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Abstract.

BACKGROUND: Exercise-induced impairment of blood fluidity is considered to be associated with thrombosis develop-
ment. However, the effects of L-arginine on blood fluidity after exercise remain unclear.

OBJECTIVE: We investigated the mechanisms of impaired blood fluidity after high-intensity exercise, and examined
whether L-arginine improves exercise-induced blood fluidity impairment in vitro.

METHODS: Ten healthy male participants performed 15 minutes of ergometer exercise at 70% of their peak oxygen
uptake levels. Blood samples were obtained before and after exercise. L-arginine and NG-monomethyl-L-arginine acetate
(L-NMMA)—a nitric oxide (NO) synthase inhibitor—were added to the post-exercise blood samples. Using Kikuchi’s
microchannel method, we measured the blood passage time, percentage of obstructed microchannels, and the number of
adherent white blood cells (WBCs) on the microchannel terrace.

RESULTS: Exercise increased the hematocrit levels. The blood passage times, percentage of obstructed microchannels,
and the number of adherent WBCs on the microchannel terrace increased after exercise; however, they decreased in a dose-
dependent manner after the addition of L-arginine. L-NMMA inhibited the L-arginine-induced decrease in blood passage
time.

CONCLUSIONS: High-intensity exercise impairs blood fluidity by inducing hemoconcentration along with increasing
platelet aggregation and WBC adhesion. The L-arginine—-NO pathway improves blood fluidity impairment after high-intensity
exercise in vitro.
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1. Introduction

Exercise is important for promoting health. Regular exercise prevents the progression of atheroscle-
rosis, and reduces the incidence of coronary heart disease and venous thromboembolism [1-3]. It also
reduces all-cause and cardiovascular mortality [4]. Furthermore, long-term exercise training is reported
to improve blood fluidity by increasing red blood cell (RBC) deformability and lowering hematocrit
levels via an increase in plasma volume [5, 6]. However, a single bout of vigorous exercise is reported
to increase the risk of acute myocardial infarction, especially in habitually sedentary individuals [2,
71. Rupture of an atherosclerotic plaque caused by elevated vascular shear stress and decrease in blood
fluidity due to strenuous exercise may contribute to the development of thrombosis [7-9]. Gaudard et
al. reported a markedly reduced post-exercise blood fluidity in a 50-year-old marathon runner, who
developed a central retinal vein thrombosis after a marathon, compared to that of healthy 21- to 36-
year-old adults [10]. Increased levels of hematocrit caused due to fluid shift, increased circulating blood
cells, and water loss cause blood fluidity impairment after exercise [S]. We previously reported that
high-intensity exercise impairs blood fluidity by changing the cloggy status of the blood [9]. Although
this status was considered to be caused due to hematopoietic cells, including platelets and white blood
cells (WBCs), the mechanism remains unclear.

No report has shown an improvement in impaired blood fluidity after exercise so far; we hypothesized
that L-arginine improves blood fluidity after exercise. L-arginine is the physiological precursor of nitric
oxide (NO), which has been reported to be an inhibitor of platelet aggregation and WBC adhesion, as
well as a vasodilator [11]. However, the effects of L-arginine on blood fluidity after exercise have not
been clarified.

This study aimed to investigate the mechanisms of blood fluidity impairment after high-intensity
exercise. Additionally, we investigated whether L-arginine can improve blood fluidity impairment after
high-intensity exercise in vitro.

2. Materials and methods
2.1. Subjects

Ten healthy male volunteers (age, 24.3 £2.1 years; body mass index, 21.8 &2.9 kg/m?) were
included in this study. Smokers, patients with internal disorders, and those who use medicine or
dietary supplements were excluded from the study. A sample size of seven was required to detect the
effect of L-arginine on post-exercise blood passage time and to obtain the required « significance level
of 0.05, statistical power of 0.95, and an effect size of 0.69 calculated during our preliminary study. All
participants were instructed to avoid any kind of vigorous exercise 24 hours before the experiments,
and to avoid eating and drinking 2 hours before the experiments. The participants passed urine and
then drank 200 mL of water 20 minutes before the experiments.

The Ethical Committee for Epidemiology of Hiroshima University approved this study (approval
number: E-487-1). Written informed consent was obtained from all participants after a full explanation
of the purpose, contents, and risks of the study.

