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In this review, the beneficial effects of metabolic therapy with propionyl 
L-carnitine (PPLC) on cardiovascular complications during the develop-
ment of diabetic cardiomyopathy was evaluated. Since metabolic abnor-
malities due to mitochondrial dysfunction are invariably associated with 
deficiency of carnitine, accumulation of toxic long-chain derivatives of fatty 
acids and development of oxidative stress in the heart, it appears that the 
effects of PPLC therapy are related to the attenuation of these derange-
ments. Particularly, the beneficial effects of PPLC therapy in improving car-
diac function in chronic diabetes were associated with attenuation of in-
crease in sarcolemmal Ca2+-binding and Ca2+-ecto ATPase activities. 
Furthermore, depressed sarcolemmal Na+-K+ ATPase and Na+-dependent 
Ca2+-uptake as well as sarcoplasmic reticulum Ca2+-pump activities in dia-
betic hearts were attenuated by PPLC therapy. These actions of PPLC 
therapy were accompanied by improvement in mitochondrial oxidative 
phosphorylation and attenuation of changes in the high energy phosphate 
stores in the diabetic heart. Since incubation of sarcolemma with PPLC 
was found to reduce the inhibitory actions of palmitoyl L-carnitine on Na+-K+ 
ATPases and Na+-dependent Ca2+-uptake, it is suggested that PPLC ther-
apy may attenuate cardiac abnormalities by antagonising the deleterious 
actions of accumulated long- chain lipids in diabetic cardiomyopathy.

Key words: Diabetic cardiomyopathies; Propionyl L-carnitine; Palmitoyl 
L-carnitine; Oxidative stress; Sarcolemma; Sarcoplasmic reticulum; Mito-
chondria.

Abstract

Khushman Kaur,1 Lorrie Kirshenbaum,1 Paramjit S Tappia,2 Naranjan S Dhalla1

Chronic diabetes is a major health hazard, which 
not only results in diabetic cardiomyopathy (in 
the absence of coronary disease) but is also a risk 
factor for the development of heart failure.1-12 
This complex disease is primarily caused by ei-
ther insulin deficiency or insulin resistance and 
is generally associated with elevated levels of 
plasma glucose and lipids as well as reduced util-
isation of glucose and increased utilisation of free 
fatty acids in the heart. Since several vasoactive 

Introduction

hormones such as catecholamines, angiotensin II, 
vasopressin, serotonin and endothelin are elevat-
ed in diabetic subjects, these hormones are also 
considered to participate in inducing diabetes-as-
sociated cardiovascular disease, atherosclerosis 
and cardiac dysfunction.13-16 Although, the exact 
mechanisms for the occurrence of diabetic car-
diomyopathy are not clear, it has been suggested 
that the development of oxidative stress, inflam-
mation, intracellular Ca2+-overload and metabolic 
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alterations are intimately involved in its patho-
genesis.11, 12, 16-20 Furthermore, extensive studies 
have shown that cardiac dysfunction in diabetic 
cardiomyopathy may be a consequence of sub-
cellular remodelling associated with excessive 
entry of Ca2+ through sarcolemma (SL), defects 
in sarcoplasmic reticulum (SR) for Ca2+-handling 
and mitochondrial Ca2+-overload for the impair-
ment of energy production.1, 2, 14, 16, 19-21 A wide va-
riety of pharmacological interventions including 
antioxidants, blocking of renin-angiotensin sys-
tem, Ca2+-antagonists, adrenoreceptor antago-
nists and metabolic inhibitors have been shown 
to exert beneficial, but partial, effects in diabetic 
cardiomyopathy.9, 15, 20, 21 It has now become clear 
that diabetic cardiomyopathy is a multifactorial 
disease and thus a detailed understanding of var-
ious target sites for identifying appropriate drug 
therapy is considered of critical importance. This 
article is therefore focused on the discussion for 
metabolic therapy of chronic diabetes with pro-
pionyl L-carnitine (PPLC), a highly active amphi-
pathic derivative of L-carnitine, which has been 
used for the treatment of different cardiovascu-
lar diseases such as peripheral vascular disease, 
ischaemic heart disease, arrhythmias, athero-
sclerosis, diabetic cardiomyopathy and heart 
failure.22-28

