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Abstract - Aims: This study aimed to evaluate the kinetics of lactate and lactate dehydrogenase B (LDH-B) protein
levels as well as the maximum effort capacity of spontaneously hypertensive rats (SHRs) with experimental acute myocardial infarction (AMI). Methods: thirty-two SHRs were divided into (n=8/group): S (sham), SE (sham+exercise), I
(AMI), and IE (AMI+exercise). A maximum exercise test (treadmill) was evaluated before AMI or sham surgery.
Echocardiography was performed 48h after the surgery. Lactacidemia was assessed at rest and during an intense exercise bout (48h after echocardiography). A two-way ANOVA followed by the post-hoc (Bonferroni) test was used,
p<0.05. Results: In the end, the heart was removed for analysis of LDH-B. AMI resulted in lower cardiac output (S vs
I: ∆51.3%, p<0.001), ejection fraction (S vs I: ∆60.5%, p<0.001) and shortening fraction (S vs I: ∆72.4%, p<0.001).
The IE showed a reduction in exercise capacity when compared with pre-AMI values (1.50±0.1 vs 1.38±0.2 km/h;
p=0.030) but not when compared with SE (1.41±0.3 vs 1.38±0.2 km/h; p=0.208). During the exhaustion exercise session, IE group showed lower lactacidemia at 12 min (∆9.7%, p=0.042) and 18 min (∆8.3%, p=0.038). No differences
were observed in the protein level of LDH-B among the groups (p=0.573). However, when the AMI factor was considered alone, LDH-B expression was lower (sham vs AMI rats, p=0.040). Conclusion: LDH-B protein levels in cardiac tissue appear to be associated with AMI only. Furthermore, AMI induced a reduction in exercise capacity but did
not affect lactacidemia during the intense exercise bout.
Keywords: lactate dehydrogenase, acute myocardial infarction, bioenergetics, lactacidemia, intense exercise bout, rats.

Introduction
Cardiovascular diseases remain major causes of morbidity
and mortality worldwide1, among which systemic arterial
hypertension (SAH) stands out2,3. SAH is a multifactorial
condition that precedes, in large part, fatal outcomes such
as acute myocardial infarction (AMI) and stroke4,5. The
AMI leads to a process known as ventricular remodeling6,7 and one of the functional cardiac alterations of
remodeling are changes in bioenergetic processes8.
Under normal conditions, free fatty acids (FFA) are
the main energetic substrate of the heart, with participation
ranging from 60% to 90%9-11. By-products of FFA are
oxidized through β-oxidation to produce ATP to maintain
contractile viability. A critical point is when myocardial
ischemia leads to a series of metabolic changes in the cardiomyocytes, such as blockage of fatty acid oxidation,
increased anaerobic glycolysis, and lactic acid accumulation12. Hence, this metabolic disorder may lead to functional deficits in the myocardial mitochondrial, which

contribute to cardiac hypertrophy7. Yet, with regards to
metabolic changes, the heart can reduce lactic acid concentration in the cardiac cells using it as an energetic substrate13 by action of lactate dehydrogenase B (LDH-B).
Therefore, LDH-B plays an important cardio-protective
role in the myocardial ischemia, helping pyruvate to
accept the hydrogen atom from NADH+, decreasing lactic
acid concentration in the cardiomyocytes14. However, evidence has shown that the LDH-B protein expression
decreased due to AMI15.
On the other hand, during moderate/intense exercise,
there is an increase in blood lactate levels proportional to
increased exercise intensity16,17. Yet, it was reported that
exercise training (swimming, ~30 min/day for 35 days)
elevated cardiac LDH activity18. Therefore, it could give
to the heart tissue a greater capacity for lactate utilization
as an energetic substrate, which results in a reduction of
lactic acid concentration in the infarcted heart. Regarding
exercise and cardiac function after AMI, Trueblood et al.19
showed a progressive impairment in exercise capacity
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post-AMI, but the evaluation considered the volume (distance run) of exercise, not the intensity (maximum effort
capacity). Thus, as an approach to these points, we aimed
to evaluate the LDH-B protein levels in the cardiac tissue
and the maximum effort capacity of spontaneously hypertensive rats (SHRs) with experimental AMI.

