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Abstract: Diabetes mellitus (DM) is a chronic metabolic condition characterized by persistent hyper-
glycemia due to insufficient insulin levels or insulin resistance. Despite the availability of several
oral and injectable hypoglycemic agents, their use is associated with a wide range of side effects.
Monoterpenes are compounds extracted from different plants including herbs, vegetables, and fruits
and they contribute to their aroma and flavor. Based on their chemical structure, monoterpenes
are classified into acyclic, monocyclic, and bicyclic monoterpenes. They have been found to exhibit
numerous biological and medicinal effects such as antipruritic, antioxidant, anti-inflammatory, and
analgesic activities. Therefore, monoterpenes emerged as promising molecules that can be used
therapeutically to treat a vast range of diseases. Additionally, monoterpenes were found to modulate
enzymes and proteins that contribute to insulin resistance and other pathological events caused by
DM. In this review, we highlight the different mechanisms by which monoterpenes can be used in
the pharmacological intervention of DM via the alteration of certain enzymes, proteins, and path-
ways involved in the pathophysiology of DM. Based on the fact that monoterpenes have multiple
mechanisms of action on different targets in in vitro and in vivo studies, they can be considered as
lead compounds for developing effective hypoglycemic agents. Incorporating these compounds in
clinical trials is needed to investigate their actions in diabetic patients in order to confirm their ability
in controlling hyperglycemia.

Keywords: diabetes mellitus; anti-diabetic drugs; monoterpenes

1. Introduction

Diabetes mellitus (DM) is a chronic metabolic condition characterized by endocrine
abnormalities and persistent hyperglycemia [1–3]. DM can be classified into several types
based on the etiology, clinical manifestations, and management; however, persistent high
levels of glucose and hyperlipidemia are the major common aspects between all the major
types of DM [4–7]. Due to its complexity, DM and its complications remain a substantial
medical problem. Most of the available conventional drugs, despite their therapeutic
benefits, can produce some undesirable side effects and are expensive. Therefore, the
search for antidiabetic drugs, specifically plant-based medicine, gains importance due
to their potential therapeutic effects. Recently, several phytochemicals have been shown
to possess antidiabetic properties, and many efforts have been carried out to elucidate
their possible antidiabetic mechanisms. Monoterpenes are a group of secondary plant
metabolites that are widespread in nature and have significant hypoglycemic effect, which
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has been well-documented in several experimental studies [8–11]. The aim of this review is
to overview the activities and the underlying mechanisms by which monoterpenes exhibit
their antidiabetic effects against DM. The novelty of this study stems from the fact that it
highlights the most recent findings on the mechanisms of monoterpenes in in vitro and
in vivo studies using animal models, which in turn provides a window of opportunity for
future research in this field.

2. Diabetes Mellitus and Its Pathogenesis

DM is classified into four main subtypes including type 1 diabetes mellitus (T1DM),
type 2 diabetes mellitus (T2DM), gestational diabetes mellitus [12], and maturity-onset
diabetes of the young (MODY) [13]. T1DM, also known as insulin-dependent DM, occurs
due to the destruction of insulin-producing β-cells in the pancreas via autoimmune mecha-
nisms. Consequently, this leads to the scantiness of insulin levels and hence patients require
exogenous insulin supply [14–17]. T2DM, however, is characterized by what is known as
insulin resistance (IR) [18,19]. On the contrary, gestational diabetes is an acute form of DM
affecting pregnant women as a result of perturbations in the levels of different hormones
such as estrogen, progesterone, and cortisol [4,20]. MODY, the rarest type of DM, results
from mutations in the genes involved in glucose metabolism [5,21].

Under normal conditions, the molecular events involved in insulin signaling are
initiated by glucose oxidation and its facilitated diffusion into β-cell by glucose transporter
2 (GLUT2), the main transporter of glucose in the intestine, pancreas, liver, and kidney.
Following the entry of glucose, it is phosphorylated by glucokinase enzyme into glucose-6-
phospahte (G6P) which is considered the sensor for glucose in the pancreatic β-cell and
plays a central function in insulin secretion. Further metabolism of G6P produces ATP,
which inhibits ATP-sensitive K+ channels and results in membrane depolarization and
calcium influx through L-type voltage-dependent calcium channels. The rise in intracellular
calcium stimulates insulin release into the bloodstream [22].

Unlike T1DM, pancreatic production of insulin in T2DM may remain intact. However,
the action of insulin on various body organs is the cardinal pathological condition which
occurs due to IR, causing impaired glucose uptake by muscle tissue, inhibition of hepatic
glucose synthesis, and increased lipolysis (Figure 1) [23,24]. Typically, pancreatic β-cells
counteract for the diminished effect of insulin through increasing the release of insulin to
reverse hyperglycemia; however, as IR worsens, this compensatory mechanism becomes
less effective. Consequently, the insulin-producing capacity of the pancreas progressively
diminishes, leading to the eventual loss of pancreatic β-cells mass, apoptosis, and complete
loss of insulin production [25–28]. It is important to mention that insulin sensitivity
and/or activity is physiologically regulated by various factors such as circulating hormone
levels, plasma lipids, adipokines, and their respective signaling pathways [29–31]. The
interaction between those pathways and the insulin pathway tunes the sensitivity and
activity of insulin.

Molecules 2022, 27, x FOR PEER REVIEW 2 of 31 
 

 

which has been well-documented in several experimental studies [8–11]. The aim of this 
review is to overview the activities and the underlying mechanisms by which 
monoterpenes exhibit their antidiabetic effects against DM. The novelty of this study 
stems from the fact that it highlights the most recent findings on the mechanisms of 
monoterpenes in in vitro and in vivo studies using animal models, which in turn provides 
a window of opportunity for future research in this field.  

2. Diabetes Mellitus and Its Pathogenesis 
DM is classified into four main subtypes including type 1 diabetes mellitus (T1DM), 

type 2 diabetes mellitus (T2DM), gestational diabetes mellitus [12], and maturity-onset 
diabetes of the young (MODY) [13]. T1DM, also known as insulin-dependent DM, occurs 
due to the destruction of insulin-producing β-cells in the pancreas via autoimmune 
mechanisms. Consequently, this leads to the scantiness of insulin levels and hence 
patients require exogenous insulin supply [14–17]. T2DM, however, is characterized by 
what is known as insulin resistance (IR) [18,19]. On the contrary, gestational diabetes is an 
acute form of DM affecting pregnant women as a result of perturbations in the levels of 
different hormones such as estrogen, progesterone, and cortisol [4,20]. MODY, the rarest 
type of DM, results from mutations in the genes involved in glucose metabolism [5,21].  

Under normal conditions, the molecular events involved in insulin signaling are 
initiated by glucose oxidation and its facilitated diffusion into β-cell by glucose 
transporter 2 (GLUT2), the main transporter of glucose in the intestine, pancreas, liver, 
and kidney. Following the entry of glucose, it is phosphorylated by glucokinase enzyme 
into glucose-6-phospahte (G6P) which is considered the sensor for glucose in the 
pancreatic β-cell and plays a central function in insulin secretion. Further metabolism of 
G6P produces ATP, which inhibits ATP-sensitive K+ channels and results in membrane 
depolarization and calcium influx through L-type voltage-dependent calcium channels. 
The rise in intracellular calcium stimulates insulin release into the bloodstream [22]. 

Unlike T1DM, pancreatic production of insulin in T2DM may remain intact. 
However, the action of insulin on various body organs is the cardinal pathological 
condition which occurs due to IR, causing impaired glucose uptake by muscle tissue, 
inhibition of hepatic glucose synthesis, and increased lipolysis (Figure 1) [23,24]. 
Typically, pancreatic β-cells counteract for the diminished effect of insulin through 
increasing the release of insulin to reverse hyperglycemia; however, as IR worsens, this 
compensatory mechanism becomes less effective. Consequently, the insulin-producing 
capacity of the pancreas progressively diminishes, leading to the eventual loss of 
pancreatic β-cells mass, apoptosis, and complete loss of insulin production [25–28]. It is 
important to mention that insulin sensitivity and/or activity is physiologically regulated 
by various factors such as circulating hormone levels, plasma lipids, adipokines, and their 
respective signaling pathways [29–31]. The interaction between those pathways and the 
insulin pathway tunes the sensitivity and activity of insulin. 

 
Figure 1. Effects of insulin resistance on body organs and tissues. Figure 1. Effects of insulin resistance on body organs and tissues.

2



Molecules 2022, 27, 182

After a meal, approximately two-thirds of the ingested glucose is utilized by skeletal
muscles through an insulin-dependent mechanism. Following its binding to its receptor,
insulin enhances the migration of the glucose transporter 4 (GLUT4) from the intracellular
compartment to the plasma membrane, where it facilitates the uptake of glucose [32,33].
Insulin binds to the α-subunit of the insulin receptor (INSR) and causes phosphorylation
of tyrosine residues in the β-subunit, which is followed by the recruitment of different
substrates such as insulin receptor substrate-1 (IRS-1), insulin receptor substrate-2 (IRS-2),
and phosphoinositide 3-kinase (PI3K) [34]. In addition to the utilization by skeletal muscle,
a large portion of glucose is absorbed from the intestines and taken up by hepatocytes to be
converted into glycogen via the action of insulin [35]. Upon binding to its receptor, insulin
causes a cascade of phosphorylation for several downstream proteins that regulate various
metabolic pathways such as gluconeogenesis, glycogen synthesis, glycogenolysis, and lipid
synthesis [36]. These metabolic processes are finely tuned by the actions of insulin and
glucagon, where insulin promotes glucose storage and glycogen synthesis, while glucagon
promotes hepatic glucose production and glycogen breakdown [35,37,38]. It is important to
mention that development of hepatic IR impairs insulin response in the hepatocytes, which
results in the inhibition of glycogen synthesis and the increase in hepatic gluconeogenesis,
lipogenesis, and synthesis of proinflammatory proteins such as C-reactive protein (CRP).
This can lead to an ongoing inflammatory state in the liver that consequently exacerbates
IR [39,40].

Postprandially, insulin binding to its receptor in adipose tissue facilitates the uptake
of glucose by GLUT4. This subsequently activates glycolysis, from which glycerol-3-
phosphate (G3P) is produced and esterified with other fatty acid- forming triacylglycerols
that act as a source of energy in the fasting state [41]. Adipose IR impairs the actions
of insulin and can therefore lead to impaired uptake of free fatty acids from the blood,
enhanced lipolysis, and impaired glucose uptake [42]. At the molecular level, it was found
that adipose IR causes activation of a defective form of AKT that impairs the translocation
of GLUT4 to the membrane and activates lipolytic enzymes, which consequently worsens
hyperglycemia. On the contrary, high levels of free fatty acids in the bloodstream can lead
to their accumulation in other organs such as the liver, which eventually affects insulin
sensitivity and hepatic gluconeogenesis and worsens T2DM [39,41].

Adipose tissue has a dynamic endocrine role and releases different proteins known as
adipokines [43,44]. It has been reported that an increase in adipose tissue size and/or mass
is associated with fibrosis, hypoxia, macrophage-mediated inflammation, and pathologic
vascularization [45]. High-fat diet can stimulate mitochondrial proteins and transcription
factors that cause adipose tissue inflammation and dysfunction [46]. The changes in the size
of adipocytes and the infiltration of immune cells induce the production of proinflammatory
cytokines such as tumor necrosis factor-α (TNF-α) and interleukins (IL-6 and IL-1β). This
causes a chronic state of inflammation known as metabolic inflammation which plays a
significant part in IR and T2DM, consequently [47].

In addition to the above-mentioned events, two types of incretins, namely glucagon-
like peptide 1 (GLP-1) and glucose-dependent insulinotropic peptide (GIP) are released
from the intestine after meals to stimulate pancreatic insulin secretion [14,48,49]. These pep-
tides have a short duration of action due to their deactivation via the dipeptidyl peptidase-4
(DPP-4) enzyme [50]. While both GLP-1 and GIP share the same effect on insulin se-
cretion [51–53], only GLP-1 can suppress the secretion of glucagon [54,55] and exhibit
growth-factor-like effects on pancreatic β-cells, stimulating insulin gene expression and
insulin biosynthesis [56,57]. For this reason, GLP-1 arose as an important pharmacological
target in the formulation of antidiabetic therapies via mimicking its effect [58,59]. In T2DM,
the action and the level of incretins are adversely affected [60], and the glucose-dependent
secretion of insulin is reduced in the fed state [61,62]. The pancreas becomes less respon-
sive to GIP, while it remains responsive to GLP-1 [63]. This could be justified by either
an uprise in the expression of DPP-4 or a reduction in the expression of GIP and GLP-1
receptors [64,65].
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3. Conventional Hypoglycemic Agents

Up to this day, different pharmacologic agents have been used to limit the effects of
hyperglycemia in diabetes. The mechanisms by which hypoglycemia is achieved include
stimulation of insulin secretion by sulfonylureas and meglitinides, stimulation of peripheral
glucose absorption by thiazolidinediones and biguanides, delay of carbohydrate absorp-
tion from the intestine by alpha-glucosidase, and reduction of hepatic gluconeogenesis
by biguanides. Combining lifestyle modifications (such as diet and exercise) and using
hypoglycemic agents is important to achieve long-term metabolic control and to protect
against health complications caused by DM. Several studies investigated this treatment
modality and showed the superiority of combining both lifestyle changes and pharmaco-
logical agents in the management of T2DM over using antidiabetic agents alone [66–72].
Various injectable and oral therapeutic agents have been developed and used clinically in
the management of T2DM, each of which has a unique mechanism of action that targets dif-
ferent pathological events occurring in T2DM [18,73,74] (Figure 2). For example, metformin
exhibits its effects by inhibiting hepatic gluconeogenesis [75–77], reducing insulin resistance
in skeletal muscle and adipose tissue and promoting the release of GLP-1 [78]. Furthermore,
metformin lowers plasma lipid levels by acting on the peroxisome proliferator-activated
receptor (PPAR-α) pathway.
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Sulfonylureas (SU) are insulin secretagogues that exert their action directly on the
pancreas by inhibiting ATP-dependent potassium channels on the pancreatic β-cells, which
causes cell depolarization and increases intracellular Ca2+ levels, resulting in insulin se-
cretion [74]. Additionally, they inhibit the breakdown of lipids in the liver and decrease
insulin clearance [79]. Although SU are associated with weight gain and hypoglycemic
attacks, they remain one of the most widely used agents in the management of T2DM
due to their high efficacy in reducing blood glucose levels [80]. Another group of insulin
secretagogues are meglitinides, which work through a mechanism similar to that of SU [81].
However, they cause less weight gain and hypoglycemic attacks in comparison to SU,
which makes them an ideal alternative for patients complaining of these side effects [74].
Thiazolidinediones (TZD) are a group of drugs that exert their effects by acting on the
liver, skeletal muscle, and adipose tissue where they reduce insulin resistance and improve
tissue sensitivity to insulin through the activation of PPAR-γ [82]. Moreover, TZD can also
act on another isoform of PPAR-α which accounts for its lipid-lowering properties. TZD
administration results in multiple actions such as maintaining pancreatic β-cell integrity,
decreasing the levels of inflammatory cytokines, and increasing the levels of a protein
known as adiponectin that is released from adipose tissue, causing an overall improvement
in insulin sensitivity [27,83]. Alpha-glucosidase inhibitors such as acarbose, work by in-
hibiting the enzyme α-glucosidase, which functions via the conversion of oligosaccharides
into monosaccharides in the small intestines [84]. Acarbose has a similar structure to that
of oligosaccharides, which allows it to compete for the binding site in the enzyme. As a
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result, a delay in the postprandial absorption of glucose is achieved along with a reduction
in hyperglycemia. The enzyme DPP-4 is responsible for the breakdown of incretin. Due
to its physiological function, it arose as a target for the management of T2DM [85]. In
2007, sitagliptin was approved by the Food and Drug Administration (FDA), making it
the first DPP-4 inhibitor. By inhibiting DPP-4, the action of incretins is prolonged, which
in turn improves insulin secretion, reduces glucagon secretion, and decreases the rate of
nutrient absorption into the bloodstream [86,87]. As mentioned previously, GLP-1 agonists
became available for use in the management of T2DM in 2005 when the first GLP-1 agonist
was approved by the FDA [88,89]. GLP-1 and GLP-1 agonists bind to the GLP-1 receptor
on pancreatic β-cells and inhibit ATP-activated K+ channels through activation of protein
kinase A (PKA)-dependent pathway [90,91]. Sodium glucose co-transporter-2 inhibitors
are the newest class of oral hypoglycemics that exert their action on renal tubules by sup-
pressing the sodium glucose co-transporter-2, which reduces the reabsorption of glucose
and enhances its excretion [28,92–96].

4. Monoterpenes in Diabetes

Despite the management of diabetes via the use of conventional pharmacological
agents, DM and its complications remain a substantial medical problem. The majority of
synthetic oral glucose-lowering drugs exhibit significant side effects and are expensive.
Therefore, there has recently been a shift of interest toward exploring natural plant products
for their pharmacological effects, including the treatment of diabetes. Monoterpenes are
an important group of secondary metabolites that belong to the terpenoids family of
natural products and have been recognized for their wide range of cellular and molecular
activities that could potentially underlie their positive therapeutic index. Furthermore,
their low cost, availability, low undesirable side effects, and better safety profile mark
them as promising source for synthesizing new and effective agents to treat DM. For
example, monoterpenes such as thymol and carvacrol are common ingredients of food
and therefore, not expected to have undesirable effects. Monoterpenes are composed of
two isoprene units with a general molecular formula of C10H16 and frequently contain one
double bond in their structures [11]. Monoterpenes exist in over 30 known skeletons and
can be classified into three subgroups: acyclic, monocyclic, and bicyclic monoterpenes [97]
(Figure 3). Common examples of the acyclic form include linalool, citral, and geraniol,
while important representatives of monocyclic monoterpenes include limonene, carveol,
and menthol.
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According to the size of their second ring, bicyclic monoterpenes can be classified
into three classes. The first ring in each class is a six-membered ring while the second
can be either a three (e.g., thujone), four (e.g., α- and β-pinene), or five (e.g., borneol and
camphor)-membered ring. Their hydrophobic property along with their small molecular
weight makes them the major components found in nearly all essential oils. Studies
have reported that both natural monoterpenes and their synthetic derivatives have a vast
array of pharmacological actions including anti-diabetic, hypocholesterolemic, antioxidant,
antibacterial, anti-inflammatory, anti-cancer, antihistaminic, and analgesic actions [98–100].
This review highlights the potential therapeutic effects of monoterpenes in DM.

4.1. Acyclic Monoterpenes
4.1.1. Linalool

Linalool (3,7-dimethyl-1,6-octadiene-3-ol) is one of the main monoterpenoids found
in herbal essential oils of many plants such as lavender (Lavandula spp.), which is known
for its antiarrhythmic effect. Furthermore, linalool is a main component of rose (Rosa
spp.), basil (Ocimum basilicum), neroli oil (Citrus aurantium) [101] and found in both green
and black tea. Linalool has been implicated in aroma and flavoring [102]. Previous
studies have reported potent antioxidant and antidiabetic activity of linalool [103,104].
Linalool was found to have favorable effects on glucose metabolism in animal models of
diabetes [105]. Garba et al., 2020 investigated the antidiabetic action of lemongrass tea in
T2DM model of rats. The findings of this study have shown that consumption of lemongrass
reduced blood glucose levels by 60.3% [106]. Linalool, one of the main active ingredients of
lemongrass, was shown to attenuate hyperglycemia and its associated complications [105].
The results were supported by higher glucose tolerance in lemongrass-treated diabetic rats
in comparison to control diabetic rats which could be associated with the high content of
linalool [106].

The enzymes α-amylase and α-glucosidase are accountable for the breakdown of
carbohydrates and for the hydrolysis of starch into glucose pre-absorption. A reduction
in hyperglycemia postprandially is due to the inhibition of α-amylase, which retards
carbohydrate digestion and decreases glucose levels in the blood [107]. Therefore, inhibition
of carbohydrate digestion in the gastrointestinal tract by α-amylase is one of the approaches
to treat diabetes. Previous studies have demonstrated that lemongrass could effectively
inhibit α-amylase and α-glucosidase activity [108]. For example, α-amylase inhibitory
activity of the essential oil of lemon grass, for which linalool is the main active constituent,
was found to be fifteen times higher compared to the currently used glucose lowering
drug acarbose [109], while the inhibitory activity of methanol extract of lemon grass on
α-glucosidase was more than 50% [108].

The uptake of glucose using rat diaphragm is a commonly used method to measure
peripheral utilization of glucose in in vitro studies [110]. Linalool demonstrated dose-
dependent uptake of glucose. At a concentration of 3 mM, linalool causes an increased
uptake of glucose that is almost equivalent to two units of insulin. Furthermore, linalool
was found to reduce oxidative stress and stimulate the activity of the antioxidant enzymes,
catalase, and superoxide dismutase [105].

4.1.2. Citral

Citral (3,7-dimethylocta-2,6-dienal) is a combination of the cis and trans isomers geranial
and neral, and can be found in all citrus fruits and lemon grass (Cymbopogon citratus) [111].
Cymbopogon citratus has been used over the years in Indian traditional medicine as a seda-
tive and to treat headaches and fever [111]. Citral was shown to reduce hyperglycemia
and attenuate diabetes-associated complications in earlier studies [112]. A study has re-
ported that citral exhibits a 45.7% inhibitory effect on α-amylase at a concentration of
10 mM [98]. In streptozotocin-treated rats, citral inhibited mammalian α-amylase, with an
IC50 of 120 µM, and reduced α-amylase levels in vivo. In addition, citral treatment caused
a moderate decrease in postprandial glucose and normalized blood lipid profile [112]. Due
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to their direct influence on the control of energy balance via glucose uptake, lipogenesis,
and lipolysis, 3T3-L1 adipocytes are among the most commonly used cell culture models
to study obesity and T2DM. In 3T3-L1 adipocytes, 1 µM of citral was found to suppress the
proliferation by 29.2% [98]. The results of these studies suggest that citral could be a poten-
tial antihyperlipidemic agent in diabetes. It is worth noting that several antihyperlipidemic
agents such as bile acid sequestrants exhibited a promising glucose lowering activity. Such
agents target bile acid receptors, which play a crucial role in metabolic diseases [113,114].
In fact, colesevelam, a bile acid sequestrant, caused a significant reduction in HbA1c and
fasting plasma glucose levels. Additionally, it resulted in an increase in the levels of circu-
lating incretins when used by patients with T2DM [115,116]. Furthermore, other types of
lipid lowering agents such as fibrates [117] and cholesterol absorption inhibitors such as
ezetimibe [118] have also been reported to improve glycemic control and insulin activity
through unknown mechanisms.

Citral inhibits the retinaldehyde dehydrogenase enzyme and therefore raises adipose
tissue retinaldehyde levels, leading to the inhibition of adipogenesis, increase in metabolic
rate, reduction of weight gain, and enhanced tolerance to glucose. Treating 6-week-old
male Sprague–Dawley rats with citral (10, 15, and 20 mg/kg bodyweight for 28 days)
caused a noticeable reduction in the increase of body weight. Additionally, citral-treated
rats had lower fasting glucose levels, enhanced glucose tolerance and metabolic rate, and
lower abdominal fat accumulation [119].

Supporting the above findings, a study recently conducted by Mishra et al., 2019
revealed that citral has antidiabetic as well as dyslipidemic activities. In streptozotocin-
induced diabetic rats on a high-fat diet, citral application significantly diminished glucose
levels in the blood and increased insulin levels in the plasma. Moreover, citral ameliorated
oxidative markers along with anti-oxidative enzymes of the pancreas, liver, and adipose
tissue, and regulated the activity of the glucose-metabolic enzymes in the liver [120].

4.1.3. Geraniol

Geraniol (3,7-dimethylocta-trans-2,6-dien-1-ol) is an acyclic monoterpene alcohol
found in many aromatic plants including Cinnamomum tenuipilum and Valeriana offici-
nalis. In traditional medicine, geraniol has been used to treat many ailments including
diabetes [121]. In streptozotocin-induced diabetic rats, application of geraniol for 45 days
led to a significant dose-dependent increase in insulin levels and reduction in glycated
hemoglobin, HbA1c. Furthermore, geraniol was found to ameliorate the function of the
enzymes responsible for the metabolism and utilization of glucose. Geraniol additionally
improved glycogen content in hepatocytes and preserved the histology of hepatic and
pancreatic β-cells in streptozotocin-induced diabetic rats [122].

A recent work conducted by Kamble et al., 2020 demonstrated for the first time the
efficacy of geraniol in inhibiting GLUT2 [123]. Inhibition of GLUT2 in the intestine, liver,
and kidney plays a critical role in lowering glucose levels in the blood. Moreover, the
inhibition of GLUT2 on pancreatic β-cells is anticipated to guard β-cells from glucotoxicity.

Prolonged treatment with geraniol (29.37 mm/kg body weight twice a day for 60 days)
enhanced the lipid profile and HbA1c levels [123]. In another study, 1 µM of geraniol
resulted in the suppression of 3T3-L1 pre-adipocyte proliferation by 19.9% [98]. It is clear
from these findings that geraniol could be a novel drug in treatment of DM due to the fact
that it is effective in lowering blood glucose and improving lipid profile.

4.1.4. Citronellol

Citronellol (3,7-dimethyl-6-octen-1-ol) is a linear monoterpene alcohol naturally found
in about 70 essential oils, with abundance in Cymbopogon nardus (L.) and citrus oil [124,125].
Cymbopogon nardus was previously used in Chinese medicine to treat rheumatism, fever,
and digestive problems [126]. Although citronellol has been reported to possess strong
antioxidant, anti-inflammatory, anti-cancer, and cardioprotective properties [127,128], its
role in diabetes is not well-investigated.
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Oral administration of citronellol (25, 50, and 100 mg/kg bodyweight for 30 days)
attenuated the hyperglycemia in streptozotocin-induced diabetic rats. Citronellol improved
insulin, hemoglobin, and hepatic glycogen levels and decreased HbA1c concentration.
Furthermore, there was a near to normal restoration of the altered activity of carbohy-
drate metabolic enzymes as well as hepatic and kidney markers. Citronellol supplement
preserved the histology of hepatic cells and pancreatic β-cells in streptozotocin-treated
rats [124].

Glucose uptake plays an important role in the control of plasma glucose level, thus
directly influencing glucose tolerance. Treating 3T3-L1 adipocytes with 1 µM of citronellol
exerted about 16% enhancement in glucose uptake [98].

4.1.5. Linalyl Acetate

Linalyl acetate (3,7-dimethylocta-1,6-dien-3-yl acetate) is the primary constituent of
lavender (Lavandula angustifolia) which is known in folk medicine for its sedative effect [129].
It is also a main component of Salvia sclarea oil [130]. It has been shown that linalyl acetate
possesses an anti-inflammatory effect and can restore endothelial function in rats after
oxidative stress [104,131]. To date, the reported therapeutic effects of linalyl acetate in
hyperglycemia are scarce. Treatment with 100 mg/kg linalyl acetate was more efficient in
correcting serum glucose than the antidiabetic drug metformin in streptozotocin-induced
diabetic rats. In addition, the observed cardiovascular protective and metabolic stabilization
effects of linalyl acetate could be attributed to its antioxidative and anti-inflammatory
properties, its increase in AMP-activated protein kinase expression, and its suppression of
excess serum NO [132]. The antidiabetic effects of acyclic monoterpenes are summarized
in Table 1.

Table 1. Antidiabetic effects of acyclic monoterpenes.

Compound Model Concentration Antidiabetic Activities References

Linalool T2DM rat model
Tea preparation (0.25 g/
100 mL and 0.5 g/100 mL for
4 weeks)

Lowered serum glucose and lipids;
increased insulin sensitivity and
levels of serum insulin; improved
β-cell function, increased
liver glycogen

[106]

Diaphragm of
streptozotocin-induced
diabetic rat

3 mM

Decreased oxidative stress, increased
the activity of the antioxidant
enzymes catalase and
superoxide dismutase.

[105]

Citral Hemi diaphragm of Albino rat 3 mM Increased glucose uptake [105]

Streptozotocin-induced
diabetic rats

2, 8, 16 or 32 mg/kg
body weight

Inhibited adipogenesis; increased
metabolic rate, reduced weight gain;
enhanced glucose tolerance.

[112]

Streptozotocin-induced
diabetic rats

2, 8, 16 or 32 mg/kg
body weight Inhibition of α-amylase. [112]

3T3-L1 adipocytes 1 µM Suppression of adipocyte
proliferation of by 29.2%. [98]

6-week-old male
Sprague–Dawley rats

10, 15, and 20 mg/kg body
weight for 28 days

Increased energy dissipation;
reduced lipid accumulation;
prevention of diet-induced obesity;
improved insulin sensitivity and
glucose tolerance.

[119]

Streptozotocin-induced diabetic
rats fed with high-fat diet

45 mg/kg/body weight for
28 days

Decreased blood glucose and
increased plasma insulin; increased
anti-oxidative enzymes of the liver,
adipose tissue, and pancreas;
regulated enzyme activity of
glycolysis and gluconeogenesis in
the liver.

[120]
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Table 1. Cont.

Compound Model Concentration Antidiabetic Activities References

Geraniol Streptozotocin-induced
diabetic rats

100, 200, 400 mg/kg body
weight for 45 days

Increased the levels of insulin and
hemoglobin; decreased plasma
glucose HbA1c; ameliorated
carbohydrate metabolism; preserved
normal histological appearance of
hepatic and pancreatic β-cells.

[122]

648.34 µM Inhibited GLUT2 transporter. [123]

60 days with 29.37 mm/kg
B.W. twice a day

Improved lipid profile, HbA1c levels
and renal parameters. [123]

Citronellol Streptozotocin-induced
diabetic rats

Oral administration of 25, 50,
and 100 mg/kg body weight
for 30 days

Improved levels of insulin,
hemoglobin, and hepatic glycogen;
decreased levels of HbA1c; restored
altered activities of carbohydrate
metabolic enzymes, hepatic and
kidney markers; preserved normal
histological appearance of hepatic
cells and insulin-positive β-cells

[124]

3T3-L1 adipocytes 1 µM Enhanced glucose uptake [98]

Linalyl acetate Streptozotocin-induced
diabetic rats 100 mg/kg Decreased serum glucose; reduced

oxidative stress and inflammation [132]

4.2. Monocyclic Monoterpene
4.2.1. Limonene

Limonene [1-methyl-4-(1-methylethenyl)-cyclohexene] is the main constituent of oils
extracted from orange, lemon, grapefruit, and other citrus plants. It is also frequently used
as a food additive, and a constituent of soaps and perfumes. As per the Code of Federal
Regulations, D-limonene is classified as a safe flavoring compound [133].

Limonene was shown to reduce hyperglycemia and attenuate diabetes-associated com-
plications in earlier studies [105,134]. Inhibition of protein glycation is known to improve
secondary complications in diabetes. In streptozotocin-induced diabetic rats, limonene
(100 µM) revealed 85.61% reduction in protein glycation [105]. In a study conducted by
Joglekar et al., 2013, limonene was shown to inhibit protein glycation by 56.3% at a con-
centration of 50 µM. Furthermore, BSA was used as a model protein in PatchDock studies,
which have shown that limonene has the ability to bind to the key glycation sites IB, IIA, and
IIB sub domains. It was concluded that limonene is a powerful inhibitor of protein glycation
that exhibits its effects by a novel mechanism of stabilization of protein structure through
hydrophobic interactions [135]. In 3T3-L1 adipocytes, 1 µM of (R)-(+)-limonene stimulated
both the uptake of glucose and breakdown of fats. It also upregulated glucose transporter
1 (GLUT1) expression and suppressed adipose triglyceride lipase (ATGL). (R)-(+)-limonene
(at mM range) also suppressed both α-amylase and α-glucosidase; however, such outcome
was weak [98].

In oral streptozotocin-induced diabetic rats, administration of D-limonene (50, 100
and 200 mg/kg body weight) for 45 days resulted in a significant drop in plasma glucose
and HbA1c levels. Furthermore, it resulted in a decrease in the activity of the enzymes
involved in gluconeogenesis, including glucose 6-phosphatase (G6Pase) as well as fruc-
tose 1,6-bisphosphatase. On the contrary, D-limonene inhibited liver glycogen as well
as the activity of the glycolytic enzyme glucokinase in diabetic rats. Such antidiabetic
effects were proportional with glibenclamide [136]. These findings support the potential
antihyperglycemic activity of D-limonene reported in the literature.

Limonene, alone and in combination with linalool, was found to reduce oxidative
stress and intensify the activity of the antioxidant enzymes catalase and superoxide dis-
mutase [105]. The shielding role of D-limonene against diabetes and its complications
was demonstrated by Bacanlı et al., 2017 [134]. In streptozotocin-induced diabetic rats,
D-limonene treatment (50 mg/kg body weight for 28 days) caused a remarkable reduction
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in DNA damage, glutathione reductase enzyme activity, and malondialdehyde (MDA)
levels in the plasma. In addition, it caused a significant increase in the levels of glutathione
and the activities of catalase, superoxide dismutase, and glutathione peroxidase. Overall,
lipid levels and liver enzymes were adjusted in diabetic rats [134].

4.2.2. Carveol

The monoterpene carveol [2-methyl-5-(prop-1-en-2-yl)cyclohex-2-en-1-ol] is a com-
ponent of the essential oils of Cymbopogon giganteus [137], Illicium pachyphyllum [138], and
Carum carvi [139]. It is also present in orange peel, caraway seeds, and dill. Carveol is
broadly used in perfumes, soap, and shampoos [140] and has several pharmacological activ-
ities including antioxidant, anticancer [141], antimicrobial [99], and anti-inflammatory [142]
effects. In addition, carveol has a low toxicity profile [143].

Recently, the antidiabetic capacity of carveol was evaluated in in vivo, in vitro, and
in silico studies. In alloxan-induced diabetic rats, carveol caused concentration- and time-
dependent decrease in the level of glucose in the blood. Carveol (394.1 µM/kg) amended
oral glucose tolerance surplus in rats and attenuated the HbA1c level and mediated hepato-
protective and anti-hyperlipidemic effects [8]. In in vitro assay, carveol inhibited α-amylase
activity in a dose-dependent manner. In addition, carveol revealed binding affinity toward
different targets associated with diabetes. In silico evaluation showed that carveol had
maximum binding affinity (lowest energy value) toward the sodium-glucose co-transporter,
intermediate binding affinity against fructose-1,6-bisphosphatase, and lowest affinity to-
ward phosphoenolpyruvate carboxykinase (PEPCK) and glycogen synthase kinase-3β
(PEPCK) [142]. The results of this study support the antidiabetic potential of carveol.

4.2.3. Terpineol

Terpineol [2-(4-methyl-3-cyclohexen-1-yl)-2-propanol] is a main constituent of Marjo-
ram (Origanum majorana) and Maritime pine (Pinus pinaster) [144]. Terpineol is widely used
in food and household products. Although the antioxidant and anti-inflammatory effects
of terpineol have been documented previously, studies highlighting its direct antidiabetic
effects are very limited. In a recent study, in vitro α-amylase enzymatic assay has shown
that both α-terpineol and its structural isomer 4-terpineol caused an inhibition in its enzy-
matic activity by 33% (IC50 1.01 ± 0.0221 mg/mL) and 40% (IC50 0.838 ± 0.0335 mg/mL)
respectively, when tested individually at a concentration of 0.670 mg/mL [145]. Further-
more, terpineol was recently reported to upregulate insulin sensitivity and lessen serum
levels of pro-inflammatory cytokines in rats fed with high fat diet [146].

4.2.4. Thymol

Thymol (2-isopropyl-5-methylphenol), a natural phenolic monoterpenoid obtained
mainly from the Thymus species (Trachyspermum ammi L. Sprague) [145], has been used in
folk medicine to treat various ailments such as diabetes and respiratory disorders [147]. Thy-
mol is a potent antioxidant and scavenger for hydroxyl radicals and superoxide anions [148].
Earlier studies on thymol have reported antimicrobial [149], anti-inflammatory [150], as
well as anticancer potential [151].

In obese murine model fed with high fat diet, thymol treatment decreased body weight
gain as well as visceral fat-pad weight. Additionally, an overall reduction in the levels of
lipids was observed. The enzymes alanine aminotransferase, aspartate aminotransaminase,
and lactate dehydrogenase were also reduced. Furthermore, thymol decreased the levels
of glucose and leptin, decreased serum lipid peroxidation, and improved the levels of
antioxidants [152]. Similarly, in mice fed with high-fat diet, thymol treatment (20, 40 mg/kg
daily) significantly reversed body weight gain and peripheral insulin resistance [153]. Sar-
avanan and Pari, (2015) tested the antihyperglycemic and antihyperlipidemic effects of
thymol in diabetic C57BL/6J mice fed with high-fat diet. Daily intragastric application of
thymol (40 mg/kg body weight) for 5 weeks caused a significant decline in plasma glucose,
HbA1c, insulin resistance, and leptin. Moreover, it lowered the levels of plasma triglyc-
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erides, total cholesterol, free fatty acids, and low-density lipoprotein. On the other hand,
thymol increased high density lipoprotein cholesterol. In addition, thymol significantly
decreased hepatic lipid content including triglycerides, free fatty acids, total cholesterol,
and phospholipids [154]. More recently, Saravanan and Pari [155] have shown that thymol
possesses a protective role against diabetic nephropathy in C57BL/6J mice. Thymol hin-
dered the activation of transforming growth factor-β1 (TGF-β1) and vascular endothelial
growth factor (VEGF). In addition, it caused a substantial increase in the antioxidants,
inhibited lipid peroxidation markers in erythrocytes and kidney tissue and reduced the
lipid accumulation in kidney [156].

Supporting these results, a more recent study has shown that in streptozotocin-treated
diabetic rats, 20 and 40 mg/kg thymol significantly reduced the levels of creatinine, low-
density lipoprotein cholesterol, and hepatic enzymes including aspartate aminotransferase
and alanine aminotransferase. Furthermore, the antioxidant enzyme status was also modu-
lated after treatment with thymol [157]. Such findings indicate that thymol may possess
promising protective and anti-diabetic activity.

