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Abstract The amino acids glycine and glutamine have
been implicated in myocardial protection of the much
studied young adult heart. This study aimed to deter-
mine whether such protection could be enhanced using
the dipeptide, L-glycyl-L-glutamine (gly-gln) in both
young hearts and in middle-aged hearts representative of
a more clinically relevant age group. Hearts from 8-week-
old and 36-week-old rats were perfused in the Langen-
dorff mode for 20 min, before 40 min global normother-
mic ischaemia and 30 min reperfusion. Where present,
0.5, 2, or 5 mM gly-gln was added 10 min into baseline
perfusion, was present throughout ischaemia and was
washed out after 10 min reperfusion. Reperfusion dam-
age was assessed from the release of lactate dehydro-
genase. Metabolic fitness was assessed from the time to
ischaemic contracture and the accumulation of lactate and
thiobarbituric acid reactive substances during ischaemia.
The presence of 5 mM gly-gln significantly improved the
post-ischaemic rate pressure product (RPP) and decreased
reperfusion damage in both the 8 (RPP in control on rep-
erfusion 5527 £ 957 vs. 10,320 #+ 795 mmHg beat min ™"
in 5 mM gly-gln, n = 6 = SE, p < 0.05) and 36-week-
old (RPP in control on reperfusion 1964.33 4+ 876.3 vs.
4008 + 675 mmHg beat min~', n = 6 + SE, p < 0.01)
hearts. Five mM gly-gln also increased the time to
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ischaemic contracture and was able to protect against the
rise in lactate that occurred in the controls during ischae-
mia. These results suggest that gly-gln has good potential
as a combatant against ischaemia—reperfusion injury in
both the young adult and middle-aged populations.
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Introduction

Reperfusion of the ischaemic myocardium is associated
with the undesirable consequences of calcium overload and
free radical generation (Andreadou et al. 2009; Halestrap
and Pasdois 2009; Schaffer et al. 2014). The amino acids
glutamine and glycine have shown promise as protective
agents against ischaemia-reperfusion injury (Jiang et al.
2011; Khogali et al. 1998; Liu et al. 2007; Nadtochiy et al.
2009); however, their usefulness may be limited by poor
solubility and low thermostability (Zhang et al. 2013). In
contrast, the dipeptide L-glycyl-L-glutamine (gly-gln) is
more stable (Zhang et al. 2013) and is already being used
in the treatment of intestinal diseases including short small
bowel and intestinal fistula (Song et al. 2004).

The expression and activity of amino acid transporters
have been linked to the efficacy of amino acids as cardio-
protective agents (King et al. 2004, 2006, 2011; Schaffer
et al. 2014). Many amino acids share common transport-
ers where adding individual amino acids simultaneously
to a tissue increases competition rather than uptake (Broer
2014). This problem can be solved by exploiting the prop-
erties of a family of transporters, which, in addition to
the uptake of di- and tri- peptides, are responsible for the
transport of various important compounds such as ACE
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inhibitors and B-lactam antibiotics (Smith et al. 2013). One
member of this family, PEPT2 (SLC15A2) which accepts
gly-gln as a substrate, has been shown to be functionally
expressed in the heart (Lin and King 2007). This raises the
possibility of harbouring the activity of PEPT?2 to facilitate
the simultaneous uptake of glycine and glutamine in the
form of gly-gln. This dipeptide readily undergoes intra-
cellular hydrolysis to release the constituent amino acids
(Zhang et al. 2013).

Many investigations into myocardial protection uti-
lise young adult animals. Ageing is associated with dete-
riorating mitochondrial fitness, increasing possibility of
comorbidities and a reduction in the efficacy of myocardial
protection approaches (Jahangir et al. 2007; Pantos et al.
2007), all of which may increase vulnerability to ischae-
mia—-reperfusion. Therefore, the aim of this study was to
investigate the cardioprotective potential of three differ-
ent concentrations of gly-gln in two age groups compris-
ing young adult and middle-aged rats. This substantially
extends the work published by Qi et al. (2009) who used
young rats and only a single gly-gln concentration.