Methods
Ethics
All animal experimental procedures followed the
Guiding Principles in the Care and Use of Animals in
Research in agreement with the Brazilian Council for
using the animal in research (CONCEA/BR). The study
was approved by the Research Ethics Committee of Instituto de Cardiologia/RS, protocol #UP:4871-13.
All animals were bred and kept under standard
laboratory animal house conditions at the Animal Production and Research Unit of the Center for Scientific and
Technological Development of Fundação Estadual de Produção e Pesquisa em Saúde do Rio Grande do Sul, Brazil.
They were fed with standard balanced rat animal chow,
provided water ad libitum, and kept in special cages
exposed to a 12-hour light and 12-hour dark cycle (6 a.m.
/6 p.m.) in a 20-25 °C temperature-controlled room.
Animals
To create a simulation environment that precedes an
AMI, we chose to work with spontaneously hypertensive
rats20 because hypertension increases by ~40% the likelihood of an ischemic event21. Thus, we evaluated 32 male
SHRs, 3 months old, and they were distributed in 4 groups
(n=8 per group): sham-operated rats without intense exercise session (S); sham-operated rats + intense exercise
session (SE); acute myocardial infarction induced by left
coronary artery ligation (I); acute myocardial infarction
induced by left coronary artery ligation + intense exercise

session (IE). The experimental design is shown in Figure 1.
Blood pressure
Blood pressure was measured using a tail-cuff system (Model 229, IITC Life Science Inc.) at the initiation
of the protocol to confirm the hypertensive condition of
the animals. All animals were placed in a restrainer for 15
minutes with a cuff attached to their tail, and the blood
pressure was recorded. The animals were subjected previously to an adaptation period to get used to this procedure that was repeated in three days. Blood pressure
measures obtained from day 4 were considered valid22.
Coronary artery ligation and sham surgery
Myocardial infarction was induced according to a
procedure previously described in the literature23. Briefly,
animals were placed in the dorsal decubitus position and
anaesthetized with ketamine (70%/kg bodyweights) and
xylazine (35%/kg bodyweights) administered intraperitoneally. After orotracheal intubation, animals were submitted to mechanical ventilation with a Harvard ventilator,
Model 683 (Holliston, MA, USA). A surgical incision was
made in the skin along the left sternal margin, and divulsion of the pectoral and transverse muscle was carried out.
Thoracotomy was carried out in the second intercostal
space, and the thorax was opened without the exteriorization of the heart. The left anterior descending coronary
artery was identified and occluded with a 6-0 mononylon
suture between the left atrial appendage margin and the
pulmonary artery. The thoracic cavity was then closed
with a 5-0 mononylon thread, the muscles were repositioned and the skin sutured. All animals received analgesics after the surgical procedure (butorphanol 2 mg/kg).
Infarcted animals were considered those with an ejection
fraction ≤ 50% and infarcted area (akinetic) ≥ 30%23,24.
Animals that were subjected to a similar surgical proce-