2.2. Maximal exercise test

All participants performed an incremental maximal exercise test using a bicycle ergometer (Ergome-
ter 232CXL; Combi Corporation, Tokyo, Japan) to determine the peak oxygen uptake (peak VO,). The
exercise test started with 2 minutes of rest, followed by 2 minutes of warm-up at 20 W; subsequently,
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the power output was increased by 20 W/min until maximal exertion was reached. Participants ped-
aled at a constant rate of 50 rpm. The oxygen uptake was measured by a breath-by-breath gas analyzer
(Mobile Aeromonitor AE-100i; Minato Medical Science Co., Ltd., Osaka, Japan). The electrocardio-
graph (ECG) was continuously monitored using ECG monitors (Dyna Scope DS-3140; Fukuda Denshi
Co., Ltd., Tokyo, Japan).

2.3. Exercise protocol

The participants performed ergometric exercise for 15 minutes using a bicycle ergometer (STB-2400;
Nihon Kohden Co., Ltd., Tokyo, Japan) at least 2 days after the maximal exercise test. The bicycle
workload was set at a power output equivalent to 70% of the peak VO, determined with the maximal
exercise test. The participants pedaled at a constant rate of 50 rpm without drinking any beverages.
The body weight was measured before and after the exercise using a weight and body composition
analyzer (Karada Scan 217; Omron Healthcare Co., Ltd., Kyoto, Japan) to calculate the amount of
sweat released during exercise.

2.4. Blood collection

Blood samples were collected from the antecubital vein (with the participant seated) before and
immediately after the exercise. The blood obtained for hematological measurements (2 mL) was
immediately transferred to tubes containing 1.5 mg/mL ethylenediaminetetraacetic acid-2Na (Terumo
Corporation, Tokyo, Japan) and analyzed using an automated hematology analyzer (XN-9000; Sys-
mex Corporation, Hyogo, Japan). The blood samples used for the hemorheological measurements and
amino acids analysis contained 5% 1000 IU/mL heparin solution (Mochida Pharmaceutical Co., Ltd.,
Tokyo, Japan) and 95% whole blood.

2.5. Preparation of RBC suspension

The RBC suspension was prepared using a previously reported method [12]. Briefly, the blood
was layered on a lymphocyte separation solution (d=1.119) (Nacalai Tesque, Inc., Kyoto, Japan)
and centrifuged at 400 x g for 30 minutes. After centrifugation, the obtained RBCs were washed with
phosphate-buffered saline (PBS) (Wako Pure Chemical Industries, Ltd., Osaka, Japan) containing 0.1%
albumin (Sigma-Aldrich, Co., St. Louis, MO, USA) by centrifugation at 300x g for 10 minutes. We
suspended the RBCs in PBS containing 0.1% albumin and prepared RBC suspensions with a hematocrit
level of 50%.

2.6. Addition of L-arginine to blood samples

We added 20 wL of normal saline (0.9% NaCl solution; Otsuka Pharmaceutical Factory, Inc.,
Tokushima, Japan) containing L-arginine (L-(+)-arginine hydrochloride; Tokyo Chemical Industry
Co., Ltd., Tokyo, Japan) to a 980-uL post-exercise blood sample and RBC suspension. The final con-
centrations of L-arginine were 0 mM, 0.01 mM, 0.1 mM, 1 mM, and 10 mM. Additionally, we added
20 L of normal saline to the 980-uL pre-exercise blood sample and RBC suspension.

2.7. Determination of the blood and RBC suspension passage times

The passage times of the blood samples and RBC suspensions were defined as the time required
for 100 wL of the sample to pass through the microchannel array (width, 7 pwm; length, 30 wm; depth,
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4.5 pm; 8736 in parallel) fabricated on a single crystal silicon substrate within the microchannel array
flow analyzer (MC-FAN; Hitachi Haramachi Electronics Co., Ltd., Japan), as previously described
[9, 12]. After the addition of L-arginine, blood samples and RBC suspensions were kept at room
temperature (24°C) for 30 minutes before the passage times were measured.

