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Abstract: This study investigates the effect of Dexamethasone (Dex) treatment on blood and skeletal
muscle metabolites level and skeletal muscle activity of enzymes related to energy metabolism after
long-duration swimming. To evaluate whether Dex treatment, swimming, and combining these fac-
tors act on analyzed data, rats were randomly divided into four groups: saline treatment non-exercise
and exercise and Dex treatment non-exercised and exercised. Animals in both exercised groups
underwent long-lasting swimming. The concentration of lipids metabolites, glucose, and lactate
were measured in skeletal muscles and blood according to standard colorimetric and fluorimetric
methods. Also, activities of enzymes related to aerobic and anaerobic metabolism were measured in
skeletal muscles. The results indicated that Dex treatment induced body mass loss and increased
lipid metabolites in the rats’ blood but did not alter these changes in skeletal muscles. Interestingly,
prolonged swimming applied after 9 days of Dex treatment significantly intensified changes induced
by Dex; however, there was no difference in skeletal muscle enzymatic activities. This study shows
for the first time the cumulative effect of exercise and Dex on selected elements of lipid metabolism,
which seems to be essential for the patient’s health due to the common use of glucocorticoids like Dex.

Keywords: dexamethasone; endurance exercise; lipid metabolism; glucose metabolism; skeletal muscle

1. Introduction

Glucocorticoids (GCs) have been used for more than 60 years for significant anti-
inflammatory and immunosuppressive effects. Due to the broad spectrum of treatment
options, the GCs are used in several acute and chronic disorders. In 1999, almost 1%
of the United Kingdom population had prescribed GCs for long or short-term use [1].
Nevertheless, over the next 20 years, prescription of GCs across the whole world rose.
Analysis of data from France patients indicated that from 2007 to 2014, the frequency of GC
uses rose from 14 to 17% [2]. In the USA, administration of GC is even higher; up to 21% of
American adults were given prescriptions for short-term use of oral corticosteroids during
three years (2012–2014) [3].
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One of the synthetic GCs used clinically is Dexamethasone (Dex). Dex is administra-
tive to treat inflammatory and immune-mediated diseases, such as arthritis [4], allergic
rhinitis [5], and asthma [6] and as part of various chemotherapy protocols [7].

Despite Dex’s broad range of indications, the long-term use of this GC is generally
avoided because of the increased risk of adverse events in different tissues and organs [8].
Dex treatments may lead to disturbance in glucose metabolism and the development of
diabetes [9]. Other adverse events of Dex administration are skeletal muscle atrophy and
accelerated weight loss [10,11]. These negative changes are related to the Dex effect on
FoxO-mediated ubiquitin-proteasome overactivity and impairment of IGF-1-mediated
signaling [12]. Another coexisting mechanism of muscle atrophy induced by Dex is the
upregulation of myostatin gene expression, which is also related to the swelling or vac-
uolization of mitochondria [13]. Moreover, Dex inducing skeletal muscle atrophy also
results in other mitochondrial dysfunction.

After Dex treatment, Liu and coworkers observed loss of mitochondria content, com-
promised mitochondrial respiration, and disorders in mitochondrial dynamics [14]. These
mitochondrial impairments may affect cellular processes as apoptosis, Ca2+ homeostasis,
or energy production. Disturbances in energy production after Dex treatment are also
confirmed by the metabolite levels in skeletal muscle [15]. After long-term Dex treatment,
the observed changes are: slower nightly energy expenditure and accelerated fatty acid
oxidation [16]. Interestingly, even 5 days of high-dose Dex treatment induced a significant
increase in liver mass, an increase in liver mitochondrial non-phosphorylative O2 consump-
tion rate, and a decrease in the thermodynamic coupling of oxidative phosphorylation in
liver respiratory pathways. However, this treatment has no effect on energy metabolism
in the gastrocnemius muscle [17]. Koski and coworkers presented the different effects of
Dex treatment on skeletal muscles. They show decreased substrate oxidation by skeletal
muscles of rats treated with Dex. The decrease appeared to be proportional to the content
of white glycolytic fibers in the muscle [18]. The Weber group demonstrates the opposite
effect of Dex treatment. Their results show that Dex stimulates mitochondrial biogenesis
and that this phenomenon is relatively specific for skeletal muscle [19].

Despite these differences in energy metabolism after Dex treatment, skeletal muscle
atrophy and changes in mitochondria functions occur as adverse events. Therefore, the po-
tential protective therapies against muscle wasting are focused on improving mitochondria
quality and content. One of the agents, which induced mitochondrial biogenesis via the
AMPK–PGC-1α pathway is resveratrol. This polyphenol has been reported to be efficient
in preventing muscle atrophy in several models as hypodynamia and hypokinesia [20],
Dex treatment [21], non-alcoholic steatohepatitis [22], and sarcopenic obesity [23]. The
previously administered physical training also prevented the muscle atrophy caused by
Dex treatment.

Studies indicate that both high and low-intensity resistance training and endurance
training prevent Dex-induced muscle atrophy. Eight weeks of resistance training ameliorate
atrophy induced by Dex treatment via increased mTOR and reduced Atrogin-1 and MuRF-1
protein content [24,25]. In addition, endurance training also attenuates hyperglycemia and
may prevent insulin resistance and muscular glycogen loss [26]. Despite the protective
effects of physical training on skeletal muscle atrophy induced by Dex, there is no data
relating to the effects of Dex on skeletal muscle metabolism under long-term endurance
exercise conditions. Therefore, this study investigates the effect of long-time swimming
on blood and skeletal muscle metabolites concentration and skeletal muscle activity of
enzymes related to energy metabolism after Dex treatment.

