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ABSTRACT

BACKGROUND: Methamphetamine (METH) use is associated with significant cardiac damage, including the development of cardiac fibrosis.
While high-intensity interval training (HIIT) has demonstrated cardio-protective effects in various cardiovascular conditions, its potential role
in mitigating METH-induced cardiac fibrosis remains unclear. This study aimed to investigate the effects of HIIT on the mRNA expression of
cardiac fibrosis biomarkers in METH-dependent rats.

METHODS: In this experimental study, the expression of collagen lal (COLIAI), collagen 3al (COL3A41), periostin (POSTN), and alpha
smooth muscle actin (a-SMA) genes was measured using real-time PCR across four groups: Sham, METH, METH-control (METH-CON), and
METH-HIIT. Rats in the METH-HIIT group underwent an 8-week HIIT protocol during the withdrawal period following METH administration.
RESULTS: Twenty-one days of METH administration significantly increased the mRNA expression of all measured fibrosis-related (P<0.05).
However, the subsequent HIIT intervention did not significantly attenuate the elevated mRNA expression of these markers (P>0.05).
CONCLUSIONS: These findings suggest that HIIT does not reverse METH-induced upregulation of cardiac fibrosis markers. Further studies are
warranted to explore alternative or complementary interventions in the context of METH-associated cardiac fibrosis.

(Cite this article as: Shahrabadi H, Haghighi AH, Askari R, Asadi-Shekaari M, Shafiei A, Caturano A, et al. The effects of high-intensity interval
training on cardiac fibrosis biomarkers in rats with methamphetamine-induced cardiac fibrosis. J Sports Med Phys Fitness 2026;66:574-81. DOI:
10.23736/S0022-4707.25.17465-3)
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Methamphetamine (METH) use is a growing global stance.2 Cardiac fibrosis arises from aberrant proliferation
phenomenon that leads to adverse consequences of cardiac fibroblasts and excessive deposition of extra-
such as cardiovascular disease.! Cardiovascular disease is  cellular matrix (ECM).3 Under physiological conditions
the second leading cause of death among users of this sub-  there is a fine network of collagen fibers around cardio-
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myocytes to support and maintain the framework of the
cells.4

Collagen 1 and collagen 3 are essential for cardiac func-
tion and form the major structural components of the myo-
cardial ECM.5 The synthesis of collagen 1 and collagen 3
differs under conditions of cardiac injury. In experimental
models of hypertensive cardiac fibrosis and myocardial
infarction, collagen 1 exhibits a more pronounced and
sustained increase compared with collagen 3; however,
in patients with ischemic cardiomyopathy, the collagen 1/
collagen 3 ratio is decreased.® Periostin is an ECM pro-
tein that contributes to tissue structural integrity and is
implicated in fibrosis. In addition, periostin binds to in-
tegrin receptors to mediate diverse signaling pathways in
multiple cell types, including fibroblasts.” Periostin regu-
lates fibroblast adhesion to cardiomyocytes, intercellular
fibrosis, and ventricular remodeling following myocardial
infarction and pressure overload.® Alpha smooth muscle
actin (a-SMA) is expressed in smooth muscle cells but not
in normal cardiac fibroblasts. a-SMA is significantly ex-
pressed only in transdifferentiated myofibroblasts within
infarcted and remodeling myocardium. Consequently,
a-SMA serves as a reliable marker for myofibroblasts at
sites of injury.?

Chronic METH administration in mice has been associ-
ated with a significant increase in fibrosis, collagen con-
tent, periostin, and 0-SMA.10 Chronic METH use causes
a higher presence of collagen deposits and collagen 1 and
an increase in collagen content, which is dose-dependent,
so that its amount increases with the increase of the dose.!!

