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Abstract 

Background:  Insulin resistance is a hallmark of type 2 diabetes mellitus (T2DM) and the underlying cause of various 
metabolic changes observed in type 2 diabetic patients. This study investigated the molecular basis of the anti-
hyperglycemic activity of the lanosteryl triterpene (RA-3), from Protorhus longifolia stem bark, in hyperlipidemic and 
streptozotocin (STZ)-induced T2DM in rats.

Methods:  The high-fat diet fed (HFD) and STZ-induced T2DM in rat model was used to evaluate the anti-hyperglyce-
mic activity of RA-3. The hyperlipidemic rats received a single intraperitoneal injection of STZ (35 mg/kg body weight) 
to induce T2DM. The experimental animals received a daily oral single dose of RA-3 (100 mg/kg body) for a period 
of 28 days, whiles the control group received distilled water only. The animals were euthanized, and skeletal muscle 
was collected for protein (IRS-1, AKT, GSK and GLUT 4) expression analysis. Western blot confirmed expression of the 
proteins.

Results:  Treatment of the diabetic animals with the RA-3 showed marked reduction in fasting plasma glucose levels 
in comparison to the untreated diabetic group animals. A significant decrease in p-GSK-3β and p-AKT expression was 
observed, whereas the expression of IRS-1ser307 were increased when compared to the diabetic control group. This 
effect was ablated upon treatment with RA-3 and this was concomitant to an observed increase in GLUT 4 expression.

Conclusions:  The results obtained in the present study strongly suggested that the anti-hyperglycemic effect of RA-3 
could partly be associated with its ability to improve cellular glucose uptake in muscle tissue from T2DM.
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Introduction
The use of medicinal plants and their derived bioactive 
compounds to cure various ailments, including meta-
bolic disorders, has been a preference since the earli-
est of times. There is still a continuous rising interest in 
the use of medicinal plants either in their crude or pure 
form to fight diseases such as diabetes mellitus (DM). 

Triterpenes, a unique class of plant-derived chemicals 
containing three terpene units, have recently gained 
much interest as new targets towards development of 
new pharmacologically active drugs. This is due to their 
wide range of significant biological activities including 
anti-diabetic properties [1–3]. Their hypoglycemic effect 
has been associated with their ability to decrease intesti-
nal glucose absorption [4] and stimulate insulin secretion 
and cellular glucose uptake in peripheral tissues [5]. Sev-
eral in  vitro and in  vivo studies have demonstrated the 
potential of natural triterpenoids to enhance the insulin 
signaling pathway and protect and regenerate pancreatic 
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islets [2, 6, 7]. This class of compounds is also known for 
its inhibitory activity against alpha glucosidase and alpha 
amylase [8], inhibition of protein tyrosine phosphatase 
1B and inhibition of glycogen phosphorylase [9]. Triter-
penes have also demonstrated a strong potential for the 
treatment of DM associated complications such as car-
diomyopathy [10] and beta cell dysfunction [3].

Experimental data in our laboratory have demon-
strated that RA-3, a lanosteryl triterpene from Pro-
torhus longifolia (Benrh.) Engl. (Anacardiaceae) stem 
bark, possesses cardioprotective effect [11], anti-hyper-
lipidaemic [12], and anti-hyperglycaemic activities [13]. 
This compound has been reported to improve glycemic 
control and pancreatic beta cell ultrastructure in HFD-
STZ-induced type 2 diabetic animals [14]. However, the 
molecular mechanism(s) through which the compound 
improves the glucose tolerance in the type 2 diabetic 
animals remains to be explored. Therefore, this study is 
aimed at evaluating the molecular mechanism by which 
RA-3 improves glucose tolerance in the hyperlipidemic 
and STZ-induced type 2 diabetic rats.

