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A B S T R A C T

Serotonin (5-HT) reuptake in the heart is mediated by the platelet serotonin reuptake transporter (SERT) and the 
cardiomyocyte plasma membrane monoamine transporter (PMAT). However, the specific roles of these trans
porters in myocardial cell injury during ischemia/reperfusion remain unclear. Sprague-Dawley rats underwent 
left coronary artery occlusion followed by reperfusion. Using cardiac microdialysis technique, fluoxetine (SERT 
inhibitor, 900 μM) or decynium 22 (PMAT inhibitor, 100 μM) was administered locally to the ischemic region. 
Myoglobin concentrations in the dialysate were measured during ischemia followed by reperfusion. In the 
fluoxetine-treated group, peak myoglobin concentration (14,889 ± 1364 ng/mL) during 0–15 min of reperfusion 
was significantly higher compared to both the control group (9800 ± 1627 ng/mL) and the decynium 22-treated 
group (8172 ± 877 ng/mL) (P < 0.01 for both). Local SERT inhibition exacerbated myocardial cell injury during 
ischemia/reperfusion. However, co-inhibition of PMAT reduced myocardial cell injury under SERT inhibition to 
the control level.

Introduction

Reducing myocardial ischemia/reperfusion injury in patients with 
acute myocardial infarction remains a clinical challenge [1,2]. 
Myocardial reperfusion injury refers to irreversible myocardial damage 
occurring when blood flow is restored after myocardial ischemia, and is 
caused by multiple factors including oxidative stress and inflammatory 
responses. Serotonin (5-HT) is stored in high concentrations within 
platelet granules. During myocardial ischemia/reperfusion, platelets 
become activated and release large amounts of 5-HT, which has been 
reported to exacerbate myocardial ischemia/reperfusion damage [3,4]. 
The cytotoxic effects of 5-HT on the myocardium are primarily mediated 
via two mechanisms. The first is a receptor-dependent effect involving 
vasoconstriction and platelet aggregation mediated by 5-HT receptors. 
The second is a monoamine oxidase (MAO)-dependent effect, in which 
5-HT taken up into cardiomyocytes is metabolized by MAO, generating 
hydrogen peroxide and contributing to oxidative stress [5–7].

The platelet serotonin transporter (SERT) is the major transporter 

mediating 5-HT uptake into platelets, and is inhibited by selective se
rotonin reuptake inhibitors (SSRIs) [8,9]. Fluoxetine is an SSRI with a 
high affinity for SERT, with a human inhibition constant (Ki) and a rat 
50% inhibitory concentration (IC50) of 1.4 and 70 nM, respectively [10, 
11]. Our previous study demonstrated that locally administered fluox
etine significantly increased myocardial interstitial 5-HT levels before 
ischemia and decreased 5-HT levels during ischemia without the in
fluences on interstitial 5-Hydroxyindoleacetic acid (5-HIAA) levels [12].

The plasma membrane monoamine transporter (PMAT)—a low- 
affinity and high-capacity transporter—is a 5-HT uptake pathway in 
cardiomyocytes and may play an important role in environments with 
high 5-HT concentrations. PMAT is reported to be inhibited by decy
nium 22, with a human IC50 of 0.1 μM [13]. Inhibiting PMAT limits 
5-HT uptake into cardiomyocytes and may reduce oxidative stress by 
decreasing MAO-dependent hydrogen peroxide production [5,6]. Our 
previous study demonstrated that locally administered decynium 22 
significantly increased myocardial interstitial 5-HT levels and decreased 
5-HIAA levels before ischemia and during ischemia/reperfusion [14].
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Cardiac microdialysis technique is an experimental method that al
lows real-time monitoring of bioactive substances in the myocardial 
interstitium [15]. Our previous study demonstrated that dialysate 
myoglobin concentration monitored by cardiac microdialysis is a more 
sensitive marker of local cell injury than blood myoglobin concentration 
during myocardial ischemia [16]. This technique also enables local drug 
administration directly to ischemic regions where blood flow is inter
rupted. Using this technique, we locally administered fluoxetine (an 
SSRI) and decynium 22 (a PMAT inhibitor) to the ischemic myocardium 
and investigated their effects on myocardial cell injury using myoglobin 
levels as an indicator, during ischemia/reperfusion.

