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Enhanced hyperglycemia is associated with oxidative stress and hyperlipidemia that
is also responsible for an increased risk factor for diabetes associated cardiovascular
problems. As pyrroloquinoline quinone (PQQ) is a known antioxidative agent, the
primary aim of this study was to explore the hitherto unknown potential of PQQ in
regulating STZ–induced oxidative damages in heart and associated cardiovascular
problems. Healthy male mice were divided into seven groups such as normoglycemic;
PQQ treated control; STZ–treated (150mg/kg); STZ+PQQ treated (5, 10 and 20mg/
kg, respectively); and STZ+Vit. C treated (50mg/kg). At the end of the experiment(
after 15 days of treatment), animals were sacrificed and markers of oxidative stress,
various antioxidants, lipid profiles, alterations in insulin, lactate dehydrogenase
(LDH), relative risk value (RR–value), atherogenic index (AI) and cardiac tissue
histology were evaluated. STZ –treated animals not only developed oxidative stress
as indicated by an increase in lipid peroxidation (LPO), lipid hydroperoxide (LOOH),
LDH, RR–value and AI but also by a decrease in the levels of insulin, high density
lipoprotein (HDL–C), superoxide dismutase, catalase, glutathione peroxidase and
reduced glutathione. Following the administration of PQQ, particularly at 20mg/kg in
diabetic animals, all these adverse effects were ameliorated with a decrease in LPO,
LOOH, LDH and different lipids; with a parallel increase in cellular antioxidants,
HDL–C and insulin level, suggesting cardioprotective effects of the test drug. Better
effects were observed, as compared to that of Vit. C. Our study reveals that PQQ
may have better ameliorating potential than Vit. C in regulation of the cardiovascular
problems in diabetic patients.
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Introduction
Incidence of diabetes mellitus (DM) and associated cardiovascular
diseases (CVDs) have increased worldwide in recent years.
Approximately 80% of total deaths are thought to occur among the
CVDs patients.1,2 Untreated diabetes usually develops CVDs such
as coronary heart disease, peripheral arterial disease, hypertension,
stroke and cardiomyopathy.3 In diabetes, the circulating free radicals
contribute to the progression of heart disease and possibly mediate
the process of apoptosis, a state in which increased oxidative stress is
observed.4 An earlier report suggests that high glucose concentration
promotes apoptosis in vitro; suggesting that hyperglycemia in
diabetes has the potential to cause cellular damage.5 Very often,
increased oxidative stress in diabetes is believed to be the result
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of increased production of reactive oxygen species (ROS) and
decreased antioxidant defence system.6 In fact, lipid peroxidation
results in malondialdehyde (MDA) formation as a cytotoxic product
via membrane disruption and finally leads to cell damage and
necrosis. As incidence of CVDs is pretty high in diabetic patients,
the identification of new pharmacological agent to effectively prevent
and treat metabolic syndrome and cardiovascular complications is of
crucial importance. Several conventional medicines are available in
market. However, these are believed to have side effects. Therefore,
alternative medicines are of present day research interest. In this
paper we have, tried to explore the possible role of a recently known
antioxidant, pyrroloquinoline quinone (PQQ) in regulating DM
induced cardiovascular problems.
PQQ, an anionic water soluble compound, was initially proposed
to act as a cofactor of many bacterial dehydrogenases.7 It was also
found to be neuroprotective as it prevents oxidative stress–induced
neurotoxicity and neuronal death. In recent years, it has been
reported that PQQ scavenges ROS, protects from oxidative stress
and decreases the levels of free radicals as well as lipid peroxidation
(LPO).8–10 One report also suggested that PQQ reduces myocardial
infarct size and improves cardiac function.11 Both in vivo and in vitro
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studies have shown that PQQ can protect against several types of
oxidative damages and irradiation injury. Recently, workers found
not only the involvement of ROS in the pathogenesis of CVDs, but
also suggested the use of antioxidants which play a major role in
reducing the oxidative stress by scavenging the excess free radicals.8,9
In recent years several compounds with antioxidant properties have
been found to be beneficial and may protect or restore physiological
function in diabetes associated CVDs, mainly plant based compounds
have been investigated in details.12 However, the recently known PQQ
has not been tried with respect to its cardio–protective potential in
diabetes, if any. An attempt has now been made to evaluate its role in
the diabetes–induced CVDs and associated oxidative damage in heart.