2.8. Determination of microchannel obstruction and WBC adhesion

We analyzed the percentage of microchannels obstructed by aggregated platelets and adherent WBCs,
and we counted the number of adherent WBCs on the microchannel terrace using a previously reported
method [12]. The blood flow through the microchannels was recorded and stored on a digital recorder
(BDZ-ZW1700; Sony Marketing Inc., Tokyo, Japan) for offline analysis. Five micrographs with a
final blood volume of 20 L were captured and analyzed by an investigator who was blinded to the
participants’ information.

2.9. NO synthase inhibition study

To investigate the effects of L-arginine on blood fluidity in vitro, NG-monomethyl-L-arginine acetate
(L-NMMA; Dojindo Molecular Technologies, Inc., Kumamoto, Japan), an NO synthase inhibitor, was
added to the post-exercise blood samples and RBC suspensions 5 minutes before the addition of
L-arginine. Subsequently, 10 wL of normal saline containing L-NMMA and 10 wL of normal saline
containing L-arginine were added to the 980 L post-exercise blood samples and RBC suspensions.
The final concentrations of L-arginine were 0 mM and 1 mM. The final concentrations of L-NMMA
were 0 mM, 0.1 mM, and 0.5 mM. The passage times of blood and RBC suspensions were measured
30 minutes after the addition of L-arginine.

2.10. Measurement of plasma L-arginine concentrations

We performed an amino acid analysis to investigate whether the plasma L-arginine concentration
decreased after 30 minutes of incubation at room temperature (24°C). Then, 10 pL of normal saline
containing L-NMMA and 10 pLL of normal saline containing L-arginine were added to the 980-p.L
post-exercise blood samples. The final concentrations of L-NMMA and L-arginine in whole blood were
0.5mM and 1 mM, respectively. L-NMMA was added to the post-exercise blood samples 5 minutes
before the addition of L-arginine. The post-exercise blood samples immediately after and 30 minutes
after the addition of L-arginine and L-NMMA were centrifuged at 3,000x g for 10 minutes at 4°C.
The plasma L-arginine concentration was determined using an amino acid analyzer (L-8900; Hitachi
High-Tech Corporation, Tokyo, Japan) [13].

2.11. Statistical analysis

All statistical data are expressed as means =+ standard deviation. The passage times of blood and
RBC suspensions were measured twice, and the means were analyzed. Blood cell counts and body
weights before and after exercise were compared using paired 7-tests. The passage times of blood and
RBC suspensions, the percentage of obstructed microchannels, the number of adherent WBCs on the
microchannel terrace, and the plasma L-arginine concentrations were analyzed using Dunnett’s test
and one-way analysis of variance. Statistical analysis was performed using IBM SPSS Statistics for
Windows version 27.0 (IBM Japan Ltd., Tokyo, Japan); p < 0.05 was considered statistically significant.
The necessary sample size was estimated by G*power software, version 3.1 (Franz Faul, University of
Kiel, Kiel, Germany) [14].
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Table 1

Blood cell counts and body weight before and after exercise

Before exercise After exercise p-value
White blood cells (x 103/uL) 5.34+£0.94 8.25+£1.45 <0.001
Red blood cells (x 108/uL) 5.18£0.50 5.464+0.50 <0.001
Platelets (x 10°/uL) 2.214+0.29 2.56 £0.33 <0.001
Hematocrit level (%) 45.7+3.76 48.5+3.99 <0.001
Body weight (kg) 63.7+10.6 63.4+10.5 <0.001

Values are expressed as means =+ standard deviation.

3. Results
3.1. Physical characteristics

The peak VO, and peak power obtained during the maximal exercise test were 2328.3 +
321.3mL/min and 227.1 +24.2 W, respectively. Based on these results, participants performed 15
minutes of cycling at 159.0 & 17.0 W, which was higher than the work rate at the ventilatory threshold
(114.9 £22.4 W). The mean blood cell counts and body weight of the participants before and after
exercise is shown in Table 1. After exercise, the WBC counts, RBC counts, platelet counts, and hema-
tocrit levels were significantly increased (all p <0.001), and the mean body weight was significantly
decreased (p <0.001).