Materials and methods

Ethical approval

All animal experiments were conducted in accordance with the Act 
on Welfare and Management of Animals in Japan and the guidelines of 
the Physiological Society of Japan and Okayama University. The pro
tocol was approved by the Animal Research Committee of Okayama 
University (approval number: OKU− 2024–268).

Animals and group assignment

Seventy-eight male Sprague-Dawley rats aged 12–17 weeks and 
weighing 342–519 g (Japan SLC, Shizuoka, Japan) were used in this 
study. Eighteen rats died during the experiment due to ventricular 
fibrillation after myocardial ischemia (5 rats in the control group, 10 in 
the decynium 22-treated group, and 3 in the fluoxetine-treated group). 
The data from the remaining 60 rats were included in analysis. Twenty 
rats were included in each of the following three groups: control, 
fluoxetine-treated, and decynium 22-treated groups.

Drug preparation

For fluoxetine hydrochloride (molecular weight 345.79), 4 mg of 
fluoxetine hydrochloride (Tocris Bioscience, Bristol, UK) was dissolved 
in 1.29 mL of distilled water to prepare a 9.0 mM stock solution. This 
solution was divided into 100 μL aliquots and stored at − 30 ◦C. Imme
diately before use, the stock solution was diluted 10-fold with Ringer's 
solution (Otsuka Pharmaceutical, Tokyo, Japan) to obtain a final con
centration of 900 μM.

For decynium 22 (molecular weight 454.35), 4.54 mg of decynium 
22 (Tokyo Chemical Industry, Tokyo, Japan) was dissolved in 1.0 mL of 
DMSO to prepare a 10 mM stock solution, divided into 100 μL aliquots, 
and stored at − 30 ◦C. Immediately before use, the stock solution was 
diluted 100-fold with Ringer's solution to a final concentration of 
100 μM.

These drug concentrations were determined based on previous 
studies. The local administration of 1 mM fluoxetine or 100 μM decy
nium 22 significantly increased baseline myocardial interstitial 5-HT 
level before ischemia [12,14].

Anesthesia and surgical procedures

Anesthesia was induced with 3–4% isoflurane. After tracheotomy 
and intubation, mechanical ventilation using a mixture of room air and 
50% oxygen was started, and general anesthesia was maintained with 
1–1.5% isoflurane. Body temperature was monitored with an esopha
geal thermometer and maintained at 37.5–38.5◦C using a heating pad.

A 24-gauge catheter was inserted into the right common carotid 
artery for arterial pressure monitoring. The arterial line was continu
ously infused with 5 IU/kg/h of heparin sodium. Arterial pressure and 
heart rate were continuously recorded using a PowerLab Data Acquisi
tion System (AD Instruments, Sydney, Australia).

Anesthetic depth was comprehensively assessed by responses to 

noxious stimuli, fluctuations in blood pressure and heart rate, and the 
presence of spontaneous respiration. The isoflurane concentration was 
adjusted in 0.5% increments as required.

Myocardial ischemia/reperfusion model and cardiac microdialysis 
technique

With the rat placed in right lateral decubitus position, the heart was 
exposed through a left thoracotomy via the 3rd to 6th intercostal spaces. 
The left coronary artery (LCA) was identified approximately 1–2 mm 
from the left atrial appendage, and a 4–0 silk suture was placed around 
the LCA to induce 30 min of myocardial ischemia followed by 30 min of 
reperfusion. The ischemic region was visually identified by change in 
the cardiac surface color during temporary coronary artery occlusion. 
The ischemic area was confirmed to involve 30–50% of the left ventricle.

