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Abstract
Purpose  Myocardial injury induced by ischemia–reperfusion is the main pathological contributing factor of cardiovascular 
disease (CVD) including heart failure. Individually, both moderate-intensity aerobic exercise and curcumin supplementa-
tion have anti-amyloidogenic effects, however, the concurrent effects are unclear. We, therefore, investigated the effects of 
10 weeks of moderate-intensity aerobic exercise with and without curcumin supplementation in rats.
Methods  Male Wistar rats (6–8 weeks old) were randomly assigned to one of five groups (N = 10): (a) sedentary control; (b) 
sedentary ischemia–reperfusion; (c) exercise (15–45 min at 12–24 m/min) with ischemia–reperfusion; (d) curcumin (50 mg/
kg/day) + ischemia–reperfusion; and (e) both exercise and curcumin + ischemia–reperfusion. Infarct size, gene expression of 
amyloid precursor protein, enzymes involved in the cleavage of amyloid precursor protein (β-secretase-1, presenilin-1 and 
-2) and neprilysin, a marker of degradation of β-amyloid peptide in the left ventricle of rats were investigated.
Results  A reduction in mRNA expression of amyloid precursor protein, β-secretase-1, presenilin-1 and -2 and infarct size, 
and an increase in gene expression of neprilysin in the myocardium occurred in both the exercise- and the curcumin-treated 
rats with no further benefit with concurrent treatments.
Conclusion  Exercise and curcumin individually provided cardioprotective effects against ischemia–reperfusion-induced 
injury which appears to be associated with an attenuation in mRNA expression of β-amyloid peptide precursor in addition 
to processing enzymes and an increase in mRNA expression of neprilysin. There were no further benefits with concurrent 
treatments (exercise with curcumin) compared to either treatment alone.

Keywords  Reoxygenation injury · Myocardial infarction · Cardioprotective exercise · Anti-apoptosis herbs · Cardiovascular 
disease

Introduction

Heart failure, or congestive heart failure, is a progressive 
cardiovascular disease (CVD) leading to high rates of mor-
bidity and mortality, with a large economic burden [1, 2]. 
Myocardial injury induced by ischemia–reperfusion is the 
primary pathological contributing factor of heart failure [3]. 
Ischemia–reperfusion-induced injury reduces nutrient and 
oxygen delivery subsequently causing hyperemia, inflamma-
tion, and oxidative stress. These metabolic and inflammatory 
responses result in adverse myocardial remodeling and an 
increased risk of progression to heart failure [4, 5]. Adverse 
myocardial remodeling is defined as “a group of molecular, 

cellular and interstitial changes that clinically manifest as 
changes in size, shape, and function of the heart resulting 
from cardiac injury” [6]. At the molecular level, functional 
alterations of several proteins and cardiac gene expression 
influence myocardial remodeling of the left ventricle [2].

β-Secretase-1 (BACE1) is a rate-limiting enzyme for the 
synthesis of β-amyloid peptide (Aβ), which is also involved 
in the pathogenesis of Alzheimer’s disease [7]. Aβ 1–40 
and 1–42 are the most common isoforms of Aβ. Impor-
tantly, age-related diseases such as Alzheimer’s and CVD 
have common environmental and genetic risk factors but 
also share several molecular mechanisms [8]. For example, 
plasma Aβ 1–40 is significantly increased in CVD and is 
associated with a higher risk of CVD mortality [2]. Further, 
BACE1 increases in response to ischemia, hypoxia, and cel-
lular stress and Aβ 1–40 peptides are produced by proteo-
lytic cleavage of amyloid precursor protein (APP) activated 

 *	 Farzad Nazem 
	 f.nazem@basu.ac.ir

Extended author information available on the last page of the article

http://orcid.org/0000-0003-4145-6066
http://crossmark.crossref.org/dialog/?doi=10.1007/s11332-021-00886-w&domain=pdf


1012	 Sport Sciences for Health (2022) 18:1011–1019

1 3

by BACE1 and γ-secretase [8]. BACE1 cleaves APP to pro-
duce soluble APPβ (sAPPβ) and a membrane-associated 
C-terminal fragment of APP (C99). C99 undergoes a series 
of cleavage events induced by proteolytic components of 
γ-secretase (presenilin-1 and -2 [PS-1 and PS-2]) to yield 
Aβ [7, 9, 10]. Moreover, there are enzymes that degrade 
extracellular peptides. Neprilysin (NEP), a zinc metalloen-
dopeptidase has been identified as a degradation factor for 
catabolism of Aβ. There is a negative correlation between 
NEP levels and Aβ production [11].