The antidiabetic and antioxidant properties of Thymus quinquecostatus Celak, of which
thymol is the main active constituent, were investigated. High level of thymol in T. quinque-
costatus shows the potential of this plant as a crude drug and dietary health supplement.
The ethyl acetate fraction of the methanol crude extract of T. quinquecostatus possessed
a strong antioxidant activity. In hexane fraction, α-glucosidase inhibitory activity was
positively correlated with the amount of thymol, indicating that thymol is the primary
source for antioxidant and antidiabetic activity of T. quinquecostatus [158].

The inhibitory activity of thymol (5.0 mg/mL) and its synergistic effect with p-cymene
(2.5 mg/mL) were linked to their antioxidant property by reducing the formation of
advanced glycation end products. Based on spectroscopic and electrochemical methods,
in combination with molecular docking study, it was found that the binding affinity of
thymol with bovine serum albumin is greater than glucose. Furthermore, thymol had
a protective effect toward arginine or lysine modification, indicating that it has an anti-
glycation property [9].

4.2.5. p-Cymene

p-Cymene [1-methyl-4-(1-methylethyl) benzene] is an essential oil component found in
over 100 plants, including Cuminum cyminum and thyme. Due to its use as an intermediate
in the industrial manufacturing of food flavoring, fragrances, herbicides, and medications,
p-Cymene possesses a significant commercial role [159,160]. p-Cymene is the biological
precursor of carvacrol and has a structure that is similar to thymol [161]. Earlier studies
have reported antioxidant [162] and anti-inflammatory [160] activity of p-cymene. In high
fat diet-treated adult NMRI mice, p-cymene (20 mg/kg) led to an apparent drop in blood
glucose levels as well as alanine aminotransferase and alkaline phosphatase. Additionally,
a slight alteration was detected in lipid profile. Interestingly, the effects of p-cymene were
comparable with metformin [163]. Similar findings were also observed with thymol [152].

In streptozotocin-induced diabetic rats, administration of p-cymene (20 mg/kg body
weight for 60 days) was found to lower HbA1c. Biophysical studies showed that p-cymene
can inhibit glycation-mediated conversion of α-helix to β-pleated sheet structure of bovine
serum albumin. Interestingly, it produced antiglycation effects when used in concentrations
that were 10–20 times less than the known protein glycation inhibitors, without exhibiting
any toxic effects [164].

4.2.6. Menthol

Menthol [5-methyl-2-(propan-2-yl) cyclohexan-1-ol], is a component of essential oils
such as eucalyptus and lemongrass and is responsible for the characteristic smell and
flavor of Mentha longifloia that has been used traditionally in Asia for the treatment of
respiratory illnesses. Menthol occurs in four isomers namely, (+)- and (−)-menthol, (+)- and
(−)-neomenthol, (+)- and (−)-neoisomenthol, and (+)- and (−)-isomenthol; however, (−)-
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menthol (L-menthol) is the major form that exists in nature [165]. Menthol is used to treat
several conditions including the common cold and other respiratory conditions, gastroin-
testinal disorders, as well as musculoskeletal pain [166]. In streptozotocin-nicotinamide
induced diabetic rats, application of menthol (25, 50, and 100 mg/kg/body weight) and
glibenclamide (600 µg/kg/body weight) for 45 days caused a significant reduction in the
overall levels of blood glucose and HbA1c. It also resulted in an increase in the level of
plasma insulin, liver glycogen, and total hemoglobin. Furthermore, menthol ameliorated
glucose-metabolizing enzymes, protected hepatic and pancreatic islets, and suppressed
pancreatic β-cells apoptosis in diabetic rats. The later effect was coupled with a rise in
anti-apoptotic Bcl-2 expression and a fall in pro-apoptotic Bax expression [167]. In a more
recent study, acute oral (200 mg/kg) and topical administration (10% w/v) of menthol to
high fat-fed diabetic mice were found to increase serum glucagon concentration 2 h after ad-
ministration. Furthermore, chronic oral administration of menthol (50 and 100 mg/kg/day)
for 12 weeks and topical application (10% w/v) prevented high fat diet-induced weight
gain, adipose tissue hypertrophy, liver triacylglycerol depletion, and insulin resistance. The
consequent metabolic changes of menthol in the liver and adipose tissue imitated the role
of glucagon. In the liver, an increase in glycogenolysis and gluconeogenesis was observed.
Additionally, the thermogenic activity of adipose tissue was boosted. Interestingly, in
mature 3T3L1 adipocytes, treatment with the serum of menthol-treated mice improved
the markers of energy expenditure, which was blocked following the administration of
the non-competitive glucagon receptor antagonist, L-168,049. This effect shows that the
increase in serum glucagon induced by menthol administration is responsible for the rise
in energy expenditure [168]. The antidiabetic effects of monocyclic monoterpenes are
summarized in Table 2.

Table 2. Antidiabetic effects of monocyclic monoterpenes.

Compound Model Concentration Antidiabetic Activities References

Limonene Streptozotocin-induced diabetic rats 50 µM and 100 µM Inhibited protein glycation. [105,135]

Streptozotocin-induced diabetic rat 100 µM Increased activity of catalase and
superoxide dismutase. [105]

3T3-L1 adipocytes 1 µM
Increased glucose uptake and lipolysis;
upregulated mRNA expression GLUT1 and
suppressed ATGL.

[98]

mM range Inhibited α-amylase and α-glucosidase [98]

50 mg/kg body weight

Decreased DNA damage, decreased
glutathione reductase enzyme activity,
decreased the levels of MDA in the plasma;
increased total glutathione levels, catalase,
superoxide dismutase and glutathione
peroxidase activities

[134]

50, 100 and 200 mg/kg
body weight and for
45 days

Increased plasma glucose, HbA1c levels,
and activities of gluconeogenic enzymes;
decreased the activity of glucokinase.

[136]

Carveol Alloxan-induced diabetic rat 394.1 µM/kg
Improved oral glucose tolerance overload
in; decreased the level of HbA1c; inhibited
α-amylase activity.

[8]

Terpineol α-amylase enzymatic assay
α-terpineol 0.670 mg/mL
4-terpineol
0.670 mg/mL

Inhibited α-amylase activity
Inhibited α-amylase activity [145]

Thymol High-fat diet induced T2DM in
C57BL/6J mice

Intragastric administration
of 40 mg/kg body weight
daily for 5 weeks.

Decreased plasma glucose, insulin
resistance, HbA1c, leptin and adiponectin;
lowered the levels of plasma triglyceride,
total cholesterol, free fatty acids, low
density lipoprotein; increased high density
lipoprotein cholesterol; decreased in
hepatic lipid content.

[154]
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Table 2. Cont.

Compound Model Concentration Antidiabetic Activities References

C57BL/6J mice 40 mg/kg body weight
daily for 5 weeks

Protected against diabetic nephropathy;
inhibited the activation of transforming
growth factor-β1 (TGF-β1) and vascular
endothelial growth factor (VEGF), elevated
antioxidants, inhibited lipid peroxidation
markers in erythrocytes and kidney tissue,
reduced the lipid accumulation in kidney

[156]

High-fat diet-induced obesity in
murine model

14 mg/kg orally twice a
day to 4 weeks

Decreased body weight gain, visceral
fat-pad weights, lipids, alanine
aminotransferase, aspartate
aminotransaminase, lactate dehydrogenase,
glucose, insulin, and leptin levels

[152]

Streptozotocin-induced diabetic rats 20 and 40 mg/kg thymol

Reduced creatinine, low-density
lipoprotein cholesterol, and liver
function-related enzymes, aspartate
aminotransferase and
alanine aminotransferase

[157]

1,1-dephenyl-2-picryl-hydrazyl free
radical scavenging and a reducing
power assay

Increased radical scavenging activity [158]

In vitro α-glucosidase assay Decreased α-glucosidase activity [158]

p-Cymene High-fat diet fed adult NMRI mice 20 mg/kg body weight for
6 weeks

Decreased levels of blood glucose, alanine
aminotransferase and alkaline
phosphatase; altered lipid profile.

[163]

Streptozotocin-induced diabetic rat 20 mg/kg body weight for
60 days

Lowered HbA1c, prevented
glycation-mediated transition of α-helix to
β-pleated sheet structure of bovine
serum albumin.

[164]

Menthol High-fat diet fed mice
Acute oral (200 mg/kg)
and topical administration
(10% w/v)

Increased serum glucagon concentration; [168]

Chronic oral
administration (50 and
100 mg/kg/day for
12 weeks) and topical
Application (10% w/v)

Prevented high fat diet-induced weight
gain, insulin resistance, adipose tissue
hypertrophy and triacylglycerol deposition
in liver.

[168]

Mature 3T3L1 adipocytes treated with
serum of menthol-treated mice in 0.3 µM

Improved energy expenditure markers,
which was blocked in the presence of
non-competitive glucagon receptor
antagonist, L-168,049.

[168]

Streptozotocin-nicotinamide -induced
diabetic rats

25, 50, and
100 mg/kg/body weight
for 45 days

Reduced the level of blood glucose and
HbA1c; increased the level of total
hemoglobin, plasma insulin, and liver
glycogen.

[167]

4.3. Bicyclic Monoterpenes
4.3.1. α- and β-Pinene

α-pinene [(1S,5S)-2,6,6-trimethylbicyclo[3.1.1]hept-2-ene ((−)-α-Pinene)], is a major
component of the volatile oil extract of the herb Foeniculum vulgare (fennel). Earlier
studies have reported anti-inflammatory, hypoglycemic, and hepatoprotective effects of
fennel [169]. In alloxan-induced diabetic mice, α-pinene evoked hypoglycemia at the 2nd
and 24th hours of treatment. In addition, it was reported that α-pinene possesses a strong
anti-inflammatory effect at a concentration of 0.50 mL/kg [169].

β-Pinene [6,6-dimethyl-2-methylidenebicyclo[3.1.1]heptane Pin-2(10)-ene] is found in
numerous essential oils which possess antioxidant potential. It is one of the key constituents
of the hexanic extract of Eryngium carlinae, commonly referred to as the “frog herb”, which
has been shown to reduce hyperglycemia and hyperlipidemia and exert antioxidant activity
in diabetic rats [170,171].
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Pistacia atlantica has been proposed to have a protective effect against conditions associ-
ated with oxidative stress [172]. A- and β-Pinene are the main constituents of gum essential
oil of P. atlantica. Administration of the essential oil to diabetic rats caused a significant de-
crease in MDA and increase in glutathione, glutathione peroxidase, superoxide dismutase,
and catalase [173]. In a recent study, in vitro α-amylase enzymatic assay has shown that
both α-pinene (IC50 1.05 ± 0.0252 mg mL−1) and β-pinene (IC50 1.17 ± 0.0233 mg mL−1)
resulted in a 32% and 29% drop in enzymatic activity respectively [145].

4.3.2. Thujone

Thujone [(1S,4R,5R)-4-methyl-1-propan-2-yl)bicyclo[3.1.0]hexan-3-one] occurs mainly
as a mixture of α and β diastereoisomers in many plants including Salvia officinalis L.
(sage), Artemisia absinthium L., and Thuja occidantalis L. Traditionally, it was used by native
Americans as a remedy for several ailments such as headache, constipation, wounds, and
birthmarks. This monoterpene is commonly used as a flavoring substance in food and bev-
erages [174]. Interestingly, sage tea is known for its metformin-like effect, in particular for
the essential oil fraction which contains thujone. Therefore, thujone could possibly exhibit
some sort of an antidiabetic effect [175]. Nevertheless, animal studies that have pointed to
the potential antidiabetic activity of thujone are limited. For example, in soleus muscles,
palmitate-induced insulin resistance was assessed in the presence of thujone (0.01 mg/mL).
Initially, insulin resistance was induced with high concentrations of palmitate [176]. Sub-
sequently, the ability of thujone to restore sensitivity to insulin while preserving high
palmitate concentrations was tested. The findings of this study indicated that thujone can
ameliorate palmitate oxidation and prevent palmitate-induced insulin resistance via AMP-
activated protein kinase (AMPK)-dependent pathway that involves partial restoration of
insulin-stimulated translocation of GLUT4 [177]. Al-Haj Baddar, et al., 2011 demonstrated
that oral administration of 5 mg/kg body weight of thujone in diabetic rats over 28 days
can restore the normal levels of cholesterol and triglycerides [175]. While this finding is
promising, the adverse effects of thujone necessitates careful analysis of the results. The
narrow therapeutic window of thujone is evident in 2-year studies in rats and mice due to
the dose-dependent incidence of seizures [178].

4.3.3. Myrtenal

Myrtenal [6,6-dimethylbicyclo[3.1.1]hept-2-ene-2-carbaldehyde] is a natural monoter-
pene present in plants such as pepper, mint, cumin, and eucalyptus and used as a food
additive. It has various biological effects and acts as an antioxidant, anticancer agent,
cyclooxygenase-inhibitor, and immunostimulant [179,180]. Recently, it was found that
myrtenal exhibits antihyperglycemic, antihyperlipidemic, hepatoprotective, and β-cell
protective effects [181,182].

Oral treatment with myrtenal (20, 40, and 80 mg/kg body weight) resulted in a signifi-
cant depletion in plasma glucose and HbA1c in diabetic rats treated with streptozotocin.
Additionally, there was a rise in insulin, hemoglobin (Hb), and glycogen levels in the liver
and muscles. An enhancement of the main enzymes involved in carbohydrate metabolism
(hexokinase, glucose-6-phosphatase, fructose-1,6-bisphosphatase, and glucose-6-phosphate
dehydrogenase) was observed. Furthermore, myrtenal enhanced hepatic enzyme function
and restored islet cells and liver histology [182].

In parallel to the above findings, another study has shown that myrtenal-treated
diabetic rats displayed a reduction in plasma glucose and a simultaneous rise in plasma
insulin. Additionally, myrtenal caused an upregulation in the expression of proteins
involved in insulin signaling such as IRS2 (insulin receptor substrate 2), Akt, and GLUT2
in hepatocytes as well as IRS2, Akt, and GLUT4 in skeletal muscle [183].

Recently, the influence of myrtenal on oxidative stress, inflammation, and lipid per-
oxidation was tested on diabetic rats treated with streptozotocin. Oral administration of
80 mg/kg body weight of myrtenal for four weeks significantly decreased the diabetes-
associated alterations in hepatic and pancreatic cells. This includes antioxidant levels, lipid
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peroxidation, and proinflammatory cytokines such as TNF-α, IL-6, and the p65 subunit of
nuclear factor-kappa B (NF-kB p65). The findings of this work indicated that myrtenal can
potentially act as an antioxidant and anti-inflammatory compound against oxidative stress
and inflammation associated with diabetes [184].

4.3.4. Genipin and Geniposide

The iridoids genipin [methyl-1-hydroxy-7-(hydrozymethyl)-1,4a,5,7 tetrahydrocyclope
nta[c]pyran-4-carboxylate] and geniposide [methyl (1S,4aS,7aS)-7-(hydroxymethyl)-1-[(2S,
3R,4S,5S,6R)-3,4,5-trihydroxy-6-(hydroxymethyl)oxan-2-yl]oxy-1,4a,5,7a tetrahydrocyclope
nta[c]pyran-4-carboxylate] exist in many plants as secondary metabolites. The basic struc-
tural skeleton of iridoids is a cyclopentane-[C]-pyran ring fused with a six-membered
heterocycle oxygenate [185]. At C1 position of the pyran ring, the hydroxyl group can
be replaced with a sugar moiety to form the genipin glycoside, geniposide. Genipin is
found in unripe Genipa americana L. (genipa) fruits, while geniposide is found in the fruits
of Gardenia jasminoides J. (gardenia, Rubiaceae family) that has been used in traditional
Chinese medicine for its choleretic and hepatoprotective activity. Earlier studies have
shown that geniposide is converted to genipin by the intestinal microflora enzymes, which
indicates that genipin is the main form of geniposide in circulating blood [186].

Genipin was shown to have anticancer, anti-inflammatory, hepatoprotective as well as
antioxidative activity [187]. Geniposide exhibits many biological effects including antioxida-
tive stress [188], anti-inflammatory [189] and antiapoptosis [190]. In addition, studies have
shown that it exerts a promising anti-diabetic activity. For example, in C(2)C(12) myotubes,
genipin (10 µM) stimulated glucose uptake in a time- and concentration-dependent manner.
It also enhanced GLUT4 translocation to the cell surface and increased the phosphorylation
of IRS-1, AKT, and GSK3β. Genipin also caused a rise in ATP levels, which inhibited
ATP-dependent K+ channels and resulted in elevated cytoplasmic Ca2+ content [191].

Administration of 25 mg/kg of genipin per day for 12 days to aged rats ameliorated
systemic as well as hepatic insulin resistance. It also alleviated hyperinsulinemia, hyper-
glyceridemia, and hepatic steatosis. Furthermore, genepin reduced hepatic oxidative stress
as well as mitochondrial dysfunction. It also improved insulin sensitivity, suppressed cellu-
lar ROS overproduction, and alleviated the reduction in mitochondrial membrane potential
(MMP) and ATP levels [192]. Guan et al., 2018 studied the effect of genipin on obesity
and lipid metabolism in diet-induced obese rats. The findings of this study demonstrated
that genipin caused an overall drop in body weight and total fat. Additionally, it reversed
insulin and glucose intolerance, dyslipidemia, adipocyte hypertrophy, and hepatic steatosis.
It also caused a reduction in serum TNF-α levels [193]. Similar results were reported by
Zhong et al., 2018, where genipin alleviated hyperlipidemia and hepatic steatosis in high-fat
diet fed mice [194].

Earlier study has shown that geniposide exhibits anti-obesity, anti-oxidant, and in-
sulin resistance-alleviating effects. Additionally, it was shown to adjust abnormal lipid
metabolism. In spontaneously obese T2DM TSOD mice, geniposide caused a reduction
in visceral fat and body weight and improved lipid metabolism. Furthermore, geniposide
had a positive therapeutic impact on glucose tolerance and hyperinsulinemia. Interestingly,
geniposide had a direct effect on the liver. In mice treated with free fatty acids, genipin
not only inhibited lipid accumulation hepatocytes, but also improved the expression of
PPARα [195].

Emerging body of evidence revealed that lipotoxicity may be a leading cause of
pancreatic β-cell apoptosis and oxidative stress in diabetes. Increased levels of plasma-free
fatty acids not only induce cytotoxicity in pancreatic β-cells leading to apoptosis, but also
promote mitochondrial perturbation, resulting in oxidative stress. In pancreatic INS-1
cells, application of geniposide (1 or 10 µM) for 7 h alleviated β-cell apoptosis induced
by palmitate and activated caspase-3 expression. Furthermore, geniposide improved
glucose-induced insulin secretion via the activation of GLP-1 receptor [196]. Another
study has demonstrated that when INS-1 cells are chronically exposed to elevated glucose
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concentrations, insulin secretion was impaired and cell apoptosis was observed. This
change was reversed by the application of geniposide [197]. However, the effects of
geniposide on insulin secretion after acute exposure to glucose was dependent on glucose
concentration. When INS-1 cells were acutely stimulated with high glucose concentrations,
the protective effect of geniposide was diminished. This could be attributed to the capability
of geniposide to protect the cells from damage resulting from prolonged release of insulin
and glucotoxicity under high glucose load [198].

An earlier study has assessed the direct effect of geniposide on β-cell function using
both rat pancreatic islets and dispersed single islet cells [199]. Geniposide was found to
mediate insulin release via the activation of GLP-1R and adenylyl cyclase (AC)/cAMP sig-
naling pathway. In general, the effect of GLP-1R agonists is linked to cAMP signaling [200].
In this study, PKA suppression inhibited geniposide-mediated secretion of insulin, imply-
ing that geniposide exhibited its actions mainly via the activation of cAMP-dependent
PKA [199]. It is well known that activation of pancreatic voltage-gated K+ channels re-
polarizes cells and suppresses insulin release. Therefore, inhibition of these channels
could prolong the duration of the action potential and promote glucose-dependent insulin
secretion [201]. Interestingly, Zhang et al., 2016 stated that geniposide can inhibit voltage-
gated K+ channels in a concentration-dependent manner. This was diminished upon
treating β-cells with GLP-1R and PKA inhibitors. Collectively, the findings of this study
suggest that inhibition of voltage-gated K+ channels is coupled to geniposide-induced in-
sulin release by activating the downstream of GLP-1/cAMP/PKA signaling pathway [199].

4.3.5. Catalpol

Catalpol[(2S,3R,4S,5S,6R)-2-[[(1S,2S,4S,5S,6R,10S)-5-hydroxy-2-2(hydroxymethyl)-3,9-
dioxatricyclo[4.4.0.02,4]dec-7-en-10-yl]oxy]-6-(hydroxymethyl) oxane-3,4,5-triol, is an iri-
doid glucoside isolated from the root of Rehmannia glutinosa, which has previously been
used in traditional Chinese medicine to manage hyperglycemia for decades. Earlier studies
have reported that catalpol exhibits an antidiabetic potential, which is attributed to its
antioxidant property. In animal models, the oral dose of catalpol that caused a significant
antidiabetic effect ranged from 2.5 to 200 mg/kg and 10 to 200 mg/kg in rats and in mice,
respectively [202].

Catalpol acts through several mechanisms that affect insulin-sensitive organs like the
liver, skeletal muscle, adipose tissue, and pancreas. Furthermore, catalpol adjusts several
genes and proteins in the pancreas, skeletal muscle, and adipose tissue that have a crucial
role in the management of diabetes [202].

In high-fat and streptozotocin-treated diabetic C57BL/6J mice, administration of 100
and 200 mg/kg catalpol over four weeks decreased the p (Ser 307)-IRS-1 and increased the
p (Ser 347)-AKT and p (Ser 9)-GSK3 β. Such effect adjusted the impaired insulin pathway in
the liver through PI3K/AKT pathway. Furthermore, catalpol prevented gluconeogenesis by
enhancing the activity of AMPK and inhibiting PEPCK and G6Pase protein expression [203].
In spontaneous diabetic db/db mice treated with 80 or 160 mg/kg catalpol for four weeks,
p-AMPK and GLUT expression were significantly enhanced in liver, skeletal muscle, as
well as adipose tissue, which promoted the uptake of glucose into the cells [204].

In spontaneous diabetic db/db mice, the lowered expression of IRS-1 resulted in
negative regulation of insulin signaling cascades, as IRS-1 is an important ligand in activat-
ing the PI3K/AKT pathway. Furthermore, decreased activity of isocitrate dehydrogenase
2 (IDH2), an enzyme that catalyzes the citrate cycle, attenuates glucose metabolism and ATP
production. It is well-known that glucose-6-phosphate 1-dehydrogenase (G6PD2) catalyzes
the pentose phosphate pathway that utilizes glucose to produce NADPH and ribose-5-
phosphate. The downregulation of G6PD2 enzyme decreases the glucose metabolism. On
the other hand, upregulation of suppressor of cytokine signaling 3 (SOCS3) enzyme can
inhibit the tyrosine phosphorylation of the insulin receptor, leading to the suppression
of insulin signaling pathway [205–207]. Liu et al., 2018 reported that oral treatment with
catalpol (25, 50, 100, and 200 mg/kg) upregulated IRS-1, IDH2, and G6PD2 expression,
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and downregulated SOCS3. Collectively, the findings indicate that catalpol can increase
glucose metabolism through accelerating the citrate cycle and pentose phosphate pathway
and promoting insulin signaling pathway [204].

The antidiabetic effects of bicyclic monoterpenes are summarized in Table 3. The
mechanisms of action of the above-mentioned monoterpenes are summarized in Figure 4.

Table 3. Antidiabetic effects of bicyclic monoterpenes.

Compound Model Concentration Antidiabetic Activities References

α-Pinene Alloxan-induced diabetic mice i.p. injection of 0.25 mL/kg α-pinene Evoked hypoglycemia activity at the 2nd and
24th hours. [10]

α-amylase enzymatic assay 0.670 mg/mL Inhibited α-amylase activity. [145]

β-Pinene Streptozotocin-induced diabetic rat
Oral administration of 30 mg/kg of
hexanic extract (17.53% β-pinene)
daily for 7 weeks

Ameliorated hyperglycemia and
oxidative damage. [170]

α-amylase enzymatic assay 0.670 mg/mL Inhibited α-amylase activity. [145]

Thujone
Palmitate-induced insulin resistance
in soleus muscles of male
Sprague-Dawley rats

0.01 mg/mL (incubation for 6 h in
presence of palmitate)

Restored insulin sensitivity; ameliorated
palmitate oxidation and rescued
palmitate-induced insulin resistance via
AMPK-dependent mechanism involving partial
restoration of insulin-stimulated
GLUT4 translocation.

[177]

Alloxan monohydrate-induced
diabetic rats 5 mg/kg thujone for 28 days Adjusted cholesterol and triglyceride levels to

normal levels. [175]

Myrtenal Streptozotocin-induced diabetic rat 80 mg/kg body weight (orally)
Adjusted antioxidant levels, lipid peroxidation,
and proinflammatory cytokines (TNF-α, IL-6,
NF-kB p65).

[184]

Streptozotocin-induced diabetic rat 80 mg/kg body weight (orally)

Reduced plasma glucose; increased plasma
insulin; upregulated IRS2, Akt, and GLUT2 in
hepatocytes; upregulated IRS2, Akt, and GLUT4
in skeletal muscle.

[183]

Streptozotocin-induced diabetic rat 20, 40, and 80 mg/kg body
weight (orally)

Depleted plasma glucose and HbA1c; increased
insulin, Hb, and hepatic and muscle glycogen;
enhanced carbohydrate metabolic enzymes and
hepatic enzyme function; restored islet cells and
liver histology.

[182]

Genipin C2C12 myotubes 10 µM

Promoted GLUT4 translocation to the cell
surface; increased the phosphorylation of IRS-1,
AKT, and GSK3β; increased ATP levels which
inhibited ATP-dependent potassium channels;
increased cytoplasmic calcium.

[191]

Aging rats 25 mg/kg genipin or vehicle once daily
for 12 days

Adjusted insulin resistance; ameliorated
systemic and hepatic insulin resistance;
alleviated hyperinsulinemia, hyperglyceridemia,
and hepatic steatosis; reduced hepatic oxidative
stress and mitochondrial dysfunction; improved
insulin sensitivity; inhibited cellular ROS
overproduction; alleviated the reduction of
levels of MMP and ATP.

[192]

Diet-induced obese rats

Reduced body fat; Reversed dyslipidemia,
glucose and insulin intolerance, adipocyte
hypertrophy, and hepatic steatosis. Reduced
serum tumor necrosis factor-α levels.

[193]

Diet-induced obese mice 5 or 20 mg/kg/day Alleviated high-fat diet induced hyperlipidemia
and hepatic steatosis. [194]

Geniposide Spontaneously obese T2DM
TSOD mice

Caused a reduction in body weight and visceral
fat accumulation, improved lipid metabolism
and intrahepatic lipid accumulation, adjusted
hyperinsulinemia glucose tolerance, inhibited
the accumulation of lipid in hepatocytes of free
fatty acid treated rats, improved the expression
of PPARα.

[195]
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Table 3. Cont.

Compound Model Concentration Antidiabetic Activities References

Pancreatic INS-1 cells 1 or 10 µM for 7 h

Alleviated β-cell apoptosis induced by
palmitate, activated caspase-3 expression,
improved glucose stimulated insulin secretion
by activating GLP-1R

[198]

Pancreatic INS-1 cells 1 or 10 µM for 5 days Increased insulin secretion in β-cells and
decreased apoptosis [197]

Pancreatic islets and dispersed single
islet cells from Male Sprague-
Dawley (SD) rat

1 and 10 µM
Inhibition of voltage-dependent potassium,
activated GLP-1/cAMP/PKA signaling
pathway and insulin secretion.

[199]

Catalpol
High-fat diet and
streptozotocin-induced diabetic
C57BL/6J mice

100 or 200 mg/kg, p.o., four weeks

Adjusted the impaired insulin pathway in the
liver through PI3K/AKT pathway (decreased p
(Ser 307)-IRS-1 and increased the p (Ser
347)-AKT and p (Ser 9)-GSK3 β), prevented
gluconeogenesis by enhancing the activity of
AMPK and inhibiting PEPCK and glucose
G6Pase protein expression.

[203]

db/db mice 25, 50, 100, and 200 mg/kg (orally)
Upregulated the expression of IRS-1, IDH2, and
G6PD2, and downregulated the expression of
the SOCS3.

[205]

High fat diet and
streptozotocin-induced diabetic mice

100 or 200 mg/kg for four
weeks (orally)

Upregulated SOD2 and GSH-Px, suppressed the
serum level of MDA and NOX4. [203]

Glucosamine-treated HepG2 cells 20–80 µM
Increased the levels of SOD and GSH-Px,
decreased the MDA level and NOX4 protein
expression.

[203]

C57BL6/J mice fed with high fat diet 200 mg/kg for 4–8 weeks Increased skeletal muscle insulin sensitivity by
activating IRS-1/AKT/GLUT4. [203]

db/db mice 200 mg/kg for 8 weeks
Augmented myogenesis by increasing
expression of MyoD, MyoG and MHC
expressions

[204]

High glucose treated C2C12 cells 10, 30, 100 µM for 24 h Increased MyoD and MyoG mRNA/
protein levels. [203]

Skeletal muscle of db/db mice 200 mg/kg/day for 8 weeks (orally)
Increased number of mitochondria,
mitochondrial DNA levels, and expression of
genes involved in mitochondrial biogenesis.

[205]
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5. Structure–Activity Relationship

Although monoterpenes possess multiple pharmacological and molecular mecha-
nisms of action, their structure–activity relationship has not been fully elucidated yet.
In vitro and in vivo data summarized in this review demonstrate that there is a wide range
of mechanisms of action by which monoterpenes exhibit their antidiabetic effects. These in-
clude (1) inhibition of α-amylase and α-glucosidase, (2) stimulation of insulin release,
(3) stimulation of glucose uptake, (4) increase in insulin sensitivity, (5) inhibition of
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gluconeogenesis, (6) reduction in cellular oxidative stress, (7) reversal of dyslipidemia,
(8) increase in anti-inflammatory activity, and (9) inhibition of pancreatic β-cell apoptosis.
The current review discusses the antidiabetic effect of different monoterpenes using in vitro,
as well as in vivo models, in which oxidative metabolism is an essential factor to consider.
For example, p-cymene could be hydroxylated as a result of oxidative metabolism at a
position comparable to the hydroxyl group position in α-terpineol. Hydroxylation of p-
cymene also leads to the biosynthesis of an entirely different monoterpene, namely thymol,
in which the antioxidant and antidiabetic properties are attributed to the pharmacophore
of the phenolic hydroxyl group in its chemical structure. Therefore, it could be highly
anticipated that structural modification of the parent molecule (p-cymene), such as the
introduction of hydroxyl group, enhances its antioxidant activity. This is also applicable to
other compounds, such as citral, which contains an aldehyde group. It is well-known that
aldehydes are highly resistant to oxidative deterioration [208]. Citral has a high tendency
to be oxidized and therefore, the aldehyde group could be easily converted to a carboxylic
acid group. Such potential metabolism of the aldehyde group is also applicable to the
compound myrtenal. Moreover, limonene is a precursor for carveol. Considering the
carbon numbering relative to limonene, the presence of an oxygenated group at carbon-6
conjugated to a double bond at carbon-1 and an isopropenyl group at carbon-4 were found
to be the major chemical features relevant for activity and potency of carveol. For example,
compared to limonene and other limonene derivatives, carveol significantly decreased
lipopolysacharide (LPS)-induced nitric oxide (NO) production in murine macrophages.
This anti-inflammatory activity was credited to the chemical features that are absent in
other compounds [209]. Earlier studies have attributed the effect of monoterpenes to
their volatility [11], hydrophobicity [210], and non-specific [211] and non-competitive [212]
mechanisms of action. The lipophilic characteristic of the monoterpene skeleton combined
with the nature of the functional group is essential for its activity. It has been proposed
that the rank of activity is the greatest for aldehydes (e.g., citral), followed by alcohols
(e.g., linalool and geraniol), followed by hydrocarbons (e.g., p-cymene and limonene). It
should also be noted that some monoterpenes (e.g., catalpol) that exist in glycosylated
form are very polar, which also affects their biological activity [213]. Compounds that
contain phenolic groups are known to confer protection against the deleterious effects of
free radicals both by absorbing or neutralizing free radicals and by augmenting endogenous
antioxidants [214]. Additionally, studies have shown that the presence of a phenolic struc-
tural moiety displays potent antioxidant effects and/or direct radical scavenging that can
account for the antidiabetic activity of monoterpenes. Thymol and 4-terpineol are typical
examples that have been reported for their antihyperglycemic effects [145,154]. Supporting
these findings, Zunino and Zygadlo (2004) concluded that most potent monoterpenes are
those that are alcohols and phenols [215]. A study conducted by Javan and Javan (2014)
evaluated the structure-radical scavenging activity of thymol derivatives. It was concluded
that the presence of an unsaturated double bond is the main factor that determines the
antioxidant and radical scavenging activity of the monoterpene derivatives [216]. Inter-
estingly, it was shown that the incorporation of monoterpenes into other groups such as
flavonoids augments their antioxidant effect [217]. Whether a monoterpene is a simple
hydrocarbon (e.g., p-cymene and limonene), hydroxy derivative, or phenolic, a potential
antidiabetic effect has been reported at low doses. However, due to the wide range of
variations in experimental settings (e.g., range of concentrations tested, modes of drug
administration, cell type, and animal models used), in addition to controversial in vitro and
in vivo findings and their species dependency, direct comparison of in vitro and in vivo
potency between the various subtypes of monoterpenes is difficult. In fact, more in vivo
studies should be undertaken to confirm in vitro findings. Furthermore, a full-scale phar-
macokinetic profiling is needed to interpret the inconsistency between results observed in
in vitro and in vivo preclinical studies.

Based on the above, structure–activity relationship among monoterpenes can be made
only when the effect of each compound (acyclic, monocyclic, and bicyclic) is investigated
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using a single target in vitro, in which pharmacokinetic profile (absorption, distribution,
metabolism, and elimination) is excluded. In addition, an in silico molecular docking
approach must be used to predict the molecular mechanism of action of each monoterpene
on its potential target related to diabetes. Determination of the order of potency of the
monoterpenes under standardized conditions, will help in correlating the activity with
structural features to identify the relevant structural determinants of antidiabetic activity.

6. Summary and Conclusions

DM is a disease associated with high rates of morbidity and mortality and one of
the leading causes of death in the world. The major complications associated with di-
abetes mellitus are classified as microvascular (including retinopathy, neuropathy, and
nephropathy) and macrovascular (including cardiovascular myopathy and cerebrovascular
diseases) [218,219]. Hyperglycemia plays an important role in the onset and development
of these complications, mainly by generating reactive oxygen species (ROS) which causes
lipid peroxidation and membrane damage. Cardiovascular (CV) risk factors such as obe-
sity, hypertension, and dyslipidemia are common in patients with DM, placing them at
increased risk for cardiac events. DM can be controlled by targeting multiple components
like glucose transport, insulin signaling, insulin secretion, lipid regulation, inflammation,
and oxidation. Despite the availability of different classes of antidiabetic agents, side effects
like weight gain and hypoglycemia affect patients’ adherence to therapy. Novel medicinal
compounds can be synthesized and designed for the treatment of several diseases based on
the chemical structure of these molecules. Monoterpenes are the main components of essen-
tial oils and have been recognized for their wide range of cellular and molecular activities
that could potentially underlie their positive therapeutic index. Due to their abundance
in occurrence, various biological activities, and high safety profile, monoterpenes became
central for research and development around the globe. In this article, the pathogenesis of
DM and the classes of antidiabetic agents used for the management of the disease were
discussed. Moreover, we summarized the effects of selected acyclic, monocyclic, and
bicyclic monoterpenes that are supposed to possess a potential role in the management
of DM. Based on the fact that monoterpenes show structural complexity and diversity,
comparison of the net antidiabetic effect between the three subcategories of monoterpenes
cannot be made due to inconsistency in dose, duration, mode of drug administration, target
tissue, and animal model used. To accurately determine which category of monoterpenes
(acyclic, monocyclic, bicyclic) can exhibit the greatest antidiabetic effect, a comparison
must be made using the exact same experimental conditions (concentration used, cell and
tissue type targeted, etc.). However, based on extensive review of experimental studies, it
has been proposed that the rank of activity is the greatest for aldehydes (e.g., the acyclic
monoterpene citral), followed by alcohols (e.g., the acyclic monoterpenes linalool and
geraniol), followed by hydrocarbons (e.g., the monocyclic monoterpenes p-cymene and
limonene) [213]. Due to the fact that monoterpenes provide a promising area of research,
further studies with regards to their structure-activity relationship as well as structural
modification are crucial to maximize their therapeutic effects. Their use in combination
with other monoterpenes or natural compounds should be carried out in the future to fill
in the gaps. Additionally, more research is still needed to investigate the actions of these
molecules on diabetic patients in order to confirm their therapeutic ability in controlling
hyperglycemia and dyslipidemia caused by the disease.
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Abstract: Callicarpa longissima has been used as a Yao folk medicine to treat arthritis for years in
China, although its active anti-arthritic moieties have not been clarified so far. In this study, two
natural phenolic diterpenoids with anti-rheumatoid arthritis (RA) effects, rosmanol and carnosol,
isolated from the medicinal plant were reported on for the first time. In type II collagen-induced
arthritis DBA/1 mice, both rosmanol (40 mg/kg/d) and carnosol (40 mg/kg/d) alone alleviated
the RA symptoms, such as swelling, redness, and synovitis; decreased the arthritis index score;
and downregulated the serum pro-inflammatory cytokine levels of interleukin 6 (IL-6), monocyte
chemotactic protein 1 (MCP-1), and tumor necrosis factor α (TNF-α). Additionally, they blocked
the activation of the Toll-like receptor 4 (TLR4)/nuclear factor κB (NF-κB)/c-Jun N-terminal kinase
(JNK) and p38 mitogen-activated protein kinase (MAPK) pathways. Of particular interest was that
when they were used in combination (20 mg/kg/d each), the anti-RA effect and inhibitory activity
on the TLR4/NF-κB/MAPK pathway were significantly enhanced. The results demonstrated that
rosmanol and carnosol synergistically alleviated RA by inhibiting inflammation through regulating
the TLR4/NF-κB/MAPK pathway, meaning they have the potential to be developed into novel, safe
natural combinations for the treatment of RA.