The dialysis probe consisted of a dialysis fiber with a pore size of 
300 Å, measuring 8.0 mm in length, 0.215 mm in outer diameter and 
0.175 mm in inner diameter (Evaflux 5 A, Kuraray Medical, Tokyo, 
Japan) and a polyethylene tubing measuring 0.5 mm in outer diameter 
and 0.2 mm in inner diameter (Natsume Seisakusho, Tokyo, Japan) [5]. 
The dialysis probe was carefully inserted into the left ventricular wall 
within the LCA perfusion area to a depth of 2–3 mm, taking care not to 
penetrate into the ventricular cavity. The probe was continuously 
perfused with 5 μL/min of Ringer’s solution or Ringer’s solution con
taining a drug (fluoxetine or decynium 22) using a microinjection pump 
(CMA 102; CMA Microdialysis, Stockholm, Sweden) (Fig. 1). After the 
experiment, animals were euthanized with a high concentration of iso
flurane. An autopsy confirmed that the dialysis probe had not penetrated 
into the left ventricular cavity.

Experimental protocol

The experimental protocol is illustrated in Fig. 2. The experiment 
consisted of three periods: stabilization, ischemia, and reperfusion.

Stabilization period (120 min): In the control group, the dialysis probe 
was continuously perfused with Ringer's solution. In the drug treatment 
groups, the dialysis probe was perfused with Ringer's solution for the 
first 60 min. Then, the perfusate was switched to Ringer’s solution 
containing either 900 μM fluoxetine or 100 μM decynium 22. The probe 
was perfused with drug solution for 60 min prior to baseline sampling.

Ischemia period (30 min): Myocardial ischemia was induced by 
occluding the LCA with a ligature while the dialysis probe was perfused 
with the same solution.

Reperfusion period (30 min): The ligature was released to initiate 

Fig. 1. Schematic illustration of the cardiac microdialysis technique. The 
dialysis probe is placed in the left coronary artery-perfused area of the left 
ventricular wall. When a drug (fluoxetine or decynium 22) is locally adminis
tered to the myocardial interstitium via the probe, myoglobin released due to 
myocardial cell injury is simultaneously collected in the dialysate.
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reperfusion while the dialysis probe was perfused with the same 
solution.

Dialysate was sampled over a 15-min period prior to the onset of 
ischemia to obtain a baseline sample. Subsequent samples were 
collected over successive 15-min periods during both the 30-min 
ischemia and reperfusion phases. Myoglobin concentrations were 
measured immediately after sampling.

Additional experimental protocol

As an additional experiment, we tested the combined effects of SERT 
and PMAT inhibitors on myoglobin efflux during myocardial ischemia/ 
reperfusion in 14 male Sprague-Dawley rats aged 12–14 weeks and 
weighing 333–461 g (Japan SLC). The dialysis probe was perfused with 
Ringer’s solution containing both 900 μM fluoxetine and 100 μM 
decynium 22 for 60 min prior to baseline sampling and throughout the 
experiment. After 15 min baseline sampling, subsequent samples were 
collected over successive 15-min periods during 30-min ischemia fol
lowed by 30-min reperfusion.

Myoglobin measurement

Because smaller molecules diffuse more quickly across the damaged 
cell membranes, myoglobin could be a faster indicator of myocardial cell 
injury than troponin T and creatine kinase MB. Thus, as an index of 
myocardial cell injury, dialysate myoglobin concentration was 
measured using a Cobas h232 plus (Roche Diagnostics, Basel, 
Switzerland) [16].

Statistical analysis

Data are expressed as mean ± standard error of the mean (SEM). 
Two-way repeated measures analysis of variance (ANOVA) with 
Greenhouse-Geisser correction was performed, followed by post-hoc 
Holm's test for multiple comparison correction (JASP version 0.95, 
University of Amsterdam, Holland). P < 0.05 was considered statisti
cally significant.

Results

Physiological parameters

Heart rate and mean arterial pressure (MAP) are shown in Table 1. 
Two-way repeated measures ANOVA demonstrated no significant dif
ferences in heart rate across time or among groups, including the co- 
treated group with fluoxetine and decynium 22. Two-way repeated 
measures ANOVA also demonstrated no significant differences in MAP 
among four groups but revealed significant differences across the time 
course (P < 0.01).