Materials and methods
The lanosteryl triterpene extraction and isolation
The fresh stem bark of Protorhus longifolia (specimen 
voucher number RAUZ01) was collected from KwaZulu-
Natal, SA and routinely prepared for extraction. The iso-
lation of the RA-3 was performed from the chloroform 
extract of the powered stem bark of Protorhus longifolia 
using chromatographic techniques as previously reported 
[11–14].

Animals
Sprague–Dawely rats (150–200  g) of either sex were 
provided by the departmental animal unit of Biochem-
istry and Microbiology, University of Zululand. Rats 
were housed and maintained under standard conditions 
[12-h light/dark cycle, humidity (~ 50%), temperature 
(23–25 °C)]. Before commencement of experimental pro-
cedures, the rats were acclimatized for a period of 5 days 
with free access to water and pelleted rat feed. The Uni-
versity of Zululand Research Ethics Committee (UZREC) 
granted the approval for procedures and use of labora-
tory animals (Rattus norvegicus) (UZREC 171110–030 
PGM 2016/329).

Induction of hyperlipidemia
The induction method of hyperlipidemia in rats was per-
formed with some modification as previously described 
by Machaba et al. [12, 14]. The animals in the experimen-
tal group were placed on HFD for 28  days. The blood 
cholesterol levels were measured using ACC​UTR​END 
PLUS® cholesterol strips (Roche Products) from the rat’s 

tail tip to confirm the hyperlipidemic state. Blood cho-
lesterol levels above or equal to 5.2  mmol/L were used 
to confirm the hyperlipidemic state of the animals to be 
used in the study.

Type 2 diabetes induction
The hyperlipidemic rats were fasted overnight and then 
intraperitoneally injected with a freshly prepared low 
dose of STZ solution (35  mg/kg) to induce diabetes 
(T2DM) [15, 16]. The blood glucose levels were meas-
ured after 5  days using a glucometer (ACC​UTR​END 
PLUS® glucose strips, Roche Products) from the rat’s tail tip 
to confirm the hyperglycemic state of the animals. Blood 
glucose levels above or equal to 11 mmol/L were used to 
confirm the diabetic state of the animals to be used in the 
study [17].

In vivo anti‑hyperglycemic activity
The hypoglycemic activity of RA-3 was assessed in the 
type 2 diabetic animals following the method done by 
Kumar et al. [14, 18]. Animals were randomized into four 
groups (n = 5), fed either a standard rodent diet, while the 
HFD-diabetic (HFD-D) groups received either 2% Tween 
20 (vehicle control), a single dose of RA-3 (100 mg/kg) or 
metformin (100 mg/kg) orally for 28 days. The non-dia-
betic group received equivalent amount of distilled water. 
The animals were allowed free access to water and pel-
leted rat feed throughout the experimental period. Blood 
glucose levels were determined weekly. After 28  days, 
animals were overnight fasted and euthanized and skel-
etal muscles tissue harvested for western blot analysis.

Western blot analysis of some proteins involved in insulin 
signaling pathway
The frozen skeletal muscle was weighed, defrosted on 
ice and lysed in lysis buffer (800 μL) (Pierce Biotech-
nologies, Rockford, CA, USA) using a tissue lyser at 25 
Hz. Thereafter, the samples were centrifuged for 20 min 
at 12,000  rpm at 4  °C in a micro centrifuge. The super-
natant was collected and kept in a fresh tube at − 20 °C 
until required. Protein (30 µg) was mixed with an equal 
volume of 2× Laemmli sample buffer (containing 
β-mercaptoethanol), before it was denatured at 95  °C. 
The denatured protein sample (30  µg) was loaded onto 
a 12% Mini-protein TGX Precast Gels, 10 well comb, 
50 µL/well (BioRad), along with 12 µL BioRad-Western C 
molecular weight marker. The gel was run for 1 h at 150 V 
in Tris/Glycine/SDS-PAGE Buffer 1× and then trans-
ferred to a polyvinylidene fluoride membrane (PVDF, 
Bio-Rad, Hercules, CA, USA) [19]. Membranes were 
incubated at 4  °C for 16  h with different primary anti-
bodies which include IRS-1Ser307, p-AKT and p-GSK-β, 
[Cell Signaling Technology, Danvers, MA, USA; (1:500), 
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(1:1000), (1:1000) respectively], GLUT 4 [Sigma-Aldrich 
Chemical Co., St. Louis, MO, USA, (1:1000)]. β-Actin 
[Cell Signaling Technology, Danvers, MA, USA, (1:4000)] 
antibody was added as a loading control. The membrane 
was incubated with an appropriate horseradish peroxi-
dase conjugated secondary antibody (1:4000) in blocking 
buffer (2.5% milk) at room temperature for 90 min, and 
then placed on a plastic sheet and 2 ml chemiluminescent 
substrate (1:1 of luminal solution and reaction buffer) 
was added to the membrane for signal development. The 
proteins were detected using BioRad ChemiDoc and the 
signaling intensity of the bands was quantified using the 
image J software.