Materials and methods
Animals
Swiss albino male mice, 7–8 weeks old weighing 30±2(g) were
housed in polypropylene cages in a standard photoperiod (14h
light:10h dark) and temperature (27±1°C) controlled room with
the provision of laboratory feed (Gold Mohur feed, Hindustan
Lever Limited, Mumbai, India) and water ad libitum. Animals were
maintained in accordance with the guidelines of committee for
the purpose of control and supervision of experiments on animals
(CPCSEA), Ministry of Environment, Forest and Climate Change,
New Delhi, Govt. of India. (Reg. No. 779/Po/Ere/S/03/CPCSEA).

Induction of diabetes to experimental mice
Streptozotocin (STZ) is a commonly used diabetogenic agent.13
Diabetes was induced by a single intraperitoneal injection of a freshly
buffered (0.1M citrate, pH 4.5) solution of STZ (Sigma–Alderich
chemicals) single dose of 150mg/kg.14 After 72h/ 3 days of STZ
administration, the tail vein blood was collected to determine fasting
blood glucose level. Only mice with fasting blood glucose over
250mg/dl were considered diabetic and included in the experiments.

Experimental design
Fourty–nine healthy male mice (7–8 weeks old) were randomly
divided into seven groups of seven each. Group I animals receiving
single intraperitoneal (i.p) injection of citrate buffer (0.1ml, 0.1M
citrate, pH 4.5) solution served as control. Group II received single
i.p injection of citrate buffer (0.1ml, 0.1M citrate, pH 4.5) solution
along with PQQ 20mg/kg (0.1ml, i.p) for 15 days; whereas those of
group III, IV, V, VI and VII received STZ i.p. After rendering DM/
hyperglycemia, animals of group IV, V and VI were treated i.p. with
three different doses of PQQ (5, 10 and 20mg/kg/day, respectively for
15 days);11,15 group VII animals received Vit.C (50mg/kg/day (i.p.),
for 15 days).16 Total experimentation time duration was 18 days (1st
3 days for rendering diabetes and 4th to 18th day for PQQ and Vit. C
treatment).

Blood sampling and serum preparation
At the end of experiment, animals were sacrificed by a mild
ether anaesthesia and blood from each animal was collected in clean
tubes. Blood samples were centrifuged at 3000rpm for 5 min; serum
was separated and stored at –20°C until estimations of different
biochemical parameters including serum concentrations of insulin,
lactate dehydrogenase (LDH), glucose, cholesterol, triglyceride and
high density lipoproteins (HDL–C).

Copyright:
©2017 Kumar et al.

202

Tissue isolation and homogenate preparation
After sacrificing a the animals were exsanguinated and heart from
each one was removed quickly, washed with phosphate buffered saline
(PBS) and tissue slices were weighed and homogenized in ice cold
PBS (0.1M, pH 7.4), to the final concentration of tissue at 100mg/ml
of PBS buffer. The homogenate was centrifuged at 15,000g for 30min
at 4°C and; supernatants were collected and stored at –20°C until use.

Biochemical estimations
Serum insulin was measured by using commercially available
ELISA kit (IRI Research Inc. lake view, Canada). Serum LDH level
was measured by using commercially available enzymatic kit (ERBA
diagnostic Pvt. Ltd, Germany). LPO level in tissues homogenate was
measured by the method of Ohkawa et al.17 The LOOH activity was
measured by the method of Griffiths et al.18 Activity of SOD was
determined by the pyrogallol auto–oxidation inhibition assay method
of Marklund et al.19 Catalase activity was estimated following the
method of Aebi.20 The GPx activity was calculated according to the
method of Mohandas et al.21 Tissue glutathione content (reduced
sulfhydryl groups) was estimated following the protocol of Ellman.22
Tissue protein content was determined following the method of Lowry
et al.,23 using bovine serum albumin (BSA) as a standard. Serum
glucose, total cholesterol, triglyceride, HDL–C level was estimated
by using commercially available kit (ERBA diagnostic Pvt. Ltd.
Germany). LDL–C, VLDL–C were calculated following the equation
of Friedwald et al.,24 and RR value was calculated by following the
equation of Chockalingam et al.,25 AI was calculated by following the
equation: =(TC– HDL–C)/HDL–C.

