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A B S T R A C T   

Background: Hyperglycemia-induced cardiovascular dysfunction has been linked to oxidative stress and accel
erated apoptosis in the diabetic myocardium. While there is currently no treatment for diabetic cardiomyopathy 
(DCM), studies suggest that the combinational use of anti-hyperglycemic agents and triterpenes could be 
effective in alleviating DCM. 
Hypothesis: To investigate the therapeutic effect of methyl-3β-hydroxylanosta-9,24-dien-21-oate (RA3), in the 
absence or presence of the anti-diabetic drug, metformin (MET), against hyperglycemia-induced cardiac injury 
using an in vitro H9c2 cell model. 
Methods: To mimic a hyperglycemic state, H9c2 cells were exposed to high glucose (HG, 33 mM) for 24 h. 
Thereafter, the cells were treated with RA3 (1 μM), MET (1 μM) and the combination of MET (1 μM) plus RA3 (1 
μM) for 24 h, to assess the treatments therapeutic effect. 
Results: Biochemical analysis revealed that RA3, with or without MET, improves glucose uptake via insulin- 
dependent (IRS-1/PI3K/Akt signaling) and independent (AMPK) pathways whilst ameliorating the activity of 
antioxidant enzymes in the H9c2 cells. Mechanistically, RA3 was able to alleviate HG-stimulated oxidative stress 
through the inhibition of reactive oxygen species (ROS) and lipid peroxidation as well as the reduced expression 
of the PKC/NF-кB cascade through decreased intracellular lipid content. Subsequently, RA3 was able to mitigate 
HG-induced apoptosis by decreasing the activity of caspase 3/7 and DNA fragmentation in the cardiomyoblasts. 
Conclusion: RA3, in the absence or presence of MET, demonstrated potent therapeutic properties against 
hyperglycemia-mediated cardiac damage and could be a suitable candidate in the prevention of DCM.   

Abbreviations: ADP, adenosine diphosphate; Akt, protein kinase B; AMPK, 5′ AMP-activated protein kinase; ANOVA, analysis of variance; ATP, adenosine 
triphosphate; BSA, bovine serum albumin; CAD, coronary artery disease; CVD, cardiovascular disease; DAGs, diacylglycerol; DCFH-DA, 2′-7′dichlorofluorescin 
diacetate; DCM, diabetic cardiomyopathy; DMEM, dulbecco’s modified eagle medium; DMSO, dimethyl sulfoxide; DNA, deoxyribonucleic acid; DPBS, dulbecco’s 
phosphate-buffered saline; FBS, fetal bovine serum; FFAs, free fatty acids; GLUT4, glucose transporter 4; GSH, reduced glutathione; GSSG, oxidized glutathione; 
HBSS, hanks balanced salt solution; HG, high glucose; IR, infrared; IRS-1, insulin receptor substrate 1; JC-1, 5,5′,6,6′-tetrachloro-1,1′,3,3-tetraethylbenzimidazolyl- 
carbocyanine iodide; MET, metformin; MMP, mitochondrial membrane potential; NF-кB, nuclear factor kappa B; NMR, nuclear magnetic resonance; ORO, oil red O; 
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Introduction 

Diabetic cardiomyopathy (DCM) is defined as the existence of 
abnormal cardiac structure and performance in the absence of other 
cardiovascular disease (CVD) risk factors in individuals with diabetes 
(Jia et al., 2018). Such individuals, especially those presenting with type 
2 diabetes mellitus (T2DM) are characterized by dyslipidaemia, hyper
glycemia and hyperinsulinemia; the important abnormalities implicated 
in the development of DCM (Borghetti et al., 2018). Generally, coronary 
artery disease (CAD) is regarded as the most prominent CVD in both 
diabetic and non-diabetic individuals (Hajar et al., 2017) however, the 
discrepancy pertaining to the development and progression of cardio
vascular abnormalities in those with diabetes could explain the “low 
prevalence” of DCM. Also, patients that develop DCM may also present 
with CAD as the disease progresses (Marcinkiewicz et al., 2017), which 
corroborate why DCM remains poorly diagnosed. Although first 
described nearly four decades ago (Rubler et al., 1972), the patho
physiology underlying the distinctive mechanism of DCM remains 
poorly understood. 

Over the years, multiple metabolic abnormalities including impaired 
lipid and glucose metabolism, mitochondrial dysfunction, oxidative 
stress, inflammation and loss in metabolic flexibility (Isfort et al., 2014; 
Tate et al., 2017; De Rosa et al., 2018) have all been implicated in the 
physiopathology of DCM. Generally, in order to meet its high energy 
demands, the adult heart uses multiple substrates to generate ATP 
production, a phenomenon called “metabolic substrate flexibility” 
(Borghetti et al., 2018). Here, free fatty acids (FFAs) are the preferred 
energy substrate trailed by glucose. However, the diabetic heart which 
often presents with prolonged hyperglycemia and insulin resistance may 
result in a complete loss of metabolic flexibility. During this state, the 
decrease in glucose metabolism stemming from enhanced supply of FFAs 
forces a complete reliant on β-oxidation with a concomitant increase in 
the accumulation of lipids in the cardiomyocytes (Borghetti et al., 2018). 
This switch in energy metabolism and abnormal lipid storage is 
accompanied by the increased generation of reactive oxygen species 
(ROS) and impaired oxidative phosphorylation, which stimulates 
mitochondria depolarization thereby, causing a loss in cardiac efficiency 
(Bugger and Abel, 2010; Rider et al., 2013. Subsequently, the diabetic 
heart is left susceptible to oxidative stress, aggravated apoptosis and 
pathological remodelling (Zhao et al., 2017; Jia et al., 2018). 