Results
RA‑3 effect on blood glucose in the HFD‑STZ‑induced type 
2 diabetic animals
Figure  1 shows the biological activity of RA-3 on fast-
ing blood glucose (FBG) levels of the type 2 diabetic rats. 
While a persistently higher fasting plasma level of glucose 
was observed in the diabetic control group, treatment of 
the diabetic animals with RA-3 effectively lowered their 
blood glucose levels. The observed effects were similar 
and comparable to those of the metformin treated group.

Effect of RA‑3 on some insulin signaling proteins 
(p‑GSK‑3β, p‑AKT, IRS‑1ser307 and GLUT 4)
Figure  2 shows the findings of the activity of RA-3 on 
some insulin signaling proteins. A relatively low expres-
sion of p-GSK-3β, p-AKT and GLUT 4 along with higher 
expression of IRS-1ser307 was observed in the diabetic 
control group vs non-diabetic control group. However, 
following treatment of the diabetic animals with RA-3, 
higher expression of p-GSK-3β, p-AKT and GLUT 4 and 
lower expression of IRS-1ser307 were observed in com-
parison with the untreated diabetic group. The observed 

effects were similar and comparable to the metformin 
treated group.

Discussion
Experimental evidence has shown that oxidative stress 
and increase in pro-inflammatory cytokines is closely 
related to insulin resistance, through their negative activ-
ity on insulin signaling pathways and glucose transport 
into the cell. Thus, their effects have been suggested to 
explain the development of insulin resistance in T2DM 
[20]. RA-3 has recently established to improve glycaemic 
control and pancreatic beta cell ultrastructure in HFD-
STZ-induced type 2 diabetic rats. The pancreatic beta 
cells protective effect of RA-3 has been linked to the abil-
ity to enhance antioxidant status and reduce the release 
of pro-inflammatory cytokines such as IL-6 [14]. How-
ever, the molecular mechanism(s) through which the 
compound improves the glycaemic control in the type 2 
diabetic animals remained to be explored [14]. Thus, the 
current study aimed at evaluating the molecular mecha-
nism through which RA-3 improves glycaemic control in 
the hyperlipidemic and STZ-induced type 2 diabetic ani-
mals. Normally insulin stimulates cellular glucose uptake 
by activating a cascade of reactions leading to plasma 
membrane recruitment of glucose transporters GLUTs. 
The translocation of these GLUTs is regulated by a series 
of proteins such as PI3-K, AKT and IRS-1. However, 
while PI3-K and AKT are known to be downregulated in 
T2DM, IRS-1Ser307 is known to be highly expressed inhib-
iting insulin signalling pathway and glucose uptake [21].