Materials and methods
Animals

Eight-week-old and 36-week-old male Wistar rats were
used for these experiments (Central Animal House, Univer-
sity of New England, NSW, Australia 2351). All animals
were sacrificed by stunning and cervical dislocation. The
heart was then dissected and processed for aortic cannula-
tion. These experiments were performed with the approval
of the Animals Ethics Committee (AEC09/152 and
EC10/036) of the University of New England. This inves-
tigation conforms to the “Guide for the Care and Use of
Laboratory Animals” published by the US National Insti-
tutes of Health (NIH Publication No. 85-23, revised 1996).

Materials

All chemicals including amino acids were bought from
Sigma (Australia 14 Anella Ave, Castle Hill NSW 2154).

Langendorff perfusion

Following dissection, the rat heart was rinsed in cold Krebs
containing in mM: 120 NaCl, 25 NaHCO;, 11 glucose, 4.8
KCl, 1.2 MgSO,, 1.2 KH,PO, and 1.2 CaCl,, and then can-
nulated via the aorta. Perfusion was then started for twenty
minutes with Krebs at 11 ml/min, 37 °C, and aerated with
95 % 0O,, 5 % CO,. For the measurement of functional
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parameters [heart rate (HR), left ventricular developed
pressure (LVDP) and rate pressure product (HR x LVDP)],
a water-filled balloon connected via a pressure transducer
to a Powerlab was inserted into the left ventricle. A maxi-
mal end diastolic pressure of <10 mmHg was measured
during baseline perfusion. To expose the heart to 40 min
global normothermic ischaemia, the pump was turned off,
and the heart was immersed in warm Krebs. Reperfusion
was then initiated by switching the pump on and continued
for 30 min. Where present, 0.5, 2, or 5 mM gly-gln was
added to the perfusate 10 min into baseline perfusion, was
present throughout ischaemia before wash-out after 10 min
reperfusion. The length of time chosen for ischaemia and
reperfusion was based on our previous work investigating
the effects of single amino acids in the isolated and per-
fused normal rat heart (King et al. 2004; Shackebaei et al.
2015).

Reperfusion damage was assessed from the release of
lactate dehydrogenase into the coronary effluent during
reperfusion. This was measured using a kit from Sigma
(Tox7) and was performed according to the manufacturer’s
instructions.

Collection and analysis of intracellular metabolites
(lactate and TBARS)

In a separate series of experiments, the rat heart was per-
fused for 20 min baseline perfusion with/without gly-gln
followed by exposure to 40 min global normothermic
ischaemia as described above. These experiments were
performed without insertion of the balloon. For the lactate
measurements, a small biopsy sample from the left ventri-
cle was taken as soon as the pump was switched off to ini-
tiate ischaemia. A second sample was taken from the left
ventricle at the end of the 40 min ischaemic period. For
the measurement of thiobarbituric acid reactive substances
(TBARS), samples were taken from the right ventricle at
the end of ischaemia. Different ventricles were used for
these biopsies in order to maximise the amount of tissue
available for the TBARS assay. All samples were snap fro-
zen in liquid nitrogen and then stored at —80 °C until use.
Lactate concentrations in neutralised extract were meas-
ured as described previously (King et al. 2004, 2006).

The amount of lipid peroxidation in the various samples
after ischaemia was determined by the following process:
right ventricle samples were homogenised for 30 s in 500 pl
double distilled water and then centrifuged at 4000 rpm for
10 min at 4 °C. Measurements were carried out by taking a
mean of two readings. Two hundred fifty pl of each of the
samples was pipetted into two separate labelled Eppendorff
tubes. To each tube, 250 ul of 50 mM 2,2-azobis(2-methyl-
propionamidine) dihydrochloride (AAPH) was added and
mixed well. Following this, 1 ml of a solution containing
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15 % (w/v) trichloroacetic acid (TCA) and 0.375 % (w/v)
Thiobarbituric acid (TBA) in 0.25 M HCI was added and
placed into a boiling water bath for 15 min. The tubes were
removed from the water bath and cooled on ice for a further
10 min. The tubes were then centrifuged at 10,000 rpm for
5 min at 4 °C. The blank comprising 250 pul AAPH mixed
with 1 ml of the TCA/TBA mixture was pipetted into a
cuvette; the absorbance of the supernatant at 535 nm was
read against the blank. The concentration of lipid peroxi-
dation product in the samples was measured applying the
Beer/Lambert Law as described below:

Abs = €cl,

where € is the molar extinction coefficient of MDA, which
is 1.56 x 10° M~ cm™, ¢ is concentration (M) and [ is the
path length (1 cm).

