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Time to exhaustion at anaerobic threshold in swimming rats:

metabolic investigation
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Abstract: The purpose of this study was to determine the time to exhaustion (tlim) for swimming exercise at
anaerobic threshold (AT) intensity in rats and to analyze metabolic consequences on serum and tissues lev-
els. Eighteen rats were divided in control (CG) and exercised (EG) groups, being the former submitted to tlim.
We analyzed the glycogen content of liver and ten skeletal muscles, as well as serum parameters. Paramet-
ric statistic was used with significance level at p < 0.05. The tlim, which was correspondent to 114.37 + 36.23
min, promoted significant decrease in blood glucose (42.99 %; p < 0.01) and an increase in free fatty acids
(167.12 %; p < 0.01) when EG was compared to CG. We did not find differences in albumin, total protein uric
acid and creatinine between groups. The proposed exercise at individualized AT intensity promoted severe gly-
cogen depletion for all tissues (mean of 78.05 % for all muscles and 89 % for liver). With substantial control
of exercise intensity, our study establishes a useful rodent model that can be further explored, contributing to
the advancement on knowledge and better understanding of exhaustion mechanisms (Tab. 1, Fig. 2, Ref. 35).
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Physiological alterations generated by different effort have
been the focus of exercise physiologists since many years. Mod-
erate and heavy exercise produces physiological alterations (1),
which are easily sustained by the organism. In this case, beyond
B-oxidation, glycolytic energy is yielded through glucose to py-
ruvate reduction and then following the oxidative pathway in
form of acetyl coenzyme A, producing proper amount of mito-
chondrial ATP. As exercise intensity increases, oxidative path-
way is no longer able to yield all the energy demand, recruiting
gradually the anaerobic pathway. Thus, lactate dehydrogenase
forms lactic acid from pyruvate in skeletal muscle fibre cyto-
plasm when glycolytic rate increases (2), also increasing blood
lactate, hydrogen ions and carbonic gas concentrations (1). The
disproportional increase of blood lactate concentration in rela-
tion to effort intensity during an incremental exercise determines
the transition between aerobic and anaerobic metabolisms, called
anaerobic threshold (AT) (3).
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AT is generally determined by protocols with approximately 30
or 40 minutes, but it is know that at this intensity the subject can
sustain exercise for more time until exhaustion (4). As a result, the
AT is an indirect procedure to determine the aerobic endurance and
not always leads to exhaustion, while the time to exhaustion at this
intensity (tlim) is adopted as a direct procedure (5). The motives of
exhaustion at AT has been investigated since the 1920s, and ow-
ing the difficulty caused by multi factorial characteristic, are still
actively researched today (6). Some authors have associated the
inability to continue exercise at aerobic required intensity to a lack
of energetic substrates, mainly glycogen depletion (7, 8). Beneke,
et al. (9) postulated that glycogen is the primary energy substrate
during maximal aerobic capacity, and its depletion is likely the
principal factor preventing continued aerobic exercise (10).

In order to test this glycogen paradigm and characterize tlim
consequences, we employed an animal model of swimming exer-
cise (11), an excellent way to study physiological, cardiovascular,
pulmonary and metabolic mechanisms (7). These animals show
high similarities regarding blood lactate-intensity relationship
comparing to humans beings, eliciting accurate quantification of
exercise intensity (12-15). Ahead of this, the aim of this study was
to determine tlim at AT and analyze such consequences through
serum metabolic variables, glycogen content of liver and mapping
ten skeletal hindlimb muscles.

Materials and methods
Animals

Eighteen male Wistar rats (rattus novergicus) were housed
in polypropylene cages (four or five rats per cage) and kept at
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22 + 1 °C in 45 — 55 % relative humidity with noise always be-
low 80 decibels. Was established a photoperiod of 12 hours light
(6:00—-18:00 h) / 12 hours dark and 60 lux was the maximal light
intensity inside cage (Phillips® soft white light lamp, 100W, 2700
K, 565-590 nm). Standard food (23.5 % protein, 6.5 % fat, 70 %
carbohydrate, Purina 5008, St. Louis, MO) and water were avail-
able ad libitum. The experiment was conducted according to the
Brazilian College for Animal Experimentation and was approved
by Ethics Committee on the Use of Animals of Bioscience Institute
of Sao Paulo State University under the protocol number 018/2010.