Keywords: rheumatoid arthritis; rosmanol; carnosol; Callicarpa longissima; TLR4/NF-κB/MAPK;
synergistic effect

1. Introduction

Rheumatoid arthritis (RA) is a chronic autoimmune disease that is characterized by
the presence of autoantibodies, lasting synovitis, and systemic inflammation. It can cause
joint destruction and disability with a prevalence of 0.5–1%, leading to considerable costs to
both the individual and the community [1]. Nonsteroidal anti-inflammation drugs, gluco-
corticoids, disease-modifying anti-rheumatic drugs, and biological agents are the currently
used therapeutic drugs for RA. However, they have different side effects, including gas-
trointestinal, liver, pulmonary, hematological, neurological, and renal toxicities, as well as
risks of serious infections [2]. Therefore, it is urgently needed to develop novel alternative
drugs with less adverse effects for the treatment of RA. To meet this requirement, more anti-
inflammatory medicinal plants traditionally used to treat RA have been considered, and
many medicinal plant-derived anti-RA drugs have been successfully developed, including
glucosides of Tripterygium wilfordii and total glucosides of paeony and sinomenine [3–5].
These successful stories demonstrate that undertaking an ethnopharmacology-based inves-
tigation is an effective strategy for the development of anti-RA drugs.

Callicarpa longissima (Hemsl.) Merr. is a shrub that widely grows in southern China,
which has been used as a Yao folk medicine to treat arthritis, common cold, cough, bleeding,
and abdominal pain [6]. The reported phytochemical composition of C. longissima include
glycosides [6], terpenoids [7,8], phenylpropanoids, lignans, steroids, essential oils, and
flavonoids [9]. Some of these compounds exhibit considerable physiological functions,
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such as anti-cancer [7], skin-whitening [8], anti-inflammatory [7,9], and antioxidant ef-
fects [10]. Unfortunately, no study on the anti-arthritic effect of this ethnomedicine has
been reported yet.

Recently, we investigated the phytochemicals of C. longissima and isolated two phe-
nolic diterpenoids, rosmanol and carnosol. Rosmanol and carnosol are abundant in this
medicinal plant, with contents of no less than 0.46 mg/g and 2.37 mg/g (Figure S1), re-
spectively, and could be regarded as its characteristic constituents. Interestingly, they are
also present in Rosmarinus officinalis (rosemary), a medicinal and edible plant native to the
Mediterranean region [11]. As major constituents of rosemary extracts, they are commonly
used as flavoring agents in cooking and as antioxidants in food preservation, which have
been approved by the European Union [12]. Additionally, rosmanol and carnosol in the
dose range of 50–200 mg/kg/d did not exhibit any signs of acute toxicity in male Swiss
mice [13,14]. Therefore, they are safe for human consumption.

The anti-inflammatory effects of rosmanol and carnosol have been investigated mainly
in vitro with cell experiments. A previous study reported that rosmanol potently de-
creased the expression of inducible nitric oxide synthase (iNOS) and cyclooxygenase 2 in
lipopolysaccharide-stimulated RAW 264.7 cells, which were mediated by inhibiting the
activation of nuclear factor κB (NF-κB), signal transducer and activator of transcription-3,
CCAAT/enhancer binding protein (C/EBP), and mitogen-activated protein kinase (MAPK)
signaling pathways [15]. Chang et al. found that rosmanol inhibited not only the migration
and proliferation of rat-fibroblast-like synoviocytes, but also the endothelial tube formation
of human umbilical vein endothelial cells, which were mediated via regulating the C/EBP
δ signaling pathway [16]. Schwager et al. disclosed that carnosol strongly inhibited the
production of nitric oxide and prostaglandin E2 and significantly downregulated the gene
expression of iNOS, cytokines, and chemokines in both macrophages and chondrocytes,
primarily by regulating the NF-κB signaling pathway [17]. Using a carrageen-induced
paw edema mouse model, we found that the combination of rosmanol and carnosol ex-
hibited more powerful anti-inflammatory effects than either compound alone (Figure S2),
indicating that they synergistically suppressed inflammation.

Toll-like receptor 4 (TLR4) is a member of the Toll-like receptor family. Its downstream
signaling pathways includes NF-κB and MAPKs [18]. The NF-κB is an important regulator
of pro-inflammatory genes expression, such as tumor necrosis factor α (TNF-α), interleukin
6 (IL-6), IL-1β, and cyclooxygenase 2 (Cox-2), and plays a key role in the regulation of
inflammation [19]. MAPK family proteins, including the extracellular-signal-regulated
kinases, c-Jun N-terminal kinase (JNK), and p38 in mammals, are tightly associated with
RA pathogenesis [20]. JNK regulates the expression of matrix metalloproteinases (MMPs),
as well as the proliferation, migration, and invasion of synoviocytes and the destruction
of joints [21,22]. P38 is critical for RA pathogenesis, as its activation involves almost all
aspects of RA-related pathologies, including the expression of pro-inflammatory cytokines,
synovitis, cartilage degradation, bone destruction, and angiogenesis [23,24]. Therefore, the
TLR4/NF-κB/MAPK pathway is an important target for the treatment of RA.

Altogether, based on the reported studies, it is reasonable to speculate that rosmanol
and carnosol are anti-arthritic constituents of C. longissima. Inspired by their synergistic
effect in carrageen-induced paw edema mice, we assume that rosmanol and carnosol may
synergistically alleviate RA. To confirm our hypothesis, the pharmacodynamics and effects
on TLR4/NF-κB/MAPK pathway of rosmanol, carnosol, and the combination of both were
investigated in this study with a collagen-induced arthritis (CIA) DBA/1 mouse model.

2. Materials and Methods
2.1. Plant Materials

The branches and leaves of C. longissima were collected from the Botanic Garden of
Guangxi Institute of Botany, Chinese Academy of Sciences (CAS) in October 2019, and were
identified by Associate Professor Yu-song Huang (Guangxi Institute of Botany, CAS). A
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voucher specimen (CTM201916) was deposited at Guangxi Key Laboratory of Functional
Phytochemicals Research and Utilization, Guangxi Institute of Botany, CAS.

2.2. Preparation of Rosmanol and Carnosol

The dried branches and leaves of C. longissima (5.0 kg) were extracted with 95%
ethanol at room temperature three times. The ethanol extract was concentrated under
reduced pressure at 50 ◦C to give a crude extract (557 g), which was dissolved in water
and partitioned successively with petroleum ether (PE) and ethyl acetate. The ethyl acetate
extract (251.3 g) was subjected to a 100–200 mesh silica gel column (Qingdao Marine
Chemical Factory, Qingdao, China) and eluted with PE-Me2CO (from 20:1 to 1:1, v/v) to
give five fractions (Fr.1–Fr.5). Fr.5 (18.3 g) was performed on a silica gel column (PE-Me2CO,
from 20:1 to 2:1, v/v) and subsequently purified on semi-preparative HPLC column (Agilent
Technologies Inc., Santa Clara, CA, USA) with CH3CN/H2O (50:50) to give 1 (421.2 mg,
purity >95% (Figure S3)). Fr.2 (36.2 g) was purified repeatedly on a silica gel column
(PE-Me2CO, 5:1, v/v) to yield 2 (2.1 g, purity > 95% (Figure S4)). HR-ESI-MS data was
measured on an LC/MS-IT-TOF mass spectrometer (Shimadzu Co., Ltd., Kyoto, Japan) and
NMR spectra were recorded with an AVANCE III HD 500 spectrometer at 25 ◦C (Bruker
Co., Ltd., Ettlingen, Germany). Compounds 1 and 2 were identified as rosmanol and
carnosol (Figure 1), respectively, by direct comparison of their MS and NMR spectral data
(Figures S5–S10) with the literature [25].

Figure 1. Chemical structures of rosmanol (a) and carnosol (b).

2.3. Chemicals and Antibodies

Bovine type II collagen (BIIC, 20022), Complete Freund’s Adjuvant (CFA, 7009), and
Incomplete Freund’s Adjuvant (IFA, 7002) were acquired from Chondrex (Redmond, WA,
USA). IL-6 (E-EL-M0044c), monocyte chemotactic protein 1 (MCP-1, E-EL-M3001), and TNF-
α (E-EL-M0049c) enzyme-linked immunosorbent assay (ELISA) kits were obtained from
Elabscience Biotechnology (Wuhan, China). The total RNA extraction kit (CW0560S) and
cDNA synthesis kit (CW0744M) were obtained from CoWin Biosciences (Beijing, China).
The quantitative real-time polymerase chain reaction (PCR) kit (FP205) was acquired from
Tiangen Biotech (Beijing, China). RIPA lysis buffer (P0013B), phenylmethylsulphonyl
fluoride (PMSF, ST506), sodium orthovanadate (S1873), the BCA protein quantification kit
(P0012S), enhanced chemiluminescence reagents (ECL, P0018S), horse radish peroxidase
(HRP)-labeled goat anti-mouse (A0286), and anti-rabbit (A0277) secondary antibodies were
acquired from Beyotime (Nantong, China). Primary antibodies against glyceraldehyde-
3-phosphate dehydrogenase (GAPDH, 60004-1-Ig) and TLR4 (66350-1-Ig) were obtained
from Proteintech (Wuhan, China). Primary antibodies against MyD88 (4283S), NF-κB p65
(8242T), p-p65 (3033T), JNK (9252T), p-JNK (4668T), p38 (8690T), and p-p38 (4511T) were
purchased from Cell Signaling Technology (Boston, MA, USA).

2.4. Animals

Thirty male DBA/1 mice aged 5−6 weeks were obtained from Changzhou Cavens
Laboratory Animals Limited Company (Changzhou, China, certification No. SCXK (Su)
2016−0010). The mice were given free access to food and water. All animal care procedures
followed the Guidelines for the Care and Use of Laboratory Animals from the Ministry of
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Science and Technology of China. The animal experimental protocols used in this research
were approved by the Laboratory Animal Management and Ethics Committee of Guangxi
Institute of Botany, CAS (Guilin, China).

2.5. Establishment of CIA DBA/1 Mouse Model

After 7 days of adaption to laboratory conditions, all mice were randomly divided
into 5 groups (6 mice/group), namely a drug-untreated control group (normal), BIIC-
immunized group (CIA model), BIIC combined with rosmanol-treated (40 mg/kg) group,
BIIC combined with carnosol-treated (40 mg/kg) group, and BIIC combined with the
combination-treated (20 mg/kg rosmanol and 20 mg/kg carnosol) group. The protocol
used for establishment of CIA DBA/1 mice was described by Miyoshi and Liu [26]. Briefly,
on day 0, 100 µL of emulsion of BIIC and CFA (containing 100 µg BIIC) was subcutaneously
injected into the base of each mouse tail, except for the normal group. A booster injection of
the emulsion of BIIC and IFA was performed 21 days after the initial immunization. After
the booster immunization, rosmanol, carnosol, or their combination was administered by
intragastric gavage once daily on days 21–42, respectively, whereas the normal and model
group mice were fed with normal saline instead (Figure 2a).

Figure 2. Rosmanol, carnosol, and their combination alleviated RA severity in CIA mice. Schematic
of establishment of CIA DBA/1 mouse model and the treatments of rosmanol (R), carnosol (C), and
their combination (R + C) in the CIA mice (a). Representative pictures from the right hind limbs of
the normal group (b), model group (c), rosmanol-treated group (d), carnosol-treated group (e), and
combination-treated group (f) on day 42.

2.6. Evaluation of Arthritis Severity

The severity of arthritis was evaluated on days 28, 35, and 42 using an established
macroscopic scoring system of 0–4 per paw as described previously [27]. The severity of
arthritis in each paw was scored as follows: 0 = normal joint; 1 = swelling of one joint
(toe/wrist/ankle/footpath); 2 = swelling of more than one joint; 3 = swelling of all joints;
4 = bursting of the skin, dysfunction, or distortion of the joint. The cumulative score for
all four paws in each mouse was used as an arthritis index to represent the overall disease
severity and progression.

2.7. Hematoxylin and Eosin (H&E) Staining

Paraffin sections of synovium tissues were stained with H&E. The right hind limb
specimens were fixed with 10% (v/v) neutral formalin for 24 h, then embedded in paraffin
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and sliced into 4-µm-thick tissue sections. H&E staining was performed according to
protocols described previously [28].

2.8. ELISA

On day 42, all mice were euthanized by CO2 asphyxiation. Blood samples from each
mouse were collected immediately, coagulated naturally at room temperature for 1 h, and
then centrifuged by 3000× g for 10 min at 4 ◦C. The IL-6, MCP-1, and TNF-α levels of the
supernatant (serum) were determined with ELISA kits according to the manufacturer’s
instructions. The absorbance at the wavelength of 450 nm was determined on a SPARK
microplate reader (Tecan, Männedorf, Switzerland).

2.9. Quantitative Real-Time PCR

Total RNA was prepared from mice synovial tissues and used as a template for
first strand cDNA synthesis. Quantitative real-time PCR analysis was performed with the
QuantStudio 6 System (ABI, Foster, CA, USA). Primer sequences used in real-time PCR were
as follows: GAPDH forward and reverse primers, 5′-ATGGGTGTGAACCACGAGA-3′ and
5′-CAGGGATGATGTTCTGGGCA-3′; TLR4 forward and reverse primers, 5′-GCCCTACCA
AGTCTCAGCTA-3′ and 5′-CTGCAGCTCTTCTAGACCCA-3′; MyD88 forward and reverse
primers, 5′-CCCACTCGCAGTTTGTTG-3′ and 5′- CACCTGTAAAGGCTTCTCG-3′; p65
forward and reverse primers, 5′-CACCGGATTGAAGAGAAGCG-3′ and 5′- AAGTTGATG
GTGCTGAGGGA-3′. The reaction mixtures contained 10 µL of SYBR Green Master Mix,
0.4 µL of ROX Reference Dye (50×), 1 µL of cDNA, 0.4 µL of forward and reverse primers
(10 µM), and 7.8 µL of RNase-free water. The amplification protocols were as follows: a
10 min initial denaturation step at 95 ◦C, followed by 40 three-step cycles, including a
denaturation step (95 ◦C, 15 s), an annealing step (60 ◦C, 60 s), and an extension step (72 ◦C,
15 s). The experimental results were calculated using the 2−∆∆Ct method.

2.10. Western Blot

Frozen synovial tissues were homogenized in cold RIPA lysis buffer containing 1 mM
sodium orthovanadate and 1 mM PMSF on ice. The homogenates were centrifuged at
13,000× g for 10 min at 4 ◦C to remove debris. The total protein concentrations of the
supernatants were quantified with BCA assay. Equal amounts of proteins (40 µg) were sep-
arated by 12% SDS–polyacrylamide gel electrophoresis and transferred to polyvinylidene
difluoride (PVDF) membranes. The membranes were blocked with 5% (w/v) skimmed milk
powder in Tris-buffered saline Tween 20 (TBST, 10 mM Tris, 150 mM NaCl, pH 7.4, 0.5%
Tween 20) for 1.5 h, then were incubated with primary antibodies against mice, including
GAPDH (1:10,000), TLR4 (1:2000), MyD88 (1:1000), p38 (1:1000), p-p38 (1:800), JNK (1:1000),
p-JNK (1:1000), NF-κB p65 (1:1000), and p-p65 (1:500), at 4 ◦C overnight. After washing
with TBST (3 × 10 min), the membranes were incubated with HRP-labeled goat anti-mouse
or anti-rabbit secondary antibodies (1:1000) for 1.5 h at room temperature. The protein
bands were developed with an ECL detection reagent according to the manufacturer’s
instructions and were exposed to X-ray film. The intensity levels of antibody-reactive bands
were analyzed with Image Lab 3.0 (Bio-Rad, Hercules, CA, USA).

2.11. Statistical Analysis

All data used were expressed as means ± standard deviation (SD). Statistical differ-
ences were analyzed by unpaired t-test with GraphPad Prism 5.0 software (GraphPad
Software Inc., San Diego, CA, USA), where p < 0.05 was considered significantly different.

3. Results
3.1. Rosmanol and Carnosol Synergistically Alleviated RA Pathologies in CIA Mice

To examine the effects of rosmanol and carnosol on RA in vivo, a CIA DBA/1 mouse
model was established. It was observed clearly that the development of arthritis was
induced by BIIC on day 42, with the symptoms including swelling and redness (Figure 2b,c).
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Notably, the arthritis severity was alleviated in mice treated by rosmanol, carnosol, or the
combination of both (Figure 2d–f). To compare the arthritis severity quantitatively, the
arthritis index scores for each group were calculated on days 28, 35, and 42, respectively.
The arthritis index score for the normal group was 0 on each day. On day 28, there were no
significant differences among BIIC-induced groups. On day 35, compared to the model
group, though the arthritis severity of the rosmanol-treated and carnosol-treated mice
was attenuated slightly, for the combination-treated mice it was attenuated significantly
(p < 0.05). On day 42, the arthritis severity was markedly attenuated in the rosmanol-treated
and carnosol-treated group compared to the model group (p < 0.05), with arthritis index
scores of 8.7, 8.5, and 10.0, respectively. In particular, the arthritis severity was further
significantly attenuated in the combination-treated group with an arthritis index score of
6.8 (p < 0.05) (Figure 3). Taken together, these data clearly demonstrated that rosmanol and
carnosol synergistically alleviated RA in CIA DBA/1 mice.

Figure 3. Effects of rosmanol (R), carnosol (C), and their combination (R + C) on arthritis index scores
in CIA mice. Arthritis index scores were the cumulative scores for all four paws, which represented
the overall disease severity. The arthritis index score for each group is presented as the mean ± SD
(n = 6). The significance of differences was analyzed by unpaired t-test. Note: * p < 0.05; ** p < 0.01.

3.2. Rosmanol and Carnosol Synergistically Alleviated Synovitis in CIA Mice

To study the effects of rosmanol, carnosol, and their combination on synovitis, an H&E
staining experiment was performed on mice synovial tissue sections. Representative results
are shown in Figure 4. Compared to the normal group, severely proliferated synovial cells,
hyperplastic fibrous tissues, and infiltrated inflammatory cells were observed in the model
group (Figure 4a,b). These pathology changes were alleviated by daily gavage feeding with
40 mg/kg of rosmanol, carnosol, or a combination of both; the combination-treated mice in
particular retained nearly normal architecture of synovial tissues (Figure 4c–e), suggesting
that rosmanol and carnosol could synergistically alleviate synovitis in CIA DBA/1 mice.
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Figure 4. Rosmanol (R), carnosol (C), and their combination (R + C) alleviated synovitis in CIA mice.
Representative H&E staining results from synovial tissue samples of the normal group (a), model
group (b), rosmanol-treated group (c), carnosol-treated group (d), and combination-treated group (e)
mice are shown (200×, n = 3).

3.3. Rosmanol and Carnosol Synergistically Decreased Pro-Inflammatory Cytokines in Serum

Persistent inflammation is maintained during RA pathogenesis [1]. To study the effects
of rosmanol, carnosol, and their combination on the inflammation response of CIA mice,
the serum levels of pro-inflammatory cytokines such as TNF-α, MCP-1, and IL-6 were
quantified by ELISA on day 42 (Figure 5). These pro-inflammatory cytokines increased
dramatically after stimulation by BIIC and decreased slightly in the rosmanol-treated group
but decreased significantly in the carnosol-treated group (p < 0.01), indicating that rosmanol
and carnosol exerted anti-inflammatory roles in CIA mice. Of note, the levels of TNF-α,
MCP-1, and IL-6 further decreased in the combination-treated group (p < 0.05), indicating
that rosmanol and carnosol synergistically inhibited the inflammation response in CIA
DBA/1 mice.

Figure 5. The effects of rosmanol (R), carnosol (C), and their combination (R + C) on the production of
TNF-α, MCP-1, and IL-6. The serum levels of TNF-α, MCP-1, and IL-6 of each group were determined
by ELISA on day 42. Data are presented as the means ± SD (n = 6). The significance of differences
was analyzed by unpaired t-test. Note: * p < 0.05; ** p < 0.01.
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3.4. Rosmanol and Carnosol Synergistically Inhibited the TLR4/NF-κB Pathway

TLR4/NF-κB pathway is an important regulator of pro-inflammatory gene expression,
such as that of TNF-α, IL-6, IL-1β, and Cox-2. It plays a key role in the regulation of
inflammation [18,19] and has been proven to be a therapeutic target for RA treatment [29].
To study the influences of rosmanol, carnosol, and their combination on the TLR4/NF-
κB pathway, the transcription levels of TLR4, MyD88, and NF-κB p65 in synovial tissue
were tested using real-time PCR on day 42. Compared to the normal group, the TLR4,
MyD88, and NF-κB p65 mRNA levels of the model group were upregulated remarkably
(p < 0.01). After treatment with rosmanol or carnosol, the transcription levels of TLR4,
MyD88, and NF-κB p65 were downregulated to different degrees and the downregulation
was strengthened when treated with rosmanol and carnosol together (p < 0.05) (Figure 6a–c).
Similar results were obtained at the protein level, as examined by Western blot, whereby
rosmanol and carnosol alone inhibited not only the translation of TLR4 and MyD88, but
also the phosphorylation of p65. The inhibition was strengthened when mice were treated
with their combination (p < 0.05) (Figure 6d–f). Taken together, these data demonstrate that
rosmanol and carnosol synergistically inhibited the activation of the TLR4/NF-κB pathway.

Figure 6. Rosmanol (R), carnosol (C), and their combination (R + C) inhibited the TLR4/NF-κB
pathway. The relative transcription levels of TLR4 (a), MyD88 (b), and NF-κB p65 (c) in synovial
tissue samples of each group were quantified by real-time PCR on day 42. The representative Western
blot analysis results and protein relative expression levels for TLR4 (d), MyD88 (e), and NF-κB p-p65
(f) in synovial tissue samples of each group on day 42 are shown. GAPDH was used as an internal
reference to quantify the expression levels of TLR4 and MyD88. The phosphorylation of p65 was
expressed as p-p65/p65. Data are presented as the mean ± SD (n = 3). The significance of differences
was analyzed by unpaired t-test. Note: *, p < 0.05; **, p < 0.01.
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3.5. Rosmanol and Carnosol Synergistically Inhibited MAPK Activation

MAPKs are downstream of TLR4 and play important roles in the pathogenesis of RA,
as the abnormal activation of JNK and p38 almost participate in all aspects of RA-related
pathologies [21–24]. To study the effects of rosmanol, carnosol, and their combination on
the MAPKs, the expression levels of JNK, p-JNK, p38, and p-p38 in synovial tissue were
examined by Western blot on day 42 (Figure 7). Compared to the normal group, though the
expression levels of JNK and p38 were not influenced, the phosphorylation rates of JNK and
p38 were upregulated remarkably in the model group (p < 0.01), indicating the activation
of JNK and p38 MAPK pathways. The phosphorylation of JNK and p38 was inhibited by
both rosmanol and carnosol alone (p < 0.05), while the inhibitory effect was enhanced when
rosmanol and carnosol were used jointly (p < 0.05), indicating that rosmanol and carnosol
synergistically inhibited the activation of JNK and p38 MAPK pathways.

Figure 7. Rosmanol (R), carnosol (C), and their combination (R + C) inhibited the JNK and p38 MAPK
pathways. The protein expression levels of JNK, p-JNK, p38, and p-p38 in synovial tissue samples
of each group were examined by Western blot on day 42 (a) and the relative phosphorylation rates
of JNK (b) and p38 (c) were calculated. GAPDH was used as the internal reference to quantify the
expression levels of JNK, p-JNK, p38, and p-p38. The phosphorylation rates of JNK and p38 were
expressed as p-JNK/JNK and p-p38/p38, respectively. Data are presented as the means ± SD (n = 3).
The significance of differences was analyzed by unpaired t-test. Note: * p < 0.05; ** p < 0.01.

4. Discussion

Rheumatoid arthritis is considered to be a multi-factorial autoimmune disease. Its
pathogenesis involves epigenetic alterations, post-translational modifications, autophagy,
T-cells, and other factors [30]. Natural products are abundant in quantity and diverse
in structure, so they may target various biological processes; for example, curcumin and
resveratrol are modulators of NF-κB [31,32], while Akone et al. reviewed the advances in
natural products that could modulate DNA methylation and histone deacetylation [33],
indicating that natural products are important sources for the discovery of drugs for the
treatment of multi-factorial diseases such as RA.

Callicarpa longissima has been used as a Yao folk medicine to treat arthritis for a long
time in China [6], although its anti-arthritic active moieties have not been clarified so far.
In this study, we reported on anti-RA constituents and their active mechanism of this
ethnomedicine for the first time. Rosmanol and carnosol, two major phenolic diterpenoids
from the branches and leaves of C. longissima, were found to alleviate swelling, redness, and
synovitis in CIA DBA/1 mice (Figures 2–4), demonstrating that they were the constituents
responsible for the anti-RA effect of C. longissima. The safety of rosmanol and carnosol
has been proven in previous studies [13,14]. In this study, though rosmanol and carnosol
exhibited a slight ability to alleviate body weight loss in CIA mice, their combination
significantly alleviated body weight loss after day 35 (Table S1), indicating the safety
of rosmanol, carnosol, and their combination. Therefore, they have the potential to be
developed into novel, safe natural agents for the treatment of RA.

A synergistic effect is an interaction of two or more ingredients that results in a
greater effect than the total of their separate effects. Drug combinations with synergistic
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effects can often alleviate drug resistance and improve the therapeutic efficacy [34], so it
is highly significant to continue to research such combinations. Rosmanol and carnosol
synergistically inhibited paw swelling (Figure S2); inspired by this discovery, the anti-
RA effect of their combination was also assessed in this study. Compared to rosmanol
or carnosol alone, their combination alleviated RA symptoms such as swelling, redness,
and synovitis and reduced the arthritis index score more significantly (Figures 2–4). In
addition, on day 35, the RA-related pathologies in the combination-treated mice were
significantly alleviated, although the inhibitory effect was not obvious in the rosmanol-
treated or carnosol-treated mice (Figure 3). These data powerfully demonstrated that
rosmanol and carnosol synergistically alleviated RA in CIA DBA/1 mice.

It is well-known that the inflammation response, which is involved in many pro-
inflammatory mediators, takes part in every phase of RA pathogenesis [1]. Compared to
rosmanol-treated and carnosol-treated groups, the serum levels of TNF-α, IL-6, and MCP-1
in the combination-treated mice were all significantly reduced (Figure 5), indicating that
rosmanol and carnosol could synergistically alleviate RA via inhibiting the inflammation
response. This effect was similar to those of their respective analogs rosmarinic acid and
carnosic acid, whose anti-RA activity also via inflammation suppression [35,36].

Earlier studies have demonstrated that the TLR4/NF-κB pathway is a plausible ther-
apeutic target for RA treatment [29,37]. The combination of rosmanol and carnosol sup-
pressed both the expression levels of TLR4 and MyD88 and the phosphorylation rates of
NF-κB p65 more significantly than either compound alone (Figure 6), indicating that they
synergistically inhibited the activation of the TLR4/NF-κB pathway in CIA DBA/1 mice.
The combination of rosmanol and carnosol also blocked the phosphorylation rates of both
JNK and p38 more powerfully than either single compound did (Figure 7), indicating that
they synergistically inhibited the activation of both JNK and p38 MAPK pathways. Ros-
manol and carnosol could possibly inhibit angiogenesis, cartilage degradation, and bone
destruction, as the activation of JNK and p38 involves these RA-related pathologies [21–24],
although this speculation requires further validation.

In conclusion, the data presented in this study clearly demonstrate that rosmanol and
carnosol synergistically alleviated RA via inhibiting inflammation through regulating the
TLR4/NF-κB/MAPK pathway (Figure 8), and they have the potential to be developed
into novel, safe natural combinations for the treatment of RA. The results also proved that
Callicarpa longissima can be used as a source of natural anti-inflammatory drugs.

Figure 8. The signaling pathways that rosmanol (R), carnosol (C), and their combination (R + C)
target in RA. The intensity of inhibition is proportional to the line width of the inhibition symbol.

Supplementary Materials: The following are available online. Figure S1: Chromatogram of stan-
dard reference materials and methanol extract of C. longissima; Figure S2: Rosmanol and carnosol
synergistically inhibited paw edema in carrageenan-induced Kunming mouse model; Figure S3:
HPLC spectrum of rosmanol (1); Figure S4: HPLC spectrum of carnosol (2); Figure S5: HR-ESI-MS
spectrum of rosmanol (1); Figure S6: 1H-NMR spectrum of rosmanol (1) (500 MHz in CD3OD); Figure
S7: 13C-NMR spectrum of rosmanol (1) (125 MHz in CD3OD); Figure S8: HR-ESI-MS spectrum of
carnosol (2); Figure S9: 1H-NMR spectrum of carnosol (2) (500 MHz in CD3OD); Figure S10: Figure
S10 13C-NMR spectrum of carnosol (2) (125 MHz in CD3OD); Table S1: Effects of rosmanol, carnosol
and their combination on body weight in CIA DBA/1 mice.
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Abstract: Peganum harmala (P. harmala) belongs to the family Zygophyllaceae, and is utilized in the
traditional medicinal systems of Pakistan, China, Morocco, Algeria, and Spain to treat several
chronic health disorders. The aim of the present study was to identify the chemical constituents
and to evaluate the antioxidant, anti-inflammatory, and toxicity effects of P. harmala extracts both
in vitro and in vivo. Sequential crude extracts including 100% dichloromethane, 100% methanol,
and 70% aqueous methanol were obtained and their antioxidant and anti-inflammatory effects
evaluated both in vitro and in vivo. The anti-inflammatory effect of the extract was investigated
using the carrageenan-induced paw edema method in mice, whereas the toxicity of the most active
extract was evaluated using an acute and subacute toxicity rat model. In addition, we have used
the bioassay-guided approach to obtain potent fractions, using solvent–solvent partitioning and
reversed phase high performance liquid chromatography from active crude extracts; identification
and quantification of compounds from the active fractions was achieved using electrospray ionization
mass spectrometry and high performance liquid chromatography techniques. Results revealed that
the 100% methanol extract of P. harmala exhibits significant in vitro antioxidant activity in DPPH
assay with an IC50 of 49 µg/mL as compared to the standard quercetin with an IC50 of 25.4 µg/mL.
The same extract exhibited 63.0% inhibition against serum albumin denaturation as compared to
97% inhibition by the standard diclofenac sodium in an in vitro anti-inflammatory assay, and in vivo
anti-inflammatory against carrageenan-induced paw edema (75.14% inhibition) as compared to 86.1%
inhibition caused by the standard indomethacin. Furthermore, this extract was not toxic during a
14 day trial of acute toxicity when given at a dose of 3 g/kg, indicating that the lethal dose (LD50) of
P. harmala methanol extract was greater than 3 g/kg. P. harmala methanolic fraction 2 obtained using
bioassay-guided fractionation showed the presence of quinic acid, peganine, harmol, harmaline,
and harmine, confirmed by electrospray ionization mass spectrometry and quantified using external
standards on high performance liquid chromatography. Taken all together, the current investigation
further confirms the antioxidant, anti-inflammatory, and safety aspects of P. harmala, which justifies
its use in folk medicine.

Keywords: Peganum harmala; anti-inflammatory activity; antioxidant; toxicity; LC-ESI-MS/MS;
traditional medicine

43



Molecules 2021, 26, 6084

1. Introduction

Free radicals are highly reactive species that can cause DNA damage owing to their
unstable nature, and are a documented cause of different ailments including inflammation,
cancer, ageing, bone diseases, cataracts, and even neurodegenerative disorders [1]. On the
other hand, inflammation is the immune system response to injury, infection, or destruction
characterized by heat, pain, swelling, redness, and disturbed physiological functions [2].
In contrast, chronic inflammation is usually related to pain, and involves some other
events such as membrane disruptions, denaturation of protein, and an increase in vascular
permeability [3]. Nonsteroidal anti-inflammatory drugs (NSAIDS) and corticosteroids are
the most commonly used to reduce inflammation and relieve pain induced by inflammatory
conditions [4]. However, extended exposure to these drugs may cause severe gastric lesions,
digestive system upset, and liver and kidney diseases [5].

The genus Peganum is amongst the most significant medicinal plants, having two
varieties of six species. Peganum harmala L., usually known as “Harmal”, is a glabrous
perennial plant, which belongs to the family Zygophyllaceae [6,7]. P. harmala is a perennial
herb growing in arid and semiarid regions around the globe including Mexico, southern
regions of America, Africa, Pakistan, India, and various other countries [8]. P. harmala fruit
and seeds have been used by the local herbal practitioners in Pakistan, especially in Bajaur
Agency (tribal area of Pakistan) and Lakki Marwat, for the treatment of various diseases.
Similarly, fruits are employed to relieve heart pain whereas seeds mixed with honey are
used to treat fever, colic pain, and as virmifuge [9,10]. Indigenous communities of Wana,
a district in South Waziristan Agency, Pakistan, used a decoction of P. harmala seeds to
reduce irritation in the larynx, to fight against jaundice, as an abortifacient, to increase
the flow of milk, and as a stimulant. In addition, seeds of P. harmala are known for their
antiperiodic, antiparasitic, antispasmodic, narcotic, and galactagogic effects. In addition,
P. harmala is used to treat asthma, colic, jaundice, and is found efficient in reducing fever in
chronic malaria [11].

Moreover, P. harmala is used in the traditional medicinal systems of Morocco [12],
Algeria [13], China [14], and Spain [15]. The plant extracts exhibit numerous biologi-
cal activities such as anti-inflammatory, antibacterial, antifungal, antiviral, antioxidant,
analgesic, cardio-protective, antitumor, antidiabetic, histofunctional, cerebral protective,
anti-proliferative, and anticancer, among others [16–21]. Recently, P. Harmala leaf methanol
extract was reported to exhibit antioxidant activities comparable to the standard quercetin
and rutoside [22]. Research findings indicate that the alkaloids extract of P. harmala causes
a significant antinociceptive effect in both phases of the formalin test in mice [23]. Similarly,
P. harmala ethanol extract was found useful in the management of rheumatoid arthritis com-
plications by boosting the intracellular antioxidant defense mechanism [24]. In addition,
research findings demonstrate that P. harmala oil extract and seed alkaloid extract are not
toxic in acute and subacute studies [25,26], however, the ethanol seeds extract of P. harmala
shows toxicity in Caenorhabditis elegans [27].

In light of the previous discussion, it can be concluded that the P. harmala herb as a
whole has not been investigated for safety aspects despite its use in different parts of the
world. Accordingly, the aim of the present study was to evaluate the in vitro antioxidant
and anti-inflammatory properties of the crude liquid–liquid partitioning, and RP-HPLC
fractions of P. harmala obtained with the aid of bioassay-guided techniques. In addition, the
present work highlights the safety aspects of P. harmala (the whole herb) through acute and
subacute toxicity studies in rat models. To the best of our knowledge, these properties have
not been fully investigated. Moreover, these tests were conducted to investigate whether
the anti-inflammatory action of this plant in traditional medicine is justified.

2. Materials and Methods
2.1. Plant Material

Plant material was collected from DG Khan, in the district of Punjab, Pakistan and
submitted to the Department of Botany, Bahauddin Zakariya University, Multan for tax-
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onomic identification and authentication (Figure 1). A voucher specimen (ID 1132/PH)
was deposited at the herbarium located at the pharmacy department, Bahauddin Zakariya
University, Multan, Pakistan. The plant material was cleaned, washed, air-dried in the
shade at room temperature, and then placed in an oven for 72 h at 37 ◦C, for complete
dryness. It was then crushed, powdered by means of an electric grinder, and subjected to
extraction processes.
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2.2. Preparation of Extracts

The dried powder (2 kg) was extracted with n-hexane to remove fatty substances, and
then sequential extraction was performed with 100% dichloromethane, 100% methanol, and
70% aqueous methanol using a temperature-controlled orbital shaker (Figure 2). The extract
was filtered, and the filtrate was concentrated and dried by means of rotary evaporation
(Heidolph, Hei-Vap, Schwabach, Germany) under reduced pressure (800 millibar) at 40 ◦C
to afford semisolid crude extracts. Dried extracts thus obtained were stored at −18 ◦C in
an upright ultralow freezer (Sanyo, MDF-U32V, Osaka, Japan) for future experiments.

2.3. Solvents and Reagents

Chemicals reagents and HPLC columns used throughout this investigation, including
antioxidant reference/standards such as ascorbic acid, quercetin, ferrous sulfate, phos-
phate buffer, and dimethyl sulfoxide (DMSO); analytical grade solvents such as n-hexane,
dichloromethane (DCM), chloroform, methanol, and water; HPLC grade solvents such
as water, methanol, and trifluoracetic acid (TFA); and analytical and preparative HPLC
columns (Zorbax-SB-C-18, Agilent, Santa Clara, CA, USA) were purchased from Sigma-
Aldrich, St. Louis, MO, USA, and used as received.
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2.4. Animals

In this investigation, we used 28 to 35 day old Wister albino mice (25–30 g) and
Wistar albino rats (200–300 g). These animals were procured from the University of Lahore,
Pakistan. Animals were housed in cages under standard conditions of 12:12 h light/dark
cycle and 25 ± 2 ◦C. Animals were given free access to water and a standard diet (ad
libitum) for 14 h prior to experiments, and kept under standard conditions mentioned
in the Animals By-Laws N◦ 425–2008. All in vivo trials were performed according to the
ethical codes set by the Institute of Laboratory Animal Resources Commission on Life
Sciences, National Research Council (NRC, 1996), Washington, DC, USA. In addition,
the animal care committee at Bahauddin Zakariya University, Multan, Pakistan, under
identification number ACC-06-17, approved experimental assays.

2.5. Determination of Total Phenolic Content

We determined the total phenolic contents of the extracts according to the colorimetric
Folin–Ciocalteu assay, which was also adopted by Hossain and Shah [28], using gallic acid
as standard. Briefly, 0.5 mL of test sample was mixed with 1.5 mL Folin–Ciocalteu reagent
and 1.2 mL of 7.5% sodium carbonate (Na2CO3) aqueous solution in test tubes. After an
incubation period of 30 min in the dark, the absorbance of each test sample was measured
at 765 nm using a spectrophotometer (UV-Vis 3000, Dresden, Germany). The phenolic
content of each extract was expressed as mg gallic acid (GA) equivalent (E) per gram of dry
extract (mg GAE/g); measurements were conducted in triplicate using ethanol as a blank.