Histopathologic studies
Histopathological slides were prepared following the method of
Deepa et al.,26 after exsanguinations, a portion of the cardiac tissue
was washed with ice chilled phosphate buffer (0.1M, pH 7.4) and
fixed in 10% formaldehyde for 24 hours. The tissues were dehydrated
in the descending grades of isopropanol, finally cleared in xylene and
then embedded in molten paraffin wax. Sections were cut at 5–μm
thickness, stained with hematoxylin and eosin, and scrutinized under
clinical microscope (Lieca–DM RA, Research Microscope system,
Germany) and the slides were scanned using attached camera.

Statistical analysis
Results have been expressed as means±SEM (n=7). For the
statistical evaluation, analysis of variance (ANOVA) was used
followed by post hoc Newman–Keul’s Multiple Comparison Test
using the trial version of Prism 5 software (GraphPad Software, Inc.,
La Jolla, CA, USA) and Microsoft Office 2003 for windows. A “p”
value of 0.05 or less is considered to be significant.

Results
Alterations in body weight
Alterations in the body weight (g) of the experimental animals of
different treated groups are depicted in Table 1. During the course of
the present study, it was observed that the body weight of the normal/
control animals as well as in PQQ (20mg/kg) treated normoglycemic
animals showed a normal growth at the end of experiment with a
percent increase of 20% and 20.45% respectively. After completion
of experimentation; comparing the body weight of 1st day, 4th day
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(the day when PQQ administration was started) and 18th day in the
respective group animals, a loss in body weight was observed in the
STZ treated in all the group of animals on 4th day, as compared to
the body weight of respective group animals on 1st day. However, net
body weight loses of 21.90% was observed in animals treated with
only STZ. After administration of PQQ (5, 10 & 20mg) and Vit. C at
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50mg/kg for 15 days there, no further body weight loss was observed
in respective group of animals as compared to that of 4th and 18th day,
indicating that the administration of PQQ and Vit. C in STZ–treated
animals protected from the diabetes–induced body weight loss (Table
1).

Table 1 Alterations in the body weight (g) on 1st and on 18th (last) day of experimentation in different experimental groups of animals
Groups

Alteration in body weight (g)
1st day

4th day

18th day

(% Changed)

Control

30.00±1.212

31.50±1.002

36.00±1.154

(20.00%↑)

PQQ 20mg

30.55±1.554

31.40±0.914

36.75±1.250

(20.45%↑)

STZ

29.45±1.363

26.00±0.925

23.00±1.290

(21.90%↓)

STZ+PQQ 5mg

29.85±1.069

26.40±1.121

28.00±1.212

(06.19%↓)

STZ+PQQ 10mg

30.00±1.290

26.50±1.231

28.51±0.975

(04.96%↓)

STZ+PQQ 20mg

30.00±1.116

26.80±0.936

29.50±0.487

(01.66%↓)

STZ+Vit. C 50mg

30.00±1.519

27.00±0.936

27.50±0.451

(08.33%↓)

Data are expressed in mean±SEM (n=7). Increased or decreased (↑ or ↓) percent (%) body weight changes, calculated as compared to its value in the respective
group, from 1st day and 18th day.

