the progression of mucosal injury during ischemia, while the decrease in mucosal thickness
and villus depth indicates atrophic changes. More so, the abundance of mucin-containing
goblet cells is an important indicator of the reparative ability of the intestinal mucosa [30].
Our results show that with increasing storage time, the average Park/Chiu scores increased
while mucosal thickness, crypt depth, and goblet cell count decreased. At the end of our
longest storage time (12 h), we recorded the most apparent mucosal destruction. These
results agree with similar studies that have correlated the extent of mucosal damage with
the length of the cold ischemic time [5,33].

In addition to mucosal changes, we further characterized the preservation injury of
the intestinal grafts by quantifying the release of two general markers of cell hypoxia and
injury: lactate and lactate dehydrogenase (LDH) enzymes. Biochemical analysis of the
amount of lactate and LDH released into the preservation solution demonstrated that
cellular injury worsens with longer cold storage periods. This is consistent with previous
studies that have used similar markers [9,31]. Taken together, our results from mucosal and
biochemical analyses confirm that lengthening the cold ischemic time worsens preservation
injury in small bowel grafts.

The background of ischemic injury is dominated by several metabolic events, includ-
ing oxidative and inflammatory stress, apoptosis, necrosis, and autophagic responses [22].
Over the past few years, interest in determining the role of autophagy in both warm and
cold ischemic events has increased [14,18,28,34]. Autophagy, which has a basal expression
level in a variety of cells, is necessary for functional homeostasis. Under conditions of
starvation, hypoxemia, and energy depletion, this pathway may be upregulated. The
autophagic pathway can then target damaged or redundant cytoplasmic organelles for
degradation. The breakdown products of these organelles may serve as important basic
metabolites for cellular reuse [11,13,21,35].

In our first experiment, we also focused on whether rat intestinal autophagy can be
activated after cold preservation. Our results revealed that autophagic markers LC3II
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and Beclin-1 proteins showed significant upregulation after 3 and 6 h of preservation
compared to the control. Accordingly, using electron microscopy, we could visualize more
autophagosomes after 6 h of preservation compared to the control. This seems to confirm
the upregulation of the autophagic process during the cold preservation of intestinal grafts.
These results agree with other studies that show an increase in autophagy activity during
the cold storage of different organs [17,26]. The autophagic pathway is, however, not
without constraint. Extended states of starvation will eventually lead to a decline due
to enzyme-limiting processes [35]. Accordingly, in our results, after the peak at 3 h of
preservation, we noted a steady decrease in LC3II and Beclin-1 proteins. Both LC3II and
Beclin-1 proteins show a significant decrease after 12 h of preservation compared to the
operated control. We offer two possible explanations for this: First, it is likely that the
baseline used for our study (0 h, operated control group) is not the true basal expression
of autophagy in intestinal cells. Since our experimental animals were starved for 24 h as
part of the protocol and starvation is a strong moderator of autophagy, we suspect that the
autophagic process was already upregulated in the intestine before we retrieved the organ.
Accordingly, the baseline we adopted is a good one for monitoring changes in autophagy
within a limit but should be interpreted cautiously. Secondly, in some instances, prolonged
periods of ischemia (starvation) impair autophagy. The consumption and depletion of
essential components for autophagy after sustained starvation and the inhibition of key
regulators such as Beclin-1 by caspases are said to be behind this phenomenon [25,36].
The exact reason for this occurrence in our results was not investigated further. These
time-based differences in the expression of autophagic proteins do, however, suggest a role
for autophagy in cold intestinal preservation.

The role of autophagy during warm or cold ischemia varies amongst the different
organs [14,19,20,26]. Therefore, in our second experiment series, we investigated the
influence of autophagy on the cold preservation ischemia of small bowel grafts. From our
results, inhibiting the upregulation of autophagy with 3-methyladenine resulted in a more
pronounced preservation injury. The effects of this inhibition were already prominent at 6 h
of preservation, lasting until after 12 h of preservation. This suggests that inhibition of the
cold-ischemia-induced autophagy accelerates the damage to small bowel grafts. In contrast,
by enhancing intestinal autophagy using rapamycin, preservation injury of the intestine
was attenuated after 6 h and at the end of the 12-h-long preservation period. Additionally,
when the autophagy inhibitor, 3-methyladenine, was added to animals that also received
rapamycin, the protective effects of enhancing autophagy were diminished. Collectively,
our results indicate that autophagy is protective and that enhancing this pathway will
reduce the preservation injury of small bowel grafts.

During severe cold ischemia–reperfusion injury of the intestine, the breakdown of the
mucosal barrier function enables bacterial translocation and subsequent septic events. A
correlation has previously been established between the rate of this occurrence and the
length of the cold ischemic time [23,37]. In view of this, intestinal grafts preserved for
extended periods (over 9–10 h) are generally not utilized [10,23]. Ways to prolong the
preservation time for intestinal grafts are continually being proposed [3]. In our second
study, at the end of the extended preservation period (12 h), we carried out short-term
reperfusion. Our results revealed that reperfusion injury was significantly less in the grafts
where autophagy was enhanced. Those grafts displayed better mucosal morphology and
less release of LDH into the perfusate.

In terms of mucosal damage during ischemia–reperfusion injury, our results contrast
those obtained by Li Baochuan et al. They monitored autophagy in the warm ischemia–
reperfusion injury of the intestine and concluded that enhanced autophagy was detrimental
for the mucosa layer [14]. We measured changes in autophagy after cold storage, as well
as mucosa damage after preservation and reperfusion, and we propose a beneficial role.
Although the eventual outcome of warm and cold ischemia–reperfusions are similar, their
mechanisms develop differently [19]. During cold storage, the preserved organ is entirely
cut off from the ‘milieu’ of tissue perfusion and depends solely on its intrinsic adaptation. In
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an ongoing warm ischemia–reperfusion injury, however, the possible influence of collateral
blood supply on metabolism cannot be ruled out. Furthermore, differences in autophagic
adaptation within similar pathologies have been described in the literature [19,38]. Taken
together, the need for continuous studies into autophagy is further emphasized.

The protective effects of autophagy have been ascribed, at least in part, to its influence
on the apoptotic death pathway [24]. The relationship between autophagy and apoptosis
is rather dynamic and depends on the nature of the stimuli [24,25]. In a cell undergoing
stress, both pathways can be activated. Autophagy is generally more beneficial and serves
to promote cell survival. It can also inhibit apoptosis propagation. However, in some cases,
autophagy may induce cell death as well, known as autophagic cell death [25]. Caspase-3
activation and enterocyte apoptosis have been previously reported as facilitators of intesti-
nal damage during cold storage [6,30]. By manipulating autophagy, we determined its
effect on cold preservation-induced apoptosis. From the results, enhancing autophagy re-
duced Caspase-3 activity whilst inhibiting autophagy had the opposite effect. Furthermore,
the antiapoptotic role of rapamycin-enhanced autophagy was significantly reduced when
3-methyladenine was also administered in the same animals. Accordingly, we can infer
that enhancing autophagy has a positive effect on the cold preservation-induced apoptosis
of intestinal mucosa.