In view of the role of mitochondria in the gen-
eration of energy for cardiac function and the 
identification of mitochondrial defects in vari-
ous cardiovascular diseases, these organelles are 
considered to serve as excellent targets for the de-
velopment of different interventions to promote 
energy production in the diseased myocardium.2, 

11, 12, 18 In fact, there is increasing evidence that 
L-carnitine and its short-chain derivatives such 
as PPLC and acetyl L-carnitine, which promote 
the transport and oxidation of long-chain fat-
ty acids for energy production in mitochondria, 
are most useful interventions for the treatment 
of heart disease.23, 27-30 This view is supported by 
the fact that myocardial carnitine deficiency has 
been demonstrated to be associated with the oc-
currence of different heart diseases both in hu-
mans and experimental animals.31-35 It is pointed 
out that a long chain acylderivative of L-carni-
tine, palmitoyl L-carnitine (PMLC), which is also 

formed by carnitine acyltransferases in mito-
chondria, is known to exert deleterious actions, 
unlike PPLC, on the myocardium and is consid-
ered to be involved in the pathogenesis of heart 
disease.36-38 While L-carnitine, acetyl L-carnitine 
and PPLC did not show any in vitro effect on car-
diac contractility and subcellular ATPase activi-
ties, PMLC was observed to depress contractile 
force development and myofibrillar Ca2+-stim-
ulated ATPase, mitochondrial Mg2+ ATPase, SR 
Ca2+-pump ATPase as well as SL Ca2+-pump AT-
Pase and Na+-K+ ATPase activities.39-41 Further-
more, the beneficial actions of PPLC therapy are 
not only considered to be due to its effects on 
myocardial metabolism, but other actions such 
as antioxidant and Ca2+-antagonism have also 
been documented in this regard.42-45 It should be 
noted that therapy with L-carnitine, unlike that 
with PPLC or acetyl L-carnitine, was observed to 
reduce body mass of diabetic patients indicating 
differences in the mode of action among L-carni-
tine and its derivatives.46

Not only is chronic diabetes associated with di-
abetic cardiomyopathy, but there also occurs 
several other organ pathologies such as angiop-
athy, arteriopathy, neuropathy, retinopathy and 
peripheral vasculopathy in patients with diabe-
tes.1, 47-50 Accordingly, it is generally considered 
that diabetes affects both blood vessels and car-
diomyocytes and is intimately associated with 
the development of impaired microcirculation. 
In this regard, it was observed that PPLC thera-
py increased peripheral blood flow and improved 
symptoms related to microcirculation in diabet-
ic patients with arterial disease and peripheral 
vasculopathy.47, 48 The prevention of diabetic neu-
ropathy and retinopathy upon PPLC therapy was 
mediated by the amelioration of changes in mi-
crocirculation and tissue carnitine content and 
thus resulting in an increase in fatty acid oxida-
tion and shortening of the peak latencies in the os-
cillatory potentials in the electroretinogram.50, 51 
PPLC therapy also improved diabetic neuropathy 
by attenuating the delay in nerve conduction, de-
creased R-R variability and reduced sciatic nerve 
blood flow, in addition to increasing the nerve 
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PPLC therapy and diabetes- 
induced subcellular alterations

tissue carnitine level and reducing the serum 
triglyceride level.49 Furthermore, combination 
therapy of PPLC and 5-phosphodiesterase inhib-
itors such as sildenafil and vardenafil, was found 
to exert synergic effect in diabetic patients with 
erectile dysfunction by improving blood flow as 
a consequence of reduction in endothelial dys-
function, decrease in the levels of advanced gly-
cation end products and depression in oxidative 
stress.52-54

Treatment of chronic diabetes with PPLC was 
found to overcome cardiac dysfunction because 
it increased myocardial carnitine content, im-
proved lipid metabolism and lowered plasma lip-
ids.55, 56 The improvement in cardiac function by 
PPLC therapy was also observed to be associated 
with increases in ATP production as well as tri-
carboxylic acid cycle activity due to augmented 
glucose and palmitate utilisation.57 Furthermore, 
the beneficial effects of PPLC therapy in diabetic 
cardiomyopathy were seen to be associated with 
attenuation of the impaired erythrocyte mem-