Although several hypoglycemic agents, such as metformin, are tar
geted to effectively regulate blood glucose levels and possibly limit the 
risk of DCM, there remains a lack of specific treatment to protect against 
hyperglycemia-induced cardiac damage (Tate et al., 2017). Further
more, it is speculated that recent advances, particularly in the area of 
alternative medicine as a co-treatment to current diabetic drugs such as 
metformin (Gawli and Lakshmidevi, 2015; Dludla et al., 2018), may 
prove effective in protecting against diabetes and its associated cardio
vascular complications (Tate et al., 2017). Thus, there is an increasing 
interest in understanding the biological properties of plant-derived 
compounds for their ameliorative effects against diabetes and its asso
ciated complications. Accordingly, several polyphenolic compounds 
have been reported to effectively alleviate the burden of diabetes related 
cardiovascular complications when used in combination with 
anti-diabetic drugs (Naruszewicz et al., 2007; Johnson et al., 2016; 
Rahimi et al., 2021) Consistent with this interest, our group has pro
gressively demonstrated the beneficial effects of triterpenes isolated 
from Protorhus longifolia (Bernh) Engl. against diabetes-associated 
complications in various experimental models, as recently reviewed by 
Sangweni and colleagues (2018). A prime example is the lanostane type 
of triterpene, methyl-3β-hydroxylanosta-9, 24-dien-21-oate (RA3) that 
has demonstrated promising anti-hyperglycemic properties (Mosa et al., 
2015). The hypoglycemic effect, of the triterpene has been linked its 
capacity to improve glucose tolerance by mediating the insulin trans
duction pathway in streptozotocin-induced diabetic rats (Mosa et al., 
2015, Mabhida et al., 2018). More precisely, evidence shows that RA3 

can improve insulin signalling by effectively regulating the 
insulin-receptor substrate 1/ phosphoinositide 3-kinase/ protein kinase 
B (IRS-1/PI3K/Akt) protein pathway, while also increasing antioxidant 
defence and mitigating lipid peroxidation in experimental models of 
diabetes (Mosa et al., 2015, Mabhida et al., 2018) 

Relevant to the heart, RA3 has been shown to reduce myocardial fat 
deposition whilst improving intracellular antioxidant enzyme activity in 
high-fat diet fed rats (Mosa et al., 2016)]. Since cardiomyocytes are not 
specialized to store lipids, these findings suggest that RA3 could possess 
therapeutic properties necessary to aid in alleviating DCM. Accordingly, 
in this study, we aimed to investigate whether RA3 could protect car
diomyoblasts against high glucose-induced damage. With the specific 
focus being the assessment of the therapeutic effects of this triterpene in 
correcting markers involved in cardiac substrate metabolism, oxidative 
stress and inflammation, which are the prominent pathological mecha
nisms implicated in DCM. 

Materials and methods 

Reagents 

Dulbecco’s Modified Eagle Medium (DMEM), Fetal Bovine Serum 
(FBS), Bovine serum albumin (BSA), Penicillin Streptomycin (pen- 
strep), tissue culture grade water, dimethyl sulfoxide (DMSO), Dulbec
co’s phosphate-buffered saline (DPBS), trypsin, Hanks balanced salt 
solution (HBSS), Bovine serum albumin (BSA) and ViaLight plus ATP kit 
were obtained from Lonza Walkersville, MD, USA. metformin, 5,5′,6,6′- 
tetrachloro-1,1′,3,3-tetraethylbenzimidazolyl-carbocyanine iodide (JC- 
1), phenylmethylsulfonyl fluoride (PMSF), trizma/hydrochloride (Tris/ 
HCl), propidium iodide (PI), chloroform and glucose transporter 4 
(GLUT4) were obtained from Sigma-Aldrich, St Louis, MO, USA. Sodium 
hydroxide (NaOH) and sodium dodecyl sulfate solution were purchased 
from Merck, Whitehouse Station, NJ, USA. Annexin V, fluorescein con
jugate (FITC annexin V) was purchased from Invitrogen, Carlsbad, CA, 
USA. The thiobarbituric acid reactive substance (TBARS) kit and oxi
select™ intracellular ROS Assay Kit (Green Fluorescence) were obtained 
from Cell Biolabs, San Diego, USA. Superoxide dismutase (SOD) and 
β-methylphenethylamine (β-ME) was obtained from Abcam, Cambridge, 
United Kingdom. Glutathione (GSH), caspase-glo 3/7 and DeadEnd 
Fluorometric TUNEL kit were purchased from Promega, Madison, 
Wilsconsin, USA. Phosphorylated 5′ AMP-activated protein kinase 
(AMPK) at Thr172, phosphorylated nuclear factor kappa-light-chain- 
enhancer of activated B cells (NF-кβ) at Ser536, phosphorylated pro
tein kinase C (PKC) at Ser660, phosphorylated IRS-1 at Ser307 and 
phosphorylated Akt-B at Thr308 were purchased from Cell signalling, 
Danvers, MA, USA. Anti-β actin was purchased from Santa Cruz 
Biotechnology, Santa Cruz, CA, USA. 