2.6. Determination of Total Flavonoid Content

The total flavonoid contents of the extracts were determined using the aluminum
chloride (AlCl3) assay as described by Oriakhi et al. [29] with slight modifications. Briefly,
0.5 mL of test sample was added to 0.5 mL distilled water, 0.15 mL of sodium nitrite
(NaNO2) solution, and 0.15 mL of AlCl3 solution (2%). After 30 min incubation of the mix-
ture in the dark, absorbance was determined at 510 nm with the aid of a spectrophotometer
(UV-Vis 3000, ORI, Germany). Results were expressed as mg quercetin equivalents per
gram (mg QE/g) of dry extract; determinations were conducted in triplicate using ethanol
as a blank.
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2.7. Determination of Antioxidant Activity
2.7.1. DPPH Free Radical Scavenging Assay

The free radical scavenging potential of P. harmala crude extracts was determined ac-
cording to the procedure outlined by Alara et al. [30] with slight modifications. Rather than
using Soxhlet extraction and drying at 60 ◦C we used an orbital shaker for extraction and
extracts were dried in an oven at 40 ◦C. In brief, 1 mL of test sample was mixed with 3 mL
of 0.004% methanolic DPPH solution, and allowed to stand in the dark for 30 min. Then,
absorbance of the reaction mixture was determined at 517 nm using a spectrophotometer
(UV-Vis 3000, ORI, Germany). Quercetin and ascorbic acid were employed as standards,
and methanol as the negative control. The percentage inhibition was evaluated using the
following equation, and results were given as IC50:

% inhibition = 100 × (AC − AS)/AC,

where AC = absorption of the control sample and AS = absorption of the test sample.

2.7.2. Ferric Reducing Antioxidant Power (FRAP)

The ferric reducing antioxidant power of Peganum harmala crude extracts was eval-
uated using the method of Zahin et al. [31] with some modifications. According to this
method, 100 µL of extract was added to 300 uL of FRAP working solution (contain-
ing 300 mmol/L acetate buffer (pH 3.6), 10 mmol/L 2,4,6-tripyridyl-s-triazine (TPTZ)
in 40 mmol/L HCl, and 20 mmol/L FeCl3 in a ratio of 10:1:1). After a 15 min incubation,
absorbance of the reaction mixture was measured spectrophotometrically at 593 nm (UV-
Vis 3000, ORI, Germany); ferrous sulfate was used for standard calibration. Results are
expressed as mmol/g, and compared with ascorbic acid and quercetin.

2.7.3. Hydrogen Peroxide (H2O2) Scavenging Activity

The hydrogen peroxide (H2O2) scavenging ability of P. harmala crude extracts was
assessed as per the method of Ruch et al. [32] with slight modifications. H2O2 solution
(40 mM) was added to 50 mM phosphate buffer (7.4 pH). Experimental extracts were then
mixed with 0.6 mL H2O2 and incubated for 15 min. Absorbance of each mixture was
recorded spectrophotometrically (UV-Vis 3000, ORI, Germany) at 230 nm. Ascorbic acid
and quercetin were used as the positive control, and a phosphate buffer as the negative
control. Percent inhibition of H2O2 was calculated using the following formula:

H2O2 scavenging activity (%) = 100 × (AC − AS)/AC

where AC = absorption of the control sample and AS = absorption of the test sample.

2.8. In Vitro Anti-Inflammatory Activity
2.8.1. Membrane Stabilization Assay (Heat Induced Hemolysis)

In vitro anti-inflammatory experiments were performed by collecting blood samples
from the cubital veins of healthy human subjects from Karachi, Sindh, Pakistan. All subjects
voluntarily gave the blood samples after signing the consent performa. Blood samples
were collected according to the guidelines of the International Federation of Blood Donor
Organizations (IFBDO) with standard operating procedures, and were approved by the
Bioethical Committee, Bahauddin Zakariya University, Multan Reg. no. 06–18. This work
was also conducted in accordance with the Declaration of Helsinki. Blood samples were
washed with normal saline after centrifugation (3000 rpm, 5 min) and then reconstituted
as 10% v/v suspension with isotonic buffer solution (10 mM sodium phosphate buffer,
pH 7.4) [33,34]. Finally, 1 mL of experimental samples of different concentrations (100,
200, and 300 µg/mL) were added to 1 mL (10%) of red blood cell suspension to make a
reaction mixture of 2 mL, which was incubated for 25 min at 50 ◦C and then cooled to room
temperature. After another centrifugation (2500 rpm; 5 min), absorbance of the reaction
mixture was measured at 560 nm using a spectrophotometer; diclofenac sodium was
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employed as a standard drug and phosphate buffer as the control [35]. Doses were selected
following the recently published research [36]. The percent inhibition was calculated using
the following equation:

% inhibition of denaturation = 100 × (AC − AS)/AC

where AC = absorption of the control sample, and AS = absorption of the test sample.

2.8.2. Egg Albumin Denaturation Assay

We conducted the egg albumin denaturation assay according to the procedure outlined
by Mizushima and Kobayashi [37] with slight modification. In this method, 2 mL of a test
sample with a concentration of 100–400 µg/mL was mixed with 0.2 mL of egg albumin
and 2.8 mL of phosphate buffer (pH = 6.5) saline. The reaction mixture was incubated for
20 min at 37 ◦C followed by heating at 70 ◦C for 5 min. After cooling to room temperature,
absorbance was measured at 660 nm with a spectrophotometer. We used diclofenac sodium
as the standard drug and phosphate buffer as the control, and calculated the percentage
inhibition according to the following equation:

% inhibition of denaturation = 100 × (AC − AS)/AC

where AC = absorption of the control sample, and AS = absorption of the test sample.

2.8.3. Bovine Serum Albumin Denaturation Assay

The anti-inflammatory activity of the extracts was evaluated by the effect on bovine
serum albumin denaturation; the rest was conducted according to the method described by
Sakat et al. [34] with slight modifications. According to this method, a reaction mixture of
0.5 mL was made by mixing 0.05 mL experimental extracts (100–400 µg/mL) with 0.45 mL
of bovine serum albumin and then incubated for 25 min at 25 ◦C. Afterwards, 2.5 mL
of phosphate buffer (pH = 6.3) was added to the reaction mixture tubes and incubated
in a water bath at 70 ◦C for 15 min. After cooling the mixture to room temperature,
absorbance was measured at 660 nm with the aid of a spectrophotometer; diclofenac
sodium was employed as a standard drug and phosphate buffer as the control. The
percentage inhibition of protein denaturation was calculated using the following equation:

% inhibition of denaturation = 100 × (AC − AS)/AC

where AC = absorption of the control sample, and AS = absorption of the test sample.

2.9. In Vivo Anti-Inflammatory Activity
2.9.1. Inhibition of Carrageenan-Induced Paw Edema in Wistar Rats

We conducted the carrageenan-intoxicated paw edema study in accordance with the
ethical codes set by the Institute of Laboratory Animal Resources, Commission on Life
Sciences, National Research Council (NRC, 1996), Washington, DC, USA. Moreover, the
animal use protocol was approved by the Institutional Animal Care and Use Committee
at Bahauddin Zakariya University, Multan, Pakistan, under the protocol number AEC-
06-18 and title: “In vivo anti-inflammatory activity of southern Punjab medicinal plants”.
We employed the carrageenan-intoxicated inflammation model to evaluate the activity
of P. harmala sequential crude extracts against inflammation following the method of
Morris [38] with slight changes. In this method, Wistar rats were randomly divided into
eight groups of five animals each (n = 5). Group 1 (control): rats were fed with normal
saline. Group 2 (positive control): rats received standard indomethacin (100 mg/kg, b.w).
On the other hand, rats in groups 3 and 4 were fed with 100 mg/kg and 200 mg/kg of
DCM extract, respectively, whereas rats in groups 5 and 6 were fed with 100 mg/kg and
200 mg/kg of 100% methanol extract, respectively. Finally, rats in groups 7 and 8 were fed
with 100 mg/kg and 200 mg/kg of 70% methanol extracts, respectively. In all these groups,
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the initial value of normal paw volume was measured. Doses were selected as per previous
studies reported on P. harmala [8,39]. After 30 min of intraperitoneal administration of
experimental extracts, freshly prepared 0.1 mL carrageenan in 0.9% normal saline was
injected into the plantar aponeurosis surface of the right hind paw of each animal. Then,
paw linear circumference was measured after 0, 1, 2, and 3 h of carrageenan injection by
means of a plethysmometer (UGO-BASILE 7140, Comerio, Italy). The increase in paw
circumference was considered as a way to measure inflammation.

2.9.2. Inhibition of Formaldehyde-Induced Hind Paw Edema in Albino Mice

We have used the formaldehyde-induced hind paw edema in albino mice to evaluate
the pain alleviating action of different extracts from P. harmala following Brownlee’s guide-
lines with slight modification [40]. In this method, albino mice were randomly divided
into eight groups with five mice each (n = 5), and each group was treated according to
the previous study. After 30 min of treatment with experimental extracts, 100 µL (4%)
formaldehyde was infused into the plantar aponeurosis surface of the right paw of each
mouse. Changes in the linear paw circumference were measured after 0, 3, 6, 12, and 24 h
of formaldehyde infusion.

2.10. Acute and Subacute Toxicity Assessment
2.10.1. Acute Toxicological Study

The study was performed by following the Organization for Economic Cooperation
and Development (OECD) guidelines 407 and 423 for acute oral toxicity tests [41,42]. In
this study, rats were given free access to clean drinking water and a standard diet (ad
libitum) for 24 h before and after the experiment. P. harmala methanol extract doses of
1500 and 3000 mg/kg (per oral) were prepared as stock solutions for 14 days. After 1 h of
extract administration, behavioral changes of each animal were noted periodically after 4,
8, 12, and 24 h. In addition, the body weight of all animals was recorded every 7 days, and
samples of blood were collected for analysis for hematological and biochemical parameters.
Afterwards, animals were sacrificed and organs (heart, liver, and kidney) were isolated for
histopathological studies.

2.10.2. Chronic Toxicological Study

All rats involved in this study were starved for 2 h before administration of 400 and
800 mg/kg (per oral) doses of P. harmala methanol extract for 28 days. After 1 h of extract
administration, behavioral changes of each animal were recorded after 4, 8, 12, and 24 h.
Furthermore, body weights of all animals were measured every weekend, and samples
of blood were collected for analysis of hematological and biochemical parameters. At the
completion of the study, all animals were sacrificed, and organs (liver and kidney) were
isolated for histopathology.

2.10.3. Histopathological Examination

Fresh organ portions from the heart, liver, and kidney, collected from normal and
treated animals, were cut and fixed in 10% formalin solution. Fixed samples were dehy-
drated with alcohol dilutions series (60–100%) and embedded in paraffin. The paraffin fixed
blocks of organs were cut to 4 µm thickness. These sections were stained with hematoxylin
and eosin (H&E), and examined under light microscope for histopathological changes and
photomicrographs were taken.

2.11. Liquid–Liquid Partitioning of Active Crude Extract

The 100% methanol extract was further separated using solvent–solvent partitioning
by dissolving the crude extract with water, then chloroform, and finally with ethyl acetate.
This extract was mixed with 15 mL of distilled water in a beaker and vigorously shaken
with an identical volume of chloroform (15 mL). The two layers were separated: aqueous
(top) and chloroform (bottom), and placed in different containers. The aqueous layer was
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again partitioned with chloroform and the process was repeated three times. The combined
chloroform extracts were combined and evaporated under reduced pressure with the aid
of a rotary evaporator to afford a semisolid thick paste and stored at −18 ◦C for future use.
Using the same procedure, the aqueous layer was extracted with ethyl acetate. Both layers
were recovered and evaporated using rotary evaporator. Importantly, the chloroform layer
was named as fraction A, ethyl acetate fraction B, and the water layer as fraction C, and all
fractions were evaluated for in vitro antioxidant and anti-inflammatory activities.

2.12. Method Optimization for Fractionation Using RP-HPLC

Fraction B, which showed significant antioxidant and anti-inflammatory activities,
was further subjected to reversed phase column chromatography by dissolving solidified
fractions into methanol as described by Cock [43]. Samples were prepared as 10 mg/mL
and filtered using 0.45 mm syringe filter. The sample injection limit and flow rate were
adjusted to 70 µL and 0.5 mL/min, respectively, using the Agilent LC technology and
an analytical column (4.6 × 150 mm, 5 µm, Agilent, Waldbronn, Germany). Maximum
number of peaks was observed with acidified (0.1% formic acid) water (A) and acidified
(TFA) acetonitrile (B) at 254 nm.

Various combinations of mobile phases such as methanol: water, acidified methanol
(0.1% TFA): acidified water (0.1% TFA), acidified methanol (0.1% FA): acidified water
(0.1% FA), acetonitrile: water, acidified acetonitrile (0.1% TFA): acidified water (0.1% TFA),
acidified acetonitrile (0.1% FA): acidified water (0.1% FA), and different wavelengths such
as 210 nm, 230 nm, 254 nm, 280 nm, 300 nm, and 330 nm were used. A mixture of water
(A) and acetonitrile (B), both containing 0.1% formic acid, was selected as the mobile phase
for Fraction B of the P. harmala methanol extract. Then 10 µL sample was injected into the
HPLC system and the linear eluting gradient was as follows: 10% B in 0–5 min, 10–40%
B in 5–12 min, 40–60% B in 12–20 min, 60–80% B in 20–25 min, and 100% B in 25–30 min.
Maximum number of peaks was observed with acidified (0.1% FA) water (A) and acidified
(FA) acetonitrile (B) at 280 nm.

2.13. RP-HPLC Fractionation (Reversed Phase Chromatography)

Reversed phase chromatography was performed through a semipreparative column
(C-18, 25 × 250 mm, 5 µm particle size, Agilent, Waldbronn, Germany). Samples were
prepared as 50 mg/mL and filtered using a 0.45 mm syringe filter. The sample injection
limit and flow rate were adjusted to 1 mL and 10 mL/min; this led to 5 subfractions:
PHMF1, PHMF2, PHMF3, PHMF4, and PHMF5 from fraction B of the P. harmala methanol
extract.

2.14. LC-ESI-MS/MS Analysis

We performed mass spectral analysis on RP-HPLC subfractions that have exhibited
significant antioxidant and anti-inflammatory activity using LC-ESI-MS/MS (LTQ XL,
Thermo Electron Corporation, Walthan, MA, USA) for tentative identifications of bioactive
components according to the protocols suggested by Steinmann and Ganzera [44]. An
online software was used to obtain the structures of bioactive compounds identified in the
present study and to compare them with previously published data (www.chemspider.com,
accessed on 6 October 2021).

2.15. Quantification of Compounds Using HPLC

P. harmala methanol fraction 2 (PHMF2) was dissolved in 1 mL of methanol in order
to quantify the identified compounds using standard calibration curves. The mixture was
centrifuged at 14,000 rpm for 10 min to collect the supernatant, whereas the filtration of
supernatant was achieved using a syringe filter. Finally, we injected a 100-µL sample into
the HPLC system for analysis.
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2.16. Statistical Analysis

All determinations were conducted in triplicate and data were subjected to one-way
analysis of variance (ANOVA). Results are expressed as the mean ± standard deviation
(SD), and values are given as geometric mean with 95% confidence intervals (CI). Statistical
analysis was performed using Dunnett’s test for significance at 95% confidence intervals
(CI) with the aid of GraphPad Prism-6 (GraphPad Software, San Diego, CA, USA, http://
www.graphpad.com, accessed on 6 October 2021); differences were considered significant
at (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001).

3. Results and Discussion
3.1. Phytochemical Constituents and Antioxidant Activity

Phenolic compounds are plant secondary metabolites known to possess radical scav-
enging properties owing to their redox potentials. Results from this investigation show
that the methanol extract has the highest amount of total phenolic (371.4 mg GAE/g)
and flavonoid contents (1.3 mg QE/g) followed by DCM and hydro-alcoholic extracts
as shown in Table 1. In addition, our findings reveal that the 100% methanol extract of
P. harmala exhibits the highest antioxidant potential in the DPPH (IC50 49 ± 3.1 µg/mL),
FRAP (39 ± 0.9 mmol/g), and H2O2 (66% inhibition) assays as compared to other crude
extracts. These results show a direct link between the quantity of phenolic compounds
and antioxidant activity. The antioxidant activity of phenolics is mainly due to their redox
properties, which make them act as reducing agents, hydrogen donors, and singlet oxygen
quenchers. They also have a metallic chelating potential [45].

Table 1. Total phenolics and flavonoids content, and antioxidant potential of DCM, MeOH, and 70% MeOH extracts of
Peganum harmala crude extracts and subsequent fractions.

Parameter DCM
Extracts

Methanol
Extracts

70%
Methanol
Extracts

Fraction B
(Methanolic

Extract)

PHMF2
(Fraction B of

Methanolic Extract)

Ascorbic
Acid Quercetin

Total phenolic contents
(mg GAE/g) 106.2 ± 0.31 371.4 ± 0.2 142.3 ± 0.1 - - - -

Total flavonoid contents
(mg QE/g) 0.31 ± 0.5 1.3 ± 0.3 0.81 ± 0.02 - - - -

FRAP
(mmol/g) 9.2 ± 0.6 39 ± 0.9 19.2 ± 0.2 42.9± 0.1 45.3 ± 0.2 51 ± 0.02 62 ± 0.02

DPPH
(IC50 µg/mL) 146 ± 2.0 49 ± 3.1 69 ± 1.4 44.6 ± 3.0 35.4 ± 1.1 29.1 ± 0.02 25.4 ± 0.01

H2O2
(%) 25 ± 0.6 66 ± 0.9 43 ± 2.10 71 ± 2.0 75 ± 0.1 79 ± 0.02 84 ± 0.05

Values are means ± SD. DCM extracts = 100% dichloromethane extracts. MeOH = 100% methanol extracts. 70% MeOH = Methanol: water
(70:50 v/v).

Published research indicates that the methanol seeds extract of P. harmala exhibits
a higher free radical scavenging ability in DPPH assay (92% inhibition) than n-hexane,
benzene, DCM, and chloroform extracts due to its higher phenolic contents of 30.9 mg
GAE/g [46]; these results agree with findings of the present study. Recently, P. harmala leaf
methanolic extract was reported to exert antioxidant activities in DPPH (IC50 21.5 µg/mL)
and FRAP (IC50 32.4 mM TEAC/g) assays parallel to the standard quercetin outlined IC50
of 21.5 µg/mL (DPPH) and 32.6 mM TEAC/g (FRAP)) was also identified and quantified
with a reasonable amount of phenolic compounds [22].

In addition, results displayed in Table 1 indicate that Fraction B exhibits stronger antiox-
idant potential as compared to others, such as fractions A and C, in all in vitro antioxidant
trials. Similarly, PHMF2 of Fraction B (methanol extract) showed significant antioxidant
activity, and was comparable to the antioxidant activity of the standard ascorbic acid and
quercetin. This is in agreement with results obtained by Abderrahim and colleagues [21]
using the DPPH assay. These researchers concluded that the antioxidant activity of P. harmala
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extract is primarily associated with their appreciable amount of flavonoids and polyphenols,
which were calculated as 220.94 ± 1.1 and 650.38 ± 30.3 mg GAE/g.

3.2. In Vitro Anti-Inflammatory Activity
3.2.1. Heat Induced Hemolysis (Membrane Stabilization)

Agents that are capable of stabilizing the human red blood cell membrane in response
to hypotonicity-induced lysis are recognized as anti-inflammatory drugs [47]. In this in-
vestigation, the membrane stabilization potential of P. harmala crude methanol extracts,
liquid–liquid partitioned fractions, and HPLC fractions at different concentrations (100,
200, 300, and 400 µg/mL) was evaluated. Results reveal that PHMF2 exhibits the greatest
inhibition (62.7%, p < 0.01) followed by Fraction B (55.3%, p < 0.01), and crude methanol ex-
tract (48.2%, p < 0.05), whereas the standard diclofenac sodium displayed potent inhibition
(p < 0.0001) of 89.3% against heat-induced hemolysis in a concentration-dependent manner
at 400 µg/mL as compared to the control (phosphate buffer), as shown in Table 2. Moreover,
drugs that stabilize the red blood cell membrane may also protect the lysosomal membrane
due to similar composition [48]. The in vitro anti-inflammatory activity exhibited by the
methanol extract is consistent with its phytochemical and antioxidant potential.

Table 2. In vitro anti-inflammatory activity of Peganum harmala crude extracts and subsequent fractions.

Treatment
Dose

(µg/mL)
Membrane Stabilization Egg Albumin Denaturation Serum Albumin Denaturation

Absorbance % Inhibition Absorbance % Inhibition Absorbance % Inhibition

Control - 0.94 ± 0.1 - 0.91 ± 0.2 - 0.92 ± 0.1 -

MeOH extract
(crude extract)

100 0.75 ± 0.2 ns 20.2 0.69 ± 1.3 ns 24.1 0.63 ± 0.3 * 31.5
200 0.69 ± 0.4 ns 26.5 0.65 ± 1.1 ns 28.5 0.58 ± 0.2 ** 36.9
300 0.58 ± 0.5 * 38.2 0.56 ± 0.2 * 38.4 0.51 ± 0.2 ** 44.5
400 0.43 ± 0.1 ** 48.2 0.39 ± 0.2 ** 57.1 0.34 ± 0.1 ** 63.0

Fraction B
(liquid–liquid partitioned

fraction)

100 0.66 ± 0.2 * 29.7 0.60 ± 0.2 * 34.0 0.58 ± 0.1 * 36.0
200 0.65 ± 0.3 * 30.8 0.58 ± 0.2 * 36.2 0.54 ± 0.2 ** 41.3
300 0.55 ± 0.2 ** 41.7 0.50 ± 0.2 ** 45.0 0.48 ± 0.4 ** 47.8
400 0.42 ± 1.1 ** 55.3 0.37 ± 0.2 ** 59.3 0.26 ± 0.1 *** 71.7

PHMF2
(RP-HPLC sub-fraction)

100 0.63 ± 0.1 * 32.9 0.59 ± 0.1 * 35.1 0.56 ± 0.2 * 39.1
200 0.57 ± 0.3 * 39.3 0.54 ± 0.5 * 40.6 0.51 ± 0.2 * 44.5
300 0.50 ± 0.2 ** 46.8 0.49 ± 0.6 ** 46.1 0.45 ± 0.1 ** 51.0
400 0.35 ± 0.2 ** 62.7 0.29 ± 0.2 *** 68.1 0.25 ± 0.4 *** 72.9

70% MeOH extract
(crude extract)

50 0.80 ± 0.4 ns 14.8 0.76 ± 0.1 ns 16.4 0.70 ± 0.3 ns 23.9
100 0.76 ± 0.5 ns 19.1 0.72 ± 0.1 ns 20.8 0.69 ± 0.2 * 25.0
200 0.70 ± 0.4 * 25.5 0.65 ± 1.2 * 28.5 0.63 ± 0.2 * 31.5
300 0.59 ± 0.1 * 37.3 0.55 ± 1.1 * 39.5 0.52 ± 0.3 ** 43.4

DCM
(crude extract)

100 0.94 ± 0.1 NA 0.94 ± 0.1 NA 0.93 ± 0.3 NA
200 0.93 ± 0.1 NA 0.94 ± 0.2 NA 0.94 ± 0.2 NA
300 0.93 ± 0.2 NA 0.93 ± 0.2 NA 0.94 ± 0.2 NA
400 0.90 ± 0.2 NA 0.94 ± 0.1 NA 0.93 ± 0.3 NA

Diclofenac sodium
(Standard drug)

100 0.19 ± 0.2 *** 79.7 0.16 ± 0.1 *** 82.4 0.05 ± 0.5 **** 94.5
200 0.14 ± 0.2 **** 85.1 0.11 ± 0.1 *** 87.9 0.03 ± 0.1 **** 96.5
300 0.11 ± 0.1 **** 88.2 0.09 ± 0.1 **** 90.4 0.02 ± 0.1 **** 97.0
400 0.10 ± 0.2 **** 89.3 0.09 ± 0.5 **** 91.5 0.02 ± 0.5 **** 97.8

Values are means ± S.D. PHMF2; Peganum harmala methanolic fraction. 70% MeOH extract; methanol: water (70:50 v/v). ns; non significant
(* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001).

Published research indicates that in vitro antioxidant, in vivo anti-inflammatory, and
analgesic activities establish a beneficial role of the plant. In these findings, a cream formu-
lation made from the seed oil demonstrated a significant anti-inflammatory effect. A slight
peripheral analgesic effect was also observed due to the presence of polyphenols, linoleic
acid, and γ-tocopherols, and is primarily due to antioxidant properties [49]. Earlier studies
showed that plant extracts with antioxidant activity also display notable membrane stabi-
lization properties in a concentration-dependent manner [50]. Previously, Khlifi et al. [51]
studied Artemisia herba-alba, Ruta chalpensis L., and P. harmala, and also showed a direct
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relationship between phenolic compounds, antioxidant activity, and anti-inflammatory
potential.

3.2.2. Inhibition of Protein Denaturation (Serum and Egg Albumin)

Protein denaturation is an apparent cause of inflammation, and reliable literature cited
earlier validates the link between inflammatory/arthritic problems and the denaturation
of tissue proteins [52,53]. Results displayed in Table 2 show that P. harmala crude extracts
and subsequent fractions exhibit considerable inhibition against egg albumin denatura-
tion, where PHMF2 was the most potent (68.1%, p < 0.001), followed by fraction B (59.3%,
p < 0.01), and crude methanol extract (57.1%, p < 0.01) at 400 µg/mL in a dose-dependent
manner when compared to the control. These results are in accord with those obtained by
Chandra et al. [2], which showed a concentration-dependent inhibition against denatura-
tion of egg albumin by experimental coffee extracts and standard diclofenac sodium. Other
researchers showed that Enicostemma axillare methanol extract at a concentration range of
100−500 µg/mL significantly protects the heat-induced protein denaturation [54]. Our
findings show that PHMF2 (p < 0.001) exhibits notable inhibition against denaturation of
serum albumin followed by fraction B (p < 0.001), and crude methanol extract (p < 0.01) with
percentage inhibition of 72.9%, 71.7%, and 63.0%, respectively, at 400 µg/mL as compared
to the control. In this respect, diclofenac sodium (p < 0.0001) showed significant inhibition
against egg albumin and serum albumin denaturation at 400 µg/mL (Table 2).

3.3. In Vivo Anti-Inflammatory Activity of Sequential Crude Extracts
Carrageenan-Induced Paw Edema

Carrageenan-induced paw edema is an important method to investigate the anti-
inflammatory potential of experimental extracts. Carrageenan-intoxicated paw swelling is a
biphasic response wherein the first phase is associated with the release of pro-inflammatory
cytokines such as kinins, histamine, and 5-HT, whereas the release of prostaglandins is
associated with the second phase [55]. In the present study, P. harmala methanol extract,
when dispensed at the rate of 200 mg/kg, causes notable inhibition (p < 0.001) of 75.14%
after 3 h, which is similar to the 86.3% inhibition (p < 0.0001) caused by the standard drug
indomethacin at 100 mg/kg when compared to the control (normal saline = 0% inhibi-
tion) (Figure 3). In contrast, the hydromethanol and DCM extracts were not as active. In
this respect, P. harmala methanol extract could inhibit the mediation and release of pro-
inflammatory cytokines in both phases of inflammation. The anti-inflammatory activities
of the methanol extracts are consistent with their phenolic, flavonoids contents, and antiox-
idant activity. Our findings agree with those obtained by Edziri and colleagues [56]. These
researchers found that both M. alysson and Peganum harmala methanol extracts exhibit
good inhibition against carrageenan-induced paw edema; these extracts displayed good
antioxidant activity and have high total phenolic content. In another investigation, the
ethyl acetate extract of P. harmala caused significant inhibition of 70.3% at 200 mg/kg
against carrageenan-induced paw edema. Preliminary phytochemical assessment of the
extract indicated the presence of alkaloids and flavonoids in the extract [57]. Recently,
P. harmala seeds ethanol extract, when dispensed orally at the rate of 100 mg/kg, was
reported to reduce complete Freund’s Adjuvant intoxicated paw edema by up to 63.09% as
compared to the control, and a decrease in synovial/hepatic tissues lipid peroxidation and
increase in cellular antioxidants was also observed, supporting the findings of the current
investigation [24]. In the present study, P. harmala methanol extract, when dispensed at
the rate of 200 mg/kg, causes notable inhibition (p < 0.001) of 76.32% after 24 h, which is
similar to the 89.3% inhibition caused by the standard drug indomethacin (p < 0.0001) at
100 mg/kg when compared to the control (normal saline = 0% inhibition) (Figure 4). In
contrast, the hydromethanol and DCM extracts did not cause any substantial inhibition
against formaldehyde-induced pain.
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3.4. Acute and Subacute Toxicity Assessment

Our findings indicate that the P. harmala methanol extract exhibits substantial antioxi-
dant and anti-inflammatory activities when compared to other extracts. Consequently, this
extract was subjected to toxicity assessment. Results presented in Table 3 reveal no toxicity,
body weight changes, behavioral changes, and mortality among animals during a 14 day
trial of acute toxicity evaluation when the extract was given at a dose of 3 g/kg. Further-
more, the organ weights of the treated animals were within the normal range. Therefore, it
was inferred that the LD50 of P. harmala methanol extract was above 3 g/kg. These findings
are in agreement with those obtained by Selim et al. [25]. These researchers demonstrated
no toxicity and no deaths in hamsters after 14 days of treatment with P. harmala oil extract
at doses of 80, 160, and 320 mg/kg. Furthermore, P. harmala methanol extract was subjected
to a 28 day trial of subacute toxicity. Results shown in Table 3 reveal no notable changes in
the body and organ weights of the treated animals with 500 and 1000 mg/kg as compared
to the control group (receiving normal saline). The weights of the heart, kidney, lungs,
spleen, and liver of the treated animals were similar to those of the animals in the control
group. Along this line, published work indicates that no clinical toxicity signs, changes
in body weight, mortality, any gross morphological abnormalities in various organs of
the treated mice, and relative weights of the organs were observed when P. harmala seed
extracts were given to animals at a dose of 18 mg/kg [26].
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Table 3. Acute and subacute toxicity assessment of Peganum harmala methanol extract.

Parameters

Control Group Acute Toxicity (14-Day) Subacute Toxicity (28-Day)

Normal Saline 2000 mg/kg
PHME

3000 mg/kg
PHME

500 mg/kg
PHME

1000 mg/kg
PHME

Body weight (g) 206.00 ± 4.50 208.00 ± 5.50 205.50 ± 6.33 209.83 ± 5.92 208.50 ± 7.17

Organ Weight

Heart (g) 0.60 ± 0.15 0.65 ± 0.04 0.80 ± 0.06 0.74 ± 0.05 0.70 ± 0.10

Paired Lungs (g) 2.15 ± 1.15 2.53 ± 0.15 3.36 ± 0.47 3.14 ± 0.31 2.78 ± 0.81

Liver (g) 7.93 ± 1.40 8.10 ± 0.65 7.95 ± 1.33 9.66 ± 0.99 9.33 ± 1.37

Spleen (g) 0.45 ± 0.03 0.50 ± 0.03 0.47 ± 0.03 0.50 ± 0.03 0.67 ± 0.03

Hematological Parameters

WBCs (105/µL) 3.40 ± 0.02 2.03 ± 0.03 2.73 ± 0.02 3.07 ± 0.02 3.15 ± 0.02

Neutrophils (%) 40.20 ± 3.00 42.95 ± 4.50 43.55 ± 4.00 47.40 ± 4.25 48.40 ± 3.50

Lymphocytes (%) 45.45 ± 4.30 49.05 ± 5.50 49.45 ± 5.20 53.77 ± 5.35 56.57 ± 4.75

Eosinophils (%) 0.94 ± 0.10 0.96 ± 0.02 1.06 ± 0.05 1.09 ± 0.03 1.48 ± 0.07

RBCs (106/µL) 9.05 ± 2.10 10.40 ± 0.50 11.35 ± 1.03 11.30 ± 0.77 12.27 ± 1.57

Hemoglobin (g/dL) 14.55 ± 2.45 16.05 ± 1.00 16.95 ± 1.27 17.12 ± 1.13 17.85 ± 1.86

Hematocrit (%) 45.60 ± 3.70 47.95 ± 3.50 48.75 ± 3.40 50.83 ± 3.45 56.43 ± 3.55

Mean corpuscular volume (MCV (f/L) 57.60 ± 7.50 62.05 ± 5.00 64.70 ± 5.43 66.88 ± 5.22 71.45 ± 6.47

Mean corpuscular hemoglobin (MCH (pg) 17.50 ± 1.65 18.80 ± 1.00 19.75 ± 1.03 19.72 ± 1.02 20.68 ± 1.34

MCHC (%) 29.45 ± 1.50 31.00 ± 2.00 32.25 ± 2.03 32.93 ± 2.02 33.90 ± 1.77

Platelets(105/µL) 6.65 ± 1.10 6.95 ± 0.25 7.55 ± 0.53 7.58 ± 0.39 8.05 ± 0.82

Serum Biological Parameters

Total Protein (g/dL) 4.05 ± 0.65 4.39 ± 0.25 5.10 ± 0.23 4.74 ± 0.24 6.51 ± 0.44

Albumin (g/dL) 1.88 ± 0.35 2.25 ± 0.20 2.45 ± 0.23 2.43 ± 0.22 2.69 ± 0.29

Albumin/Globulin ratio 2.30 ± 0.26 2.67 ± 0.03 2.95 ± 0.02 2.66 ± 0.02 2.75 ± 0.14

Lactate Dehydrogenase (U/L) 1732.00 ± 271.00 2088.50 ± 217.50 2266.50 ± 252.00 2281.00 ± 234.75 2379.00 ± 261.50

Asparate Transaminase (U/L) 111.30 ± 10.10 121.00 ± 14.50 141.10 ± 12.73 137.20 ± 13.62 136.47 ± 11.42

Alanine Transaminase (U/L) 29.85 ± 5.50 36.80 ± 4.50 39.35 ± 4.33 39.67 ± 4.42 43.33 ± 4.92

Alkaline Phosphatase (U/L) 284.00 ± 15.00 298.00 ± 19.00 312.50 ± 18.33 316.50 ± 18.67 320.17± 16.67

Total bilirubin (mg/dL) 0.25 ± 0.06 0.29 ± 0.01 0.36 ± 0.04 0.31 ± 0.03 0.29 ± 0.05

Creatinine (mg/dL) 1.43 ± 0.07 1.84 ± 0.45 2.46 ± 0.33 2.00 ± 0.39 1.77 ± 0.20

Uric Acid (mg/dL) 0.96 ± 0.06 1.15 ± 0.01 0.91 ± 0.04 1.04 ± 0.03 1.03± 0.05

Total Cholesterol (mg/dL) 53.70 ± 5.00 55.65 ± 3.50 60.20 ± 4.13 60.65 ± 3.82 66.52 ± 4.57

Triglycerides (mg/dL) 116.80 ± 9.40 121.95 ± 11.00 133.95 ± 8.77 133.00 ± 9.88 144.23 ± 9.08

Sodium (mmol/L) 108.00 ± 18.00 124.50 ± 11.00 125.00 ± 13.67 132.83 ± 12.33 139.17 ± 15.83

Chloride (mmol/L) 71.50 ± 20.00 91.50 ± 8.00 92.00 ± 12.33 97.33 ± 10.17 110.00 ± 16.17

Potassium (mmol/L) 3.04 ± 0.06 3.70 ± 0.40 3.07 ± 0.30 3.64 ± 0.35 3.44 ± 0.18

3.4.1. Hematological and Serum Parameters

Results pertaining to hematological and serum parameters of acute and subacute
studies are presented in Table 3. Results revealed that in a 14 day trial, P. harmala methanol
extract treated animals show a slight increase in the hematological and serum parameters,
but within normal range. Similarly, P. harmala methanol extract revealed a slight increase in
the hematological parameters when it was administered at the dose of 2000 and 3000 mg/kg
as compared to the control group. In addition, results showed no adverse changes in
hematological parameters in a 28 day trial of a subacute toxicity assessment of P. harmala
methanol extract. However, there was a slight increase in parameters including WBCs,
neutrophils, RBCs, hemoglobin, and platelets as compared to the control group (which
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received normal saline) when P. harmala methanol extract was given at the rate of 500 and
1000 mg/kg. Published work by Guergour and coworkers showed that treatment of female
mice with alkaloids seeds of P. harmala did not cause significant changes in levels of urea
and creatinine [26].

The serum profile in the acute and subacute studies did not show significant differ-
ences between normal and treated rats, which indicates that P. harmala methanol extract
has no adverse effects on the liver and kidneys, and on biochemical parameters including
serum total protein, albumin, lactate dehydrogenase, aspartate transaminase, total bilirubin,
creatinine, and uric acid when given at the doses of 2000 and 3000 mg/kg as compared to
the control group. Hence, consecutive oral administration of P. harmala methanol extract
for 28 days has no toxic impact on the liver and kidneys (Table 3). In addition, research
findings revealed that P. harmala does not cause significant changes in the hematological
profile of female mice when compared with the control [26]; this agrees with findings
obtained from this investigation that P. harmala is not harmful to the blood system.

3.4.2. Histopathological Analysis

Displayed in Figure 5 are the histopathological sections of the heart, liver, and kidneys
of the acute and subacute toxicity assessment. The microscopic observations revealed
no substantial histopathological changes in P. harmala methanol extract treated rats as
compared to those in the normal group. However, some lymphocytes with shrinkage of
cardiomyocytes were observed in the heart muscles, which may indicate the presence of
inflammation in subacute toxicity experiments. In kidney microscopy, interstitial edema
and vacuolar degenerations were seen in subacute toxicity experiments. This indicates that
renal epithelial cells inflammation was reversed by P. harmala methanol extract. Similarly,
the architecture of the liver in the treated animals was similar to normal animals. Published
work demonstrated that P. harmala in a subacute toxicity trial did not cause destruction
to kidney architecture. Moreover, liver histology showed ground glass appearance of
hepatocytes in acute toxicity [26].
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3.5. ESI-MS/MS Analysis

Since PHMF2 demonstrated significant antioxidant potential as compared to the
standards ascorbic acid and quercetin, and in vitro anti-inflammatory capacity as compared
to the control, this fraction was subjected to ESI-MS-MS analysis for identification of
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bioactive compounds. Results revealed the presence of quinic acid, harmaline, harmol,
harmine, and pegamine in the fraction as shown in Table 4 and Figure 6. To the best of our
knowledge, quinic acid was reported for the first time in the Peganum harmala methanol
fraction, whereas harmine and harmaline have been reported earlier.