Interestingly, the results from this study demon-
strated that RA-3 was able to stimulate the insulin 
signaling pathway by reducing the expression of IRS-
1Ser307 and increased p-AKT/p-GSK-3β expression 
after 28 days of treatment. These findings were further 
evidenced by the increased GLUT 4 expression and the 
subsequent anti-hyperglycemic effect indicated by an 
effective reduction of the FBG levels. Phosphorylated 
GSK-3β at ser9 by AKT is well-known to play a major 
role in insulin-induced stimulation of glycogen syn-
thesis. The ability of RA-3 to increase the expression 
of p-GSK-3β shows the potential of this compound to 
control glucose homeostasis by maintaining the bal-
ance between glucose storage and glycogen break-
down, while preventing chronic gluconeogenesis. The 
results obtained from this study provides the molecu-
lar basis through which RA-3 improves glucose toler-
ance in HFD-STZ-induced type 2 diabetic animals, 
which has recently been established in our laboratory 
[14]. The results are also similar and consistent with 
those observed in the type 1 diabetes model reported 
by Mabhida et  al. [22]. The results from this study 
could also partly serve to explain the stimulatory effect 

Fig. 1  The activity of RA-3 on FBG after the 28 days treatment of the 
type 2 diabetic animals. Values are expressed as the mean ± SEM 
(n = 5). ***p ≤ 0.001, vs. non-diabetic control. D diabetic
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of RA-3 on glucose uptake by C2C12 myocytes and 
3T3-L1 adipocytes previously reported by Mosa et al. 
[23]. Oleanolic acid has also been reported to exert its 
hypoglycemic effects through activation of the insulin 
signaling pathway in skeletal muscle of STZ-induced 
diabetic rats [2].

Conclusion
The findings obtained in the present study confirm that 
the hypoglycemic activity of RA-3 is through its appar-
ent ability to enhance the insulin signaling pathway and 

consequently increase the expression of GLUTs in the skel-
etal muscles of diabetic animals. These findings suggest 
that RA-3 could be a potent therapeutic candidate in the 
development of new anti-diabetic drugs. However, further 
molecular studies in which RA-3 regulates the function-
ing of pancreatic beta cells and other related organs are still 
required.
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Fig. 2  Activity of RA-3 on IRS-1ser307 (I), p-AKT Ser473 (II), p-GSK-3β Ser9 (III) and GLUT 4 (IV) protein expression in type 2 diabetic rats. Values are 
expressed as the mean ± SEM (n = 5). *p ≤ 0.05, **p ≤ 0.01, ****p ≤ 0.0001 vs. non-diabetic control, ###p ≤ 0.001, ####p ≤ 0.0001 vs. diabetic control. D 
diabetic



Page 5 of 5Mabhida et al. Diabetol Metab Syndr           (2019) 11:27 

4; GSK-3β: glycogen synthase kinase 3 beta; IRS-1: insulin receptor substrate; 
AKT: protein kinase B.

Authors’ contributions
RAM and AO conceived and designed the experiments; SEM performed the 
experiments; RJ, experimental designed and interpretation of western blot 
analysis. SEM and MN, analysed the data; AO, SEM, RJ, JL and RAM wrote the 
manuscript. All authors read and approved the final manuscript.

Author details
1 Department of Biochemistry and Microbiology, University of Zululand, 
Private Bag X1001, KwaDlangezwa 3886, South Africa. 2 Biomedical Research 
and Innovation Platform (BRIP), South African Medical Research Council, 
Tygerberg 7505, South Africa. 3 Division of Medical Physiology, Tygerberg, Stel-
lenbosch University, Stellenbosch, South Africa. 

Acknowledgements
The authors are indebted to Phiwayinkosi V. Dludla for his expertise in animal 
work, the South African National Research Foundation (SA-NRF) for student-
ship awarded to SE Mabhida, the University of Zululand Research Committee 
(UZRC) and South African Medical Research Council’s Biomedical Research & 
Innovation Platform baseline funding for their financial support to the success 
of this work.

Competing interests
The authors declare that they have no competing interests.

Availability of data and materials
All data generated or analysed during this study are included in this article 
(however, supporting data are available from the corresponding author on 
reasonable request).

Consent for publication
Not applicable.