Serum insulin, LDH, LPO and LOOH level
Changes in serum insulin concentrations are illustrated in Figure
1A. Insulin was signiﬁcantly decreased in the STZ–induced diabetic
mice (p<0.001, as compared to that of control ones). Following
administration of 20mg/kg PQQ to normoglycemic mice, insulin
level was increased but not significantly as compared to the control
animals. However, administration of PQQ at a dose of 20mg/kg in
diabetic animals brought a marked increase in insulin level (p<0.001)
as compared to that of STZ–induced diabetic mice. While no
significant alteration was observed in 5mg/kg body weight PQQ and
Vit. C (50mg/kg) treated diabetic animals, 10mg/kg body weight of
PQQ significantly (p<0.05) enhanced the level of insulin.
While serum LDH concentrations was signiﬁcantly increased
in the STZ–induced diabetic mice (p<0.001, as compared to that of
control ones), administration of 20mg/kg PQQ to normoglycemic
mice, did not significantly alter its concentration. When PQQ (5,
10 and 20mg/kg) was administered to STZ–treated mice, a marked
decrease in LDH level (p<0.001) as compared to that of STZ–induced
diabetic mice was observed (Figure 2). Following the administration
of Vit. C (50mg/kg) in STZ treated animals a significant (p<0.05)
decrease in LDH level was observed. While no significant alteration
was observed in 5mg/kg of PQQ treated STZ–induced diabetic
animals; PQQ at 10mg/kg dose significantly (p<0.05) decreased the
level of LDH in STZ treated animals (Figure 1B). Cardiac LPO was
increased significantly (p<0.001) following the STZ administration.
However, when PQQ (5, 10 and 20mg/kg/d) was administered in
diabetic animals, a significant (p<0.001) decreased LPO was observed
in all the tested doses. Administration of Vit. C in STZ–treated
animals significantly decreased the LPO level in STZ treated animals
(p<0.001), while 20mg/kg of PQQ in normoglycemic animals did not
significantly alter cardiac LPO (Figure 1C). With respect to cardiac
LOOH level, it was increased significantly (p<0.001) following the
STZ administration. However, when different doses of PQQ (5, 10 and
20mg/kg/d) were administered to the diabetic animals, a significant
(p<0.001, for all) decrease in LOOH level was observed with all the
tested doses. However, 20mg/kg of PQQ in normoglycemic animals

did not significantly alter LOOH as compared to the value of control
animals. Administration of Vit. C in diabetic animals brought a
marked decrease in LOOH level (p<0.001), as compared to that of
STZ–induced diabetic mice (Figure 1D).

Alterations in cardiac tissue antioxidants level
Cardiac SOD activity was decreased significantly following the
STZ administration (p<0.01). However, only in 20mg/kg PQQ and
Vit. C (50mg/kg) a treated diabetic animal, a significant increase
in its SOD level was observed (p<0.001 and p<0.05, respectively)
(Figure 2A). Similar trend was also noticed in CAT activity, that was
decreased significantly following the STZ administration (p<0.01),
and only in 20mg/kg of PQQ and 50mg/kg of Vit. C treatment in
diabetic animals a significant increase in SOD level was observed
(p<0.01 and p<0.05, respectively) (Figure 2B). With respect to GPx
activity, following the STZ administration there was a significant
decrease (p<0.05). However, when PQQ (5, 10 and 20mg/kg/d) was
administered in the diabetic animals, a significant (p<0.05, p<0.05
and p<0.001 respectively) increase in GPx activity was observed
with all the tested doses. Administration of Vit. C (50mg/kg) in
diabetic animals also significant increased GPx level (Figure 2C).
While STZ administration significantly (p<0.001) decreased GSH
level, on administration of PQQ (20mg/kg/d) in the diabetic animals,
a significant (p<0.001) increase in GSH level was observed with all
the tested doses; while on administration of Vit. C (50mg/kg) in STZ
treated animals, a significant (p<0.01) increase in GSH level was
observed (Figure 2D).

Serum glucose, lipid profile, RR and AI
With respect to different serum parameters, a significant (p<0.001)
increase in the level of glucose, total cholesterol and triglyceride
(Figure 3A); LDL–C, VLDL–C, RR ratio and AI (Figure 3B) was
observed following the STZ administration. However, when PQQ (5,
10 and 20mg/kg/d) was administered in the diabetic animals; out of
three doses of PQQ, 20mg/ kg markedly reversed all these indices
and the reversal percentages were also found to be better as compared
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to other two doses. While, on administration of Vit. C (50mg/kg) to
STZ–treated animals, it significantly reversed the aforesaid indices as
compared to that of STZ–induced diabetic animals, except VLDL–C
where no significant alterations was observed; With respect to serum
HDL–C level, it was decreased significantly (p<0.001) following the
STZ administration, and on PQQ (5, 10 and 20mg/kg/d) administration
in the diabetic animals, a significant (p<0.001) increase was observed
with all 3 tested doses. On administration of Vit. C (50mg/kg) to STZ–
treated animals, it also significantly (p<0.01) increased the HDL–C
level (Figure 3B).