Expression of BACE1 and Aβ proteins is upregulated in 
the left ventricle of heart failure patients, suggesting a per-
vasive role [2]. Further, Aβ has a toxic and pro-apoptotic 
effect on endothelial cells as well as cardiomyocytes in both 
humans and mice [2]. Aβ triggers a cascade of pro-inflam-
matory events in cells and macrophages causing oxidative 
stress and CVD [8]. Therefore, strategies to mitigate Aβ 
production through controlling Aβ precursor (APP) and/
or the enzymes involved in the cleavage of APP (BACE1, 
PS-1, and PS-2), or via altering the expression of NEP are 
warranted.

Cardioprotective effects of exercise have been well rec-
ognized and physical activity has been recommended for 
CVD prevention and treatment globally [12]. Beyond exer-
cise, dietary strategies including herbs are gaining popular-
ity in the management of CVD [13]. One purported herb is 
curcumin, which is a natural polyphenol extracted from the 
root of Curcuma longa which has anti-apoptosis, antioxidant 
and anti-inflammatory effects and accumulating research 
has revealed a role in alleviating myocardial apoptosis and 
improved cardiac function [14–16]. Curcumin attenuates 
ischemic injury by decreasing the expression of apoptotic 
genes in rats [3, 15, 16].

Currently, there is limited research examining the cardio-
protective effects of exercise with curcumin supplementation 
[17, 18], however, there is a lack of research investigating 
the effects on Aβ precursors and related enzymes induced by 
ischemia–reperfusion. Accordingly, the aim of the present 
study was to investigate the effects of 10-weeks of moderate-
intensity aerobic exercise along with curcumin supplemen-
tation on gene expression. We hypothesized, exercise and 

curcumin concurrently will further decrease ischemia–rep-
erfusion-induced infarct size and gene expression of APP, 
BACE1, PS-1, and PS-2 and will increase gene expression 
of NEP in rats compared to either strategy individually or 
controls.

Materials and methods

Subjects

Fifty male Wistar rats (6–8 weeks old, 200–250 g) were used 
in this experiment. The rats were housed in rodent cages 
under standard conditions (temperature 21–24 °C, humidity 
40–50%, and a 12:12 light/dark cycle) in a well-ventilated 
and clean room. All animals had free access to a standard 
diet and water. The present study was approved by the Ani-
mal Ethics Committee of Hamedan University of Medical 
Sciences (No. IR. BASU. REC. 1398.044), and all experi-
ments were conducted in accordance with the Institutional 
Animal Care and Use Committee guidelines.

Exercise protocol

Rats were randomly assigned into five groups (each group 
had n = 10): sedentary-control (Sed-Con), sedentary 
ischemia–reperfusion (Sed-IR), exercise with ischemia–rep-
erfusion (Ex-IR), curcumin with ischemia–reperfusion (Cu-
IR), and both exercise and curcumin with ischemia–reperfu-
sion (Ex-Cu-IR). The sample size was determined a priori 
using G*Power software [19]. One week prior to experiment 
initiation, the rats in the Ex-IR and Ex-Cu-IR groups com-
pleted a familiarization-training session on a motor-driven 
horizontal treadmill (BIOSEB, Vitrolles, France) which 
included 10-min of running at 10 m/min. Animals were 
then forced to run five sessions a week for 10 weeks. The 
treadmill running program began at 12 m/min for 15 min/
day on week 1 and progressively increased to 24 m/min for 
45 min/day (representing around 55–60% of V ̇O2max) until 
week 7, and thereafter remained constant (Fig. 1). Exercise 

Fig. 1   Overview of the 
experimental protocol. PRE pre-
exercise, POST post-exercise, 
Wk week; numbers in each box 
denotes volume (min) and inten-
sity (m/min) of exercise bouts 
completed over a 10-week
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intensity during each week was performed based on previ-
ously reported protocols [20, 21].

Curcumin supplementation

The Cu-IR and Ex-Cu-IR (1 h before exercise) [3, 14] groups 
ingested daily oral gavage of 50 mg/kg of curcumin extract 
(8.20354.0010.Merck KGaA, Germany) dissolved in olive 
oil five times a week for 10 weeks.