Figure 1 - Experimental design. A 3-day adaptation for acquisition of blood pressure by the tail was performed. On the 4th day, blood pressure and heart
rate were recorded. Then, the animals were allowed to adjust to exercise on a treadmill for 3 days (0.3 km/h, 15 min/day). On the 4th day, the maximal
exercise test was performed. Twenty-four hours later, the animals underwent sham surgery or acute myocardial infarction induced by left coronary artery
ligation. AMI was confirmed after 48 hours by echocardiography (ECHO). Finally, blood was collected from the animals during an intense exercise session (SE and IE groups) or at rest for the same period (S and I groups). The heart was removed immediately after this procedure.
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dure, but without coronary artery ligation, were used as
sham operated.
Echocardiography
Forty-eight hours after the AMI and Sham procedures, the animals were placed in the left lateral decubitus
position (45°) under anesthesia. The anesthesia consisted
of a mixture of medical oxygen at 2 L/min attached to an
isoflurane vaporizer that converted the gas mixture into
vapor to be administered to the rats. The EnVisor HD System, Philips Medical (Andover, MA, USA) was used, with
a 12-3-MHz transducer, 2-cm deep, and fundamental harmonic imaging. Images were captured by a trained operator with experience in animal echocardiography. The
measurements and calculations were performed according
to the methods proposed by25. Stroke volume (Vs), diastolic ventricular volume (Vd), LV ejection fraction, and
cardiac output were obtained as described in26.
Maximal exercise test
Maximum effort capacity was measured using the
exercise test as described in the literature27. First, all rats
were subjected to an adaptation period on the treadmill at
a speed of 0.3 km/h for 15 minutes for three consecutive
days. The maximal exercise test was then performed individually at an initial speed of 0.3 km/h with increments of
0.3 km/h every 3 minutes until voluntary exhaustion of the
animal. Finally, the maximum speed was recorded.
Blood lactate levels and glucose levels
Ninety-six hours after AMI, an exercise test with
progressive intensities was administered in the same way
as the maximum speed test for analysis of the lactate curve
and maximum speed test post-MI. Thus, lactacidemia was
measured in the basal moment, and in each level of the test
(3, 6, 9, 12, 15 and 18th minute). To prevent pain for the
animal, an anesthetic was placed on the tip of its tail (Labcaina 20 mg/g, PHARLAB, Lagoa da Prata/MG, Brazil).
Thus, it was possible to draw a drop of blood, through a
"pike" in the animal’s tail tip with a needle (BD PrecisionGlideTM de 1,20 x 40 mm). A lactimeter (Accutrend
Plus Roche) with the respective reagent strips was used to
measure lactate. Animals that did not perform maximal
exercise had the lactacidemia collected at rest at the same
time points.
Glucose levels were measured using an ACCUCHEK Active blood glucose system and test strips (Roche
Diagnostics, Mannheim, Germany).
LDH-B analysis
Cardiac tissue was prepared by homogenization
using a mechanical tissue homogenizer (Marconi, Piracicaba, Brazil). Then, the samples underwent two cycles
of freezing (liquid nitrogen) and thawing (in a water bath,
37 °C). Finally, the samples were subjected to centrifuga-
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tion (Eppendorf model 5804R) at 10,000 rpm for 10 minutes and the supernatants were collected and stored in a
-80 Ultrafreezer until use.
The LDH-B protein levels in the cardiac tissue were
analyzed by ELISA (USBIO), according to the manufacturer’s instructions. All samples were analyzed in triplicate. The optical densities were measured in a
spectrophotometer (Spectramax M2e, Molecular Devices), 450 nm, at a temperature of 25 °C, with a reduction
of background (570 nm). The baseline measurements were
obtained through linear regression of 4 parameters. All
sample data were calculated (Excel, Microsoft) and
expressed in picograms of protein per milliliter (pg/mL).
Statistical analyses
Data normality was evaluated using the ShapiroWilk test, and data were expressed as the means and standard deviations. Differences were assessed using two-way
ANOVA followed by the post-hoc Bonferroni test. The
factors used in ANOVA were “sham surgery/induction of
acute myocardial infarction” and “rest/exercise”, and the
interaction between these factors. All analyses were performed using SPSS (v22) and a level of significance was
set at 5% for all tests.