In summary, our results point to the involvement and possible role of autophagy
in cold preservation injury of the intestine. We observed that enhanced autophagy was
protective against cold ischemia and reperfusion damage of small bowel grafts. However,
in this experiment, we did not consider all the different cell populations (such as Paneth and
immune–modulatory-type cells) present in the intestine. Further studies will be needed to
dissect the influence of autophagy on these cells during cold preservation. Nonetheless,
the findings of this study provide new insights for researchers in this field.

4. Materials and Methods

4.1. Experimental Animals

Healthy male Wistar rats (n = 60), weighing between 250–300 g, were used for this
study. They were housed under standard conditions and fed rat chow and water ad libitum.
Food was withdrawn 24 h prior to the experiment. Animals were anesthetized with an
intraperitoneal (i.p) mixture of ketamine hydrochloride (0.075 mg/g of body weight) and
diazepam (0.075 mg/g of body weight). All procedures were performed in accordance
with ethical guidelines (BA02/2000-02/2021) to minimize the pain and suffering of the
animals.

4.2. Intestinal Procurement and Grouping

After median laparotomy, the intestine was retrogradely perfused via the aorta at
6 mL/min with ice-cold IGL-1 solution (Institute George Lopez) for 2 min. The portal vein
was cut to facilitate venous venting. At the end of the perfusion, small bowel grafts were
resected from the ligament of Treitz and stored in the same solution at 4 ◦C.

In the first series of the experiment, the rats were randomly divided into an operated
control group (0 h; n = 6) and a preservation group. The preservation group was subdivided
into 4 groups—3, 6, 9, and 12 h groups (n = 6 for each group)—based on the duration of
cold storage. Intestinal samples were collected after the resection (0 h; control), and at the
end of the preservation periods for Western blot (wb), histology, immunohistochemistry
(IHC), and biochemical and transmission electron microscopy (TEM) analyses.

In the second series of the experiment, rats were randomly divided into 5 groups
(n = 6 for each group): the sham-operated group (Sham), the preservation control group
(PC), the preservation group treated with rapamycin (rapamycin group), the preservation
group treated with 3-methyladenine (3-MA group), and the drug control group (DC). A
promoter of autophagy, rapamycin (Hb2779 Hellobio; 2 mg/kg dissolved in 1 mL dimethyl
sulfoxide solution (DMSO), i.p), was injected into rats belonging to the rapamycin group,
30 min before organ retrieval; an inhibitor of autophagy, 3-MA (Hb2267 Hellobio; 2 mg/kg
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dissolved in 1 mL ddH20, i.p), was injected into the 3-MA group, 30 min before organ
retrieval [14]. The drug control group received the same dose of both rapamycin and
3-methyladenine at the same time. The sham-operated group and the preservation control
groups received the same volume of the solvents (ddH20 and DMSO) used. The total
time of preservation was 12 h. After cold storage, grafts were perfused using oxygenated
Krebs Henslet buffer solution (KHBS) for 60 min according to an ex-vivo method described
previously [39]. Intestinal samples and preservation and perfusion fluids were taken at
various time points for further analysis.

4.3. Histology (Hematoxylin–Eosin)

Tissues were fixed in 10% neutral buffered formalin and embedded in paraffin. They
were cut in 3-micrometer-thick sections and stained with hematoxylin and eosin. The slides
were digitized with a Mirax scanner, and photographs were taken with CaseViewer 2.4
software (3DHISTECH Ltd. Budapest, Hungary). Intestinal mucosa damage was evaluated
blindly by two individuals. The degree of injury was determined using the Park/Chiu
system described by Park et al. [8]. A minimum of three fields randomly selected from four
quadrants of each intestinal sample was evaluated.

Morphometric analysis of total mucosa thickness and villous depth was analyzed
using CaseViewer 2.4 software (3DHISTECH Ltd. Budapest, Hungary). Total mucosa
thickness was assessed by measuring the distance between the villus tip to the lamina-
muscularis mucosae in at least four axially oriented villi in four quadrants. Crypt depth
was determined in at least a total of five axially oriented, open, non-destroyed crypts from
three quadrants.

4.4. Goblet Cell Count

To evaluate the amount of mucus containing goblet cells in the mucosal layer, tissues
were fixed in 10% neutral buffered formalin, embedded in paraffin, cut into 3-micrometer-
thick sections with a rotational microtome and mounted on coated glass microscope slides.
After deparaffinization and rehydration, the samples were incubated in 1% periodic acid
for 20 min, followed by a 0.5 min rinse in distilled water. The samples were stained with
Schiff reagent for 20 min, differentiated in Schiff-rinsing solution for 2 min, and immersed
in tap water for 5 min to further evolve their color. Slides were then incubated in Meyer’s
hematoxylin for 10 min, and bluing was performed with tap water for 5 min. The samples
were dehydrated in alcohol, cleared in xylene, and mounted with permanent mounting
medium. The amount of blue/purple-stained goblet cells was evaluated by manually
counting the number of visible cells in at least three high-power fields (hpfs) selected
randomly from four different quadrants using Caseviewer 2.4 software (3DHISTECH Ltd.,
Budapest, Hungary).

4.5. Immunohistochemistry (IHC)

Intestinal tissues, fixed in 10% neutral buffered formalin and embedded in paraffin,
were cut in serial 3-micrometer-thick sections. After deparaffinization and rehydration,
samples were pretreated with the heat-induced epitope retrieval method in 1 mM (pH = 6.0)
citrate buffer (Histopathology Ltd.Pécs, Hungary) in a microwave oven for 15 min at 750 W.
After cooling at room temperature, the tissues were washed in TRIS buffered saline solution
(TBS) (pH = 7.6). For immunohistochemistry, samples were incubated in Beclin-1 antibody
(Cat. Nr. bs-1353R, Bioss Antibodies Inc., 1:2000, 1 h at room temperature), p62/sqstmi
(Cat. Nr. p0067. Sigma-Aldrich Ltd., USA 1:2000, 1 h at room temperature), and cleaved
caspase-3 (Asp175, Cat. Nr. 9661, Cell Signaling Technology, Inc., USA 1:100, 1 h at room
temperature). The sections were washed in TBS and incubated with a HISTOLS-R anti-
rabbit HRP-labeled detection system (Cat. Nr. 30011.R500, Histopathology Ltd., 30 min at
room temperature). After washing in TBS, the reaction was developed with a HISTOLS
Resistant AEC Chromogen/Substrate System (Cat. Nr. 30015, Histopathology Ltd.) while
controlling the intensity of the staining under a microscope. Sections were counterstained
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with hematoxylin solution, and bluing was performed with tap water. Samples were
dehydrated in alcohol, cleared in xylene, and mounted with permanent mounting medium.
Slides were digitized with a Mirax scanner, and photographs were taken with CaseViewer
2.4 software (3DHISTECH Ltd.Budapest, Hungary).