Surgical preparation and tissue processing

Two days after the last session of training or curcumin treat-
ment, the animals were anesthetized with an intraperitoneal 
injection of ketamine (60 mg/kg) and xylazine (8 mg/kg). 
The thoracic area was shaved, and the cervical region accu-
rately positioned to facilitate endotracheal intubation. Intu-
bated rats were then connected to a small animal ventilator 
(Harvard Model 683, USA) and mechanically ventilated 
with a respiratory rate of 60–70 breaths/min and a tidal 
volume of 1.5 cc/kg. Subsequently, an incision was made 
on the chest to expose the heart while avoiding any cardiac 
damage. Next, the pericardium was gently cut, and a 6–0 
silk suture was carefully passed beneath the left anterior 
descending artery (LAD). Ischemia was induced by retract-
ing and complete ligation by the suture with a tourniquet. To 
detect laboratory-induced infarction in the rats, lead II elec-
trocardiogram (EKG) recordings (HARVARD-USA) were 
captured using subcutaneous needle electrodes. Ischemia 
induction was confirmed by ST segment changes on EKG 
and impaired myocardial contraction. Following 30 min of 
ischemia, myocardial reperfusion was resumed by releasing 
the ligature. Upon reperfusion, the chest and its associated 
muscle layers were sutured closed, and tetracycline oint-
ment was topically applied onto the surgical site to prevent 
postoperative infections and contribute to the wound healing 
process. After extubation, the rats were oxygenated and kept 
warm until full recovery from anesthesia. Then, they were 
caged, provided with food and water, and transferred to the 
animal house. Five days after myocardial reperfusion, the 
rats underwent a second surgery to collect tissue specimens 
from their myocardium. Following thoracotomy under anes-
thesia with an intraperitoneal injection of ketamine (60 mg/
kg) and xylazine (8 mg/kg), the heart was excised, rinsed 
with normal saline, and weighed on the digital scale after 
the atria and great vessels were dissected away. Then, the 
left ventricular myocardium was harvested from the heart, 
immediately frozen in liquid nitrogen, and stored in an 
RNase-free microtube at − 80 °C for later analysis of gene 
expression changes. The control group had a similar surgery 
except for the LAD ligation. The hearts used to determine 
the infarct size were the same as those used to extract RNA. 
Further, the myocardial samples were always taken in the 

same area in all the hearts, and this corresponded with the 
left ventricle. Two subjects did not survive the surgery and 
were excluded from the analyses.