Although discontinuation of METH has been shown
to attenuate or even reverse myocardial pathologic symp-
toms,!2 the role of novel therapies in reversing cardiac
fibrosis cannot be ignored.!3 Sports science research-
ers are looking to replace non-drug treatments to reduce
treatment costs!4 and drug-related complications.!5 High-
intensity interval training (HIIT) is one of the training
methods that is characterized by repeated short bursts of
intense activity.!6 Although the safety of HIIT has been
debated among health professionals, recent studies have
shown that the risk of a cardiovascular event is low after
HIIT despite the high pressure on the heart.!” A reduc-
tion in cardiac fibrosis as a result of HIIT was observed in
patients with heart failure!® and myocardial infarction.!®
Wang et al.20 showed that HIIT for 4 and 8 weeks in rats
with acute myocardial infarct causes a decrease in the
percentage of a-SMA area and collagen volume fraction.
Despite the studies mentioned above, the interfering role
of HIIT on markers involved in cardiac fibrosis, includ-
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ing collagen lal, collagen 3al, a-SMA and periostin in
METH users is still unknown. Therefore, the aim of this
study was to investigate the effects of eight weeks of HIIT
on cardiac fibrosis-related biomarkers in rats with METH-
induced cardiac fibrosis.

Materials and methods
Study design and animals

We analyzed data collected from 45 male Wistar rats
(180-220 g) obtained from the Animal Facility of Kerman
University of Medical Sciences, Iran. Ethical approval
for the study was obtained from the Ethics Committee
of Hakim Sabzevari University, Sabzevar, Iran (IR.HSU.
REC.1400.005). All procedures were conducted in accor-
dance with the ethical principles for the care and use of
laboratory animals. All rats were kept under control in en-
vironmental conditions (21£2 °C; 40-60% humidity) with
a 12-hour light/dark cycle and ad libitum access to stan-
dard chow and water. The animals were randomly assigned
(simple randomization using a lottery method) into four
groups: sham, METH, METH-control (METH-CON), and
METH-HIT (Figure 1). During the study, five rats were
excluded due to failure to adapt to the exercise protocol,
and eight rats died before completing the training protocol.

METH administration

Animals in the METH, METH-CON, and METH-HIIT
groups received intraperitoneal injections of METH (5
mg/kg/day) dissolved in physiological saline (0.9% so-
dium chloride) for 21 consecutive days.!5 Rats in the sham
group received an equivalent volume (0.5 mL) of physi-
ological saline during the same period.

HIIT protocol

Before initiation of the training intervention, rats in the
METH-HIIT group underwent a one-week familiariza-
tion period, during which they ran on a treadmill for 10
min per session at a speed of 10-20 m/min.2! An electric
shock grid (0.5 mA) was employed to motivate treadmill
running. Forty-eight hours after the last familiarization
session, rats performed an incremental treadmill test to
exhaustion, starting at 10 m/min and increasing 3 m/min
every 3 min.22 The average maximum running speed was
calculated to design the exercise program. The maximum
running speed was reassessed every two weeks, and the
training intensity was adjusted accordingly. The HIIT pro-
tocol lasted 8 weeks, with 5 sessions per week (Table I).
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Figure 1.—Schematic overview of the experimental protocol.
METH: methamphetamine; HIIT: high-intensity interval training; CON: control.
TABLE L.—The HIIT protocol employed in this study.
Exercise procedures Weeks 1 2 3 4 5 6 7 8
Intense interval (85% of maximum speed) Number of intervals 4 4 4 4 4 4 4 4
Duration of each interval (min) 2 2 2 2 2 2 2 2
Running speed during each interval (m/min) 22 24 26 28 30 32 34 36
Active recovery interval (40% of maximum speed) Number of intervals 4 4 4 4 4 4 4 4
Duration of each interval (min) 2 2 3 3 4 4 4 4
Running speed during each interval (m/min) 0 10 11 11 12 12 13 13
Mean maximum speed (m/min) 26 29 32 35 38 40 41 42

HIIT: high-intensity interval training.

Each training session comprised a 6-min warm-up and a
6-min cool-down at 8 m/min. The main exercise bout was
conducted at 85% of each rat’s maximum speed, with no
treadmill incline. To control environmental factors, rats in
the METH-CON group were placed on a stationary tread-
mill (turned off) for the same duration.

Tissue collection and primer design and synthesis

Tissue collection was performed after 21 days of METH
or saline administration in the sham and METH groups,
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and 24 hours after the final training session in the
METH-CON and METH-HIIT groups. Rats were anes-
thetized with CO, gas and euthanized by decapitation.
The hearts were excised immediately; the left ventricles
were separated, weighed, and frozen in liquid nitro-
gen before storage at -70 °C. Primers for collagen lal
(COLIA1I), collagen 3al (COL3AI), periostin (POSTN),
a-smooth muscle actin (a-SMA), and glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) were designed
using Primer-BLAST (NCBI) and synthesized by Sina-
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TABLE Il.—Primer sequences used for Real-Time PCR analysis.