2. Results
2.1. The Effect of Dex Treatment and Exercise on Rats Body Mass

Dex treatment significantly reduced body mass in both swimming and non-exercised
animals compared to saline-treated rats. This change is time-dependent; the signifi-
cant reduction was observed after 3 days of treatment (286.89 ± 4.32, 281.70 ± 7.37,
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260.30 ± 10.91, and 259.70 ± 5.01 g in saline-treated, non-exercised (SC), saline-treated,
exercised (SE), Dex-treated, non-exercised (DC) and Dex-treated, exercised (DE) groups,
respectively) and the difference rose in the following days and the nine-day riches around
60 g (296.20 ± 4.68, 292.20 ± 6.98, 236.90 ± 9.08, and 233.30 ± 5.34 g in SC, SE, DC and DE
groups, respectively; Figure 1).
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Figure 1. The effects of Dex treatment, swimming, and a combination of these factors on body
mass during ten days observation. Body mass was measured daily for the entire experiment in
saline-treated, non-exercised (SC), saline-treated, exercised (SE), Dex-treated, non-exercised (DC)
and Dex-treated, exercised (DE) groups of rats.
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—Dex or saline injection, on the 10th day of the
experiment, rats from exercised groups underwent swimming. ** p < 0.01, and *** p < 0.001 between
saline (SC + SE) and Dex (DC + DE) treated rats. The data are presented as the means (n = 10 in
each group).

2.2. Effects of Dex Treatment and Exercise on Liver and Muscle Damage Markers and Stress
Response Elements

Neither nine days of Dex treatment and three hours of swimming, nor a combination
of these conditions resulted in a change in blood creatine kinase (CK) and alanine amino-
transferase (ALT) activities and cortisol (Cort) concentration. However, there was a trend
towards increasing CK activity in the rats’ blood after Dex administration (p = 0.1). There
was also a tendency to lower the Cort concentration in response to Dex treatment (p = 0.062,
DC vs. SC groups) and a slight, insignificant increase in both exercised groups compared
to non-exercise animals. Dex treatment also resulted in lowered plasma adrenaline (Adr)
concentration compared to the SC group. There was also a slight, insignificant decrease
in Adr concentration after swimming in both SE and DE groups compared to SC and DC
groups (Table 1).

2.3. Effects of Dex Treatment on Glucose and Lactate Level under Exercise Condition

In rats previously treated with Dex, swimming resulted in higher plasma Glu
(148.50 ± 3.48 mg/dL) and LA (5.03 ± 0.31 mmol/L) than DC (p = 0.0002 for Glu and
LA) and SE group (p = 0.0004 for Glu, p = 0.0002 for LA; Figure 2A,B). In the DE group,
there were no changes in soleus (SOL) (13.29 ± 0.49 µg/mg of protein; Figure 2D) and
extensor digitorum longus (EDL) (37.78 ± 1.08 µg/mg of protein) LA concentration as
compared to the DC group, but the lactate level in EDL was higher in the DE group than in
the SE group (p = 0.0006; Figure 2C).
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Table 1. The effects of Dex treatment, swimming, and a combination of these factors on liver and
muscle damage markers and stress response elements.

SC SE DC DE p

CK
(U/L) 1125.47 ± 93.94 1310.71 ± 78.38 1365.28 ± 65.01 1263.82 ± 44.25 ns

ALT
(U/L) 48.03 ± 1.32 44.42 ± 1.03 49.53 ± 1.78 49.35 ± 2.04 ns

Cort (pg/mL) 4.72 ± 0.84 5.47 ± 0.49 * 2.38 ± 0.35 * 3.46 ± 0.69 0.009 between *

Adr
(pg/mL) 246.82 ± 22.03 186.98 ± 28.37 130.36 ± 19.24 * 109.40 ± 12.19 * <0.05 between SC and *

Creatine kinase (CK), Alanine Aminotransferase (ALT) activities, and Cortisol (Cort) and Adrenaline (Adr)
concentrations were measured in rats’ plasma in saline-treated, non-exercised (SC), saline-treated, exercised (SE),
Dex-treated, non-exercised (DC) and Dex-treated, exercised (DE) groups of rats. The data are presented as the
means ± SEM (n = 10 in each group for all parameters except Cort, n = 7). Meanning of * is explain in the p part
of table.
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Figure 2. The effects of Dex treatment, swimming, and a combination of these factors on glucose and
lactate concentrations in rat plasma and skeletal muscles. Blood Glucose (Glu) (A), Lactate (LA) (B),
were measured in rats’ plasma. Soleus LA (D) and EDL LA (C) were measured in deproteinized
muscle samples. There were significant differences between the groups: cp < 0.001 between the
indicated groups; ### p < 0.001 between the indicated group and saline exercised group; ** p < 0.01,
and *** p < 0.001 between the indicated group and saline control group. The data are presented as the
means ± SEM (n = 10 in each group).

2.4. Effects of Dex Treatment on Glucose and Lactate Concentrations in Rat Plasma and
Skeletal Muscles

Nine days of Dex treatment did not change the level of glucose (Glu)
(122.19 ± 3.34 mg/dL) and lactate (LA) (3.01 ± 0.11 mmol/L) in the blood of animals
compared to the SC group (131.56 ± 2.08 mg/dL and 2.74 ± 0.06 mmol/L for Glu and
LA, respectively; Figure 2A,B). There were also no changes in LA concentration in SOL
(12.93 ± 0.61 µg/mg of protein) and EDL muscles (41.45 ± 0.93 µg/mg of protein) as com-
pared to the SC group (12.81 ± 0.58 and 39.16 ± 0.97 µg/mg of protein in SOL and EDL,
respectively; Figure 2C,D).
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2.5. Effects of Swimming on Glucose and Lactate Levels in Rat Plasma and Skeletal Muscles

Three hours of swimming did not change the concentration of Glu (128.83 ± 2.59 mg/dL)
and LA (3.39± 0.22 mmol/L) in the plasma of rats compared to the SC group (Figure 2A,B).
After this type of exercise, there was no change in the level of lactate in the SOL muscle
(12.74 ± 0.32 µg/mg of protein; Figure 2D), but we observed a significant decrease in LA
in the EDL muscle (30.64 ± 1.45 µg/mg of protein) compared to the SC group (p = 0.0002;
Figure 2C).

