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Although amino acid deficiencies are known to occur in diabetes patients
and are considered to contribute to the occurrence of cardiomyopathy,
the mechanisms of the impact of the restoration of amino acids on
improved cardiac function are not completely understood. Accordingly,
the present study was conducted to examine the beneficial effects of
dietary supplementation of taurine, arginine and carnitine, individually
or in combination, in an experimental model of chronic diabetes. For
inducing diabetes, rats received a single injection of streptozotocin
(65 mg/kg body weight). Experimental animals were treated (by oral gav-
age) daily for three weeks with amino acids before the induction of dia-
betes; this treatment was continued for an additional eight-week period.

Diabetes was observed to induce cardiac dysfunction, myocardial cell
damage, and changes in plasma glucose and lipid levels. Treatment of
diabetic animals with taurine, unlike carnitine or arginine, attenuated
alterations in cardiac function, as evidenced by echocardiography and
in vivo catheterization techniques. Taurine, carnitine and arginine, indi-
vidually or in combination, attenuated diabetes-induced cell damage as
revealed by electron microscopy. While carnitine alone reduced plasma
levels of triglycerides with an increase in high-density lipoprotein choles-
terol, none of the amino acids, alone or in combination, had an effect on
myocardial glycogen content, lipid accumulation or hyperglycemia.
These results suggest that dietary supplementation of taurine attenuates
diabetes-induced changes in cardiac contractile function and ultrastruc-
ture without any alterations in plasma lipid and glucose levels.
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he occurrence of myocardial damage, reactive hypertrophy and

cardiac dysfunction in diabetes patients increases the risk of mor-
tality due to heart disease (1-7). High extracellular levels of glucose in
diabetes patients disturb the cellular osmoregulation and formation of
sorbitol intracellularly, which are suspected to be the key processes in
the development of diabetic complications and associated organ dys-
functions. Several amino acids are considered to be essential nutrients
for maintaining normal cardiovascular function because inadequate
levels of some amino acids under different pathophysiological condi-
tions are associated with heart dysfunction (8,9). Because intracellular
taurine is depleted during the development of diabetes (10), the role of
changes in the level of this amino acid has been indicated in diabetes-
induced cellular abnormalities. It has been pointed out that taurine is
a sulphur-containing amino acid that is most abundant in the cell
(11). The biosynthetic capacity of taurine is very low in humans and,
thus, diet is its major source in the body (10). Taurine has been dem-
onstrated to exhibit a diverse range of biological actions including
protection against ischemia-reperfusion injury, modulation of intra-
cellular calcium concentration, and antioxidant, antiatherogenic and
blood pressure-lowering effects (9). Another amino acid, arginine, is a
precursor for the synthesis of nitric oxide in virtually all cell types, and
is also believed to exert cardiovascular benefits (12). Dietary intake of
arginine remains the primary determinant of plasma arginine levels
because the rate of arginine biosynthesis does not increase to compen-
sate for its depletion or inadequate supply (13,14). The plasma levels
of arginine are reduced in diabetic patients, and have been linked to
disturbances in both fasting and postchallenge glucose levels (15). It
should also be noted that carnitine deficiency occurs secondary to
diabetes (16-18), and exogenous carnitine has been shown to improve
cardiac metabolism and function (19,20). Carnitine is mainly synthe-
sized endogenously, and cardiac muscle contains relatively high carni-
tine concentrations and plays an important regulatory role in energy
metabolism (16).

Although some beneficial actions of taurine, arginine and carnitine
on the cardiovascular system during the development of diabetes are
known, the comparative effectiveness of these amino acid treatments as
well as the mechanisms of their actions remain to be investigated.
Furthermore, no studies have been performed to evaluate the potential
effects of the combination of different amino acids on heart function
and cellular integrity during diabetes. It was anticipated that a combina-
tion of amino acids would be more effective in attenuating cardiac dys-
function during diabetes than the individual amino acids. Accordingly,
the present study was undertaken to test the hypothesis that diabetes-
induced cardiac dysfunction is prevented by dietary taurine, arginine
and carnitine, either alone or in combination. Furthermore, experi-
ments were conducted to examine whether the beneficial effects of
these amino acid treatments on cardiac performance in diabetes were
associated with improved cardiac cellular structure as well as blood glu-
cose and lipid profiles. The present study provides novel and direct evi-
dence that amino acids can attenuate cell damage in the diabetic heart.