Figure 1 Effects of PQQ (5, 10 and 20mg/kg/d, i.p.) and vitamin C for 15 days
on.
A. Insulin level (µU/ml)
B. LDH level (µU/ml)
C. LPO (nM of MDA formed /h /mg protein)
D. LOOH (nM of LOOH formed /h /mg protein). Data are mean±S.E.M.
(n=7). x, P< 0.001 as compared to the respective control values. a, P<
0.001 and c, P< 0.05 as compared to the respective STZ treated values.
STZ, Streptozotocin; PQQ, pyrroloquinoline quinone; LDH, lactate
dehydrogenase; LPO, lipid peroxidation; LOOH, lipid hyroperoxidation;
Vit. C,Vitamin C

Histopathological observations
With respect to histopathological observations of heart; the control
group animals showed normal morphological and cyto–architecture
of the myocardium, but in STZ–treated mice, the necrotic changes,
disruption of myofibrils, vacuolization of the cytoplasm, patchy
necrosis and inflammatory cells were observed in myocardial tissues.
However, administration of PQQ (5, 10 & 20mg/kg) to STZ treated
mice ameliorated these deleterious effects in a dose dependent
manner. The histology of heart tissues of PQQ treated animals showed
moderate loss of myofibrils and vacuolization of the cytoplasm as
well as showed regenerative changes in myocardial tissue. PQQ
treatment in diabetic animals provided optimal protection at a dose
of 20mg/kg body weight, suggesting the protective action of PQQ
against oxidative stress–mediated cardiac damage. Similar beneficial
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effects were observed after administration of Vit. C to STZ treated
animals. No significant histological changes were observed by the
administration of PQQ (20mg/kg) to normoglycemic animals (Figure
4). When we compared the effects of PQQ (20mg) and Vit. C (50mg)
in STZ–induced diabetic animals, interestingly better ameliorate
effects were observed in PQQ than Vit. C to ameliorate diabetes–
induced cardiovascular problems (Table 2).

Figure 2 Effects of different concentrations of PQQ (5, 10 and 20mg/kg/d, i.p.)
and vitamin C (50mg) for 15 days on cardiac.
A. SOD (units/mg protein)
B. CAT (µM H2O2 decomposed/ min/ mg protein)
C. GPx (µM GSH consumed/ mg protein)
D. GSH content (µM GSH/mg protein). Data are mean±S.E.M. (n=7). x, P<
0.001 as compared to the respective control values. a, P< 0.001 and
c, P< 0.05 as compared to the respective STZ treated values. STZ,
streptozotocin; PQQ, pyrroloquinoline quinone; SOD, superoxide
dismutase; CAT, catalase; GPx, glutathione peroxidase; GSH, reduced
glutathione;Vit. C,Vitamin C
Table 2 Comparison between effects of PQQ (20mg) and Vit. C (50mg) in
percent (%) amelioration of different indices as compared to STZ treated
diabetic animal
Parameters/
Indices

STZ + PQQ 20mg

STZ + Vit. C 50mg

Insulin

64%

2%

LDH

25%

11%

LPO

72%

37%

SOD

94%

48%

CAT

81%

57%

GPx

102%

68%

GSH

207%

58%

Glucose

55%

22%
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Table Continued..
Parameters/
Indices

STZ + PQQ 20mg

STZ + Vit. C 50mg

TC

43%

26%

TG

38%

16%

HDL-C

37%

7%

LDL-C

63%

21%

VLDL-C

38%

11%

RR-Value

65%

41%

AI
71%
37%
Ameliorating percent (%) were calculated as compared to the PQQ (20mg)
and Vit. C (50mg) treated group to STZ-induced diabetic group animals.
STZ, streptozotocin; PQQ, pyrroloquinoline quinone; LDH, lactate
dehydrogenase; LPO, lipid peroxidation; Vit. C, vitamin c; SOD, superoxide
dismutase; CAT, catalase; GPx, glutathione peroxidase; GSH, reduced
glutathione; TC, total cholesterol; TG, triglyceride; HDL–C, high density
lipoprotein; LDL–C, low density lipoprotein; VLDL–C, very low density
lipoprotein; RR, relative risk; AI, atherogenic index

Figure 4 Heart histology of control; PQQ treated; STZ treated; STZ +
PQQ treated (5, 10 & 20mg/kg body weight); STZ + Vit. C (50mg/kg body
weight) treated mice. The staining was done with hematoxylin–eosin. Original
magnification ×40. Photomicrographs are representative samples from each
treated group.