2.6. Effects of Dex Treatment on Lipid Metabolites Level in Rat Plasma and Skeletal Muscles under
Exercise Condition

Swimming in rats previously treated with Dex (DE group) resulted in the same
tendency of change in plasma metabolites concentration compared to the DC group as
in saline treatment animals; however, the concentration of Trigs (207.13 ± 18.35 mg/dL),
Gly (465.66 ± 13.02 mg/dL), and NEFA (1.28 ± 0.08 mg/dL) were higher in DE than in
the SE group p = 0.0002 for Trigs and Gly, p = 0.002 for NEFA; Figure 3A–C). A similar
observation was noticed in SOL muscle, where Trigs (14.10 ± 1.73 µg/mg of protein)
and Gly (2.41 ± 0.28 µg/mg of protein) levels decreased after swimming compared to the
DC group (p = 0.0002 for Trigs, p = 0.0007 for Gly), but was significantly higher than in
SE (p = 0.02 for Trigs, p = 0.03 for Gly; Figure 3D,E). Interestingly, swimming after Dex
treatment increased both Trigs (13.06 ± 0.95 µg/mg of protein) and Gly (1.89 ± 0.09 µg/mg
of protein) concentration in EDL muscle compared to the DC group (9.91 ± 0.43 and
1.32 ± 0.02 µg/mg of protein for Trigs and Gly, respectively; p = 0.009 for Trigs, p = 0.0002
for Gly; Figure 3F,G).

2.7. Effects of Dex Treatment on Lipid Metabolites Level in Rat Plasma and Skeletal Muscles

Nine days of Dex treatment induced accumulation of triglycerides (Trigs)
(353.73 ± 18.82 mg/dL), glycerol (Gly) (206.60 ± 11.44 mg/dL), and non-esterified fatty
acids (NEFA) (0.49 ± 0.03 mg/dL) in rats plasma compared to SC group (217.05 ± 16.63,
90.45 ± 10.52 and 0.22 ± 0.02 mg/dL for Trigs, Gly and NEFA concentration, respectively,
p = 0.0002 for Trigs and Gly and p = 0.002 for NEFA; Figure 3A–C). However, this treatment
did not induce any changes in Trigs and Gly concentrations in SOL and EDL skeletal
muscles (Figure 3D–G).

2.8. Effects of Swimming on Lipid Metabolites Level in Rat Plasma and Skeletal Muscles

Three hours of swimming significantly lowered Trigs levels in plasma (64.66 ± 2.59
in SE, and 217.05 ± 16.63 mg/dL in SC group, p = 0.0002; Figure 3A) and SOL muscle
(7.37 ± 0.87 in SE group, and 27.78 ± 1.25 µg/mg of protein in SC group, p = 0.0002;
Figure 3D) and did not affect the Trigs level in EDL muscle in comparison to SC groups
(Figure 3F). These changes were related to an increase in plasma Gly (337.52 ± 15.16 in SE
group, and 90.45 ± 10.52 mg/dL in SC group, p = 0.0002; Figure 3B) and NEFA (0.93 ± 0.04
in SE group, and 0.22 ± 0.02 mg/dL in SC group, p = 0.0002; Figure 3C) concentrations.
Swimming also decreased the Gly level in SOL muscle (1.10 ± 0.16 in the SE group, and
3.89 ± 0.25 µg/mg of protein in the SC group, p = 0.0002; Figure 3E) but did not affect EDL
Gly level (Figure 3G).

2.9. Effects of Dex Treatment and Exercise on Enzymes Related to Aerobic and Anaerobic
Metabolism and PGC-1α Level in Skeletal Muscles

Neither nine days of Dex treatment and three hours of swimming nor a combination of
these conditions resulted in any changes in activities of enzymes related to aerobic (citrate
synthase (CS) and cytochrome c oxidase (COX)) and anaerobic (lactate dehydrogenase
(LDH)) metabolism in both SOL and EDL skeletal muscles (Table 2) as well as the level of
succinate dehydrogenase (Figure 4A,B) and PGC-1α (Figure 4C,D) in these muscles.
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Table 2. The effects of Dex treatment, swimming, and a combination of these factors on activities of
enzymes related to aerobic and anaerobic metabolism in skeletal muscles.

Soleus Extensor Digitorum Longus

Enzyme SC SE DC DE p SC SE DC DE p

CS
(nmol/min/mg

of protein)
60.11 ± 1.68 56.89 ± 0.92 59.25 ± 1.95 54.53 ± 1.26 ns 43.53 ± 1.03 40.08 ± 1.30 42.09 ± 1.67 44.47 ± 1.36 ns

COX
(nmol/min/mg

of protein)
62.03 ± 1.57 59.59 ± 1.81 63.68 ± 1.42 63.82 ± 1.72 ns 44.83 ± 1.39 47.04 ± 1.39 42.70 ± 1.67 45.63 ± 1.54 ns

LDH 0.3
(µmol/min/mg

of protein)
1.02 ± 0.03 0.99 ± 0.03 1.05 ± 0.03 1.01 ± 0.03 ns 2.83 ± 0.09 2.95 ± 0.10 2.97 ± 0.09 2.92 ± 0.08 ns

LDH 2.1
(µmol/min/mg

of protein)
0.60 ± 0.01 0.60 ± 0.02 0.64 ± 0.02 0.58 ± 0.01 ns 2.66 ± 0.09 2.83 ± 0.06 2.90 ± 0.09 2.75 ± 0.05 ns

Citrate synthase (CS), cytochrome c oxidase (COX), lactate dehydrogenases (LDH) 0.3 and 2.1 activities were
measured in rats’ soleus and extensor digitorum longus homogenates in saline-treated, non-exercised (SC), saline-
treated, exercised (SE), Dex-treated, non-exercised (DC) and Dex-treated, exercised (DE) groups of rats. The data
are presented as the means ± SEM (n = 10 in each group).
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Figure 4. The effects of Dex treatment, swimming, and a combination of these factors on succinate
dehydrogenase and peroxisome proliferator-activated receptor gamma coactivator 1-alpha levels in
skeletal muscles. SOL succinate dehydrogenase (SDH) (A) and peroxisome proliferator-activated
receptor gamma coactivator 1-alpha (PGC-1α) (C) levels, as well as EDL SDH (B) and PGC-1α (D),
were measured in skeletal muscles lysates in saline-treated, non-exercised (SC), saline-treated, exer-
cised (SE), Dex-treated, non-exercised (DC) and Dex-treated, exercised (DE) groups of rats. Changes
in protein levels were assessed by densitometry of the immunoreactive bands and normalized to
the total amount of protein in the samples transferred onto the membrane (Figure S1). The data are
presented as the means ± SEM (n = 6 in each group).