Isolation and confirmation of methyl-3β-hydroxylanosta-9, 24-dien-21- 
oate (RA3) 

The plant extract was prepared from the fresh stem bark of P. long
ifolia which was collected from KwaZulu-Natal, South Africa. Identity of 
the plant material with voucher specimen number RA01UZ was 
confirmed by a botanist at the University of Zululand. The targeted 
compound, methyl-3β-hydroxylanosta-9, 24-dien-21-oate (RA-3) 
(Fig. 1) was routinely isolated and purified from the chloroform extract 
of the plant material, using the method well described by (Mosa et al., 
2014). The lanosteryl triterpene was isolated over silica gel chroma
tography and the isolated compound was recrystallized in ethyl acetate 
(100%) to obtain a pure compound (> 95% purity). Melting point and 
spectroscopic (IR, NMR) data analysis were used, in comparison with 
literature data (Mosa et al., 2014, Machaba et al., 2014) to confirm the 
chemical structure of the isolated lanosteryl triterpene. The physical 
(white crystals, melting point 204–205 ◦C) and spectral data of this 
compound were all in agreement with previous reports from our 
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laboratory (Mosa et al., 2014, Machaba et al., 2014). 

Cell culture conditions 

Embryonic rat heart derived H9c2 cardiomyoblasts were acquired 
from the European Collection of Cell Cultures (ECACC No. 8809294) and 
used to carry out all experimental procedures. The cells were cultured in 
DMEM, supplemented with 10% FBS and 1% Pen-Strep, until they 
reached 80–90% sub-confluence under typical tissue culture conditions 
(TC- 37 ◦C, 95% humidified air and 5% CO2). Experiments carried out in 
the present study were conducted with H9c2 cells at passages ranging 
from 21–26. Cells seeded in either 6-well, 24-well or 96-well plates, 
depending on the experiment performed, were washed with DPBS and 
then exposed to 33 mM high glucose (HG) treatment media (DMEM 
(without phenol red) supplemented with 1% BSA) for 24 h, in order to 
mimic a hyperglycemic state. This is an accomplished model to study 
complications associated with DCM in vitro, as previously reported by 
our group and others (Johnson et al., 2016; Davargaon et al., 2018). 
Cells exposed to low glucose (NG- 5.5 mM) served as the normal 
experimental control. The biochemical parameters measured in the 
current study were adopted from a recent study performed in our lab
oratory (Johnson et al., 2019). 

Treatment preparation 

Briefly, RA3 (MW: 470.74 g/mol) at 32 mg, was dissolved in 100 μl 
DMSO (100%) to yield an initial stock solution of 679.7 mM. To dilute 
the DMSO concentration, a final stock solution of 1 mM was prepared by 
diluting 7.4 μl of the initial stock with 5 mL DMEM (without phenol red, 
supplemented with 0.1% BSA). Thereafter, a final working concentra
tion of 1 μM, with a DMSO concentration less than 0.001%, was pre
pared by pipetting 10 μl of the working solution to 10 ml of either 5.5 
mM or 33 mM glucose treatment media. Furthermore, to assess the 
therapeutic effects of RA3 to ameliorate high glucose-induced cardiac 
stress, H9c2 cells were treated with either RA3 or metformin, as a 
monotherapy or combination, at 1 μM for 24 h. Cells exposed to normal 
glucose served as experimental controls, while metformin was employed 
as a comparative drug, as previously executed (Johnson et al., 2016). 

Glucose uptake 

Intracellular glucose uptake was measured according to the methods 
previously described by Johnson et al. (2016). High glucose-stimulated 
cells were probed with a radiolabeled glucose analog, 

2-Deoxy-[3H]-D-glucose (DOG), before being lysed with a sodium hy
droxide and sodium dodecyl sulfate solution. Ten microliters of the cell 
lysate was used for protein concentration analysis using the Bio-Rad DC 
Protein Assay. Thereafter, the cell lysates were transferred into scintil
lation vials containing 1 ml TC grade H2O which was followed by the 
addition of a scintillation fluid (8 ml of Ready Gel Ultima Gold) and 
overnight equilibration and RT. Glucose uptake was determined in a 
liquid scintillation analyzer (2200 CA, Parkard Tricarb series) by liquid 
scintillation (PerkinElmer, Downers, Crove, IL, USA). The results were 
calculated using a counts and disintegration per minute (CPM; DPM) 
program: 

(http://www.graphpad.com/quickcalcs/radcalcform.cfm). Protein 
concentrations and CPM were used to determine the fmol/mg. 

Intracellular lipid content determination 

Lipid storage in H9c2 cardiomyoblasts was assessed using an Oil-Red 
O (ORO) staining technique adapted from Sanderson et al. (2014). 
Briefly, treated cells were stained with 0.7% (v/v) ORO (made by 
diluting 1% stock (w/v) in TC grade water) and incubated for 30 min at 
room temperature before reading absorbance at 570 nm using the Bio
Tek® ELX800 plate reader (Gen5™ software). Subsequently, cells were 
counterstained with 0.5% crystal violet and absorbance read at 490 nm 
using the BioTek® ELX800 plate reader (Gen5™ software) in order to 
compensate for cell density. Intracellular lipid content was normalized 
to cell density as measured with crystal violet. 

Expression of insulin-dependent and independent proteins 

Protein expression, in high glucose-stimulated H9c2 cells, was 
quantified using Western blot analysis as previously described (Johnson 
et al., 2019). The following primary antibodies were used to quantify the 
expression of proteins involved in insulin signalling and energy ho
meostasis: p-AMPK(Thr172) (1:800), p-NF-кB (1:1000), GLUT4 
(1:1000), p-IRS (Ser307) (1: 1000), p-PKC (Ser660) (1: 1000) and p-Akt 
(Thr308) (1: 500). β-actin (1:4000) was used as a housekeeping protein 
and a means to normalize the targeted proteins. Protein detection was 
performed using the enhanced chemiluminescence kit on the ChemiDoc 
XRS System (Bio-rad, USA). The band densities were analysed using the 
Image J software. 