SHAHRABADI

Gene Forward primer (5°-3”)

Reverse primer (5°-3”)

COLIAI GTACATCAGCCCAAACCCCA
COL3A1 AGGGCAGGGAACAACTGATG
POSTN AAAGAGACCCGGGAAGAACG
a-SMA TTGTCCACCGCAAATGCTTC
GAPDH CAACTCCCTCAAGATTGTCAGCAA

CAGGATCGGAACCTTCGCTT
GGTCCCACATTGCACAAGC
TTGCAGGTGTGTCTTTTTGC
TGAAGGCGCTGATCCACAAA
GGCATGGACTGTGGTCATGA

COLIAI: collagen lal; COL3A1I: collagen 3al; POSTN: periostin; a-SMA: a-smooth muscle actin; GAPDH: glyceraldehyde-3-phosphate dehydrogenase.

clon Co. (Tehran, Iran). Primer sequences are reported
in Table II.

RNA extraction, cDNA synthesis and quantitative real-
time PCR

Total RNA was extracted from 50 mg of left ventricular
tissue using TRIzol reagent (Yekta Tajhiz Azma, Iran) ac-
cording to the manufacturer’s protocol. Chloroform and
isopropanol were used for RNA phase separation and
precipitation, respectively. RNA concentration and purity
were assessed using a Picodrop spectrophotometer (Pico-
drop limited, Hinxton, England). First-strand cDNA was
synthesized from 1 ug of total RNA using a commercial
cDNA synthesis kit (cat N.: YT4500; Yekta Tajhiz Azma,
Tehran, Iran). Gene expression was analyzed by real-time
PCR using Rotor Gene Q (Qiagen, Germany) and Real
Q Plus 2x Master Mix Green-high Rox™ (Ampliqon,
Odense, Denmark). PCR conditions were: initial denatur-
ation at 95 °C for 15 minutes, followed by 40 cycles of
95 °C for 10 seconds, 60 °C for 20 seconds, and 72 °C
for 20 seconds. Gene expression levels were normalized to
GAPDH, and the relative expression was calculated using
the 2°-AACt method.

Statistical analysis

Data normality was assessed using Shapiro-Wilk Test,
and homogeneity of variance was evaluated by Brown-
Forsythe Test. If residuals were not normally distributed,
group comparisons were conducted using the Kruskal-
Wallis Test followed by Dunn’s Multiple Comparisons
Test. When residuals were normally distributed and vari-
ances were homogeneous, group comparisons were con-
ducted using one-way analysis of variance (ANOVA)
followed by Sidak’s Multiple Comparisons Test. In cases
of heterogeneous variances, Welch’s ANOVA followed
by Dunnett’s T3 post-hoc multiple comparisons test was
applied. All statistical analyses were performed using
GraphPad Prism software (version 8; GraphPad Inc., La
Jolla, CA, USA), with statistical significance defined as
P<0.05.
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Results

The general characteristics of the rats are presented in
Figure 2. After eight weeks of training, the average body
weight was significantly higher in both the METH-CON
(P=0.0096) and METH-HIIT (P=0.0159) groups com-
pared with the METH group. Moreover, the heart-to-
body weight ratio (P=0.0268) and left ventricular-to-body
weight ratio (P=0.0076) were significantly lower in the
METH-CON group compared with the METH group. No
significant differences were observed in the other param-
eters assessed (P>0.005).

The statistical results for cardiac fibrosis markers are
presented in Figure 3. A significant overall difference be-
tween groups was observed in the expression of COL1A41
(P=0.0106), COL341 (P=0.0002), POSTN (P=0.0003),
and a-SMA (P=0.0011) genes. However, no significant
difference was observed in the COLIAI1/COL3A Iratio
(P=0.3392).