Data analysis

Data are expressed as mean £+ SE. “Baseline” in experi-
ments measuring functional parameters refers to measure-
ments made at the end of the 20 min pre-ischaemic perfu-
sion, whilst “Reperfusion” refers to measurements made at
the end of the 30 min reperfusion. Statistical comparisons
were carried out using GraphPad Instat version 3.05 for
Windows. Statistical differences between groups were cal-
culated using ANOVA with a Tukey or Dunn post-test as
appropriate. In all comparisons, a p value of less than 0.05
was considered significant.

Results

The first series of experiments carried out was proof of
concept experiments regarding the potential of gly-gln as
a cardioprotective reagent. These experiments were per-
formed on young adult rat hearts (8-week-old), where there
is an abundance of literature investigating different modes
of cardioprotection with which to compare the current find-
ings. Figure 1 shows the rate pressure product measured
during baseline perfusion (before ischaemia) and at the
end of reperfusion following 40 min global normother-
mic ischaemia. Three gly-gln concentrations were tested
namely 0.5, 2 and 5 mM. The presence of 5 mM gly-gln
led to a significant improvement in the post-ischaemia rate
perfusion product compared to control.

In addition to measuring the functional performance of
the rat hearts, the degree of reperfusion damage was also
measured. This was assessed from the release of lactate
dehydrogenase into the coronary effluent during reperfu-
sion following the 40 min global normothermic ischaemia.
Lactate dehydrogenase release vs. time was plotted and
then the area under the curve calculated as an indication of
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Fig. 1 Effect of gly-gln on the rate pressure product (RPP) before
and after 40 min global normothermic ischaemia in 8-week-old rat
hearts perfused with or without (control) 0.5, 2 or 5 mM gly-gln.
*p < 0.05 vs. reperfusion in control. Data shown are mean £+ SE of
n=6-7
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Fig. 2 Effect of gly-gln on the extent of reperfusion damage in
8-week-old rat hearts. Graph of the mean area under the curve when
the release of lactate dehydrogenase into the coronary effluent dur-
ing reperfusion was measured. *p < 0.01 vs. control. Data shown are
mean + SE of n = 6-7

the total time dependent release. Figure 2 shows that the
area under the curve was significantly reduced compared
to control in the presence of either 2 or 5 mM gly-gln. A
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Fig. 3 Effect of gly-gln on the maximum end diastolic pressure
(EDP) developed during ischaemia in 36-week-old rat hearts perfused
with or without (control) 0.5, 2 or 5 mM gly-gln. *p < 0.05 vs. con-
trol. *¥p < 0.01 vs. control. Data shown are mean &+ SE of n = 6

similar story was also apparent in the change in the maxi-
mal end diastolic pressure (EDP) during ischaemia (Fig. 3)
with 2 and 5 mM gly-gln both leading to a smaller rise in
EDP compared to 0.5 mM and control. Taken together, the
findings in Figs. 1, 2, 3 suggest gly-gln has potential as a
cardioprotective agent in young adult rat hearts.

An important aim of these experiments was to investi-
gate the cardioprotective potential of gly-gln in older rats
as being more representative of the corresponding age
when humans are first diagnosed with coronary artery dis-
ease. Figure 4 shows the effect of different gly-gln con-
centrations on the rate pressure product during reperfu-
sion following 40 min global normothermic ischaemia in
36-week-old rat hearts. There was a significantly greater
rate pressure product in the presence of 5 mM gly-gln com-
pared both to control and to 0.5 mM gly-gln. A similar pat-
tern was seen when the time to ischaemic contracture was
measured (Fig. 5). The presence of 5 mM gly-gln signifi-
cantly lengthening the time taken to undergo contracture
compared to both controls and the 0.5 mM gly-gln group.
When it came to reperfusion damage, the area under the
curve for lactate dehydrogenase release was significantly
lower in the presence of both 2 and 5 mM compared to
control (Fig. 6).