METHODS

Diabetes model

Diabetes was induced in male Sprague-Dawley rats (225 g to 250 g) with
a single tail vein injection of streptozotocin (STZ) (65 mg/kg body
weight, dissolved in 0.1 M citrate buffer, pH 4.5) as previously described
(21-23). The STZ-rat model of type 1 diabetes is a well-established
model that resembles human type 1 diabetes. Age-matched animals
received citrate buffer and served as controls. All rats were fed ad lib-
itum. Arginine 200 mg/kg body weight (24,25), taurine 400 mg/kg body
weight (26,27) and carnitine 400 mg/kg body weight (19,20), either
alone or in combination, were administered daily (by oral gavage) for
three weeks before the induction of diabetes and then continued for an
additional eight-week period following STZ injection. The selection of
dosages for these amino acid treatments was based on the information
available in the literature (19,20,24-27). Blood samples from diabetic
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TABLE 1
General characteristics of diabetic rats treated with taurine, arginine and carnitine alone or in combination

BW, g HW, mg LVW, mg RVW, mg HW/BW
Control 595+17 1466+42 96112 271421 2.47+0.04
Diabetes 383+28* 1314487 820+63* 223+14* 3.45+0.10*
Diabetes + taurine 399+12* 1257+37* 828+22* 208+11* 3.15+0.04*"
Diabetes + arginine 386+30* 1351+110 842+96* 250+14 3.52+0.20*
Diabetes + carnitine 371£22% 1170+35* 748+29* 214+11* 3.20£0.11*
Diabetes + combination 399+21* 1234+46* 788+36* 225+14* 3.12+0.11*

Data presented as mean + SE of six to eight animals for each group. Treated diabetic rats were also pretreated with amino acids for three weeks before streptozo-
tocin injection. *P<0.05 versus control value; TP<0.05 versus nontreated diabetic value. BW Body weight; HW Heart weight; LVW Left ventricular weight; RVW Right

ventricular weight

TABLE 2

Effect of taurine, arginine and carnitine alone or in combination on plasma glucose and lipid profile in diabetic rats

Glucose, mM Total cholesterol, mM

Triglycerides, mM High-density lipoprotein cholesterol, mM

Control 25.3+1.5 2.13+0.12
Diabetes 31.9+1.3* 2.87+0.24*
Diabetes + taurine 34.8+1.2*% 3.34+0.40*
Diabetes + arginine 33.3+1.4* 3.10+0.8*
Diabetes + carnitine 36.6+1.9* 2.95+0.30*
Diabetes + combination 40.7+1.5* 2.46+0.39*

1.60+0.21 1.28+0.06
9.18+2.56* 1.20+0.03
12.66+2.90* 1.06+0.07
12.95+3.10* 1.29+0.60
3.42+0.91* 1.72+0.12*"
4.11+1.13*" 1.39+0.16

Data presented as mean * SE of six to eight animals for each group. Treated diabetic rats were also pretreated with amino acids for three weeks before streptozo-
tocin injection. *P<0.05 versus control value; tP<0.05 versus nontreated diabetes value

animals treated with and without amino acids, individually or in com-
bination, were taken at the time of sacrifice (eight weeks post-STZ) and
analyzed for serum insulin, glucose, total cholesterol, triglycerides and
high-density lipoprotein (HDL) cholesterol concentrations using stan-
dard methods by Laboratory Services at St Boniface Hospital, operated
by Diagnostic Services of Manitoba (Winnipeg).