Analysis of Beclin-1 and p62/sqstmi stains was performed with the help of the IHC
profiler plug-in of Image J software, and the optical density (OD) was scored according to
the method described previously [40].

Analysis of the cleaved-caspase-3-stained cells was achieved by manually counting the
visibly stained apoptotic cells in at least four high-power fields (hpfs) randomly selected
from four different quadrants using CaseViewer 2.4 software.

4.6. Western Blot (wb)

Intestinal tissue samples were frozen in liquid nitrogen and then manually pulverized
in a mortar and dissolved in ice-cold lysis buffer (containing 50 mM Tris, pH 7.4, 150 mM
NaCl, 1 mm EGTA, 1 mM Na3VO4, 100 mM NaF, 5 µM ZnCl2, 10% glycerol, and 1%
Triton X-100 plus 10 µg/mL of the protease inhibitor aprotinin). Lysates were subjected
to centrifugation at 40,000× g at 4 ◦C for 30 min, then the protein concentration of the
supernatants was determined using Protein Assay Dye Reagent Concentration (Bio-Rad
Gmbh München, Germany) and light absorption measurement at 595 nm. Samples contain-
ing 30 ug of denatured total protein were prepared and loaded onto 10% polyacrylamide
gels. Proteins separated based on size were electro-blotted for half an hour onto PVDF
membranes using the Trans-Blot Turbo semi-dry system (Bio-Rad), then blocked in 3%
BSA dissolved in Tris-buffered saline containing 0.2% Tween 20. This was followed by
the probing of the membranes with the primary antibodies (Beclin-1, LC3 (Cat. Nr. 2775
and Cat. Nr.4108 Cell Signaling Technology), and cleaved caspase-3), diluted 1:1000 in
the blocking solution, at 4 ◦C overnight. The binding of the antibodies to the membrane
was detected by a secondary anti-rabbit IgG conjugated to horseradish peroxidase (Santa
Cruz Biotechnology. Texas, USA), diluted 1:10,000. The enhanced chemiluminescent signal
was visualized using a Gbox gel documentation system (Syngene, UK). All membranes
were then stripped from the antibodies and detected again, as above, for possible loading
differences using a primary antibody against GAPDH (Cell Signaling Technology) at a
dilution rate of 1:3000. Analysis of band densities was performed using Image J software.
Each of the densities was further quantified in relation to GAPDH.

4.7. TEM

The intestines were cut into large blocks of approximately 1 mm3 and fixed overnight
at 4 ◦C in 4% paraformaldehyde with 2.5% glutaraldehyde in phosphate buffer (PB). These
blocks were then fixed in 1% osmium tetroxide in 0.1 M PB for 35 min after dehydration in
an ascending ethanol series, with uranyl acetate (1%) included in the 70% ethanol stage
to increase contrast. The blocks were transferred to propylene oxide before being placed
into aluminum foil boats containing Durcupan resin (Sigma) and then embedded in gelatin
capsules containing the same resin. Semithin sections were cut with a Leica ultramicrotome
and mounted either on mesh or Collodion-coated (Parlodion, Electron Microscopy Sciences,
Fort Washington, PA, USA) single-slot copper grids. Additional contrast was provided to
these sections with uranyl acetate and lead citrate, and they were examined in a JEM-1400
flash transmission electron microscope.

4.8. Biochemical Analysis

At different time points during preservation and reperfusion, fluid samples were
obtained and analyzed for the presence of lactate and lactate dehydrogenase enzyme. After
centrifugation (10 min, room temperature, 1500 rcf), both parameters were quantified using
the Cobas Integra 400 Plus Analyzer (Roche Diagnostics, GmbH, Mannheim, Germany),
following the manufacturer’s instructions.
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4.9. Statistical Analysis

For statistical evaluation, a one-way analysis of variance (ANOVA) was used, followed
by adequate posthoc tests for multiple comparisons. The Kruskal–Wallis test was used
for the analysis of histological (Chiu) scores. Comparing changes within a group was
performed using the paired t-test. All data are represented as the mean ± SEM. The
difference was considered statistically significant when the p-value was less than 0.05.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/metabo11060396/s1. Figure S1: Changes in intestinal mucosa after varying periods of
preservation. Figure S2: Impact of autophagy regulation on the expression of LC3II, Beclin-1, and
caspase-3 proteins. Figure S3: Influence of autophagy regulation on cold ischemia and reperfusion
mucosa damage.
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Abstract: In trauma and orthopedic surgery, limb ischemia-reperfusion (I/R) remains a great chal-
lenge. The effect of preventive protocols, including surgical conditioning approaches, is still controver-
sial. We aimed to examine the effects of local ischemic pre-conditioning (PreC) and post-conditioning
(PostC) on limb I/R. Anesthetized rats were randomized into sham-operated (control), I/R (120-min
limb ischemia with tourniquet), PreC, or PostC groups (3 × 10-min tourniquet ischemia, 10-min
reperfusion intervals). Blood samples were taken before and just after the ischemia, and on the
first postoperative week for testing hematological, micro-rheological (erythrocyte deformability and
aggregation), and metabolic parameters. Histological samples were also taken. Erythrocyte count,
hemoglobin, and hematocrit values decreased, while after a temporary decrease, platelet count
increased in I/R groups. Erythrocyte deformability impairment and aggregation enhancement were
seen after ischemia, more obviously in the PreC group, and less in PostC. Blood pH decreased in all
I/R groups. The elevation of creatinine and lactate concentration was the largest in PostC group.
Histology did not reveal important differences. In conclusion, limb I/R caused micro-rheological
impairment with hematological and metabolic changes. Ischemic pre- and post-conditioning had
additive changes in various manners. Post-conditioning showed better micro-rheological effects.
However, by these parameters it cannot be decided which protocol is better.

Keywords: limb ischemia-reperfusion; hemorheology; metabolites; ischemic pre-conditioning;
ischemic post-conditioning

1. Introduction

Acute limb ischemia still remains a great challenge in clinical practice. In connection
with traumatic injuries, vascular and orthopedic surgery the blood supply to the limbs is
often impaired or temporarily stopped (hypoperfusion, ischemia), resulting in ischemia-
reperfusion (I/R) injury associated with significant morbidity and mortality [1–4]. The
incidence is estimated at 1.5 cases per 10,000 people [1]. The I/R injury is also a major
problem in emergency care. It is very important to reduce the time of ischemia to prevent
further organ damage. Indirect tissue damage may be exacerbated by shock or resuscitation.
Post-cardiac arrest syndrome can also be considered part of systemic I/R injury, which
leads to organ and brain failure, death. Systemic ischemia is associated with hypoxia and
a lack of energy at the tissue and cellular level. In case of contradictory but successful
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resuscitation, recurrent circulation may further aggravate organ failure [4–6]. Repeated
periods of ischemia and reperfusion may also cause wound healing disorders [7].