Results
Table 1 shows the baseline characteristics of the
study groups. The results indicate that all animals began
the experiment with the same body weight. Furthermore,
the stroke blood pressure and heart rate were not different
between the groups as expected. Likewise, the maximal
exercise test showed similar values to each other at baseline. Animals from the IE group showed a reduction in
maximum exercise capacity, when compared to the preacute myocardial infarction period (Table 1: 1.50 ± 0.1 vs
1.38 ± 0.2 km/h; p=0.030), but not when compared with
those from the SE group (SE: 1.41 ± 0.3 vs IE: 1.38 ± 0.2
km/h; p=0.208).
After induction of AMI, it was observed that the
kinetic area between animals I and IE did not differ (Figure 2). In response to AMI, I and IE rats showed: (a)
lower cardiac output (S vs I: ∆51.3%; SE vs IE: ∆46.0%;
p<0.001 for all comparisons), (b) lower left ventricular
ejection fraction (S vs I: ∆60.5%; SE vs IE: ∆51.0%;
p<0.001 for all comparisons) and (c) a shortening fraction of the left ventricle (S vs I: ∆72.4%; SE vs IE:
∆66.6%; p<0.001 for all comparisons). In addition, there
were no differences in these parameters between groups I
and IE.
Figure 3 shows the variation in blood lactate levels
in the resting and exercise groups. There was a difference
in the interaction between group and time (p<0.001).
Therefore, the animals of group I showed a slight increase
in lactate levels compared with the S group during the per-
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iod of rest (basal time up to 18 minutes) (p-value of each
time is shown in Figure 3A). Similarly, at baseline (time 0

of the exercise session), the IE animals also had higher
blood lactate levels compared to the SE animals

Table 1 - Baseline characteristics of the study groups.
S

SE

I

IE

p (interaction)

Body weight (g)

295.5 ± 7.8

319.8 ± 8.6

315.0 ± 8.6

312.0 ± 8.6

0.125

Glucose (mg/dL)

90.1 ± 7.7

91.0 ± 16.7

88.2 ± 6.1

95.6 ± 6.9

0.471

SAP (mmHg)

187.9 ± 12

179.7 ± 13

192.8 ± 9

188.9 ± 17

0.119

309.3 ± 29.9

315.7 ± 30.1

317.6 ± 23.7

327.8 ± 15.8

0.871

1.45 ± 0.3

1.44 ± 0.3

1.48 ± 0.2

1.50 ± 0.1

0.790

———

1.41 ± 0.3

———

1.38 ± 0.2‡

0.208

Heart Rate (bpm)
Pre-AMI ET (km/h)
Exercise session (km/h)
AMI circumference (%)

———

———

42.86 ± 4.6

43.16 ± 3.8

0.890

Cardic output (mL/min)

58.3 ± 9.2

56.1 ± 15.7

28.4 ± 7.7*†

30.3 ± 9.2*†

<0.001

Ejection fraction (%)

47.1 ± 2.0

52.5 ± 5.5

18.6 ± 6.7*†

25.7 ± 8.2*†

<0.001

LVSF (%)

35.3 ± 5.5

40.8 ± 8.2

9.7 ± 2.6*†

13.6 ± 5.2*†

<0.001

SE: sham-operated rats + exercise training; I: acute myocardial infarction induced by left coronary artery ligation; IE: acute myocardial infarction induced
by left coronary artery ligation + exercise training. AMI: left coronary artery ligation. ET: maximal exercise test; SAP: systemic arterial pressure; LVSF:
left ventricular shortening fraction. Two way ANOVA was performed followed by Bonferroni’s post-hoc test. * p<0.05 vs S, † p<0.05 vs SE and ‡
p=0.030 vs “pre-MI ET”.

