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Background: Cardiac complications are major contributor in the mortality of diabetic people. Mitochondrial
dysfunctioning is a crucial contributor for the cardiac complications in diabetes, and SIRT-3 remains the major
mitochondrial deacetylase. We hypothesized whether garlic has any role on SIRT-3 to prevent mitochondrial
dysfunction in diabetic heart.

Methods: Rats with developed hyperglycemia after STZ injection were divided into two groups; diabetic (Dia)
and diabetic + garlic (Dia + Garl). Garlic was administered at a dose of 250 mg/kg/day, orally for four weeks.

Keywords:

SIRT3 An additional group was maintained to evaluate the effect of raw garlic administration on control rat heart.
MnSOD Result: We have observed altered functioning of cardiac mitochondrial enzymes involved in metabolic pathways,
Garlic and increased levels of cardiac ROS with decreased activity of catalase and SOD in diabetic rats. Cardiac mRNA
Acetylation expression of TFAM, PGC-1c, and CO1 was also altered in diabetes. In addition, reduced levels of electron trans-
Mitochondria port chain complexes that observed in Dia group were normalized with garlic administration. This indicates the
Piab?tic cardiomyopathy presence of increased oxidative stress with mitochondrial dysfunctioning in diabetic heart. We have observed re-
Sirtuins duced activity of SIRT3 and increased acetylation of MnSOD. Silencing SIRT-3 in cells also revealed the same.

However, administration of garlic improved the SIRT-3 and MnSOD activity, by deacetylating MnSOD. Increased

SOD activity was correlated with reduced levels of ROS in garlic-administered rat hearts.

Conclusion: Collectively, our results provide an insight into garlic's protection to T1IDM heart through activation of

SIRT3-MnSOD pathway.

© 2016 Elsevier Inc. All rights reserved.

1. Background Oxidative stress also contributes equally in the pathogenesis of dia-

Diabetes is a major menace and leading cause of mortality all over
the world. One of the many complications of diabetes that are inevitable
is cardiovascular complications, which accounts for 80% mortality in di-
abetic patients [1]. One of the well-known cardiac complications in dia-
betes is diabetic cardiomyopathy (DCM). DCM is associated with
multiple structural and functional abnormalities like, cardiomyocyte
hypertrophy, cardiac fibrosis, mitochondrial dysfunction, interstitial ac-
cumulation of glycoprotein, systolic and diastolic dysfunction [2]. More-
over, mitochondrial dysfunctioning in diabetic cardiovascular
complications remains a crucial contributor and matter of interest [3].
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betes and associated complications, which is in part govern by mito-
chondria [4]. The activity of many mitochondrial proteins is highly
influenced by their acetylation status [5]. Sirtuins are a group of histone
deacetylases, which deacetylate histone and non-histone proteins. SIRT-
3, SIRT-4 and SIRT-5 are mitochondrial sirtuins. Among them, SIRT3
possess robust deacetylating activity and controls the acetylation status
of almost 80-90% of mitochondrial proteins [6]. SIRT-3 is an antiaging
gene, which is demonstrated to be involved in multiple signaling events
including regulation of oxidative stress, metabolic activity, mitochon-
drial biogenesis, cardiac hypertrophy, and apoptosis [7-9]. Decreased
SIRT-3 activity in diabetes may lead to cardiac complications via
hyperacetylation of mitochondrial proteins [10]. In addition, SIRT-3 is
responsible in regulating whole body energy homeostasis by controlling
the metabolic pathways in fuel producing and fuel utilizing organs [11].
In case of diabetic cardiac complications, where the pathology of
dysfunctioning is different, the role of SIRT-3 remains to be explored.
Progression of cardiac complications in T1DM is faster than in T2DM.
Early changes in the heart of TIDM need to be studied to prevent or
delay the chronic complications. Based on this fact, in the present
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study we thought to evaluate the early cardiac changes in the heart of
diabetic rats.

Garlic, Allium sativum, is a widely studied herbal plant for its medic-
inal use [12]. Several beneficial effects of garlic are evaluated against
cardiovascular disease. Previously attenuation of cardiac oxidative
stress after garlic administration has also been reported by different in-
vestigators [13,14]. Garlic and its metabolites are demonstrated to have
multiple beneficial effects not only in disease condition but also in nor-
mal physiology [14]. Several studies showed that garlic and its metabo-
lites have promising effect in controlling mitochondrial health [13].
However, the role of garlic on SIRT-3 modulation has not been explored.
In the present study, we hypothesized that mitochondrial dysfunction
in diabetic heart could be regulated by oral administration of garlic
through modulation of SIRT-3 activity. In addition, the effect of garlic
and garlic metabolites in modulating SIRT-3 activity is evaluated in in-
vitro system.