It is essential to restore circulation as soon as possible within the ischemic tolerance
time of the given organ or tissue. The critical ischemic time for human muscle tissue
is about 2.25 h in warm ischemia, and irreversible muscle damage starts after 3 h of
ischemia and is nearly complete at 6 h [8,9]. The restoration of blood supply can further
aggravate the ischemic damage and results in endothelial and parenchymal injury, referred
to as I/R injury. The etiological factors include Ca2+ overload, oxidative stress, leukocyte
infiltration, release of inflammatory mediators, endothelial dysfunction, and complement
activation [9–11].

To prevent or reduce I/R injury, considerable effort has been made in developing
various therapeutic strategies, including pharmacological and surgical approaches [3,4]. A
simple strategy is hypothermia and the use of chilled heparin saline [6]. During surgeries,
I/R damage can be reduced by graduate reperfusion [12]. Ischemic pre-conditioning has
emerged as a powerful experimental method in decreasing ischemic injury by Murry et al.
in 1986 in canine myocardium [13]. The method consists of inducing brief ischemic insults
to the target organ before the subsequent prolonged ischemia. Its beneficial effect was
proven in several organs and tissues [14,15]. However, the clinical application is limited due
to the unpredictable onset of an ischemic insult or embolic event. A further development
of the method is the remote ischemic pre-conditioning, which was described by Przyklenk
in 1993 [16]. It can increase the tolerance against I/R injury in many organs, involving the
brain, heart, and kidney [17]. It is based on intermittent short-term interruptions of the
blood flow of another organ or extremity before the ischemic period of the target organ.
The limitation of the method is that it can be applied only in case of elective interventions.
The mechanism of post-conditioning was introduced by Zhao et al. [18]. In contrast to
pre-conditioning, the brief periods of ischemia and reperfusion are applied at the onset of
the reperfusion, after the target organ ischemia. This technique can be easily applied to the
ischemic tissue after the surgery.

The red blood cell deformability and aggregation show significant changes in many
pathophysiological conditions. Ischemia-reperfusion injury may cause micro-rheological
changes due to metabolic changes, free radical reactions, and acute phase reactions [19–21].
Although a huge number of studies have examined the consequences of I/R injury to
skeletal muscle and the protective effect of pre- and post-conditioning [22–24], very few
studies have addressed the changes in the micro-rheological parameters [25,26].

In our previous studies, we have found significant alterations in blood rheological
parameters due to limb ischemia and reperfusion, however, the magnitude of changes was
different. The most obvious alterations were found after 3 h of ischemia (vascular clamp
combined with tourniquet) that led to histological changes and rheological deterioration
together. The morphological changes could be sustained by local cooling, but not the
rheological ones [27]. In rat models of 1- and 2-h ischemia and following reperfusion,
microrheological deterioration was found in the early reperfusion period (the first hour
of reperfusion) and in a second wave on the first to third postoperative days [28,29]. The
time factor is important, depending on the ischemic tolerance of the tissues. The skin and
muscles are known to have relatively wide ischemic tolerance. However, it is important
to note that the endothelium is very sensitive to hypoxia, and endothelial dysfunction
may occur in a short time. Kayar et al. found that even 15 min of ischemia may lead
to endothelial dysfunction and rheological alterations in rats [19]. So, the picture is very
complex and it is not clear where the boundary of reversible and irreversible changes is. It
is not known how large hemorheological change leads to a perfusion problem, and how
depressed should the perfusion be to result in further changes in the tissues, not talking
about the duration, temperature, and extension of complete ischemia.

The present study was therefore designed to evaluate the alterations in the hemato-
logical and micro-rheological parameters due to lower limb ischemia and to compare the
expected favorable effect of pre- and post-conditioning in a rat model.
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2. Results

2.1. Hematological Parameters

Hematological parameters are shown in Table 1. The white blood cell count increased
just after the 120-min ischemia in the I/R (p = 0.018 vs. base) and in the PreC groups
(p < 0.001 vs. base) and was elevated further by the end of the first postoperative (p.o.)
week, reaching a significant level in the PreC (p < 0.001 vs. base) and the PostC groups
(p = 0.008 vs. base).

Table 1. Selected hematological parameters in the control, the ischemia-reperfusion (I/R), the ischemic pre-conditioning
(PreC), and the ischemic post-conditioning (PostC) groups.

Variable Group Base Reperfusion 1st p.o. Week

WBC [G/L]

Control 9.36 ± 1.85 8.62 ± 2.35 10.4 ± 3.59

I/R 8.05 ± 1.23 10.77 ± 4.23 * 10.17 ± 4.47

PreC 7.08 ± 1.11 10.67 ± 2.53 * 11.2 ± 4.15 *

PostC 7.51 ± 1.57 8.77 ± 3.67 10.65 ± 3.1 *

RBC [T/L]

Control 7.78 ± 0.47 7.49 ± 0.41 7.44 ± 0.37

I/R 8.38 ± 0.64 7.69 ± 0.71 * 7.09 ± 0.28 *

PreC 8.35 ± 0.39 7.65 ± 0.56 * 6.93 ± 1.37 *

PostC 8.18 ± 0.73 7.69 ± 0.77 7.09 ± 0.43 *

Hgb [g/dL]

Control 15.23 ± 0.74 14.89 ± 0.67 14.52 ± 0.83 *

I/R 15.61 ± 0.82 14.75 ± 0.76 * 13.41 ± 0.51 *

PreC 15.18 ± 0.41 14.14 ± 0.79 * 12.84 ± 2.56 *

PostC 15.16 ± 0.68 14.25 ± 0.84 * 13.25 ± 0.78 * #

Hct [%]

Control 46.68 ± 2.45 45.23 ± 2.43 43.6 ± 2.07 *

I/R 47.4 ± 3.07 44.6 ± 3.49 40.39 ± 1.31 * #

PreC 46.7 ± 1.41 43.81 ± 2.99 38.96 ± 7.56 *

PostC 45.93 ± 2.87 44.13 ± 3.16 40.21 ± 2.09 * #

Plt [G/L]

Control 741.2 ± 62.1 626.8 ± 99.5 * 833.6 ± 40.9 *

I/R 810.1 ± 72.9 747.6 ± 80.5 * # 958.5 ± 100.1 * #

PreC 726.3 ± 82.7 638.3 ± 63 * 873.1 ± 315.4 *

PostC 712.6 ± 67.2 625.7 ± 57.2 * 1000 ± 44.5 * #

Means ± S.D.; * p < 0.05 vs. base (same group), # p < 0.05 vs. control group (same time); RBC: red blood cell count; WBC: white blood cell
count; Hgb: hemoglobin concentration; Hct: hematocrit; Plt: platelet count.