2.10. Effects of Dex Treatment and Exercise on Mitochondrial Function

Neither nine days of Dex treatment and three hours of swimming, nor a combi-
nation of these conditions resulted in any changes in mitochondrial respiration rates:
non-phosphorylating LEAK respiration, OXPHOS capacity, NADH and succinate-linked
OXPHOS capacity or mitochondrial coupling efficiency (Table 3).
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Table 3. The effects of Dex treatment, swimming, and a combination of these factors on skeletal
muscle mitochondrial bioenergetics.

SC SE DC DE p

state NL 20.01 ± 1.18 17.79 ± 2.18 20.67 ± 1.45 20.12 ± 1.58 ns

state NP 377.77 ± 31.21 344.07 ± 34.84 334.21 ± 30.43 375.47 ± 41.54 ns

state NSP 561.77 ± 31.21 521.86 ± 44.24 570.21 ± 37.40 512.27 ± 27.51 ns

OCE 0.92 ± 0.012 0.93 ± 0.005 0.93 ± 0.003 0.94 ± 0.005 ns

Non-phosphorylating LEAK respiration (state NL), OXPHOS capacity (state NP), NADH and succinate (NS)-
linked OXPHOS capacity (state NSP), and OXPHOS coupling efficiency (OCE) were measured in quadriceps
mitochondria in saline-treated, non-exercised (SC), saline-treated, exercised (SE), Dex-treated, non-exercised (DC)
and Dex-treated, exercised (DE) groups of rats. The data are presented as the means ± SEM (n = 9 in each group).

3. Discussion

In this study, we investigate, for the first time, the post-exercise metabolites levels,
liver and muscle damage markers, and stress response elements under the influence of
Dex treatment. The main finding of this work is that the nine days Dex treatment modi-
fies the long-term swimming-induced metabolic response in rats seen in both blood and
skeletal muscles. Furthermore, Dex-treatment induces lowering of rats body mass which
is accompanied by changes in blood lipid metabolites. It is worth emphasizing that these
changes are not related to rats’ skeletal muscles or liver damage. Interestingly, prolonged
swimming induced a different response in the levels of the metabolites mentioned above,
especially in the white, fast-twitched EDL muscle.

One of the most common adverse events after Dex treatment is lowering body mass,
which was also observed in our study. Interestingly, even topical ocular Dex treatment
induced body mass loss, liver damage, and blood cholesterol alteration in rats [27]. There-
fore, to evaluate whether intraperitoneal injection of Dex, swimming, and combining these
factors induce muscle or liver damage or influence stress response elements, we measured
CK, ALT activities and Cort, and Adr concentrations in the rats’ plasma. As mentioned
before, we observed changes in neither skeletal muscle nor liver damage markers, but
we observed a tendency to increase the plasma CK activity after Dex treatment. This
observation is in line with previously published papers, because, on the one hand, Noh
and coworkers documented that 5 days of Dex administration resulted in a 3-fold increase
of CK serum level in rats [28]. However, on the other hand, other authors showed that
Dex administration might even decrease the level of circulating CK levels, which may be
related to protein synthesis inhibition, cellular membrane stabilization, anti-inflammatory,
and catabolic effects on myofibers [29,30]. Changes in the level of blood ALT are Dex
dose-dependent. In higher than clinical dose levels of Dex treatment, ALT increased by
almost 10-fold after 4 days of administration [31], but the lower dosage of Dex did not
alter blood ALT activity even after 12 days [32]. To evaluate whether Dex treatment or
swimming acts as a stressor for animals, we measured Cort and Adr concentrations in rats’
plasma. In Dex treated rats group, we observed a tendency to lower the blood Cort level.
This change is related to the influence of Dex on the HPA axis. After administration of Dex,
authors observed lowering of Cort blood level both in animal and human studies [33,34].
However, a slight, insignificant increase in Cort level was observed after swimming in
both groups, which may be considered as a factor of stress related to swimming. After Dex
treatment, Adr level drops, which may be related to Dex’s inhibitory action on releasing
this hormone [35]. No changes in Adr level were observed after exercise in both groups.

Because Dex treatment may impair glucose metabolism and homeostasis, we evaluate
whether tested factors will influence blood glucose and lactate as well as skeletal muscles
lactate levels.

Glucose is an essential fuel for contracting skeletal muscle during prolonged, strenuous
exercise. Skeletal muscle glucose uptake is determined primarily by exercise intensity, du-
ration, and glucose supply, as well as circulating hormones [36]. In low-intensity exercises,
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glucose in skeletal muscles is transformed into pyruvate and transported into mitochondria;
however, when the intensity of exercise increases, it “switches on” the anaerobic possibility
to metabolize the glucose. In this condition, lactate production and increased blood lactate
concentration were observed [37]. Therefore, we measured blood glucose and lactate and
SOL and EDL lactate concentrations to evaluate whether Dex treatment, swimming, and
combining these factors influence skeletal muscle glucose metabolism.