Extensive studies have revealed that cardiac 
dysfunction in diabetic cardiomyopathy is asso-
ciated with remodelling of subcellular organelles 
such as SL, SR, mitochondria and myofibrils in 
the heart.1, 2, 14, 15, 20, 21 It is now well known that 
the SL membrane is involved in Ca2+-entry for 
excitation-contraction coupling whereas the SR 
membrane is related to the regulation of intra-
cellular Ca2+ for the occurrence of cardiac con-
traction and relaxation processes. Furthermore, 
mitochondria are mainly concerned about the 
process of energy production whereas myofibrils 
are associated with the process of energy utili-
sation during cardiac contraction. By employing 
a rat model of streptozotocin- induced diabetic 
cardiomyopathy,20, 21, 62, 63

 we have observed that 

brane phospholipid fatty acid turnover.58 Since di-
abetic hearts are vulnerable to ischaemia- reper-
fusion injury during cardiac surgery, the effects 
of PPLC therapy were also evaluated in diabetic 
patients undergoing coronary bypass surgery.59 
It was found that PPLC administration improved 
hemodynamic changes, reduced the trans-cardi-
ac endothelin difference and depressed the rap-
id hypoxanthine washout during reperfusion. 
Chronic PPLC treatment was also observed to 
show improved function of post ischaemic di-
abetic heart due to an increase in the oxidation 
of glucose and palmitate.60 The improvement of 
cardiac function in diabetic ischaemia- reperfu-
sion hearts by PPLC therapy was seen to be as-
sociated with enhanced mitochondrial oxidation 
of pyruvate and glutamate.61 These observations 
indicate that PPLC therapy not only showed bene-
ficial effects in diabetic cardiomyopathy, but also 
prevented the ischaemia- reperfusion induced al-
terations in cardiac function and myocardial me-
tabolism in diabetic hearts.

heart function was depressed. This defect was 
evident from depressions in the left ventricle de-
veloped pressure as well as in both positive and 
negative rates of contractile force development. 
Previously, PPLC therapy of animals with chron-
ic diabetes was shown to prevent alterations in 
cardiac dysfunction.20 Although myofibrillar 
Ca2+-stimulated ATPase, which determines the 
strength of cardiac contractile force develop-
ment, was depressed in diabetic cardiomyopathy, 
this activity was not improved by PPLC treat-
ment.64 On the other hand, Table 1 shows that 
ATP- independent Ca2+-binding to predominantly 
right-sided out SL vesicles (heavy SL preparation) 
was depressed. 

Table 1: ATP- independent Ca2+-binding and Ca2+-ecto ATPase activities in a heavy sarcolemmal preparations from 
diabetic hearts with or without propionyl L-carnitine (PPLC) treatment

Parameters Control Diabetic PPLC- treated diabetic

A. ATP- independent Ca2+-binding (nmol/mg/5 min)
1. In the presence of 0.05 mM Ca2+

2. In the presence of 1.25 mM Ca2+

19.2 ± 1.32
196.0 ± 7.61

11.5 ± 1.26*
86.0 ± 4.25*

16.05 ± 1.18†

158.0 ± 5.96†
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B. Ca2+-ecto ATPase activity (umol Pi/mg/h)
1. In the presence of 1.25 mM Ca2+	

2. In the presence of 4.0 mM Ca2+

38.9 ± 3.6
53.6 ± 3.9

51.2 ± 23*
66.5 ± 2.4*

42.4 ± 2.0†

56.1 ± 2.3†

However, the activity of Ca2+-ecto ATPase, which 
is considered to serve as a Ca2+-gating mechanism, 
was increased in diabetic cardiomyopathy. These 
alterations were partially prevented by PPLC 
therapy.65, 66 The SL Na+-K+ ATPase and SL Na+-de-
pendent Ca2+- uptake as well as SL Ca2+-pump 
(ATP- dependent Ca2+-uptake and Ca2+-stimulated 

Values are means ± standard error (SE) of 6 experiments. 3 Days after the induction of diabetes with 65 mg/ kg streptozotocin, rats were 
treated with or without PPLC (250 mg/kg; daily) for 8 weeks. Sarcolemmal preparation with basement was isolated from the heart by 
hypotonic shock- LiBr treatment method and high or low affinities Ca2+-binding and Ca2+-ecto ATPase activities were determined as before 
(Kaneko et al65 and Dhalla et al66). This preparation does not show Ca2+- stimulated ATPase or ATP-dependent Ca2+-uptake. *-p < 0.05 vs 
control; †- p < 0.05 vs diabetic.