Experimental procedures and swimming routines

The animals were housed in the environment described above
with 45 days old. Two weeks before turning 90 days old, they
began a general adaptation period for the experimental protocol,
including exposure to aquatic environment, swimming in deep
water (15 — 50 — 120 cm progressively) and handling for all pro-
cedures. All swimming routines occurred in an individual tank
with 30 cm diameter and 120 cm deep, containing clean water
at 31 £ 1 °C. We divided equally and randomly the animals into
control (CG) and exercised (EG) groups. All underwent the lac-
tate minimum test (LMT) at 90 days old as previously described
(12), being determined the lactate minimum intensity (LMi, %
body weight), which is corresponding to AT and maximal lactate
steady state in swimming rats (13). Forty-eight hours after, rats
were euthanized in carbon-dioxide chamber at rest (CG) or im-
mediately after tlim (EG).

All procedures were initiated at 20:00 h, when the body tem-
perature and natural activity of the rat is high (14, 16) and were
carried out under red light (Phillips, Infrared-PAR38-E27-150W,
wavelength > 600 nm, ~15 lux) considering that albino Wistar
rats are very photosensitive (16, 17). This time of day was also
selected by considering the optimum circadian period in order to
minimize animal stress (18). The swimming exercise performed
by EG was one bout at lactate minimum intensity, maintained until
it can no longer be sustained (tlim). The tlim was verified when
the rat remains submerged for at least 10 seconds despite vigor-
ous attempts to emerge (11). These routines were conducted by
the same two researchers and the experimental routines sequence
is illustrated in Figure 1.

Collection of biological material

Blood samples (25 pL) were collected in heparinized capil-
lary tubes from the distal tail during LMT, before (pre [lac]) and
immediately after (post [lac]) the tlim. These samples were im-
mediately transferred to plastic tubes (1.5 mL) containing 400
pL of trichloroacetic acid (4 %) for the determination of lactate
concentration, which was measured at 340 (nm) against the cali-
bration curve (19).

Immediately after euthanasia, we performed a thoracotomy
followed by blood sample collection by cardiac puncture. The
obtained samples were centrifuged and each serum sample was as-
sessed for albumin (ALB), creatinine (CREAT), total protein (TP),
uric acid (UA), free fat acid (FFA) and glucose (GLUC), using
commercial kits. We also extracted 10 skeletal muscles: gluteus
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Fig . 1. Schematic summary of study design. Forty-five-day old animals
were housed at bioterium. At 76 days old, the rats were submitted to
general adaptation for two weeks. At 90 days old, the lactate minimum
test (LMT) was applied. After an interval of 48 h, the animals were
euthanized (EUT) immediately after time to exhaustion (tlim) at lac-
tate minimum intensity (exercised group) or at rest (control group).

maximus (GLU), biceps femoris (BF), soleus (SO), semimem-
branosus (SM), vastus lateralis (VL), semitendinous (ST), vastus
intermedius (VI), vastus medialis (VM), rectus femoris (RF) and
gastrocnemius (GTN). The tissue samples were prepared and ana-
lyzed by spectrophotometry at 490 nm by the colorimetric method,
described elsewhere (20) to determine glycogen concentration.
Liver glycogen was analyzed by the same method.

Statistical procedures

Values are the means + standard deviation. Normal Gauss-
ian distribution of all data samples was verified with the Kol-
mogorov—Smirnov test before parametric statistical procedures
were employed. We used independent t-tests to evaluate group
differences in serum parameters and liver glycogen. ANOVA one
way for repeated measures was employed to analyze the differ-
ences between muscles inside each group and ANOVA one way for
independent samples was used for groups differences (CG vs EG)
in each skeletal muscle. When necessary (p < 0.05), Newmann-
Keuls post hoc tests was used to specify differences. We used the
Pearson product-moment correlation test to assess relationships
between variables for the same group. The significance level was
set at p < 0.05 for all.

Results

We found no significant differences between groups for LMi
(p>0.05), which was correspondent to 5.09 + 0.46 % body weight
(n=18, CG and EG). tlim was 114.37 + 36.23 min, with pre[lac]
and post[lac] corresponding to 1.55 + 0.33 and 5.80 + 1.96 mM,
respectively.