Neither three hours of swimming nor nine days of Dex treatment altered blood glucose
levels. Nevertheless, long-lasting swimming in animals previously treated by Dex resulted
in higher blood glucose concentration. These results align with previously published
data, where authors indicated that Dex-treatment induces diabetes-related symptoms
like hyperinsulinemia and hypertriglyceridemia even without changes in fasting glucose
level [9]. Another action of Dex treatment on glucose metabolism is inhibition of skeletal
muscle glucose uptake [38], which may explain the increased glucose level after exercise.

There was also an increase in blood lactate level after swimming, but this was sta-
tistically significant only in the Dex treated group of animals. Therefore, we assume that
the same additional load (3% of actual body weight of the animal) generates a different
intensity of exercise in both groups of animals, and this response may be related to impaired
metabolism caused by Dex treatment [39]. The blood level of lactate during exercise is
related to the production of lactate by skeletal muscle and the possibility of its utilization.
Our study indicated that neither Dex treatment, swimming, nor combining these factors
influenced the lactate concentration in red, slow-twitched SOL muscle. In opposite in
white, fast-twitched EDL muscle, there was a reduction in lactate concentration after 3 h of
swimming, but, interestingly, this change was not found after Dex treatment, where lactate
concentration was higher after exercise compared with the SE group.

Lactate production in muscle cells provides energy to continued exercise, but lactate
is not an undesirable reaction product. This molecule is also a fuel energy source, gluco-
neogenic precursor, and signaling molecule [40]. One of the cellular signals induced by
lactate is regulating skeletal muscle lipid metabolism [41]. Therefore, we investigate the
effects of the conditions mentioned above also on lipid metabolism.

Usage of lipids as a primary energetic substrate is observed in the long-lasting,
moderate-intensity endurance exercises. In these types of exercises, there is an increase
in lipolysis in adipose tissue, as well as in the working muscles [42]. Our study found
that after 3 h of swimming, there was an increase in plasma NEFA and glycerol level,
which should be considered as metabolites related to increased adipose tissue lipolysis [43].
Higher circulating Gly level could also be related to skeletal muscle lipolysis and release
of Gly from skeletal muscle to blood mainly observed in slow-twitched muscles under
long-lasting swimming. Another factor that proves these changes is the lowering of SOL
and blood concentration of Trigs, which are the storage form of fatty acids. Mentioned
above changes did not occur in the fast-twitched EDL muscle, which should be related to
the anaerobic–glycolytic nature of these types of muscle.

Nine days of Dex treatment increased blood Trigs, Gly, and NEFA concentrations in
non-exercised animals. These changes should be considered a result of the activation of
lipolysis in adipose tissue by GCs [44], especially since the level of these metabolites in
skeletal muscles remains unchanged. Also, reduction of animals mass after Dex treatment
should be considered as additional proof for adipose tissue lipolysis. However, hyper-
triglyceridemia induced by Dex treatment is also related to early diabetes [9]. Interestingly,
long-lasting swimming in animals previously treated with Dex resulted in similar changes
in blood lipid metabolites as in the non-Dex treated animals; however, the concentration
of these metabolites was higher than in the control group. Also, the level of Trigs and Gly
in SOL muscle declined after swimming, but the concentration of these metabolites was
higher than in non-Dex treatment swimming animals. The differences in the concentration
of these metabolites after exercise should be considered as another result confirming higher
swimming intensity in the Dex-treated group of rats.
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Interestingly, swimming after Dex treatment results in the increase of both Trigs and
Gly in fast-twitched EDL muscle. These changes between two types of skeletal muscles
may result from lipolysis rate, which is higher in SOL muscle, and the possibility of
muscle type to Gly release under lipolysis state [45]. Another coexisting explanation of
Trigs accumulation in EDL after 3 h of swimming is lactate, which is produced mainly by
muscles composed of fast-twitch types of fibers. The study of Sun et al. indicated that
lactate is also a signaling molecule, which via inhibition of the cAMP-PKA pathway and
activation of GPR81, may lead to intramuscular accumulation of Trigs [41].

Changes in the glucose and lipid metabolites led us to verify whether these changes
are related to the impairment of aerobic and anaerobic enzymatic activities.

The production of energy by skeletal muscle is related to the activities and levels
of specific enzymes. In cells, some enzymes represent anaerobic metabolism, i.e., citrate
synthase (one of the Krebs cycle enzymes), cytochrome c oxidase (one of the electron
transport chain enzymes), and also enzymes related to anaerobic metabolism like lactate
dehydrogenase [46]. Our study showed no changes in any tested aerobic and anaerobic
enzymatic activities and SDH levels after Dex treatment or long-lasting swimming in both
types of skeletal muscles. These treatment types do not induce changes in skeletal muscle
PGC-1α protein content, which stimulates mitochondrial biogenesis and promotes the
remodeling of muscle tissue to a fiber-type composition that is metabolically more oxidative
and less glycolytic [47]. What is more, there are no changes in skeletal muscle mitochondrial
respirations states and OXPHOS coupling efficiency. In the scientific literature, there are
controversies related to the influence of Dex and other GCs on skeletal muscle metabolism.
In literature data, there are research: showing no effects of Dex treatment on skeletal muscle
energy metabolism [17], decreased substrate oxidation by skeletal muscles [18], and even
stimulation of mitochondrial biogenesis [19]. It seems that the skeletal muscle response
to Dex treatment is related to many factors, like dosage, time of treatment, or even the
method of administration. In research published by Mitsui et al., authors indicated that
chronic GCs treatment leads to human skeletal muscle mitochondria dysfunction; however,
they observed changes in complex I of electron transport chain activity, but not in the COX
activities [48]. On the animal model, five days of Dex treatment lowered COX activity in
skeletal muscle simultaneously, with no changes in CS activities [17]. Our research also
confirms no effect of Dex treatment on LDH activities in both types of skeletal muscles [49].

Based on [41,50–52] and our results, we propose a potential mechanism(s) of action
of swimming (A), Dex treatment (B), and a combination of these factors (C) on energy
metabolism (Figure 5).