Discussion

Figure 3 Effects of PQQ (5, 10 and 20mg) and vitamin C for 15 days on
serum.
A. Glucose, cholesterol, triglyceride and LDL–C (mg/dl)
B. HDL–C,VLDL–C, RR value and AI (mg/dl). Data are mean ± SEM (n=7). x,
p<0.001 compared to the respective control values. a, p<0.001, b, p<0.01
and c, p<0.05 as compared to the respective STZ treated value. STZ,
Streptozotocin; PQQ, pyrroloquinoline quinone; LDL–C, low density
lipoprotein; HDL–C, high density lipoprotein; VLDL–C, very low density
lipoprotein; TC, Total cholesterol; RR, relative risk;Vit. C,Vitamin C

Results of the present investigation clearly indicate the antioxidative
potential of the test drug (PQQ) in the regulation of cardiac oxidative
damages and cardiovascular problems, induced by dibetogenic drug
(STZ) in mice; suggesting that PQQ has the potential to prevent
diabetes–induced cardiovascular problems. This was evident by
reversal of STZ–induced adverse effects in mice with respect to most
of the tested indices. Interestingly the comparative study of PQQ and
Vit. C effects indicated better potential of the latter than the former.
PQQ is known to scavenge ROS and to protect cells from oxidative
stress–induced damage. It very often improves the activities of free–
radical (FR) scavenging enzymes and decreases the levels of FR as
well as tissue LPO.8,9 Both in vivo and in vitro studies have shown
that PQQ can protect against several types of oxidative damages
and irradiation injury.8,27 Potential role of PQQ, especially in DM, a
disease which is strongly connected to cardiovascular complications
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was not yet known. Now the present study focuses on the effect of
PQQ on the cardiovascular problems in STZ–induced diabetic mice.
FR mechanisms have been implicated in the pathology of
several diseases, including DM.28 Our observations also indicate
the involvement of FR scavenging in diabetic mice. Recently much
focuses have been given on the oxidative stress and it is suggested
that ROS may be the key to the pathogenesis of various diabetic
complications. In the present investigation, STZ administration
caused oxidative damage, represented by marked decrease in SOD,
CAT and GPx activity and GSH content; along with an increase in
LPO and LOOH in cardiac tissues as reported earlier by others.29,30
However, PQQ administration reversed these oxidative changes
clearly indicating the antioxidative potential of the test drug, in DM–
induced mouse heart. Even the diabetes related indices such as serum
LDH, glucose, cholesterol, triglyceride, LDL–C, VLDL–C, AI and
RR ratio, all were decreased by PQQ. These anti–diabetic effects of
PQQ were supported by its antioxidative properties, as PQQ not only
inhibited tissue LPO but also enhanced the serum insulin and HDL,
as well as cellular antioxidants. The beneficial effects were further
supported by near normal histopathological features observed in
cardiac tissues of PQQ treated animals.
STZ is a chemical that particularly causes toxicity to the insulin–
producing beta cells of the pancreas in mammals and is widely used
in medical research to create an animal model of DM. In the present
study, STZ administration led to hyperglycemia and decreased the
insulin level. STZ–induced oxidative impairment was confirmed
by significant increase in glucose and LDH levels, with a parallel
decrease in the activity of antioxidant enzymes. In the present study,
simultaneous administration of PQQ in the STZ treated animals
significantly increased the serum insulin and levels of cardiac
antioxidants, apart from a decrease in the glucose concentration.
PQQ–induced reduced blood glucose level and oxidative stress,
clearly suggests that test drug has high antioxidative potential, which
is further supported by an improvement in histopathologic changes
near to normal cellular architecture in cardiac tissue (Figure 4). Of
course, PQQ administration in control animal did not affect the blood
glucose level significantly.
Lactate dehydrogenase (LDH), a cytosolic enzyme, predominantly
found in cardiac tissues, is an important hallmark of myocardial
injury.31 In the present study, LDH level in STZ–induced diabetic
mice was significantly higher as compared to the control animals,
as also reported earlier.32 This elevated LDH level, observed in the
experimental diabetic animals may be associated with impaired insulin
secretion.33 In fact, increased activity of LDH interferes with normal
glucose metabolism and insulin secretion in the β–cells of pancreas and
it may therefore be directly responsible for insulin secretory defects
in diabetes. There are some reports which suggest that treatment with
plant extracts having antioxidant properties reverses the LDH level in
diabetic animals.34 Therefore, in the present study it may be assumed
