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Abstract
BACKGROUND: Insulin resistance (IR) is known as the root cause of type 2 diabetes; hence, it is a substantial 
therapeutic target. Nowadays, studies have shifted the focus to natural ingredients that have been utilized as a 
traditional diabetes treatment, including Swietenia macrophylla. Accumulating evidence supports the hypoglycemic 
activities of S. macrophylla seeds extract, although its molecular mechanisms have yet to be well-established.

AIM: This review focuses on the hypoglycemic molecular mechanisms of S. macrophylla seeds extract and its safety 
profiles.

METHODS: An extensive search of the latest literature was conducted from four main databases (PubMed, Scopus, 
Science Direct, and Google Scholar) using several keywords: “swietenia macrophylla, seeds, and diabetes;” 
“swietenia macrophylla, seeds, and oxidative stress;” “swietenia macrophylla, seeds, and inflammation;” “swietenia 
macrophylla, seeds, and GLUT4;” and “swietenia macrophylla, seeds, and toxicities.”

RESULTS: The hypoglycemic activities occur through modulating several pathways associated with IR and T2D 
pathogenesis. The seeds extract of S. macrophylla modulates oxidative stress by decreasing malondialdehyde (MDA), 
oxidized low-density lipoprotein, and thiobarbituric acid-reactive substances while increasing antioxidant enzymes 
(superoxide dismutase, glutathione peroxidase, and catalase). Another propose mechanism is the modulating of the 
inflammatory pathway by attenuating nuclear factor kappa β, tumor necrosis factor α, inducible nitric oxide synthase, 
and cyclooxygenase 2. Some studies have shown that the extract can also control phosphatidylinositol-3-kinase/
Akt (PI3K/Akt) pathway by inducing glucose transporter 4, while suppressing phosphoenolpyruvate carboxykinase. 
Moreover, in vitro cytotoxicity and in vivo toxicity studies supported the safety profile of S. macrophylla seeds extract 
with the LD50 higher than 2000 mg/kg.

CONCLUSION: The potential of S. macrophylla seeds as antidiabetic candidate is supported by many studies that 
have documented their non-toxic and hypoglycemic effects, which involve several molecular pathways.
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Introduction

Diabetes mellitus (DM) is still a global health 
burden and is listed among the ten most common causes 
of death worldwide. In 2017, the number of diabetic 
incidences reached 425 million and was estimated to 
increase to over 629 million by 2045. Most cases of 
DM are found in low-  and middle-income countries, 
including Indonesia, where the diabetic population has 
reached 10.1 million [1], [2]. Chronic hyperglycemia 
is prone to increase the risk of various complications, 
including cardiovascular disease, diabetic neuropathy, 
and nephropathy, resulting in a low quality of life and 
tremendous economic and social burdens, as well as 
mortality and disability worldwide [1], [3], [4].

There are two major types of diabetes. 
Type 1 diabetes is an autoimmune disorder related to 
pancreatic β-cells injury and leads to insulin secretion 
deficiency, while type  2 diabetes (T2D) is affected 
by a combination of genetic factors associated with 

impaired insulin secretion, insulin resistance (IR), 
and environmental factors [5], [6]. Around 90−95% of 
diabetes incidences is T2D with the β-cells dysfunction 
and IR as the underlying pathogenesis [3], [4]. IR is 
define as a condition when insulin targeted tissues do not 
respond adequately to insulin stimulation, which leads 
to hyperglycemic conditions and initiates T2D [7], [8]. At 
the cellular level, it refers to dysregulation of the insulin 
signaling pathway in insulin-sensitive tissues (muscle, 
liver, and adipose tissues) [7], [9]. Hence, IR causes 
impairment of glucose uptake and reduction of glycogen 
synthesis while increasing hepatic gluconeogenesis 
and lipolysis. This leads to the elevation of free fatty 
acids (FFA) and glycerol [10]. IR is considered the main 
underlying factor for the development of metabolic 
syndrome and has become a substantial therapeutic 
target in T2D [11], [12].

Metformin and pioglitazone are widely 
prescribed drugs for improving insulin sensitivity. 
However, both have some side effects and various 
contraindications, and their long-term efficacy has not 
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been proven yet. Hence, it is necessary to develop more 
drugs targeting IR based on a deep understanding of its 
pathogenesis [11], [13].

Herbal remedies serve as a great source and 
play a pivotal role in traditional diabetes treatment [14]. 
Nowadays, many studies are focusing on herbal 
remedies based on phytochemicals, presenting as 
potential antidiabetic candidates and targeting IR 
pathways [11], [12], [15]. Even though many oral diabetes 
agents are available, diabetes and its complications 
continue to rise. Hence, the World Health Organization 
suggests the exploration and development of natural 
ingredients as an alternative diabetes therapy [16]. 
Referring to the world ethnobotany report, about 800 
medicinal plants, including Swietenia macrophylla, are 
used as traditional treatments for diabetes, since they 
are considered to have better efficacy with fewer side 
effects, and are affordable [16], [17], [18].

S. macrophylla seeds extract has become 
of great interest and has been used as a traditional 
diabetes treatment in many Asian countries, including 
India, Malaysia, and Indonesia. Moreover, its 
hypoglycemic activities are supported by evidence from 
experimental studies [15], [18], [19], [20], [21],  [22]. 
The methanol extract of S. macrophylla seeds has the 
ability to decrease fasting blood glucose as well as to 
decrease total cholesterol and triglyceride in a T2D 
rats model [19]. Swietenine from S. macrophylla seeds 
was reported to lower fasting blood glucose levels 
and improve liver glycogen content in streptozotocin 
(STZ)-induced diabetic rats [20]. The aqueous extract 
of S. macrophylla seeds also has the ability to reduce 
blood glucose, modulate the lipid profile, and restore 
β-cells function without altering any histopathological 
structure of liver and kidney tissues in the diabetic 
rats [21]. Nevertheless, the molecular mechanisms 

of those properties have not been clearly elucidated 
yet. This review attempts to provide a comprehensive 
understanding of the molecular mechanisms underlying 
the hypoglycemic properties of S. macrophylla seeds 
extract as well as to assess its safety profile.

Methods

An extensive search of the literature was 
conducted. The most of collected sources were 
screened from four main databases — PubMed, 
Scopus, Science Direct, and Google Scholar — using 
several keywords: “swietenia macrophylla, seeds, 
diabetes;” “swietenia macrophylla, seeds, oxidative 
stress;” “swietenia macrophylla, seeds, inflammation;” 
“swietenia macrophylla, seeds, GLUT4;” and “swietenia 
macrophylla, seeds, toxicities”. The journals as sources 
for this review were not limited by year, but most of 
the references (more than 85%) were published in the 
past 10 years.

Results and Discussion

Botanical, ethnomedical and 
phytochemical constituents of S. macrophylla

Botanical and ethnomedical of S. macropylla

S. macrophylla (Figure  1) is a folk medicinal 
plant belonging to the family Meliaceae and commonly 
called Cheria mahogany in Malaysia and mahoni in 

Figure 1: Swietenia macrophylla King. The tree (a), bark (b), leaves (c), fruits (d), capsules (e), seeds with capsules (f), seeds (g)
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Indonesia. S. macrophylla is an indigenous plant from 
Brazil, Mexico, Bolivia, and other central American 
countries [15], [18], [22], [23].

In some Asia and African countries, 
S. macrophylla has been used traditionally to treat many 
diseases, such as diarrhea, hypertension, malaria, and 
diabetes. It is also known to have pharmacological 
properties, including antimicrobial, anti-inflammatory, 
anti-oxidant, and anticancer effects [18], [22], [24], [25]. 
As folk medicine, the S. macrophylla seeds have 
medicinal activities, particularly to treat diabetes and 
hypertension in Malaysia and Indonesia [18].

