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Abstract
Purpose It may be considered that the duration of intervals of high-intensity interval exercise (HIIE) can affect skeletal 
muscle biochemical and physiological responses. Also, sex-based differences in muscle biochemistry and physiology play a 
role in different responses to exercise. The aim of this study was to investigate the effects of sex differences on biochemical 
parameters involved in muscle glycolysis in response to HIIE protocols with short and long-term intervals.
Methods Forty male and female Wistar rats (aged 8 weeks, mean weighting 270 g and 225 g, respectively) were divided into 
HIIE with short-term interval (HIIESh), HIIE with long-term interval (HIIEL), and control groups. The phosphofructokinase 
(PFK), glycogen synthase 1 (GYS1), monocarboxylate transporter 4 (MCT4), and lactate dehydrogenase (LDH) levels were 
evaluated in gastrocnemius muscle after a single bout of exercise.
Results The PFK, GYS1, and MCT4 levels were lower in HIIESh and HIIEL groups compared to the control group. How-
ever, there was no significant difference between sexes (P < 0.05). Moreover, the LDH activity was higher in both male and 
female HIIE rats compared to the control group.
Conclusion It is likely that HIIE with short- and long-term intervals represents similar effects on the glycolytic pathway in 
both male and female rats.

Keywords High-intensity interval exercise · Phosphofructokinase · Glycogen synthase 1 · Monocarboxylate transporter 
protein 4 · Lactate dehydrogenase · Sex differences

Introduction

Recently, High-intensity interval training (HIIT) is being 
considered a time-efficient training method to improving 
cardiorespiratory and metabolic functions [1], providing a 
unique physiological stimulus compared to traditional exer-
cise [2]. Furthermore, HIIT is now considered to improve 
exercise performance in both aerobic and anaerobic exer-
cises [3–5]. High-intensity interval exercise (HIIE) is 
strongly associated with anaerobic metabolism. The gly-
colytic capacity has been introduced as the maximum rate 
of conversion of glucose to pyruvate or lactate, which can 
be clearly obtained by a cell [6]. The enzymes involved in 
glycolysis and muscle glycogenosis such as phosphofruc-
tokinase (PFK), lactate dehydrogenase (LDH), glycogen 

synthase 1 (GYS1) and protein levels of monocarboxylate 
transporter 4 (MCT4), represent the glycolytic capacity of 
the skeletal muscle which could be altered with HIIE [7]. 
A limited number of studies have examined the changes in 
glycolytic enzyme in response to exercise [8, 9]. There are 
many variables for designing this popular exercise modality 
that focused primarily on duration of the active and recovery 
intervals, which seem to have an effect on acute physiologi-
cal response [1, 10]. The Norwegian (4 × 4) and standard 
(10 × 1) protocols were used in the various studies and the 
effects of each on improving oxidative capacity have been 
reported [11–16] but less attention has been paid to improv-
ing the glycolytic capacity.

There are differences in the physiological responses to 
acute exercise between men and women [17]. It has been 
suggested that men are more likely than women to have a 
greater type II muscle-fiber area, glycolytic enzyme activity, 
and greater reliance on glycolytic metabolism [18].

It is imperative that the physiological responses to vari-
ous HIIE protocols be characterized and understood so that 
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coaches can prescribe a safe, accurate, and effective HIIE 
protocol. Thus, the purpose of this study was to compare 
sex differences in response to two commonly used protocols 
(16 × 1 min and 4 × 4 min) with the same intensity on bio-
chemical parameters involved in glycolysis and glycogenesis 
pathways in rat gastrocnemius muscle.

Materials and methods

Animals and exercise protocols

Forty male and female Wistar rats (aged 8 weeks, mean 
weighting 270 g and 225 g, respectively) were obtained 
from Birjand University of Medical Sciences (Birjand, 
South Khorasan, Iran). Rats were under a controlled envi-
ronment (12 h light–dark cycle and room temperature of 
25 ± 2 °C) with food and water ad libitum. All procedures 
were approved by the Ethics Committee of the Birjand Uni-
versity of Medical Sciences (IR.BUMS.REC.1396.55).