Quantification of prooxidants and antioxidants 

The levels of superoxide dismutase (SOD) were measured using an 
Abcam SOD activity kit as per manufacturer’s instructions (details of 
company). Absorbance was read at 450 nm with a BioTek® ELX800 
plate reader (Gen5® software). Total GSH content was assessed using a 
GSH/GSSH-Glo™ assay kit, as previously described by Shabalala and 
colleagues (2019). Luminescence was assessed by a BioTek® FLX 800 
plate reader using Gen5® software. Intracellular production of ROS was 
evaluated by exposing cardiomyoblasts to 100 μl of 2′, 7‟-dichlor
fluoresceindiacetatefluorescent dye (DCFH-DA- 1 μM, made up in HBSS 
fluorescent dye) and incubated under standard TC conditions for 30 min. 
Thereafter, the dye was eluted by the addition of HBSS which was fol
lowed by measuring DCFH-DA fluorescent intensity (emission spectra of 
528 ± 20 nm) by means of a BioTek® FLx800 plate reader. Lipid per
oxidation was quantified with an OxiSelect™ thiobarbituric acid reac
tive substances (TBARS) assay Kit (Cell Biolabs, San Diego, US), as per 
the instructions of the manufacturer using a BioTek® ELX800 plate 
reader (Gen5® software). 

Determining changes in mitochondrial membrane potential and ATP 
activity 

High glucose-stimulated depolarized mitochondria were evaluated 
by subjecting H9c2 cells to 5,5′,6,6′-tetrachloro-1,1′,3,3- 

Fig. 1. Chemical structure of methyl-3β-hydroxylanosta-9, 24dienoate (RA3).  
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tetraethylbenzimidazolyl-carbocyanine iodide (JC-1) cationic dye. 
Briefly, treated cells were stained with 2 μM of JC-1 solution and 
thereafter, incubated in the dark for 30 min under standard TC condi
tions. Subsequently, the fluorescent intensity of JC-1 was assessed by 
measuring fluorescence at a single excitation 485 ± 20 nm; and dual 
emission 530 ± 25 nm and 590 ± 35 nm) in a BioTek® FLx800 plate 
reader. ATP as a measurement of metabolic activity was quantified using 
the ViaLight plus ATP kit (Lonza, Walkersville, MD, USA), as per the 
manufacturer’s guidelines. Luminescence was measured on the Spec
traMax i3x®Multi-Mode Microplate Reader. 

TUNEL assay 

DNA fragmentation was assessed by means of a DeadEnd Fluoro
metric TUNEL kit (Promega, Madison, Wilsconsin, USA), as per the 
manufacturer’s instructions. Cells were stained with terminal deoxy
nucleotidyl transferase (TdT) reaction mixture and then incubated 
under standard TC conditions for 60 min. The rate of DNA fragmentation 
was quantified as the mean of condensed TUNEL-positive cells, as shown 
by green fluorescence, in non-overlapping fields of 1 mm2 under 10 ×
magnification field (average of at least 5 fields per well). Data was 
normalized against the DAPI staining, which was indicated as blue 
fluorescence. Fluorescence was measured with a Nikon Eclipse Ti 
inverted fluorescence microscope equipped with a NIS Elements imag
ing software. 

Annexin V and propidium iodide assays, and caspase 3/7 activity 

Annexin V-FITC (Invitrogen, Carlsbad, CA, USA) and propidium io
dide (PI, Sigma-Aldrich, St Louis, MO, USA) were used to quantify early 
and late apoptosis in the H9c2 cells. Briefly, cells were stained with 0.5% 
of annexin v and 1 μg/ml of PI and then incubated for 30 min. There
after, fluorescence was measured on the SpectraMax i3x®Multi-Mode 
Microplate Reader at an emission spectra of 485 ± 20/ 528 ± 20 nm, for 
annexin V, and 530 ± 25/ 590 ± 35 nm, for PI. Additionally, the activity 
of caspase 3/7 was measured using the Caspase-Glo® 3/7 luminescent 
assay kit (Promega Corporation) as per the manufacturer’s instructions. 
Luminescence was measured using the SpectraMax i3x®Multi-Mode 
Microplate Reader and then normalized to protein concentrations. 

Statistical analysis 

All data were statistically analysed using GraphPad Prism software 
version 5.0 (GraphPad Software, Inc. La Jolla, USA). The data are rep
resented as the mean ± standard error of mean (SEM) of three inde
pendent biological experiments, with each experiment containing at 
least six replicates. Comparisons between treatment groups were per
formed using one-way analysis of variance (ANOVA), followed by a 
Tukey post hoc test and a student’s t-test. A p-value ≤ 0.05 was 
considered as statistically significant. 

Results 

RA3; In the presence or absence of MET; Improves glucose uptake whilst 
reducing lipid storage 

Impaired substrate preference is a prominent abnormality associated 
with the pathogenesis of DCM. As such, the effect of RA3 on intracellular 
glucose uptake and lipid accumulation was investigated. The results 
demonstrated that high glucose (HG) exposure significantly decreases 
glucose uptake ((51.75 ± 6.77%, p ≤ 0.01) (Fig. 2A) through the 
apparent increase in intracellular lipid content (265.50 ± 7.15%; p ≤
0.001) in the H9c2 cells (Fig. 2B). However, upon treatment with RA3, 
impaired substrate preference was noticeably reduced in these cells as 
demonstrated by improved glucose uptake (75.75 ± 6.33%, p ≤ 0.05) 
and reduced lipid content (100.3 ± 5.57%; p ≤ 0.001). Likewise, a 
comparable effect was observed in substrate metabolism in cells treated 
with MET (88.42 ± 12.56%; p ≤ 0.01 and 89.75 ± 6.06; p ≤ 0.001). 
Interestingly, a synergistic improvement in cellular glucose uptake 
(171.4 ± 30.31%; p ≤ 0.001) was observed in cardiomyoblasts co- 
treated with MET plus RA3 when compared to cells treated with 
either RA3 or MET alone (Fig. 2A). 