2. Materials and methods
2.1. Animals study

All animal experimental protocols were approved by the ethical re-
view committee, Institutional Animal Ethical Committee (IAEC) of Indi-
an Institute of Chemical technology (IICT)- Hyderabad and were carried
out in accordance with regulations of IAEC and IICT guidelines on the
care and welfare of laboratory animals. All animals were treated hu-
manely and with regard for alleviation of suffering. Male Sprague-
Dawley rats weighing 200-250 g were purchased from National Insti-
tute of Nutrition (NIN), Hyderabad, India. Animals were housed in
BIOSAFE, an animal quarantine facility of Indian Institute of Chemical
Technology (IICT), Hyderabad, India. Animals had a free access to
water and diet. Animals described as fasted were deprived from diet
for 12 h.

2.2. Induction of experimental diabetic rat model and treatment schedule

After fasting, rats were administered with a single intraperitoneal in-
jection of streptozotocin (STZ) at a dose of 50 mg/kg, dissolved in 0.1 M
ice cold sodium citrate buffer, pH- 4.5. Control rats received same vol-
ume of citrate buffer. Animals were then monitored for next seven
days for their blood glucose levels. Animals with induced hyperglycemia
were then divided in two groups. One group received no treatment ex-
cept saline orally (Dia group), the second group received 250 mg/kg/day
of raw garlic orally, for four weeks (Dia + Garl) (N = 12). Another con-
trol group of rats were administered with raw garlic at a dose of 250 mg/
kg. Heart samples from these rats were used to evaluate the basal level
changes of few parameters. However, the effect of raw garlic adminis-
tration to control rats was previously well studied and published by
our group [14,15]. Dose of garlic was chosen based on our previous
study [16]. The garlic homogenate was prepared using fresh garlic by
homogenizing in water followed by filtering it and collecting the filtrate.
After four weeks of study, animals were sacrificed, heart tissues were
collected after dissection of animal, washed in ice cold PBS, blotted dry
and put in liquid nitrogen followed by storing at — 80 °C for down-
stream analysis.

2.3. Measurement of serum biochemical parameters, insulin and glycosylat-
ed hemoglobin

Blood glucose levels were measured using OneTouch Horizon
glucometer as described before [16]. For the measurement of serum in-
sulin level, a commercially available rat Insulin ELISA kit (Mercodia) was
used [16]. Serum glycosylated hemoglobin was measured using kit from
Biosystem [16,17]. For the measurement of serum triglycerides, uric
acid and cholesterol, we used kits purchased from Simens and mea-
sured by Autoblood analyzer [17,18].

24. Preparation of heart tissue homogenate

Rat heart tissue homogenate was prepared by homogenizing tissue
with ten-time volume of 0.05 M phosphate buffer (pH-7.4) and then
centrifuging at 15,000 rpm for 30 min at 4 °C. The resulting supernatant
was stored at — 80 °C for downstream analysis.

2.5. In-vitro study

Rat cardiomyoblast cells, H9C2, were purchased from ATCC (Manas-
sas, VA), and cultured in Dulbecco's modified Eagle's medium (DMEM).
The cultures were supplemented with 10% fetal bovine serum and
100 pg/ml penicillin/streptomycin. When cell populations reached 50-
60% confluence, cells were transfected with SIRT-3 cDNA plasmid
using X-tremegene-HP DNA transfection reagent, Roche, as per
manufacturer's protocol. Cells were maintained for a period of 24 and
48 h after transfection. RNA isolation was carried out after transfection
and used for downstream applications. siRNA treatment of cells was
carried out using Dhamafect, Dharmacon, USA. Rat SIRT-3 siRNA was or-
dered from Dharmacon, USA and used at a concentration of 50 nM. Cells
were transfected and maintained for 48 h. Cell lysate was prepared and
used for downstream application. For SIRT-3 activity analysis, and other
experiments, H9C2 cells were treated with freshly prepared raw garlic
homogenate and garlic metabolites, allyl methyl sulfide (AMS), allyl
methyl sulfoxide (AMSO) and diallyl disulfide (DADS) at a dose used
commonly i.e. 100 pM [19,20]. DADS and AMS were purchased from
Sigma, USA while AMSO was synthesized in laboratory for the present
study (Supplementary file).