3.2. Effects of exercise and L-arginine on blood passage time

The blood passage time was significantly increased after exercise (before exercise versus after
exercise without L-arginine treatment, p <0.001) (Fig. 1A). The blood passage time after exercise
decreased in an L-arginine dose-dependent manner. Post-exercise blood passage times were signif-
icantly lower with 0.1-mM, 1-mM, and 10-mM L-arginine treatments than that without L-arginine
treatment (p <0.05, p<0.01, and p <0.001, respectively).

3.3. Effects of exercise and L-arginine on microchannel obstruction and WBC adhesion

The percentage of obstructed microchannels was significantly increased after exercise (before exer-
cise versus after exercise without L-arginine treatment, p < 0.001) (Fig. 1B). Microchannel obstruction
after exercise decreased upon addition of L-arginine in a concentration-dependent manner. The percent-
ages of obstructed microchannels after exercise with the 0.1-, 1-, and 10-mM L-arginine treatments
were significantly lower than that without L-arginine treatment (p <0.01, p<0.001, and p <0.001,
respectively).

The number of adherent WBCs on the microchannel terrace significantly increased after exercise
(before exercise versus after exercise without L-arginine treatment; p <(0.001) (Fig. 1C). Adherent
WBCs after exercise decreased with addition of L-arginine in a dose-dependent manner. The numbers
of adherent WBCs on the microchannel terrace after exercise with the 0.1-, 1-, and 10 mM L-arginine
treatments were significantly lower than that without L-arginine treatment (p <0.05, p<0.01, and
p<0.001, respectively).

Figure 2 shows three micrographs of blood flow. Thirty-three percent (4 of 12) of the microchannels
were obstructed by aggregated platelets and adherent WBCs; two adherent WBCs were observed on
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Fig. 1. Blood passage time, microchannel obstruction, and white blood cell adhesion. (A) Blood passage time, (B) percentage
of obstructed microchannels, and (C) number of adherent white blood cells (WBCs) on the microchannel terrace after the
addition of L-arginine in samples collected before and after exercise. *p <0.05, **p <0.01, and **p < 0.001 vs. before exercise;
1p<0.05,T1p<0.01,T1p <0.001, and n.s., not significant; LPF: low power field; Before: before exercise; After: after exercise.
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Fig. 2. Micrographs of blood flow. Flow channel images (A) before exercise with 0 mM of L-arginine, (B) after exercise
without L-arginine, and (C) after exercise with 1 mM of L-arginine. Arrow indicates aggregated platelets; arrowhead indicates
adherent white blood cells.

the microchannel terrace in post-exercise blood samples without L-arginine treatment. However, no
obstructed microchannels and one adherent WBC were observed in samples treated with 1 mM of
L-arginine.
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Fig. 3. Blood passage time, microchannel obstruction, and white blood cell adhesion. (A) Blood passage time, (B) percentage
of obstructed microchannels, and (C) number of adherent white blood cells (WBCs) on the microchannel terrace after the
addition of L-arginine and L-NMMA in samples collected before and after exercise. **p <0.001. 'p <0.05. T1Tp <0.001. n.s.,
not significant; LPF: low power field; L-NMMA, NG-monomethyl-L-arginine acetate; Before: before exercise; After: after
exercise.

3.4. Effects of L-arginine and NO synthase inhibitor on blood passage time after exercise

We used L-NMMA, an NO synthase inhibitor, to clarify the involvement of NO in the L-arginine-
induced decrease in blood passage time after exercise. The post-exercise blood passage time with 1 mM
of L-arginine increased in an L-NMMA dose-dependent manner (Fig. 3A). The post-exercise blood
passage time with the 1 mM L-arginine plus 0.5 mM L-NMMA treatment was significantly longer than
that with the 1 mM L-arginine without L-NMMA treatment (p < 0.05). L-NMMA treatment alone had
no significant effect on the post-exercise blood passage times (p > 0.05).