Phytochemical constituents of  
S. macrophylla seeds

The main phytochemical constituents of 
S. macrophylla seeds are limonoids and other 
compounds, such as polyphenols, steroids, and fatty 
acid ester. Limonoids are derived from tetracyclic 
triterpenes and tetranortriterpenoids [18]. There are 
many other derivates of tetranortriterpenoids isolated 
from S. macrophylla seeds, including swietinine, 
swietenolide, 6-O-acetylswietenolide, and swietenolide 
diacetate [18], [22], [23], [26].

In addition, S. macrophylla seeds contain 
flavonoids, alkaloids, saponins, and tannins as their 
main compounds [27]. Phytochemical screening [28] 
revealed that the crude extract of S. macrophylla seeds 
contains major phytoconstituents, such as alkaloids, 
terpenoids, and carbohydrate. There were also other 
active compounds, including flavonoids, saponins, 
tannin, and steroids [28].

Hypoglycemic activities of S. macrophylla 
seeds

Numerous evidences support the hypoglycemic 
properties of S. macrophylla seeds extract that has 
been proven through previous in silico, in vitro, and 
in vivo studies. We attempt to discuss the findings 
from several prominent publications as summarize in 
Table 1.

In silico studies of hypoglycemic 
properties of S. macrophylla seeds

In line with the rapid advancement of 
computerized technology, the latest drug development 
process for identifying and enriching the structure 
of the active compound candidate can be conducted 
through computerized in silico tests. It can also analyze 
the pharmacological mechanisms of medicinal plant 
candidates. Hence, this procedure shortens the study 
periods, saves costs from the random screening 
process, and makes drug-discovery pipelines more 
effective [39], [40].

Several in silico studies have explored the 
phytoconstituents responsible for hypoglycemic 
activities of S. macrophylla seeds. The 1,4-bis-(3,4,5-
trimethoxy-phenyl)-tetrahydro-furo(3,4-c)furan isolated 
from S. macrophylla seeds should be expected for 
strong hypoglycemic activity due to its low binding 
energy (-97.29 kcal/mol) needed to bind on proliferator-
activated receptor γ (PPARγ). It is similar to 87.37% of 
the glibenclamide’s energy in binding to PPARγ [29]. 
Glibenclamide is an oral hypoglycemic agent that works 
by improving insulin secretion from the pancreatic β-cell. 
There is evidence that glibenclamide not only works 
on the single target but also possesses as agonist 
PPARγ [41], [42].

PPARγ belongs to the nuclear receptors 
superfamily that regulates the expressions of 
proteins which involved in the uptake of fatty acid, 
lipid, and glucose metabolism, as well as insulin 
sensitivity [43], [44]. Compounds acting as PPARγ 
ligands are an interesting focus in the development 

Table  1: Hypoglycemic properties of Swietenia macrophylla 
seeds extract
Research Results References
In silico 1,4-bis-(3,4,5-trimethoxy-phenyl)-tetrahydro-furo(3,4-c)furan 

(saponins isolate) from S. macrophylla seeds extract should 
has the strong hypoglycemic activity since it has the lowest 
binding energy (–97.29 kcal/mol) to interact with proliferator-
activated receptor γ

[29]

Phytoconstituents from S.mahagony (swietenine, swietenolide, 
mahonin, swietemahonolide, etc.) are potential as SGLT-2 
inhibitors in silico because they can bind to SGLT-2 with lower 
binding energy (–12.59 kcal/mol to –9.15 kcal/mol) compared 
to standard drugs dapagliflozin (–7.77 kcal/mol)

[30]

In vitro 6-O-acetyl swietenolide, diacetyl swietenolide and swietenine 
from S. macrophylla seeds induced GLUT4 membrane 
translocation in C2C12 muscle cells which led to glucose 
utilization

[26]

The SMEAF improved the cell viability and showed protection 
of rat’s primary neuronal culture cell against oxidative stress 
induced by tert-butyl hydroperoxide

[31]

In Vivo Methanol extract of S. macrophylla seeds at dose 300 mg/kg 
caused a significant decreasing (59, 69%) of blood glucose in 
STZ-induced diabetic rats model. It also reduces cholesterol 
and triglyceride as well as increases glycogen contents in liver

[15] 

The alcoholic seeds extract of S. macrophylla leads to the 
decreasing of blood glucose, improvement of body weight, 
normalize the serum insulin and liver glycogen content in STZ-
diabetic rats model

[32]

The treatment of S. macrophylla seeds petroleum ether extract 
for 14 days resulted in a significant enhancement of abdominal 
glucose utilization which leads to the reduction of blood 
glucose on rats after intraperitoneal glucose tolerance test

[33]

In vivo study on diabetic rat model documented that S. 
macrophylla seed saponins isolate has the strongest effect in 
lowering blood glucose levels

[34]

Saponins isolated from S. macrophylla seeds extract was 
able to reduce blood glucose significantly while increasing 
pancreatic insulin expression in STZ-induced diabetic rat model

[29]

Saponins isolated from S. macrophylla seeds extract has also 
been proven to be able to decrease HOMA-IR significantly 
which leads to insulin resistance improvement in a T2D rat 
model

[35]

Saponins isolated from S. macrophylla seeds extract had 
glucose-lowering and antioxidant effects through reducing 
malondialdehyde in STZ-nicotinamide induced diabetic rats 
model

[36]

7-hydroxy-2-(4-hydroxy-3-methoxy-phenyl)-chroman-4-
one, flavonoids isolated from S. macrophylla seeds extract 
reduced blood glucose by reducing HOMA-IR level and 
phosphoenolpyruvate carboxykinase gene expression in a T2D 
rat model

[37]

The same flavonoids have the abilities to improve pancreatic 
β-cell function through inhibiting the development of oxidized 
low-density lipoprotein and increasing the expression of 
glucagon-like peptide-1

[38]
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of T2D treatment because it suggests the ability to 
improve insulin sensitivity. The PPARγ agonists increase 
adipocyte differentiation and promote FFA uptake and 
storage, hence decreasing FFA plasma level. Moreover, 
PPARγ agonists increase both the expression and the 
membrane-translocation of glucose transporter 1 and 
4 (GLUT1 and GLUT4), which facilitate glucose entry 
into the liver and skeletal muscle, respectively, thereby, 
lowering plasma glucose levels and improving insulin 
sensitivity [45]. Selective PPAR-γ agonists are also 
known to increase insulin sensitivity by triggering insulin 
activity and amplifying insulin signals in insulin target 
tissues, hence reducing lipotoxicity and the release of 
pro-inflammatory adipocytokines [46].

Lipotoxicity is a crucial mechanism for the IR 
development in insulin-targeted tissues that triggers β 
cell dysfunction. The pivotal metabolites that mediate 
lipotoxicity-induced IR is non-esterified fatty acids and 
triglycerides. The disruption of triglyceride metabolism in 
the liver and muscles in diabetics causing the formation 
of various secondary toxic compounds, such as fatty acyl-
coenzyme A, ceramides, and diacylglycerol (DAG). They 
serve as crosstalk between the tissues fats accumulation 
and hepatic IR by attenuating the insulin signaling 
pathway  [46], [47]. Moreover, the role of lipotoxicity in 
triggering IR is related to its role in reducing mitochondrial 
oxidative capacity while inducing mitochondrial 
dysregulation and oxidative stress [48], [49].

PPAR-γ has been shown to avert lipotoxicity, 
as evidence shows that there is a downregulation of 
PPAR-γ expression in adipose tissue as well as an 
elevating of post-prandial triglyceride levels in both pre-
diabetes and T2D subjects compared to the normal 
glucose tolerance group [50]. Clinical trials have 
also documented that the administration of PPAR-γ 
agonist (pioglitazone) in 3 months reduces IR through 
decreasing fasting blood glucose and triglyceride in 
T2D patients [51]. This shows the crucial role of PPAR- 
γ activation in modulating triglyceridemia, lipotoxicity, 
and the pathogenesis of T2D [50]. Interestingly, there 
has been evidence suggested that the PPAR-γ agonists 
also reduce oxidative stress and inflammatory response, 
thereby restoring the metabolic shifting in diabetes [52].