Table 4. LC-ESI-MS/MS identification of bioactive compounds from PHMF2 of Peganum harmala.

Fractions Average Mass ESI-MS/MS (Ions) Compound Chemical Formula References

PHMF2

191 191, 173.1 Quinic acid C7H12O6

[58]
198 198.08, 181, 171.08 Harmol C12H10N2O
213 213.17, 198.08 Harmine C13H12N2O
214 215, 200.17, 197.17, 171 Harmaline C13H14N2O
204 205, 187, 161 Pegamine C11H12N2O2 [59]
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3.6. Quantification of Bioactive Compounds Using External Standards on HPLC

RP-HPLC subfraction PHMF2 was subjected to chromatographic investigation to
further confirm and quantify the compounds identified based on mass spectroscopy using
external standards (Table 5). External standards of quinic acid, peganine, harmol, harmaline,
and harmine were well separated with our methodology, and eluted at retention times
of 9.1, 10.1, 14, 21.8, 22.8, and 23.3 min at 280 nm as shown in Figure 7. Likewise, all
these compounds were well separated from PHMF2 at the same retention times and
wavelength, and quantified as 6.34, 19.2, 1.3, 3.9, and 53.9 µg/mg, respectively (Figure 8).
Therefore, identities of these compounds were confirmed by comparing their retention
times and mass spectral data with those of commercially available authentic samples
as evident from HPLC overlay chromatograms (Figure 9). In this respect, Herraiz and
coworkers reported a detectable amount of harmol, harmaline, and harmine as 0.03, 56, and
43.2 mg/g, respectively, from the P. harmala seed methanol extract [60]. On the other hand,
the P. harmala methanol root extract also showed the presence of considerable amounts
of harmol (14.1 mg/g) and harmine (20.6 mg/g), whereas harmaline was not detected.
Other research groups indicated that harmol, harmaline, and harmine were present in the
amounts 874, 488, and, 380 µg/mL, respectively, in the P. harmala methanol seeds extract [8].
Moreover, peganine was also identified and quantified earlier in the amounts of 9.6, 5.4, 21.2,
19.5, and 10.9 mg/g, respectively, from dry seeds, green fruits, immature fruits, flowers,
and leaves of P. harmala [61]. In light of this, more work is required to identify and quantify
more biologically active compounds from this traditionally important medicinal plant.
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Table 5. Quantification of quinic acid, peganine, harmol, harmaline, and harmine of PHMF2 obtained from Peganum harmala
RP-HPLC subfraction.

Fractions Compound
Name Wavelength LOD LOQ r2 Rt min Concentration

(µg/mg)

PHMF2
(Methanol extract)

Quinic acid

280

1.1 3.2 0.9999 9.1 6.34

Peganine 3.2 9.4 0.9989 10.1 19.2

Harmol 0.2 0.5 0.9998 14.0 1.3

Harmaline 0.4 0.9 0.9999 22.8 3.9

Harmine 2.9 8.1 0.9997 23.3 53.9

Limit of quantification (LOQ), Limit of detection (LOD), Coefficient of regression (r2), Retention time (Rt), Peganum harmala methanol
fraction 2 (PHMF2).
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4. Conclusions and Future Prospects

In summary, the findings from this investigation reveal that extracts of P. harmala
exhibit significant antioxidant and anti-inflammatory activities in both in vitro and in vivo
models, which justifies the use of this plant in the traditional medicine of different countries.
In addition, LD50 of PHME above 3000 mg/kg reflects the practical safety of the traditional
herb with no changes in behavior. Most importantly, no mortality was observed during the
acute (14 day) and subacute (28 day) toxicity studies. In addition, the presence of quinic
acid, harmol, harmine, harmaline, and peganine may be responsible for the bioactivity
of the extracts. However, more detailed studies are required to elucidate the possible
mechanisms of action and pathways responsible for the antioxidant and anti-inflammatory
capacities of the extracts. In conclusion, these results suggest that P. harmala possesses
anti-inflammatory and antioxidant activities, and can be a promising new source of natural
chemotherapeutic agents with no adverse effects.
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Abstract: Sage, Salvia officinalis L., is used worldwide as an aromatic herb for culinary purposes
as well as a traditional medicinal agent for various ailments. Current investigations exhibited the
effects of extended dryings of the herb on the yields, composition, oil quality, and hepatoprotective
as well as anti-cancer biological activities of the hydrodistillation-obtained essential oils from the
aerial parts of the plant. The essential oils’ yields, compositions, and biological activities levels of
the fresh and differently timed and room-temperature dried herbs differed significantly. The lowest
yields of the essential oil were obtained from the fresh herbs (FH, 631 mg, 0.16%), while the highest
yield was obtained from the two-week dried herbs (2WDH, 1102 mg, 0.28%). A notable decrease
in monoterpenes, with increment in the sesquiterpene constituents, was observed for the FH-based
essential oil as compared to all the other batches of the essential oils obtained from the different-
timed dried herbs. Additionally, characteristic chemotypic constituents of sage, i.e., α-pinene,
camphene, β-pinene, myrcene, 1, 8-cineole, α-thujone, and camphor, were present in significantly
higher proportions in all the dried herbs’ essential oils as compared to the FH-based essential oil.
The in vivo hepatoprotective activity demonstrated significant reductions in the levels of AST, ALT,
and ALP, as well as a significant increase in the total protein (p < 0.05) contents level, as compared
to the acetaminophen (AAP) administered experimental group of rats. A significant reduction
(p < 0.05) in the ALT level was demonstrated by the 4WDH-based essential oil in comparison to
the FH-based essential oil. The levels of creatinine, cholesterol, and triglycerides were reduced
(p < 0.05) in the pre-treated rats by the essential oil batches, with non-significant differences found
among them as a result of the herbs dryings based oils. A notable increase in the viability of the
cells, and total antioxidant capacity (TAOxC) levels, together with the reduction in malondialdehyde
(MDA) levels were observed by the essential oils obtained from all the batches as compared with
the AAP-treated cell-lines, HepG-2, HeLa, and MCF-7, that indicated the in vitro hepatoprotective
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effects of the sage essential oils. However, significant improvements in the in vivo and in vitro
hepatoprotective activities with the 4WDH-based oil, as compared to all other essential oil-batches
and silymarin standard demonstrated the beneficial effects of the drying protocol for the herb for its
medicinal purposes.

Keywords: Sage; Salvia officinalis; cytotoxicity; hepatoprotection; MDA; TAOxC; MCF-7; HeLA cells;
HepG-2 cells

1. Introduction

Sage, salvia, or Salvia officinalis L., the plant belonging to the family Lamiaceae, is a
perennial aromatic herb cultivated worldwide for its medicinal, culinary, and flavor prop-
erties. The sage, as a culinary and medicinal herb, is popular worldwide and considered an
economically important commodity for use in the apothecary and spices business. Herbal
shops regularly trade sage as well as other aromatic herbs wherein the herbs are dried at
room temperature under shade to retain their aromatic contents. The herb is worldwide
available and is used in food preparations and also as an essential part of the tea mixture of
the Mediterranean countries [1]. The folk-medicinal and traditional usage of sage is global
in nature, and the Latin name of the plant “Salvia” means curative, which is indicative of
the health-giving properties, and importance of this plant [2]. The aerial parts of the plant
are used for the management of gout, rheumatism, diarrhea, and diabetes in the countries
of Northern America, and Asia [3]. Sage is also used for the treatment of gastrointestinal
disorders, such as dyspepsia and ulcers, as well as heartburn, and upper respiratory com-
plaints, including sore throat, and inflammations [1]. Sage also has noticeable beneficial
effects in age-related cognitive disorders [4]. It is strongly reputed to induce calmness and
improve memory in Alzheimer’s patients [5]. The plant leaves are frequently used in the
food industry due to their flavor and antioxidant, and antimicrobial properties [6]. The
plant is also part of the perfumery and cosmetic industries [2].

Chemical analysis of the sage essential oil from different locations has been carried out,
and detailed reports are available from different quarters. The major volatile constituents of
the plant were determined as being α-thujone, 1,8-cineole, and camphor, which are consid-
ered the chemotypic constituents of the S. officinalis essential oil [7]. The effects of seasonal
variations [8], geographical locations differences in oil quality and yields [8–10], essential
oils’ extraction procedures [11–13], and the essential oils obtained through different drying
methods [14,15] have been reported as parts of the parameters affecting the plant essential
oils’ yields and constituents. Significant variations among sage essential oil constituents in
response to the aforementioned parameters have been reported. The major chemotypic
products of the sage essential oil, α-thujone, 1,8-cineole, and camphor also significantly
varied in the essential oils obtained from the plant batches dried in an oven at 45 ◦C and
65 ◦C, and plant materials dried in a microwave oven (500 W) [14]. Likewise, the α-thujone
and camphor’s componential ratios fluctuated in the essential oil batches obtained from
the herbs collected in different seasons, and from different geographic locations [8].

Nonetheless, the essential oil compositions and yields obtained from S. officinalis have
been extensively studied [7,16–19], and the effects of the extraction procedures, drying
methods, and harvesting frequency on the plant’s essential oil constituents have been
demonstrated in previous reports [14,15,20,21]. The current work instead, in contrast to
the previous reports on the essential oils of sage from different locations, seasons, and
multiple drying methods, dealt with the periodic effects of a single drying procedure that
is frequently adopted by the apothecary and herbal dealers, i.e., room temperature and
natural atmospheric pressure conditions for drying the herbs. To the best of information
available, the effects of extended, i.e., 1- to 4-weeks, dryings on the sage essential oils
yields and variations in their constituents have not been investigated. This is the first
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report disclosing the substantial effects of the plants’ drying effects on its oils’ yields, oils’
composition, and effects on the chemotypic constituents.

Hepatoprotective effects of herbal natural products have been reported, and several
secondary metabolic origins compounds responsible for potential activity in treating liver
dysfunctions are known [22]. The testing protocols, including animal models, in assessing
the hepatoprotective activity are one of the important aspects in confirming the in vivo
potential of the test material [23,24]. Moreover, for the cell lines–based assays for liver
functional assessments, the HepG-2 cell lines are the prime choice, owing to their desirable
biochemical and morphological characteristics imitating the normal hepatocytes; hence,
they are used as a representative model for the in vitro hepatoprotective assays. In addition,
the HepG-2 cell lines have a certain advantage over the normal hepatocytes in a way that
they have high survival and maintenance rates in large quantities without changes in their
drug-metabolizing enzyme activities, and this occurs in the primary cultures of the human
hepatocytes [25]. Hence, the HepG-2 cell lines are widely used as an in vitro model for
the assessment of various liver functions, their metabolic activity, and the evaluation of
the drug’s toxicity [26]. In the context of hepatic disorders and hepatoprotective actions,
acetaminophen (AAP, paracetamol) is widely used as an antipyretic, analgesic, and anti-
inflammatory standard drug/agent. However, the AAP produces hepatotoxicity upon
larger dose administrations, and the mechanisms responsible for in vivo liver toxicity of
the AAP are complex [27], as it (AAP) undergoes metabolic activation in a cytochrome-
P450–dependent step to produce a highly reactive metabolite, N-acetyl-p-benzoquinone
imine (NAPQI), as well as free radicals, which can initiate lipid peroxidation. The in vivo
toxicity induced by the AAP and the toxicity in cultured hepatocytes involves stimulations
of lipid peroxidation, which is detected as an increase in the levels of malondialdehyde
(MDA) formations [28].

The hepatoprotective effects of sage essential oil have been investigated by several
research groups since the plant is claimed to be curative in nature with context to hepato-
protection, and is still used as part of the traditional medicament for cure and protection of
liver-related disorders in several quarters [29–32]. Previous reports describing the cytotoxic
activities of sage essential oils are also available [33–35].

The current study specifics were performed to evaluate the impacts of extended
dryings of the sage aerial parts on their essential oil yields and constituents’ variations,
as well as effects on biological activities, in comparison to the essential oil obtained from
the fresh herb. Specifically, the current study investigated the variations in the yields
and chemical compositions of the essential oil batches, and their impact on cytotoxicity
in MCF-7, and HeLa cell lines, together with the hepatoprotective activity against AAP-
induced liver damages in the in vivo models in Wistar male rats, and in an in vitro model
in HepG-2 cell lines.

2. Materials and Methods
2.1. Plant Materials

The aerial parts of the sage herb were collected in February 2019 from the gardens
maintained by the Ministry of Agriculture, Qassim province, KSA. The institutional botanist
identified the plants as Salvia officinalis L. The fresh plants’ aerial parts were divided into
5 equal groups of 400 g each. One group of the fresh aerial parts of the plants were
subjected to hydrodistillation, while other groups were dried in shade at room temperature
(25 ± 2 ◦C) for a pre-defined time (one-week intervals) as defined in Section 2.2.

2.2. Dryings of the Plants and Hydrodistillation for Obtaining Essential Oil Batches

The five fresh herb groups of 400 g each were individually subjected to the procedure
as follows. Batch one (fresh aerial parts herb group, 400 g) of the plant was mixed with
700 mL of distilled water in a 2 L round-bottom flask, and instantly subjected to hydrodis-
tillation for 5 h using a Clevenger apparatus. The subsequent batches, two, three, four, and
five (400 g each) were allowed to dry at room temperature (25± 2 ◦C) in shade for one, two,
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three, and four weeks, respectively, before their hydrodistillation to procure the essential
oils in the same conditions as used for the fresh plants batch. The obtained essential oils
were dried over anhydrous sodium sulfate, and the percent yields of the essential oils for
each batch was calculated according to the following formula:

Oil Yields % =

(
A

400

)
× 100 (1)

where A is the amount of essential oil in gram obtained from 400 g of the fresh aerial
parts of the plant. The batches’ weight reductions were calculated after the defined drying
periods for each batch.

2.3. Gas Chromatography-Flame Ionization Detector (GC-FID) Analyses

Hydrodistilled essential oil batches of the herb sage were subjected to GC-FID analyses
on a Perkin Elmer Auto System XL gas chromatography instrument equipped with a flame
ionization detector (FID). The chromatographic separations of the essential oil samples
were achieved on a fused silica capillary column ZB5 (60 m × 0.32 mm i.d. × 0.25 µm film
thickness). The oven temperature was maintained initially at 50 ◦C and programmed from
50 ◦C to 240 ◦C at a rate of 3 ◦C/min. Helium gas was used as a carrier at a flow rate of
1.1 mL/min. The injector and detector temperatures were 220 ◦C and 250 ◦C, respectively.

2.4. Identification of the Essential oil Constituents

The essential oils obtained from the fresh sage and the dried batches were identified
based on the experimental retention index (RI) calculated with references to standard
n-alkenes series (C8–C40), and the retention indices reported in the literature under similar
GC experimental conditions. Additionally, the identification of the compounds was carried
out based on their retention time and comparisons with the mass spectral libraries (Na-
tional Institute of Standards and Technology (NIST-11) and Wiley Database). The relative
percentages of the constituents were calculated from the area under the peak obtained from
the GC-FID chromatogram.

2.5. In Vivo Hepatoprotective Assay
2.5.1. Experimental Animals

The in vivo hepatoprotective activity of the sage essential oil batches was performed
using Wistar male rats weighing about 200–250 g, which were kindly provided by the
animal house facility of the College of Pharmacy, Qassim University. The rats were housed
in suitable humidity and temperature (25 ± 2 ◦C) and given a standard diet and water
ad libitum. The animals were kept in a pathogen-controlled, air-conditioned room in the
animal house. All the experiments were performed, according to the guidelines for animal
studies that were approved by the Ethical Committee of College of Pharmacy, Qassim
University, KSA.

2.5.2. Acute Toxicity Studies

Briefly, ten-weeks-old male Wistar rats (n = 15), weighing 200–250 g, being overnight
fasted, were weighed, and a single dose of 50, 100, and 200 mg/kg (n = 5/group) of Salvia of-
ficinalis essential oil was administered, using the oral route. The animals were observed for
abnormality in behavior and movements for the first three days and mortality for up to
two weeks. Based on the results, 20 mg/kg, 10% of the maximum administered dose ac-
cording to the Hedge and Sterner scale, was selected for evaluation of the hepatoprotective
activity [36].

2.5.3. Animal Groups

A total of 40 ten-week-old Wistar male rats, weighing 200–250 g, were divided ran-
domly into eight equal groups (n = 5); the first group was considered the control and
received oral supplementation of saline, using an orogastric cannula. The second group of
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animals (negative control) received oral administration of AAP (in a dose of 500 mg/kg)
once daily starting from the 11th day of the experiment for 5 consecutive days to induce
liver injury. The third, fourth, fifth, sixth, and seventh groups of animals received 20 mg/kg
BW (bodyweight), once daily, for 15 days the essential oils obtained from the fresh herb
(FH), one-week (1WDH), two-week (2WDH), three-week (3WDH), and four-week dried
herb (4WDH) of the Salvia officinalis, respectively. The animal groups (third to seventh
groups) received AAP to induce liver injury (in a dose of 500 mg/kg) starting from the
11th day of the experiment for 5 days. Standard liver support was administrated to group
number eight, which was pretreated with silymarin (oral dose: 100 mg/kg, 15 days), and
AAP for the last 5 days. At the end of the experiment, blood samples were collected
by retro-orbital puncture, serum was separated from all groups’ collected blood for the
determination of liver functions (ALP, AST, ALT, and total protein) as well as kidneys
functions (urea and creatinine) and the lipid profile (triglycerides and total cholesterol)
analyses.

2.5.4. Determination of Liver, Kidneys Functions, and Lipid Profile

The plasma levels of ALT, AST, ALP, and creatinine were determined, using an opti-
mized UV-test, according to the international federation of clinical chemistry (IFCC). The
plasma levels of total protein, urea, cholesterol, and triglycerides were measured, using
the colorimetric methods. All the reagents were provided by the Crescent Diagnostics
Company, KSA.

2.6. Cell-proliferation Assays

Human breast adenocarcinoma cell lines (MCF-7), cervical carcinoma cell lines (HeLa),
and hepatocellular carcinoma cell lines (HepG-2) were used to evaluate the cytotoxic
activity of the different batches of the sage essential oils in comparison with the normal
fibroblast lung cell lines, MRC-5. The cell lines were grown in RPMI1640 or DMEM media
(Gibco) supplemental with 10% fetal bovine serum (FBS) (Gibco), penicillin-streptomycin
1%, and L-glutamine 1%. Cells were grown under optimum growth conditions at 37 ◦C in
a humidified atmosphere of 5% CO2. The proliferation of tested cells after treatment with
the sage essential oils from different batches and doxorubicin as a positive cytotoxic drug
was determined by the colorimetric 3-(4,5- dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide (MTT) assays. Cells (1 × 104 cells/well) were incubated in 96-wells plates for
24 h. After that, the cells were further incubated for 24 h with and without essential oils
and doxorubicin. MTT solution (Sigma-Aldrich, Germany) (10 µL of 5 mg/mL in PBS)
was added to each well and incubated for a further 4 h at 37 ◦C in a CO2 incubator. The
formazan crystals were dissolved in 100 µL of DMSO, and the color density was measured
at 570 nm using SpectraMax M II microplate reader (Molecular Devices, LLC. San Jose,
CA, USA).

Viability percentage and Selectivity Index:

To calculate the viability percentage, the following formula was used:

Viability % = (OD treatment /OD control) × 100 (2)

IC50 values (i.e., the sample concentration that exerts 50% inhibition concerning
untreated cells) were determined for all the cell lines. The selectivity index (SI), which
indicates the cytotoxic selectivity (i.e., drug safety) for tested samples against cancer cells
versus normal cells, was calculated from the following formula:

SI = IC50 calculated for normal cells/ IC50 calculated for cancer cells (3)

The SI values higher than 2 were considered to be high selectivity [37].
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2.7. Acetaminophen (AAP) Induced Hepatotoxicity in Hepg2 Cells

To evaluate the hepatoprotective effects of the sage essential oils on HepG-2 cell lines,
the non-toxic concentration of the sage essential oil, 100 µg/mL, was selected to conduct the
hepatoprotective activity assessment using the MTT assay as described earlier (Section 2.6).
The HepG-2 cell lines were treated with AAP (4 mM) for 24 h, and the HepG-2 cells in the
medium were considered as a negative control. Further, the hepatoprotective assays were
performed using standard methods as described in each assay in the following sections
as detailed below. The HepG-2 cells were pretreated with the essential oils for 12 h and
incubated with AAP (4 mM) for 24 h, with and without the essential oils; the HepG-2 cells
in medium only were considered as a negative control.

2.8. Measurement of Total Antioxidant Capacity (TAOxC)

The HepG-2 cell lines were treated with AAP in the presence and absence of the sage
essential oils obtained from different batches. After treatment, the cells were lysed and
suspended by sonication on ice in 0.9% sodium chloride solution containing 0.1% glucose
and 5 mM potassium phosphate buffer (pH 7.4). The supernatant of the lysed cells was
used to measure TAOxC, using an antioxidant assay kit obtained from Cayman Chemical
Company (Ann Arbor, MI, USA). The assay was dependent on the ability of the antioxidants
in the sample to inhibit the oxidation of 2,2’-azino-bis-3-ethylbenzothiazoline (ABTS) to
ABTS+ by metmyoglobin absorbance in the wells, which were measured after 5 min at
a wavelength of 405 nm on a microplate reader, SpectraMax M II (Molecular Devices,
LLC. San Jose, CA, USA). The results were expressed as millimoles of the antioxidants
utilized [38].

2.9. Measurement of MDA for Lipid Peroxidation

Malondialdehyde (MDA), an end product of the lipid peroxidation, was used as an
oxidative stress marker, and its concentration was measured using a thiobarbituric acid
reactive substance (TBARS) assay kit obtained from the Cayman Chemical Company. The
HepG-2 cells were treated with AAP in the presence and absence of sage essential oils, the
supernatant of cells lysate or the standard sodium dodecyl sulfate, and the color reagent
was added, heated to 100 ◦C for 1 h, and immediately cooled in an ice bath and centrifuged.
The absorbance of the product was measured at a wavelength of 540 nm on a microplate
reader, SpectraMax M II (Molecular Devices, LLC. San Jose, CA, USA). The extent of
lipid peroxidation was quantified by estimating the MDA concentration. The results are
expressed as micromoles of MDA equivalents formed per liter.

2.10. Statistical Analysis

The results were analyzed using GraphPad Prism V6 (GraphPad Software, San Diego,
CA, USA). Data were expressed as mean ± SD. of 3–4 independent experiments performed
at least in triplicate. One-way analysis of variance (ANOVA) followed by Tukey’s test was
used to detect any significant differences among the different mean values. A p-value less
than 0.05 was considered a significant difference.

3. Results and Discussion
3.1. Sage Essential Oil Obtained from the Fresh Aerial Parts of the Plants and the Extended-Dried
Plant Batches

The current study was designed to evaluate the effects of extended dryings on the
sage essential oil yields, compositions, and biological activities, wherein the herbs’ aerial
parts were utilized to obtain the essential oils by the hydrodistillation process. The factors
of drying temperatures (25 ± 2 ◦C), pressure (atmospheric pressure), and the amount of
the fresh herbs (400 g) in each batch were constants; however, the variable parameter was
the drying period and the weight loss of the dried herbs. From the viewpoint of essential
oils production, the overall results in Table 1 show higher essential oil yields through the
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hydrodistillation method from the dried aerial parts of the herbs batches than that obtained
from the fresh herb.

Table 1. Reduction in sage herbs’ weights and essential oils obtained by hydrodistillation in response
to extended dryings.

Periods of
Drying Fresh Weight Weight after

Drying Essential Oil (mg) % Yields *

Fresh Herb (FH)

400 g

400 g 631 ± 8.05 0.16

1WDH 131 g 923 ± 6.34 0.23

2WDH 111 g 1102 ± 15.58 0.28

3WDH 107 g 944 ± 5.73 0.24

4WDH 107 g 702 ± 9.10 0.18
* Yield percentages were calculated from the equation: weight of the essential oil obtained in gram/ 400 × 100.

The results showed a noticeable change in the plant weight after one week of drying
from 400 g to 131 g (−67.25%) and a significant increase in the essential oil yields obtained
from the one-week dried herb (923 ± 6.34 mg) as compared to the fresh herb material
(631 ± 8.05 mg). The herbs dried for two weeks showed a drastic change in their weight;
a loss of the weight from 400 g to 131 g, as compared to the fresh sample, was observed.
At the same time, the essential oil yields percentage was ~75% higher for the two weeks
dried herbs batch than the essential oil yields obtained from the fresh herbs sample. The
results in Table 1 displayed that further dryings of the sage for three and four weeks were
accompanied by a reduction in the yields of the essential oils in comparison to the two
weeks of dried herbs, which showed maximum yields of the essential oil. The weight
reduction in response to the extended dryings was a logical culmination of the drying
process; nonetheless, the improvements in the essential oil obtained from the herbs after two
weeks of drying as compared to the fresh plant-based oil yields need careful consideration.
The reduction in the water to essential oil ratio in the herbs during the drying process is a
plausible explanation for the higher yields of essential oil recovery from the dried herbs
rather than the fresh herbs batch. The drying period extension over two weeks might
be accompanied by higher emission of the essential oil from the herbal materials, which
possibly explains the significant reduction in the essential oil yields obtained from the dried
herbs batches of three and four weeks as compared to the two weeks dried herbs. Notably,
similar results in parallel to the current findings for weight loss and essential oil yields
were recently reported for rosemary, Rosmarinus officinalis [39]. Nevertheless, the essential
oil yields percentages from the fresh and extended dried sage materials ranged from 1.5
to 2.8 mL/Kg, and it did not confirm the recommendations of European Pharmacopoeial
(EP) standards for Salvia officinalis oil yields (10 mL/Kg) [19]. However, the essential oil
yields were in alignment with the reported values for the essential oil yields from the aerial
parts of the plant, sage, grown in the Middle Eastern regions, which varied between 0.8%
to 2.5% [9,40–42]. Additionally, the combined results of the Table 1 confirmed the economic
importance of the herbs-drying process for better essential oils production. The results also
are in agreement with the normal practice conducted by the herbalist, and home drying of
the herbs utilized for different culinary purposes.

3.2. Componential Analysis of the Essential Oil Obtained from Different Batches

The essential oils obtained from all the batches of sage (fresh and dried aerial parts)
were analyzed for the presence, in percentages, of their constituents (GC-FID analysis,
supplementary file, Table S1–S3). The results exhibited in Table 2 demonstrated distinct
differences between the constituents and their percentages in all five batches of sage oil.
Among all the identified constituents, five components were identified only in the fresh
herbs–based essential oil, i.e., butyl acetate (0.64%), α-phellandrene (0.3%), neral (0.17%),
α-cadinene (0.17%), and viridiflorol (0.59%). The differently timed dried herbs exhibited an
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absence as well as an increment and/or reduction in percent ratios of different components
in the essential oils (Table 2). The results showed major differences in the percentages of the
chemotypic constituents of the essential oils obtained from the dried herbs–based essential
oils as compared to the fresh herb-based essential oil. The non-oxygenated monoterpenes,
i.e., α-pinene, camphene, β-pinene, myrcene, and γ-terpinene, were significantly increased
(p < 0.05) in the dried herbs–based essential oils batches, as compared to the essential
oil obtained from the fresh herb. Here, the α-pinene concentration was significantly
increased (p < 0.05) from 0.07% of the fresh herbs–based essential oil to 1.54, 1.57, 1.46,
and 0.73% in the one-, two-, three-, and four weeks dried herbs–based essential oils. Some
of the oxygenated monoterpenes, e.g., 1,8-cineole, α-thujone, and camphor, were also
significantly increased (p < 0.05) in the essential oils batches obtained from dried sage as
compared to the essential oil batch obtained from the fresh herbs (Table 2). In contrast,
the sesquiterpenes β-caryophyllene, α-humulene, d-cadinene, humulene epoxide III, 14-
hydroxy-(Z)-caryophyllene, and α-bisabolol showed drastic reductions (p < 0.05) in their
contents ratio in the oil yields of the dried herbs–based essential oil batches in comparison
to the fresh herbs–based essential oil. For instance, the α-bisabolol percentage was reduced
from 3.43% in the fresh herbs–based essential oil to 0.27% in the essential oil batch of
the one-week dried herbs, which equals to a 92.12% reduction in the percentage of the
α-bisabolol. However, p-cymene-8-ol and dihydrocarveol acetate monoterpenes were
found in higher concentrations in the fresh herbs–based essential oil.

Table 2. Chemical constituents of the Salvia officinalis essential oils batches distilled from the fresh aerial parts of the herbs
and the aerial parts after different drying periods.

No. Components KIexp. KIrep. FH 1WDH 2WDH 3WDH 4WDH

1 Butyl acetate 815 817 0.64 ± 0.09

2 α-Thujene 930 932 0.16 ± 0.02 0.20 ± 0.01 0.15 ± 0.01

3 α-Pinene 938 939 0.07 ± 0.02 A 1.54 ± 0.14 B 1.57 ± 0.06 B 1.46 ± 0.05 B 0.73 ± 0.08 B

4 Camphene 954 950 0.09 ± 0.02 A 1.01 ± 0.05 B 1.40 ± 0.08 B 1.49 ± 0.08 B 0.69 ± 0.05 B

5 Sabinene 977 976 0.17 ± 0.02 0.16 ± 0.01 0.14 ± 0.01

6 β-Pinene 983 980 0.71 ± 0.08 A 5.81 ± 0.56 B 5.82 ± 0.24 B 5.08 ± 0.22 B 3.33 ± 0.13 B

7 Myrcene 992 992 0.64 ± 0.08 A 3.10 ± 0.23 B 3.64 ± 0.17 B 2.17 ± 0.05 B 2.05 ± 0.05 B

8 α-Phellandrene 1001 1008 0.30 ± 0.04

9 α-terpinene 1021 1018 0.18 ± 0.03 0.24 ± 0.02 0.19 ± 0.00 0.16 ± 0.01

10 Limonene 1034 1033 0.75 ± 0.07 A 0.41 ± 0.03 B 0.44 ± 0.03 B 0.32 ± 0.01 B 0.24 ± 0.02 B

11 1,8-Cineole 1040 1039 16.70 ± 1.62 A 35.70 ± 1.49 B 38.70 ± 0.49 B 37.90 ± 0.92 B 33.21 ± 0.15 B

12 γ-Terpinene 1063 1064 0.46 ± 0.04 A 1.01 ± 0.04 B 1.02 ± 0.06 B 0.62 ± 0.02 A 0.54 ± 0.03 A

13 cis-Sabinene hydrate 1074 1076 0.20 ± 0.02 A 0.18 ± 0.01 A 0.17 ± 0.01 A 0.18 ± 0.01 A 0.18 ± 0.01 A

14 Terpinolene 1094 1089 0.22 ± 0.00 0.27 ± 0.02 0.20 ± 0.01 0.14 ± 0.02

15 Linalool 1104 1104 0.85 ± 0.06 A 0.68 ± 0.03 A 0.73 ± 0.11 A 0.87 ± 0.03 A 1.03 ± 0.06 A

16 α-Thujone 1112 1117 0.69 ± 0.05 A 2.20 ± 0.04 B 1.32 ± 0.03 B 1.83 ± 0.05 B 2.12 ± 0.03 B

17 β-Thujone 1124 1127 0.99 ± 0.06 A 1.51 ± 0.03 B 1.21 ± 0.02 A 1.56 ± 0.03 B 1.54 ± 0.05 B

18 Camphor 1155 1150 8.32 ± 0.53 A 7.56 ± 0.08 A 10.71 ± 0.15 B 11.50 ± 0.24 B 12.09 ± 0.06 B

19 Borneol 1170 1170 0.66 ± 0.04 A 0.60 ± 0.01 A 0.90 ± 0.02 A 0.22 ± 0.00 A 0.85 ± 0.02 A

20 erpinen-4-ol 1177 1178 3.50 ± 0.13 A 3.13 ± 0.06 A 2.71 ± 0.05 A 3.66 ± 0.05 A 3.42 ± 0.07 A

21 p-Cymene-8-ol 1185 1183 1.02 ± 0.05 A 0.31 ± 0.01 B 0.52 ± 0.01 B 0.19 ± 0.01 B 0.65 ± 0.01 B

22 Myrtenol 1188 1194 2.13 ± 0.09 A 1.88 ± 0.05 B 1.65 ± 0.01 B 1.62 ± 0.02 B 2.13 ± 0.04 A

23 α-Terpineol 1204 1199 5.53 ± 0.15 A 7.64 ± 0.22 A 4.67 ± 0.02 A 5.96 ± 0.07 A 6.03 ± 0.07 A

24 Neral 1236 1238 0.17 ± 0.01

25 Carvone 1257 1258 0.13 ± 0.01 A 0.06 ± 0.02 A 0.16 ± 0.01 A 0.15 ± 0.00 A
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Table 2. Cont.

No. Components KIexp. KIrep. FH 1WDH 2WDH 3WDH 4WDH

26 Linalyl acetate 1261 1259 0.22 ± 0.03 A 0.10 ± 0.02 A

27 Bornyl acetate 1293 1288 0.24 ± 0.04 A 0.17 ± 0.02 A 0.16 ± 0.02 A 0.29 ± 0.00 A

28 Thymol 1305 1293 0.11 ± 0.01

29 Carvacrol 1324 1309 0.23 ± 0.01 A 0.11 ± 0.00 A 0.18 ± 0.00 A 0.15 ± 0.04 A

30 Dihydrocarveol
acetate 1357 1347 4.42 ± 0.17 A 1.82 ± 0.17 B 3.12 ± 0.05 B 3.21 ± 0.02 B 2.67 ± 0.06 B

31 Eugenol 1378 1359 0.23 ± 0.01

32 β-Bourbonene 1385 1384 0.15 ± 0.02 A 0.11 ± 0.03 A 0.12 ± 0.01 A 0.16 ± 0.03 A

33 α-Cadinene 1424 0.17 ± 0.03

34 β-Caryophyllene 1439 1426 13.88 ± 0.63 A 10.63 ± 0.54 B 8.73 ± 0.17 B 7.02 ± 0.04 B 10.14 ± 0.10 B

35 Aromadendrene 1444 1440 0.11 ± 0.01

36 5-Oxobornyl acetate 1452 1484 0.10 ± 0.00

37 α-Humulene ne 1456 1456 0.75 ± 0.04 A 0.77 ± 0.08 A 0.86 ± 0.02 A 0.74 ± 0.02 A 0.81 ± 0.02 A

38 Allo-Aromadendrene 1471 1462 4.58 ± 0.21 A 1.80 ± 0.09 B 2.04 ± 0.05 B 1.52 ± 0.01 B 2.99 ± 0.03 B

39 γ-Muurolene 1478 1477 0.11 ± 0.01

40 (z)-β-Guaiene 1489 1490 0.17 ± 0.04 A 0.15 A

41 Viridiflorene 1497 1494 0.19 ± 0.02 A 0.07 ± 0.01 B

42 γ-Cadinene 1513 1513 1.89 ± 0.10 A 0.84 ± 0.05 B 0.68 ± 0.02 B 0.57 ± 0.01B 0.64 ± 0.02 B

43 (Z)-Calamenene 1529 1526 0.30 ± 0.04 A 0.08 ± 0.00 B 0.13 ± 0.03 B 0.13 ± 0.01 B 0.15 ± 0.01 B

44 δ-Cadinene 1537 1531 2.74 ± 0.24 A 0.36 ± 0.02 B 0.45 ± 0.02 B 0.47 ± 0.02 B 0.72 ± 0.03 B

45 UD 1543 1.00 ± 0.14

46 Viridiflorol 1595 1590 0.59 ± 0.19

47 Humulene epoxide I 1599 1596 1.43 ± 0.07 A 0.63 ± 0.03 B 0.56 ± 0.02 B 0.60 ± 0.02 B 0.66 ± 0.01 B

48 Humulene epoxide II 1605 1600 2.96 ± 0.18 A 1.28 ± 0.07 B 1.01 ± 0.04 B 1.71 ± 0.03 B 1.59 ± 0.06 B

49 Humulene epoxide
III 1616 1615 7.62 ± 0.25 A 2.54 ± 0.14 B 1.94 ± 0.06 B 3.70 ± 0.11 B 3.46 ± 0.08 B

50 muurola-4,10(14)-
dien-1-b-ol 1632 1625 0.83 ± 0.11 A 0.21 ± 0.01 B 0.23 ± 0.02 B 0.30 ± 0.01 B 0.55 ± 0.02 B

51 UD 1656 0.35 ± 0.04

52 14-hydroxy-(Z)-
caryophyllene 1660 1667 2.10 ± 0.16 A 0.34 ± 0.12 B 0.24 ± 0.02 B 0.37 ± 0.10 B 0.60 ± 0.03 B

53 UD 1667 0.79 ± 0.08

54 α-Bisabolol 1675 1683 3.43 ± 0.36 A 0.27 ± 0.01 B 0.22 ± 0.02 B 0.24 ± 0.02 B 0.43 ± 0.01 B

55 UD 1693 2.09 ± 0.06 A 0.53 ± 0.03 B 0.37 ± 0.01 B 0.61 ± 0.04 B 0.62 ± 0.03 B

Identified components 46 46 40 39 33

Total Yields % 98.3 ± 2.39 98.43 ± 1.82 99.37 ± 0.18 99.26 ± 0.67 97.14 ± 0.35

Non-oxygenated monoterpenes 3.22 13.79 14.93 12.0 8.06

Non-oxygenated sesquiterpenes 24.82 15.03 13.01 10.61 15.45

Oxygenated monoterpenes 45.57 63.36 66.66 68.96 65.74

Oxygenated sesquiterpenes 18.96 5.27 4.2 6.92 7.29

Phenolics constituents 0.23 0.45 0.18 0.15 0

KIexp.: Experimental Kovats retention index; KIrep.: Reported Kovats retention index; FH: Fresh herb; 1WDH: One-week dried herb; 2WDH:
Two-week dried herb; 3WDH: Three-week dried herb; 4WDH: Four-week dried herb; UD: Unidentified. The mean of 3 independent runs
was used to calculate areas under the peaks. Tukey’s multiple comparisons were performed for the statistically significant constituents, using
a one-way ANOVA. Different superscript letters (A–B) within the corresponding column show significant differences in the constituents’
percentage (p < 0.05) in the sage essential oil obtained from dried herb compared to the fresh herb.
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The overall follow-up of the decreasing and increasing percentages of the sage essential
oils’ constituents among the fresh and dried herbs reflected that most of the monoterpene
constituents, including the oxygenated and non-oxygenated, were steadily increasing for
up to three weeks of drying as compared to the fresh herbs–based essential oil (Table 2,
Figure 1). Interestingly, the percentages of the sesquiterpenes were also decreased in
the dried herbs batches of the sage essential oils, as compared to the fresh herbs–based
essential oil batch. Wherein, the fresh herbs–based essential oil analysis showed 24.82%
and 18.96% as compared to 15.03% and 5.27% of the non-oxygenated and oxygenated
sesquiterpenes, respectively, which was obtained after only one week of drying as shown
in the heat-map comparison which is based on the abundance of major components found
in the essential oil batches (Figure 1). The number of identified compounds in every
essential oil batch was also one of the distinct comparable points among them. The
highest numbers of constituents in the essential oil obtained from the fresh, and one-week
dried herbs based essential oil batches of the plant (46 compounds representing 98.3%,
and 98.43% of the essential oil, respectively), as compared to the 40 and 39 identified
constituents in the two- and three-weeks dried herbs–based essential oil batches, which
were represented at 99.37% and 99.26% of the essential oil weight ratios according to
the peak area analyses, respectively. Nonetheless, the drastic reductions in the identified
compounds were shown in the four-week dried herbs–based essential oil, which showed
33 constituents and represented 97.14% of the essential oil componential weight. Moreover,
all the common sage constituents were identified in the fresh herbs-based essential oil batch
and the batches obtained after dryings of the herbs. A number of 46 constituents were
identified in the fresh herbs and one week dried herbs based essential oils, while the two
and three weeks dried herbs based oil contained 40 and 39 constituents, respectively, which
formed their total yields of the oils, and their identified and the unidentified constituents
weight ratios. The four weeks dried herb-based essential oil contained only 33 constituents
in it (Table 2). The GC-FID analysis also revealed that the chemotypic constituents of the
sage essential oils were represented in all the essential oil batches as major constituents
with different proportions. For instance, 1,8-cineole was found as a major component;
however, its proportions were significantly different, and vacillating in different essential
oil batches. The economical outcome that could be implied from the results demonstrated
in Tables 1 and 2, for the essential oil yields percentage and componential representation
of the essential oil constituents in each essential oil batch, showed the importance of sage
drying for two weeks in shade at room temperature before the procurement of its essential
oils. However, the biological activities of these essential oil batches were another factor
mostly centered on the biological activity of the constituents rather than the amount of the
obtained essential oil yields from each batch.