2.6. Catalase activity and GSH measurement

The activity of catalase was determined by method described before
[14]. The decomposition of hydrogen peroxide (H,0,) by catalase is
monitored spectrophotometrically at 240 nm.

Myocardial glutathione (GSH) (including total -SH group)
content in homogenate was measured by biochemical assay using
dithionitrobenzoic acid (DTNB) method as described by Ellman and
used by our group before [1,2,21]. Reduced glutathione was taken as ref-
erence standard for preparation of Standard graph. To the 2 ml of 0.1 M
potassium phosphate buffer (pH 8.4), 0.1 ml of standard or experimen-
tal sample (deproteinized with 10%TCA), 0.5 ml of DTNB were added
and the volume was made upto 3 ml with double distilled water. Then
the mixture was incubated for 10 min at room temperature and absor-
bance was measured at 412 nm. The GSH content was calculated from
standard graph.

2.7. Reactive oxygen species (ROS)

Total Reactive oxygen species in the sample were estimated by using
fluorogenic dye 2’,7'-dichlorofluorescein diacetate (DCFDA). The reac-
tion involves the conversion of DCFDA into 2’,7’-dichlorofluorescein
(DCF) upon oxidation by ROS. The reaction was initiated by incubating
the sample with 100 uM of DCFDA and resultant fluorescence was de-
tected by fluorescence plate reader with a maximum excitation and
emission spectra of 488 and 525 nm respectively.

2.8. Gene expression profiling

RNA isolation was carried out from heart tissues of all groups (n =
4) using Trizol reagent. Quantification and quality assessment of RNA
was carried out using Nano Drop Spectrophotometer (Thermo Scientif-
ic) and running on 1% agarose gel prepared in DEPC treated TBE buffer
respectively. The extracted RNA was stored in — 80 °C for further use.
DNase treatment was carried out to the isolated RNA. cDNA was synthe-
sized using superscript- Il reverse transcriptase (Takara, USA). Poly-
merase chain reaction (PCR) was carried out using VERITI-96well
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Thermo cycler (Applied Biosystems Inc., USA) and Emerald GT PCR Mas-
ter mix (Takara, USA). The data was normalized to expression of refer-
ence gene Ribosomal protein L32 (RPL32) [22,23]. The PCR image
density was quantified using Image | software.

2.9. Isolation of mitochondria

Mitochondria were isolated from equal weight of heart tissues using
mitochondria isolation kit (Pierce, Thermo scientific, Cat No: 89801).
Briefly, heart tissue was cut into small pieces and homogenized using
dounce homogenizer and the homogenate was then treated according
to protocol provided by manufacturer. The resultant mitochondrial pel-
let was suspended in MTP buffer containing 110 mM mannitol, 60 mM
Tris HCL, 60 mM potassium chloride, 10 mM dibasic potassium phos-
phate and 0.5 mM EDTA, pH-7.4.

2.10. Mitochondrial respiratory chain complex activity in the diabetic heart

The specific enzymatic activity of mitochondrial electron transport
chain (ETC) complex I (NADH-ubiquinone oxidoreductase), complex II
(succinate-ubiquinone oxidoreductase), and complex IV (cytochrome
c oxidase) were measured in the mitochondria isolated from diabetic
heart of rats as previously described [24]. Citrate synthase activity was
measured according to protocol described before [25].

2.11. SIRT-3 activity assay

SIRT-3 activity was analyzed using fluorometric based assay kit from
Cyclex, Japan. The kit is based on generation of fluorescence signal from
the deacetylase activity of SIRT-3, which can be monitored at one min
interval. SIRT-3 activity in samples was represented as % activity. For
measuring SIRT-3 activity in-vitro with garlic homogenate and its me-
tabolites, recombinant SIRT-3 provided with the kit was used and the
experiment was carried out as per manufacturer's protocol. Nicotin-
amide was used as an inhibitor of SIRT-3 to check the assay specificity.