that PQQ, being a strong antioxidant, its simultaneous administration
might have reduced the LDH near to normal level reversing the STZ–
induced adverse effects in heart. Antioxidative potential of PQQ was
further supported by inhibition in tissue LPO and LOOH.
Determination of MDA and LOOH levels reflects the status of
LPO. An increased level of MDA, in DM suggests that hyperglycaemia
induces peroxidative reactions in lipids. In our study, both MDA and
LOOH levels in heart tissues of diabetic mice were significantly
higher, similar to the findings of another study.35 According to
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Selvakumar et al.36 LPO is an important manifestation of ROS–
induced oxidative damage, related to changes in membrane structures
and enzyme denaturation. Moreover, oxidative stress plays a role in
the development of diabetic complications. LPO is also induced by
protein glycation and glucose auto–oxidation that can further lead
to the formation of free radicals. These free radicals might play a
role in DNA damage and protein modification reactions. However,
in the present study simultaneous administration of PQQ in the STZ
treatment group significantly decreased the MDA and LOOH levels in
heart tissue, indicating its FR scavenging property. This antioxidative
property of PQQ related to its electrophilic nature for which it forms
stable adducts with carbonyl reagents. These characteristics provide
PQQ the ability to oxidize the redox modulatory site, thus conferring
protection against ROS–mediated cell injury.37 PQQ–induced
reduction in intracellular ROS levels hypothesizes that it acts directly
or indirectly as a potent free radical scavenger. Probably for this reason
LPO level was normalized in PQQ treated animals. However, the site
of action of PQQ, either intra–mitochondrial or in the cytoplasm, or
both, is yet to be ascertained.
Importance of PQQ was also supported by positive alterations in
the activities of antioxidants. A marked increase in different cellular
antioxidants such as SOD, CAT and GPx was found in diabetic mice
after administration of PQQ, further confirming its antioxidative role.
These enzymes play crucial role in antioxidant defense as they provide
a protective mechanism against oxidative stress by converting FR/
reactive oxygen intermediates to non–radical products. SOD and GPx
are major enzymes that scavenge harmful ROS.15,38 SOD catalytically
converts superoxide radicals to H2O2 and GPx that metabolizes H2O2
to H2O and thereby reduces the free radicals. In the present study,
SOD level was low in diabetic groups, while after administration of
PQQ it was increased significantly. Similarly, CAT activity was also
increased in these PQQ–treated diabetic animals.
Glutathione, another well–known antioxidant provides the major
protection against cellular oxidative damages and maintains SH level
in proteins. It forms reduced GSH from oxidized glutathione that in
turn reduces hydrogen peroxide, lipid peroxides and free radicals.
In STZ–treated animals its level was reduced as was seen earlier
in DM.39,40 However, administration of PQQ increased the GSH
level, further supporting its antioxidative role. GPx is a cytosolic
enzyme that complements with CAT in order to detoxify hydrogen
peroxide and organic hydroperoxide.41 Reduction of hydroperoxide
by glutathione in the presence of GPx protects mammalian cells from
oxidative damages. Although in the present investigation a significant
decrease in GPx activity in STZ–induced DM group was observed,
after PQQ administration there was a marked increase in its level was
observed. This again supported the antioxidative and protective nature
of PQQ in STZ–induced diabetes and associated cardiac problems.
Lipid profile and atherogenic index have been shown to be
important parameters for analysis of metabolic disturbances
including CVDs. Significant alterations in the levels of lipids make
the individuals more susceptible to develop cardiac problems.42 An
increased level of cholesterol, LDL–C and VLDL–C is also often
found in DM.43 Therefore, lipid profile is also considered as a key
marker for diabetes associated CVDs.44,45 In our study, interestingly
the beneficial effect of PQQ was also reflected in the alterations of
different lipids. While, STZ administration increased the serum,
cholesterol, triglyceride, LDL–C and VLDL–C levels as observed
earlier it by others,46 PQQ administration reduced them. This was also
expected, because diabetic patients and diabetic animals do exhibit
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disturbed lipid metabolism and show hyperlipidemia.47,48 It was also
reported earlier that there is a negative correlation between serum
levels of triglycerides and VLDL–C to serum insulin concentration49
as is observed now. Interestingly, simultaneous PQQ administration