A molecular docking study by Vigneshwaran 
and Lalitha (2017) was conducted to assess the inhibitory 
activity of phytochemical compounds from Swietenia 
mahogany Jacq. seeds extract toward sodium-glucose 
co-transporter (SGLT). It showed that Swietenine, 
Swietenolide, Mahonin, and Swietemahonolide 
substances in S. mahagony were potential as SGLT-2 
inhibitor. They can bind to SGLT2 with a lower binding 
energy (–12.59 kcal/mol to –9.15 kcal/mol) compared 
to the standard drug dapagliflozin (–7.77 kcal/mol). The 
lower energy needed to bind with the target indicate that 
those phytoconstituents have greater inhibitory activity 
compared to the reference drug [30]. Interestingly, S. 
mahagony Jacq. and S. macrophylla are two species 
belonging to the same genus “swietenia” [25].

There are two main types of SGLT: SGLT1 
and SGLT2. The SGLT1 contributes to the glucose 
absorption process into the small intestine, whereas 
SGLT2 serves as a major transporter in the glucose 
reabsorption process in the renal tubules. Both 
transporters are considered important targets for the 
development of antidiabetic candidates [53].

Hyperglycemic conditions in diabetic patients 
enhance the reabsorption process of renal filtered 
glucose. The inhibition of SGLT2 in hyperglycemia 
normalizes blood glucose level by decreasing glucose 
reabsorption, followed by an increase in urinary 
glucose secretion. SGLT inhibition poses a promising 
strategy in diabetes treatment, since it also has an 
effect on reducing body weight and attenuating blood 
pressure [53], [54].

Several aforementioned in silico studies 
showed that the phytochemicals belonging to the 
genus Swietenia are promising in terms of their effects 
in modulating insulin signaling pathways, especially 
through PPARγ activation and SGLT2 inhibition. These 
preliminary findings support the idea that S. macrophylla 
seeds and its phytoconstituents have the potential to be 
further developed as a hypoglycemic candidate.

In vitro studies of hypoglycemic properties 
of S. macrophylla seeds

The bioactive compound screening to assess 
the potential biological properties of both extracts and 
molecules involves the series of processes, including 
molecular testing, cell-based testing (in vitro), and in vivo 
testing [55]. The success of drug discovery at pre-clinical 
steps is mainly determined by the ability of experimental 
models to represent the human pathophysiological 
process. In vitro efficacy testing in cellular models is used 
in this early stage because it is easy to characterize and 
adapt [56]. In vitro testing is also needed as one of the 
methods to validate targets that have been identified [57].

Collecting in vitro evidences have 
confirmed the potential hypoglycemic activity of 
S.  macrophylla seeds and their phytoconstituents. 
The 6-O-acetylswietenolide, diacetyl swietenolide, 
and swietenine from S. macrophylla seeds promoted 
GLUT4 translocation, followed by excessive glucose 
uptake in the C2C12 cell line [26]. The C2C12 cell 
line is a muscle cell derived from a mouse that is most 
often used as an in vitro model to represent skeletal 
muscle [58]. It is an established cellular model that 
can be used to elucidate many biological processes, 
including glucose metabolism, insulin signaling, IR, 
oxidative stress, reactive oxygen species (ROS), 
and GLUT transporters at the cellular and molecular 
levels. The use of the C2C12 cell line greatly supports 
the development of research, particularly in the drug 
discovery and biomedical fields, since it expresses 
GLUT4 and other characteristics that represent the 
physiology of human skeletal muscle [59],[60].
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Lau et al. (2015) indicated that some of 
S.  macrophylla phytoconstituents enhance glucose 
utilization in skeletal muscle cells, thereby modulating 
glucose levels. This activity is related to the PPARγ 
ligand properties possessed by the compound based 
on the ELISA modification binding test [26]. PPARγ is 
a gene transcription factor that regulated adipocyte 
differentiation, lipid storage, and glucose homeostasis 
[60]. Its activation causes the upregulation of adiponectin, 
which is known as a regulator of insulin sensitivity and 
energy homeostasis. PPARγ also a regulators of GLUT4 
expression, which is responsible for glucose uptake 
[26]. This is likely to underlie the potential hypoglycemic 
activity of these phytoconstituents.

Another study revealed that the ethyl acetate 
fractions of S. macrophylla seeds (SMEAF) improved 
cell viability and protected rat’s primary neuronal 
culture cell against in vitro oxidative stress model 
induced by tert-butyl hydroperoxide (TBHP) [31]. 
TBHP is an organic hydroperoxide compound that is 
often used as an oxidative stress inducer to increase 
the understanding of cellular and tissue responses in 
oxidative stress conditions. TBHP triggers oxidative 
stress through two pathways. The first pathway is 
related to cytochrome P450, which metabolizes TBHP 
and produces intermediates such as peroxyl and alkoxyl 
radicals that promote lipoperoxidation of phospholipids 
membrane. The second is associated with glutathione 
peroxidase (GSH), which detoxifies TBHP into tert-
butanol and causes the depletion of GSH since it is 
oxidized into disulfide form (GSSH). Lipoperoxidation, 
the decreases of GSH levels, and increases in 
mitochondrial membrane permeability are considered 
common mechanisms of the cellular injury state caused 
by oxidative stress. These biochemical events support 
the acceptance of TBHP as an exogenous agent for 
creating an oxidative stress model [61], [62], [63].

Oxidative stress is considered to be the major 
determining factor for the development of diabetes 
complications, including retinopathy, neuropathy, 
stroke, and coronary heart disease. It is strongly 
related to uncontrolled hyperglycemia, which causes 
the massive exertion of ROS [37], [64], [65], [66]. ROS 
is a type of free radical associated with oxidative stress, 
including various chemical compounds with reactive 
characteristic and are able to act as acceptor or donor 
electrons (e-) for many biological molecules [65], [67]. 
Free radicals are chemical molecules containing one 
or more unpaired electrons that can interfere with the 
normal signaling process. These free radicals induce 
cellular damage through their unpaired electrons by 
triggering the oxidation of the molecule and cellular 
components. Free radicals have unstable and highly 
reactive characteristic  [65]. Under a physiological 
normal state, ROS production and its elimination 
process by endogenous antioxidants is balanced 
and does not cause any oxidative damage. However, 
if there are shifts, the imbalance will cause oxidative 

stress, which triggers cellular injuries [67].
In chronic hyperglycemia, excessive ROS 

production suppresses both gene expression and insulin 
secretion as well as triggers pancreatic β-cells apoptosis, 
which creates a β-cells glucose toxicity state  [68]. 
However, a hyperglycemic state will increase the 
demand for insulin so that the β-cells become the most 
metabolically active tissue and are highly dependent 
on oxidative phosphorylation to generate ATP. High 
oxygen consumption is required for insulin secretion, 
whereas β-cells only have minimal antioxidant enzymes 
to eliminate superoxide anion (O2

-). This underlies why 
β-cells are susceptible tissues to the risk of higher ROS 
production and oxidative stress [49], [69]. Collecting 
in vitro evidence, as mentioned earlier, suggest the 
potential of S. macrophylla in controlling hyperglycemic 
conditions through modulation PPARγ, GLUT4, and 
ROS production.

In vivo studies of hypoglycemic properties 
of S. macrophylla seeds

The hypoglycemic activity of S. macropylla 
seeds extract is also supported by numerous in vivo 
studies. The S. macropylla seeds extract at 300  mg/
kg causes a significant decrease in the blood glucose 
level in STZ-diabetic rat’s model. There was also 
a decreasing of cholesterol and triglyceride while 
increasing glycogen contents in the liver [15].

Another evidences demonstrated that alcoholic 
seeds extract decreases blood glucose, improves body 
weight, and normalizes serum insulin and liver glycogen 
content in an STZ-diabetic rat’s model [32]. Hashim et al. 
(2013) performed an intraperitoneal glucose tolerance 
test (IPGTT) on rats after receiving the petroleum ether 
(PE) extract of S. macrophylla seeds during 14 days. As 
a result, a significant enhancement of glucose uptake 
by abdominal muscle was found, hence reducing blood 
glucose level [33].