Effect of RA3 and MET on glucose metabolism 

The effect of hyperglycemia on the myocardium reportedly stimu
lates the phosphorylation of NF-κB through the diacylglycerol-PKC 
signal transduction pathway, which is a central aspect of insulin resis
tance and resultant cardiac injury. Here, PKC expression was signifi
cantly increased (18630 ± 862.3; p ≤ 0.001) by HG exposure which led 
to the accelerated activation of NF-κB (525.4 ± 25.5; p ≤ 0.001) in these 
cells (Fig. 3A and B). As a result, a considerable reduction in glucose 

Fig. 2. The effect of methyl-3β-hydroxylanosta-9, 24-dienoate (RA3) and metformin (MET) on glucose uptake and lipid accumulation. (A) Glucose uptake and (B) 
lipid content in high glucose (HG, 33 M) stimulated H9c2 cardiomyoblasts. Cells exposed to HG were treated with RA3 (1 μM), MET (1 μM) and a combination of 
MET+RA3 (both at 1 μM). Cells exposed to normal glucose (NG, 5.5 mM) served as the normal control. Data are presented as the mean ± SEM of 3 distinct biological 
experiments with each experiment having 3 practical repeats (n = 3). Significance is depicted as ** p ≤ 0.01, *** p ≤ 0.001 vs. NG control, # p ≤ 0.05, ### p ≤ 0.001 
vs. HG control. 
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metabolism through activated serine phosphorylation of IRS-1 (1538 ±
122.0; p ≤ 0.001), which impairs insulin signalling, was observed 
(Fig. 3C). Although cardiomyoblasts treated with RA3 (14126 ± 242.8; 
p ≤ 0.001) and MET (13744 ± 557.5; p ≤ 0.001) presented with 
decreased PKC expression, a significantly higher reduction was observed 

through co-treatment with MET plus RA3 (7508 ± 349.7; p ≤ 0.001). 
Similarly, the phosphorylation of NF-κB (166.7 ± 17.4; p ≤ 0.001) and 
IRS-1 (711.5 ± 115.5; p ≤ 0.01) were noticeably decreased by RA3 
treatment thereby, improving insulin sensitivity. Consequently, the rate 
of glucose metabolism was significantly ameliorated via the enhanced 

Fig. 3. Methyl-3β-hydroxylanosta-9, 24-dien
oate (RA3), in the presence or absence of 
metformin (MET), ameliorates glucose meta
bolism. The following proteins were quanti
fied: (A) protein kinase C (PKC), (B) nuclear 
factor kappa beta (NF-κB) (PKC), (C) insulin 
receptor substrate-1 (IRS-1), (D) protein kinase 
B (Akt). (E) 5′ adenosine monophosphate- 
activated protein kinase (AMPK) and (E) 
glucose transporter 4 (GLUT4) in high glucose 
(Glu) stimulated H9c2 cells. Results are 
expressed as the mean ± SEM of 3 independent 
biological experiments with each experiment 
having 3 technical replicates (n = 3). Signifi
cance is depicted as * p ≤ 0.05, ** p ≤ 0.01, 
*** p ≤ 0.001 vs. NG control, # p ≤ 0.05, ## p 
≤ 0.01, ### p ≤ 0.001 vs. HG control.   
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expression of insulin dependent and independent proteins Akt (93.6 ±
9.1%; p ≤ 0.001) and AMPK (89.9 ± 5.5%; p ≤ 0.001), which collec
tively increased the cytosolic translocation of GLUT4 (91.9 ± 8.1%; p ≤
0.001) to the plasma membrane (Fig. 3D, E and F). Likewise, improved 
glucose transport was also observed in cells treated with MET (p ≤
0.001) and co-treated with MET plus RA3 (p ≤ 0.001). 

Effect of RA3 and MET on oxidative stress 

Hyperglycemia-induced oxidative stress, as measured by ROS ac
tivity and lipid peroxidation, is a key component in the development of 
DCM. In this study, a significant increase in the production of ROS (p ≤
0.01) and MDA (p ≤ 0.001) were observed in HG-stimulated cells when 
compared to the normal control. These findings were corroborated by 
the significant reduction in antioxidant enzyme activity in cells exposed 
to HG (p ≤ 0.05). However, HG-induced oxidative stress was noticeably 
mitigated when cell were treated with RA3 (p ≤ 0.001), MET (p ≤ 0.001) 
or the combination of MET plus RA3 (p ≤ 0.001), as demonstrated by the 
significant increase in GSH content and SOD activity (Table 1). 
Evidently, the improved activity of endogenous antioxidants in RA3 
treated cells presented with reduced ROS and MDA content. Interest
ingly, a slightly more enhanced improvement in SOD (p ≤ 0.001) and 
GSH (p ≤ 0.001) activity was demonstrated by cells co-treated with MET 
plus RA3 when compared to those treated with MET alone, suggesting 
that RA3 might have an additive effect on MET (Table 1). 