Male and females rats were randomly divided into HIIE 
with short-term intervals (HIIESh, n = 14), HIIE with long-
term intervals (HIIEL, n = 14), and control (n = 12) groups. 
Rats were weighed at the beginning of the experimental 
protocol. All animals in the HIIE groups were acclima-
tized to the treadmill running at 10 m/min for 10 min over 
7 days. The control group was exposed to the same environ-
ment as both HIIE groups without running. The exercise 
protocols involved treadmill running of either 16 × 1 min 
work (HIIESh) or 4 × 4 min work (HIIEL) at 80% − 95% 
of VO2max (40 m/min), interspersed by 1 and 4 min active 
rest at 50% − 60% of VO2max (16 m/min), respectively [10, 
19]. The treadmill speed changes during work and active 
rest intervals were taken in less than 10 s. The HIIE groups 
performed warm-up and cool-down periods for 5 min (40% 

VO2max, 15 m/min) at the beginning and the end of exercise 
(the treadmill slope was 0º at all intensities). The desired 
speed is selected based on previous studies [20, 21]. Figure 1 
shows the two HIIE protocols used in this study.

Preparation and homogenization of tissue

The rats were anesthetized with a combination of ketamine/
xylazine (100 mg and 10 mg/kg body weight, respectively) 
immediately after exercise and subsequently, samples from 
gastrocnemius muscle were removed in less than 5 min after 
the end of the exercise, and then the isolated tissue was 
immediately frozen in liquid nitrogen (− 196 °C) and stored 
at − 80 °C until the assay. For homogenization, the tissue 
was weighed, incised, and lysed in phosphate-buffered saline 
(PBS) (pH 7.4, 100 mM, 100 mg tissue/1 ml PBS) through 
a homogenizer. Anti-protease cocktail (Problock, Goldbio 
Inc., USA) for preventing protein degradation was added to 
the lysis buffer. Then, the homogenized samples were centri-
fuged (6000 rpm, + 4 °C for 10 min), then the supernatants 
were separated and stored at − 80 °C for subsequent assays.

Measurement of PFK, MCT4, GYS1 levels and LDH 
activity

At first, the total protein content of tissue samples was meas-
ured using a Bradford protein assay kit (intra-assay CV%:19, 
sensitivity: 5 µg/mL, Colorimetric, ZellBio GmbH, Ulm, 
Germany, prepared by Padginteb Co., Tehran, Iran), and 
then the biochemical variables were measured. The level of 
PFK (intra-assay: CV%:4.6; sensitivity: 0.2 ng/mL), MCT4 
(intra-assay: CV%:4.9; sensitivity: 0.05 ng/mL), and GYS1 
(intra-assay: CV%:5.1; sensitivity: 0.1 ng/mL) were deter-
mined using the specific-related enzyme-linked immuno-
sorbent assay (ELISA) kits manufactured by ZellBio GmbH, 

Fig. 1  Schematic representation of two HIIE protocols with long-term and short-term intervals
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Ulm, Germany, prepared by Padginteb Co., Tehran, Iran. 
Also, the LDH activity (intra-assay: CV%:2.1; sensitivity: 5 
U/mL) was measured using an enzymatic assay kit (Photo-
metric UV Test, manufactured by Parsazmoun, Tehran, Iran, 
prepared by Padginteb Co., Tehran, Iran).

Statistical analyses

The data were tested for normality using the Shapiro–Wilk 
test. Comparisons were made by two-way ANOVA (2[HIIE 
protocol] × 2[sex]) and Tukey’s post hoc test. Statistical anal-
ysis was performed using SPSS software version 20 and a 
P < 0.05 was considered statistically significant.

Results

A two-way analysis of variance showed that there was a sig-
nificant difference in the levels of PFK and GYS1 between 
the HIIE protocols (F (2, 34) = 8.48, P = 0.001 and F (2, 

34) = 11.57, P = 0.0001; respectively), whereas there were no 
significant differences between the sexes (F (1, 34) = 0.01, 
P = 0.92 and F (1, 34) = 0.73, P = 39; respectively) and 
interaction effects (HIIE protocol × sex) (F (2, 34) = 0.75, 
P = 0.48 and F (2, 34) = 1.24, P = 0.30; respectively). The 
finding of the post hoc test showed a significant decrease 
in the level of PFK (P = 0.003 and P = 0.002; respectively) 
and GYS1 (P = 0.0001 and P = 0.001; respectively) in the 
HIIESh and HIIEL groups compared to controls (Fig. 2a and 
b). There were no significant difference between HIIESh and 
HIIEL for both PFK and GYS1 levels (P = 0.99 and P = 0.77; 
respectively).