Values are means ± S.E. of 4 experiments. Diabetes was induced by 65 mg/kg streptozotocin. 3 days after inducing diabetes, the animals 
were treated with or without PPLC (250 mg/kg/daily) for 8 weeks. Sarcolemmal vesicles were isolated by sucrose- gradient method and 
biochemical parameters were measured as described earlier (Makino et al67 and Pierce et al68). *-p < 0.05 vs control; †- p < 0.05 vs diabetic.

Values are means ± S.E. of 8 to 10 experiments. These data are based on the information described in our article Ferrari et al.64 The diabetic 
rats 3 days after inducing diabetes with 6 mg/kg streptozotocin were treated with or without PPLC (250 mg/kg daily) for a period of 8 weeks. 
The activities of SR preparations were measured by the methods described by Ganguly et al63 and Ferrari et al.64 *-p < 0.05 vs control; †- p 
< 0.05 vs diabetic.

Values are means ± S.E. Diabetes was induced by an injection of 65 mg/kg streptozotocin. 3 days after inducing diabetes, the animals 
were treated with or without 250 mg/kg PPLC daily for 8 weeks. Mitochondrial respiration and both CP and ATP content were determined 
according to the procedures described earlier in Tappia et al21 *-p < 0.05 vs control; †- p < 0.05 vs diabetic.

Table 2: Sarcolemmal Na+-K+ ATPase, Na+-dependent Ca2+-uptake and ATP-dependent Ca2+-pump activities in 
diabetic rat hearts with or without propionyl L-carnitine (PPLC) treatment

Parameters Control Diabetic PPLC- treated diabetic

A. Na+-K+ ATPase activity (μmol Pi/mg/h)
B. Na+-dependent Ca2+-uptake (nmol/mg/15 s)
C. ATP-dependent Ca2+-uptake (nmol/mg/min)
D. Ca2+-stimulated ATPase activity (μmol Pi/mg/h)

28.4 ± 1.91
22.5 ± 1.52
21.0 ± 1.70
12.2 ± 0.86

16.2 ± 2.30*
11.6 ± 1.74*
13.4 ± 0.84*
7.2 ± 0.71*

24.5 ± 1.43†

17.9 ± 1.32†

13.2 ± 1.26
7.9 ± 0.86

Table 3: Sarcoplasmic reticulum (SR) Ca2+-uptake, Ca2+-stimulated ATPase and Mg2+-ATPase activities from control, 
diabetic and propionyl L-carnitine (PPLC) treated diabetic rat hearts

Parameters Control Diabetic PPLC- treated diabetic

A. SR Ca2+-uptake activity (nmol Ca2+/mg/2 min)	
B. SR Ca2+-stimulated ATPase activity (μmol Pi/ mg/5 min) 
C. SR Mg2+-ATPase activity (μmol Pi/mg/5 min)

110.0 ± 3.9
0.96 ± 0.12
9.10 ± 0.36

65.9 ± 4.1*
0.56 ± 0.12*
4.56 ± 0.42*

92.0 ± 3.7†

0.82 ± 0.86†

6.54 ± 0.51†

Table 4: Mitochondrial respiration and oxidative phosphorylation as well as high energy phosphate stress in diabetic 
rat hearts with or without propionyl L-carnitine (PPLC) treatment

Parameters Control Diabetic PPLC- treated diabetic

A. Mitochondrial oxidative phosphorylation
1. State 3 respiration (natoms O/mg/min)
2. Oxidative phosphorylation rate (state 3x ADP/O ratio)