RNA extraction and real‑time PCR

First, 50–100 μg of the frozen left ventricle tissue was 
ground into a powder using a mortar and pestle with liq-
uid nitrogen, re-suspended with 1000 μL of lysis buffer 
(TRIzol Reagent, Invitrogen, Waltham, MA, USA), and 
transferred into a microtube. Then, 300 μL of chloroform 
was added to the mixture, which was subsequently vor-
texed to become milky in color. After 15 min of incuba-
tion on ice, the homogenate was centrifuged at 12,000g 
for 15 min at 4 °C, and the supernatant was completely 
collected and transferred to a new microtube, to which 
500 μL of isopropanol was added, followed by pipetting 
only once. Afterward, the solution was incubated on ice 
for 10 min and centrifuged at 12,000g for 15 min at 4 °C. 
Next, the supernatant was discarded, and the RNA pellet 
was washed with 1000 μL of 70% ethanol and subjected 
to centrifugation at 7500g for 10 min at 4 °C. Once the 
alcohol was poured off, the final RNA pellet was air-dried 
for 10 min, dissolved in 30–40 μL of DEPC-treated water, 
placed on ice for 5 min, and stored at − 80 °C. RNA con-
centration was checked using a Nanodrop reader (Thermo 
Fisher Scientific Inc, Waltham, MA), with a concentra-
tion of 1000 mg/μL selected as the reference value. That 
is, if the concentration of RNA was 1000 mg/μL, 1 μL of 
the purified RNA sample was used to generate cDNA. 
For cDNA synthesis using the Easy™ cDNA Synthesis 
kit (Parstous, Mashhad, Iran), 0.5–2 μL of total RNA 
(depending on its concentration) was mixed with 10 μL of 
Buffer Mix (2×), 2 μL of enzyme mix, and DEPC-treated 
water to reach a final volume of 20 μL. Subsequently, 
the entire mixture was incubated in the thermocycler as 
follows: 25 °C for 10 min, 47 °C for 60 min (cDNA syn-
thesis by the enzyme reverse transcriptase), and 85 °C for 
5 min (RT inactivation). Finally, the samples were frozen 
and stored at − 20 °C. To quantify the gene expression of 
APP, BACE1, PS1, PS2, and NEP, real-time PCR was 
performed using the 2× real-time PCR Master Mix kit 
(including SYBR® Green I) (BioFACT™, South Korea) 
on a Rotor-Gene 3000 system under the following condi-
tions: initial denaturation at 95 °C for 15 min, denatura-
tion at 95 °C for 20 s, and elongation at 60 °C for 40 s 
(the last two steps were repeated 30–50 times). Primer 
sequences for the genes APP, PS1, PS2, BACE1, NEP, 
and β-actin were designed as follows: APP (F: 5′-GCT​
GCT​GAC​CGA​GGA​CTG​AC-3′; R: 5′-GAT​GGC​ACC​
TTT​GTT​TGA​ACCC-3′), BACE1 (F: 5′-CGC​CGT​CTC​
ACA​GTC​ATC​CAC-3′; R: 5′-CCG​CCG​TCC​TGA​ACT​CAT​
CG-3′), PS1 (F: 5′-TCT​ACA​GTG​TTC​TGG​TTG​GTA​AGG​
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-3′; R: 5′-AAA​TGA​GCC​CGA​AGG​TGA​TGG-3′), PS2 
(F:5′-CGG​AGG​AGG​AGG​AGG​AAA​GG-3′; R: 5′-TAG​
ACA​CAA​GCC​AAT​GAG​GATG-3′), NEP (F: 5′-AGA​
TGG​AGA​CCT​CGT​TGA​CTGG-3′; R: 5′-TTC TGA TAG​
GCT​CTG​TAT​GCT​TGG​-3′), and β-actin (F: 5′-CCA​CAC​
TTT​CTA​CAA​TGA​GC-3′; R: 5′-ATA​CAG​GGA​CAA​CAC​
AGC​-3′). Besides, changes in the relative gene expression 
levels were calculated using the 2−ΔΔCt method.

Determination of infarct size

The frozen heart was sliced transversely into slices of 
3 mm width using a heart matrix and stained with 1% 2, 3, 
5-triphenyltetrazolium chloride solution (TTC; in 0.1 M 
phosphate buffer; pH = 7.4) (TTC, Sigma, St. Louis, MO, 
USA) for 15 min at 37 °C to visualize the infarct zone and 
were subsequently fixed in 10% formalin for 24 h. Both 
surfaces of each section were photographed with a digi-
tal camera connected to a simple microscope to quantify 
the infarct area (pale pink or white) and non-infarct area 
(red) via Adobe Photoshop software (version 7.0, Adobe 
Systems). Finally, myocardial infarct size was reported as 
a percentage of the left ventricular area (Fig. 2).

Statistical analyses

All data are reported as mean ± SEM. The Shapiro–Wilk 
test was used to test for normality. Group differences were 
determined by one-way analyses of variance (ANOVA) fol-
lowed by Tukey’s honestly significant difference post hoc 
test when a significant F-ratio was observed. Comparison 
of percentages of infarct size were made using Chi-square 
test. Statistical analyses were performed using IBM SPSS 
Statistics 20 for Windows (IBM Corp., Chicago, IL) with 
significance set at an α level < 0.05.

Results

Characteristics of the experimental groups

Post-experiment characteristic of the experimental groups is 
shown in Table 1. Following the experiment, no significant 
differences were observed between groups for body weight 
and heart-to-body weight ratio (g/g) × 102 (P = 0.9, and 0.09, 
respectively). A significant difference (F = 7.72, P = 0.0001) 
was found for heart weight among groups. Heart weight (g) 
was significantly heavier in the Ex-Cu-IR group compared 

Fig. 2   Percentage of infarct 
size in the experimental groups. 
SED sedentary, IR ischemia–
reperfusion, EX exercise, CU 
curcumin. †Indicates significant 
difference compared to Sed + IR 
group. *Indicates significant 
difference compared to Cu + IR 
group. Yellow arrow indicates 
infarct area (pale pink or white) 
and red arrow indicates non-
infarct area (red). Values are 
means with SEM represented by 
vertical bars
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Table 1   Anthropometrics and 
myocardium changes in each 
group