In order to investigate the possible mechanisms underly-
ing the protection afforded 36-week-old hearts by gly-gln,
lactate accumulation during ischaemia as an indicator of
glycolytic activity and the accumulation of thiobarbituric
acid reactive substances (TBARS) during ischaemia as an
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Fig. 4 Effect of gly-gln on the rate pressure product at the end of
reperfusion following 40 min global normothermic ischaemia in
36-week-old rat hearts. *p < 0.01 vs. control and +0.5 mM. Data
shown are means = SE of n = 6
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Fig. 5 Effect of gly-gln on the time to ischaemic contracture during
ischaemia in 36-week-old rat hearts perfused with or without (con-
trol) 0.5, 2 or 5 gly-gln. *p < 0.05 vs. 0.5 mM gly-gln. **p < 0.01 vs.
control. Data shown are means & SE of n =6

indication of lipid peroxidation were measured. Figure 7
shows the results for lactate. At the end of ischaemia, the
lactate concentration in the control was significantly greater
compared to the value at the beginning of ischaemia in the
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hearts. Mean area under the curve calculated from the release of
lactate dehydrogenase into the coronary effluent during reperfusion.
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Fig. 7 Effect of gly-gln on glycolytic activity in samples of left ven-
tricle from 36-week-old rat hearts. Lactate concentrations measured
at the beginning and end of 40 min global normothermic ischaemia.
*p < 0.05 vs. control at the beginning of ischaemia. Data shown are
means + SE of n = 8-9

control. This was not the case in the presence of any of the
different gly-gln concentrations where the values at the
beginning and end of ischaemia were not significantly dif-
ferent from each other. As shown in Fig. 8, large numeric
differences indicative of a protective trend were evident in
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Fig. 8 Effect of gly-gln on lipid peroxidation in samples of right
ventricle from 36-week-old rat hearts collected at the end of 40 min
global normothermic ischaemia. 7TBARS thiobarbituric acid reactive
substances. Data shown are means + SE of n = 5-9

the TBARS data but these did not reach statistical signifi-
cance (p = 0.07).

Discussion

This study aimed to determine whether there is a place for
gly-gln in myocardial protection against ischaemia—rep-
erfusion injury in the young adult and middle-aged heart.
Three gly-gln concentrations were tested namely 0.5, 2
and 5 mM. There was a significant improvement in post-
ischaemic function in the presence of 5 mM gly-gln in the
8-week-old hearts (Fig. 1) with both 2 and 5 mM gly-gln
lowering reperfusion damage (Fig. 2) and decreasing the
maximum end diastolic pressure developed during ischae-
mia (Fig. 3) in this age group. 5 mM gly-gln continued
to offer protection in the older age group both in improv-
ing the post-ischaemic rate pressure product (Fig. 4), and
lengthening the time to ischaemic contracture (Fig. 5). The
presence of either 2 or 5 mM gly-gln decreased reperfusion
damage (Fig. 6). In the older age group, gly-gln protected
against the ischaemia-induced rise in lactate (Fig. 7). Taken
together, these results suggest that gly-gln shows good
potential as a protective agent against ischaemia—reperfu-
sion injury in both young and middle-aged hearts.