decreased the cholesterol and triglyceride levels as was observed
earlier.50,51 Because, hyperlipidemia is believed to be ameliorated by
the administration of antioxidants,52 it may be assumed that PQQ,
being a strong antioxidant, could reverse the STZ–induced adverse
effects. Diabetes exhibits the attenuation of antioxidant capacity and/
or immune function, and then disturbs lipid metabolism48 showing
high triglyceride cholesterol and CVDs.47 LDL–C level was increased
in STZ–induced diabetic animals, that might have resulted from
glycosylation of the lysyl residues of apoprotein B, which normally
decreases LDL–C metabolism through a decrease in the affinity of
LDL–C for its receptors. Our results also show a decrease in serum
HDL in STZ–induced diabetic mice, as observed earlier in untreated
diabetics.53 Low HDL level is a risk factor for CVDs and also for
DM.43,44,54 Moreover, an increase in HDL cholesterol is considered
to reduce risk of coronary heart disease as HDL exerts a protective
effect by enhancing reverse cholesterol transport through scavenging
excess cholesterol from peripheral tissues and eventual elimination
from the body.54 It also inhibits the oxidation of LDL–C as well as
the atherogenic effects of oxidized LDL–C.55 The mechanisms of the
hypolipidemic actions of PQQ are not known. Probably this has been
mediated through improved insulin secretion and/ or action, because
insulin is known to lower lipid levels and to normalize lipids in STZ–
induced diabetic.56 Ikewuchi,57 reported that atherogenic index is a
powerful indicator of the risk of heart diseases and higher the value
of AI, the higher the risk of developing CVDs & vice versa. In the
present study AI and RR–values were significantly higher in STZ–
induced diabetic animals and simultaneous administration of PQQ
significantly reduced both the indices indicating its potential to reduce
CVDs. This decrease in the atherogenic index and RR–value by PQQ
is primarily due to increased HDL level.
Since nothing was known on the role of PQQ in regulating DM
associated oxidative damages in cardiac tissue, the present report
appears to be the first one that clearly indicates the efficacy of
PQQ in regulating adverse effects of DM in cardiac tissues. PQQ
was earlier known to regulate different abnormalities,11,51 which are
indirectly associated with diabetic complications. Now our findings
ascertain that PQQ has also the potential to regulate STZ–induced
damage to cardiac tissues. One possible mechanism of its efficacy
could be its strong antioxidant property, as suggested in some other
studies, in which the free radical scavenging activity of PQQ has been
clearly shown.10,51 The other possible mechanism of action of PQQ
in ameliorating diabetes could be through peroxisome proliferator–
activated receptor gamma coactivator 1–alpha (PGC–1α); PQQ
stimulates PGC–1α expression.58 Previously it was reported that there
is a close relationship among PGC–1α function and diabetes.59 PGC–
1α is a potent stimulator of mitochondrial biogenesis and respiration.
As a transcription co–activator, it has also been shown to regulate
genes of the ROS detoxifying systems, thus protecting against
oxidative stress.60 Other observations also suggest that peroxisome
proliferator–activated receptor (PPAR) signalling regulate pathway is
involved in the lipid and glucose metabolism and activation of PPAR
may restores the islet function.49,61 We suggest that, in the present
investigation also the effects of PQQ in regulating DM induced
oxidative damages might have been mediated through stimulation of
PGC–1α.
Whatever may be the exact mechanism of action, from our
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findings it is clearly evident that PQQ has the potential to ameliorate
STZ–induced oxidative stress in cardic tissues and it may work
against a CVDs. Despite these, some other studies with antioxidants
in experimental models, clinical and epidemiological studies as well
as human studies strongly suggest that antioxidants might be helpful
in treating diabetes and its cardiovascular complications. In future,
studies may be focused on the mechanisms of oxidative stress in DM
and also on the development of antioxidant therapy for the prevention
of DM associated severe complications. Interesting finding is that
the test drug PQQ was found to possess a better antioxidative and
ameliorative potential than Vit. C which has also been known to act as
antioxidant.62–67 The findings of this study thus provide a substantial
basis for future studies aimed at assessing new PQQ based therapies
for the treatment of diabetes associated CVDs, although the detailed
molecular mechanism underlying the effects are currently unknown
and required further intensive investigations.
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