(A) Like any other type of exercise, long-lasting swimming increases energy expendi-
ture. Therefore, to resynthesize more ATP for working muscles, the organism activates the
HPA axis to increase releasing of adrenalin from adrenal glands into the blood. Adrenalin
acts on adipocytes and skeletal muscles via a β-adrenergic receptor (
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lipolysis rise in adipocytes and skeletal muscles, which is related to increasing the con-
centration of free fatty acids (FFA) and glycerol (Gly). These metabolites are transported
from lipid cells to blood, and FFA enter to skeletal muscle. In skeletal muscle, FFA are
transformed to acetyl-CoA and transported into mitochondria, where β-oxidation, Krebs
cycle, and electron transport chain cooperate to resynthesis ATP. Our data suggest that long-
lasting swimming supports the switch to fatty acid oxidation in skeletal muscle through
activation in the HPA axis and turned on regulatory cascade rather than gross changes in
mitochondrial volume or mitochondrial turnover.

(B) Dexamethasone (Dex), as a glucocorticoid, acts on adipocytes and skeletal muscles
like adrenaline, which leads to ther accumulation of FFA and Gly (metabolites in the circle)
in the blood. In contrast to exercise conditions, where energy expenditure increases, FFA
are accumulated and not activated in skeletal muscle cells, leading to feedback inhibition
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(`) of lipase activity. FFA from the blood, instead of to muscle, are transported into the
liver, and in hyperinsulinemia state, TG are synthesized from FFA and Gly. Next, TG are
released into the blood.

(C) Exercise in animals previously treated with Dex results in different molecular
responses, especially in white, fast-twitched EDL muscle. Because feedback lipase inhibition
exist and the energy expenditure rises, the organism needs to resynthesize ATP from not
only lipids sources, but also glycogen and glucose (Glu). Metabolism of Glu may be aerobic
(mitochondrial) and anaerobic (mainly in fast-twitched muscles). Under these conditions,
Glu can be transformed into pyruvate and, next, depending on the situation, in acetyl-CoA
or lactic acid (LA). Under exercise conditions, LA may be used as an energy source (in
slow-twitched muscles), accumulate inside the skeletal muscle, or be transported to the
bloodstream. In skeletal muscle, accumulated LA may also play a role as a signaling
molecule. In this situation, LA inhibits cAMP-PKA signaling and leads to the accumulation
of TG in skeletal muscle.

A major limitation of this study is the lack of skeletal muscle transcriptome analy-
sis, which may show whether Dex treatment affects the mRNA level related to energy
metabolism proteins. Further studies are required to evaluate whether the different periods
of Dex treatment will induce other changes in exercise energy metabolism and if Dex
treatment also changes the energy metabolism under different types of exercises. Also, in
the following research related to Dex treatment, a glucose tolerance test should be done to
verify if this treatment induced pre-diabetes or diabetes.
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4. Materials and Methods
4.1. Animals

All experimental procedures, which included minimizing the number of animals
and their suffering, were reviewed and approved by the 3rd Local Ethical Committee
for Experiments on Animals in Gdansk (decision number 51/2015, 14 December 2015).
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Guidelines for the handling use and ethical treatment of laboratory animals based on
European Union Directive 2010/63/E.U. were followed in all experiments.

Male Wistar rats (four groups, n = 10 per group), weighing 250–300 g, were housed in
an environmentally controlled room (23 ± 1 ◦C with a 12 h light-dark cycle) and received
standard rat chow and water ad libitum. After acclimatization, rats were randomly assigned
into the following groups: SC- saline treatment, sedentary group; SE- saline treatment,
exercise group; DC–Dex treatment, sedentary group; DE–Dex treatment, exercise group.
Animals were weighed every day, at the same time, to calculate the dose of Dex as well as
exercise loading.

The animals were sacrificed by stunning and decapitation. After decapitation, blood
was collected into a tube containing EDTA and centrifuged at 2000× g to obtain plasma.
Next, plasma was kept at –80 ◦C until analysis. 20 uL of blood was also added to 180 uL
of 0.4 M perchloric acid to deproteinized sample. After vortex, deproteinized blood was
centrifuged at 14,000× g and stored for lactate analysis. Also, skeletal muscles (SOL and
EDL) were rapidly removed and frozen in liquid nitrogen and kept at –80 ◦C until analysis.

4.2. Intraperitoneal Injection of Dexamethasone or Saline

The SC and SE groups received saline (the same amount as dexamethasone groups),
the DC and DE groups will receive 1 mg/kg of Dexamethasone (dissolved in saline) every
other day by intraperitoneal injection for 9 days.

4.3. Exercise Protocol

The rats were prepared for the experiments and exercise tests using the methods
described previously [53]. Before the experiments, the animals in the SE and DE groups
were acclimatized to reduce swimming stress. Each day during the preparatory procedure,
the rats swam for 30 min in water at 35 ◦C. On the first day, the rats swam without any
additional weight. On the second, third, and fourth days, the rats swam burdened with
1, 2, and 3% of their body weight, respectively. Additional weights, placed on the rope,
were attached with plaster at the height of 3/4 of the distal part of the rat’s tail. On the
fifth day, exercise testing was performed in the SE and DE groups of rats, which consisted
of 3 h of prolonged swimming in 35 ◦C water burdened with 3% of their body weight.
Immediately after completing their protocol, the rats were euthanized (as described in the
“Animals” subsection).

4.4. Preparation of Skeletal Muscle for Analysis
4.4.1. Enzymatic Activities and Metabolites Levels

After unfrozen, skeletal muscle was weighted and immediately inserted into cold
homogenization buffer (50 mM Potassium Phosphate, 1 mM EDTA, 0.5 mM DTT, 1.15% KCl,
pH 7.4, supplemented with protease inhibitor cocktail). Next, the 5% homogenate was
made in a hand glass homogenizer. After obtaining homogenate (around 30 stokes), the
homogenate was separated into two tubes, one for enzymatic activities measurement
(immediately frozen and kept at –80 ◦C until analysis), and the second for analysis of
metabolites level. To measure levels of metabolites in skeletal muscles, the samples were
deproteinized by mixing the same volume of homogenate and 0.8 M Perchloric acid. Next,
the samples were centrifuged at 14,000× g, and the supernatant was collected and stored
until analysis at –80 ◦C.