B. High energy phosphate stores
1. Creatine phosphate (CP, μmol/g)	
2. Adenosine triphosphate (ATP, μmol/g)

184 ± 7.52
536 ± 28

6.48 ± 0.42
4.26 ± 0.28

137 ± 8.14*
364 ± 31*

3.52 ± 0.44*
3.42 ± 0.22*

162 ± 6.58†

480 ± 36†

5.33 ± 0.37†

3.86 ± 0.28†

ATPase) activities in the inside out SL prepara-
tions were decreased in diabetic cardiomyopathy 
(Table 2).67, 68 Treatment of diabetic animals with 
PPLC was observed to attenuate changes in both 
SL Na+-K+ ATPase and Na+- dependent Ca2+-uptake 
activities without affecting the SL vesicle Ca2+- 
pump activities (Table 2).67, 68 Although SL Na+-H+ 
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activity was depressed in the diabetic cardiomy-
opathy, this change was also not affected by PPLC 
treatment.68 Likewise, SL N-methylation, which 
is known to regulate SL Ca2+-transport activities, 
was observed to be depressed in chronic diabetes 
and this change was also not attenuated by PPLC 
treatment.69

The effects of PPLC treatment were also exam-
ined on the diabetes-induced alterations in the 
SR Ca2+-transport and mitochondrial energy pro-
duction parameters. The results shown in Table 3 
reveal that depressions in the SR Ca2+-uptake and 
SR Ca2+-stimulated activities (SR Ca2+-pump ac-
tivities) as well as SR Mg2+-ATPase activity were 
depressed in diabetic cardiomyopathy and these 
changes were attenuated by PPLC therapy. Like-
wise, mitochondrial function, as evidenced from 

Mechanisms of beneficial
effects of PPLC

Previously, it was described that oxidative stress 
plays an important role in the pathogenesis of 
cardiac dysfunction as well as in metabolic and 
subcellular abnormalities during the develop-
ment of diabetic cardiomyopathy.2, 14, 20 This view 
is supported by the findings that different anti-
oxidants were shown to attenuate the diabetes- 
induced changes in the heart.15, 20 Since PPLC is 

a highly permeable agent in cardiac membranes 
and is considered to antagonise the deleterious 
actions of different cytotoxic metabolites such as 
PMLC and accumulate during the development of 
diabetic cardiomyopathy,36-38 some experiments 
were carried out to examine if the adverse effect 
of PMLC are antagonised directly by PPLC. For 
this purpose, the effects of PMLC were studied 

mitochondrial state 3 respiration and oxidative 
phosphorylation rate, was depressed in the dia-
betic heart and these alterations were attenuat-
ed by PPLC treatment (Table 4).21 The observed 
alterations in mitochondrial function are sup-
ported by the fact that high energy phosphates 
such as creatine phosphate (CP) and adenosine 
triphosphate (ATP) levels were decreased in the 
diabetic heart and these changes were attenuat-
ed by PPLC treatment (Table 4). From the overall 
observations on subcellular changes in diabetic 
cardiomyopathy, it is evident that the improve-
ment of cardiac function by PPLC therapy may 
be related to its beneficial effects in attenuating 
the depressions in SL Na+-K+ ATPase, SL Na+-de-
pendent Ca2+ uptake, SR Ca2+-pump activities and 
mitochondrial energy production.

Table 5: Modification of palmitoyl L-carnitine (PMLC)-induced depression in rat 
heart sarcolemmal Na+-K+ ATPase activity by propionyl L-carnitine (PPLC) at dif-
ferent concentrations of ATP in vitro 

Concentrations 
of ATP (mM)

Na+-K+-ATPase activity (μmol Pi/mg/h)

PMLC PPLC (10 μM)
+ PMLC (10 μM)Control

0.25
0.50
0.75
1.00
2.00
3.00
4.00

8.2 ± 0.38
11.3 ± 0.58
15.0 ± 0.76
19.6 ± 0.84
24.5 ± 0.98
26.2 ± 1.04
26.4 ± 1.02

3.9 ± 0.28*
5.1 ± 0.33*
7.8 ± 0.39*
9.6 ± 0.55*
11.8 ± 0.53*
12.9 ± 0.62*
13.1 ± 0.58*

3.9 ± 0.28*
5.1 ± 0.33*
7.8 ± 0.39*
9.6 ± 0.55*
11.8 ± 0.53*
12.9 ± 0.62*
13.1 ± 0.58*