N number of subjects, g gram, Sed sedentary, CON control, IR ischemia–reperfusion, Ex exercise, Cu cur-
cumin
† Significantly lower than Ex-Cu-IR (P < 0.01)

Variables Groups

Sed-CON Sed-IR Ex-IR Cu-IR Ex-Cu-IR

N 10 10 10 10 10
Body weight (g) 295.67 ± 14.13 287.75 ± 12.63 290.67 ± 16.61 290.17 ± 14.03 304 ± 15.08
Heart weight (g) 0.88 ± 0.02† 0.90 ± 0.02† 0.98 ± 0.04 0.88 ± 0.04† 1.05 ± 0.01
Heart-to-

body weight 
(g/g) × 102

0.30 ± 0.008 0.31 ± 0.006 0.34 ± 0.002 0.30 ± 0.008 0.35 ± 0.002
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to the Sed-Con, Sed-IR, and Cu-IR groups (P = 0.002, 0.004, 
and 0.002, respectively).

Infarct size

After the 10-week training program, a significant between-
group difference (F = 6.31, P = 0.0001) was found in infarct 
size. Infarct size was significantly lower (P = 0.0001) in 
Ex-IR (15.26 ± 0.77%), Cu-IR (20.65 ± 1.35%), and Ex-Cu-
IR (15.62 ± 0.85%) groups when compared to that of the 
Sed-IR (43.28 ± 2.71%) group. Also, Ex-IR and Ex-Cu-
IR groups showed lower infarct size compared to Cu-IR 
(P = 0.035 and 0.046, respectively).

mRNA expression of APP, BACE1, PS‑1, PS‑2, 
and NEP

Gene expression of APP, BACE1, PS-1, PS-2, and NEP are 
shown in Fig. 3A–E. A significant interaction was found in 
APP (F = 7.46, P < 0.0001), BACE1 (F = 8.98, P < 0.0001), 
PS-1 (F = 6.61, P < 0.0001), PS-2 (F = 4.70, P < 0.0001), and 
NEP (F = 6.31, P < 0.0001). Post-hoc analyses revealed that 
mRNA levels of APP was significantly greater in Sed-IR 
(2.69-fold) and Cu-IR (1.82-fold) groups when compared 
to the Sed-Con group (P < 0.0001, and P < 0.004, respec-
tively). Cu-IR (1.82 ± 0.28), Ex-IR (1.01 ± 0.19) and Ex-
Cu-IR (1.08 ± 0.42) were significantly lower (P < 0.002, 
P < 0.0001, and P < 0.0001, respectively) compared to Sed-
IR (2.69 ± 0.55). Also, this value in Ex-IR and Ex-Cu-IR 

groups was significantly lower (P < 0.004 and P < 0.01, 
respectively) than Cu-IR.

mRNA expression of BACE1 was significantly greater 
in Sed-IR (3.97-fold) and Cu-IR (2.75-fold) groups com-
pared to Sed-Con (P < 0.0001 and P < 0.001, respectively). 
Cu-IR (2.75 ± 0.57), Ex-IR (1.75 ± 0.42) and Ex-Cu-IR 
(1.88 ± 0.26) were significantly (P < 0.028, P < 0.0001, and 
P < 0.0001, respectively) lower in mRNA expression of 
BACE1 when compared to Sed-IR (3.97 ± 1.21).

Expression of PS-1 in Sed-IR (3.52-fold) and Ex-IR 
(2.57-fold) groups was significantly greater compared 
to Sed-Con (P < 0.0001). Cu-IR (1.33 ± 0.36), Ex-IR 
(2.57 ± 0.38), and Ex-Cu-IR (1.14 ± 0.6) groups showed 
significantly (P < 0.0001, P < 0.04, and P < 0.0001, respec-
tively) lower values compared to Sed-IR (3.52 ± 0.85). Also, 
the Ex-IR group showed significantly greater mRNA expres-
sion of PS-1 compared to Cu-IR and Ex-Cu-IR (P < 0.003 
and P < 0.001, respectively).

mRNA expression of PS-2 in Sed-IR (2.68-fold) and 
Cu-IR (1.83-fold) were significantly greater compared 
to Sed-Con (P < 0.0001, and P < 0.03, respectively). 
Cu-IR (1.83 ± 0.21), Ex-IR (1.09 ± 0.08), and Ex-Cu-IR 
(1.34 ± 0.25) significantly decreased (P < 0.028, P < 0.0001, 
and P < 0.0001, respectively) levels of mRNA expression 
compared to Sed-IR (2.68 ± 0.93).