The results showed no significant difference between 
sexes and interaction effects of HIIE protocol × sex in 
the level of MCT4 (F (1, 34) = 0.46, P = 0.49 and F (2, 
34) = 1.26, P = 0.29; respectively), while there was a signifi-
cant difference between HIIE protocols (F (2, 34) = 10.52, 
P = 0.0001). The result demonstrated that MCT4 level in the 
HIIESh and HIIEL groups was lower than that of the control 
group (P = 0.001 and P = 0.002; respectively) (Fig. 2c).

Fig.2  The levels of a phosphofructokinase (PFK), b glycogen syn-
thase1 (GYS1), c monocarboxylate transporter 4 (MCT4), and d 
activity of lactate dehydrogenase (LDH) of HIIESh and HIIEL 

groups. HIIESh, HIIE with short-term intervals; HIIEL, HIIE with 
long-term intervals; *P < 0.05 difference compared to the control 
group; †P < 0.05 difference between male and female rats
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The results of LDH activity showed a significant differ-
ence between HIIE protocols and sexes (F (2, 34) = 44.52, 
P = 0.0001 and F (1, 34) = 9.21, P = 0.005; respectively). 
However, no significant difference was found in the HIIE 
protocol × sex interaction (F (2, 34) = 0.44, P = 0.64). Fol-
lowing Tukey’s post hoc test, LDH activity in HIIESh 
and HIIEL groups was significantly higher than the con-
trol group (P = 0.0001), while this difference between the 
HIIESh and HIIEL was not significant (P = 0.95). Also, 
LDH activity was significantly higher in male rats than in 
females (P = 0.005) (Fig. 2d).

Discussion

The findings of the present study showed that in the gas-
trocnemius muscle the levels of PFK, GYS1, and MCT4 
were lower in both male and female rats compared to control 
group after HIIESh and HIIEL protocols, while LDH activ-
ity was higher than the control group in both sexes after 
these two protocols and in male rats it was higher than in 
the females. The muscle glycogen storage and glycolytic 
capacity have a key role in performance during high-inten-
sity exercise [7]. Glycogen depletion is recognized as an 
important molecular signal linked to the gene expression 
regulation [21]. Glycogen synthase1 plays a major role in 
glycogen synthesis for muscle contraction and glycogen 
depletion is a leading cause of impaired skeletal muscle con-
traction and development of fatigue during exercise [23]. 
We observed that GYS1 reduction immediately after HIIESh 
and HIIEL were similar between male and female rats in the 
gastrocnemius muscle. This reduced level of GYS1 has been 
reported previously as a common parameter used to confirm 
the exhaustive characteristic following exercise [24]. It has 
been demonstrated that glycogen depletion occurs in sprint 
activities and a short period of physical activity reduces the 
rate of glycogen utilization [25]. Glycogen synthase has been 
observed to diminish or remain unchanged during a single 
bout of exercise and rapidly increase after the cessation of 
exercise [26, 27]. The mechanisms responsible for inhibition 
and especially glycolytic enzyme activation have not been 
fully elucidated. Taken together, there seems to be a con-
sensus that exercise and insulin regulate glycogen synthesis 
differentially [28].