We observed a significant decrease in blood glucose (42.99 %)
and an increase in FFA (167.12 %) in EG when compared to CG,
being found a significant and negative correlation between these
variables for EG (r =—-0.82; p = 0.013). Regarding albumin, total
protein, creatinine and uric acid levels, no significant differences
were found between groups (Tab. 1).
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Tab. 1. Albumin (ALB), total protein (TP), creatinine (CREAT), uric acid (UA), free fatty acid (FFA) and glucose (GLUC) serum concentrations
for the control (CG) and exercised group (EG) expressed in the mean + standard deviation and independent t-test results (P).

ALB (g/dL) TP (g/dL) CREAT (mg/dL) UA (mg/dL) FFA (nE/L) GLUC (mg/dL)
CG 3.15+0.68 6.74+0.50 1.22+0.37 5.20+1.42 256.72+108.95 137.53+16.14
EG 3.48+0.33 6.44+0.37 1.29+0.36 4.92+1.82 685.75+159.39 * 78.40+£32.91 *
P 0.20 0.17 0.69 0.73 <0.01 <0.01
* p <0.05 in relation to CG
Muscle glycogen concentration was significantly affected by ~ Performance

exercise, and ANOVA tests reveal that the exercised group had
a lower concentration than the control group when considered
all skeletal muscles (F, ., = 221.67, p < 0.01). Were found sig-
nificant differences on glycogen content among many muscles
in the CG, however, these were not found for EG, where any of
the ten muscles assessed showed statistical differences (p > 0.05
for all post hoc crosses). Significant differences were found in
some muscle glycogen concentrations when analyzed among
groups (independent samples) and these values were used to
calculate the percentage depletion of glycogen (%DG). These
results for each muscle are shown in Figure 2, being that the
mean depletion in all muscles was 78.05 %. The liver glycogen
content were 5046.97 + 3801.24 and 554.96 + 351.91 pg/100mg
for CG and EG, respectively, being found statistical difference
(p <0.01) and 89 %DG.

Discussion

The main findings of the present study were the determination
of the individual tlim in swimming rats, the significant muscle and
liver glycogen depletion and the interesting responses on serum
biochemistry of the animals owing this exercise.
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Fig. 2. A) Glycogen content (ng/100mg) of gluteus maximus (GLU; p
<0.01), biceps femoris (BF; p <0.01), soleus (SO; p <0.01), semimem-
branosus (SM; p <0.01), vastus lateralis (VL; p <0.01), semitendinous
(ST; p <0.01), vastus intermedius (VI; p <0.01), vastus medialis (VM;
p =0.086), rectus femoris (RF; p = 0.245) and gastrocnemius (GTN; p=
0.705) of control group (CG) and experimental group (EG); B) Percent-
age of glycogen depletion (%DG), considering initial glycogen content
of CG and final glycogen content of EG. * p < 0.05 in relation to EG.
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The ability of the subject to resist fatigue is responsible for
exercise duration with a constant intensity. In humans, tlim var-
ies from 30.0 to 65.2 min (4, 21). For instance, we did not aim to
direct comparisons about tlim of humans and rats, however, our
results suggest that rats can sustain exercise at AT longer before
task failure. Although a lack of other data on rats’ tlim prevents any
comparison, we should note that our protocol was implemented
at an ideal point in the rat circadian rhythm (dark period), under
objective and individualized intensity control, environmental con-
ditions, beyond the adaptation to handling and testing. It is pos-
sible that these conditions caused less stress in the animals (18),
eliciting better results. The relatively high tlim in rats may also
be due to the fact that the rats really must swim until exhaustion,
whereas humans can stop because any discommodity in labora-
tory tests. Despite studies using LMT parameters for rat training
prescriptions are designed to enhance performance or for drug-
free diseases treatment (13, 22), the literature does not contain
data regarding tlim. These results of our study may be useful for
volume training prescription for swimming rats, where ~50 % of
tlim represents approximately 55-60 minutes.

Serum parameters

Serum total protein and albumin levels after tlim suggested no
changes in nutritional status or hydration (23), which allowed us
to reject these parameters as factors that limit continued exercise.
Creatinine scores were also not significantly affected by exercise
either, so the tlim did not induce acute kidney problems or signifi-
cantly alter creatinine metabolism.