Red blood cell count, hemoglobin, and hematocrit values showed a moderate decrease
at the beginning of the reperfusion versus base values (RBC in I/R group: p = 0.021, in PreC
group: p < 0.001; Hgb in I/R group: p = 0.009, in PreC group: p < 0.001, in PostC group:
p = 0.004). A further decrease was observed by the first p.o. week (RBC, Hgb and Hct in
I/R, PreC and PostC groups: p < 0.001). In the PostC groups, reduction of hemoglobin and
hematocrit (p = 0.001 for both), as well as hematocrit decrease in I/R group was found to
be significant compared to the Control group (p < 0.001).

Platelet count showed lower values after the 120-min ischemia compared to base
values (Control: p < 0.001, I/R: p = 0.041, PreC: p = 0.002, PostC: p = 0.001), and rose by
the first p.o. week (Control: p < 0.001, I/R: p < 0.001, PreC: p = 0.032, PostC: p < 0.001).
The values of the I/R group were higher versus the Control group at the beginning of the
reperfusion (p = 0.002) and on the first p.o. week (p = 0.006). The highest values were found
in the PostC group one week after surgery (p < 0.001 vs. Control).
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2.2. Red Blood Cell Deformability

The cumulative elongation index (EI)—shear stress (SS) curves are shown on Figure 1,
the comparative parameterization data are summarized in Table 2.
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Figure 1. Changes of red blood cell deformability (elongation index in the function of shear stress in
the control (A), the ischemia-reperfusion (I/R) (B), the ischemic pre-conditioning (PreC) (C) and the
ischemic post-conditioning (PostC) (D) groups. Means ± S.D.

Table 2. Erythrocyte deformability values delivered from the elongation index (EI): shear stress (SS) curves in the control,
the ischemia-reperfusion (I/R), the ischemic pre-conditioning (PreC), and the ischemic post-conditioning (PostC) groups.

Variable Group Base Reperfusion 1st p.o. Week

EI at 3 Pa

Control 0.393 ± 0.007 0.392 ± 0.024 0.387 ± 0.01
I/R 0.392 ± 0.013 0.402 ± 0.009 0.378 ± 0.02 *

PreC 0.400 ± 0.012 0.392 ± 0.012 0.371 ± 0.018
PostC 0.391 ± 0.013 0.397 ± 0.01 0.382 ± 0.012

EImax

Control 0.582 ± 0.015 0.553 ± 0.049 0.571 ± 0.017
I/R 0.601 ± 0.02 0.587 ± 0.022 0.581 ± 0.032

PreC 0.585 ± 0.019 0.589 ± 0.024 0.588 ± 0.046
PostC 0.595 ± 0.028 0.576 ± 0.023 0.593 ± 0.022

SS1/2 [Pa]

Control 1.44 ± 0.25 1.2 ± 0.42 1.53 ± 0.3
I/R 1.23 ± 0.33 1.26 ± 0.25 1.45 ± 0.27

PreC 1.36 ± 0.25 1.21 ± 0.23 1.33 ± 0.52
PostC 1.28 ± 0.46 1.32 ± 0.36 1.34 ± 0.25

EImax/SS1/2 [Pa−1]

Control 0.419 ± 0.092 0.52 ± 0.19 0.387 ± 0.087
I/R 0.524 ± 0.156 0.488 ± 0.136 0.418 ± 0.112

PreC 0.454 ± 0.143 0.499 ± 0.096 0.553 ± 0.365
PostC 0.487 ± 0.223 0.473 ± 0.165 0.458 ± 0.103

Means ± S.D.; * p < 0.05 vs. base (same group); EImax: maximal EI; SS1/2: shear stress at half EImax.

The EI values were lower one week after surgery in the I/R group, and more obviously
in the PreC group (Figure 1B,C). However, the differences were small. By the 1st p.o. week
EI values at 3 Pa showed significant lowering in the I/R group compared to their base
(p = 0.048). When analyzing the changes compared to base values, individually, these
relative values revealed more differences (Figure 2). The magnitude of lowering in EI at
3 Pa was significant one week after surgery compared to the post-ischemic relative values
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(Control: p = 0.012, I/R: p = 0.005, PreC: p = 0.025). The rise in SS1/2 was the highest in the
I/R group, which was reflected in the EImax/SS1/2 ratio (p = 0.002) (Figure 2).
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Figure 2. Relative values of elongation index (EI) at 3 Pa (A), maximal elongation index (EImax) (B),
shear stress at half EImax (SS1/2) (C), and the ratio of EImax and SS1/2 (D), compared to their base
values (as 100%) in the control, the ischemia-reperfusion (I/R), the ischemic pre-conditioning (PreC)
and the ischemic post-conditioning (PostC) groups. Means ± S.D., * p < 0.05 vs. reperfusion.

2.3. Red Blood Cell Aggregation

Enhanced red blood cell aggregation was found in the ischemic groups (I/R, PreC,
PostC) one week after surgery, showing increased M and M1 index values (Figure 3). The
I/R and PreC groups expressed the highest values of M 5s (p < 0.001 vs. base for both), M1
5s (only in PreC group: p = 0.038 vs. base and p = 0.046 vs. Control), as well as in M 10s
(p < 0.001 vs. base for both) and M1 10s index values (p < 0.001 vs. base for both) (Figure 3).
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Figure 3. Red blood cell aggregation index values (M 5s, M1 5s, M 10s, M1 10s) in the control,
the ischemia-reperfusion (I/R), the ischemic pre-conditioning (PreC), and the ischemic post-
conditioning (PostC) groups on the first postoperative week. Means ± S.D., * p < 0.05 vs. Control
group and # p < 0.05 vs. I/R group (same time).
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2.4. Blood Gases, Acid-Base Parameters, Electrolytes, and Metabolites

Table 3 summarizes the changes of blood gas, pH, electrolyte, and metabolic parameters.

Table 3. Changes of blood gas (pO2, pCO2), pH, electrolytes (Na+, K+, Ca2+, Cl−,) and metabolites (glucose, lactate,
creatinine) in the control, the ischemia-reperfusion (I/R), the ischemic pre-conditioning (PreC), and the ischemic post-
conditioning (PostC) groups.