In the control group, MAP decreased significantly after ischemia 
onset (79.8 ± 4.5 mmHg during 0–15 min of ischemia) compared to 
baseline (90.0 ± 4.5 mmHg, P < 0.01). This decrease in MAP relative to 
baseline was sustained throughout the experiment (P < 0.01 during 
15–30 min of ischemia, and during 0–15 min and 15–30 min of 
reperfusion).

In the fluoxetine-treated group, MAPs decreased significantly after 
ischemia onset (82.4 ± 3.6 mmHg) compared to baseline (88.3 
± 2.7 mmHg, P < 0.05), and this decrease was sustained during 
15–30 min of ischemia (81.5 ± 4.2 mmHg, P < 0.05).

In the decynium 22-treated group, MAP decreased significantly after 
ischemia onset (77.4 ± 3.7 mmHg) compared to baseline (90.1 
± 4.2 mmHg, P < 0.01), and this decrease was sustained during 
15–30 min of ischemia (75.7 ± 4.1 mmHg, P < 0.01).

In the co-treated group with fluoxetine and decynium 22, MAP 
decreased significantly after ischemia onset (76.4 ± 3.8 mmHg) 
compared to baseline (83.3 ± 3.6 mmHg, P < 0.05), and this decrease 
was sustained during 15–30 min of ischemia (74.3 ± 3.8 mmHg, 
P < 0.05).

Myoglobin efflux during myocardial ischemia/reperfusion

Dialysate myoglobin concentrations during myocardial ischemia/ 
reperfusion in the four groups, control, fluoxetine-treated, decynium 22- 
treated and co-treated groups, are shown in Fig. 3. Two-way repeated 
measures ANOVA revealed significant effects among groups and across 
time, as well as an interaction between group and time (P < 0.01 for all).

Fig. 2. Illustration of experimental protocol. After 15-min baseline dialysate sampling, 15-min dialysate samples were collected during the ischemia period of 30 min 
followed by reperfusion period of 30 min. In the control group, the dialysis probe was continuously perfused with Ringer's solution throughout the experiment. In the 
drug-treated groups, the dialysis probe was perfused with Ringer's solution for the first hour, followed by the drug solution for one hour prior to the first sampling.
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In the control group, myoglobin concentration during 0–15 min of 
ischemia (2212 ± 384 ng/mL) increased significantly compared to 
baseline (337 ± 34.7 ng/mL, P < 0.01). Myoglobin concentration 
increased further during 15–30 min of ischemia (4187 ± 561 ng/mL), 
and was significantly elevated compared to baseline (P < 0.01) and 
0–15 min of ischemia (P < 0.01). Myoglobin concentration reached a 
peak during 0–15 min of reperfusion (9800 ± 1627 ng/mL), and was 
significantly elevated compared to baseline, and 0–15 min and 
15–30 min of ischemia (P < 0.01 for all). During 15–30 min of reper
fusion, myoglobin concentration (5139 ± 921 ng/mL) decreased 
significantly compared to 0–15 min of reperfusion (P < 0.01), but 
remained significantly elevated compared to baseline and 0–15 min of 
ischemia (P < 0.01 for both).

In the fluoxetine-treated group, a significant increase in myoglobin 
concentration was observed during 0–15 min of ischemia (3609 
± 466 ng/mL) compared to baseline (537 ± 35.6 ng/mL, P < 0.01). 
Further significant elevation in myoglobin concentration was found 
during 15–30 min of ischemia (6890 ± 513 ng/mL; P < 0.01 vs. base
line and vs. 0–15 min of ischemia). Myoglobin concentration peaked 
during 0–15 min of reperfusion (14,889 ± 1364 ng/mL; P < 0.01 vs. 
baseline, and vs. 0–15 min and 15–30 min of ischemia). Thereafter, 
myoglobin concentration declined significantly during 15–30 min of 
reperfusion (5794 ± 718 ng/mL) compared to 0–15 min of reperfusion 

(P < 0.01), but remained higher than those at baseline and 0–15 min of 
ischemia (P < 0.01 for both).