2.12. Immunoblotting

Protein extraction was carried out using Tissue Protein Extraction
Reagent (T-PER). After centrifugation at 12,000 rpm for 10 min, super-
natant was collected and quantified by Bradford method (Sigma). Pro-
tein was resolved in 10-12% SDS-polyacrylamide gel. After
electrophoresis, the protein was transferred to polyvinylidine difluoride
(PVDF) membrane (GE Healthcare). Blocking of the membrane was per-
formed using 4% western milk in TBS + 0.1% Tween 20 (TBST) at room
temperature for 1 h. followed by appropriate primary antibody treat-
ment overnight at 4 °C. The membrane was washed with TBST. After
washing, the membrane was incubated with corresponding horseradish
peroxidase-labeled secondary antibody at room temperature for 1 h.
Membranes were washed with TBST and were visualized using
Supersignal west dura chemiluminescent substrate (Thermo Scientific,
U.S.A.). SIRT 3 antibody (Cell signaling, dilution 1:1000), Anti-acetylated
lysine antibody (Abcam, USA, dilution 1:1000), MnSOD antibody
(Abcam, dilution 1:2000), Anti-Rabbit antibody (Cell Signaling, dilution
1:5000), Cocktail of OXOPHOS antibodies (Abcam, dilution 1:400),
PGC1-a (Abcam, dilution 1:500) were used for this study.

2.13. Immunoprecipitation

Immunoprecipitation was carried out using Dynabeads Protein G
Immunoprecipitation kit (Life Technologies) according to
manufacturer's instructions.

2.14. Statistical analysis

All values are expressed as the mean + standard error. One-way
analysis of variance test followed by Bonferroni's correction was first
carried out to test for any differences between the mean values of all
groups. Significance in group differences was assumed if p < 0.05.

3. Results

3.1. Garlic administration attenuated blood glucose and other serum me-
tabolites level

We have observed significant (p < 0.05) increase in serum blood glu-
cose and glycated hemoglobin levels in Dia group rats compared to Con
group rats. In addition, there was reduced levels of serum insulin in Dia
group rats compared to Con. Administration of raw garlic homogenate
ameliorated all these changes (Table 1). Moreover, there was significant
(p < 0.05) increase in the levels of serum triglyceride, uric acid and re-
duced levels of serum cholesterol in Dia group rats. However, all these
parameters were improved after raw garlic administration (Table 1).

3.2. Effect of garlic on myocardial expression of collagen and 3-MHC mRNA

mRNA expression of myocardial 3-MHC and collagen mRNA were
increased in Dia group rats compared to Con group (p <0.01). Garlic ad-
ministration decreased the mRNA expression levels of myocardial colla-
gen (p < 0.05). However, the levels of p-MHC were not significantly
decreased by garlic (Fig. 1).

3.3. Garlic administration reduced ROS levels and increased SOD, GSH and
catalase activity in diabetic heart

Administration of raw garlic homogenate to diabetic rats significant-
ly (p <0.05) reduced the increased ROS levels that were observed in Dia
group rat heart (Fig. 2A). Decreased myocardial activity of catalase and
SOD in diabetic rat heart was normalized with raw garlic administration
(Fig. 2B and C). In addition, the reduced glutathione level in Dia group
was normalized with garlic administration (Fig. 2D).

3.4. Raw garlic improves mitochondrial citrate synthase and enzyme activ-
ities of electron transport chain (ETC) complex assembly

Activity of citrate synthase was reduced in diabetic rat heart
(p < 0.05). However, administration of raw garlic improved the citrate
synthase activity significantly (p < 0.05) (Fig. 3A). Activity of mitochon-
drial Complex I, i.e. NADH dehydrogenase enzyme was decreased
(p<0.01) in Dia group compared with Con group. Garlic has significant-
ly (p <0.05) increased the complex I activity compared to Dia group
(Fig. 3B). Significant (p < 0.05) reduction in the activity was observed
for Complex-II i.e. succinate dehydrogenase, which was normalized
with raw garlic administration (p < 0.05) (Fig. 3C). Myocardial cyto-
chrome c oxidase (Complex-IV) activity found to be significantly
(p<0.05) increased in Dia group compared to Con group. Garlic has sig-
nificantly (p < 0.05) decreased cytochrome c oxidase levels (Fig. 3D).

Table 1
Serum parameters of animals in all groups.