Mursiti (2008) found that 1,4-bis-(3,4,5-
trimethoxyphenyl)-tetrahydro-furo(3,4-c)furan isolate 
from S. macrophylla seeds, which belongs to saponins 
class, has the effect of reducing blood glucose 
in a diabetic rats model [34]. These findings are 
supported by several further studies. It had a glucose-
lowering effect and antioxidant activity by reducing 
malondialdehyde (MDA) levels in a STZ-nicotinamide 
diabetic rat’s model [36]. In addition, the same saponins 
isolate from S. macrophylla was able to suppress blood 
glucose while increasing pancreatic insulin expression 
in STZ-induced diabetic rats [29]. These isolates have 
also been proven to significantly decrease homeostasis 
model assessment of IR (HOMA-IR), which leads to the 
improvement of IR in the T2D rats model [35].

HOMA-IR is a method that determines the 
severity of IR and pancreatic β-cell function, which 
is assessed from fasting blood glucose and insulin 
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(c-peptide) levels. HOMA-IR is a model that describes 
the intercourse between glucose and fluctuations in 
insulin levels. This model predicts fasting blood glucose 
and insulin levels at various possible combination 
concentrations of both. Insulin levels are determined by 
IR and pancreatic β-cell function and vice versa, insulin 
determines glucose levels through its role in triggering 
pancreatic β-cells to produce glucose. Therefore, 
pancreatic β-cell dysfunction will decrease the β-cell 
response to glucose concentration to secrete insulin. 
On the other hand, IR results from the attenuating of 
insulin-negative feedback in suppressing the production 
of glucose hepatic (gluconeogenesis). The HOMA-IR 
model has been accepted as an adequate clinical and 
epidemiological tool for assessing IR [70]. The use of 
HOMA-IR in assessing IR has been validated in both 
children, adolescents, and adults. A  value of 2.5 has 
been determined as the HOMA-IR threshold points for 
the diagnosis of IR in adults [71].

An in vivo study by Prasetyastuti et al. (2016) 
showed the hypoglycemic properties of 7-hydroxy-
2-(4-hydroxy-3-methoxy-phenyl)-chroman-4-one, a 
flavonoid substance isolated from S. macrophylla seeds 
extract. It reduces blood glucose levels by reducing 
HOMA-IR and phosphoenolpyruvate carboxykinase 
(PEPCK) gene expression in T2D rat’s model [37]. 
The PEPCK is an enzyme that crucial in triggering 
the gluconeogenesis process [72]. Gluconeogenesis 
is the mechanism of endogenous glucose synthesis 
from non-carbohydrate substances, including glycerol, 
amino acids, and lactate, which mainly occur in the 
liver [73]. PEPCK enzyme triggers the synthesis of 
phosphoenolpyruvate from oxaloacetate, which is a 
crucial component in the gluconeogenesis process from 
mitochondrial substrates [74], [75]. In the postprandial 
period, insulin inhibits gluconeogenesis by suppressing 
the expression of PEPCK and glucose 6 phosphatase 
(G6P). Evidence shows that insulin fails to inhibit the 
activity of both enzymes in the pre-diabetes state [72].

The 7-hydroxy-2-(4-hydroxy-3-methoxy-
phenyl)-chroman-4-one isolate also has the ability to 
improve the β-cell function by inhibiting the formation 
of oxidized low-density lipoprotein (ox-LDL) and 
upregulating the expression of glucagon-like peptide-1 
(GLP-1) [38]. The ox-LDL is known for its negative 
properties on the pancreatic β-cell since it induces β-cell 
apoptosis and inhibits insulin secretion through inducing 
the c-Jun-N-terminal-kinase (JNK) pathway  [76]. 
GLP-1 is an incretin hormone that has several 
activities, such as promoting insulin biosynthesis and 
maintaining β-cell homeostasis. GLP-1 acts through 
its receptor (GLP-1R), which is highly expressed 
in pancreatic β-cell, to promote insulin secretion in 
glucose dependent-manner, reduce β-cell apoptosis, 
and increase pancreatic β-cell mass through promoting 
its proliferation [38], [77], [78], [79]. Hence, GLP-1 is 
considered as crucial enzyme in determining survival 
and restoring the function of pancreatic β-cells [38]. As a 

response in food ingesting, beyond the intra-pancreatic 
effects, GLP-1 is also equipped with extra-pancreatic 
activities, such as triggering glucose uptake, and is 
responsible for regulating energy homeostasis in rat 
skeletal muscle and obese individuals via PI3K/Akt and 
mitogen-activated protein kinase (MAPK) pathways [80]. 
Regarding its various biological properties, GLP-1 has 
become an important pharmacological target in the 
development of a novel therapeutic strategies for the 
metabolic syndromes including T2D [81], [82].

Therefore, natural compounds capable of 
increasing GLP-1 expression while reducing PEPCK 
expression, such as 7-hydroxy-2-(4-hydroxy-3-
methoxy-phenyl)-chroman-4-one isolated from S. 
macrophylla seeds extract, can be potentially developed 
as new candidates for T2D, as they are likely to improve 
IR via restoring pancreatic β-cell as well as inhibiting 
gluconeogenesis process.

Molecular mechanisms of hypoglycemic 
properties from S. macrophylla seeds

Several molecular mechanisms underlying the 
hypoglycemic properties of S. macrophylla seeds have 
been proposed in this review, including modulating the 
oxidative stress mechanism, restoring the pancreatic 
β-cells function through modifying inflammatory pathway 
and third, through modulation of PI3K/Akt pathway.

Modulating oxidative stress mechanism

Oxidative stress is an imbalance state between 
the formation and elimination of ROS [49]. ROS is 
familiar as the pivotal component in the diabetes 
pathogenesis and determining factor for the increased 
risk of diabetes complication [83]. Oxidative stress 
and ROS trigger IR, impaired insulin synthesis, and 
insulin secretion [84]. ROS are strongly associated 
with oxidative stress, and the mitochondrial electron 
transport chain (ETC) is one of the most important sites 
for ROS production [67]. Hence, mitochondria are the 
main source of ROS, since the major of intracellular 
oxidative stress is derived from the disruption of the 
mitochondrial respiration process [49], [67], [85]. This 
indicates that mitochondrial dysfunction is strongly 
related in promoting ROS production and oxidative 
stress condition [86].

Glucose is metabolized in mitochondria 
through both glycolysis and the tricarboxylic acid 
cycle to generate ATP with the intermediate products 
nicotinamide adenine dinucleotide (NADH) and 
flavin adenine dinucleotide (FADH2) [67], [87]. Under 
hyperglycemia conditions, large amounts of glucose 
are oxidized, leading to the overproduction of NADH 
and FADH2 in the mitochondrial ETC [67]. This 
causes the increasing of ATP/ADP ratio and promotes 
the hyperpolarization of mitochondrial membrane 
potential  [86]. The events are followed by excessive 
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ROS accumulation, since the elevation of proton 
gradients promotes the electron transfer to oxygen, 
which generates superoxide anion (O2

-) [67], [88].
High glucose exposure also triggers 

mitochondrial morphological changes by inducing 
mitochondrial fragmentation while inhibiting 
mitochondrial fusion [89]. Mitochondria are unique 
organelles with a high degree of plasticity. These 
organelles often undergo changes in both morphology 
and intracellular distribution in response to fluctuating 
metabolic needs. The disturbance in mitochondrial 
homeostasis causes dysregulation in mitochondrial 
fragmentation, mitochondrial membrane potential, and 
apoptosis [90]. The shifting balance toward mitochondrial 
fission increases the risk of mitochondrial dysfunction, 
oxidative stress, and apoptosis. Mitochondrial fission is 
a determining factor for the reduction in ATP generation 
and the induction of cellular apoptosis, which are 
influenced by the hyperglycemic condition [90], [91].