Figure 2 - Echocardiographic representation of Sham and AMI procedures. Panel A shows an animal’s heart with Sham surgery and panel B shows an
animal with left coronary artery ligation. The top panel shows the left ventricle in a cross section and bottom panel shows stroke and end-diastolic dimensions of the left ventricle in M module. ESD: end-systole diameter; EDD: end-diastole diameter.
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Figure 3 - Blood lactate curve during resting and an intense exercise session for the same period. S: sham-operated rats without intense exercise session;
SE: sham-operated rats + intense exercise session; I: acute myocardial infarction induced by left coronary artery ligation; IE: acute myocardial infarction
induced by left coronary artery ligation + intense exercise session. Two way ANOVA was performed (p<0.001) followed by Bonferroni’s post-hoc test:
Panel A (lactacidemia during resting), * p=0.001 vs. S group and ** p<0.001 vs. S group; Panel B (lactacidemia during an intense exercise session), †
p=0.040 vs. SE, †† p=0.042 vs. SE and ‡ p=0.038 vs. SE.

(p=0.040), Figure 3B. Still, in the 12th minute, there was
an accumulation of lactate in the SE group compared with
IE (Δ12.3%, p=0.042). Finally, in the 18th minute, the IE
group again had lower levels of lactate when compared
with the SE group (Δ8.3%, p=0.038), Figure 3B.
Figure 4 shows the LDH-B protein levels analysis in
the cardiac tissue, immediately after the maximum exercise test or rest for the same period. There were no differences between groups (p=0.573). However, when the AMI

factor was considered alone, LDH-B expression was lower
(sham rats vs AMI rats, p=0.040).

Discussion
The main finding of our study is focused on the protein levels of LDH-B. Our results showed that AMI but
not the exercise bout, decreased the LDH-B protein levels.
Furthermore, AMI does not reduce drastically effort capa-

Figure 4 - Lactate Dehydrogenase-B protein levels in cardiac tissue. S: sham-operated rats without intense exercise session; SE: sham-operated rats +
intense exercise session; I: acute myocardial infarction induced by left coronary artery ligation; IE: acute myocardial infarction induced by left coronary
artery ligation + intense exercise session. AMI: left coronary artery ligation. Two way ANOVA was performed followed by Bonferroni’s post-hoc test.
Panel A shows interaction between two factors (Sham/AMI and Rest/Exercise), p(interaction)=0.573. Panel B shows only factor Sham/AMI and Panel C
shows only factor Rest/Exercise.