Parameter Control Diabetic Diabetic + garlic
Blood glucose (mg/dl) 992+ 14 355.2 4+ 64.6*  288.6 £ 36.7#
Glycated hemoglobin (%) 572+ 032 896 + 0.35* 6.27 + 0.27#
Serum insulin (pmol/l) 50.6 & 8.1 314 2.6* 443 £ 5.2#
Serum triglycerides (mg/dl)  99.5 4+ 7.9 1542 £ 17.1*  68.6 & 8.5#
Serum cholesterol (mg/dl) 62 +2.28 59.83 £+ 5.46*  83.71 £ 2.71#
Serum uric acid (mg/dl) 1.3 +£0.035 1.7 + 0.049* 1.39 £ 0.085#

The values are means + SEM. *, #, p < 0.05, * vs. Con, # vs. Dia, n = 8/group.
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Fig. 1. Myocardial mRNA expression of 3-MHC and collagen. Effect of garlic administration on 3-MHC mRNA expression (A, B). Collagen mRNA expression (A, C). The values are means +
SEM. ***p < 0.001, *, #, p < 0.05, * vs. Con, # vs. Dia, n = 4/group.

3.5. Garlic normalized the expression of genes responsible for mitochondrial PGC1-q, a coactivator of mitochondrial biogenesis, was increased in di-

biogenesis abetic heart. However, increased PGC1-a in heart was reduced with raw

garlic administration (Fig. 4A,D). Similarly, mRNA expression of MT-

Gene expression analysis of mitochondrial transcription factor CO1 was analyzed in the heart of diabetic rats. There was no change in

(TFAM) was reduced in Dia group. Administration of raw garlic in- the mRNA expression of MT-CO1 in diabetic heart. However, adminis-
creased the expression of TFAM (Fig. 4A,C). mRNA expression of tration of raw garlic increased MT-CO1 expression (Fig. 4A,B).

(A) (B)
ROS s Catalase
30000 . N . #
25000 -|
# 0.8
20000 - E
£ 15000 5 06
a E 04
10000 - E :
5000 - 0.2 1
0 - 0
Con Dia Dia+Gar Con Dia Dia+Gar
© D)
SOD Activity GSH
70 # 1800 -
2 60 * 1600 - #
2 50 £ 1400 -
z g 1200 - *
g 40 21000 -
Z 30 g., 800 -
£ 20 S 600
= = 400
® 10 200 -
0 0
Con Dia Dia+Garl Con Dia Dia+Gar

Fig. 2. Myocardial ROS generation, GSH, SOD and catalase activity. Effect of garlic administration on myocardial (A) ROS generation. (B) Catalase activity, (C) total SOD activity, (D) GSH
levels. The values are means + SEM. ¥, **p < 0.05, 0.01 vs. control group. #, p < 0.05 vs. diabetic group, n = 6/group.
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Fig. 3. Mitochondrial enzyme activity. (A) Citrate synthase activity. (B) Complex-I: NADH dehydrogenase activity. (C) Complex-II: succinate dehydrogenase activity. (D) Complex-IV:
cytochrome c oxidase activity. The values are means + SEM. ¥, p < 0.05 vs. control group. #, p < 0.05 vs. diabetic group, n = 6/group.

3.6. Garlic elevated myocardial SIRT3 and MnSOD expression

We have analyzed the effect of garlic treatment on SIRT3 mRNA and
protein expression. As shown in Fig. 5, mRNA expression of SIRT 3 was
significantly decreased in diabetic heart, which was significantly in-
creased after garlic administration. Interestingly, there was no change
in SIRT-3 protein expression in diabetic heart but was significantly in-
creased after garlic administration. We further analyzed SIRT-3 activity
and found reduced activity of SIRT-3 in diabetic rat heart and increased
with administration of raw garlic (Fig. 5). To look the effect of SIRT-3 on
mitochondrial superoxide dismutase (Mn-SOD), we measured MnSOD
gene and protein expression in rat heart in all groups. We found that
there was a decrease in myocardial MnSOD gene and protein expression
in diabetic heart compared to Con group. However, administration of
raw garlic increased both gene and protein expression of MnSOD in di-
abetic heart (Fig. 5).

3.7. SIRT-3 deacetylates Mn-SOD to increase its activity

To find out the effect of SIRT-3 on MnSOD activity, we transfected
HIC2 cells with SIRT-3. SIRT-3 transfection in H9C2 cells for 24 and
48 h showed no change in mRNA expression of Mn-SOD at 24 h but a
slight increase at 48 h (Fig. 6A). In-vivo data showed that the acetylation
status of Mn-SOD was increased in diabetic rat heart, which was re-
duced after raw garlic administration (Fig. 6B). We found increased
acetylation status of MnSOD in SIRT-3 silenced HIC2 cells (Fig. 6C), in-
dicating the specificity of SIRT-3 in regulating MnSOD acetylation rather
than expression.