Moreover, mitochondrial structural change 
leads to cellular damage, thereby promoting 
apoptosis  [92]. This process increases the rate of 
mitochondrial respiration, causing the overproduction 
of ROS and resulting in oxidative stress on all 
mitochondrial components [89]. It further alters 
several signaling pathways and biological processes, 
including inflammation, DNA damage, and metabolic 
shift, which are related to T2D pathogenesis and its 
complication [93].

However, oxygen is crucial in the metabolism 
of glucose and other substrates to generate ATP 
in the mitochondria. During the normal oxidative 
phosphorylation process, up to 0.4−4% of oxygen 
will convert into radicals O2

-, which are immediately 
eliminated by antioxidant defense enzymes including 
superoxide dismutase (SOD), GSH, and catalase (CAT). 
The SOD enzyme converts O2

- into H2O2 which further 
detoxified into H2O and O2 by GSH in mitochondria or 
by CAT in peroxisomes to maintain homeostasis [94].

The overactivity of mitochondrial ETC and 
massive ROS production in the hyperglycemic state 
causes an imbalance between pro-oxidant and 
antioxidant enzymes. This imbalance promotes oxidative 
stress and cellular damage, especially in the β-cells, 
which are only equipped with fewer antioxidant enzymes. 
Oxidative stress activates JNK and IκB kinase β (IKKβ), 
which leads to the serine phosphorylation of insulin 
receptor substrate 1 (IRS1). JNK belongs to the MAPK 
family, which has a pivotal role in the stress-triggered-
cellular response. Its activation is associated with 
obesity and IR pathogenesis [10], [38], [76], [95]. IKKβ 
is the main regulator related to inflammatory response 
through NFκβ activation, and has been recognized as 
related to the cause of IR and T2D [96]. Oxidative stress 
also induces the secretion of inflammatory molecules 
from adipose tissues, such as interleukin 6 (IL6) and 
tumor necrosis factor α (TNFα), while triggering β-cell 
dysfunction [10], [38],  [76]. Several cytokines have 

been known to induce phosphorylation of serine 
residues on IRS1, such as TNFα, IL6, and IL1. This 
serine phosphorylation suppresses the phosphorylation 
of tyrosine residues, which are crucial for downstream 
activation of the insulin signaling pathway, including 
PI3K and Akt [97]. Beyond decreasing the ability of 
IRS1 to activate PI3K, the phosphorylation of serine 
residues also accelerated the degradation of IRS1 [98]. 
Thus, resulting in the disruption of insulin signaling 
pathways, which induces IR.

The overproduction of ROS is responsible 
for the mitochondrial dysfunction associated with 
diabetes progression [84]. Mitochondria act as the 
crucial organelle for fatty acids and glucose oxidation. 
Mitochondrial dysfunction leads to the accumulation of 
lipid and FFA, followed by the elevation of DAG and 
ceramide, which interfere with the insulin signaling 
pathway and are related to the IR. DAG induces the 
activation of protein kinase C (PKC), hence inhibiting 
the insulin signaling pathway through inducing of serine/
threonine phosphorylation [8], [99]. Ceramide promotes 
the activation of phosphoprotein phosphatase 2A 
(PP2A) which responsible for the Akt inactivation. This 
evidence underlies the plausible interaction between 
mitochondrial dysfunction, accumulation of FFA, DAG, 
and ceramide with IR [8].

Figure 2 depicts one of the proposed molecular 
mechanisms underlying the hypoglycemic activity 
of S.  macrophylla seeds through modulation of the 
oxidative stress pathway related to IR and T2D. S. 
macrophylla seeds extract showed potent antioxidant 
activities since it decreased the plasma oxidative 
stress and induced the release of antioxidant enzymes 
(SOD, CAT, and GSH) in liver and kidney tissues, 
hence restoring the oxidant balance in a diabetic rat 
model [100].

Supporting the hypoglycemic activities of 
S. macrophylla seeds related to their antioxidant 
properties, Muthmainah et al. (2019) reported that 
1,4-bis-(3,4,5-trimethoxy-phenyl)-tetrahydro-furo(3,4-c)
furan from S. macrophylla seeds had significant 
glucose-lowering activity via reducing MDA in a T2D rat 
model [36]. MDA was known as one of the end products 
of the lipid peroxidation process related to lipid-oxidative 
degradation, which causes membrane damage [101]. 
In this condition, MDA levels can be used as a marker 
for monitoring the elevation rate of lipid peroxidation 
induced by excessive R production [67], [102]. 
Moreover, MDA is a biomarker of oxidative damage in 
skeletal muscle related to IR [103].

Other systemic markers that commonly 
increase in metabolic syndrome and are promising for 
detecting the lipid peroxidation process are thiobarbituric 
acid-reactive substances (TBARS) and ox-LDL [101]. 
Interestingly, S. macrophylla alcoholic seeds extract 
significantly reduces blood glucose in STZ-induced 
diabetic rats. This hypoglycemic activity was expected 
related to its antioxidant activities, since it decreased 
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the level of TBARS in the plasma, liver, and kidney. 
Moreover, it increases antioxidant enzymes, including 
GSH, SOD, and CAT [104]. In agreement with this 
finding, 7-hydroxy-2-(4-hydroxy-3-methoxy-phenyl)-
chroman-4-one, a flavonoid isolate from S. macrophylla 
seeds, significantly reduced the ox-LDL level and was 
expected to restore pancreatic β-cells function in T2D 
rats model [38]. This was based on evidence that 
elevated ox-LDL levels are related to the activation of 
JNK pathway, which induces the β-cells apoptosis [76]. 
These aforementioned findings suggest that several 
phytoconstituents of S. macropylla seeds are able to 
reduce glucose levels through their effects in modulating 
oxidative stress related to T2D pathogenesis. It triggers 
the activity of antioxidant enzymes (SOD, GSH, 
and CAT), while suppresses ox-LDL and some lipid 
peroxidation markers (MDA and TBARS).

Modulating the inflammatory pathway 
related to endoplasmic reticulum (ER) stress

The ER is a major organelle that crucial 
for protein maturation and folding, including 
insulin  [93],  [105]. ER has been known to be closely 
related to IR and to the development toward T2D 
[106], [107]. The ER stress in pancreatic β-cells and 
inflammation is a vicious cycle that is interrelated 

and determines the pathogenesis of diabetes [108]. 
Therefore, it has become an important target for T2D 
management [109].

Prolonged exposure to high blood glucose 
levels in diabetes may trigger ER stress since 
proinsulin tends to be produced massively in these 
conditions  [110]. This unfolded protein (proinsulin) is 
overloaded in the ER, resulting in the accumulation 
of misfolded protein and promoting the ER stress 
condition [93], [106]. It may generate the unfolded protein 
response (UPR) pathway for restoring ER homeostasis 
through its pivotal role in increasing protein folding 
capacity or reducing misfolded protein accumulation. 
If this defense mechanism is inadequate, programmed 
cell death is initiated  [107],  [108]. As a consequence, 
β-cell dysfunction occurs and leads to a decrease in 
insulin secretion, while promoting β-cells apoptosis and 
inflammation in pancreatic islets [93], [108].

Furthermore, in high glucose conditions and 
a higher demand for insulin secretion, ER stress and 
oxidative stress are intertwine cycles that work together 
in accelerating progression toward T2D. Oxidative 
stress can trigger the accumulation of misfolded protein 
since it disrupts the balance of ER-redox homeostasis, 
and conversely, this excessive misfolded protein 
will induce oxidative stress resulting in apoptosis 
and β-cell dysfunction as well as inflammation in 

Figure 2: Hypoglycemic molecular activity of Swietenia macrophylla seeds extract through modulating the oxidative stress pathways. Blue 
arrows indicate the normal state, while red arrows show the insulin signaling pathway in the IR condition. The disruption of insulin signaling 
initiates by the upregulation of oxidative stress pathways in chronic hyperglycemic condition that promotes the activation of PKC and serine/
threonine kinase, followed by the increases of serine phosphorylation on insulin receptor and IRS1. S. macrophylla seeds contains limonoids, 
flavonoids, and saponins. Limonoids trigger the activation of antioxidant enzymes that will suppress the excessive production of ROS. 
Flavonoids inhibit ox-LDL and have activity in inhibiting ROS generation. Saponins reduce MDA marker, while its alcoholic extract inhibits 
TBARS. The downregulation of ROS and oxidative stress by S. macrophylla seeds will restore insulin signaling pathways and improve IR
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the pancreatic islets [108], [111], [112]. The whole 
interconnection further worsens the hyperglycemic 
state [93], [108], [111].