Echocardiographic and hemodynamic assessment

An ultrasound imaging system (SONOS 5500 ultrasonograph; Agilent
Technologies, USA) was used to measure cardiac output, ejection frac-
tion, heart rate, and systolic and diastolic pressures as previously
described (28). The left ventricle wall thickness and internal diam-
eters during systole and diastole were also determined to gain informa-
tion about cardiac remodelling in type 1 diabetic animals treated with
and without amino acids at eight weeks following injection of STZ. At
eight weeks post-STZ injection (just before animal sacrifice), left ven-
tricular (LV) function and hemodynamics were measured using the
in vivo catheterization technique described elsewhere (21). For this
purpose, rats were anesthetized with 5% isoflurane, with an oxygen
flow rate of 2 L/min (21). The right carotid artery was then exposed
and a micromanometer-tipped catheter (2-0; model SPR-249, Miller
Instruments, USA) was inserted, advanced into the left ventricle and
secured with a silk ligature around the artery. After a 15 min stabiliza-
tion of heart function, the heart rate, systolic pressure, diastolic pres-
sure, mean arterial blood pressure, LV systolic pressure (LVSP), LV end
diastolic pressure, rate of contraction (+dP/dt) and rate of relaxation
(—dP/dt) were recorded as previously described (21). Hemodynamic
data were computed and displayed using AcqgKnowledge Software ver-
sion 3.7.1 (MP System “Quick Start”, Biopac System Inc, USA).

Electron microscopy

Tissue samples of right and left ventricles were collected from all ani-
mals and fixed in 3% glutaraldehyde in 0.1 M phosphate buffer
(pH 7.3) followed by postfixation in 1% osmium tetroxide in 0.1 M
phosphate buffer. Samples were dehydrated and embedded in Epon 812
using standard techniques. Thin sections were stained with uranyl
acetate and lead citrate, then viewed and photographed in a Philips
CM 10 electron microscope (Philips, USA). To eliminate observer
bias, tissues were examined using coded grids without foreknowledge
of their source.
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Statistical analysis

Microcal Origin version 7.5 (Origin Lab Corp, USA) was used for
some of the statistical analyses of the data. All values are expressed as
mean *= SE. The differences between all groups were evaluated by
Student’s ¢ test followed by Tukey’s post hoc multiple comparison tests.
A probability of 95% or higher (P<0.05) was considered to be signifi-
cant. For electron microscopy, specimens were assessed for alterations
of cytoplasmic organelles and inclusions. The nonparametric compari-
son of scores, ranging from O to 3, was calculated using the Kruskal-
Wallis test. P<0.05 was considered to be significant.

RESULTS
General characteristics of diabetic animals treated with or without
amino acids
Table 1 shows that the body weight of the diabetic animals was signifi-
cantly lower than the controls. Treatment of the diabetic rats with
taurine, arginine and carnitine, either alone or in combination, did
not change the body weight. Although a significant increase in the
heart weight-to-body weight (HW/BW) ratio — an index of cardiac
hypertrophy — was seen in the diabetic animals (Table 1), treatment of
the diabetic animals with taurine alone partially attenuated the HW/
BW ratio. While taurine or arginine had no effects on the elevated
levels of blood glucose or lipid profile in diabetes, treatment with
carnitine was observed to significantly lower plasma triglyceride levels
and elevate plasma HDL cholesterol levels (Table 2). The combina-
tion of taurine, arginine and carnitine lowered triglyceride levels
without any changes in blood glucose compared with nontreated dia-
betic animals (Table 2). Although diabetes resulted in a significant
reduction in the plasma levels of insulin (control: 65.4+3.4 pM; versus
diabetes: 13.7+5.1 pM), treatment of the diabetic rats with amino
acids (taurine and carnitine) alone or in combination did not improve
these levels (diabetes plus taurine: 17.2+6.8 pM; versus diabetes plus
carnitine: 18.9+5.0 pM; versus diabetes plus combination [taurine and
carnitine]: 12.0£1.7 pM). The plasma insulin level in the arginine-
treated diabetic animals was not determined.

Echocardiographic and hemodynamic assessment of diabetic
animals treated with or without amino acids

The data from echocardiographic assessment of diabetic rats treated
with taurine, arginine and carnitine, alone or in combination, are shown
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TABLE 3
Echocardiographic assessment of diabetic rats treated with taurine, arginine and carnitine alone or in combination
Systolic Diastolic