3.3. Hepatoprotective Effect of the Essential Oil Batches

The quality of sage essential oils obtained from fresh and different-timed dried batches,
i.e., 1WDH, 2WDH, 3WDH, and 4WDH, of the herbs were evaluated for their effectiveness
to restore the liver and kidneys functions, together with the lipid profile in comparison to
the normal behavior, which was impaired by AAP-induced liver toxicity in the experimen-
tal animal models, rats. The ability of sage’s essential oils from different batches to protect
the HepG-2 cells toxicity induced by AAP was also evaluated as an in vitro hepatoprotec-
tive assay. The sage decoction was reported to exaggerate the liver toxicity by the CCl4 in
the mice models [43], which is an unexpected result of the sage infusion. However, the
hepatoprotective activity of sage infusion against the liver injury inducer, azathioprine, was
reported in rats [44]. Sage’s essential oil and herbal extract were also reported to protect
against liver injury induced by AAP, attributed to the antioxidant potentials of the sage
constituents [29,45].
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Figure 1. A heat-map comparison based on the abundance of an individual component of sage’s
essential oils from different batches; gray color indicates un-detected from the identified component.

3.3.1. In vivo Hepatoprotective Effect

The current study showed a significant increase in the serum levels of AST, ALT, and
ALP in a concomitant manner with a significant decrease in the total protein contents in the
AAP-induced liver injury in several groups of animals, as compared to the control group.
These disorders occurred as a result of AAP-induced liver toxicity, which led to hepatic cell
damage and necrosis [46] culminating from reactive oxygen species accumulation, lipid
peroxidation [47], and calcium release [48], which represented a plausible biomechanism
of the AAP-induced liver injury. The pre-treated rats by sage herbs’ essential oils showed a
significant decrease in AST, ALT, ALP, and a significant increase in total protein contents
(p < 0.001) in comparison to the AAP-induced liver injury in groups of animals under
study. Similar results were obtained from the silymarin-treated rats, which is considered a
standard liver support drug which restores hepatic cells functions in liver injury conditions
induced by the drug toxicity, and the interplay of free radicals [49]. These findings are in
complete alignment with previous reports [29,50], wherein the sage essential oil showed
hepatoprotective effects, due to its antioxidant potential. Recently, another study reported
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that sage essential oil reduces oxidative stress and the toxic effects in liver injury which
was induced by vanadium metal in rat liver [31]. Similarly, another study observed that
sage protected the liver against isoniazid-induced hepatic toxicity [51]. In this regard,
the Salvia officinalis leaves’ methanolic extract also protected the liver injury induced by
aflatoxins [52]. The possible hepatoprotective mechanism of sage may be attributed to its
high contents of the oxygenated mono- and sesquiterpenes, e.g., 1,8-cineole, camphor, and
humulene epoxide II, that were detected in high concentrations in the current study. These
compounds are reported to have antioxidant effects as well as free radical scavenging
properties and are in abundance in higher quantities in the hepatoprotective essential oils
from other plants also [53,54]. In contrast, a previous study also reported that Salvia offici-
nalis aggregated the CCl4-induced liver toxicity in mice, and the bio-mechanism for it can
possibly be attributed to herbs–drug interactions [43]. There were no significant differences
detected in the liver functions of all the essential oils (1WDH–4WDH batches) administered
animal groups, except that the 4WDH-dried herb-based essential oil showed a significant
decrease in the ALT enzymatic activity in comparison to the fresh herb-based essential
oil (p < 0.05). These effects may be attributed to the presence of 1,8-cineole, and camphor,
accumulated as a result of the herbs drying. Further investigations are needed to clarify
the issue (Table 3).

Table 3. The effects of sage’s essential oils on liver functions in the AAP-induced liver toxicity in rats
as compared with the control and silymarin groups.

Test AST
IU/L

ALT
IU/L

ALP
IU/L

Total Protein
gm/dL

Control group 93.32 ± 41.39 28.82 ± 2.731 111.3 ± 11.11 7.903 ± 0.28

AAP group 202.6 ± 36.60 a 59.56 ± 21.55 a 260.5 ± 40.72 a 4.133 ± 0.195 a

AAP + FH 132.2 ± 14.95 b 46.55 ± 17.25 b 103.0 ± 4.29 b 8.597 ± 0.22 b

AAP + 1WDH 123.9 ± 6.671 b 25.89 ± 18.27 b 138.2 ± 15.32 b 8.670 ± 0.81 b

AAP + 2WDH 122.4 ± 15.13 b 23.75 ± 3.064 b 144.6 ± 19.29 b 8.810 ± 0.61 b

AAP + 3WDH 139.2 ± 31.64 b 25.89 ± 3.397 b 102.0 ± 1.08 b 9.210 ± 0.20 b,c

AAP + 4WDH 141.9 ± 18.35 b 20.40 ± 5.143 b,d 114.4 ± 8.46 b 9.035 ± 0.25 b,c

AAP + silymarin 132.4 ± 23.30 b 36.10 ± 9.336 b 118.7 ± 9.90 b 7.910 ± 0.25 b

p-value 0.001 ** 0.001 ** 0.001 ** 0.001 **
AAP, acetaminophen (paracetamol); FH, essential oil obtained from a fresh sample of sage; 1WDH, 2WDH,
3WDH, and 4WDH referred to the essential oil obtained from sage herb sample dried for one week, two weeks,
three weeks, and four weeks, respectively. The results are expressed as mean ± SD; a = Significant difference,
compared to controls, b = Significant difference compared to AAP group, c = Significant difference compared to
silymarin group, d = Significant difference compared to fresh extract of sage, p-value is significant if it ≤ 0.05. ** is
indicated for p-value < 0.001.

The present work showed significant increase in the serum levels of cholesterol,
triglycerides, urea, and creatinine on the AAP-administered groups, as compared to the
control group (p = 0.001***; p < 0.001***; p < 0.01*** and p < 0.001***), respectively. The
observations are in tune with the outcomes of AAP-induced toxicity also documented
previously [46–48]. The current study showed a significant decrease in the cholesterol,
triglycerides, and creatinine levels in the sage’s essential oil pre-treated and silymarin-
treated groups, with a p-value (0.001 ***), as compared to the AAP-administered groups.
Additionally, no significant differences were detected in the kidneys’ functions, cholesterol,
and triglycerides levels among all the animal groups when compared for the use of oil
obtained from herbs drying (1WDH–4WDH). These observations are commensurate with
the study which reported that Salvia officinalis use normalizes the lipid disturbance, and
lipoprotein metabolism in rat liver injury induced by vanadium metal [31]. Sage also
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decreased cholesterol, triglycerides, and creatinine levels in streptozotocin-induced diabetic
rats [55] (Table 4).

Table 4. The prophylactic effect of sage essential oil on blood cholesterol, triglycerides, urea, and
creatinine in acetaminophen-induced liver toxicity in rats as compared with the control and silymarin
groups.

Test (Unit/L) Cholesterol
mg/dL

Triglycerides
mg/dL

Urea
mg/dL

Creatinine
mg/dL

Control group 86.87 ± 10.37 137.4 ± 2.117 34.28 ± 8.15 0.62 ± 0.33

AAP group 119.3 ± 37.25 a 160.1 ± 18.81 a 52.28 ± 6.61 a 1.43 ± 0.39 a

AAP + FH 73.20 ± 8.39 b 130.3 ± 2.20 b 23.23 ± 17.57 b 0.92 ± 0.06 b

AAP + 1WDH 84.66 ± 6.99 b 141.8 ± 7.91 b 42.66 ± 20.69 0.76 ± 0.21 b

AAP + 2WDH 85.89 ± 10.45 b 162.0 ± 1.69 47.75 ± 5.383 0.54 ± 0.37 b

AAP + 3WDH 84.10 ± 14.47 b 137.1 ± 7.12 b 41.29 ± 12.38 0.86 ± 0.16 b

AAP + 4WDH 79.13 ± 11.53 b 138.3 ± 7.42 b 39.46 ± 11.00 0.91 ± 0.08 b

AAP + silymarin 75.45 ± 6.54 b 152.0 ± 19.56 b 46.13 ± 19.91 0.89 ± 0.09 b

p-value 0.001 *** 0.001*** 0.01 ** 0.001 ***
AAP, acetaminophen (paracetamol); FH, essential oil obtained from a fresh sample of sage; 1WDH, 2WDH, 3WDH,
and 4WDH referred to the essential oil obtained from sage herb sample dried for one week, two weeks, three
weeks, and four weeks, respectively. The results are expressed as mean ± SD, a = Significant difference compared
to control group, b = Significant difference compared to AAP group. ** and *** are indicated for p-value < 0.01
and p-value < 0.001, respectively.

3.3.2. In vitro Hepatoprotective Effects

The current study used an in vitro cell culture model (HepG-2 cells) to evaluate the
hepatoprotective activity of the fresh and differently timed dried sage herbs–based essential
oils obtained by the hydrodistillation procedure against liver damages induced by the AAP.
The strategy was used to evaluate the hepatoprotective effects of the sage’s essential oil
and to support the findings obtained from in vivo studies. The cytotoxic effects of AAP
were determined in the presence, and absence of the essential oils obtained from the fresh
and other differently timed dried herbs–based essential oils as well as with the standard
hepatic support, silymarin (Figure 2A).

The cytotoxic activity results of the current study demonstrated that the selected doses
of sage essential oils were non-toxic at 100 µg/mL concentrations. It was also found that
the sage’s essential oil significantly improved the viability of the cells of AAP-treated
HepG-2 from 40% to 56% by FH, to 65% by 1WDH, to 80% by 2WDH, to 71% by 3WDH,
and 83% by 4WDH as compared to the 78% viability of the silymarin-treated animals group
(Figure 2A).

The hepatoprotective effects of the sage essential oils on HepG-2 cells that were
pretreated with a hepatoprotective agent, and subsequently exposed to APP to induce
damage are shown in Figure 2. The pretreated HepG-2 cells with FH, 1WDH, 2WDH,
3WDH, and 4WDH essential oils significantly decreased the MDA levels of the AAP
treated cells from 3.1 µM to 1.1, 1.4, 1.1, 1 and 1.2 µM, respectively. In addition, a significant
increase in the TAOxC levels of the AAP-treated cells from 0.2 mM to 0.4, 0.3, 0.5, 0.45,
and 0.6 mM, respectively, was observed. Furthermore, the pretreatment with silymarin
significantly decreased the MDA levels to 1.1 µM as well as an increase in TAOxC levels to
0.4 mM of the AAP-treated HepG-2 cells.

The exposure of HepG-2 cells to AAP demonstrated a significant reduction in the
viability of the cells as indicated by their inability to metabolize the tetrazolium salt. A
significant decrease in TAOxC, as well as a significant increase in the levels of MDA
(Figure 2B,C), was detected. The underlying mechanisms of the in vitro liver damage
caused by the AAP may be attributed to the AAP concentration and the exposure time [38].
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The HepG-2 cells were exposed to the toxic dose of AAP that led to the generation of
reactive oxygen species (ROS) interacting with the macromolecules inside of the cells [56].
This interaction results in DNA damage, lipid peroxidation of the lipids bilayers of the
cell membrane, as well as denaturation of many essential proteins of the cells, and finally,
exhibits cells death as observed in the loss of 40% of the viability of the cells by treatment
with 4 mM of AAP. The exposure of hepatic cell lines to a high concentration of AAP
causes cells injury and reduces viability as also reported previously [57]. The balancing
between the oxidant and antioxidant capacities inside of the cells is important for the cells’
survival. Therefore, two parameters, MDA and TAOxC, including the cell viability, were
evaluated to assess the hepatoprotective effects of all the essential oils batches obtained
from sage. MDA is a biomarker of ROS effects, especially lipo-peroxidation, and TAOxC is
an indicator marker for the general antioxidant status of cells.

Figure 2. Hepatoprotective effects of sage essential oils against damage induced by 4 mM ac-
etaminophen (AAP) in HepG-2 cells for 24 h in comparison to silymarin. The cytotoxicity of AAP
with and without selected dose (100 µg/mL < IC50 values) of sage essential oils and silymarin (SLY)
on hepatic cell lines (HepG-2) (A) for hepatoprotective activity tests MDA levels (µM) (B), and TAOxC
levels (mM) (C) in HepG-2 cells after exposure to 4 mM AAP and pretreated with sage essential oils
or silymarin. Controls: supplemented media (CT); AAP 4 mM (AAP), silymarin (100 µg/mL) (SLY).
Values are the mean ± SD of three independent experiments performed in triplicate. * For p < 0.05,
** for p < 0.01, and *** for p < 0.001.

Oxidative stress plays a major role in AAP-induced toxicity as observed by decreases
in the TAOxC, and an increase in the MDA levels after treatment of HepG-2 cells with
AAP. Several studies have suggested that the oxidative stress that leads to apoptosis
is the cause of cell death in the HepG-2 cell lines. It was found that the pre-treated
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HepG-2 cells with different essential oils (100 µg/mL) obtained in the current study
showed significant improvements in the cell viability. It also showed an increase in
the TAOxC and a reduction in the MDA levels (Figure 1). These results suggest that
the sage essential oil exerts hepatoprotective effects in AAP-induced damages in the
HepG-2 cell lines. It is presumed that the hepatoprotective effects of the sage essential
oil are mainly owing to their antioxidant contents, i.e., 1, 8-cineole, β-pinene, camphor,
β-caryophyllene, and α-pinene. The significant improvements in the HepG-2 protective
effects demonstrated by the essential oils obtained from differently-timed dried herbs,
especially the 4WDH, as compared to the FH-based essential oil of the sage herbs. This
can be attributed to the significant increase in the 1,8-cineole, β-pinene, camphor, and α-
pinene presence in the dried essential oil batches as compared to the FH-based essential oil.
Notably, the results also confirmed the in vivo observations, wherein the 4WDH-based sage
essential oil significantly decreased the ALT enzymatic activity compared to the essential
oil obtained by the FH (p < 0.05). It was also revealed that the 4WDH-based essential
oil-induced significant elevation of TAOxC as compared to the standard hepatoprotective
drug, silymarin. These effects seemed attributed to the cumulative effects of the major
essential oil constituents in the 2WDH- and 4WDH-based essential oils that possessed
comparatively strong antioxidant activity, owing to the higher contents of the constituents,
e.g., 1, 8-cineole, and camphor. All the dried herb-based essential oil batches significantly
increased the TAOxC. However, the 1WDH and 3WDH essential oils showed comparable
results to the silymarin-treated cells. Similar results were also obtained for the levels of
MDA, which were significantly reduced in the cells treated by the silymarin and the dried
herbs–based essential oil batches, compared to the fresh sage essential oil. The fresh sage
essential oil also showed a significant reduction in the MDA levels as compared to the
AAP-treated cells.

3.4. Anticancer Effects of Essential Oils Obtained from Different-Timed Drying Herbs Batches

The effects of the sage essential oil obtained from the fresh herbs, and dried herbs were
evaluated by the MTT assay for the cell viability of cancer and normal cell lines. The results
showed that all the essential oil batches from sage showed moderate cytotoxicity against
cancer cell lines; hepatocellular carcinoma HepG-2, cervical carcinoma HeLa, and the breast
carcinoma cell lines, MCF-7 (Table 5). Figure 3 represents the dose-response curve of the
sage essential oil batches on the viability of all the cell lines used in this study. As shown in
the curves, sage’s essential oils inhibited all the cancer cells, HepG-2, HeLa, and MCF-7, in
a dose-dependent manner (1–500 µg/mL), while the curves showing an upgrade pattern
indicated the low cytotoxicity of the tested samples on the normal cells (MRC-5).

Table 5. IC50 and selective index values obtained for fresh and dried essential oil batches of sage against different cancer
and normal fibroblast lung (MRC-5) cell lines.

Groups
MCF-7 HepG-2 HeLa MRC-5

IC50 ± SD SI IC50 ± SD SI IC50 ± SD SI IC50 ± SD

DOX 1.4 ± 0.1 1.1 1.04 ± 0.1 1.5 1.02 ± 0.1 1.6 1.6 ± 0.1

FH 181.3 ± 18.3 3.3 161.7 ± 15.3 3.7 142.1 ± 12.4 4.2 596.5 ± 20

1WDH 189.3 ± 17.45 2.2 179.12 ± 16.5 2.4 164.1 ± 15.5 2,6 425.6 ± 30.2

2WDH 194.1 ± 20.1 2.6 182.4 ± 14.2 2.7 174.7 ± 13.6 2.9 499.4 ± 32

3WDH 176.3 ± 16.5 2.3 174.9 ± 13.2 2.3 127.5 ± 11.4 3.2 405.2 ± 18.3

4WDH 215.7 ± 18.4 1.9 195.4 ± 20 2.1 176.2 ± 18 2.4 414.7 ± 27.1

79



Molecules 2021, 26, 5757

Figure 3. Dose-response curve of cytotoxicity of doxorubicin as a positive control (A), sage essential
oils (1–500 µg/mL) of FH (B), 1WDH (C), 2WDH (D), 3WDH (E), and 4WDH (F) on cancer cell lines
breast (MCF-7), hepatic (HepG-2), and cervical (HeLa) in comparison to normal cells (MRC-5).

Figure 4 shows the summarized comparisons between the IC50 values of the tested
samples and the positive control, doxorubicin, on the cancer cell lines, and the normal
fibroblast cells. The 4WDH essential oil showed the lowest cytotoxicity on all the tested can-
cer cell lines, i.e., HepG-2, HeLa, and MCF-7, with IC50 values ranging from 176.2 µg/mL
for HeLa cells to 215.7 µg/mL for the MCF-7 cell lines. The FH-based essential oil seemed
to be having the highest cytotoxic effects on the cancer cells, and the lowest cytotoxic
effects on the normal cells with the highest SI: HeLa (IC50 = 142.1 µg/mL, SI = 4.2), HepG-2
(IC50 = 161.7 µg/mL, SI = 3.7), and MCF-7 cells (IC50 = 181.3, SI = 3.3) (Table 5). A previous
study also demonstrated the ability of the S. officinalis polar solvents extracted material to
inhibit MCF-7 cancer cell lines without significant cytotoxic effects against normal human
umbilical vein endothelial cells with SI > 3, and this is in agreement with our current
findings [58].

Figure 4. The cytotoxicity IC50 values of the sage essential oils (µg/mL) on cancer cell lines breast
(MCF-7), hepatic (HepG-2), and cervical (HeLa) in comparison to the normal cells (MRC-5). Doxoru-
bicin was used as a cytotoxic drug (positive control).
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4. Conclusions

This report comprehensively demonstrated the extended drying effect of aerial parts of
S. officinalis on oil yields, its quality, and its effects on biological activities. Sage yielded the
highest yields of essential oil from the two-week shade and room-temperature dried plant
materials, with 0.28% of essential oil procurement containing over 99.82 ± 0.18% of the
sage oil’s reported componential constituents. The typical chemotypic components were
present in abundance, and presumably are part of the active constituents of the essential oil
against induced liver damages and active cancer cell lines, i.e., MCF-7, HepG-2, and HeLA.
The herb and its essential oil exhibited beneficial properties and are recommended for use
in liver disorders. Their prophylactic efficacy in the liver damage caused by acetaminophen
lends credence to their widespread use in culinary purposes worldwide. The essential oil
yields modulation study from the differently timed drying of fresh herbs established the
preferable drying period of two weeks for maximum essential oil yields from the herbs.
Nonetheless, the essential oil obtained from two-week dried sage herbs also exhibited better
liver protection, as well as anti-cancer activities in the in vitro conditions. The potential for
bulk scale essential oil procurement from the herbs and its household use for perceived
health benefits were thus verified.

Supplementary Materials: The following are available online at, Excel sheet of the GC-FID analysis
raw data.
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Abstract: The aerial part of Biebersteinia heterostemon Maxim. (Geraniaceae Biebersteiniaceae) known
as ming jian na bao in Chinese, has been traditionally used in Tibetan folk medicine for treatment of
diabetes and hypertension. The aim of the present study was to evaluate the effects of galegine ob-
tained from an ethanol extract of the entire Biebersteinia heterostemon plant on the rat’s cardiovascular
system in order to characterize its contributions as an antihypertensive agent. The antihypertensive
effect of galegine was investigated in pentobarbital-anesthetized hypertensive rats at three dose
levels based on the LD50 of galegine. Meanwhile a positive control group received dimaprit with the
same procedure. Dimaprit infusion induced a significant hypotension which declined by an average
margin of 20%. Simultaneously, single administration of galegine at the doses of 2.5, 5, and 10 mg/kg
by intraperitoneal injection induced an immediate and dose-dependent decrease in mean arterial
blood pressure (MABP) by an average margin of 40% with a rapid increase in heart rate (HR). We
demonstrated that galegine is effective in reducing blood pressure in anesthetized hypertensive rats
with rapid onset and a dose-related duration of the effects. The results indicate that galegine was the
bioactive compound which can be used as a pharmacophore to design new hypertensive agents.

Keywords: Biebersteinia heterostemon; galegine; hypotensive; toxicity

1. Introduction

Hypertension is a major risk factor for stroke, myocardial infarction, heart failure,
and kidney failure. Worldwide, hypertension is estimated to cause 9.4 million premature
deaths and counts for 4.5% of disease [1,2]. Treatment of hypertension is associated with
a reduction in the risk of stroke of approximately 40% and a reduction in the risk of
myocardial infarction of approximately 15% [3]. Consequently, guidelines on clinical
practice have identified lowering of blood pressure (BP) as a priority in hypertension
treatment [4]. However, hypertension can be managed in a suboptimal manner in many
countries.

Natural products have made many unique and vital contributions to drug discovery.
Several hypertensive agents have been derived from pharmacophores (i.e., a part of a
molecular structure responsible for a particular biologic/pharmacologic interaction that it
undergoes) from natural products. The treatment of hypertension with plant-derived prod-
ucts is well known, such as (+)-Dicentrine, Rhynchophylline, Stevioside, ACE inhibitory
peptides and so on [5]. The potential value of herbal medicines for hypertension treatment
has been rediscovered [6]. Therefore, pharmacologic validation of medicinal plants or
ethnomedical treatment methods could benefit development of new drugs.
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The aerial part of Biebersteinia heterostemon Maxim. (Geraniaceae), known as ming
jian na bao in Chinese, has been used in Tibetan folk medicine for treatment of diarrhea,
edema, apoplexy, stomach pain, anthrax, erysipelas, and malaria. In Qinghai (Tibet,
China), the entire plant is used by traditional healers for treatment of diabetes mellitus and
hypertension [7,8]. However, preparation of B. heterostemon as an antihypertensive agent
has not been described in detail. Only phytochemical studies carried out with the entire
B. heterostemon plant, which have led to the isolation of guanidine alkaloids comprising
mainly galegine and 4-hydroxygalegine [9], have been mentioned. Galegine has been
reported to cause hyperglycemia if isolated as an alkaloid from Verbesina encelioides and
Galega officinalis (which contains 0.1–0.3% galegine). Study of the hypoglycemic properties
of galegine led to the discovery of metformin [10,11]. Studies have also shown that galegine
can reduce weight indirectly by inhibiting the synthesis and stimulating the oxidation
of fatty acids [12]. However, B. heterostemon has not been studied specifically for its
cardiovascular effects or mechanism of action of its antihypertensive effects. Therefore, the
aim of the present study was to evaluate the effects of galegine obtained from an ethanol
extract of the entire B. heterostemon plant on the cardiovascular system of rats so that its
contributions as an antihypertensive agent could be characterized.

2. Materials and Methods
2.1. Isolation of Plant Material

The aerial parts of B. heterostemon in the blooming phase were collected in Tongren
County (Qinghai province, Tibet, China) in August 2014. These aerial parts were identified
by Professor Xuefeng Lu (Department of Botany, Northwest Institute of Plateau Biology,
Chinese Academy of Sciences, Qinghai Sheng, China). A voucher specimen (number
98,018) was deposited at the Herbarium of Tibetan Medicinal Plants (0028, holotypus) at
the Northwest Institute of Plateau Biology.

Air-dried and finely ground aerial parts (20 kg) of B. heterostemon were extracted three
times, once every 5 days, with 20 L 90% EtOH at room temperature. The concentrated syrup
was suspended in H2O then partitioned successively with petroleum ether, AcOEt, and
n-BuOH, with a residue yield of 5 g, 138 g, and 460 g, respectively, after solvent removal. As
part of a search for antihypertensive principles by bioassay-directed separation, the AcOEt
extract was named GAP, which was selected for study because previous phytochemical
studies have revealed that GAP contains galegine.

Half of the GAP (50 g) was chromatographed over a normal silica-gel column (40–63 µm,
5 × 120 cm) eluted with solvents of increasing polarity in the order petrol-AcOEt (10:1–2:1),
petrol-acetone (10:1–10:3), CHCl3-acetone (10:1–1:1), and acetone. Chromatography was
monitored by thin-layer chromatography (petrol-AcOEt, 1:1; CHCl3-acetone, 4:1). Fractions
eluted with CHCl3-acetone 10:3 (following elution with 3 L of this solvent, and fractions
of 250 mL were collected, and were collectively named PCF according to the elution
order) gave compound 4 (990 mg), which was purified by column chromatography and
recrystallization.
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The content of galegine in the GAP extract is 1.98% and the participation of galegine
is a pure compound in the pharmacological effect.

2.2. Animals

The experimental protocol for animal studies was approved by local Animal Ethics
Committees in accordance with the guidelines for the care and use of laboratory animals
set by the Faculty of Medicine of Qinghai University (Xining, China), and incompliance
with national (GB/T 35892-2018) and international rules on care and use of laboratory
animals (NIH Publication No. 85-23, rewised by 1985). All tests were performed during
the light phase.

Male Sprague Dawley rats (4 weeks, 90 ± 6 g) and Kunming rats of both sexes (10–
12 weeks, 25–30 g) were purchased from the Institute of Local Disease (Xining, China).
Rats were kept in a room under automatically controlled conditions of 22 ± 1 ◦C and a
12-h light–dark cycle. Rats were fed standard laboratory diet provided by the Institute of
Local Disease and were allowed to acclimatize to their surroundings for ≥1 week before
experimentation.

2.3. Acute Toxicity

Kunming rats of both sexes (10–12 weeks, 25–30 g) were used for acute toxicity studies.
Rats were divided into five groups with graded randomization to make the mean weight
and sex distribution as equal as possible. Each group comprised 5 males and 5 females.
An acute study for calculation of the median lethal dose (LD50) was carried out using
Karber’s method as modified by Sun and colleagues [13]. In this method, the galegine dose
was determined through pre-testing. Rats were fasted overnight before conducting the
experiment but had free access to water. The diluted drug was injected by intraperitoneal
injection (i.p.) taking 1.25 as the geometric proportion between groups to administrate the
dosage volume of galegine by base dosage (80 mg/kg. body weight) in each group.

Detailed clinical observations were made for all rats throughout the study. Body
weights were recorded on the day of treatment and on test days 4, 7, 10, 13, and 16. Every
24 h, the dose for each group and the number of dead rats were recorded. Necropsies were
carried out as soon as possible after death on all rats that died during the study. At the end
of the study, all surviving rats were sacrificed.

For acute toxicity, we used death rates in the group with a minimum dose of 0% and
the group with a maximum dose of 100%. LD50 values and 95% confidence limits (A) were
calculated as follows:

LD50 = lg−1[Xm − i
(
∑ p − 0.5

)]
(1)

A = lg−1

(
lgLD50 ± 1.96 × i ×

√
∑ p(1 − p)

n

)
(2)

where Xm is the logarithm of maximum dose; i represents the logarithm difference between
two adjacent doses; Σp is the sum of the mortality of animals; n is number of rats per group.

Galegine was administered to five groups in doses of 32.8, 40.96, 51.5, 64, and
80 mg/kg body weight, and the death rate in each group was 0, 10%, 40%, 70%, and
100%, respectively.

2.4. Feeding of a Refined-Sugar Preparation to Rats

Studies were carried out in male Sprague Dawley (4 weeks, 90 ± 6 g). Rats were
separated into two groups: I (control rats given tap water) and II (rats given 30% of com-
mercially refined sugar in drinking water). These rats were given the respective drinks for
16 weeks. Sugar treatment ended immediately after the mean BP of group-II rats increased
significantly from 90–110 mmHg to 120–150 mmHg. This model is characterized by hy-
perinsulinemia, loss of tissue sensitivity towards insulin, hypertriglyceridemia, arterial
hypertension, and an increase in oxidative stress [14]. Systolic arterial pressure (SAP)
measurements were taken every month. Rats were maintained at 32 ◦C in a LE 5650/6
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heater and scanner heating unit (Letica, Rochester Hills, MI, USA). A pulse transducer and
pressure cuff (LE 5160/R, pulse transducer and pressure cuff for rats, Harvard Appratus,
Holliston, MA, USA) were placed around the tail of each rat and connected to an automatic
blood-pressure system (LE 5007, RCA connector, Ningbo Hysound Electronic Co., Ltd.,
Ningbo, China). After 16 weeks, we selected rats whose SAP had increased ≤30% to be the
hypertensive rats from group II.

2.5. Experimental Protocol

Six male hypertensive Sprague Dawley rats (20 weeks, 280–320 g) were anesthetized
successively (pentobarbital sodium, 40 mg/kg body weight, i.p.). The common carotid
artery was cannulated and BP monitored using a pressure transducer (BL-410 biologi-
cal experimental system; Sichuan Tai Meng Technology, Chengdu, China), which was
triggered by the pressure pulse and recorded on a separate polygraph channel. Various
concentrations of galegine were injected (i.p.) into rats, and the effects on arterial blood
pressure (ABP) and heart rate (HR) recorded. Each rat was tested with only one concen-
tration. ABP was expressed as the mean arterial blood pressure (MABP) according to the
following equation:

MABP =Pd +
1
3
(Ps − Pd) mmHg (3)

where Ps denote systolic BP and Pd denotes diastolic BP.
The common carotid artery was excised rapidly. Then, the distal part of the heart

was ligated with thread tightly. The proximal part of the heart was clamped by artery
forceps. A V-shaped incision was made near the ligation point. An arterial cannula
filled with 0.1% heparinized saline was inserted. The arterial cannula was connected
to the force–displacement transducer linked to the physiologic-pressure detector. After
the pressure detector had been adjusted, the artery forceps were opened and normal BP
recorded. After a stabilization period of 15 min, single administration of galegine (2.5, 5 or
10 mg/kg) or saline solution (0.2 mL/100 g) was injected (i.p.) in six experimental rats. An
additional positive control group received dimaprit (5 mg/kg body weight, 99% purity,
Sigma–Aldrich, St. Louis, MO, USA) under the same procedure. In this series, recordings
of MABP and HR were taken immediately over 60 min and their values were registered
every 5 min. In sum, each group contained 6 rats and their MABP and HR were recorded
12 times over 60 min (before and every 5 min). We obtained six values for each of those
12 recordings, from which we present a median. The male Sprague Dawley rats were
sacrificed after the experiment.

2.6. Statistical Analyses

Data are the mean ± SEM. Student’s t-test, one-way analysis of variance (ANOVA),
and post hoc least-significant difference tests were used to determine significant differences
between groups. p < 0.05 was considered significant.

3. Results

The structure was demonstrated to be galegine (compound 4, Figure 1) by two-
dimensional nuclear magnetic resonance (NMR) and high-resolution mass spectrometry.

GAP was subjected to reversed-phase column chromatography (C18, 5 µm, 250 mm
× 4.6 mm i.d.; Thermo Fisher Scientific, Waltham, MA, USA) to high-performance liq-
uid chromatography with diode-array detection (HPLC–DAD) analyses. Spectrometric
analyses were carried out with a HPLC system (Waters, Milford, MA, USA) comprising a
1525 binary pump and 2996 photodiode array detector.

88



Molecules 2021, 26, 4830

Figure 1. Scheme of the structure of galegine.

PCF (20 mg) was dissolved in 1 mL of H2O–MeOH (80:20) and injected into the
C18 cartridge. Then, 2 mL of H2O–MeOH 80:20 (v/v) was applied to the cartridge for
rinsing. The achieved retained sample was eluted with a mixture of 2 mL H2O–MeOH
50:50 (v/v). This mixture displaced GAP and showed an intense narrow ring proceeding
downwards, which was monitored by the naked eye. Parameters for this process were: flow
rate = 1 mL/min; injection volume = 20 µL; concentration of galegine sample = 10 mg/mL
in H2O–MeOH 50:50 (v/v); DAD conditions = 205 nm. The HPLC profile of GAP and
galegine (peak 1) is shown in Figure 2.

Figure 2. HPLC profile recorded at 255 nm. Biebersteinia heterostemon bark antihypertensive fraction (GAP).

Compound 4 was obtained as colorless, needle-like crystals. m.p. 104~105 ◦C. A
positive Sakaguchi reaction suggested that this compound could be a guanidine alkaloid.
High-resolution electrospray ionization mass spectrometry exhibited a molecular ion peak
[M + H]+ at m/z 128, which corresponded to the molecular formula C6H13N3. Infrared
absorption bands at 3405, 3201, and 1676 cm−1 suggested the presence of primary amines
and secondary amines. According to 1H and 13C NMR data (Table 1), the structure
of compound 4 was determined to be galegine. These data were identical to those of
galegine [9].

The galegine (purity = 99.2%; 990 mg) used in the experiments was prepared fresh by
dissolving in distilled water.
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Table 1. 1H and 13C NMR spectral data of galegine.

δH a δC b

1(-CH2) 3.69 (d, 6.4) 40.1
2(-CH) 5.17 (br t, 6.0) 118.9

3 136.3
4(-CH3) 1.69 br s 25.2
3(-CH3) 1.63 br s 17.7
C=NH 7.50 br s 156.5

Measured in DMSO-d6. a 400 MHZ. b 150 MHZ. Data are expressed as mean ± S.E.M. (n = 6). Significantly
different between before and after treatment.

3.1. Lethality and Clinical Signs

Galegine was administered by intraperitoneal injection (IP) to five groups of fifty mice
at the doses of 32.8, 40.96, 51.5, 64, and 80 mg kg−1, and we recorded the clinical signs and
calculated the toxin median lethal dose (LD50), based on 24 h lethality data.

At the dose of 41 mg kg−1 and above, galegine administration provoked an onset
of clinical signs (prostration, tremors, followed by abdominal breathing, paralysis of the
hindlimbs, and cyanosis), which led to the death of mice within less than 18 h. In particular,
the lowest lethal dose (41 mg kg−1) provoked the death of 1/10 mice, while 80 mg kg−1

was lethal for 10/10 mice (Table 2). These results are presented in Figure 3 as percentage of
mice mortality versus the administered toxin doses. Based on lethality data, the oral LD50
of galegine was calculated at 54.75 mg kg−1 (95% confidence limits: 49.15–61.51 mg kg−1).

Table 2. Lethality and signs of toxicity of mice after intraperitoneal injection administration of galegine.

Group of
Treatment

Dose
(mg·kg−1) Lethality Survival Times (hour) Signs of Toxicity

Controls - 0/10 -

Galgine

32.8 0/10 - -

41 1/10 18 Debility, abdominal breathing, paralysis of the
hindlimbs, cyanosis

51.2 4/10 9.5–10–10.5–10.5 Prostration, tremors, abdominal breathing,
paralysis of the hindlimbs, cyanosis

64 7/10 9–9–9.5–9.5–9.6–9.7–9.7 Prostration, tremors, abdominal breathing,
paralysis of the hindlimbs, cyanosis

80 10/10 6–6–7-7–7–7.5–7.6–7.6–8–8 Prostration, tremors, abdominal breathing,
jumping, paralysis of the hindlimbs, cyanosis

Figure 3. Dose-response mortality curve of galegine after i.p. injections administration in mice.
Percentage lethality is plotted against the administered doses of galegine.
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3.2. Effect of Galegine on Arterial BP

To evaluate the acute hypotensive effects of dimaprit and galegine in vivo, arterial
blood pressure (ABP) was continuously measured through a pressure transducer inserted
in the carotid artery of anesthetized rats. Intraperitoneal injection (i.p.) of dimaprit and
galegine significantly decreased ABP and MABP, as expected (Figure 4A,B). To assess the
intoxication protocol, we designed a negative control experiment (control group) where
rats received an injection of distilled water: no significant change in ABP was observed
(Figure 5, Table 3). Intraperitoneal injection (i.p.) of dimaprit was designed as THE positive
control group.