Expression of NEP were significantly lower in the Sed-
IR (0.29-fold), Cu-IR (0.57-fold) and Ex-Cu-IR (0.57-fold) 
groups compared to Sed-Con (P < 0.0001, P < 0.0001, 
and P < 0.003, respectively). Also, NEP mRNA levels 
were significantly greater in Cu-IR (0.595 ± 0.09), Ex-IR 
(0.803 ± 0.12), and Ex-Cu-IR (0.574 ± 0.11) compared 
to Sed-IR (0.274 ± 0.02) with no significant differences 
between Cu-IR, Ex-IR, and Ex-Cu-IR (Figs. 4, 5, 6, 7).

Discussion

This study was the first study to investigate concurrent mod-
erate-intensity aerobic exercise and curcumin supplemen-
tation following ischemia–reperfusion-induced myocardial 
infraction on gene expression of APP, enzymes involved in 
the APP processing, and degradation enzyme for catabolism 
of Aβ peptide in the left ventricle of rats. Further, mRNA 
expression of proteolytic components of γ-secretase (prese-
nilin-1 and -2 [PS-1 and PS-2]) in the infarcted myocardium 
was also assessed. The major findings were that 10 weeks of 
moderate-intensity aerobic exercise alone or with curcumin 
supplementation significantly decreased ischemia–reperfu-
sion-induced infarct size in the myocardium of rats. Moreo-
ver, exercise and curcumin attenuated gene expression of the 
Aβ precursor and its cleaving enzymes and improved mRNA 
expression of catabolic enzyme involved in Aβ degradation 
and clearance.

Fig. 3   mRNA expression of amyloid precursor protein (APP). SED 
sedentary, CON control, IR ischemia–reperfusion, EX exercise, 
CU curcumin. §Indicates significant difference compared to SED-
CON group. ‡Indicates significant difference compared to SED-IR 
group. *Indicates significant difference compared to CUR-IR group 
(P ≤ 0.05). Values are means, with SEM represented by vertical bars
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Our results support previous studies demonstrating a rela-
tionship between cardiovascular disease and Aβ production 
[2, 8, 22]. Despite, a lack of direct assessment of Aβ, sev-
eral upstream factors involved in Aβ production were deter-
mined. Significantly lower mRNA expression of APP and 
processing enzymes were found in the experimental groups 

(following exercise and curcumin), indicating a positive 
effect of both exercise and curcumin on the attenuation of 
APP production. Moreover, our results suggest that although 
curcumin decreased the expression of APP and APP-cleav-
ing enzymes, the combination of moderate-intensity aero-
bic exercise with curcumin did not significantly alter APP 
expression compared to moderate-intensity aerobic exercise 
and curcumin supplementation alone. To our knowledge, 
this is the first study to assess moderate-intensity aerobic 

Fig. 4   mRNA expression of β-secretase-1 (BACE1). SED sedentary, 
CON control, IR ischemia–reperfusion, EX exercise, CU curcumin. 
§Indicates significant difference compared to SED-CON group. ‡Indi-
cates significant difference compared to SED-IR group (P ≤ 0.05). 
Values are means, with SEM represented by vertical bars

Fig. 5   mRNA expression of presenilin-1 (PS-1). SED sedentary, 
CON control, IR ischemia–reperfusion, EX exercise, CU curcumin. 
§Indicates significant difference compared to SED-CON group. ‡Indi-
cates significant difference compared to SED-IR group. *Indicates 
significant difference compared to CUR-IR group. €Indicates sig-
nificant difference compared to CUR-IR group (P ≤ 0.05). Values are 
means, with SEM represented by vertical bars

Fig. 6   mRNA expression of presenilin-2 (PS-2). SED sedentary, 
CON control, IR ischemia–reperfusion, EX exercise, CU curcumin. 
§Indicates significant difference compared to SED-CON group. ‡Indi-
cates significant difference compared to SED-IR group (P ≤ 0.05). 
Values are means, with SEM represented by vertical bars