6

city nor alter the kinetics of lactate during progressive
exercise, but slightly raised the blood lactate level in the
resting state.
The echocardiographic parameters demonstrated that
the AMI procedure resulted in similar MIs in infarcted
groups (I vs IE). However, the cardiac output was lower in
groups subjected to AMI, which was as expected 20,28.
Cardiac output is directly determined by the stroke volume
and heart rate; thus, as our results showed that heart rate
was similar between the study groups, it is possible to
speculate that the lower stroke volume may have been
caused by decreased contractility, due to the loss of cardiomyocytes after AMI6. Likewise, the LVEF was also
reduced in infarcted animals when they were compared
with the control animals29. Earlier evidence demonstrated
that the reduction of LVEF occurs immediately after the
necrosis of cardiomyocytes 30, which was also observed in
our study (48 h after AMI). The LVSF was lower in the
AMI groups as well. 31 found that after coronary occlusion
there was a reduction in LVSF values, which were stabilized 48 h after the procedure until the advanced stages of
cardiac remodeling and heart failure, as also found by 30.
In general, these observations show that a progressive loss
of cardiac function occurs as a consequence of the experimental AMI, which was also observed in our study. Moreover, our results demonstrate that structural and
hemodynamic effects on the heart after AMI were similar
between the I and IE groups.
The experimental AMI did not reduce exercise capacity, as observed in ET when infarcted animals were compared with controls (SE group). However, the capacity of
the animals was lower when it was compared with the preAMI value. It may be explained if the reduction of the
absolute value is considered (SE: 1.44 vs 1.41 km/h;
Table 1) in the control group. The IE group showed a
reduced maximal velocity in the ET, but when compared
with the SE group, which also had a slightly reduced velocity, there was no significant reduction. However, when IE
animals were analyzed at different time points (pre-AMI
vs post-AMI), there was a significant (p=0.03) reduction
of 8% in ET maximal velocity. Thus, this small reduction
in exercise capacity may be explained if we consider the
components that determine the maximal oxygen uptake
32,33
, as the airflow and the degree of alveolar oxygen
saturation, heart mechanical aspects (e.g., pre and postload values), vascular parameters (vascular complacency
and blood perfusion), oxygen transport by erythrocytes
and its utilization in the active muscles. Thus, even though
AMI impairs cardiac function when evaluated at rest (cardiac output, left ventricular ejection fraction, shortening
fraction of the left ventricle), the extent of damage to cardiomyocytes, in 96 h post-AMI, may not be sufficient to
compromise maximal oxygen uptake.
The blood levels of lactate in infarcted animals were
higher than in their respective controls. The hypothesis to
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explain this result could be the lower utilization of the
oxidative pathway to produce energy and consequently
higher dependence on the glycolytic route in group I due
to reduced oxygen supply to the cardiomyocytes 34. At the
same time, during higher metabolic demand (during exercise sessions) in the infarcted animals, the kinetic of lactate was similar to those of the controls during most of the
tests. Mainly, at 12 minutes of the protocol, the noninfarcted animals showed higher lactate levels when compared with the infarcted ones and both presented lower
lactate levels than their respective controls. Thus, it seems
that this is a critical aspect of the exercise test and may
reflect a transition from the aerobic to the anaerobic route
of predominant energy production 35,36. Similarly, at the
end of the test (18 minutes), the non-infarcted animals also
presented raised lactate levels when compared with the
infarcted ones. In the same way, in an evaluation of
patients with coronary artery disease, 37 observed a lower
release of lactate to the bloodstream after ET on a treadmill, when these patients were compared with healthy
controls at the same exercise intensity. Therefore, the
lower lactate levels found in our infarcted animals may be
related to a higher removal capacity. Likewise, as demonstrated previously38, a lower limb protocol of ischemic
preconditioning in healthy men is associated with an attenuated rise in blood lactate concentration at the submaximal level during an incremental running test.
Possibly, considering these results, the portion of noninfarcted cardiac tissue after AMI could present a higher
capacity to utilize lactate to produce energy during a maximal exercise test.
With regards to the energy source of the cardiac
muscle contractility, in steady-state conditions (aerobic
perfusion, normal workload), the heart generates its
energy mainly by oxidizing nonesterified fatty acids and
the contribution of glucose is not more than 40% 39. In
ischemic situations, such as in AMI, alterations in metabolic pathways 40 reduce the oxidation of nonesterified
fatty acids. In this case, blood lactate may represent a
viable alternative. Our results did not show differences in
the protein levels of cardiac LDH-B either in resting state
or in maximal exercise test situations. However, when
AMI factor was considered alone, LDH-B expression was
lower, as it was found by Li et al.15 in their study where
they found reduced LDH-B protein expression of among
the heart tissue of infarcted rats at 4, 14, 28 and 45 days
after AMI (17.5, 16.1, 15.9, and 20.8 % respectively).
Thus, LDH-B protein levels in cardiac tissue appear to be
directly associated with ischemic conditions such as AMI
and they are not related to cardiac demands imposed by
the intense exercise session. Differently of our data, the
study of41 demonstrated higher levels of LDH-B after MI,
however in their study the myocardial damage was not
induced surgically, but by the administration of isoproterenol (ISO) 41. The same was found in the study of42,
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also with the administration of ISO for MI induction.
Nonetheless, further studies are needed evaluating the
effect of exhaustive exercise on myocardial LDH-B protein levels in an animal model of surgically induced MI42.

11.

12.

Conclusions
The results of the present study indicated that AMI,
but not the intense exercise session, decreased the LDH-B
protein levels. Moreover, AMI does not reduce drastically
effort capacity nor alter the kinetics of lactate during progressive exercise. Thus, the energetic issues related to
harmed heart tissue as a result of AMI, apparently do not
change the use of lactate as a substrate.
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