3.5. Effects of L-arginine and NO synthase inhibitor on microchannel obstruction and
WBC adhesion

The percentage of obstructed microchannels and the number of adherent WBCs on the microchan-
nel terrace for post-exercise samples treated with 1 mM of L-arginine increased in an L-NMMA
concentration-dependent manner (Fig. 3B, 3C). The percentage of obstructed microchannels and the
number of adherent WBCs on the microchannel terrace for post-exercise samples with the 1 mM L-
arginine plus 0.5 mM L-NMMA treatment were significantly higher than those of the 1 mM L-arginine
without L-NMMA treatment (p <0.001 and p <0.001, respectively). L-NMMA treatment alone had
no significant effect on the percentage of obstructed microchannels and the number of adherent WBCs
on the microchannel terrace in post-exercise samples (p > 0.05).
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after and 30 minutes after the addition of L-arginine and L-NMMA. **p <0.01. **p <0.001. L-NMMA: NG-monomethyl-
L-arginine acetate; Immediately after: immediately after L-arginine addition; 30 minutes after: 30 minutes after L-arginine
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Fig. 5. Passage times of red blood cell suspensions. Passage times of red blood cell (RBC) suspensions (A) treated with
L-arginine and (B) treated with L-arginine and L-NMMA, before and after exercise. L-NMMA: NG-monomethyl-L-arginine
acetate; Before: before exercise; After: after exercise.

3.6. Changes in the plasma L-arginine concentration

The plasma L-arginine concentration of post-exercise blood samples before adding L-arginine was
0.09 £ 0.02 mM. Figure 4 shows the plasma L-arginine concentration of post-exercise blood samples
immediately after and 30 minutes after the addition of L-arginine and L-NMMA. The plasma L-
arginine concentrations of post-exercise blood samples 30 minutes after adding 1 mM of L-arginine
and without L-NMMA were significantly lower than those immediately after adding 1 mM of L-
arginine and without L-NMMA (p <0.001). The plasma L-arginine concentrations of post-exercise
blood samples 30 minutes after adding 1 mM of L-arginine and 0.5 mM of L-NMMA were significantly
higher than those 30 minutes after adding 1 mM of L-arginine and without L-NMMA (p <0.01).

3.7. Effects of exercise, L-arginine, and NO synthase inhibitor on the RBC suspension
passage time

There were no significant effects of exercise, L-arginine, and NO synthase inhibitor on the RBC
suspension passage time (p > 0.05) (Fig. 5A, 5B).
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4. Discussion

This study investigated the mechanism of blood fluidity impairment after high-intensity exercise,
and whether L-arginine can improve blood fluidity impaired after exercise in vitro. The blood passage
time, percentage of obstructed microchannels, and number of adherent WBCs on the microchannel
terrace increased after exercise; however, they decreased in a dose-dependent manner after the addition
of L-arginine. The hematocrit levels increased after exercise. The RBC suspension passage time was
unaffected by exercise and L-arginine addition. High-intensity exercise impairs the blood fluidity not
only by inducing hemoconcentration, but also by increasing platelet aggregation and WBC adhesion.
However, L-arginine improves blood fluidity after exercise by inhibiting platelet aggregation and WBC
adhesion.

This is the first study to show that platelet aggregation and WBC adhesion are involved in the
impairment of blood fluidity after exercise via evaluation using a capillary model. We have previously
reported the cloggy status of the blood observed after exercise using MC-FAN video images [9]. In
the present study, the percentage of obstructed microchannels and the number of adherent WBCs on
the microchannel terrace were increased after exercise, suggesting that platelet aggregation and WBC
adhesion were responsible for the increase in the blood passage time. Activated platelets obstruct the
microchannels by forming aggregates [15, 16], and activated WBCs may contribute to microchannel
obstruction by adhering to the silicon substrate of the MC-FAN via plasma proteins. The silicon
substrate of the MC-FAN is covered with silicon dioxide (SiO,), which absorbs plasma proteins such
as albumin, fibrinogen, and fibronectin [ 17, 18]. These plasma proteins mediate cell adhesion by binding
to integrins [18, 19]. Moreover, in the present study, high hematocrit levels after exercise might also
have contributed to the impairment of blood fluidity. Previous studies reported that exercise causes a
fluid shift to extra-vascular spaces, an increase in the number of circulating blood cells, entrapment
of water in muscle cells, and loss of water with sweating, which increase the hematocrit levels and
impair blood fluidity [5, 9, 20, 21]. Tripette et al. reported that water loss (2.0% body weight) after 40
minutes of ergometer exercise at 55% peak power output did not affect hematocrit levels and blood
viscosity [22]. In the present study, because of the low amount of sweating (0.4% body weight), the
effect of water loss on hematocrit levels might be small; rather, fluid shift, increased blood cell counts,
and water entrapment by muscle cells might have contributed to the increase in hematocrit levels.