In the decynium 22-treated group, a significant increase in 
myoglobin concentration was observed during 0–15 min of ischemia 
(1903 ± 275 ng/mL) compared to baseline (319 ± 30.7 ng/mL, 
P < 0.01). Myoglobin concentration continued to increase significantly 
during 15–30 min of ischemia (4079 ± 499 ng/mL; P < 0.01 vs. base
line and vs. 0–15 min of ischemia), and peaked during 0–15 min of 
reperfusion (8172 ± 877 ng/mL; P < 0.01 vs. baseline, and vs. 
0–15 min and 15–30 min of ischemia). Myoglobin concentration 
declined significantly during 15–30 min after reperfusion (4255 
± 592 ng/mL) compared to 0–15 min of reperfusion (P < 0.01), but 
remained significantly elevated compared to baseline and 0–15 min of 
ischemia (P < 0.01 for both).

In the co-treated group with fluoxetine and decynium 22, a signifi
cant increase in myoglobin concentration was observed during 
15–30 min of ischemia (2694 ± 453 ng/mL) compared to baseline (342 
± 59.3 ng/mL, P < 0.01). Myoglobin concentration peaked during 
0–15 min of reperfusion (5711 ± 1076 ng/mL; P < 0.01 vs. baseline, 
and vs. 0–15 min of ischemia, and P = 0.051 vs. 15–30 min of 
ischemia). Myoglobin concentration declined significantly during 
15–30 min after reperfusion (2136 ± 260 ng/mL) compared to 
0–15 min of reperfusion (P < 0.05).

Effects of drugs on myoglobin efflux during myocardial ischemia/ 
reperfusion

Before ischemia onset (baseline), myoglobin concentration was 
significantly higher in the fluoxetine-treated group (537 ± 35.6 ng/mL) 
compared to control (337 ± 34.7 ng/mL, P < 0.01), the decynium 22- 
treated group (319 ± 30.7 ng/mL, P < 0.01) and the co-treated group 
with fluoxetine and decynium 22 (342 ± 59.3 ng/mL, P < 0.01).

During 0–15 min of ischemia, myoglobin concentration was signifi
cantly higher in the fluoxetine-treated group (3609 ± 466 ng/mL) 
compared to control (2212 ± 384 ng/mL, P < 0.05), the decynium 22- 
treated group (1903 ± 275 ng/mL, P < 0.01), and the co-treated 
group with fluoxetine and decynium 22 (1299 ± 176 ng/mL, P < 0.01).

A similar pattern was observed during 15–30 min of ischemia, with 
significantly higher myoglobin concentration in the fluoxetine-treated 
group (6890 ± 513 ng/mL) compared to control (4187 ± 561 ng/mL), 
decynium 22-treated group (4079 ± 499 ng/mL), and the co-treated 
group with fluoxetine and decynium 22 (2694 ± 453 ng/mL) 
(P < 0.01 for each).

During 0–15 min of reperfusion, myoglobin concentration reached a 
peak in all four groups. Peak myoglobin concentration was significantly 

Table 1 
Hemodynamic parameters during myocardial ischemia/reperfusion in control, fluoxetine-treated, decynium 22-treated and co-treated groups.