The accumulation of misfolding proteins is 
detected by three stress sensor kinases including protein 
kinase RNA-like endoplasmic reticulum kinase (PERK), 
inositol-requiring kinase/endoribonuclease 1 (IRE-1), 
and inducing transcription factor 6 (ATF-6) which lead to 
the activation of the UPR pathway [8], [105], [112], [113]. 
Further, these proteins increase chaperones and 
folding enzymes to enhance protein folding capacities 
and avoid misfolded protein aggregation [8]. PERK 
activation reduces global protein synthesis; including 
the translation of inhibitor NFκβ (Iκβ) with consequence 
accelerates the nuclear translocation of nuclear factor 
kappa β (NFκβ) [8], [111]. ATF-6 directly activated NFκβ, 
the nuclear translocation of which induces the genes 
expression of pro-inflammatory mediators including 
TNFα, IL1, IL6, inducible nitric oxide synthase (iNOS), 
and cyclooxygenase 2 (COX2). These mediators 
activate ser kinases, including JNK, IKKβ, and PKC, 
which triggering the serine phosphorylation of insulin 
receptor and IRS1. Beyond their interference with 
IRS1, the pro-inflammatory cytokines also inhibit both 
the expression and activation of GLUT4 and PPARγ. 
Hence, it will support the development of IR. IRE-1 
kinase interconnected with TNFα receptor-associated 
factor 2 to activate JNK and IKKβ, which induces the 
IRS1 serine phosphorylation and disrupts the PI3K/Akt 
pathway [8], [114]. Moreover, TNFα contributes to IR 
progression since it increases fat degradation, which 

causes the elevation of FFA level and down-regulation 
of GLUT4, with consequences the inhibition of glucose 
uptake [115].

The ER stress has also been documented to 
reduce the insulin receptors maturation, hence down 
regulating the expression of insulin receptors on the 
cell surface over time. This has implications for the 
inhibition of Akt insulin-dependent phosphorylation 
while attenuating the insulin signaling pathway [116]. 
These events document the strong association between 
ER stress, inflammation, and IR development [8]. Some 
evidence indicates that the hypoglycemic molecular 
mechanism of S. macrophylla seeds involves modulating 
of the inflammatory pathway-related ER stress in the 
IR pathogenesis which was known as crucial factor for 
the development of T2D (Figure 3). The isolate 1,4-bis-
(3,4,5-trimethoxy-phenil)-tetrahydro-furo(3,4-c)furan 
from S. macrophylla seeds reduced the inflammation 
process in a T2D rat model by attenuating the activation 
of NFκβ and TNFα expression [66]. NFκβ inhibition by 
S. macrophylla isolates is expected to suppress the 
translation of pro-inflammatory cytokines, thereby 
reducing the level of inflammation and ER stress 
triggered by hyperglycemia. In addition, the ability of 
S. macrophylla isolates in inhibiting TNFα is expected 
to improve IR. This is based on the evidence that 
increasing levels of serum TNFα positively correlated 
with IR pathogenesis since it triggers JNK pathway 
and serine phosphorylation on IRS1, while inhibiting 
GLUT4. It results in the impairment of PI3K/Akt insulin 
signaling pathway [8], [114], [117].

Figure 3: Hypoglycemic molecular activity of Swietenia macrophylla seeds extract via modulating the inflammatory pathways related to ER 
stress. Blue arrows indicate the normal state, while red arrows show the insulin signaling pathway in the IR condition. The disruption of insulin 
signaling initiates by the accumulation of unfolded protein due to excessive proinsulin production in hyperglycemic condition. It causes ER 
stress and triggers the stress sensor kinases (PERK, ATF-6, and IRE) which promote the unfolded protein response (UPR). The UPR will 
promote the NFκβ nuclear translocation followed by the upregulation of pro-inflammatory mediators. The UPR also promotes the activation of 
JNK, IKKβ and PCK which were followed by the increases of serine phosphorylation on insulin receptor and IRS1. Saponins and ethyl acetate 
fraction of S. macrophylla seeds inhibits the nuclear translocation of NFκβ and downregulates the expression of pro-inflammatory mediators 
(TNF-α, iNOS and COX2). All of those mechanisms will decrease serine phosphorylation on insulin receptors and IRS1, hence restoring the 
insulin signaling pathways and improving IR
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Another evidences showed the ethyl acetate 
fraction of S. macrophylla excreted anti-inflammatory 
effect in lipopolysaccharide (LPS)-induced BV-2 
microglia through inhibition of IKβ phosphorylation and 
NFκβ nuclear translocation. It leads to the downregulation 
of pro-inflammatory cytokines expression, including 
TNFα and IL6. It also suppresses the expression of 
inflammatory mediators, such as iNOS and COX2 [118].

The iNOS upregulation has been found in many 
pathologic conditions, such as hyperglycemic, oxidative 
stress, and elevated FFA, while its inhibition has been 
proven to induce the expression of IRS1 and IRS2 in 
the obese diabetic mice model [119]. iNOS generates 
excessive NO metabolite, which alters tyrosine 
phosphorylation and further interferes with the insulin 
signaling pathway associated with IR [120]. Hence, 
suppressing iNOS can be a plausible mechanism 
in improving insulin sensitivity and potentially has a 
beneficial effect in controlling blood glucose in obese 
diabetic patients [119]. COX2 is known for its effect on the 
inflammation process and IR [121]. It is responsible for 
prostaglandin synthesis, which mediates COX2 effects 
on T2D pathogenesis and its complications [122]. The 
elevation of COX2 levels in the chronic inflammatory 
state worsens this condition [121]. In hyperglycemic 
conditions, both iNOS and COX2, are contributing in 
inducing endothelial apoptosis and are responsible for 
the progression of diabetic complication [123].

As phytochemical agents for preventing 
the progression of IR and T2D, the extracts of S. 
macrophylla seeds seem to play a role in modulating 
the inflammatory state related to ER stress (inhibit 
NFκβ, TNFα, iNOS, and COX2) as one of the plausible 
pathogenesis of IR and T2D.

Modulating PI3K/Akt pathway

The PI3K/Akt signaling pathway is responsible 
for many cellular mechanisms in the body, including 
glucose homeostasis, lipid metabolism, protein 
synthesis, cell proliferation, and survival [124]. Glucose 
homeostasis is the mechanism to maintain a normal 
blood glucose level between 70−100  mg/dl. This is 
regulated tightly by maintaining the balance between 
the process that produces glucose (diet containing 
glucose, glycogenolysis, and gluconeogenesis) and 
the process of consuming blood glucose (glycolysis, 
glycogenesis, and lipogenesis) [84]. The inhibition 
of the PI3K-Akt insulin signaling pathway results in 
decreased sensitivity of the target cells to insulin. This 
condition promotes pancreatic β-cells to produce insulin 
continuously as compensation for reducing blood 
glucose. This compensation triggers hyperinsulinemia 
and increases the workload of β-cells. This, in turn, 
leads to hyperproliferation and apoptosis induction of 
β-cells, followed by IR and even T2D [125].