Ethics approval and consent to participate
Approval (Ethical Clearance Number: UZREC 171110–030 PGM 2016/329) for 
use of laboratory animals (rats) and experimental procedures was granted by 
the University of Zululand research ethics committee (UZREC).

Funding
This work was financially supported by the University of Zululand Research 
Committee (UZRC), South African National Research Foundation (SA-NRF) and 
South African Medical Research Council’s Biomedical Research and Innovation 
Platform.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Received: 30 January 2019   Accepted: 25 March 2019

References
	1.	 Kuo YH, Lin CH, Shih CC. Antidiabetic and antihyperlipidemic properties 

of a triterpenoid compound, dehydroeburicoic acid, from Antrodia cam-
phorata in vitro and in streptozotocin-induced mice. J Agric Food Chem. 
2012;63(46):10140–51.

	2.	 Mukundwa A, Mukaratirwa S, Masola B. Effects of oleanolic acid on the 
insulin signalling pathway in skeletal muscle of streptozotocin-induced 
diabetic male Sprague–Dawley rats. J Diabetes. 2016;8(1):98–108.

	3.	 Castro AJG, Frederico MJS, Cazarolli LH, Mendes CP, Bretanha LC, Schmidt 
ÉC, Bouzon ZL, de Medeiros Pinto VA, da Fonte Ramos C, Pizzolatti 
MG, Silva FRMB. The mechanism of action of ursolic acid as insulin 
secretagogue and insulinomimetic is mediated by cross-talk between 
calcium and kinases to regulate glucose balance. Biochim Biophys Acta. 
2015;1850(1):51–61.

	4.	 Hou W, Li Y, Zhang Q, Wei X, Peng A, Chen L, Wei Y. Triterpene acids 
isolated from Lagerstroemia speciosa leaves as α-glucosidase inhibitors. 
Phytother Res. 2009;23(5):614–8.

	5.	 He Y, Li W, Li Y, Zhang S, Wang Y, Sun C. Ursolic acid increases glucose 
uptake through the PI3K signaling pathway in adipocytes. PLoS ONE. 
2014;9(10):e110711.

	6.	 Castellano JM, Guinda A, Delgado T, Rada M, Cayuela JA. Biochemical 
basis of the antidiabetic activity of oleanolic acid and related pentacyclic 
triterpenes. Diabetes. 2013;62(6):1791–9.

	7.	 Thareja S, Aggarwal S, Bhardwaj TR, Kumar M. Protein tyrosine phos-
phatase 1B inhibitors: a molecular level legitimate approach for the 
management of diabetes mellitus. Med Res Rev. 2012;32(3):459–517.

	8.	 Telagari M, Hullatti K. In-vitro α-amylase and α-glucosidase inhibitory 
activity of Adiantum caudatum Linn. and Celosia argentea Linn. extracts 
and fractions. Indian J Pharmacol. 2015;47(4):425–9.

	9.	 Thandavarayan RA, Watanabe K, Ma M, Gurusamy N, Veeraveedu PT, 
Konishi T, Zhang S, Muslin AJ, Kodama M, Aizawa Y. Dominant-negative 
p38alpha mitogen-activated protein kinase prevents cardiac apoptosis 
and remodeling after streptozotocin-induced diabetes mellitus. Am J 
Physiol Heart Circ Physiol. 2009;297:H911–9.

	10.	 Tan SF, Zhao HJ, Luo JG, Kong LY. Triterpenes and triterpene glucosides 
with their oxidative stress injury protective activity from Rubus lamber-
tianus. Phytochem Lett. 2015;12:1–5.

	11.	 Mosa RA, Hlophe NB, Ngema NT, Penduka D, Lawal OA, Opoku AR. Car-
dioprotective potential of a lanosteryl triterpene from Protorhus longifolia. 
Pharm Biol. 2016;54(12):3244–8.