Heart rate and mean arterial pressure

Control (N = 20)
​ Baseline Ischemia 0–15 min Ischemia 15–30 min Reperfusion 0–15 min Reperfusion 15–30 min
HR (bpm) 376 ± 6 378 ± 7 374 ± 7 365 ± 10 357 ± 14
MAP (mmHg) 90.0 ± 4.5 79.8 ± 4.5** 79.0 ± 4.2** 73.7 ± 3.7** 71.9 ± 4.0**
Fluoxetine (N = 20)
​ Baseline Ischemia 0–15 min Ischemia 15–30 min Reperfusion 0–15 min Reperfusion 15–30 min
HR (bpm) 382 ± 7 389 ± 7 398 ± 8 393 ± 8 391 ± 8
MAP (mmHg) 88.3 ± 2.7 82.4 ± 3.6* 81.5 ± 4.2* 77.2 ± 4.1 76.4 ± 4.2
Decynium 22 (N = 20)
​ Baseline Ischemia 0–15 min Ischemia 15–30 min Reperfusion 0–15 min Reperfusion 15–30 min
HR (bpm) 371 ± 7 374 ± 8 374 ± 8 371 ± 9 375 ± 9
MAP (mmHg) 90.1 ± 4.2 77.4 ± 3.7** 75.7 ± 4.1** 79.7 ± 9.0 80.6 ± 9.0
Additional Experiment
Fluoxetine and Decynium 22 (N = 14)
​ Baseline Ischemia 0–15 min Ischemia 15–30 min Reperfusion 0–15 min Reperfusion 15–30 min
HR (bpm) 379 ± 9 376 ± 10 374 ± 10 369 ± 9 367 ± 10
MAP (mmHg) 83.3 ± 3.6 76.4 ± 3.8* 74.3 ± 3.8* 70.6 ± 3.6 67.1 ± 3.3

Data are expressed as mean ± standard error of the mean. HR, heart rate; MAP, mean arterial pressure. *P < 0.05 vs. baseline; **P < 0.01 vs. baseline. A two-way 
repeated measures analysis of variance revealed no significant difference in HR or MAP between the groups.

Fig. 3. Dialysate myoglobin concentrations during myocardial ischemia/ 
reperfusion in control, fluoxetine-treated, decynium 22-treated, and co-treated 
groups. *P < 0.05; **P < 0.01; ‡P < 0.01 vs. baseline; #P < 0.01 vs. 0–15 min 
of ischemia; §P < 0.01 vs. 15–30 min of ischemia; ‖P < 0.05 and ¶P < 0.01 vs. 
0–15 min of reperfusion.
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higher in the fluoxetine-treated group (14,889 ± 1364 ng/mL) than in 
control (9800 ± 1627 ng/mL, P < 0.05), decynium 22-treated group 
(8172 ± 877 ng/mL, P < 0.01), and the co-treated group with fluoxe
tine and decynium 22 (5711 ± 1076 ng/mL, P < 0.01).

During 15–30 min after reperfusion, myoglobin concentration was 
significantly lower in the co-treated group with fluoxetine and decynium 
22 (2136 ± 260 ng/mL) than those in control (5139 ± 921 ng/mL, 
P < 0.05) and fluoxetine-treated groups (5794 ± 718 ng/mL, P < 0.01).

No significant differences in myoglobin concentration were observed 
between the control and decynium 22-treated group throughout the 
experiment.

Discussion

This study demonstrated that local SERT inhibition exacerbated 
myocardial cell injury as indicated by increased myoglobin efflux in 
myocardial interstitium. In contrast, PMAT inhibition had no effect on 
myoglobin efflux. In the fluoxetine-treated group, dialysate myoglobin 
concentrations were significantly higher than those in the control group 
throughout the experiment. All four groups showed a peak in dialysate 
myoglobin concentration during 0–15 min of reperfusion. The peak 
myoglobin concentration in the fluoxetine-treated group (14,889 
± 1364 ng/mL) was approximately 1.5-fold higher than that in the 
control group (9800 ± 1627 ng/mL, P < 0.05). In contrast, the peak 
myoglobin concentration in the decynium 22-treated group (8172 
± 877 ng/mL) did not differ significantly from the control. In addition, 
co-treatment with fluoxetine and decynium 22 reduced peak myoglobin 
levels to the same level as in the control and decynium 22-treated 
groups. These results suggest that platelet SERT plays a critical role in 
modulating injury during myocardial ischemia/reperfusion, and inhib
iting SERT may enhance PMAT-dependent 5-HT reuptake into car
diomyocytes, resulting in further myocardial cell injury.