Another parameter analyzed was uric acid (UA), which arose
due to an inadequate rephosphorylation rate of ADP (adenosine
diphosphate) to ATP (adenosine triphosphate) resulting in an in-
creased concentration of AMP (adenosine monofhosphate) (24),
which is likely converted to IMP (inosine monophosphate) and
finally to UA (25). Nevertheless, UA values in our study did not
suggest a significant difference between groups, leading to hy-
pothesized that the cycle was not significantly complete. Serum
parameters showed that protein metabolism remained unchanged
after tlim.

Unlike protein parameters, glucose and lipids levels were
significantly affected by exercise. In the EG, there was a glucose
decrease of 42.99 % and an FFA increase of 167.12 % compared
to the CG. The results corroborate with the literature; during aero-
bic exercise, the body has a tendency to “save” glucose (26) as
a mechanism to slow glycogen oxidation, which increases FFA
levels (27). However, glycogen is the principal substrate for ex-
ercise at aerobic intensity (9), being the blood glucose recruited,
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which resulted in considerable differences one or two hours after
continuous effort (28). Moreover, Curi, et al (27) postulated that
even when provided with FFA, muscle was unable to oxidize
acetyl-CoA generated during -oxidation, and as a consequence,
ATP production was reduced and suggested that the exhaustion of
the Krebs cycle was a determining factor of exercise exhaustion.

Glycogen depletion

Lactate concentration is not associated as responsible for
exhaustion at AT intensity and Baron et al (21) postulated that
fatigue at maximal lactate steady (AT parameter) state did not oc-
cur physiologically. Some authors postulated that failures in the
muscle contraction mechanism were established before glycogen
content was depleted completely (29), whereas others ascribed
these failures to glycogen depletion (7, 8).

Our finding showed that glycogen concentrations were differ-
ent between several muscles before exercise (p < 0.05), likely due
to their individual characteristics. Nevertheless, after performance
(tlim) glycogen content was equal when comparing all muscles
(p > 0.05). These results suggested a uniform glycogen depletion,
regardless of muscle fibre type, reinforcing the usefulness of the
present model. This dramatic glycogen depletion, principally liver,
could be responsible for the observed blood glucose, which inter-
fered with central nervous system function and led to exhaustion
via mechanisms that are not entirely understood (30).

Grounded in the nomenclature described by Peter et al (31),
rat hindlimb muscle fibres are 76 % of glycolitic (IIb), 19 % oxi-
dative glycolitic (I1a) and 5 % oxidative (I) (32) and the progres-
sive order of activation seems to be I, Ila and IIb (33). Neural
drive it is not constant during exercise (34), and the recruitment
of new fibre begins when others are fatigued (35). Nevertheless,
this discussion was weakened by our observation that all muscles
showed a high glycogen depletion independent of fibre type. The
mean of EG glycogen concentration, computing all muscles, was
20 pg/100 mg, representing about 78.05 % depletion and seems
to be expressive. The less depleted was rectus femoris, but this
muscle consists of ~99 % glycolytic fibres type (32) and retained
only 62.70 ng/100 mg of glycogen content at the end of exercise,
showing an increase in neural drive (to achieve this fibre) over time
at the same intensity. Gastrocnemious and vastus medialis also
obtained p > 0.05 when comparing CG and EG, likely because of
their low glycogen concentration at rest (CG), generating a lack
of significant statistics, however, depleting 71.59 % and 86.36
%, respectively. These three muscles seem to be less important to
swimming exercise in front of others.

In summary, the time to exhaustion at anaerobic threshold in-
tensity (tlim) in swimming rats was 114.37 + 36.23min. Despite
the fact that we did not find modulation on serum protein param-
eters, the glycidic and lipidic serum variables showed significant
variations. On the other hand, we found that all determined skeletal
muscle glycogen were severely depleted after exercise (average
value: 2 pg/100 mg) as well as liver glycogen content (89 %),
showing that it had to be considered at least as one of the causes
of exercise exhaustion at maximal aerobic intensity in swimming
rats. With substantial control of exercise intensity, our study estab-
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lishes a useful rodent model that can be further explored, contrib-
uting to the advancement on knowledge and better understanding
of exhaustion mechanisms during aerobic exercise.
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