	12.	 Machaba KE, Cobongela SZZ, Mosa RA, Lawal AO, Djarova TG, Opoku AR. 
In vivo anti-hyperlipidemic activity of the triterpene from the stem bark 
of Protorhus longifolia (Benrh) Engl. Lipids Health Dis. 2014;13:131.

	13.	 Mosa RA, Cele ND, Mabhida SE, Shabalala SC, Penduka D, Opoku AR. 
In vivo antihyperglycemic activity of a lanosteryl triterpene from Pro-
torhus longifolia. Molecules. 2015;20:13374–83.

	14.	 Mabhida SE, Mosa RA, Penduka D, Osunsanmi FO, Dludla PV, Djarova TG, 
Opoku AR. A lanosteryl triterpene from Protorhus longifolia improves glu-
cose tolerance and pancreatic beta cell ultrastructure in type 2 diabetic 
rats. Molecules. 2017;22(8):1252.

	15.	 Santos FA, Frota JT, Arruda BR, de Melo TS, de Castro Brito GA, Chaves MH, 
Rao VS. Antihyperglycemic and hypolipidemic effects of α, β-amyrin, a 
triterpenoid mixture from Protium heptaphyllum in mice. Lipids Health 
Dis. 2012;11(1):98.

	16.	 Vatandoust N, Rami F, Salehi AR, Khosravi S, Dashti G, Eslami G, Momen-
zadeh S, Salehi R. Novel high-fat diet formulation and streptozotocin 
treatment for induction of prediabetes and type 2 diabetes in rats. Adv 
Biomed Res. 2018;7:107.

	17.	 Kerner W, Brückel J. Definition, classification and diagnosis of diabetes 
mellitus. Exp Clin Endocrinol Diabetes. 2014;122(07):384–6.

	18.	 Kumar S, Kumar V, Prakash OM. Antidiabetic and hypolipidemic activities 
of Kigelia pinnata flowers extract in streptozotocin induced diabetic rats. 
Asian Pac J Trop Biomed. 2012;2(7):543–6.

	19.	 Johnson R, Shabalala S, Louw J, Kappo AP, Muller CJF. Aspalathin reverts 
doxorubicin-induced cardiotoxicity through increased autophagy 
and decreased expression of p53/mTOR/p62 signaling. Molecules. 
2017;22(10):1589.

	20.	 Ndisang JF, Vannacci A, Rastogi S. Insulin resistance, type 1 and type 2 
diabetes, and related complications. J Diabetes Res. 2017;3(9):23–45.

	21.	 Solinas G, Becattini B. JNK at the crossroad of obesity, insulin resistance, 
and cell stress response. Mol Metab. 2017;6(2):174.

	22.	 Mabhida SE, Johnson R, Ndlovu M, Sangweni NF, Louw J, Opoku A, 
Mosa RA. A lanosteryl triterpene from Protorhus longifolia augments 
insulin signaling in type 1 diabetic rats. BMC Complement Altern Med. 
2018;18(1):265–73.

	23.	 Mosa RA, Naidoo JJ, Nkomo FS, Mazibuko SE, Muller CJF, Opoku AR. 
In vitro anti-hyperlipidemic potential of triterpenes from stem bark of 
Protorhus longifolia. Planta Med. 2014;80:1685–91.


	Molecular basis of the anti-hyperglycemic activity of RA-3 in hyperlipidemic and streptozotocin-induced type 2 diabetes in rats
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Introduction
	Materials and methods
	The lanosteryl triterpene extraction and isolation
	Animals
	Induction of hyperlipidemia
	Type 2 diabetes induction
	In vivo anti-hyperglycemic activity
	Western blot analysis of some proteins involved in insulin signaling pathway

	Results
	RA-3 effect on blood glucose in the HFD-STZ-induced type 2 diabetic animals
	Effect of RA-3 on some insulin signaling proteins (p-GSK-3β, p-AKT, IRS-1ser307 and GLUT 4)

	Discussion
	Conclusion
	Authors’ contributions
	References