Pairwise comparisons revealed that COLIAI gene ex-
pression was significantly elevated in the METH group
compared with the sham group (P=0.0143). COL3Al
gene expression was significantly elevated in the METH
(P=0.0058) and METH-CON (P=0.0175) groups com-
pared with the sham group. Similarly, POSTN gene expres-
sion was significantly elevated in the METH (P=0.0087)
and METH-CON (P=0.0002) groups compared with the
sham group. a-SMA gene expression was also significant-
ly elevated in the METH (P=0.0018) and METH-CON
(P=0.0054) groups compared with the sham group. No
significant differences in the COL1A41/COL3A1 ratio were
observed among the groups.

Discussion

The present study aimed to investigate the changes of
cardiac fibrosis markers in METH-dependent rats follow-
ing a period of HIIT. Twenty-one days of METH admin-
istration increased the expression of COLIAI, COL3Al,
POSTN, and a-SMA genes in rats. The expression of
COL3A1, POSTN, and a-SMA genes remained elevated in
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Figure 2.—General characteristics of rats in the sham and METH groups
at the end of METH administration, and in the METH-CON and METH-
HIIT groups at the end of the training program: A) body weight; B) heart
weight; C) left ventricular weight; D) heart to body weight ratio; E) left
ventricular to body weight ratio; and F) left ventricular to heart weight
ratio.

Data are presented as meantSEM.

METH: methamphetamine, HIIT: high-intensity interval training, CON:
control; SEM: standard error of measurement.

fSignificant differences between METH-HIIT and METH groups, £sig-
nificant differences between METH-CON and METH groups.

the METH-CON group even after the withdrawal period.
HIIT did not attenuate the METH-induced upregulation of
cardiac fibrosis markers.

Elevated 0a-SMA area and collagen volume fraction
have previously been linked to impaired cardiac function,
manifested as a decline in ejection fraction and fractional
shortening.20 Consistent with our findings, Abdullah et
al .10 reported that METH administration (0-6 mg/kg, 5
days per week for 4 weeks) resulted in increased cardiac
fibrosis, elevated collagen content, and higher expression
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Figure 3.—Effects of METH exposure and HIIT training on left ven-
tricular gene expression: A) COL1A1 gene expression; B) COL3A1 gene
expression; C) COLIAI/COL3A41 ratio gene expression; D) POSTN
gene expression; and E) a-SMA gene expression. Values are expressed
as mean+SEM for B, and mediantIQR for A, C, D, and E.

METH: methamphetamine, HIIT: high-intensity interval training, CON:
control, a-SMA: a-Smooth muscle actin; SEM: standard error of mea-
surement; IQR: interquartile range; COLIAI: collagen lal; COL3AI:
collagen 3al; POSTN: periostin; a-SMA: a-smooth muscle actin.
*Significant differences between METH and sham groups; #significant
differences between METH-CON and sham groups.

levels of a-SMA and periostin in mice. Similarly, Kolluru
et al.?3 reported that chronic METH administration (0-6
mg/kg, 5 days per week for 4 weeks) exacerbated cardi-
ac fibrosis in mice. Zhang et al.!! also observed greater
collagen deposition and increased collagen content with
chronic METH exposure; however, in their zebrafish mod-
el, changes in mRNA expression of COLIA1 and COL3A1
were not statistically significant. These discrepancies may
be attributed to variations in drug dosage, treatment dura-
tion, and animal models. METH did not alter the COL1A1/
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COL3A] ratio in our study, suggesting that collagen phe-
notype remodeling may vary depending on the experimen-
tal model.¢