3.8. Garlic and its metabolites activates SIRT-3 in-vitro

We have analyzed the activity of SIRT-3 in H9C2 cell lysate treated
with garlic homogenate and metabolites of garlic. We found increased
SIRT-3 activity in garlic treated and AMS, AMSO, DADS treated cells

(Fig. 7A). In addition, in-vitro analysis of recombinant SIRT-3 activation
by garlic homogenate and its metabolites also revealed similar out-
comes (Fig. 7B).

Our data indicate that reduced activity of mitochondrial electron
transport chain in diabetic heart increases the ROS production. In addi-
tion, activity of MnSOD is reduced due to hyperacetylation of the same
protein in diabetic heart. As SIRT-3 activity was reduced in diabetic
heart, SIRT3 is unable to deacetylate and activate MnSOD. Therefore,
the increased levels of ROS affect the mitochondrial health and function
leading to reduced expression of mitochondrial health markers. Admin-
istration of raw garlic homogenate activates SIRT-3 and prevented the
mitochondrial dysfunctioning in diabetic heart by activating MnSOD.

3.9. Garlic does not alter SIRT-3 and ETC protein expression in control rats

We have not observed any change in the protein expression of SIRT-
3 as well as mitochondrial ETC complexes except Complex-I and IV,
which are increased with raw garlic administration to control rats.
However, the reduced expression of SIRT-3 as well as ETC complexes
in Dia group rat heart are normalized with raw garlic administration
in Dia + Gar group (Fig. 8).

4. Discussion

Despite understanding the molecular aspects of disease regulation,
diabetes has been a major problem in the world. The complications
are indeed a matter of concern for all diabetic population. These compli-
cations consist of microvascular and macrovascular disease, which ac-
counts for the major mortality rate [26]. Genetic predisposition
explains only to an extent of etiology of diabetes [27]. Recent studies
are exploring the role of epigenetic factors in pathophysiology of diabe-
tes [28].

Garlic was proven to possess antioxidant [16] and cardio-protective
effects [13]. However, its role in diabetic heart is yet to be explored. Gar-
lic is widely used in its common raw vegetable form. Therefore, in the
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Fig. 4. Myocardial mRNA expression of MT-CO1, TFAM and PGC1-c. Effect of garlic administration on (A) MT-CO1 expression. (B) TFAM expression. (C) PGC1-o expression. The values are

means 4 SEM. *, p < 0.05, **, p < 0.01. * vs. Con, # vs. Dia, n = 4/group.

present study, we chose raw garlic to study its effect on diabetic heart of
STZ induced diabetic rats. Several studies showed that metabolic distur-
bances in diabetic patients are associated with cardiac complications
[29]. Similar to other studies, we observed increased blood glucose
levels, glycated hemoglobin, uric acid, triglyceride, and decreased
serum insulin levels in STZ treated rats. Administration of garlic attenu-
ated the metabolic alterations. 3-MHC and collagen, two important
markers were measured to find the initiation of cardiac complications.
mRNA expression of both genes were increased in diabetic rats. Garlic
reduced the expression of collagen significantly but failed to improve
3-MHC gene expression.

In the present study we have analyzed cardiac mRNA expression of
three important mitochondrial genes i.e., PGClc, TFAM and Mt.-CO1.
These genes regulate the mitochondrial biogenesis and function in dis-
ease conditions [30,31]. Our data revealed that, although the mRNA ex-
pression of PGC1-a is increased, the expression of TFAM was reduced in
diabetic heart with no change in MTCO-1 expression. Data indicates that
although the nuclear trigger for mitochondrial biogenesis has been ini-
tiated, problem persists at the mitochondrial level. Administration of
raw garlic improved the expression of these genes.

To further confirm the role of garlic on mitochondrial function and
efficiency in diabetic heart, we measured the activity of mitochondrial
enzymes. Activities of myocardial citrate synthase, NADH dehydroge-
nase and succinate dehydrogenase were significantly decreased in dia-
betic group and significantly increased after garlic administration.
Interestingly, myocardial cytochrome c oxidase activity was significant-
ly increased in diabetic group, which was decreased after raw garlic
administration. These altered activity of mitochondrial enzymes,

specifically those of electron transport chain (ETC) gives a strong indica-
tion for the altered redox status of diabetic heart.