Heart rate, Fractional shortening, Cardiac output,

beats/min % LViD, cm PWT, cm LViD, cm PWT, cm
Control 388+19 55.3+4.7 0.270+0.03 0.354+0.04 0.291+0.05 0.643+0.06 0.206+0.03
Diabetes 321+18* 38.3+4.4* 0.133+0.02* 0.350+0.03 0.216 +0.02 0.623+0.07 0.171+0.04
Diabetes + taurine 321+20* 57.1£5.21 0.149+0.02* 0.270+0.03*" 0.242+0.04 0.610+0.04 0.140+0.04
Diabetes + arginine 319+23* 40.9+4.2* 0.171+0.03* 0.398+0.04 0.261+0.04 0.674+0.05 0.167+0.02
Diabetes + carnitine 303+19* 37.7£3.1* 0.177+0.03* 0.415+0.03 0.232+0.02 0.702+0.06 0.154+0.02
Diabetes + combination 289+32* 37.3£3.7* 0.152+0.02* 0.421+0.04 0.223+0.02 0.667+0.05 0.144+0.03

Data presented as mean + SE of six to eight animals for each group. Treated diabetic rats were also pretreated with amino acids for three weeks before streptozotocin
injection. *P<0.05 versus control value; TP<0.05 versus nontreated diabetic value. LVIiD Left ventricular internal diameter; PWT Posterior wall thickness

TABLE 4
Hemodynamic assessment of diabetic rats treated with taurine, arginine and carnitine alone or in combination
+dP/dt, mmHg/s —dP/dt, mmHg/s LVSP, mmHg LVEDP, mmHg

Control 6866+248 5848+125 142+11 5.5+0.8
Diabetes 5182+161* 3599+286* 108+8* 4.8+0.6
Diabetes + taurine 63672867 4263+143*T 113+5* 4.9+0.7
Diabetes + arginine 5364+230* 3000+233* 105+6* 4.120.9
Diabetes + carnitine 4963+109* 3192+182* 103+11* 5.3+0.8
Diabetes + combination 5211+187* 3187+122* 101+12* 4.8+0.8

Data presented as mean * SE of six to eight animals for each group. Treated diabetic rats were also pretreated with amino acids for three weeks before streptozo-
tocin injection. *P<0.05 versus control value; tP<0.05 versus nontreated diabetes value. +dP/dt Rate of contraction; —dP/dt Rate of relaxation; LVEDP Left ventricu-
lar end diastolic pressure; LVSP Left ventricular systolic pressure

Figure 1) Ventricular cell from control nimal showing mitochondria (M),
glycogen (GLY), lipid droplets (L) and cross-banding pattern typical of
cardiac muscle. Original magnification x10,500

in Table 3. The heart rate, fractional shortening and cardiac output were
significantly reduced in the diabetic rats. Although treatment of the
diabetic animals with arginine or carnitine did not improve these echo-
cardiographic parameters, treatment with taurine normalized fractional
shortening; however, a decrease in the LV internal diameter (LViD) dur-
ing systole was evident (Table 3). The exact reason for the taurine-in-
duced decrease in LViD during systole in diabetic animals is not clear at
the present time. No other parameters for LV wall thickness or internal
diameter during systole and diastole were altered in any of the treated or
nontreated groups (Table 3). Diabetes was associated with a decrease in
LVSP and a reduction in +dP/dt and —dp/dt, without any change in LV
end diastolic pressure (Table 4). Treatment of the diabetic rats with
taurine alone normalized +dP/dt and partially corrected —dP/dt, but
LVSP remained depressed (Table 4). There was no hemodynamic
improvement of the diabetic heart with arginine and carnitine, alone or
in combination with taurine.
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Figure 2) Ventricular cell from a diabetic animal showing increased glyco-

gen (GLY) and lipid droplets (L). Original magnification x10,500 (A)

Ultrastructural examination of diabetic hearts

The morphological appearance of hearts from control and experi-
mental animals are depicted in Figures 1 to 4, whereas the qualitative
assessment of different changes is summarized in Table 5. Figure 1
shows normal myocardial architecture of control hearts; however, the
most notable changes in hearts from diabetic animals were increases in
glycogen and lipid droplets compared with controls (Figure 2). There
were no differences in glycogen and lipid levels among diabetic and
diabetic-treated animals (Table 5). Furthermore, loss of cellular integ-
rity, notable disruption of myofibrils and swelling of sarcotubules was
seen in the hearts of diabetic animals (Figure 3) compared with con-
trol hearts. In addition, loss of cellular integrity was greater in diabetic
animals compared with diabetic-treated animals, but not within the
different diabetic-treated groups. Figure 4 is a representative image
showing the attenuation in the loss of cell integrity in the taurine-
treated diabetic group. Treatment of diabetic animals with arginine
and carnitine, either alone or in combination with taurine, was
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Figure 4) Ventricular cell from a diabetic animal treated with taurine. Loss
of cellular integrity (arrows) is lower than that seen in untreated diabetic
animals. Original magnification x5800. The morphological appearance of
the diabetic group treated with arginine or carnitine was similar to that
shown for a taurine-treated diabetic heart