Figure 4. Influence of dimaprit and galegine on pentobarbital-anesthetized hypertensive rats MABP. (A) Representative raw
traces of rat arterial blood pressure (ABP) following dimaprit or galegine infusion (blue arrow with doses used) compared to
the control group. As expected, protocol assessment molecules dimaprit (5 mg·kg−1) and galegine (2.5 mg·kg−1, 5 mg·kg−1,
10 mg·kg−1) induced ABP, respectively. (B) Box and whisker plots of ∆MABP data in the control, dimaprit and galegine
group following i.p. injections, 5 mg·kg−1 for dimaprit and 2.5 mg·kg−1, 5 mg·kg−1, 10 mg·kg−1 for galegine, respectively.

Figure 5. Effect of galegine on blood pressure of pentobarbital-anesthetized hypertensive rats. n = 6.
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Table 3. Effect of galegine on mean arterial blood pressure (MABP) of pentobarbital-anesthetized hypertensive rats.

Group MABP (mmHg) Decrease of
MABP (%)

Heart Rate
(beats/min)

Duration of
Hypotension
Period (min)

Before Treatment After Treatment

Control 98.25 ± 3.22 100.65 ± 4.32 0.66 ± 0.07 427 ± 20 0.15 ± 0.16
Dimaprit 5 mg/kg 153.29 ± 5.21 122.62 ± 9.65 19.99 ± 0.02 457 ± 11 15.60 ± 0.20

Galegine 2.5 mg/kg 152.83 ± 7.03 96.83 ± 10.38 36.64 ± 0.05 602 ± 15 28.30 ± 0.20
Galegine 5 mg/kg 159.07 ± 4.92 93.08 ± 13.91 40.42 ± 0.08 850 ± 12 32.20 ± 0.16

Galegine 10 mg/kg 153.58 ± 9.13 86.60 ± 4.40 43.56 ± 0.02 1150 ± 20 45.50 ± 0.15

A dose of 5 mg of dimaprit infusion induced significant hypotension (MABP declined
by an average of 20%) and was associated with the slight increase of HR. The blood pressure
decreased and was maintained for 15 min. Simultaneously, injection of galegine (2.5, 5,
and 10 mg·kg−1, i.p.) induced an immediate and dose-dependent decrease in MABP by
an average of 36%, 40%, and 43% respectively (Figure 4, Table 3) with a rapid increase in
HR (Table 3). The blood pressure decreased and was maintained for 28, 32, and 45 min,
respectively. In contrast, at the same dose, the hypotensive effect of galegine was better and
lasted longer. However, after this peak in hypotension, the MABP increased progressively
and reached the initial basal value in approximately 10–15 min depending on galegine dose.

4. Discussions

The guanidine functional group has been reported to possess hypotensive properties.
However, few investigations have been done on the hypotensive effects of galegine, an
archetypal guanidine alkaloid. Here, we demonstrated that galegine is effective in reducing
ABP in anesthetized hypertensive rats with a rapid onset and dose-related duration of
effects using a pressure transducer to record ABP. The safe dose of galegine was determined
to be one-tenth of the LD50 value after acute toxicity experiments. Galegine showed physi-
ological effects such as vasodilatation and hypotension [15]. A dose of 2.5 mg of galegine
appears to be effective in managing hypertensivity, and the hypotensive effect of galegine
was better and lasted longer. This indicated that galegine could be effective in managing
hypertensive urgency and controlling blood pressure [5]. Although the antihyperten-
sive mechanisms were not clear, it has been reported that the hypotensive mechanism of
galegine is related to the H2-receptor agonist [16]. Thus, a highly selective agonist of the
histamine H2 receptor, dimaprit, could mimic the excitatory effect of histamine on rubral
cells, and the histaminergic nervous system may have a modulatory role in motor control
through its excitatory effects on almost all subcortical motor structures [17–19]. Several
ionic channels and intracellular signaling pathways have also been suggested to mediate
the excitatory response of central neurons to histamine stimulation [20]. Thus, further
studies, such as drug receptor-specific interaction tests or chronic toxicity tests, should be
carried out to confirm the long-term safety of galegine for BP control.
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Abstract: This research investigated a UPLC-QTOF/ESI-MS-based phytochemical profiling of Com-
bretum indicum leaf extract (CILEx), and explored its in vitro antioxidant and in vivo antidiabetic
effects in a Long–Evans rat model. After a one-week intervention, the animals’ blood glucose,
lipid profile, and pancreatic architectures were evaluated. UPLC-QTOF/ESI-MS fragmentation of
CILEx and its eight docking-guided compounds were further dissected to evaluate their roles using
bioinformatics-based network pharmacological tools. Results showed a very promising antioxidative
effect of CILEx. Both doses of CILEx were found to significantly (p < 0.05) reduce blood glucose,
low-density lipoprotein (LDL), and total cholesterol (TC), and increase high-density lipoprotein
(HDL). Pancreatic tissue architectures were much improved compared to the diabetic control group.
A computational approach revealed that schizonepetoside E, melianol, leucodelphinidin, and ar-
butin were highly suitable for further therapeutic assessment. Arbutin, in a Gene Ontology and PPI
network study, evolved as the most prospective constituent for 203 target proteins of 48 KEGG path-
ways regulating immune modulation and insulin secretion to control diabetes. The fragmentation
mechanisms of the compounds are consistent with the obtained effects for CILEx. Results show that
the natural compounds from CILEx could exert potential antidiabetic effects through in vivo and
computational study.

Keywords: Combretum indicum L.; antidiabetic activity; histopathology; UPLC-QTOF/ESI-MS;
network pharmacology

1. Introduction

Diabetes mellitus (DM) is a major public health concern associated with many de-
bilitating health conditions. It is a complex and chronic metabolic disease in which the
body’s ability to produce or respond to insulin is impaired. It was reported that about
451 million people aged 18–99 years were afflicted by diabetes in 2017, with 5 million deaths
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recorded worldwide. The prevalence is expected to rise to 693 million by 2045 [1]. The
long-term symptoms of diabetes include vascular disorders such as retinopathy, nephropa-
thy, neuropathy, cardiomyopathy, liver dysfunction, and dystrophy in skeletal muscle and
adipose tissue [2,3]. The commonly available therapeutic agents, including sulfonylurea
and biguanides, are not devoid of side effects, such as vomiting, anorexia, skin rashes,
heartburn, and gastrointestinal discomfort [4,5]. Moreover, the cost of modern antidiabetic
agents is also a big concern for patients, especially in underdeveloped and developing
countries. Traditional medicines—predominantly herbal therapies—are attracting more
interest worldwide to treat a wide range of ailments, including diabetes. Many plants have
already been reported to be useful in the management of diabetes.

Combretum indicum L. (Combretaceae family), commonly known as Rangoon creeper,
is an impressive tropical vine for outdoor gardens. It is distributed all over the world,
especially in India, Sri Lanka, Nepal, Bangladesh, South China, Myanmar, and along the
East Asian countries [6,7]. Traditionally, the plant is used for cough relief [8]. Its fruits
and seeds are used as a vermifuge and for rickets in the Philippines, Thailand, and the
Indochina region [9]. In Indonesia, the flowers are used in salads to add color [10]. In
Bangladesh, its seeds are used for diarrhea, fever, boil, ulcers, and helminthiasis. Four
diphenylpropanoids can be isolated from the stem bark [11], and the presence of linoleic,
oleic, palmitic, and stearic acids is also reported [12].

A number of pharmacological studies—such as immunomodulatory, antimicrobial,
antioxidant, antipyretic, anthelmintic, antirheumatic, antiviral, antifungal, antiseptic, an-
tidiarrheal, and anti-hyperlipidemic studies—have also been reported [11,13–23]. In ad-
dition, the flower showed a hypoglycemic effect in rats [24]. However, there is no study
available for its effect on diabetes-associated abnormal lipid profiles. Therefore, the current
investigation was carried out to evaluate the antidiabetic and anti-hyperlipidemic effects
of ethanol extracts of C. indica leaves (CILEx) on an alloxan-induced diabetic Long–Evans
rat model.

2. Results
2.1. Determination of Total Phenolic and Total Flavonoid Contents

The total phenolic and total flavonoid contents of CILEx are presented in Table 1. Total
phenolic content was expressed by the GAE equivalent per gram of extract, which was
determined as 155 ± 7.35 mg/g dry weight. The regression equation of the calibration
curve (y = 0.005x + 0.022; r2 = 0.985) is shown in Figure 1A. The total flavonoid content
of CILEx was 164.33 ± 2.71 mg/g dry weight expressed by quercetin (QE) equivalent
per gram of extract. The regression equation of the calibration curve (y = 0.003x + 0.022;
r2 = 0.990) is shown in Figure 1B.

Table 1. Antioxidative status of CILEx.

Indices Values (Unit) Reference/Standard

Total phenolic content 155 ± 7.35 mg/g as GAE
Total flavonoid content 164.33 ± 2.71 mg/g as QE 80.65 ± 2.8 µg/mL

Inhibition concentration (IC50) 165.6 ± 3.1 µg/mL
Data presented as mean ± SEM.

2.2. DPPH Scavenging Activity

The results of DPPH free radical scavenging activity are presented in Figure 1C. The
mean percentage scavenging activity of standard ascorbic acid (78.1 ± 0.63%) was signif-
icantly different from CILEx (72.9 ± 0.68%). The half-maximal inhibitory concentration
(IC50) of the extract was 162.6 ± 3.10 µg/mL, which is significantly different (p < 0.05)
from that of ascorbic acid (80.65 ± 2.8 µg/mL) (Figure 1D). As the cutoff value of radical
scavenging activity is 1000 µg/mL, it is clear that the extract possess a high antioxidant
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potential. An IC50 value of any substance for this activity higher than the cutoff limit is
considered to be ineffective.
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the standard curve extrapolated against gallic acid and quercetin, respectively, used as standards; (C) 1,1-diphenyl-2-
picrylhydrazyl (DPPH) free radical scavenging effect measured using ascorbic acid as a standard; (D) extrapolation of
inhibition concentration (IC50) using the linear curve as a standard, and sampling by t-test.

2.3. Acute Oral Toxicity Study and Selection of Dose

In an acute toxicity study, the oral administration of CILEx in rats did not show any
change in their behavioral patterns. No toxic effects were observed at the higher dose of
1000 mg/kg body weight. Therefore, CILEx at a dose of 1000 mg/kg was considered to be
safer for administration in biological systems.

2.4. Effect of CILEx on Blood Glucose Levels

The changes in blood sugar levels over one week are shown in Figure 2. The introduc-
tion of alloxan drastically increased the blood glucose level, which was highly significant
(p < 0.001) compared to the normal control group, and remained constant throughout
the study period. The administration of CILEx was able to reduce the elevated blood
glucose level significantly (p < 0.001), compared to the diabetic control group, after every
dosing with 250 and 500 mg/kg body weight A gradual blood glucose lowering effect was
observed as the intervention continued for 7 days.
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Figure 2. Effect of CILEx on blood glucose levels after a 7-day treatment. Glibenclamide was used as
a positive control. The values are represented as mean ± SEM; n = 4, significant difference (p < 0.05)
was calculated as compared to the untreated diabetic control group. In the figure, (***) over the bar
denotes significant different from control, and (##, ###, ####) indicates significant difference from
diabetic control.

2.5. Effect of CILEx on Lipid Profiles in Animal Intervention

The serum lipid profiles of all of the groups were measured, as shown in Figure 3.
Both of the doses of CILEx (250 and 500 mg/kg body weight) significantly decreased
the LDL levels, to 5.8 ± 0.2 and 3.1 ± 0.2 mmol/L, respectively (p < 0.001), while HDL
was simultaneously increased compared to the diabetic control group (8.1 ± 1.6 and
8.3 ± 1.0 mmol/L, respectively, p < 0.05). Reduced total blood cholesterol levels were found
to be achieved, with 8.6 ± 0.7 mmol/L (p < 0.05) by 250 mg/kg, and 7.5 ± 0.7 mmol/L
(p < 0.001) by 500 mg/kg. Triglyceride levels were also found to be lowered, but the change
was statistically insignificant.

2.6. Effect of CILEx on Animals’ Tissue Architecture

The morphology of pancreatic tissues of different groups was examined through
the hematoxylin and eosin staining method. The histopathological slides of pancreatic
islets are shown in Figure 4A–E. It can be seen from the slides that group I, with normal
rats, showed normal histological characteristics and islet structures. The group II alloxan-
induced (150 mg/kg) rats were found to have a reduced number and size of the islet cells,
thus causing shrinkage. The animals in groups IV and V—with diabetes, and treated with
CILEx (250 mg/kg and 500 mg/kg body weight, respectively)—were able to restore and
improve the morphology of pancreatic islets, as did glibenclamide at a 5 mg/kg dose.
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Figure 3. Effect of CILEx on serum lipid profiles: (A) low-density lipoprotein (LDL), (B) high-density lipoprotein (HDL), (C)
total cholesterol (TC), and (D) triglyceride levels of different treatment groups. Glibenclamide (5 mg/kg body weight) was
used as a positive control. Data were represented as mean ± SD of four animals, and were analyzed via one-way ANOVA
using Tukey’s multiple range post hoc test. (*, **, ****) over the bar denotes significant different from control, and (#, ###,
####) indicates significant difference from diabetic control p < 0.05 was considered to be significant.
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Figure 4. Histopathological slides of rat pancreas cells after 7 days of treatment: (A) normal control (presence of normal islet
cells), (B) diabetic control (shrinkage of the islet cells), (C) diabetic + glibenclamide 150 mg/kg (increased number and size
of islet cells), (D) diabetic + CILEx 250 mg/kg (improved size and shape of islet cells), and (E) diabetic + CILEx 500 mg/kg
(restored number and size of islets).

2.7. UPLC-QTOF/ESI-MS Characterization of CILEx

Ultra-performance liquid chromatography coupled with time-of-flight mass spec-
trometry (UPLC-QTOF/ESI-MS) is one of the most promising tools for the analysis of
the phytochemical constituents in extracts. It can effectively separate and analyze the
compounds by giving the inclusive mass of different ions and accurate chemical formu-
lae [25]. In the present study, flavonoids, flavonoid glycosides, saponins, and terpenoids
were identified by using either positive mode ((+) ESI-MS) or negative mode ((−) ESI-MS).
The presence of compounds was determined on the basis of the pattern of mass fragments,
low mass error (±5 mDa), and ion response. Automatic elucidation of fragment ions by
mass fragments eases the process of verification. The identified compounds were classified
as a good match with ±5 mDa error, or a poor match with ±10 mDa error, by the UNIFY
software. A list of identified flavonoids, flavonoid glycosides, saponins, and terpenoids
is shown in detail in Table 2, while the full liquid chromatogram and the mass spectra of
high-intensity compounds identified are presented in Figure 5A. Chromatograms for the
most promising individual compounds are presented in Figure 5B–E.
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Table 2. Tentatively identified compounds of CILEx.

SL No. RT
(min)

Molecular
Formula

Observed Mass
(m/z)/Neutral mass

[M − H]−
(m/z) Main Fragments Compound

A. 17.92 C40H56O2 568.4282 567
593.27, 585.43,55 9.27,

353.16, 635.28,
636.28,683.33, 834.24

Zeaxanthin

B. 15.75 C15H14O8 345.0603 344
345.06, 313.03, 285.03,

229.04
346.06, 536.06, 728.00

Leucodelphinidin

C. 17.02 C32H42O10 609.2711 608
609.27, 591.26,531.23,
251.14, 173.09, 625.26,

667.27, 854.58
Azedarachin C

D. 7.29 C27H32O5 437.2363 436
437.23, 415.20 133.08,

438.23
459.21

3-O-Benzoyl-2-O-
deoxyingenol

E. 17.44 C30H46O13 621.29 620
621.30, 607.29, 594.28,

653.29
675.27, 676.28, 977.72

Picrasinoside E

F. 5.89 C16H28O8 349.1834 348 349.18, 350.18 Schizonepetoside E

G. 12.03 C22H36O10 461.2358 460 461.23, 375.19, 462.23,
553.30 863.48

1β,3β,6α-Trihydroxy-
4α(15)-dihydrocostic
acid methyl ester-1-O-
β-D-glucopyranoside

H. 9.40 C35H48O9 613.3410 612 613.34, 608.38, 133.08,
615.34 Melianol

I. 6.27 C12H16O7 273.0944 272 205.01, 265.14, 273.09 Arbutin

Note: The compounds are arranged according to their fragmentation details in the text.

The mass spectrum of zeaxanthin displays a molecular ion (M+) peak at 568.4235,
which undergoes a fragmentation to give a peak at m/z 559.27. corresponding to fragment
ion [M–H–4H2] in Figure 6A (Path 1), which was further cleaved to make a daughter
ion [M–H–4H2–C14H22O] at m/z 353.16 by removal of a fragment C14H22O (Path 2). The
compound leucodelphinidin did not show any molecular ion peak corresponding to
m/z 322.07. However, the molecular ion produced an ion [M–H–2H2O] in Figure 6B
(Path 1) at m/z 285.03 upon the expulsion of one H radical and successive removal of two
H2O molecules. Furthermore, the molecular ion resulted in a daughter ion [M–C2H2O2–H-
2OH] (Path 2) at m/z 229.02 upon the removal of a C2H2O2 fragment by homolytic fission,
followed by successive expulsion of one H radical and two OH radicals. Azedarachin C
did not give any peak at m/z corresponding to molecular ion M+. However, it produced
a fragment [M–CH3–2OH–3H2] (Figure 6C) (Path 1) at m/z 531 via the removal of one
CH3 radical and two OH- (hydroxyl) radicals, followed by the expulsion of three H2
molecules. The other fragment [M–C16H17O4–OH–3CH3·] in Figure 6C (Path 2) resulted
from the cleavage to remove a large fragment C16H17O4, and the successive removal of
one OH radical and three CH3 radicals at m/z 251. On the other hand, the molecular
ion underwent cleavage to afford a daughter ion [M–C16H24O6–C4H4O–H–OH–CH3] in
Figure 6C (path 3) at m/z 173 by removing two large fragments C16H24O6 and C4H4O,
followed by the expulsion of one H radical, one OH radical, and one CH3 radical. The
compound 3-O-benzoyl-2-O-deoxyingenol shows (M + 1) and (M + 2) peaks at m/z 437.23
and 438.23, respectively. A fragment [M–OH–2H2] 6D (Path 1) at m/z 415.20 was observed
due to the successive removal of one OH radical and two molecules of H2. Further double
cleavage (Path 2) of the compound (Figure 6D) produces a fragment [M–C19H25O3–H2]
at m/z 133.08 via the removal of a large C19H25O3 fragment, followed by the expulsion
of one H2 molecule. Picrasinoside E in its mass spectrum did not reveal any peak at the
m/z value corresponding to its molecular ion M+. However, one fragment ion [M–H–3H2]
at m/z 607.29 in Figure 6E (Path 1) may be the result of the successive expulsion of three
H2 molecules and one H radical. The ion [M–H–2H2–CH3]+ in Figure 6E (Path 2) at m/z
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594.28 can be attributed to the fragment resulting from the removal of one H radical, two
H2 molecules, and a CH3 radical. In Figure 6F, schizonepetoside E afforded (M + 1) and
(M + 2) peaks corresponding to m/z 349.18 and 350.18, respectively, instead of a molecular
ion peak at m/z 348.18. It is surprising to note that this compound did not undergo
any fragmentation. The compound 1β,3β,6α-trihydroxy-4α(15)-dihydrocostic acid methyl
ester-1-O-β-D glucopyranoside revealed (M + 1) and (M + 2) peaks at m/z 461.23 and 462.23,
respectively. Furthermore, the molecular ion cleaved to create a fragment ion [M–C4H5O2]
at m/z 375.19 in Figure 6G, via the removal of a C4H5O2 fragment. Figure 6H shows the
fragmentation pattern of melianol, which did not reveal any molecular ion peak at m/z
472.70, even when a fragment for this compound was identified. Importantly, the LCMS
produced molecular weight does not befit with the molecular formula which makes the
current fragmentation proposal ambiguous for future research. Finally, arbutin displays an
(M + 1) peak at m/z 273.09, which upon successive removal of 4OH radicals can result in a
daughter ion [M + 1 − 4OH] (Figure 6I (path 1)) at m/z 205.01. On the other hand, upon
the removal of one H radical and three H2 molecules, the molecular ion produced an ion
[M–H−3H2] (Figure 6I (Path 2)) at m/z 265.
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2.8. Molecular Docking

The phytochemicals picrasinoside E, azedarachin C, arbutin, 3-O-benzoyl-20-deoxyingenol,
leucodelphinidin, melianol, schizonepetoside E, zeaxanthin, reference drugs metformin
and gliclazide, and 1XU9, 1XU7, 6R4F, and 3A5J were used as the receptors for molecular
interaction. The predicted active sites for all of the target proteins are shown in Table 3. All
of the ligands were bound to the receptor and produced scores, except for zeaxanthin. The
proteins yielded multiple binding sites, and we used the sites with the best scores for each
protein. Glide-docking resulted in scores for different parameters, including docking score,
glide emodel, and glide energy, the three of which were used to evaluate the docking study
presented in Table 4. The two-dimensional binding of the highest affinity compounds
based on the site map interactions is displayed in Figure 7.

Table 3. Active site prediction of enlisted proteins using SiteMap. Only the top ranked scores are mentioned on the table for
each protein.

PDB ID SiteScore Size Dscore Volume Exposure Enclosure Contact Phobic Philic Balance Don/acc

1XU9 1.069 666 0.969 1496.166 0.481 0.801 1.079 0.264 1.384 0.191 0.714
1XU7 1.05 182 0.904 336.14 0.504 0.772 1.06 0.199 1.532 0.13 0.33
2BEL 1.093 122 1.117 471.282 0.556 0.812 0.904 0.606 0.951 0.637 0.674
6R4F 1.155 308 1.12 766.262 0.274 0.929 1.195 0.762 1.157 0.659 0.628
3A5J 0.807 53 0.635 214.032 0.662 0.707 0.859 0.129 1.453 0.089 0.443
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Table 4. Docking scores of 8 PubChem-available compounds out of 10 identified compounds from LCMS data for CILEx.

Compounds Docking Score Glide Model Glide Energy

1XU9

Metformin −2.947 −25.206 −18.318
Gliclazide −6.115 −49.527 −37.472

Picrasinoside E −2.343 −17.099 −20.358
Azedarachin C −2.575 −32.511 −28.533

Arbutin −6.172 −46.152 −33.944
3−O−Benzoyl−20−deoxyingenol −6.008 −44.674 −23.01

Leucodelphinidin −6.468 −53.684 −39.835
Melianol −8.363 −49.99 −36.079

Schizonepetoside E −8.145 −59.072 −47.635

1XU7

Metformin −4.163 −29.164 −23.565
Gliclazide −4.913 −34.925 −26.387

Picrasinoside E −4.196 −39.489 −36.295
Azedarachin C −5.662 −31.181 −34.502

Arbutin −5.163 −37.436 −29.202
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Table 4. Cont.

Compounds Docking Score Glide Model Glide Energy

1XU7

3−O−Benzoyl−20−deoxyingenol −6.049 −35.397 −31.4
Leucodelphinidin −6.166 −46.923 −35.177

Melianol −8.475 −66.188 −47.383
Schizonepetoside E −6.641 −47.271 −35.517

2BEL

Metformin −2.99 −22.089 −17.491
Gliclazide −5.885 −53.992 −39.404

Picrasinoside_E −6.358 −57.254 −45.617
Azedarachin_C −7.246 −53.762 −42.76

Arbutin −5.957 −49.719 −37.458
3−O−Benzoyl−20−deoxyingenol −5.948 −54.747 −41.134

Leucodelphinidin −6.744 −64.075 −45.816
Melianol −8.995 −77.557 −52.946

Schizonepetoside_E −7.685 −60.926 −44.759

6R4F

Metformin −4.031 −29.186 −19.423
Arbutin −7.492 −74.393 −57.298

Leucodelphinidin −5.279 −32.25 −23.607
Schizonepetoside_E −6.859 −64.027 −53.418

3A5J

Metformin −2.71 −18.439 −16.472
Gliclazide −4.252 −50.298 −36.799

Picrasinoside E −4.055 −50.347 −42.864
Azedarachin C −2.39 −29.319 −30.194

Arbutin −4.962 −45.683 −35.8
3−O−Benzoyl−20−deoxyingenol −3.532 −48.425 −40.094

Leucodelphinidin −6.123 −58.309 −43.265
Melianol −4.453 −52.271 −42.912

Schizonepetoside E −5.716 −50.39 −44.064

2.9. Analysis of Interactions between Active Ingredients and Target Proteins

According to the previous analysis in this study, the active ingredients of CILEx show
good pharmacological lipolytic and antidiabetic effects in a synergistic way. Arbutin, in
this study, was found to interact significantly (PPI enrichment p-value <1.0 × 10−16) with
205 target proteins (Supplementary Table S1). Target proteins with the highest confidence
scores for arbutin are displayed in Figure 8A. Cytoscape 3.6.1 was used to analyze the
interaction between arbutin and the top 20 target proteins. Based on the arbutin–target
protein relationships, it is now clear that arbutin acts on the target proteins. Recently,
it was stated that arbutin alleviates diabetic symptoms by attenuating oxidative stress
in mice through inhibiting the increasing blood glucose [26]. These results indicate that
CILEx performs substantial biological and physiological activities via arbutin’s multitarget
interactions.
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Figure 7. Based on site maps (left), interactions of five receptor proteins with seven ligands (right).
Highest docking scorers are shown: (A) schizonepetoside showed the highest docking score (−8.145)
with IXU9; (B) melianol (highest docking score, −8.475) with receptor IXU7; (C) melianol (highest
docking score −8.995) with receptor 2BEL; (D) arbutin (highest docking score, −7.492) with receptor
GR4F, and (E) 3-O-benzoyl-20-deoxyingenol (highest docking score, −6.123) with receptor 3A5J.
In each case, gliclazide and metformin were used as reference antidiabetic drugs (Supplementary
Materials).
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2.10. Construction and Analysis of Target Proteins’ PPI Network

PPI networks play substantial roles in molecular processes, and abnormal PPI is the
basis of many pathological conditions [27]. Using the STRING42 database and Network An-
alyst software [28], all target proteins (205) were mapped into the PPI network. Interestingly,
we found that 203 target proteins are involved in the PPI network, with 17,310 edges, and
an average node degree of 169, while the PPI enrichment p-value was less than 1.0 × 10−16.
In this PPI network, the larger the node degree, the stronger the relationship between the
proteins corresponding to the node in this network, which indicates that the target proteins
play a key role in the whole interaction network, highlighting their importance. Only
the HELZ and MTRNR2L proteins were not included in the PPI network. We delineated
two subnetworks in the PPI network: subnetwork 1 included 200 target proteins (listed
with degree of interaction in Supplementary Table S2), while subnetwork 2 included only
3 target proteins (ERCC1, ERCC4, and CHEK2). The 20 top ranked target proteins, along
with their greatest degree of interactions with other proteins, are illustrated in Figure 8B.
Cytoscape 3.6.1 was used to analyze the interaction among the top 20 target proteins.
GNAI1, the top hub target, is one of the crucial genes for type 2 diabetes [29]. Figure 8B
shows that most of the immunological target proteins—including CCL4, CXCR4, CXCL12,
CXCL8, CXCL10, CXCL1, CXCL11, CXCL5, CCL20, and CXCL2—are centrally located
in the PPI networks, with top degrees of interaction, indicating that this PPI network is
associated with immunological activities. It has been stated that human chemokines are
associated with or implicated in the pathogenesis of type 1 diabetes [30].

2.11. Gene Ontology (GO) Analysis of Interacted Target Proteins

GO enrichment analysis of interacted target proteins (total 203) that act with arbutin
was performed using DAVID (https://david.ncifcrf.gov/, accessed on 3 August 2020). The
top 10 significantly enriched terms in the biological process (BP), molecular function (MF),
and cellular component (CC) categories were selected, according to Benjamini–Hochberg
corrected p-values < 0.05. A total of 61 significant BPs are listed in Supplementary Table S3,
and the top 10 BPs are represented in Figure 9A. In BP analysis, the target proteins are
mainly involved in inflammatory response, immune response, and some other metabolic
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processes. We also found 31 significant molecular functions (Supplementary Table S4),
the top 10 of which are illustrated in Figure 9B, including G-protein-coupled receptor
activity and many chemokine-mediated immune responses. In addition, we also identified
10 significant CCs, as shown in Figure 9C and Supplementary Table S5, which mainly
included integral components of the plasma membrane, heterotrimeric G-protein complex,
extracellular space, exterior of the plasma membrane, and cell. Inflammatory response—
the most significant biological process—is documented to be associated with diabetes [31].
G-protein-coupled receptor signaling pathways are related with the crosstalk with insulin
signaling [32], while chemokines have been found to be associated with or implicated in
the pathogenesis of type 1 diabetes [30]. Type 2 diabetes has broad impact on immune
responses [33]. The GO analysis indicates that the target proteins may bind with the plasma
membranes of cells to mediate the process of immunological activities, so as to exert the
anti-inflammatory and antidiabetic potential of arbutin in CCs.
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2.12. Target Proteins Set Enrichment Analysis of KEGG Pathways

To further elucidate the relationship between the target proteins and the pathways,
we identified 48 KEGG pathways that were significantly associated with the target proteins
(Figure 10 and Supplementary Table S6). These pathways were mainly involved in immune
regulation (chemokine signaling pathway, cytokine–cytokine receptor interaction, platelet
activation, inflammatory mediator regulation of TRP channels, complement and coagula-
tion cascades, and intestinal immune network for IgA production), secretion (gastric acid
secretion, bile secretion, salivary secretion, aldosterone synthesis and secretion, insulin
secretion, pancreatic secretion, and renin secretion), neurological regulation (neuroactive
ligand–receptor interaction, taste transduction, glutamatergic synapse, morphine addiction,
circadian entrainment, cholinergic synapse, GABAergic synapse, serotonergic synapse,
cocaine addiction, and dopaminergic synapse), metabolism (regulation of lipolysis in
adipocytes, thyroid hormone synthesis), cellular development (gap junction, progesterone-
mediated oocyte maturation, oocyte meiosis, and vascular smooth muscle contraction), and
cellular signaling (cAMP and cGMP-PKG signaling pathways, retrograde endocannabinoid
signaling, Rap1 signaling pathway, estrogen signaling pathway, sphingolipid signaling
pathway, adrenergic signaling in cardiomyocytes, oxytocin signaling pathway, GnRH
signaling pathway, and calcium signaling pathway).
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It was found that the neuroactive ligand–receptor interaction was predicted to be a
major modulated pathway in an antidiabetic study [34]. Chemokines have been associated
with or implicated in the pathogenesis of type 1 diabetes [30], while cytokines are crucial
immunotherapeutic targets in diabetes [35].

2.13. Target Proteins Involved in Regulating the Diabetes-Associated Pathways

We found various pathways associated with diabetes (Figure 10 and Supplementary
Table S6). For example, target proteins ADCY1, ADCY3, ADCY4, ADCY5, ADCY6, ADCY7,
ADCY8, and ADCY9 are associated with insulin secretion (Figure 11A). Similarly, these
target proteins are also associated with pancreatic secretion, bile secretion, and gastric
acid secretion (Supplementary Table S6). In addition, ADCY3, ADCY4, ADCY1, PTGER3,
GNAI3, GNAI2, ADCY7, GNAI1, ADCY8, ADCY5, ADCY6, NPY1R, ADORA1, NPY,
and ADCY9 are linked with the regulation of lipolysis in adipocytes (Figure 11B). Gastric
acid secretion is correlated with diabetic pathophysiology [36]. Fat cell lipolysis (i.e., fat
cell triacylglycerol breakdown into fatty acids and glycerol in the absence of stimulatory
factors) is elevated during obesity, and is correlated with insulin resistance [37].
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Figure 11. Involvement of target proteins in (A) insulin secretion and (B) regulation of lipolysis in adipocytes. A = ADCY1,
ADCY3, ADCY4, ADCY5, ADCY6, ADCY7, ADCY8, and ADCY9; B = ADORA1; C = PTGER3; D = GNAI1, GNAI2, and
GNAI3; E = NPY; F = NPY1R.
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3. Discussion

An effective in vivo model for antidiabetic testing ensures reliable results to evaluate
the antidiabetic activity of plant extracts and compounds. Diabetes in rats was caused by
alloxan, which is a popular and long-established agent for the induction of type 1 diabetes
mellitus. The evidence from experiments and clinical studies reveals that the reactive
oxygen species (ROS) level is higher in both type 1 and type 2 diabetes, playing prominent
role in the development and progression of diabetic complications. The administration of
alloxan causes sudden and drastic insulin secretion in the presence or absence of glucose.
As a consequence, total suppression of beta cells occurs by inhibiting the glucose-sensing
glucokinase enzyme. Thus, beta cells fail to recognize the glucose levels in the blood.
Alloxan also produces ROS and superoxide free radicals, leading to the rapid damage of
the islets of beta cells [38]. Elevation of ROS occurs via glucose autoxidation, and glucose–
protein reaction increases glycation [39]. Anabolic enzymatic cofactors such as nitric oxide
synthase (NOS), nicotinamide adenine diphosphate (NADP) oxidase, and xanthine oxidase
are the sources of reactive species in diabetics, leading to various associated complications.
Hence, the use of antioxidants would be one of the effective measures to reduce oxidative
damage in diabetes.

Studying with a plant extract, plant-based product, or any formulation thereof re-
quires the evaluation of their safety profiles; this is particularly important for unknown
plant extracts or compounds. The acute oral toxicity test in animal models helps select the
safe dose that could be extrapolated in human clinical trials. However, different pharma-
cokinetic behavior could still be observed in humans than in animals. It has been reported
that different pathophysiological disorders related to the gastrointestinal tract and blood
in animals have similarities with those of humans [40]. Thus, the acute oral toxicity study
helps measure various toxic effects of the extract when given in a single dose, which is also
useful for the researchers to adjust the doses in an experiment. Our observation shows that
CILEx leaf ethanol extract has no toxic effects when given at a higher dose (1000 mg/kg
body weight).

A significantly reduced fasting blood sugar of the treatment groups in this study
was displayed throughout the study period due to the administration of CILEx (250 and
500 mg/kg body wt.), which potentially improved blood sugar levels in alloxan-induced
diabetic rats. The increased oxidative stress combined with increased blood glucose levels
and free fatty acids badly affect insulin secretion and function [41]. The extract might have
shown a beneficial effect on the islet of beta cells, as well as antioxidant activity through
the high total phenolic and flavonoid contents of CILEx. Additionally, plant polyphenols
exhibit antioxidant properties by donating hydrogen from their hydroxyl groups [42] and,
thus, participate in the antioxidant activity. Previous reports revealed a positive correlation
between the phenolic contents and antioxidant activity of C. sericeum and C. acutum [43].
Other studies have also reported the antioxidant activity of certain Combretum species [44].
Therefore, the use of antioxidants in the treatment of diabetes-associated complications
has been an effective strategy of choice [39]. Some natural antioxidants—such as vitamin
C, vitamin E, and α-lipoic acid treatments—were found to reduce the oxidative stress in
animals, as well as in humans [39].

In diabetes mellitus, an abnormal lipid profile is a common manifestation. Literature
suggests that hyperlipidemic conditions are among the most common consequences of
alloxan induction in experimental rats [45]. In our study, elevation of total cholesterol levels
was observed in diabetic rats, which was probably due to elevated free fatty acid levels
having harmful effects in the body through free radical accumulation and stimulation
of protein kinase C [46]. Hyperlipidemia causes decreased glucose transport to the cells,
making lipids available in the form of LDL fat, which deposits in the blood vessels and is
transported to the liver by HDL for elimination. Thus, the increased HDL and decreased
LDL levels are expected to be beneficial for the therapeutic application of CILEx, which
was achieved in this study.
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Any abnormality of the architecture of the pancreatic tissue may alter the secretion,
sensitivity, and function of insulin from islets of beta cells. Cellular atrophy and degener-
ation of pancreatic beta cells are marked as damage to the pancreas [47]. In the diabetic
control group of this study, the number of beta cells was reduced and shrinkage was seen,
while the normal control group retained regular cellular integrity. In the treatment groups,
the beta cells were well recovered compared to in the normal rats.

The phytochemical composition of CILEx was characterized using the UPLC-QTOF/ESI-
MS technique. This helps in the profiling and subsequent standardization of phytochemicals
in the extract. UPLC-QTOF/ESI-MS analysis shows that the ethanol leaf extract contains
a complex mixture of flavonoid, glycosides, saponins, and terpenoids of different classes.
Among the 71 identified compounds, 6 were previously reported for their hypoglycemic
and lipid-lowering effects. It has been reported that arbutin significantly inhibits α-amylase
and α-glucosidase activity in vitro [28]. Arbutin-rich Pyrus boissieriana Buhse leaves also
reduced glucose and lipid levels in blood, with an increased antioxidant state in alloxan-
induced hyperglycemic rats [48]. Geetha et al. revealed that leucodelphinidin was found in
the bark of Ficus benghalensis, and exerted hypoglycemic effects on either normal or diabetes-
induced rats [49]. Saponins are known for their ability to lower plasma cholesterol levels
and the risk of many chronic diseases in humans [50]. Ginsenoside Rh2—a glycosylated
triterpene—when administered in fructose-rich chow-fed rats, causes plasma glucose to
fall with enhanced insulin sensitivity and secretion [51]. Early literature also reveals that
loganin, lycopene, and zeaxanthin have significant hypoglycemic effects in diabetic rats,
and decrease fasting blood glucose levels in diabetes mellitus mice. The supplementation
of lycopene significantly reduces diabetic plasma glucose levels [52].