Role of serotonin reuptake transporter in myocardial ischemia/reperfusion

During myocardial ischemia/reperfusion, activated platelets release 
large amounts of 5-HT [1,3,4,17]. A portion of the released 5-HT is 
rapidly reuptaken via platelet SERT, which functions as a buffering 
mechanism to limit excessive effects of 5-HT (Fig. 4) [17,18]. SSRIs, 
such as fluoxetine, block this SERT-mediated buffering mechanism, 
leading to elevated plasma 5-HT concentrations. Previous animal study 
has also demonstrated that acute SSRI administration directly increases 
plasma 5-HT concentrations [19].

In this study, fluoxetine-treated animals exhibited elevated dialysate 

myoglobin concentrations compared to controls and decynium 22- 
treated animals, except during 15–30 min of reperfusion. High con
centration of 5-HT secreted from platelets may accumulate in myocar
dial interstitium and microvessels (Fig. 5), and may exhibit 
vasoconstrictive effects, particularly on vascular endothelium damaged 
by ischemia [18–22]. These actions may contribute to microcirculatory 
disturbances, resulting in worsened reperfusion injury [23,24]. A 
human clinical study has reported elevated plasma 5-HT concentrations 
as an independent predictor of coronary microvascular dysfunction 
[25]. The findings of the present study may support the association 
between elevated plasma 5-HT levels and microcirculatory disturbances 
observed in clinical settings.

Fluoxetine acts on platelet SERT to inhibit 5-HT uptake, which may 
also promote platelet aggregation and thrombus formation [3,4]. 
Although 5-HT has vasodilatory effects on normal endothelium [20,21]
and SSRIs have direct vasodilatory actions [26,27], local fluoxetine 
administration may exert a stronger effect on platelet aggregation, 
thereby exacerbating myocardial ischemia/reperfusion injury (Fig. 5).

Furthermore, our additional experiment revealed that PMAT inhi
bition significantly decreased myoglobin efflux at baseline and during 
ischemia/reperfusion under SERT inhibition by fluoxetine. These facts 
suggest that SERT inhibition enhances PMAT-induced 5-HT reuptake 
into cardiomyocytes. Because our previous study demonstrated that 
MAO inhibition significantly decreased myoglobin efflux during 
ischemia/reperfusion [5], the reuptake of 5-HT via PMAT can lead to 
excessive myocardial damage due to the generation of hydrogen 
peroxide from intracellular MAO-mediated metabolism (Fig. 5).

Role of plasma membrane monoamine transporter on myocardial 
ischemia/reperfusion

Unlike SERT inhibition, inhibition of PMAT—the 5-HT uptake 
pathway in cardiomyocytes—did not significantly affect myocardial cell 
injury in this study. This result provides important insights into under
standing the mechanisms of 5-HT-mediated injury during myocardial 
ischemia/reperfusion. Although studies have shown that PMAT inhibi
tion suppresses 5-HT uptake into cardiomyocytes and reduces oxidative 
stress by decreasing hydrogen peroxide generated from intracellular 
MAO-mediated metabolism (MAO-dependent effect) [5,6,28–31], local 
decynium 22 administration did not reduce cardiomyocyte injury as 
indicated by myoglobin release (Fig. 6).

Fig. 4. Mechanism of serotonin transporter regulation in myocardial ischemia/ 
reperfusion injury in control rat. During myocardial ischemia/reperfusion, 5- 
HT released from activated platelets is partially reuptaken via platelet seroto
nin reuptake transporter (SERT), suppressing excessive 5-HT accumulation. 
Plasma membrane monoamine transporter (PMAT) mediates 5-HT uptake into 
cardiomyocytes. Monoamine oxidase (MAO) degrades 5-HT in cardiomyocytes, 
producing hydrogen peroxide (H2O2).