Effect of RA3 and MET on mitochondrial membrane potential (MMP) and 
metabolic activity 

Altered cardiac mitochondrial function and resultant loss in meta
bolic activity are said to be amongst the underlying mechanisms of DCM. 
In the present study, a significant increase in the ratio of monomers vs. J- 
aggregates was observed in HG-stimulated cells (3.1 ± 0.2; p ≤ 0.001), 
suggesting an increase in mitochondrial depolarization (Fig. 4A). 
Consequently, a loss in mitochondrial function which was demonstrated 
by the apparent reduction in cellular metabolic activity was observed in 
the HG-stimulated cells (46.0 ± 4.3%; p ≤ 0.001) (Fig. 4B). Nonetheless, 
treatment with RA3 (p ≤ 0.001), MET (p ≤ 0.001) and the combination 
of MET plus RA3 (p ≤ 0.001) proved to be considerably effective in 
mitigating HG-induced mitochondrial depolarization and thus, 
improved mitochondrial function. Interestingly, a synergistic improve
ment in cellular metabolic activity was observed when cells were co- 
treated with MET plus RA3 (146.1 ± 28.9%; p ≤ 0.001). This 
improvement was noticeably much higher than the metabolic activity 
measured in the control (p ≤ 0.05) (Fig. 4A and B). 

Effect of RA3 and MET on DNA fragmentation 

Diabetic patients are highly susceptible to oxidative DNA damage 
with a significantly higher frequency reported in DCM. In line with 
previous reports, our data demonstrated a considerably increased de
gree of fragmented DNA in H9c2 cells exposed to HG when compared to 
the control group (12.6 ± 2.0 compared to 1.8 ± 0.8, p ≤ 0.001). 

However, treatment with RA3 (5.9 ± 1.1, p ≤ 0.01) and MET (6.5 ± 2.0, 
p ≤ 0.05) was able to significantly reduce the rate of nuclear DNA 
fragmentation in these cells. This reduction might have been attributed 
to RA3’s ability to increase the levels of endogenous antioxidants. 
Additionally, RA3 appeared to have an additive effect on the efficacy of 
MET (6.5 ± 2.0, p ≤ 0.05) as demonstrated by the much higher 
improvement in intact DNA observed in cells co-treated with MET plus 
RA3 (4.5 ± 0.7, p ≤ 0.01) (Fig. 5A and B). 

Effect of RA3 and MET on the rate of apoptosis 

Cell death, as a comprehensive consequence of myocardial abnor
malities, is a fundamental aspect of DCM. The rate of apoptosis was 
significantly accelerated by HG glucose exposure as demonstrated by an 
increase in cells going into early (140.4 ± 12.8%; p ≤ 0.001) and late 
apoptosis (148.5 ± 10.9%; p ≤ 0.001). These findings were confirmed by 
the increased activity of caspase 3/7 in these HG-stimulated cells (205.4 
± 5.1%; p ≤ 0.001). Conversely, RA3 further demonstrated its car
dioprotective potential through its apparent reduction of caspase 3/7 
activation (162.9 ± 6.6%; p ≤ 0.001), which led to a significant decrease 
in the degree of apoptosis (p ≤ 0.001) (Fig. 6A, B and C). Likewise, cells 
treated with MET (p ≤ 0.01) as well as the combination of MET plus RA3 
(p ≤ 0.001) also presented with a noticeable reduction in HG-induced 
apoptosis. 

Discussion 

The current study investigated the protective effects of RA3 or its 
combination with metformin in ameliorating high glucose-induced 
myocardial impairments in vitro. The high-glucose exposed H9c2 car
diomyoblasts represent an established in vitro model to study compli
cations associated with the development of DCM (Luo et al., 2014; Sun 
et al., 2017; Zhang et al., 2018). Similar to diabetic patients, exposure of 
these cells to elevated glucose concentrations has been linked with the 
development of insulin resistance, a state mainly driven by impaired 
myocardial substrate metabolism. For example, in diabetic individuals, 
the prolonged effects of hyperglycemia is associated with insulin resis
tance and increased availability of FFAs, a process that suppresses 
glucose uptake (Ormazabal et al., 2018; Makarova et al., 2019). Simi
larly, results from the current study demonstrated that exposure of these 
cardiac cells to hyperglycemic conditions was consistent with the sup
pression of glucose uptake and ATP production. Although not assessed in 
the current study, suppression of glucose uptake has been reported to be 
concomitant with abnormally increased FFA oxidation (Johnson et al., 
2016). To verify the insulin-resistant state, the current findings revealed 
that in addition to impaired substrate metabolism, high glucose expo
sure was responsible for increased NF-κB phosphorylation, a 
redox-sensitive transcription factor essential for regulating a number of 
inflammatory genes. More importantly, inhibition of NF-κB, together 
with PKC has been a plausible strategy to manage CVD-related compli
cations (Wang et al., 2009; Suryavanshi and Kulkarni, 2017). Interest
ingly, both NF-κB and PKC have been ideal therapeutic targets by some 
small molecules and polyphenols to ameliorate diabetes-associated 

Table 1 
Effect of methyl-3β-hydroxylanosta-9, 24-dienoate (RA3), in the presence or absence of metformin (MET), on high glucose-mediated oxidative stress.  