4.4.2. Western Blotting

After unfrozen, skeletal muscle was weighted and immediately inserted into cold
lysis buffer (RIPA buffer, supplemented with protease inhibitor cocktail). Next, the 10%
lysate was made in a hand glass homogenizer. Next, the lysate was frozen at –80 ◦C and
thawed at 30 ◦C, three times and re-homogenized. Finally, the material was centrifuged at
15,000× g for 10 min at 4 ◦C. The resulting supernatant was decanted and frozen at –80 ◦C
for further analysis.
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4.5. Metabolites Level Measurement
4.5.1. Blood Glucose Level

The glucose level was measured in plasma using the manufacturer’s instructions from
RANDOX GLUC-PAP assay (cat. number GL 2623, Randox Laboratories Ltd., Crumlin,
County Antrim, UK), against the standard curve, according to the manufacturer’s instructions.

4.5.2. Blood and Skeletal Muscle Lactate Concentration

The lactate level was measured in deproteinized blood and skeletal muscle samples,
according to [54]. Briefly, 10 uL of deproteinized SOL, EDL, and blood samples were mixed
with 250 uL of cocktail (1.1 M hydrazine buffer, pH 9.0; 0.25 mM NAD and 1 U LDH/mL).
Next, 96-well plate was incubated for 30 min in the dark at 25 ◦C. After incubation, the
fluorescence was measured at Ex = 365 nm, Em = 410–460 nm by GloMax®-Multi Detection
System (Promega Corporation, Madison, WI, USA).

4.5.3. Blood and Skeletal Muscle Triglycerides Concentration

The glycerol level was measured in plasma and deproteinized muscle samples using
a RANDOX Triglycerides assay (cat. number TR 210, Randox Laboratories Ltd., Crumlin,
County Antrim, UK), against the standard curve, according to the manufacturer’s instructions.

4.5.4. Blood and Skeletal Muscle Glycerol Concentration

The glycerol level was measured in plasma and deproteinized muscle samples using a
RANDOX Glycerol assay (cat. number GY 105, Randox Laboratories Ltd., Crumlin, County
Antrim, UK), against the standard curve, according to the manufacturer’s instructions.

4.5.5. Blood Non-Esterified Fatty Acid Level

The NEFA level was measured in plasma using a RANDOX NEFA assay (cat. number
FA 115, Randox Laboratories Ltd., Crumlin, County Antrim, UK) against the standard
curve, according to the manufacturer’s instructions.

4.5.6. Blood Alanine Aminotransferase Activity

The ALT activity was measured in plasma using a RANDOX ALT assay (cat. number
AL 146, Randox Laboratories Ltd., Crumlin, County Antrim, UK) against the standard
curve, according to the manufacturer’s instructions.

4.6. Blood Adrenaline Concentration

The adrenalin concentration was measured in plasma using a Demeditec Diagnostics
Adrenaline ELISA (cat. number DEE6100, Demeditec Diagnostics GmbH, Kiel, Germany)
to the manufacturer’s instructions.

4.7. Blood Cortisol Concentration

The cortisol concentration was measured in plasma using an Arbor Assays Cortisol
enzyme immunoassay kit (cat. number K003-H1/H5 Arbor Assays, Ann Arbor, MI, USA),
according to the manufacturer’s instructions.

4.8. Enzymatic Activities Measurements

All enzymes activities were measured spectrophotometrically (Cecil CE9200, Cecil
Instruments Limited, Cambridge, UK) in muscles homogenates.

4.8.1. Citrate Synthase

The citrate synthase (CS) activity was measured at 37 ◦C in duplicate according to [55].
Briefly, 10 µL of homogenate (1:10, 5%) was incubated for 2 min in 970 µL of buffer (50 mM
Tris-HCl, 1 mM EDTA, 0.01% Triton-X100, pH 7.8) supplemented with 10 µL of freshly made
DTNB (10 mM) and 10 µL acetylCoA (50 mM). Next, 10 µL of freshly made oxaloacetic acid
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(10 mM) was added to initiate the reaction. The reactions were conducted in duplicate, and
absorbance was read at 412 nm.

4.8.2. Cytochrome Coxidase

The cytochrome c oxidase (COX) activity was measured at 37 ◦C, according to [56].
Briefly, 20 µL of homogenate (1:10, 5%) was incubated for 2 min in 960 µL of buffer
(10 mM potassium phosphate buffer, 0.01% Triton-X100, pH 7.2). Next, 20 µL of reduced
cytochrome c was added to initiate the reaction. The reactions were conducted in duplicate,
and absorbance was read at 550 nm.

4.8.3. Lactate Dehydrogenases

The lactate dehydrogenase (LDH) activity was measured at 30 ◦C according to [57].
The two concentrations of pyruvate (PYR) were used to determine the maximal activity of
lactate dehydrogenase characteristics for subunit M4 (LDH 2.1) in the presence of 2.1 mM
PYR and subunit H4 (LDH 0.3) in the presence of 0.3 mM PYR.

Briefly, 20 µL of homogenate (1:10, 5%) for SOL or 10 µL of homogenate (1:10, 5%) for
EDL was incubated for 2 min in buffer (50 mM potassium phosphate buffer, 1 mM EDTA,
0.01% Triton-X100, pH 7.4) supplemented with 10 µL of freshly made NADH (20 mM).
Next, 10 µL (LDH 2.1) or 1.43 µL (LDH 0.3) of pyruvate was added to initiate the reaction.
The reactions were conducted in duplicate, and absorbance was read at 340 nm.