Fig. 5. Mechanism of serotonin transporter regulation in myocardial ischemia/ 
reperfusion injury in fluoxetine-treated rat. Serotonin reuptake transporter 
(SERT) inhibition nullifies the platelet reuptake mechanism, resulting in 
marked 5-HT accumulation. Excessive 5-HT causes vasoconstriction and 
platelet aggregation through receptors, leading to microcirculatory disturbance 
and reduced oxygen supply. Because plasma membrane monoamine transporter 
(PMAT)-mediated uptake into cardiomyocytes is maintained, SERT inhibition 
by fluoxetine may exacerbate myocardial cell injury in the ischemic period and 
dramatically increase myoglobin release during early reperfusion (0–15 min of 
reperfusion). MAO, monoamine oxidase; H2O2, hydrogen peroxide.
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5-HT reuptake via platelet SERT may be the primary mechanism 
regulating plasma and interstitial 5-HT levels during myocardial 
ischemia/reperfusion, with PMAT in cardiomyocytes playing a lesser 
role in the normal condition. However, if SERT-dependent reuptake of 5- 
HT is impaired, the main pathway of 5-HT metabolism will become 
PMAT-dependent 5-HT reuptake into cardiomyocytes, causing critical 
damages to the myocardium during ischemia/reperfusion.

Acute versus chronic SSRI administration

It is important to note that this study examined acute SSRI admin
istration under experimental conditions, which differs from clinical use 
in which SSRIs are administered orally over the long term [32]. While 
acute SSRI administration rapidly increases extracellular 5-HT concen
tration, chronic administration leads to adaptive changes, including 
downregulation of transporters [33,34] and depletion of platelet 5-HT 
stores [17,18]. These chronic effects may produce different results 
from those observed in this study. Although several clinical reports have 
focused on the long-term effects of fluoxetine, the results are still 
controversial. Further experimental investigations are therefore needed 
to evaluate the long-term effects of fluoxetine.

Limitations

This study has several limitations. First, myocardial interstitial 5-HT 
concentrations were not measured. Therefore, the dynamics of inter
stitial 5-HT during the experiment were not fully elucidated. Second, 
cardiac function, infarct size and circulating biomarkers were not 
measured in this study. Although the pharmacological effects of drugs 
administered via a microdialysis probe are thought to be confined to the 
immediate vicinity of the probe, the effects on cardiac function, 
infarction size and circulating biomarkers cannot be ignored when drugs 
are administered systemically. Further research is required to evaluate 
these systemic effects. Third, decynium 22 inhibits organic cation 
transporter 3 (OCT− 3) as well as PMAT. OCT− 3 is also a pathway of 5- 
HT reuptake in cardiomyocytes. Therefore, it is difficult to determine 
which transporters primarily participate in 5-HT reuptake in car
diomyocytes in this study. Fourth, we hypothesize that one possible 
mechanism of 5-HT-induced cell injury is that reuptaken 5-HT via PMAT 
is degraded to hydrogen peroxide by mitochondrial MAO, resulting in 
mitochondrial dysfunction and apoptosis of cardiomyocytes. However, 
further investigations into ROS production and mitochondrial function 
are needed to prove this hypothesis. Fifth, even though the doses of the 

inhibitors that passed through the probe during the experiment were 
much lower than those administered intravenously to rats, it may not be 
possible to completely eliminate the systemic side effects.

Conclusions

Local administration of a SERT inhibitor, fluoxetine, to the 
myocardial ischemia/reperfusion region significantly exacerbated 
myocardial cell injury, as indicated by myoglobin efflux. In addition, 
PMAT inhibition can reduce myocardial cell injury during ischemia/ 
reperfusion under SERT inhibition. These findings highlight the pivotal 
role of 5-HT reuptake via platelet SERT and myocardial PMAT in the 
pathophysiology of myocardial ischemia/reperfusion injury.
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Fig. 6. Mechanism of serotonin transporter regulation in myocardial ischemia/ 
reperfusion injury in decynium 22-treated rat. Plasma membrane monoamine 
transporter (PMAT) inhibition blocks 5-HT uptake into cardiomyocytes, but 
reuptake via platelet serotonin reuptake transporter (SERT) is maintained, 
preventing excessive 5-HT accumulation. Myoglobin efflux is similar to that of 
the control group, suggesting that the effect of 5-HT reuptake into car
diomyocytes on myocardial ischemia/reperfusion injury is weaker than that of 
SERT-mediated platelet 5-HT reuptake.
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