The PI3K/Akt pathway is initiated by 
insulin binding to its receptor subunit α, followed 

by autophosphorylation and activation of the 
insulin receptor subunit β. This results in tyrosine 
phosphorylation and the activation of downstream 
molecular signals, including IRS, PI3K, and Akt [126]. 
The Akt activation could improve IR through several 
mechanisms, such as facilitating the glucose uptake 
induced by GLUT4 translocation, increasing glycogen 
synthesis through downregulation of glycogen synthase 
kinase 3β(GSK-3β), and suppress gluconeogenesis 
by triggering the Forkhead box protein class  O 
type  1 (FOXO1) phosphorylation that will inhibit 
PEPCK gene expression [8], [124], [127], [128]. The 
phosphorylation of FOXO1 by activated Akt will inhibits 
the intranuclear signaling of FOXO1 and suppresses 
gluconeogenesis [129]. The FOXO1 actively contributes 
to the development of IR by inducing the transcription 
of various transcription factors that determine glucose 
and lipid metabolisms as well as the adipogenesis 
processes. This promotes gluconeogenesis, thereby 
elevating blood glucose levels and also induces 
hyperinsulinemia as it consequent [130].

The induction of GLUT4 translocation in 
skeletal muscle by Akt is associated with AS160, which 
is known as one of Akt substrates. AS160 is the Rab-
GTPase activating protein (GAP) that crucial for vesicle 
trafficking process. In basal conditions, AS160 acts as 
GAP, which stabilizes GLUT4 in their vesicles, whereas 
in the active Akt form, insulin stimulation leads to the 
phosphorylation of AS160. It causes the deactivation of 
its function as GAP, hence inducing GLUT4 translocation 
and glucose entry into skeletal muscle [127], [131].

The PI3K/Akt pathway is known as one of 
the mediators for glucose homeostasis and glycogen 
synthesis. Hence, the disruption of this pathway plays a 
crucial role in the pathogenesis of T2D [124]. The impaired 
phosphorylation of the insulin signaling pathway in skeletal 
muscle and adipose tissues leads to the downregulation 
of GLUT4 expression and its translocation thus decreased 
glucose uptake. The IR also induced gluconeogenesis, 
while inhibiting glycogen synthesis in the liver [132], [133].

The hypoglycemic properties of S. macrophylla 
seeds and its effects on improving the IR might also 
be through modulating PI3K/Akt pathway (Figure  4). 
The 6-O-acetylswietenolide, diacetyl swietenolide, and 
swietenine from S. macrophylla seeds induced GLUT4 
membrane translocation in C2C12 muscle cell line [26]. 
The GLUT4 is the main transporter that plays a role 
in glucose homeostasis, which was 60–70% in skeletal 
muscles. Its translocation leads to glucose uptake on 
insulin-sensitive tissues [124], [127]. The failure of 
GLUT4 membrane translocation due to the reducing 
response to insulin stimulation leads to the development 
of IR and T2D [134]. Moreover, 7-hydroxy-2-(4-hydroxy-
3-methoxy-phenyl)-chroman-4-one, flavonoids from S. 
macrophylla seeds extract was able to modulate the 
downstream of PI3K/Akt pathway, demonstrated by its 
ability to downregulate PEPCK expression in a T2D rat 
model [37].
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Several phytochemicals from S. macrophylla 
seeds have been shown to modulate the PI3K/Akt 
pathway. This is promising because PI3K/Akt is an 
important pathway for glucose regulation in insulin-
sensitive tissues, such as muscle, liver, and adipose 
tissue. This phytochemical from S. macrophylla not only 
promotes glucose uptake in the muscle through GLUT4 
induction but also suppresses hepatic glucose synthesis 
(gluconeogenesis) through the inhibition of PEPCK.

Phytochemical compounds of 
S. macrophylla seeds responsible for 
hypoglycemic effects

The hypoglycemic effect of S. macrophylla 
seeds seems mediated by components such as 
limonoids, flavonoids, and saponins. Limonoids from 
S. macrophylla seeds have anti-inflammatory activity 
by suppressing the O2

- generation in an inflammatory 
model using human neutrophils fMLP-induced O2

-. 
Moreover, limonoids have also been shown to be potent 
inhibitors against LPS-induced NO generation [135]. In 
line with this, (Supriady et al. 2015) showed that a high 
amount of limonoids in SMEAF (17.34%) might related 
to the inhibition effect of SMEAF on the generation 

of pro-inflammatory mediators, including NO, COX2, 
TNFα, and IL6 [118].

The O2
-  is one of the oxygen-free radicals 

with a highly reactive capacity [49], while NO is a gas 
and categorized as a free-radical produced by the 
endothelium. The disturbance in NO bioavailability is 
associated with various diseases, including diabetes 
and its complications [136]. NO at a physiological level 
has a beneficial effect in triggering endogenous anti-
oxidant activity, whereas at excessive levels, it turns into 
a pro-oxidant and become highly reactive, especially 
with O2

-  [137]. High amounts of O2
-  will immediately 

react with NO to generate peroxynitrite radicals 
(ONOO-), which result in membrane lipid peroxidation, 
interfere with cellular signaling processes, and act as 
pro-inflammatory mediator [136], [137].

Our hypothesis that limonoids are one of 
the suspected phytochemicals underlying the anti-
inflammatory effect of S. macrophylla related to its 
hypoglycemic activity is supported by evidence that 
limonoids from other plants are able to act as anti-
inflammatory agents. Several limonoids isolated from 
Cortex Dictamni, Chinese herbs commonly used for 
inflammation and rheumatic pain, have been proven 
to act as anti-inflammatory compounds by suppressing 

Figure 4: Hypoglycemic molecular activity of Swietenia macrophylla seeds extract via modulating the PI3K/Akt pathway. Blue arrows indicate 
the normal IRS1-PI3K-Akt-GLUT4 insulin signaling pathway, while red arrows indicate the disturbance of insulin signaling pathway in IR 
condition. Phytoconstituents from S. macrophylla seeds extract promote the GLUT4 membrane translocation followed by the increasing rate 
of glucose uptake, while its flavonoids inhibit PEPCK and suppresses the gluconeogenesis
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the production of NO, iNOS, COX2, NFKβ, TNFα, and 
IL6 in the inflammatory model using cell line RAW 264.7 
induced by LPS [138]. Limonoids from Swietenia humilis 
have been shown to suppress the glycemic index during 
an oral glucose tolerance test in a hyperglycemic mice 
model induced by STZ-NA. These limonoids possess 
moderate activities in inhibiting the harmful effect 
caused by free radicals [139].

Other phytochemicals responsible for the 
hypoglycemic effect of S. macropylla seeds are 
flavonoids. The 7-hydroxy-2-(4-hydroxy-3-methoxy-
phenyl)-chroman-4-one flavonoids compounds from 
S. macrophylla seeds possess hypoglycemic activities 
related to anti-oxidative mechanisms that may be due 
to its hydroxyl group, which inactivates radical reactive 
compounds and stabilizes ROS [38]. The B ring hydroxyl 
configuration of flavonoids has been reported to have 
strong radical scavenging activity through its role as 
hydrogen and electron donors to hydroxyl, hydroperoxyl, 
and peroxynitrite radicals, thereby stabilizing these 
ROS. Notably, the total number of hydroxyl groups in 
flavonoids isolated from Tetracera indica Merr. and 
Tetracera scandens (L.) Merr. has been shown to play 
a major role in determining its activity as an antioxidant 
and antidiabetic [140].

Flavonoids as polyphenol secondary bioactive 
compounds have been reported to possess natural 
therapeutic activities that target inflammation related 
to diabetes pathogenesis [141]. Natural flavonoids 
have been shown to have potential antidiabetic activity 
from several studies. The antidiabetic activity of these 
flavonoids is mediated by their role in modulating 
pancreatic β cells (protective effect on β cells from 
damage, promoting β cell proliferation, and improving 
insulin signaling, thereby increasing insulin secretion). 
Flavonoids also increase glucose utilization by inducing 
glucose transporters and insulin signaling pathways, 
while reducing intestinal glucose absorption through 
inhibition of alpha-glucosidase enzyme. In addition, 
flavonoids are able to inhibit glycogenolysis and 
gluconeogenesis by increasing levels of glucokinase 
enzymes and inhibiting PEPCK gene expression [142].