Beyond fibrotic markers, METH has been shown to pro-
mote a proinflammatory environment by elevating cyto-
kines such as tumor necrosis factor-a. (TNF-a), interleukin
(IL)-6, and IL-1B, while suppressing the anti-inflammatory
cytokine 1L-10.24 Following the inflammatory phase, car-
diac repair mechanisms mediated by IL-10 and transform-
ing growth factor-f3 (TGF-f) are activated; however, these
processes may also lead to maladaptive fibrosis.® TGF-f
is a key regulator of fibroblast-to-myofibroblast conver-
sion, a process associated with the secretion of ECM pro-
teins and tissue inhibitors of metalloproteinases (TIMPs)
production.?5 Cardiac fibrosis is pathologically charac-
terized by excessive deposition of collagens, particularly
types I and 111, the principal structural proteins of the car-
diac ECM and scar tissue, secreted by activated cardiac
fibroblasts.26: 27 In injured myocardium, TGF-} activates
the Sma- and MAD-related protein 3 (Smad3) signaling
cascade, leading to increased a-SMA expression in fibro-
blasts,® which enhances their contractility and promotes
focal adhesion maturation.28 Additionally, periostin has
been implicated in cardiac fibrosis by amplifying TGF-p/
Smad signaling?’ and directly interacting with collagen 1 to
regulate fibril diameter.2° Several signaling pathways have
been implicated in fibrosis, including phosphatidylinositol
3-kinase (PI3K) / protein kinase B (AKT), Janus kinase
(JAK) / signal transducer and activator of transcription
(STAT), and wingless-type MMTYV integration site family
(WNT) / B-catenin.30 The increase in the METH-induced
fibrotic response may involve the G protein coupled re-
ceptor (GPCR)/cyclic adenosine monophosphate (cAMP)
pathway. Binding of METH to trace amine-associated re-
ceptor 1 (TAARI) increases intracellular cAMP levels in
cardiomyocytes, potentially leading to fibrotic dysregula-
tion via upregulation of lysyl oxidase (LOX).!!

Our results showed that METH administration did not
significantly alter cardiac weight. This contrasts with the
findings of Abdullah et a/.19 who reported an increase in
heart weight, but aligns with the observations of Chauva
et al3! Increased cardiac weight may reflect hypertrophic
changes induced by chronic administration of drugs that
influence ventricular inotropism.32 Following METH
withdrawal, we observed a reduction in the heart-to-body
weight and left ventricular-to-body weight ratios, suggest-
ing a potential attenuation of hypertrophy.

Following a 9-week withdrawal period, the expression
of COL3A1, POSTN, and a-SMA genes remained elevated,
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and HIIT was unable to normalize their levels. This sug-
gests that an extended recovery period may be necessary
to achieve meaningful improvements in METH-induced
cardiac fibrosis. A decrease in the signs of cardiac fibrosis
(i.e., percentage of a-SMA area, collagen volume fraction)
was observed in the rat myocardial infarct model during
HIIT.20 However, in a diabetic cardiomyopathy model, four
weeks of high-intensity exercise at 80% of maximal capac-
ity resulted in only a non-significant reduction in fibrosis.33
Moreover, a study reported that cardiac recovery following
METH withdrawal is delayed, with reductions in cardiac
lesions typically observed after four weeks.!2 Although
mRNA expression of COLIA1 and COL3A41 were slightly
decreased during HIIT in our study, these changes did not
reach statistical significance. By contrast, significant re-
ductions in collagen 1 and 3 mRNA expression have been
observed in ischemia-reperfusion and diabetic cardiomy-
opathy models, respectively.3% 35 It is possible that spe-
cific adaptations during exercise, such as inhibition of the
TGF-B1/Smad2/3 pathway, and consequent decreased the
mRNA expression of collagen 1 and 3, mediate reductions
in fibrosis.3¢ Nonetheless, further research is warranted
to elucidate the mechanisms through which exercise may
modulate cardiac remodeling following METH exposure.

Limitations of the study

Despite the valuable findings, the present study has sev-
eral limitations. First, the duration of the HIIT protocol
was relatively short, which limits the ability to assess the
long-term and sustained effects of this training method in
reducing or reversing METH-induced cardiac damage.
Second, the small sample size reduces the statistical power
and generalizability of the results. Third, we measured only
four fibrosis-related genes and did not evaluate additional
biomarkers such as suppression of tumorigenicity-2 (ST2),
Galectin-3 (Gal3), and others, which are recognized indica-
tors of fibrotic activity. We recommend that future studies
include these biomarkers to obtain a more comprehensive
understanding of the mechanisms involved in cardiac fibro-
sis. Additionally, studies with longer intervention periods
and larger sample sizes are necessary to better elucidate
and potentially reverse METH-induced cardiac damage.

Conclusions

METH administration induces cardiac fibrosis, as evi-
denced by increased expression of COLIAI, COL3Al,
POSTN, and o-SMA genes. Although HIIT is recognized
for its beneficial effects on cardiac remodeling, the present
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study demonstrated that it did not significantly attenuate
METH-induced cardiac fibrosis under the current experi-
mental conditions.
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