To analyze the redox status of diabetic and garlic treated diabetic
heart, we measured the levels of ROS and endogenous antioxidants ac-
tivity. We found increased levels of ROS with decreased activity of SOD
and catalase in diabetic heart. Administration of garlic prevented the de-
velopment of oxidative stress by modulating all these parameters. The
above data demonstrate that, STZ induces hyperglycemia which leads
to mitochondrial dysfunction that generates excessive ROS with dimin-
ished antioxidant defense system in heart.

To find out the mechanism behind increased oxidative stress in dia-
betic heart and improvement after garlic administration, we have ana-
lyzed mRNA expression and activity of SIRT-3 in diabetic rat heart. As
SIRT3 is the major protein deacetylase in mitochondria [32], we focused
to find out whether SIRT3 regulates oxidative stress in diabetic heart
through its deacetylating action. In the present study, decreased expres-
sion and activity of SIRT-3 was observed in the diabetic heart. This de-
crease in mRNA expression and activity of SIRT-3 was normalized after
garlic administration. We then checked the mRNA and protein expres-
sion of MnSOD, a major antioxidant in mitochondria. A reduced level of
MnSOD in diabetic heart was normalized after raw garlic administration.

It was previously reported by one group that increased expression of
MnSOD after garlic treatment is due to activation of Akt-NRF-2 pathway
[33]. Thus, it could be possible that SIRT-3 might have some additional
benefit by modulating MnSOD activity. We then demonstrated whether
the action of SIRT-3 on SOD activity is through transcription level or be-
cause of post-translational modifications. To demonstrate the same, we
have overexpressed SIRT-3 in rat cardiomyoblast cells (H9C2). We
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found that increased expression of SIRT-3 was not associated with in- cells leads to increased acetylation status of MnSOD, which indicates
creased transcription. However, prolong overexpression leads to slight that SIRT-3 is crucial in regulating the acetylation of MnSOD. To confirm
increase in Mn-SOD mRNA expression. In addition, silencing SIRT-3 in the effects of SIRT-3, we have analyzed the acetylation status of Mn-SOD

A &,
s X Q
a S & ¥

===

<
4
(B) © (©)
3

SIRT-3 SiRNA

| Con

3
SS9

— - [ IB-Acetyl Lysine - ! IB-Acetyl Lysine

@b &% W= [P-MnSOD @ s | [P-MnSOD

Fig. 6. Effect of SIRT-3 on MnSOD expression and acetylation. A) Effect of SIRT-3 overexpression on MnSOD mRNA expression after 24 and 48 h. in HI9C2 cells. B) Acetylation status of
MnSOD measured after MnSOD immunoprecipitation.
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Fig. 7. SIRT-3 activity analysis by garlic homogenate and garlic metabolites. A) SIRT-3 activity in HIC2 cell after treatment with garlic homogenate and garlic metabolites. B) The effect of
garlic homogenate and garlic metabolites on SIRT-3 enzyme activity in-situ. The values are means + SEM. #, p < 0.05 vs. Con.

in diabetic heart. We found increased acetylation of Mn-SOD in diabetic
heart. This correlates with decreased myocardial SOD activity as ob-
served in diabetic group. However, this increased acetylation of Mn-
SOD was reduced with garlic administration. We then looked whether
itis a direct or indirect activating action of garlic on SIRT-3. We first dem-
onstrated SIRT-3 activity in HI9C2 cells treated with raw garlic homoge-
nate and garlic metabolites, and found increased activity of SIRT-3.
Increased SIRT3 activity in cells may also be possible due to increase in
intracellular NAD/NADH ratio. Any natural compounds and antioxidants
may also have the similar effect, which indirectly affect SIRT3 activity. To
confirm whether this enhanced SIRT3 activity is due to direct interaction
of SIRT3 with garlic metabolites, we did enzymatic activity of SIRT-3 in-
vitro in presence of garlic homogenate and its metabolites. Similar to
HOC2 cell treatment, we have also observed increased enzymatic activity
of SIRT-3 by these compounds. Our data indicate that garlic has potential
to activate SIRT-3 and regulating mitochondrial function.

5. Conclusion

The present study shows that garlic protected diabetic heart from
oxidative stress by enhancing SIRT3 activity and attenuating mitochon-
dria dysfunction.
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