RBCs might not be involved in the impairment of blood fluidity after exercise, as evaluated by the
MC-FAN. In the present study, RBC suspension passage time did not change after exercise, which
suggests that platelets and WBCs, rather than RBCs, contributed to the increase in the blood passage
time after exercise. The reasons that exercise did not affect the RBC suspension passage times are
unknown. The type, intensity, and duration of exercise might affect the rheological properties of RBCs
[23-26]. Exercise decreases RBC deformability because of several factors such as lactate accumulation
and oxidative stress [26, 27]. Sentiirk et al. demonstrated that exhaustive treadmill exercise caused lipid
peroxidation of RBCs and decreased RBC filterability through 5-pum pores during a cell transit time
analysis of sedentary rats [28]. However, Neuhaus et al. reported that marathon running did not affect
RBC suspension filterability through 5-pwm pores of a nucleopore filter during an analysis involving
healthy marathon runners [29]. McNamee et al. reported that the RBC rigidity and capillary transit
velocity of RBCs were not associated with each other [30]. Nevertheless, the present capillary model
involving the MC-FAN might not be able to evaluate the changes in RBC mechanics.

This is the first report to demonstrate the possibility of improving blood fluidity impairments after
exercise in vitro. L-arginine is the physiological precursor of NO, produced by the action of NO
synthase on L-arginine [11]. NO prevents platelet aggregation by inhibiting the increase in platelet
calcium ion levels [31]. NO also suppresses WBC adhesion by inactivating integrins through the S-
nitrosylation of cytoplasmic actin [19]. We hypothesized that NO synthesized from the action of NO
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synthase on exogenous L-arginine inhibits platelet aggregation and WBC adhesion, thereby improving
blood fluidity after exercise. In the present study, L-arginine addition decreased platelet aggregation and
WBC adhesion and improved blood fluidity after exercise. These actions of L-arginine were inhibited
by L-NMMA, an NO synthase inhibitor. Furthermore, L-NMMA addition prevented a decrease in
plasma L-arginine concentrations. The L-arginine—-NO pathway may be able to improve blood fluidity
impaired after exercise.

This study had several limitations. First, the experiments were performed at 24°C, not at 37°C. Our
experiments should have been performed at 37°C, because blood cell function and enzyme activity
are temperature dependent. Williamson et al. reported that RBC elongation at a shear stress of 6
dynes/cm” was greater at 37°C than at 25°C [32]. In addition, our preliminary study found that NO
synthase activity was higher at 37°C than at 24°C. Furthermore, sample temperature should not be
changed during the experiments. Our preliminary study revealed that a decrease in sample temperature
from 37°C to 24°C markedly increased platelet aggregation. All our experiments were performed at
24°C because our device did not have a heater, and we had no way of maintaining the temperature at
37°C during our experiments. Second, we failed to address the increase in shear rate due to exercise
and vascular endothelial factors. A high shear rate after exercise compensates for the increase in blood
viscosity [27]. In addition, an increase in blood viscosity caused by exercise may decrease vascular
resistance, because increased wall shear stress may stimulate endothelium-dependent NO production
[33]. Third, our study did not consider the various in vivo effects exerted on blood after exercise. Blood
rheology after exercise is altered by physiological and biochemical effects such as fluid shifts and
lactate and oxidative stresses [5, 21, 27, 34]. However, the rheological data of collected blood samples
may be static. Our preliminary study found that post-exercise blood passage time remained unchanged
with time after blood collection. In spite of these limitations, the present study might contribute to
the development of a new strategy to decrease the risk of thrombosis induced by exercise. A clinical
study investigating the effects of oral L-arginine supplementation on blood fluidity after exercise is
necessary.

In conclusion, high-intensity exercise impairs blood fluidity not only by inducing hemoconcentration
but also by increasing platelet aggregation and WBC adhesion. However, the L-arginine—-NO pathway
may be able to improve blood fluidity after exercise by inhibiting platelet aggregation and WBC
adhesion.
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