This is the first study to investigate the effects of different
gly-gln concentrations in two different age groups. It was
considered important to study the older aged rats because
of the increasing difficulty in protecting the older heart
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(Jahangir et al. 2007) and because this is more representa-
tive of the typical age when humans begin to show symp-
toms. In a study that focussed on functional parameters, Qi
et al. (2009) found that 2.5 mM gly-gln led to a significant
improvement in post-ischaemic left ventricular developed
pressure alongside a reduction in reperfusion damage in
young adult rats. In combination with the current results,
this may suggest a dose dependence in gly-gln’s protection
that begins at 2-2.5 mM. In the current study, 2 mM gly-gln
did not afford greater functional recovery compared to the
control (Figs. 1, 4), although it did reduce reperfusion dam-
age (Figs. 2, 6) and reduce the rise in end diastolic pressure
(Fig. 3). Slight differences in the effects of 2 mM gly-gln
in this study and 2.5 mM gly-gln in the study by Qi et al.
(2009) could be explained by differences in experimental
protocol, e.g. their study used 30 min ischaemia, whereas
the ischaemic period was 40 min in the current study. The
findings of both of these studies are consistent with other
investigations where glycine and glutamine have been indi-
vidually used to enhance myocardial protection against
ischaemia—reperfusion injury (Bolotin et al. 2007; Khogali
et al. 1998; Liu et al. 2007; McGuinness et al. 2009; Stgt-
trup et al. 2006) without the benefits of their combined pro-
tective effects as afforded by gly-gin.

This is also the first study to investigate the effect of dif-
ferent gly-gln concentrations in the isolated and perfused
young and middle-aged rat. There was no effect compared
to control when using 0.5 mM gly-gln (Figs. 1, 4). This
contrasts with work on the single amino acids aspartate
and glutamate in the hypertrophic heart where protection
was seen at 0.5 mM (King et al. 2004, 2006). Hypertrophic
hearts are however a different population, which show
greater vulnerability to ischaemia—reperfusion injury than
the normal heart (King et al. 2004, 2006). Although there
were some signs that 2 mM gly-gln was exerting some pro-
tective effects, e.g. against reperfusion damage (Figs. 2, 6),
only 5 mM gly-gln improved post-ischaemic functional
recovery in both the young and middle-aged hearts (Figs. 1,
4). In their work, Khogali et al. (1998) saw protection with
glutamine at concentrations at or above 1.25 mM. Though
the concentration required is greater, gly-gln has the advan-
tage over glutamine that it is more stable (Zhang et al.
2013) and already in use clinically (Song et al. 2004).

In addition to enhancing post-ischaemic functional
recovery, gly-gln increased the time to undergo ischaemic
contracture (Fig. 5) and protected against the rise in lactate
that occurred during ischaemia (Fig. 7). Though the major
sources of cardiomyocyte energy are fatty acids and glu-
cose, studies performed by Khogali et al. (1998), McGuin-
ness et al. (2009), Stgttrup et al. (2006), Bolotin et al.
(2007) and Zhang et al. (2013) have shown that glutamine
can increase energy synthesis in the pathological state. Gly-
gln is an efficient source of glutamine and glycine. This
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indicates that gly-gln may be involved in energy production
in the oxygen-starved state and may therefore, to an extent,
mitigate against the pathological damaging anaerobic accu-
mulation of lactate.

One of the damaging pathologies accompanying ischae-
mia-reperfusion is the production of reactive oxygen spe-
cies (ROS) (Andreadou et al. 2009). The consequences of
this include lipid peroxidation, which can be estimated by
measuring TBARS (Fig. 8) and membrane damage as indi-
cated by lactate dehydrogenase release (Figs. 2, 6). One of
the indicators of ROS production is opening of the mito-
chondrial permeability transition pore (Halestrap and Pas-
dois 2009), in which the presence of glycine is protective
in isolated mitochondria and intact cardiomyocytes (Ruiz-
Meana et al. 2004). In the current experiments, gly-gln was
able to protect against membrane damage as evidenced in
the decreased release of lactate dehydrogenase (Figs. 2, 6).
This is also suggested by the trend towards a lower TBARS
concentration in the presence of gly-gln (Fig. 8), despite
this not reaching significance.

In conclusion, these results suggest that L-glycyl-
L-glutamine has potential as a cardioprotective agent in
both young adult and middle-aged hearts. This could
have important implications for surgical strategies target-
ing increased protection of the middle-aged heart against
ischaemia—reperfusion injury.
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