Flavanol-rich green tea extract is able to 
promote several genes expression involved in the 
insulin pathway, such as IRS1 and GLUT4, in the 
skeletal muscle tissues of mouse models induced 
by high-fat diet. Epigallocatechin gallate, the main 
flavonoids content in green tea, has also been shown 
to suppress hepatic glucose production by promoting 
Akt to decrease fasting blood glucose and insulin levels 
in mice [133]. Genistein, a flavonoid from legumes 
administered to STZ-induced diabetic mice, was 
reported to have a protective effect, increasing the 
proliferation and survival rate of pancreatic β cells [143]. 
Flavonoid-rich extract from the flower of Wisteria 
sinensis has been shown to have potential effects in 
attenuating T2D both in vitro and in vivo using cell line 
L6 (rat skeletal muscle) and T2D mice model induced 

by high fat diet and STZ. The antidiabetic mechanism of 
these flavonoids is through their role in modulating the 
IRS1/PI3K/Akt/GLUT4 signaling pathway [144].

Apart from limonoids and flavonoids, saponins 
are also considered to play a major role in mediating 
the hypoglycemic effect of S. macrophylla. The 
saponins 1,4-bis-(3,4,5-trimethoxy-phenyl)-tetrahydro-
furo(3,4-c)furan from S. macrophylla seeds, possesses 
hypoglycemic effects related to antioxidative and 
anti-inflammatory mechanisms through their role in 
modulating MDA and TNFα level [37], [118]. Supporting 
this finding, saponins from Momordica charantia showed 
potential antidiabetic effects in a T2D rat model induced 
by a high fat diet-STZ through suppressing stress 
oxidative pathways (inducing the activities of SOD and 
CAT enzymes while decreasing MDA levels in the liver 
and pancreas), modulating insulin signaling pathways 
(promoting the tyrosine phosphorylation of IRS-1 and 
Akt Ser-473 while reducing the serine phosphorylation 
of IRS-1), and attenuating metabolic markers (reducing 
non-esterified fatty acid, triglyceride, and total 
cholesterol) [145]. In vitro studies have shown steroidal 
saponins and sapogenins from fenugreek potential as 
hypoglycemic agents through their role in promoting the 
α-glucosidase enzyme [146]. Saponins from Stauntonia 
chinensis was reported to exert hypoglycemic activity 
by lowering blood glucose, improving insulin response, 
and increasing glycogen synthesis through induction 
of GLUT4 involved in the activation of the IRS1/PI3K/
Akt signaling pathway in dB/dB mice. In addition, these 
saponins attenuate hyperlipidemia associated with T2D 
pathogenesis [147].

These findings altogether propose that the 
glucose-lowering effects of saponins occur through 
several mechanisms, that is, the improvement of insulin 
response and insulin signaling process, increase in 
insulin secretion, induction of glycogen synthesis, 
inhibition of gluconeogenesis and α-glucosidase activity, 
upregulation of GLUT4 expression, and downregulation 
glycogen phosphorylase expression  [148]. The  -OH 
groups in the saponins structure play a role in 
enhancing its ability as an antioxidant since it has the 
ability to improve the production of antioxidant enzymes, 
including SOD and CAT [148], [149]. Hence, it may 
prevent the formation of ROS associated with diabetes 
pathogenesis. Overall, the evidence described above 
supports that the limonoids, flavonoids, and saponins 
contained in S. macrophylla seeds play a pivotal role in 
its hypoglycemic effect.

Safety profile of S. macrophylla seeds 
extract

The potency of this compound is also supported 
by its safety profile through both in vitro cytotoxicity and 
in vivo toxicity tests.
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In vitro cytotoxicity test of S. macrophylla 
seeds extract

The inhibitory concentration 50 (IC50) is 
described as the concentration of a compound that 
causes 50% inhibition of sample cells compared to 
the untreated-control group. The IC50 value represents 
the compound’s inhibition potency [150]. All three 
compounds (6-O-acetylswietenolide, diacetyl 
swietenolids, and swietenine) from S. macrophylla 
seeds did not possess any cytotoxicity effect since the 
IC50 values on C2C12 and 3T3-L1 cell lines were higher 
than 100 µM [26]. A Vero cell cytotoxicity test showed 
that 1,4-bis-(3,4,5-trimethoxy-phenyl)-tetrahydro-
furo(3,4-c)furan from S. macrophylla seeds was not 
toxic, as the IC50 was more than 260 µg/ml [151].

In vivo toxicity test of S. macrophylla 
seeds extract

During the drug discovery and development 
process of a new candidate agent, in vivo toxicity testing 
is needed to evaluate the potential adverse effect and 
safety margin of this candidate for human consumption. 
Moreover, this toxicity test acts as a preclinical study 
to examine any toxicity sign in an animal model for 
estimating its relevance risk in human [152].

Balijepalli et al. (2015) conducted acute oral 
toxicity test of S. macrophylla seeds. The raw powder 
of S. macrophylla seeds without any extraction 
was given orally to Sprague Dawley rats to create 
similarities according to the way its compound was 
consumed by humans. This study demonstrated that 
2000 mg/kg BW body weight of S. macrophylla seeds 
powder as a single dose did not alter the behavioral 
pattern of rats, the food and water consumption habits, 
the vital organ weight and its histological structures, 
or the hematological and biochemical parameters. 
Furthermore, no toxicity signs or mortality were 
observed during the study period. These results 
provided evidence that 2000  mg/kg BW of raw S. 
macrophylla seeds was not toxic, and its consumption 
as a folklore remedy is relatively safe. In human, the 
safe dose of S. macrophylla seeds is less than 325 mg/
kg BW, which is equivalent to a dose of 2000 mg/kg 
BW in rats [153].

The acute toxicity evaluation of the ethyl 
acetate fraction of S. macrophylla seeds based on 
the OECD 425 guidelines showed that SMEAF at a 
dose of 2000  mg/kg BW did not cause any mortality 
in the animals that were used in this study. Hence, its 
LD50 value was more than 2000 mg/kg BW. Moreover, 
there were no clinical symptoms, abnormal behavioral 
patterns, or toxic signs in the mice at 4 h, 24 h, or up 
to 14  days during the observation. The ethyl acetate 
fraction also tended to have no adverse effect on the 
hematological parameters, bodyweight, or intake of 
food and water in both the control and treated group. 

Histological structure of the liver, spleen, and kidneys 
of animals in this study remained normal without any 
inflammatory signs, necrosis, or fibrosis. Therefore, 
this finding indicates that the traditional consumption of 
S. macrophylla seeds is relatively safe and practically 
non-toxic [31].

Sahgal et al. (2010) observed the acute oral 
toxicity of the methanolic extract from Swietenia 
mahogany (Linn.) Jacq on brine shrimp. S. 
mahagony Jacq. is in the same genus “Swietenia” 
as S. macrophylla  [25]. The results indicated that 
the oral LD50 value of the methanolic extract of S. 
mahagony Jacq was more than 5000  mg/kg BW. It 
was interpreted this extract as a safe compound. The 
methanolic extract of S. mahogany (Linn.) Jacq also 
did not alter the histological structure of important 
organs, such as the heart, liver, kidney, lung, and 
spleen [154].

Both the in vitro and in vivo toxicity tests 
documented above have proven that S. macrophylla 
seeds are safe and not toxic. This supports its 
further development as a natural product for diabetes 
management.

Conclusion

This review offers a comprehensive 
understanding of the molecular mechanisms 
underlying the hypoglycemic properties of S. 
macrophylla seeds, which occur through modulating 
several pathways known to be associated with the 
pathogenesis of IR and T2D, including oxidative 
stress, inflammation related to ER stress, and 
activation of PI3K/Akt pathways. This review also 
provides evidence related to the safety profile of S. 
macrophylla seeds. Therefore, these phytochemicals 
can potentially be developed as antidiabetic agents. 
However, further studies of the pharmacokinetic 
profile of S. macrophylla and extensive clinical trials 
are needed to establish its use as an antidiabetic 
agent in clinical settings.
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