Prooxidants and Antioxidants Treatment conditions 
NG NG + RA3 HG RA3 MET MET + RA3 

ROS (RFU) 104.8 ± 8.03 95.3 ± 6.4 151.5 ± 9.2** 91.8 ± 4.9### 95.5 ± 5.6### 92.67 ± 5,0### 

MDA (%) 100.2 ± 1.3 97.3 ± 1.2 143.7 ± 1.2*** 122.3 ± 1.6# 121.0 ± 3.7# 111.2 ± 5.1## 

GSH (RFU) 103 ± 3.4 115.3 ± 4.8 80.5V5.6* 118.5 ± 5.8### 112.1V4.2### 119.0 ± 7.2### 

SOD (%) 100.0 ± 5.5 106.1 ± 2.0 30.7 ± 2.8*** 74.19 ± 3.6### 64.2 ± 4.07### 82.8 ± 3.6### 

Data are expressed as the mean ± SEM of 3 distinct biological experiments with each experiment having 3 technical replicates (n = 3). Significance is depicted as * p ≤
0.05, *** p ≤ 0.001 vs. NG control, # p ≤ 0.05, ## p ≤ 0.01, ### p ≤ 0.001 vs. HG control. Abbreviations: ROS: reactive oxygen species; MDA: malondialdehyde; GSH: 
total glutathione content; SOD: superoxide dismutase; NG: normal glucose; HG: high glucose, RFU: relative fluorescence unit 
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complications (Geraldes and King, 2010; Das et al., 2016). 
Nonetheless, uncontrolled hyperglycemia, due to increased delivery 

of FFAs into the cardiomyocytes can activate PKC which contributes to 
peripheral insulin resistance by facilitating serine phosphorylation of 
IRS-1 (Hassan et al., 2016). Likewise, in the current study HG-stimulated 
cells presented with increased lipid content which led to the 

over-expression of PKC through the activation of diacylglycerol-PKC 
signal transduction pathway. Consequently, over-expression of PKC 
activated NF-кB in these cells, which is thought to function as a core 
effect in the cardiac hypertrophic response of DCM (Wang et al., 2009). 
In addition, phosphorylated PKC resulted in insulin signalling deregu
lation via the inhibition of the IRS-1/PI3K/Akt pathway. Evidently, the 

Fig. 4. The effect of methyl-3β-hydroxylanosta-9, 24-dienoate (RA3) and metformin (MET) on mitochondrial membrane potential and metabolic activity. (A) JC-1 
fluorescence staining used to quantify mitochondrial depolarization and (B) ATP as a measurement of metabolic activity in high glucose (HG) stimulated H9c2 cells. 
Data are presented as the mean ± SEM of 3 separate biological experiments with each experiment having 3 technical repeats (n = 3). Significance is depicted as ** p 
≤ 0.01, *** p ≤ 0.001 vs. NG control, ## p ≤ 0.01 ### p ≤ 0.001 vs. HG control. 

Fig. 5. Methyl-3β-hydroxylanosta-9, 24-dienoate (RA3), in the presence or absence of metformin (MET), attenuates high glucose-mediated DNA fragmentation. (A) 
Representative images of TUNEL fluorescence staining, and (B) quantification of TUNEL stained high glucose-stimulated H9c2 cells. Data is presented are expressed 
as the mean ± SEM of 3 separate biological experiments with each experiment having 3 technical repeats (n = 3). Significance is depicted as * p ≤ 0.05, ** p ≤ 0.01, 
*** p ≤ 0.001 vs. NG control, # p ≤ 0.05, ## p ≤ 0.01 vs. HG control. 
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optimal regulation of glucose transport is crucial to improve substrate 
metabolism in the diabetic heart. For example, previous reports have 
shown that the expression of GLUT4 is decreased in diabetic hearts 
which leads to a reduction in cardiac glucose influx in diabetic patients 
(Mishra et al., 2017; Szablewsk, 2017; Gu et al., 2018; Bowman et al., 
2019). In this study, impaired insulin signalling reduced the expression 
of GLUT4 in HG-stimulated H9c2 cells, thus explaining the suppressed 
glucose uptake. Such results explain the increased screening of various 
pharmacological compounds for their protective effects against DCM by 
broadly targeting substrate metabolism, especially GLUT4 expression, in 
addition to other insulin signalling pathway markers such as PKC and 
PI3K/Akt so as to improve cellular glucose uptake. 

Interestingly, we found that cardiomyoblasts treated with RA3 as a 
monotherapy or in combination with MET presented with improved 
glucose uptake and significantly reduced the levels of intracellular lipid 
content. These results were consistent with the triterpenes ability to 
improve substrate metabolism through enhanced insulin signalling 
under conditions of HG stress. As a result, RA3, with or without MET, 
alleviated the phosphorylation of the PKC-NF-κB cascade, whilst stim
ulating PI3K/Akt protein expression. While previous findings from our 
group have shown that RA3 improves the PI3K/Akt signalling pathway 
and enhances GLUT4 cytoplasmic translocation in skeletal muscles 
under diabetic conditions (Mabhida et al., 2018), the current results are 
the first to report the similar effects on the diabetic cardiomyoblast. 
Consistently, we observed an increased expression of pAMPK with RA3 

treatment, which suggested an improvement in energy metabolism 
similar to insulin independent pathways. Beyond controlling insulin 
signalling, AMPK remains essential for regulating substrate metabolism 
by controlling the entry and oxidation of FFAs in the mitochondria, as 
previously discussed (Youssef et al., 2017; Cortassa et al., 2019). Thus, 
consistent with other naturally-derived compounds such as aspalathin or 
resveratrol (Johnson et al., 2016; Song et al., 2020), it appears that RA3 
shows enhanced effects in protecting against DCM by effectively regu
lating energy metabolism, mainly through AMPK activation which is 
said to inhibit HG-induced oxidative stress and resultant cardiac 
oxidative damage (Hong et al., 2019). Of further interest was the ability 
of RA3 to enhance the efficacy of MET to ameliorate some of the 
measured parameters, like glucose uptake, which in turn attenuated the 
HG-mediated complications observed in our experimental model. These 
findings are indicative of a possible synergistic effect between RA3 and 
MET to improve cardiac efficiency under conditions of metabolic stress. 
However, further investigations, using in vivo experimental models, are 
required to explore this theory. 