Glycolytic metabolism is triggered by the initiation of 
sprint exercise [7]. In the present study, the level of PFK 
enzyme was significantly decreased following the short 
and long-term exercise intervals in gastrocnemius muscle 
in male and female rats. In particular, the marked reduc-
tion in the PFK level observed in the gastrocnemius muscle 
represents the important role of metabolic control of this 
enzyme. As PFK is the rate-limiting enzyme of glycolysis, 
then the maximal potential flux through glycolysis would 

drop considerably after 40 min exercise to 75% VO2max in 
skeletal muscles where large PFK down-regulation occurred. 
Therefore, down-regulation of PFK following exercise in the 
gastrocnemius muscle can be due to any of the following 
reasons: (1) oxidation of amino acid residues with possible 
proteolytic degradation; (2) reversible changes in the phos-
phorylation state of the enzyme; and (3) calcium-activated 
proteolysis [9]. Tremblay et al. demonstrated that the endur-
ance training program decreased PFK enzyme activity in 
both men and women. This is consistent with the fact that 
athletes competing in endurance events generally exhibit 
muscle PFK enzyme activity within the range of sedentary 
subjects. They also indicated that the HIIE resulted in a sub-
stantial increase in the activity of the glycolytic enzymes 
[29]. This type of exercise needs a high energy level via 
glycolytic metabolic pathway; therefore high concentrations 
of lactate is produced after a repeated bout of maximal short 
duration exercises [29, 30]. However, although there are 
several studies about exercise-induced changes in aerobic 
metabolism-related signaling pathways, little is known about 
the molecular mechanisms involving changes in anaerobic 
metabolism during exercise.

Monocarboxylate transporters (MCTs) play an impor-
tant role in lactate uptake and release [31] and MCT4 is 
widely expressed especially in tissues that rely on anaerobic 
metabolism. It plays a key role in the export of lactic acid 
from skeletal muscle [32]. In the present study, the MCT4 
was significantly decreased following the HIIESh and HIIEL 
in male and female rats but did not differ between the sexes. 
Despite limited research, it appears that MCT4 can be rap-
idly affected by an acute exercise. Tonouchi et al. reported 
a reduction in the plasma membrane content of MCT4 
immediately following 10  min high-intensity electrical 
stimulation performed in rats [33]. Therefore, our findings 
are consistent with the previous studies and supported the 
hypothesis that HIIE can acutely decrease relative MCT4 
abundance. Although a limited number of studies have 
examined MCT changes in response to HIIE, the molecular 
mechanisms involved in this regulation have not yet been 
fully understood. The literature has previously suggested 
that the decline in MCT4 content after acute high-intensity 
electrical stimulation contractions may have been due to 
translocation of this protein to an intracellular pool [33]. 
Alternatively, the fall in the membrane MCT content could 
be attributed to the fact that exhaustive exercise increases 
free-radical concentration, where lipid peroxidation induced 
by free radicals may also lead to alterations in membrane 
fluidity and permeability [31, 34], intracellular translocation, 
and protein carbonylation [34]. The decline in MCT4 in the 
present study may be expected to reduce the rate of lactate 
(and H) removal from the cell [35].

In the present study, the LDH activity was higher follow-
ing HIIESh and HIIEL in male and female rats compared to 
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the control group and the level of LDH activity in male rats 
was higher than in females. Our findings are in line with a 
previous study revealing rises in LDH activity after a single 
session of high-intensity exercise performed on the tread-
mill until exhaustion in rats [36]. Also, Takekura et al., [37] 
investigated the effect of acute exhaustive exercise on LDH 
activity and PFK level at different times after exercise (0, 1, 
6, 24, 48, and 72 h post-exercise) in slow and fast muscles 
of rats. The activity of LDH increases immediately after 
exercise only in the fast muscle (extensor digitorum longus). 
Also, two peaks were showed in slow and fast muscles at 1 
and 24 h after exercise. Our findings confirm previous results 
that suggested increasing LDH activity after a single session 
exercise. This indicates that the metabolic and mechanical 
stimuli in skeletal muscle in male rats are almost different 
from female rats.

This study has some limitations. The one limitation of 
this study that can be mentioned is the lack of the measure-
ment of these variables in slow and fast muscles and red and 
white areas of the skeletal muscle because these measure-
ments can obtain more accurate information on the possible 
differences in response to these protocols in the two sexes. 
Another limitation of this study is the lack of measurements 
of these variables at different times after exercise because 
it can provide more accurate information about changes in 
these variables following exercise.

Conclusion

In conclusion, the present study indicated that HIIE with 
short-term and long-term intervals has similar effects on the 
glycolytic pathway in both male and female rats. However, 
long-term studies are warranted to answer the possible dif-
ferences between the two sexes after two HIIE protocols.
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