Fig. 7   mRNA expression of neprilysin (NEP). SED sedentary, CON 
control, IR ischemia–reperfusion, EX exercise, CU curcumin. §Indi-
cates significant difference compared to SED-CON group. ‡Indicates 
significant difference compared to SED-IR group (P ≤ 0.05). Values 
are means, with SEM represented by vertical bars
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exercise and curcumin supplementation on APP following 
ischemia–reperfusion-induced myocardium injury. Hence, 
we compared the present results to those of Alzheimer’s 
disease. In support of our findings, Zhang and colleagues 
[23] reported 12 weeks of moderate-intensity aerobic exer-
cise (45 min at 5–12 m/min, 5 sessions/day) decreased Aβ 
levels and inhibits the amyloidogenic pathway of APP in 
the hippocampus of APP/PS1 transgenic mice. Alkadhi 
and Dao [24] revealed that 4-weeks of treadmill exercise 
(2–4 × 15 min at 10 m/min) attenuated increases in APP 
levels in the hippocampus of rats. Ehehalt and colleagues 
[25] demonstrated that the amyloidogenic pathway of APP 
metabolism occurs in structures enriched in cholesterol 
within the membrane termed “lipid rafts”. As Cholesterol 
is an essential component of lipid rafts [26], alteration in 
cholesterol through moderate-intensity aerobic exercise may 
alter the configuration of enzymes involved in APP metabo-
lism influencing Aβ generation [27]. Importantly, APP pro-
cessing may be altered by excessive adiposity, and previous 
research has found increases in the expression of BACE1 
following high-fat feeding [28–30]. As a rate-limiting 
enzyme in the cholesterol biosynthetic pathway, hydroxy-
3-methylglutaryl-coenzyme A reductase (HMGCR) plays a 
significant role in cholesterol synthesis [31]. Inhibition of 
this enzyme reduces the distribution of APP in lipid rafts 
and may play a critical role in sequential proteolysis of APP 
and Aβ production [32].

Exercise [23] and curcumin [33] independently have 
been shown to significantly decrease HMGCR, which would 
reduce cholesterol synthesis. Zhang and colleagues [23] 
attributed the lower APP-cleaving enzymes to decreased 
HMGCR and attenuated cholesterol generation, which is 
supportive of reduced BACE1, PS-1, and PS-2 enzymes in 
the Cu-IR, Ex-IR, and Ex-Cu-IR groups. However, the pre-
cise mechanism(s) that regulate the content and/or activity 
of these enzymes are multifactorial and may be associated 
with impaired energy metabolism, increased inflammation, 
and cellular stress that may be directly altered exercise and 
curcumin [24, 34–36].

In contrast, compared to Sed-IR, NEP expression was 
significantly greater in the experimental groups with no 
between-group differences indicating no superior effects 
of moderate-intensity aerobic exercise with curcumin 
supplementation compared to moderate-intensity aerobic 
exercise and curcumin alone. NEP, an endothelial cell 
surface zinc metallopeptidase is present in cardiac myo-
cytes. Aβ decreases the number of both cardiomyocytes 
and endothelial cells through apoptosis [2]. In apoptosis 
process, with the activation of endonucleases, DNA frag-
mentation occurs [37]. Both Aβ stimulation and expression 
of BACE1 led to fragmentation increases and activation 
of apoptosis pathway [2]. Accordingly, increased mRNA 
expression of NEP and decreased APP and its processing 

enzymes’ expression may in-part contribute to the lower 
Aβ-mediated infarction observed in the Cu-IR, Ex-IR, and 
Cu-Ex-IR groups compared to Sed-IR. Moreover, the anti-
oxidant activity of curcumin through donating hydrogen 
ions and via neutralizing reactive oxygen intermediates 
may also be protective [38].

A limitation of the present study was the lack of inves-
tigation on Aβ protein level, which had been nevertheless 
evaluated by previous authors in the murine hippocampus 
following exercise [23, 24]. The purpose of the present 
work was that of tracking the upstream factors involved in 
Aβ production, to identify an effective method for reduc-
ing Aβ production or improving Aβ clearance. In any case, 
authors are aware of the fact that protein levels are more 
indicative than gene expression values and suggest that 
further studies should be devoted at confirming our data 
by assessing Aβ protein amount.

Conclusions

In conclusion, moderate aerobic exercise (15–45  min 
at 12–24 m/min, 5 times a week) for 10 weeks as well 
as curcumin supplementation (50  mg/kg) decreased 
ischemia–reperfusion-induced infarct size alleviated gene 
expression of APP and processing enzymes and increased 
mRNA expression of NEP in myocardium of rats. How-
ever, the combination of moderate-intensity aerobic exer-
cise and curcumin supplementation had no superior effects 
compared to either treatment alone.
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