Variable Group Base Reperfusion 1st p.o. Week

pO2 [mmHg]

Control 68.87 ± 13.26 65.73 ± 11.05 55.2 ± 6.93
I/R 60.14 ± 6.61 61.37 ± 8.49 55.06 ± 9.22

PreC 65.05 ± 5.75 69.47 ± 15.27 51.78 ± 11.8
PostC 59.65 ± 9.27 68.08 ± 6.57 57.1 ± 16.21

pCO2 [mmHg]

Control 41.3 ± 9.04 43.55 ± 5.54 52.62 ± 11.23
I/R 50.45 ± 6.57 49.94 ± 17.77 49.4 ± 4.72

PreC 47.64 ± 6.78 48.01 ± 11.17 42.42 ± 4.95
PostC 47.78 ± 6.62 47.68 ± 12.2 45.12 ± 5.86

pH

Control 7.41 ± 0.03 7.37 ± 0.03 7.36 ± 0.06
I/R 7.36 ± 0.04 7.33 ± 0.11 7.38 ± 0.04

PreC 7.38 ± 0.07 7.31 ± 0.07 7.41 ± 0.04
PostC 7.35 ± 0.03 7.32 ± 0.08 7.39 ± 0.02

Na+ [mmol/L]

Control 142.12 ± 3.35 141.83 ± 2.13 143.6 ± 2.61
I/R 141 ± 2.31 140.28 ± 5.4 142 ± 2.34

PreC 142.28 ± 2.69 140.28 ± 4.46 141.71 ± 2.56
PostC 142.42 ± 3.2 140.14 ± 2.47 143.85 ± 2.41

K+ [mmol/L]

Control 4.72 ± 0.32 5.45 ± 0.56 * 4.82 ± 0.29
I/R 4.32 ± 0.28 5.92 ± 0.57 * 4.04 ± 0.38 #

PreC 4.25 ± 0.25 5.58 ± 0.86 * 4.61 ± 0.5
PostC 4.24 ± 0.25 6.05 ± 0.62 * 4.17 ± 0.29 #

Ca2+ [mmol/L]

Control 1.36 ± 0.04 1.38 ± 0.11 1.28 ± 0.19
I/R 1.35 ± 0.04 1.39 ± 0.04 1.23 ± 0.31

PreC 1.34 ± 0.06 1.39 ± 0.06 1.27 ± 0.17
PostC 1.39 ± 0.05 1.39 ± 0.03 1.32 ± 0.09

Cl− [mmol/L]

Control 104.25 ± 1.67 108.16 ± 3.18 104.6 ± 1.34
I/R 103.14 ± 2.11 105.85 ± 2.19 102.6 ± 1.67

PreC 103.14 ± 2.03 104.85 ± 2.79 104 ± 1.52
PostC 104 ± 2.31 106.28 ± 1.6 103.85 ± 2.19

glucose [mmol/L]

Control 19.62 ± 3.54 17.11 ± 3.47 17.94 ± 3.08
I/R 17.98 ± 2.09 19.6 ± 4.27 12.34 ± 2.21 * #

PreC 17.22 ± 2.19 22.48 ± 7.61 11.8 ± 2.61 * #
PostC 16.5 ± 1.09 22.64 ± 4.77 * # 13.12 ± 2.45 * #

lactate [mmol/L]

Control 1.171 ± 0.34 1.52 ± 0.61 1.02 ± 0.32
I/R 1.61 ± 0.73 1.36 ± 0.34 2.31 ± 0.91 #

PreC 1.78 ± 0.87 1.72 ± 0.85 3.11 ± 1.89 #
PostC 1.82 ± 0.99 1.28 ± 0.31 3.39 ± 2.2 #

creatinine [µmol/L]

Control 31 ± 4.37 43.83 ± 10 36.2 ± 3.89
I/R 35.33 ± 5.68 47.85 ± 8.47 37.2 ± 5.26

PreC 32.42 ± 3.59 68.42 ± 31.28 * 52.85 ± 25.51
PostC 43.85 ± 8.45 83 ± 43.77 * # + 35.71 ± 6.15

Means ± S.D.; * p < 0.05 vs. base (the same group), # p < 0.05 vs. Control group and + p < 0.05 vs. I/R group (at the same time).

The values of pO2, pCO2 did not change significantly. The pH decreased in the PreC
and PostC groups at the start of the reperfusion and normalized by the first p.o. week.

Sodium, calcium, and chloride ion concentrations did not show significant changes.
Just after the ischemia, the potassium ion concentration increased significantly in all groups
versus the base, with larger magnitude in the groups subjected to ischemia (Control:
p = 0.01, I/R: p < 0.001, PreC: p = 0.011, PostC: p < 0.001 vs. base). By the first p.o. week,
the potassium concentration was lower in I/R and in PostC groups compared to the Control
(p = 0.007 and p = 0.004, respectively).
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An increase was observed in the glucose concentration in all groups with ischemia
and reperfusion. The rise was significant in the PostC group (p = 0.002 vs. base, p = 0.039
vs. Control). By the first p.o. week these values significantly decreased in these groups
compared to base (I/R: p= 0.001, PreC: p = 0.001, PostC: p = 0.006) and compared to the
Control group (I/R: p= 0.01, PreC: p = 0.004, PostC: p = 0.013). Lactate concentration
increased significantly by the first p.o. week in the I/R (p = 0.019), PreC (p = 0.037) and
PostC (p = 0.041) groups compared to the Control. Creatinine concentration increased
significantly only in the PreC (p = 0.002 vs. base) and PostC (p = 0.017 vs. base, p = 0.008 vs.
Control, p = 0.038 vs. I/R) groups just after the reperfusion.

2.5. Histology

No histological abnormalities attributable to ischemia were seen in any of the groups
by light microscopy (Figure 4). Analyzing the postoperative samples preserved striation,
regular contour of the muscle fibers was found with the normal distribution of the nu-
clei without any sign of hypertrophy. No disorganization of myofibrils occurred in the
sarcoplasm. Swelling and intense inflammatory infiltration could not be demonstrated.
Necrotic muscle fiber sections were not present and no caliber fluctuation was detected. In
a pre-conditioned animal, signs of subacute inflammation and fresh bleeding were seen in
the perimysium, which may have developed due to the tourniquet compression.

 

Figure 4. Representative histological slides of the skeletal muscle biopsies in the control, the ischemia-
reperfusion (I/R), the ischemic pre-conditioning (PreC), and the ischemic post-conditioning (PostC)
groups. Staining: H&E; original magnification: 50×.

3. Discussion

The tourniquet is used in many areas of surgery, such as traumatology, orthopedics,
and vascular surgery. In experimental studies, several strategies have been developed to
reduce I/R injury, but very few of them have been introduced into clinical practice. Among
surgical approaches, pre- and post-conditioning are promising methods [13–18], although
there are still many unanswered questions involving the optimal timing of the stimulus
and the number and duration of the cycles, etc. It should also be taken into account that the
applicability of pre-conditioning in clinical practice is limited to scheduled surgery, while
ischemic post-conditioning can be easily applied even in emergency situations [1–4,6].