4.9. Visualization of SDH and PGC-1α Protein Levels

Equal amounts of muscle lysates (50 µg of protein per sample) were separated on
4–20% SDS-polyacrylamide gradient gels and transferred onto a polyvinylidene difluoride
membrane. The analysis procedure was performed according to [58]. The following
antibodies were used: rabbit monoclonal IgG anti-SDH (cat. No. #11998, 1:1000; Cell
Signaling, Beverly, MA, USA); rabbit polyclonal anti-PGC-1α (cat. no. sc-13067, 1:500;
Santa Cruz Biotechnology, Dallas, TX, USA); anti-rabbit IgG–peroxidase conjugate (cat.
no. A9169, 1:25,000; Sigma Aldrich, St. Louis, MI, USA). After incubation in primary
(overnight at 4◦C) and secondary antibodies (1 h at room temperature), immunoblots were
detected and visualized using enhanced chemiluminescence reagents (Western Lightning
Plus ECL, Perkin Elmer, Waltham, MA, USA). Changes in protein levels were assessed
by densitometry of the immunoreactive bands and normalized to the total amount of
protein in the samples transferred onto the membrane (Figure S1) [59]. Relative protein
levels were analyzed and quantified using ChemiDoc image analysis system (Bio-Rad
Laboratories, Inc., Hercules, CA, USA). The immunoblotting analyses were done for six
randomly selected animals from each group.

4.10. Isolation of Quadriceps Mitochondria

The skeletal muscle mitochondria were isolated, as previously described by Fontaine
et al. [60], with slight modifications [53]. The quadriceps muscle was dissected from the
surrounding connective tissue, rapidly removed, trimmed clean of visible connective tissue,
weighed, and placed in 10 mL of ice-cold mitochondrial isolation buffer A (mM: 100 KCl,
50 Tris base, 5 MgCl2, 5 EDTA, pH 7.4). Muscles were minced with scissors, incubated for
1 min with Nagarse protease (10 mL of isolation buffer per 1 g of tissue, supplemented with
Nagarse (0.2 mg mL−1)). Next, the same volume of isolation buffer A was added to inhibit
protease activity, and tissue was homogenized using a Teflon pestle homogenizer. The
homogenate was then centrifuged at 700× g for 10 min. The supernatant was decanted and
centrifuged at 10,000× g for 10 min. The pellet was resuspended in 40 mL of suspension
buffer B (mM: 100 KCl, 50 Tris base, 1 MgCl2, 1 EDTA, 0.5% BSA, pH 7.4)) and centrifuged
at 10,000× g for 10 min. This washing step was repeated two times. The final mitochondrial
pellet was resuspended in buffer B without BSA (0.25 µL of buffer B per 1 g of muscle mass).

All steps were performed at 4 ◦C.
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4.11. High-Resolution Respirometry and Mitochondrial Quality and Control

Respiration was measured at 37 ◦C under constant stirring (750 rpm), which ensured
a homogenous oxygen distribution in the medium, in a high-resolution respirometer using
an Oxygraph-2k (O2k, Oroboros Instruments, Innsbruck, Austria), a modular system for
high-resolution respirometry (HRR). Oxygen concentration (µM) and oxygen flux per mass
[pmol O2·s−1·mg–13] were recorded in real-time while obtained data were evaluated using
DatLab software (Oroboros Instruments, Innsbruck, Austria).

Briefly, mitochondrial respiration was measured in MiR05 (mitochondrial respiration
medium containing mM: 0.5 EGTA, 3 MgCl2·6H2O, 60 potassium lactobionate, 20 taurine,
10 KH2PO4, 20 HEPES, 110 sucrose, and 1 g/L fatty acid BSA-free (pH 7.1) (MiR05; Oroboros
Instruments, Innsbruck, Austria).

Freshly isolated quadriceps mitochondria (0.1 mg of mitochondrial protein per 2 mL
chamber) were used for respiration measurement. For the assessment of mitochondrial
respiration, the following protocol was used:

(1) non-phosphorylating LEAK respiration was assessed by injecting 10 mM Pyruvic acid
sodium salt 10 mM L-glutamic acid and 2 mM L- malic acid as NADH (N)-linked
substrates: state NL;

(2) OXPHOS capacity was induced by adding 1.25 mM ADP at saturating concentration:
state NP;

(3) NADH and succinate (NS)-linked OXPHOS capacity was measured by adding 10 mM
succinic acid: state NSP.

All acids were neutralized by KOH.
The OXPHOS coupling efficiency (OCE) was calculated as measure of mitochondrial

quality and control. OCE, calculated with the formula (1 − (state NL)/(state NP)), reflects
the coupling of respiration supported by electron transferring flavoprotein (ETF) with
pyruvate, glutamate, and malate as substrates before (state NL) and after addition of ADP
(state NP). The OCE is noted between 0 and 1, while the RCR could be from 0 to infinite. A
lower value of OCE means lesser coupling of the oxidation and phosphorylation after the
addition of ADP. As the OCE decreases, it is, therefore, less coupled [61].

4.12. Statistical Analysis

Statistical analyses were performed using a software package Statistica v. 13.0 (StatSoft
Inc., Tulsa, OK, USA). The results are expressed as the mean ± standard error (SEM). The
differences in body mass were tested using mix model ANOVA. The differences between
the means in other analyzed data were tested using one-way ANOVA. If a difference was
detected in the ANOVA model, the significant differences were determined using Tukey’s
post-hoc test. The results were considered statistically significant when p < 0.05.

5. Conclusions

The present findings indicated that the nine days Dex treatment induces changes in
blood lipid metabolites and modifies the long-term swimming-induced metabolic response
in rats seen both in blood and skeletal muscle. It is worth emphasizing that these changes
are not accompanied by damage to rats’ skeletal muscles or liver. Interestingly, prolonged
swimming induced a different response in the levels of the metabolites mentioned above,
especially in the white, fast-twitched EDL muscle. Despite these changes, there was no
difference in aerobic and anaerobic enzymatic activities. This study shows for the first time
the cumulative effect of exercise and Dex on selected elements of lipid metabolism, which
seems to be essential for the patient’s health due to the common use of glucocorticoids
like Dex.
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