associated with images similar to the one shown in Figure 4. However,
it should be noted that treatment with arginine alone showed a lower
value for cell damage relative to the other treatment groups, but did
not reach statistical significance (Table 5). Although intercalated
discs are infrequently encountered in electron microscopy, there was
evidence of disruption of the myofibril at the disc (data not shown).
No changes in the nucleus or lysosomes in any of the groups were seen,
but the mitochondria appeared larger in a cross-section orientation of
the muscle compared with a longitudinal orientation.

DISCUSSION
Diabetes was found to be associated with depressed cardiac function,
increased HW/BW ratio, and elevated plasma glucose and lipid levels.
These observations are in agreement with numerous reports in this regard
(4-6,19-21). Although the LV weight was reduced in diabetic animals,
the depression in cardiac function was not associated with LV remodel-
ling because LV wall thickness or LViD was not altered. Nonetheless, the
present study revealed three major findings: taurine supplementation
prevented cardiac dysfunction during diabetes; taurine, carnitine and

e20

TABLE 5
Qualitative assessment of glycogen, lipid and myocardial

cell damage in diabetic rats treated with taurine, arginine
and carnitine alone or in combination

Glycogen Lipid Cell damage
Control 0.1 0.5 ND
Diabetes 1.6* 2.2* 1.9*
Diabetes + taurine 1.4* 2.1* 1.4+t
Diabetes + arginine 1.5% 1.8* 0.9*"
Diabetes + carnitine 1.2* 1.9% 1.2+t
Diabetes + combination 1.6* 1.9* 1.1+

The qualitative averages are based on three blocks per chamber per animal;
three animals per group. A scoring method, ranging from 0 to 3 to denote
severity of the changes, was used. The score was derived by grading all cells
in each section. Each section contains approximately 150 cells. *P<0.05 ver-
sus control value; 'P<0.05 versus nontreated diabetes value. ND Not
detected

arginine attenuated the diabetes-induced cell damage; and carnitine
reduced blood triglyceride levels and increased HDL cholesterol levels.
Although taurine, arginine and carnitine, either individually or in
combination, attenuated cell injury due to diabetes, only treatment
with taurine alone improved cardiac function, as evidenced by echo-
cardiography and the in vivo catheterization technique of the diabetic
rat. The elevated taurine would be expected to modulate glycolytic
capacity in the diabetic heart (29). However, in our study, taurine alone
did not affect the plasma lipid profile and glucose levels, as well as the
glycogen content and lipid accumulation in the diabetic heart. Taurine
supplementation started after the development of cardiomyopathy was
reported to prevent the increase in heart weight, and improve —dP/dt,
but not +dP/dt (25). This is in contrast to the present study, because we
found that taurine supplementation prevented the impairment of +dP/
dt and partially prevented the reduction in —dP/dt. Such a preventive
action of taurine in the present study is attributable to the fact that a
pretreatment with this amino acid was instituted three weeks before the
induction of diabetes with STZ injection. The observed beneficial effect
of taurine on diabetic heart function may be due to depression in the
HW/BW ratio and LViD during systole, although other parameters of
cardiac remodelling, such as LV wall thickness and LViD during diastole,
were not affected.