To answer all questions, it is essential to know the functional and structural changes
accompanied by I/R injury. Reviewing the literature, little data is available on changes in
the micro-rheological parameters in relation to ischemia-reperfusion injury of extremities
and ischemic conditioning surgical maneuvers.

Various models are known for unilateral hind limb ischemia, operating with vascular
microvascular clips for clamping the femoral artery, tourniquet or inflated cuff around the

169



Metabolites 2021, 11, 776

thigh [19,27–31]. It is important to note that in rats, remarkable collaterals are existing from
the gluteal region [30]. It has been demonstrated that clamping the femoral vessels alone
often does not lead to complete ischemia. The tourniquet may compress collaterals as well,
but the force applied may cause extended tissue damage. Most of the ischemic pre- and
post-conditioning protocols use three or four cycles, the duration of which ranges from 10,
15 and 30 s to 10 min [13,14,18,21,22,24,32]. We have chosen 120-min tourniquet-induced
ischemia, preceded or followed by three cycles or 10-min ischemia and reperfusion.

Red blood cell deformability and aggregation show significant changes in many
pathophysiological conditions, including ischemia-reperfusion injury. These are mainly due
to free radical reactions, metabolic changes and acute phase reactions [20,21,33–37]. Free
radicals may damage the red blood cells by lipid peroxidation, methemoglobin formation,
as well as by damaging proteins via sulfhydryl cross-linking [19–21]. Metabolic changes
may alter the morphological and mechanical properties of red blood cells, which leads
to deterioration of red blood cell deformability and disturbed aggregation [21,36]. Acute
phase reactions may manifest as a rise in leukocyte count, increase or decrease of platelet
count, hemoconcentration, and micro-rheological changes [20,21,34]. Impaired red blood
cell deformability and enhanced red blood cell aggregation elevate blood viscosity, increase
vascular resistance, and cause perfusion problem in the microcirculatory bed [20,21,38–41].

In this observational study, we found that hemoglobin and hematocrit decreased
significantly after reperfusion and one week post-operatively in all ischemic groups. In
parallel, the platelet count significantly increased. These changes may be associated with
inflammatory processes and acute phase reactions induced by ischemia-reperfusion. The
decrease in these values is due not only to I/R damage but also to blood loss caused by
surgery and blood sampling. We supposed that the alterations observed post-ischemically
are mostly due to redistribution changes, and the later alterations can be originated domi-
nantly from the inflammatory processes.

Similar to our previous findings in other ischemia-reperfusion models [25,26], micro-
rheological parameters have deteriorated during and after ischemia in all ischemic groups.
Red blood cell aggregation has significantly increased, mostly due to the increased free
radical release, acute phase reactions, and inflammatory processes. Interestingly, the most
significant increase was found in the PreC group.

Metabolic changes alter the morphological and mechanical properties of blood cells
that may result in the deterioration of red blood cells’ deformability and disturbed ag-
gregation [20,21,35,36]. Deoxygenated red blood cells have decreased deformability and
enhanced aggregation [37], while hypoxia leads to swelling of the cells, altering the cellu-
lar surface/volume ratio, and thus the deformability as well [21,36]. In our experiment,
the changes in metabolic and micro-rheological parameters were not clearly observed at
the same time (post-ischemic vs. first p.o. week values). Therefore, also considering the
low sample size, a multivariate regression analysis could not be performed. It is also noted
that mathematically significant changes could be detected, but the real in vivo significance
of the magnitude in changes of micro-rheological variables are still controversial. It is still
not known where the border of reversible and irreversible changes is seen, and it is still
obscure whether which magnitude of red blood cell deformability impairment and/or
erythrocyte aggregation enhancement causes perfusion problems [21,38–41].

During ischemia, changes in mitochondrial function, enzyme activity, and ion trans-
port may occur. ATP is rapidly dephosphorylated and converted to AMP, which is further
degraded. The ion balance of the cells is upset and the intracellular concentration of H+,
Na+, and Ca2+ increases. In the process, free radicals are formed, which also cause damage
to enzymes, proteins, carbohydrates, membrane lipids, and DNA. Components released
from dead cells initiate inflammatory processes and release cytokines (TNFα, IL-1β, IL-6).
Inflammatory processes may be generated and systemic inflammatory response syndrome
(SIRS) may develop [9,10]. We harvested tissue biopsies for histological analysis, where no
obvious differences were seen between the groups. The compression we used did not cause
early complications. However, histological signs of I/R damage were observed in similar
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animal experiments performed at our institute. Presumably, excellent collateral circulation
in the lower limb of the rat [30] reduced the degree of I/R damage we caused to such
an extent that, although laboratory abnormalities developed, no histologically detected
damage occurred. Ischemia laser Doppler tests confirmed the decreased microcirculatory
values on the toe, but not zero values. It is supposed that the applied tourniquet did
not cause complete ischemia, only hypoperfusion. The strength of the tourniquet also
influences its effect, however, too strong of a compression may cause direct tissue injury,
which we wanted to avoid in this model. This is a limitation of the study. We also wished
to investigate the possible direct damaging effect of tourniquet applications, therefore, we
got biopsies from the thigh muscles. However, in respect of the collaterals [30], examining
muscles at the lower region (e.g., plantar flexor complex) would be a better choice for
further future studies.

Overviewing the findings, in this study we could see that at the early reperfusion
period, significant metabolic and micro-rheological changes occurred. However, their
magnitude was not enough to result in visible histological alteration on standard H&E
sections. Ischemic pre-conditioning resulted in larger micro-rheological alterations than the
post-conditioning protocol. These findings with post-conditioning are comparable to those
of other research groups [24,32], however, the issue is still controversial. Some studies have
shown its protective effect [23], but enhancement of the damage was also described [42].

Our study used healthy animals without any co-morbidities, with an intact vascular
system and normovolemia. Although minimal changes have been observed without
significant consequences, they had the potential to have more serious reactions. The effect
of the slight changes may add up and be more significant if associated with pathological
conditions (arteriosclerosis, bleeding, shock, malnutrition, etc.). There is no perfect model
to study all of these aspects. All the animal studies have their own limitations, and
numerous factors have to be taken into consideration when planning, conducting the
studies and evaluating and extrapolating the results [31]. However, in a human study, we
have found comparable results with this recent experimental study, when red blood cell
deformability decreased and erythrocyte aggregation enhanced after ischemia-reperfusion
by the first and second p.o. days, and non-steroid anti-inflammatory drug administration
or ischemic pre-conditioning could moderate the changes in patients with lower extremity
operations [43].