Values are mean ± SE of 3 experiments. Sarcolemmal membranes were incubated with or without 
10 μM PPLC for 5 min before adding 10 μM PMLC for 5 min and then Na+-K+ ATPase reaction 
was initiated with different concentrations of ATP as described by Makino et al.70 Values for PPLC 
group were not different from the control group and thus are not shown in the Table. *-p < 0.05 
vs control; †- p < 0.05 vs PMLC. The lineweaver- Burke plot of data for control, PMLC and PPLC + 
PMLC preparations showed Vmax values as 31.43, 15.82 and 25.01 (umol Pi/mg/h) and Km vlues 
as 0.7421, 0.8077 and 0.7153 (mM ATP), respectively.  

Kaur et al. Scr Med. 2025 May-Jun;56(3):557-65.
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The beneficial effects of metabolic therapy 
with PPLC were evaluated, which is known to 
promote the oxidation of fatty acids in mito-
chondria and increase the utilisation of glu-
cose for energy production in the heart. From 
the information provided in this article, it is 
evident that PPLC therapy not only improves 
cardiac function but also attenuates subcellu-
lar remodelling for promoting Ca2+-handling 
and energy production in diabetic cardiomy-

Conclusion
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ethics approval was not required for this work.
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Table 6: Modification of palmitoyl L-carnitine (PMLC)-induced depression in rat 
heart sarcolemmal Na+-dependent Ca2+-uptake activity by propionyl L-carnitine 
(PPLC) at different concentrations of Ca2+ in vitro

Concentrations 
Ca2+(μM)

Na+-dependent Ca2+-uptake (nmol Ca2+/mg/2 s)

PMLC PPLC (10 μM)
+ PMLC (10 μM)Control

5.00
10.00
20.00
40.00
80.00

160.00

1.20 ± 0.08
2.84 ± 0.26
5.92 ± 0.87
7.34 ± 1.05
7.34 ± 1.05
8.64 ± 0.86

0.74 ± 0.13*
0.74 ± 0.13*
2.63 ± 0.49*
4.12 ± 0.57*
5.27 ± 0.64*
6.32 ± 0.39*

1.08 ± 0.07†

2.56 ± 0.23†

3.76 ± 0.26†

6.74 ± 0.40†

7.86 ± 0.43†

7.83 ± 0.38†

Values are mean ± SE of 3 experiments. Preloaded sarcolemmal vesicles with NaCl were incubat-
ed with or without 10 μM PPLC for 5 min before adding PMLC for 5 min and then determination 
of Na+-dependent Ca2+- uptake activity according to the method of Makino et al.67 Since PPLC 
showed no effect on Na+-dependent Ca2+- uptake, the value for this group is shown in the table. 
*-p < 0.05 vs control; †- p < 0.05 vs PMLC. The lineweaver plot of data showed Bmax values for 
control, PMLC and PPLC + PMLC groups were 9.85, 6.74 and 8.23 (nmol Ca2+/mg/2 s whereas Kα 
values were 18.31, 20.26 and 18.54 (μM Ca2+), respectively.

on the SL Na+-K+ ATPase and SL Na+-dependent 
Ca2+- uptake by incubating the SL preparations 
under in vitro conditions in the absence or pres-
ence of PPLC.70, 71 The results in Table 5 indicate 
that the suppressive actions of PMLC on SL the 
Na+-K+ ATPase activity in the presence of differ-
ent concentrations of ATP was inhibited by PPLC. 
Likewise, the Na+- dependent Ca2+-uptake activi-
ty in the presence of different concentrations of 
Ca2+ was inhibited by PMLC and this inhibitory 
effect of PMLC was attenuated by the presence of 
PPLC in the incubation medium (Table 6). These 
observations indicate PPLC may also produce 
beneficial effects in diabetic cardiomyopathy by 
directly antagonising the deleterious effects of 
some long-chain acyl metabolites such as PMLC. 

opathy. These beneficial effects of PPLC ther-
apy seem to be related to a direct action of 
PPLC in antagonising the deleterious actions 
of long-chain fatty acid metabolites, which 
become accumulated in the myocardium in 
chronic diabetes. Such a proposed mechanism 
is complimentary to antioxidant and lipid low-
ering actions of this intervention. 
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