Treatment of the diabetic rats with amino acids, alone or in com-
bination, did not affect blood glucose levels. With respect to taurine,
You and Chang (30) demonstrated that taurine reduced triglyceride
and low-density lipoprotein levels in the diabetic rat; however, the
duration and dose of taurine treatment was an important determinant
of the beneficial actions of taurine. Another study reported that sup-
plementation of STZ-induced diabetic mice with taurine reduced
serum low-density lipoprotein levels, but did not affect serum glucose
levels (31). It should, however, be noted that taurine accumulation in
the pancreas has been reported to suppress insulin secretion in STZ-
induced diabetic mice (32), indicating that taurine could exert a nega-
tive effect on the regulation of the serum level of glucose. In this
regard, we observed that taurine treatment did not affect plasma insu-
lin levels in the diabetic rat. On the other hand, y-amino butyric acid
has been reported to restore B-cell mass and reverse diabetes; such
effects on B-cell regeneration and regulation of glucose homeostasis
may have clinical application for this particular amino acid (33).
Although supplementation of taurine in diabetic patients has been
reported to improve carbohydrate metabolism (34), another study has
reported that the administration of taurine has no effect on glucose
metabolism in insulin-dependent diabetes mellitus patients (35).
Thus, in view of these conflicting results, the clinical usefulness of
taurine with respect to glucose handling is still unclear.

It should be noted that carnitine, unlike taurine and arginine, was
able to improve lipid profile and reduce triglyceride levels in the dia-
betic animals. Oral treatment of diabetic rats with carnitine (200 mg/
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kg/day) has been reported to exert no effect on plasma lipids or cardiac
function (36); however, a high dose (3 g/kg/day) of carnitine (intra-
peritoneal) was associated with reduced plasma glucose and lipid lev-
els, and improved cardiac performance (18). Although we observed an
improved lipid profile with carnitine, cardiac function remained
depressed; thus, it is possible that the lack of effect of carnitine on
cardiac function is related to dosage and route of administration.
These findings suggest that depressed cardiac function in diabetic
subjects may be independent of elevated blood lipid and glucose levels
in the short term; however, the impact on cardiac function of long-
term diabetes remains to be determined. Indeed, our findings suggest
that the improved function of the diabetic heart due to taurine is not
related to any changes in glucose or lipid profile because carnitine
markedly reduced the increases in triglyceride levels and increased
HDL cholesterol levels, but did not improve cardiac function.
Interestingly, oral carnitine administration (1 g orally three times a day
before meals for a period of four weeks) has been reported to exert no
effect on insulin sensitivity and lipid profile albeit in subjects with type
2 diabetes (37). Thus, it would appear that there are some inconsisten-
cies with respect to the influence of carnitine on blood glucose and
lipid levels; additional studies are required.

While cell damage was expectedly observed in the diabetic heart,
all amino acids, either individually or in combination, attenuated cell
damage. However, improved function of the diabetic heart was seen
with taurine alone, and appears to be independent of the attenuation
of the loss of cell integrity. It should be noted that taurine, arginine
and carnitine are known to exhibit antioxidant properties, and pro-
vide protection against oxidative damage and cell death (38-41).
Indeed, treatment of diabetic rats with arginine has been previously
reported to reduce diabetes-induced myocardial structural remodelling
(42). On the other hand, taurine supplementation has been shown to
suppress the reduction in expression of the antiapoptotic protein Bcl-2
in STZ-diabetic rats, which indicates that the antiapoptotic action of
taurine may be involved in the protective effect of taurine against
diabetes-induced cardiac dysfunction (25).

Because there is an overlap of the beneficial effects of amino acids on
cell damage during diabetes, other mechanisms can be proposed to
explain the beneficial actions of taurine on diabetic heart function. For
example, it is well known that the reduced contractile performance in
diabetes is associated with abnormal cardiomyocyte Ca?* handling
(21,22,43-48). Accordingly, it could be suggested that the beneficial
effects of taurine on heart function in diabetes are linked to improved
cardiomyocyte Ca2* homeostasis. In this regard, the effect of taurine on
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CONCLUSION

It can be suggested that taurine could serve as an adjunct to standard
therapy in patients with diabetes and at risk for heart disease.
Furthermore, supplementation of the diet with carnitine, unlike taur-
ine and arginine, may provide a useful nonpharmacological strategy for
reduced risk of atherosclerosis and coronary heart disease in diabetic
patients. Nonetheless, the data on combination therapy of diabetic
animals with taurine, carnitine and arginine did not provide any evi-
dence for the synergetic actions or added beneficial effects of these
amino acids on diabetes-induced changes in cardiac structure, metab-
olism and function.
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