4. Materials and Methods

4.1. Experimental Animals

All procedures were approved and registered by the University of Debrecen Com-
mittee of Animal Welfare (permission registration Nr.: 25/2016. UDCAW) in accordance
with national and EU regulations (Hungarian Animal Protection Act (Law XVIII/1998) and
Directive 2010/63/EU). Thirty 8-week male Crl:WI rats were included in the experiment,
and were kept in standard cages in alternating day and night light conditions in a 12-h
cycle. We provided them with free access to drinking water and conventional rodent chow.

4.2. Operative Techniques and Sampling Protocol

The rats were anesthetized with i.p. injection of ketamine hydrochloride (100 mg/bwkg,
CP-Ketamin) and xylazine (10 mg/bwkg, CP-Xylazin), combined with atropine sulfuricum
(0.05 mg/bwkg). To maintain anesthesia, one third of the initial dose was administered
during the procedure.

The right common carotid artery was cannulated for monitoring blood pressure in all
animals. The animals were randomly divided into four groups:

I. Control (C) group (n = 8, 320.4 ± 9 g): besides the common carotid artery cannulation,
no other intervention was performed;

II. Ischemia-reperfusion (I/R) group (n = 7, 376.4 ± 42.4 g): unilateral hind limb ischemia
was induced by tourniquet application around the thigh, below the right inguinal
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region. After 120-min ischemia the tourniquet was completely released to allow full
reperfusion;

III. Pre-conditioned (PreC) group (n = 8, 388.6 ± 39.1 g): three cycles of 10-min ischemia
and reperfusion (by tightening then releasing the tourniquet, alternately) was applied
before the prolonged ischemia, as described in the I/R group;

IV. Post-conditioned (PostC) group (n = 7, 386.7 ± 46 g): the same three cycles of ischemia-
reperfusion were introduced at the onset of the reperfusion, after 120-min ischemia as
described in the I/R group.

The animals received flunixin meglumine s.c. (10 mg/bwkg) postoperatively.
A laser Doppler device (LD-01 Laser Doppler Tissue Flowmeter, Experimetria Co.,

Budapest, Hungary; with standard pencil probe MNP100XP, Oxford Optronix Ltd., Abing-
don, UK) was used to test microcirculation during the ischemia to confirm ischemia or
hypoperfusion. The pencil probe was taken on the skin of the right toe. Artifact-free 20-s
recordings were analyzed in each animal. Blood perfusion unit values did not drop to zero,
but decreased during tourniquet application versus base values (I/R group: 77.3 ± 19.2%;
PreC group: 71.1 ± 9.4%; PostC group: 71 ± 11.3%).

During the experiment, blood samples were taken from the lateral tail vein at the
beginning of the procedure (before the 120-min ischemia, as Base), then after the removal of
the tourniquet at the beginning of reperfusion, in group IV after the post-conditioning, and
one week later in all groups. In the Control group, the timing of the second blood sampling
was set 120 min after the preparation and cannulation. Occasionally, 0.3 to 0.5 mL of blood
was taken (anticoagulant: 1.8 mg/mL K3-EDTA). Histological samples were taken from
the ischemic muscle one week after the intervention.

4.3. Laboratory Methods

Hematological parameters were determined by a Sysmex K-4500 microcell counter
(TOA Medical Electronics Co., Ltd., Kobe, Japan). Red blood cell count (RBC [×106/L]),
hematocrit (Hct [%]), hemoglobin (Hgb [g/dL]), white blood cell count (WBC [×103/L]),),
and platelet count (Plt [×103/L]) were analyzed in this study.

A LoRRca MaxSis Osmoscan (RR Mechatronics BV, Zwaag, The Netherlands) ektacytome-
ter was used to test red blood cell deformability, determining the elongation index (EI [au])
in the function of shear stress (SS [Pa]) [44,45]. For the tests polyvinylpyrrolidone (PVP), normal
phosphate buffered saline (PBS) solution was prepared (PVP: 360 kDa, Sigma-Aldrich Co.,
St. Luis, MO, USA; PVP-PBS solution viscosity = 29.5 m Pas, osmolality = 300 mOsmol/kg,
pH = 7.2). For comparison, the EI values at 3 Pa of shear stress, and by parameterization
of EI-SS curves (Lineweaver-Burk equation), maximal elongation index (EImax), the shear
stress belonging to the half EImax (SS1/2, [Pa]), and their ratio were calculated [46].

To measure red blood cell aggregation in whole blood, we used a Myrenne MA-1
erythrocyte aggregometer (Myrenne GmbH, Roetgen, Germany), based on the light-
transmission principle [44,45]. Aggregation was tested in M (shear rate = 0 s−1) and
M1 modes (shear rate = 3 s−1) at the 5th and 10th seconds, accordingly, the M 5s, M 10s,
M1 5s and M1 10s index parameters were determined.

An epoc® Blood Analysis System (Siemens Healthineers, Erlangen, Germany) was
used to test blood partial oxygen and carbon-dioxide tensions (pO2, pCO2 [mmHg]), blood
pH, electrolytes (Na+, K+, Ca2+ and Cl−) and metabolites (glucose [mmol/L], lactate
[mmol/L], creatinine [µmol/L]). The test card (per sample) required 0.1 mL of native
blood.

4.4. Histology

One week postoperatively, tissue samples were taken from the biceps femoris muscle
under general anesthesia. The samples were fixed in 5% formaldehyde, embedded in
paraffin, microtomed into 3–5 µm sections, stained with hematoxylin and eosin (H&E), and
evaluated under an optical microscope.
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4.5. Statistical Analysis

Data are expressed as means ± standard deviation (S.D.). In case of variables when
the base values showed high variety, we also analyzed the ratio of changes (relative values
vs. its own base in each case). A GraphPad Prism software for Windows, version 8.0
(GraphPad Software Inc., La Jolla, CA, USA) was used for statistical analysis. Differences
within and between the groups were analyzed by two-way ANOVA followed by post-hoc
Bonferroni-test or Dunn’s method, depending on the result of normality test. Probability
values (p) less than 0.05 were considered as statistically significantly different.

5. Conclusions

In conclusion, 2-h tourniquet-induced hind limb ischemia and reperfusion caused
impairment in red blood cell deformability with enhanced erythrocyte aggregation, accom-
panied by hematological and metabolic changes promptly after ischemia. Ischemic pre-
and post-conditioning (3 × 10-min ischemia with 10-min reperfusion periods prior or after
120-min ischemia) resulted in additive changes of various manners. Post-conditioning
showed better micro-rheological effects. However, by these parameters, it cannot be clearly
decided which ischemic conditioning protocol is better. Using a longer limb ischemic
period (3 or 4 h, with, e.g., vascular clamping plus tourniquet application) would be
recommended to use for better studying this issue.
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