Accumulating evidence suggests that the accumulation of ROS and 
pro-oxidative stress products such as MDA, contributing to the expan
sion of infarct size and deterioration of cardiac function, play a critical 
role in diabetic cardiac injury (Kalogeris et al., 2014; Varga et al., 2015; 
Zhang et al., 2018). The prolonged effect of oxidative stress has the 
capacity to unduly exhaust endogenous antioxidants, such as SOD and 
GSH (Liao et al., 2017; Li et al., 2019). Notably, the results presented in 

Fig. 6. Methyl-3β-hydroxylanosta-9, 24-dienoate (RA3), in the presence or absence of metformin (MET), mitigates high glucose-induced apoptosis. The rate of (A) 
early and (B) late apoptotic bodies as well as (C) caspase 3/7 activity in high glucose-stimulated H9c2 cells. Data is presented as the mean ± SEM of 3 separate 
biological experiments with each experiment having 3 practical repeats (n = 3). Significance is depicted as ** p ≤ 0.01, *** p ≤ 0.001 vs. NG control, ## p ≤ 0.01, ### 

p ≤ 0.001 vs. HG control. 
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this study demonstrate that RA3, with or without MET, effectively at
tenuates HG-induced oxidative stress by restricting ROS production and 
lipid peroxidation. The triterpene also demonstrated an aptitude to 
enhance myocardial antioxidant enzyme (GSH and SOD) activity thus, 
offering additional protection against HG-induced oxidative stress. Such 
findings are in line with published literature showing that this triterpene 
displays strong antioxidant properties (Mosa et al., 2015; Mosa et al., 
2016; Mabhida et al., 2018) which are important for its ameliorative 
effects against diabetes-linked complications. Scientific evidence also 
demonstrates that the combined use of polyphenol compounds with 
hypoglycaemic drugs are able to offer enhanced protection against 
diabetes-related cardiovascular complications and macrovascular 
dysfunction (Eriksson and Nyström, 2014; Wu et al., 2016). 

According to literature antioxidant-based therapies, alone, have 
generally not been successful in diabetic patients (Lonn et al., 2005; 
Verma et al., 2017), suggesting that merely antagonizing existing ROS 
by enhancing endogenous antioxidant defence system may not be suf
ficient to abrogate DCM. Rather, a potentially more efficacious thera
peutic approach might be to improve the overall capacity of 
mitochondrial quality control so as to preserve a pool of healthy mito
chondria, which are needed for supporting cardiac contractile function 
in these patients (Verma et al., 2017). Likewise, in addition to its potent 
anti-oxidative properties, RA3 in the presence or absence of MET was 
able to ameliorate mitochondrial integrity and metabolic status, through 
the inhibition of HG-induced mitochondrial dysfunction. In accordance 
with this study’s findings, Dludla and colleagues (2020) recently 
demonstrated that the combinational use of MET with a fermented 
rooibos extract can regulate cardiac mitochondrial energetics under 
hyperglycaemic conditions (Dludla et al., 2020). By improving MMP, we 
found that the apoptotic markers caspase 3/7 and DNA fragmentation 
were alleviated in HG-stimulated cells treated with RA3 or the combi
nation of RA3 plus MET, which might have been attributed to the fact 
that intact mitochondrion rarely release cytochrome C (Grubb et al., 
2001), which is actively involved in cell death pathways. In turn, the 
rate of early and late apoptosis was mitigated in these cells, suggesting 
that RA3 in the presence or absence of MET has an aptitude to effectively 
regulate apoptosis during periods of hyperglycemia. Such findings are 
rather important as accelerated cardiomyocyte loss is reported to reduce 
myocardial mass thereby, decreasing cardiac performance and ventric
ular dilatation (Chowdhry et al., 2007). These events are thought to be 
responsible for the relatively high mortality and morbidity rate in pa
tients with DCM (Chowdhry et al., 2007). However, the results of this 
study suggest that such events could be alleviated through treatment 
with RA3 in combination with MET. 

Conclusion 

In the current study, we demonstrated for the first time that RA3 
effectively alleviates HG-induced oxidative stress and mitochondrial 
dysfunction whilst reducing apoptosis in H9c2 cells. As an adjunct to 
MET, our findings confirmed that RA3 has an additive therapeutic po
tential on the anti-hyperglycemic effect of MET. This was demonstrated 
through enhanced cellular glucose uptake, antioxidant capacity and 
MMP. These findings suggest that RA3, as a monotherapy or supplement 
to MET, could potentially be an appropriate treatment against DCM. 
While this is indeed promising, a follow-up study using in vivo models 
should be conducted to further investigate the combined car
dioprotective potential of RA3 with MET. Furthermore, the use of gene 
silencing techniques or inhibitors specific to the proposed regulatory 
pathway is needed to clearly understand the exact mechanism by which 
RA3 offers its cardioprotection. As such, the former as well as the 
expression of GLUT4 in the plasma membrane and the total expression 
of the proteins (AMPK, NF-кB, IRS,PKC and Akt) involved in insulin 
dependent and independent signaling should be investigated in a follow- 
up, as these were some of the limitations to the current study. 
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