Arbutin (ARB) has been associated with protecting HK-2 cells against high-glucose-
induced apoptosis and autophagy in diabetic nephropathy (DN) through regulating the
miR-27a/JNK/mTOR axis [53]. In CC analysis, we found that target proteins are associated
with membranes, while in MF analysis, we found that many of the target proteins were
linked with G-protein-coupled receptors. It has been stated that islet G-protein-coupled re-
ceptors are potential therapeutic targets for diabetes [54]. Thus, ARB targeted proteins may
be associated with antidiabetic activities through membrane-receptor-mediated cellular sig-
naling. Pathway analysis further reveals that ARB is associated with insulin secretion and
pancreatic secretion. Altogether, our analyses indicate that CILEx is a potential antidiabetic
agent [55]. These results indicate that CILEx exerts its antidiabetic and lipid-lowering ac-
tivities through potentially regulating insulin secretion, pancreatic secretion, and lipolysis
regulation in adipocytes.

4. Materials and Methods
4.1. Chemicals and Reagents

Analytical grade chemicals and reagents were used in this research, except where
specified otherwise. Ethanol, alloxan, gallic acid, potassium acetate and quercetin were
obtained from Sigma-Aldrich Chemicals, CA, USA. Glibenclamide (Chadwell Heath Essex,
England), DPPH (1,1-diphenyl-2-picrylhydrazyl), ascorbic acid, Folin–Ciocalteu reagent,
and sodium carbonate were purchased from Merck, India, while aluminum chloride was
procured from Fine Chemicals, Delhi, India.

4.2. Collection and Identification of Plant Material

The fresh leaves of Combretum indicum (CILEx) were collected in April 2018 from
Tangail District. The plant was identified by Professor Dr. Sheikh Bokhtear Uddin, a
taxonomist at the Department of Botany, University of Chittagong, Bangladesh. A voucher
specimen (accession No. 47044) has been deposited to the Bangladesh National Herbarium,
Mirpur, Dhaka for future reference.
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4.3. Preparation of Crude Extract

The fresh leaves of CILEx were washed with distilled water and shade-dried for
7 days at room temperature. The dried leaves were ground to powder (500 g) using a
mechanical grinder (Miyako, Model No: DL-718 Jiaxing China) and stored in an airtight
container. Then, 500 g of dried powder was soaked in 2500 mL of 96% ethanol at room
temperature (25 ± 1 ◦C), with occasional stirring. After 14 days, the extract was filtered
and concentrated in vacuum using a rotary evaporator (Barloworld, Berkshire, UK). The
concentrated extract was then allowed to air dry for complete evaporation of the solvent.
Finally, a blackish-green semisolid extract was preserved at 4 ◦C until further use.

4.4. Experimental Animals and Their Maintenance

Long–Evans rats (26 rats; age: 5–6 weeks; average body weight: 92 ± 9 g) of both sexes
were obtained from the International Centre for Diarrheal Disease Research, Bangladesh
(ICDDR, B), Mohakhali, Dhaka, Bangladesh. During the experimental period, the rats were
kept in a well-ventilated animal house at room temperature and were supplied with a
standard commercial rat pellet diet from ICDDR, B, and fresh drinking water. The animals
were housed in plastic cages, and soft wood shavings were used as bedding. Animals were
maintained under standard environmental conditions (temperature: 25 ± 1 ◦C; relative
humidity: 55–65%; and a 12 h/12 h day/night cycle) in a properly ventilated room. Animals
were handled and maintained according to the local animal ethical guidelines approved
by the institutional animal ethics committee of Southeast University, Dhaka, Bangladesh
(Approval No.: SEU/Pharm/CECR/102/2019).

4.5. Determination of Total Phenolic and Flavonoid Contents

A slightly modified Folin–Ciocalteu method was used to determine the total phenolic
content (TPC) [56]. Briefly, a standard gallic acid (6.25–200 µg/mL) calibration curve was
prepared, and leaf extract was prepared at a concentration of 200 µg/mL. Next, 1 mL of the
extract solution or standard gallic acid solution was taken in a screw cap tube, and 5 mL of
Folin–Ciocalteu reagent (previously prepared as 10% v/v dilution in distilled water) was
added. Then, 4 mL of anhydrous sodium carbonate (7.5%) was added and incubated for
30 min at 40 ◦C. A typical blank solution contained the vehicle solvent. Absorbance was
taken at 765 nm with a UV–Vis spectrophotometer (Shimadzu, Kyoto, Japan). The total
phenolic content was calculated as gallic acid equivalent (GAE) by the following equation:

C = (c × V)/m

where C = TPC (mg/g plant extract in GAE), c = the concentration of the sample obtained
from the calibration curve (mg/mL), V = the volume of the sample, and m = the sample
weight (g).

The total flavonoid content (TFC) of CILEx was determined according to the method
of Rahman et al. [57].

4.6. DPPH Radical Scavenging Assay

The free radical scavenging effect of CILEx was evaluated with the stable scavenger
DPPH described by Rahman et al. [58]. Briefly, 100 µL of CILEx and standard (ascorbic
acid) solution in different concentrations was taken, and 3 mL of DPPH solution (0.004%)
was mixed separately. These solutions were kept in the dark for 30 min to read absorbance
at 517 nm using a UV–Vis spectrophotometer. Lower absorbance of the reaction mixture
indicated higher free radical scavenging activity. Percentage inhibition was determined by
the following formula:

Percentage of scavenging activity (%) = [(A − B)/A] × 100, where A is the absorbance
of the control (DPPH solution without the sample), and B is the absorbance of the DPPH
solution in the presence of the sample (extract/ascorbic acid). Then, % scavenging was
plotted against concentration, and IC50 was calculated.
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4.7. Acute Oral Toxicity Test

Acute oral toxicity testing of CILEx was performed on Long–Evans rats, according to
OECD-423 guidelines (acute toxic class method), with slight modifications. The animals
were overnight fasted, providing only water. Two groups of three rats each were used
for this study. Group I received a single oral dose of CILEx (500 mg/kg body weight),
and Group II received a single oral dose of CILEx (1000 mg/kg body weight). After the
oral administration of CILEx, animals were observed individually at least once in the first
30 min, and periodically over the first 24 h, with special attention given during the first 4 h,
for 10 consecutive days. All observations were systematically recorded for each animal.
The animals were observed for gross behavioral, neurological, and autonomic effects.
Additional conditions such as tremors, convulsions, salivation, diarrhea, lethargy, sleep,
coma, and lethality were also observed. The effective therapeutic dose was calculated as
one-tenth of the median lethal dose using the arithmetic method of Karber G in association
with the Hodge–Sterner scale (LD50 > 2.0 g/kg) (58).

4.8. Induction of Diabetes and Experimental Design

Sixteen Long–Evans rats (average body weight 92 ± 9 g) of both sexes were used
for the induction of diabetes. Diabetes was induced in overnight-fasted rats by a single
intraperitoneal (IP) injection of alloxan monohydrate (150 mg/kg). Two days after alloxan
injection, fasting blood glucose levels of all of the animals were recorded from tail vein
blood using a portable glucometer (Accu-Chek, Japan), and rats with plasma glucose levels
of >7.5 mmol/L were confirmed for the study. Treatment with CILEx was started after
48 h of alloxan injection. The plant sample CILEx, standard glibenclamide, and saline were
administered with the help of feeding cannulas. Fasting blood glucose estimation was
carried out on days 3, 5, and 7 of the study. The animals were grouped as follows:

Normal control (I): Normal rats received saline water only.
Diabetic control (II): Non-treated diabetic rats (alloxan treated; 150 mg/kg; IP).
Positive control (III): Alloxan-treated diabetic rats (150 mg/kg; IP) + glibenclamide
(5 mg/kg; PO)
Treatment group (IV): Alloxan (150 mg/kg; IP) + CILEx (250 mg/kg; PO)
Treatment group (V): Alloxan (150 mg/kg; IP) + CILEx (500 mg/kg; PO)

4.9. Collection of Blood and Serum Analysis

After 7 days of treatment, animals were fasted for 12 h and their blood glucose levels
were measured. The animals were then anaesthetized using diethyl ether and euthanized
by decapitation. Blood was collected in a dry test tube from cardiac vessels using a
disposable syringe via the heart puncture method [59], centrifuged (Hitachi, Japan) at
112 g for 15 min, and then the plasma samples were stored at 4 ◦C until biochemical
estimations. Total cholesterol (TC), triglyceride (TG), high-density lipoprotein (HDL), and
low-density lipoprotein (LDL) were measured using wet reagent diagnostic kits according
to the manufacturer’s protocol, using a biochemistry analyzer (BAS 100TS, Spectronics
Corporation, LA, U.S.A) [60–63].

4.10. Histopathological Studies

After euthanizing the animals, pancreases of two animals from each group were
excised and stored in 10% buffered formalin solution after washing with normal saline
water. The pancreas was washed, dehydrated with alcohol, and cleared with xylene, and
then paraffin blocks were made. Serial sections of 4–5 µm in thickness were cut using a
microtome (semi-automated, Biobase BK-MT390S (BK-2488, Jinan, Shandong, China). Then,
the sections were deparaffinized with xylene and hydrated in descending grades of alcohol.
The slides were then transferred to hematoxylin for 10 min, followed by rinsing with water.
These were examined and later stained with eosin, rinsed with water, dehydrated with
ascending grades of alcohol, cleared with xylene, and mounted. Different parameters
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of pancreatic cellular condition were observed under a compound microscope, and the
histopathological images were taken with the help of an Optica DP20 system (Italy).

4.11. UPLC-QTOF/MS Analysis

The phytochemical profiling of the CILEx was determined using UPLC-MS. UPLC-
MS analysis was performed using Waters ACQUITY UPLC IClass/Xevo in line with a
Waters Xevo G2 Q-TOF mass spectrometer (Milford, MA, USA). Extract samples were
prepared by dissolving 100 mg of CILEx in 1 mL of methanol. Separation was conducted
on a Zorbax Eclipse plus Acquity UPLC BEH C18 (1.7 µm particle size) 2.1 mm × 50 mm.
The UPLC was interfaced with a Q-TOF mass spectrometer integrated with positive and
negative electrospray ionization (ESI) sources. Full-scan mode from m/z 50 to 1000 was
performed with a source temperature of 120 ◦C. Solvent A was water with 0.1% formic acid,
while solvent B was acetonitrile with 0.1% formic acid. A gradient elution was performed,
starting with 99% solvent A and 1% solvent B for the first 15 min, and then 65% solvent
A and 35% solvent B for 1 min, followed by a gradual increase in solvent A to 100% over
2 min, and finally a slow increase in solvent B to 99% and solvent A 1% over 2 min. Highly
purified nitrogen (N2) and ultra-high-purity helium (He) were used as a nebulizing gas and
collision gas, respectively. In terms of positive electrospray mode, the capillary voltage was
set at 2.0 kV. Other instrument conditions implied were: source offset, 100 V; desolvation
temperature at 550 ◦C; 50 L/h cone gas flow with temperature 120 ◦C; and desolvation gas
flow, 800 L/h.

4.12. Computational Molecular Docking Analysis
4.12.1. Preparation of Ligands

LigPrep (ver. 2018, New York, NY, USA) was used in this regard to prepare the ligands,
and yielded 3D structures with accurate chiralities [64]. It generated possible states at a
target pH of 7.0 ± 2.0 using Epik v4.6.12 [65], and also desalted and produced tautomers.
Computationally, specified chiralities were retained and generated at a rate of 32 per ligand
at most. Then, output was saved as Maestro on the device. All of the ligands were imported
in SDF format from PubChem.

4.12.2. Protein Preparation

Protein Preparation Wizard was used to modify the crystallographic structures of
the proteins that were taken from the PDB (Protein Data Bank) [66]. The proteins 1XU9,
1XU7, 2BEL, 6R4F, 3A5J from the PDB were imported to Protein Preparation Wizard. Glide
v8.1.12 was used in this regard, to optimize the structures from their raw state. The proteins
were preprocessed by assigning bond orders using the CCD database, adding hydrogens,
creating zero-order bonds to metals and disulfide bonds, deleting waters beyond 5.00 Å
from the het groups, and generating het states using Epik at pH of 7.0 ± 2.0. The H-bond
assignment was done by orienting water molecules, (Epik v4.6.12, Schrödinger, LLC, 2018-4,
and PROPKA) at a specific pH of 7.0 by Schrödinger Release 2018-4 (SiteMap, Schrödinger,
LLC, 2018-4), to determine the states of protonation, and to predict the pKa values of the
residues [67,68]. Restrained minimization was done by converging heavy atoms to RMSD
0.30 Å.

4.12.3. SiteMap: Active Site Prediction

The proteins 1XU9, 1XU7, and 6R4F had multiple binding sites, while 3A5J did not
have any binding sites for ligand–protein interaction. To look for the possible binding
sites, we used SiteMap from Schrödinger, 2018-4 [69], so that the ligands could bind to the
receptor tightly [70]. The tool produced the maps based on hydrophobic and hydrophilic
(donor, acceptor, and metal-binding portions) maps. For selection of binding sites, SiteScore
and druggability score (Dscore)—including site size, volume, exposure, enclosure, contact,
hydrophobic and hydrophilic character, balance (phobic/philic ratio), and donor/acceptor
of hydrogen bond—were used to evaluate each active site [71].
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4.12.4. Receptor Grid Generation and Molecular Docking

The sites visualized by SiteMap were used as the entry, and Glide v8.1.12 (Schrödinger,
LLC, 2018-4) was used to discover the suitable interaction between a ligand and a pro-
tein [72]. Van der Waals radii of receptor atoms with partial charge (absolute value) were
scaled at a scaling factor of 1.0 and partial charge cutoff of 0.25 to soften the potential for
the non-polar part. Site constraints, rotatable groups, and excluded volumes were set to
default settings, as provided by Maestro 11.8.

In ligand–receptor interaction, Van der Waals radii were fixed at a scaling factor of
0.80, and partial charge cutoff was scaled at 0.15 for the non-polar parts of the ligands. SP
(standard precision) was set for ligand screening and sampling. The energy window for
ring sampling to generate conformers was 2.5 kcal/mol. Initial poses for docking were
kept at 5000 poses per ligand, and the scoring window was 100–400 poses for energy
optimization. Post-docking minimization was performed for 5 poses per ligand, the strain-
correcting threshold was 4.00 Kcal/mol, and excess strain energy was scaled at 0.25. The
parameters used were defaults, as provided by Maestro 11.8 [73–75].

4.12.5. Bioactive Compound–Target Protein Network Construction

On the basis of network pharmacology-based prediction, STITCH 5 (http://stitch.
embl.de/, ver. 5.0, accessed on 3 August 2020) was used to identify target proteins related
to the bioactive phytochemicals that were identified in CILEx [43]. It calculated a score for
each pair of protein–chemical interactions. Chemical names of bioactive compounds (pi-
crasinoside E, azedarachin C, zeaxanthin, quinatoside A, 3-O-Benzoyl-20-deoxyingenol, leu-
codelphinidin, schizonepetoside E, 1β,3β,6α-Trihydroxy-4α(15)-dihydrocostic acid methyl
ester-1-O-β-D-glucopyranoside, melianol, and arbutin) were put into STITCH 5 individu-
ally to match their potential targets, with the organism selected as “Homo sapiens” and
the medium required interaction score being ≥0.4.We predicted 205 target proteins with
medium confidence score for arbutin, which was confirmed. The compound targets with
no relationship with the compound–protein interactions were not considered for further
analysis. The obtained compound–protein interaction data of the top 20 target proteins
were imported into Cytoscape 3.6.1 software to construct a compound–protein interaction
network.

4.12.6. Construction of Protein–Protein Interaction (PPI) Network of the Predicted Genes

We constructed a PPI network of the predicted genes by using the search tool for
the retrieval of interacting genes (STRING) database (https://string-db.org/cgi/input.pl;
STRING-DB v11.0, accessed on 3 August 2020) [76]. The rank of the target proteins based
on degree of interactions in the PPI network was identified using the node explorer module
of NetworkAnalyst software [77]. The obtained protein interaction data of the top 20 target
proteins were imported into Cytoscape 3.6.1 software to construct a PPI network.

4.12.7. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG)
Pathway Enrichment Analyses of the Target Proteins

To identify the role of target proteins that interact with the active ingredients of CILEx
in gene function and signaling pathways, the Database for Annotation, Visualization, and
Integrated Discovery (DAVID, https://david.ncifcrf.gov/, accessed on 3 August 2020) v6.8
was employed [78]. The KEGG [79] pathways significantly associated with the predicted
genes were identified. We analyzed the Gene Ontology (GO) function and KEGG pathway
enrichment of proteins (203 target proteins) involved in the PPI network. The target
proteins involved in the cellular components (CCs), molecular functions (MFs), biological
processes (BPs), and the KEGG pathways were also described. An adjusted p-value < 0.05,
calculated by the Benjamini–Hochberg method, was considered to be significant [80].
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4.13. Statistical Analysis

The data on fasting blood sugar and biochemical estimations were expressed as
mean ± standard deviation (SD), and statistical comparisons were performed by one-way
analysis of variance (ANOVA), followed by Tukey’s post hoc test, using GraphPad Prism
(version 6 for Windows, GraphPad Software, San Diego, CA, USA, www.graphpad.com
(accessed on 3 August 2020)). p-values less than 0.05 were considered to be significant.

5. Conclusions

The current study results indicate that C. indicum leaves have potential benefits for
the treatment of diabetes and its associated complications, by protecting the pancreases
through the normalization of damaged beta islets and improvement of the lipid profile.
However, more studies are recommended in order to understand the mechanism and to
isolate the bioactive compounds.

Supplementary Materials: Figure S1: LC chromatogram and mass spectra of CILEx for high-intensity
compounds identified and vertically arranged as (A) Picrasinoside E; (B) Azedarachin C; (C) Zeaxan-
thin; (D) Quinatoside A; (E) 3-O-Benzoyl-20- deoxyingenol; (F) Leucodelphinidin; (G) Schizonepeto-
side E; (H) 1β,3β,6α-Trihydroxy-4α(15)-dihydrocostic acid methyl ester-1-O-β-Dglucopyranoside;
(I) Melianol; (J) Arbutin., Figure S2: list of chemical structures of the ligand molecules available
in PubChem., Figure S3: Interactions based on A. site map of seven ligands D. Picrasonide E; E.
Azedarachin C; F. 3-O-Benzoyl-20-deoxyingenol; G. Leucodelphinidin; H. Schizonepetoside E; I.
Melianol; and J. Arbutin with the receptor IXU9. Schizonepetosie showed the highest docking
score (−8.145) compared with the reference antidiabetic drugs B. Gliclazide and C. Metformin.,
Figure S4: Interactions based on A. site map of seven ligands D. Picrasonide_E; E. Azedarachin C;
F. 3-O-Benzoyl-20-deoxyingenol; G. Leucodelphinidin; H. Schizonepetoside E; I. Melianol; and J.
Arbutin with the receptor IXU7. Melianol showed the highest docking score (−8.475) compared
with the reference antidiabetic drugs B. Gliclazide and C. Metformin. The 3D protein binding has
been presented with respective amino acid grooves for ligand interaction., Figure S5: Interactions
based on A. site map of seven ligands B. Gliclazide; C. Metformin; D. Picrasonide E; E. Azedarachin
C; F. 3-O-Benzoyl-20-deoxyingenol; G. Leucodelphinidin; H. Schizonepetoside E; I. Melianol; and J.
Arbutin with the receptor 2BEL. Melianol showed the highest docking score (−8.995) compared with
the reference antidiabetic drugs B. Gliclazide and C. Metformin. The 3D protein binding has been
presented with respective amino acid grooves for ligand interaction, Figure S6: Interactions based
on A. site map of three ligands C. Leucodelphinidin; D. Schizonepetoside E; and E. Arbutin with
the receptor GR4F. Arbutin showed the highest docking score (−7.492) compared with the reference
antidiabetic drug B. Metformin. The 3D protein binding has been presented with respective amino
acid grooves for ligand interaction., Figure S7: Interactions based on A. site map of seven ligands B.
Gliclazide; C. Metformin; D. Picrasonide E; E. Azedarachin C; F. 3-O-Benzoyl-20-deoxyingenol; G.
Leucodelphinidin; H. Schizonepetoside E; I. Melianol; and J. Arbutin with the receptor 3A5J. 3-O-
Benzoyl-20-deoxyingenol showed the highest docking score (−6.123) compared with the reference
antidiabetic drugs B. Gliclazide and C. Metformin. The 3D protein binding has been presented with
respective amino acid grooves for ligand interaction.
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Abstract: In this study, two previously undescribed diterpenoids, (5R,10S,16R)-11,16,19-trihydroxy-
12-O-β-D-glucopyranosyl-(1→2)-β-D-glucopyranosyl-17(15→16),18(4→3)-diabeo-3,8,11,13-abietatetra-
ene-7-one (1) and (5R,10S,16R)-11,16-dihydroxy-12-O-β-D-glucopyranosyl-(1→2)-β-D-glucopyrano-
syl-17(15→16),18(4→3)-diabeo-4-carboxy-3,8,11,13-abietatetraene-7-one (2), and one known com-
pound, the C13-nor-isoprenoid glycoside byzantionoside B (3), were isolated from the leaves of
Clerodendrum infortunatum L. (Lamiaceae). Structures were established based on spectroscopic and
spectrometric data and by comparison with literature data. The three terpenoids, along with five
phenylpropanoids: 6′-O-caffeoyl-12-glucopyranosyloxyjasmonic acid (4), jionoside C (5), jionoside D
(6), brachynoside (7), and incanoside C (8), previously isolated from the same source, were tested for
their in vitro antidiabetic (α-amylase and α-glucosidase), anticancer (Hs578T and MDA-MB-231), and
anticholinesterase activities. In an in vitro test against carbohydrate digestion enzymes, compound 6
showed the most potent effect against mammalian α-amylase (IC50 3.4 ± 0.2 µM) compared to the
reference standard acarbose (IC50 5.9 ± 0.1 µM). As yeast α-glucosidase inhibitors, compounds 1, 2,
5, and 6 displayed moderate inhibitory activities, ranging from 24.6 to 96.0 µM, compared to acarbose
(IC50 665 ± 42 µM). All of the tested compounds demonstrated negligible anticholinesterase effects.
In an anticancer test, compounds 3 and 5 exhibited moderate antiproliferative properties with IC50 of
94.7 ± 1.3 and 85.3 ± 2.4 µM, respectively, against Hs578T cell, while the rest of the compounds did
not show significant activity (IC50 > 100 µM).

Keywords: Clerodendrum infortunatum; terpenoids; phenylpropanoids; antidiabetic; breast cancer

1. Introduction

Clerodendrum (Lamiaceae) is a diverse genus with about 580 species [1] of small
trees, shrubs, or herbs, mostly distributed throughout tropical and subtropical regions of
the world [2]. Clerodendrum infortunatum L. (Syn.: Clerodendrum viscosum Vent), locally
known as Bhat, is a terrestrial shrub with a noxious odor, distributed throughout mixed
deciduous and evergreen to semi-evergreen forests of Bangladesh and the Indian state
of West Bengal [3]. Due to its easy availability and presumed beneficial activities, vari-
ous parts of the plant, particularly the leaves and roots, are extensively used in Indian
and Bangladeshi traditional medicine for some common ailments. In folk medicine, the
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leaves and roots are used to cure helminthiasis, tumors, skin diseases, snakebites, and
scorpion stings. Infusions of the leaves are also used as a bitter tonic and antiperiodic
for the treatment of malaria. The freshly extracted juice of the leaves is considered to
be a good laxative and cholagogue [4,5]. Some experimental evidence has proven the
traditional claims, showing various biological effects, such as anti-snake venom activity [6],
analgesic and anticonvulsant activities [7], nootropic activity [8], antimicrobial activity [9],
antioxidative potential [10], and hepatoprotective activity [11]. Earlier, phytochemical
studies of C. infortunatum leaves revealed the presence of flavonoids, phenolic compounds,
terpenoids, steroids, and phenylpropanoids [12].

Due to the increasing life expectancy worldwide, the prevalence of age-associated
diseases (including cardiovascular disease, cancer, type 2 diabetes, neurodegenerative
disorders, osteoporosis, pancreatitis, and hypertension) is rising exponentially with age.
Consequently, the treatment and prevention of these conditions is turning into a priority
in medicine, due to the rapid increase of elderly populations, particularly in Western
countries [13,14]. Natural products remain a rich source of anticancer, antidiabetic, and
anti-neurodegenerative disorder agents; more than half of all drugs used for the treatment
of cancer are either natural products or derived from natural products [15].

Terpenoids, abundant in medicinal plants, structurally constitute complex and diverse
groups of natural products. Naturally occurring terpenoids have been shown to have
significant preventive properties against age-related diseases such as tumors, diabetes,
inflammation, cardiovascular diseases, and neurodegenerative disorders [16].

Phenylpropanoids are a group of natural products with widespread distribution
in plants, and are also considered to be potential agents against age-related disorders
due to possessing anticancer, antidiabetic, neuroprotective, cardioprotective, antimicrobial,
antioxidative, and enzyme inhibitory activities at comparatively low concentrations [17,18].

In view of the important role of terpenoids and phenylpropanoids in treating age-
related disorders, eight bioactive compounds, including five previously isolated phenyl-
propanoids, were investigated for their antiproliferative and antimetastatic effects by two
human triple negative breast cancer (TNBC) cell lines (Hs578T and MDA-MB-231). Addi-
tionally, their anti-diabetic properties were assessed through α-amylase and α-glucosidase
enzyme inhibition, and their cholinesterase inhibitory properties were also assessed.

2. Results and Discussion
2.1. Phytochemical Investigation

In the present study, we analyzed the specialized natural products from C. infortuna-
tum leaves, resulting in the isolation and structural characterization of three terpenoids,
including two previously undescribed diterpenoids. A butanol fraction of acetone extract
of C. infortunatum leaves was subjected to open column chromatography using a silica gel
and subsequent semi-preparative HPLC with reversed phase column, and the abietanes
(1 and 2) were obtained as amorphous solids, together with the previously reported C13
nor-isoprenoid glycoside (3) (Figure 1). In our previous study, five phenylpropanoid glyco-
sides: 6′-O-caffeoyl-12-glucopyranosyloxyjasmonic acid (4), jionoside C (5), jionoside D (6),
brachynoside (7), and incanoside C (8) were reported from the same source (Figure 1) [12].

Structures (1–3) were identified based on the 1H, 13C NMR, and high-resolution mass
spectrometry data (Figures S1–S13). Based on their spectra, the isolates were found to be
novel abietane glycosides (1 and 2) with a sophorose moiety at C-12.

Compound 1 was obtained as a brown powder, and its molecular formula C32H46O15
was confirmed by HR-ESI-MS (m/z = 669.2763 [M − H]−). In the 1H NMR spectrum
(Table 1), compound 1 showed the presence of one aromatic proton at δH 7.42 (1H, s), which
was assumed to be located in the para position, and suggested one penta-substituted ben-
zene ring. The 1H NMR also exhibited two anomeric protons at δH 4.64 (1H, d, J = 8.0 Hz),
and 4.75 (1H, d, J = 8.0 Hz); a methine at δH 2.83 (1H, m); an oxygenated methine at δH 3.97
(1H, dd, J = 12.5, 6.0 Hz); two oxygenated methylene protons at δH 3.85 (1H, d, J = 12.0 Hz)
and δH 4.13 (1H, d, J = 12.0 Hz); four methylene groups at δH 1.43 (1H, td, J = 12.5, 6.5 Hz)

126



Molecules 2021, 26, 4121

and 3.31 (1H, dd, J = 13.0, 6.5 Hz), 2.00 (1H, dd, J = 18.0, 6.0 Hz) and 2.20 (1H, t, J = 10.0 Hz),
2.66 (1H, dd, J = 13.5, 6.0 Hz) and 2.92 (1H, m), 2.90 (1H, m) and 2.96 (1H, t, J = 3.0 Hz);
three methyl groups at 1.70 (3H, d, J = 2.0 Hz), 1.18 (3H, s), and 1.00 (3H, d, J = 6.0 Hz).
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The 13C NMR spectrum (Table 2) revealed the presence of a quaternary carbon, indi-
cated by a signal at δC 197.8, typical of a ketone; one 8,9,11,12,13-pentasubstituted benzene
ring supported by signals at δC 128.3, 137.2, 147.8, 148.4, 131.4, respectively; two anomeric
carbons displaying the same shifts at δC 103.6; two methine carbons at δC 42.7 and 65.5;
five methylenes at δC 31.1, 29.7, 57.5, 36.6, and 39.2. An olefinic moiety was deduced from
signals at δC 129.9 (C-3) and 129.2 (C-4).

Further, ten oxygenated aliphatic carbons (δC 80.8, 76.1, 69.5, 69.9, 61.1, 74.1, 76.2, 77.5,
77.4, and 60.9) together with two anomeric carbons at δC 103.6 reflected the presence of two
glucose units. The coupling values of both anomeric protons (J1′–2′ = 8.0 Hz, J1”–2” = 8.0 Hz)
indicated that the sugar chains of 1 were glucopyranosyl-(1→2)-glucopyranosyl, and that
both anomeric protons were in β-position. This was confirmed by HMBC data, and thus
the linkage of the β-D-sophoroside in position C-12 was also established.

In the HMBC spectrum, correlations between H-1′ (δH 4.64) and C-12 (δC 148.4),
and H-15 (δH 2.66) and C-13 (δC 131.4) were observed (Figure 2), which proved that the
glucose unit and the propanol moiety were connected to the benzene ring via C-12 and
C-13, respectively.

A majority of the known plant-derived abietane-type diterpenes possess the same
carbon skeleton, displaying a trans-fused system of two six-membered rings, a β-oriented
methyl at C-10, and α-orientation of the proton at C-5 [19]. In order to identify the absolute
configuration of C-16, the chemical shifts at C-15, C-16, and C-17 were compared with
that of three known compounds, szemaoenoid A, szemaoenoid C [20], and (5R,10S,16R)-
11,16-dihydroxy-12-methoxy-17(15→16)-abeoabieta-8,11,13-trien-3,7-dione [21]. Structures
of these three compounds had been established by Mosher esterification and X-ray crys-
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tallography (Table 3). In view of the identical NMR data, the absolute configuration of
C-16 of 1 was assigned as R conformation. Therefore, based on these findings and the
supporting correlations along with the identical NMR data and biogenesis, compound 1
was established as (5R,10S,16R)-11,16,19-trihydroxy-12-O-β-D-glucopyranosyl-(1→2)-β-
D-glucopyranosyl-17(15→16),18(4→3)-diabeo-3,8,11,13-abietatetraene-7-one, a previously
undescribed natural product.

Table 1. 1D-1H NMR (600 MHz) spectroscopic data for compounds 1 and 2.

Position
1 a 1 b 2 a 2 b 2 c

δH (J in Hz) δH (J in Hz) δH (J in Hz) δH (J in Hz) δH (J in Hz)

1
1.54, td (12.5, 6.5) 1.43, td (12.5, 6.5) 1.58, td (12.5, 6.5) 1.45, m 1.40, m

3.46, m 3.31, dd (13.0, 6.5) 3.48, m d 3.34, m 3.16, m

2
2.11, dd (18.5, 6.0) 2.00, dd (18, 6.0) 2.06, m

1.23, m
1.98, m

2.32, m 2.20, t (10.0) 2.29, m 2.14, m

5 2.94, br d (15.5) 2.83, br d (15.5) 3.08, m 2.53, m 2.90, m

6
2.59, dd (16.5, 15.5) 2.94, m d 2.39, m

3.01, dd (17.0, 3.0) 2.50, m d 2.50, m

14 7.47, s 7.42, s 7.41, s 7.41, s 7.35, s

15
2.67, dd (13.5, 7.0) 2.66, dd (13.5, 6.0) 2.67, m d 2.67, dd (13.5, 6.0) 2.62, dd (13.5, 6.0)

3.25, dd (13.5, 6.0) 2.92, m d 3.27, dd (13.5, 6.5) 2.93, dd (13.5, 6.5) 2.93, dd (13.5, 6.5)

16 4.17, dd (13.0, 6.5) 3.97, dd (12.5, 6.0) 4.16, dd (13.0, 6.5) 3.97, dd (12.5, 6.0) 3.99, dd (12.5, 6.0)

17 1.10, d (6.0) 1.00, d (6.0) 1.00, d (6.0) 1.00, d (6.0) 0.97, d (6.0)

18 1.78, s 1.70, s 1.75, s 1.70, s 1.60, s

19
4.08, d (12.0) 3.85, d (12.0)

4.28, d (12.0) 4.13, d (12.0)

20 1.28, s 1.18, s 1.32, s 1.21, s 1.10, s

1′ 4.72, d (8.0) 4.64, d (8.0) 4.87, d (8.0) 4.74, d (8.0) 4.74, m d

2′ 3.88, dd (9.0, 8.0) 3.70, m d 3.88, dd (17.0, 8.0) 3.71, m d 3.79, m d

3′ 3.41, m d 3.50, m d 3.42, m d 3.51, m d 3.35, m d

4′ 3.47, m d 3.23, m d 3.48, m d 3.23, m d 3.39, m d

5′ 3.37, m d 3.10, m d 3.39, m d 3.11, m d 3.26, m d

6′
3.67, m d 3.42, dd (12.0, 6.0) 3.68, dd (12.0, 6.0) 3.44, dd (12.0, 6.0) 3.49, dd (12.0, 6.0)

3.83, m d 3.66, m d 3.82, dd (6.0, 1.5) 3.65, m d 3.62, m d

1′′ 4.87, d (8.0) 4.75, d (8.0) 4.73, d (8.0) 4.64, d (8.0) 4.71, m d

2′′ 3.38, m d 3.12, m d 3.40, m d 3.12, m d 3.25, m d

3′′ 3.66, m d 3.20, m d 3.67, m d 3.21, m d 3.58, m d

4′′ 3.30, m d 3.24, m d 3.36, m d 3.23, m d 3.28, m d

5′′ 3.36, m d 3.18, m d 3.31, m d 3.19, m d 3.21, m d

6′′
3.72, dd (12.0, 5.5) 3.47, m d 3.72, dd (12.0, 5.0) 3.48, m d 3.59, m d

3.83, m d 3.68, m d 3.84, dd (6.0, 2.0) 3.68, m d 3.64, m d

a Spectra were referenced to solvent residual and solvent signals of CD3OD at 3.31 ppm (1H NMR, 600 MHz). b Spectra were referenced to
solvent residual and solvent signals of (CD3)2SO at 2.50 ppm (1H NMR, 600 MHz). c Spectra were referenced to solvent residual D2O at
4.59 ppm (1H NMR, 600 MHz). d Overlapping.
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Table 2. 1D-13C NMR (150 MHz) spectroscopic data for compounds 1 and 2.

Position
1 a 1 b 2 a 2 b 2 c

δC, Type δC, Type δC, Type δC, Type δC, Type

1 32.7, CH2 31.1, CH2 32.5, CH2 30.7, CH2 32.3, CH2
2 31.1, CH2 29.7, CH2 29.7, CH2 29.0, CH2 29.6, CH2
3 130.2, C 129.2, C 130.5, C 129.4, C 131.2, C
4 132.5, C 129.9, C 132.5, C 129.6, C 133.3, C
5 44.4, CH 42.7, CH 43.2, CH 40.4, CH 42.5, CH
6 38.1, CH2 36.6, CH2 38.6, CH2 36.9, CH2 38.9, CH2
7 200.9, C 197.8, C 200.3, C 197.0, C 202.9, C
8 129.5, C 128.3, C 128.4, C 128.4, C 130.4, C
9 139.7, C 137.2, C 139.6, C 136.8, C 140.5, C

10 39.0, C 37.3, C 39.1, C 37.5, C 38.7, C
11 149.4, C 147.8, C 149.3, C 147.8, C 149.1, C
12 150.2, C 148.4, C 150.1, C 148.4, C 150.4, C
13 133.8, C 131.4, C 134.6, C 131.6, C 133.0, C
14 122.5, CH 120.7, CH 122.7, CH 121.0, CH 123.4, CH
15 41.1, CH2 39.2, CH2 41.1, CH2 39.2, CH2 40.0, CH2
16 68.1, CH 65.5, CH 68.1, CH 65.5, CH 68.6, CH
17 22.7, CH3 23.3, CH3 22.6, CH3 23.3, CH3 23.4, CH3
18 19.0, CH3 18.8, CH3 20.5, CH3 20.1, CH3 21.2, CH3
19 59.2, CH2 57.5, CH2 —- 166.2, COOH 170.7, COOH
20 15.7, CH3 15.2, CH3 16.1, CH3 15.3, CH3 16.8, CH3
1′ 105.5, CH 103.6, CH 105.3, CH 103.6, CH 104.8, CH
2′ 82.7, CH 80.8, CH 82.7, CH 80.7, CH 82.0, CH
3′ 77.8, CH 76.1, CH 77.8, CH 76.1, CH 77.1, CH
4′ 70.8, CH 69.5, CH 70.8, CH 69.5, CH 70.4, CH
5′ 71.4, CH 69.9, CH 71.4, CH 69.9, CH 71.0, CH
6′ 62.6, CH2 61.1, CH2 62.6, CH2 61.1, CH2 62.1, CH2
1” 105.4, CH 103.6, CH 105.5, CH 103.7, CH 104.9, CH
2” 75.7, CH 74.1, CH 75.7, CH 74.1, CH 75.2, CH
3” 77.9, CH 76.2, CH 77.9, CH 76.2, CH 77.2, CH
4” 78.6, CH 77.5, CH 78.6, CH 77.5, CH 77.9, CH
5” 78.5, CH 77.4, CH 78.6, CH 77.4, CH 77.8, CH
6” 62.3, CH2 60.9, CH2 62.2, CH2 60.8, CH2 61.7, CH2

a Spectra were referenced to solvent residual and solvent signals of CD3OD at 49.0 ppm (13C NMR,
150 MHz). b Spectra were referenced to solvent residual and solvent signals of (CD3)2SO at 39.52
ppm (13C NMR, 150 MHz). c Spectra were referenced to solvent residual and solvent signals of D2O.

Table 3. Comparison of partial NMR data of 1 and 2 with known compounds a.

Position
Szemaoenoid A Szemaoenoid C E Compound 1 Compound 2

δC δH δC δH δC δH δC δH δC δH

15 40.9 2.71, 3.20 33.6 2.87, 3.17 40.4 2.70, 2.82 41.1 2.67, 3.25 41.1 2.67, 3.27
16 68.3 4.10 68.3 4.15 68.7 4.04 68.1 4.17 68.1 4.16
17 22.8 1.12 22.9 1.12 23.3 1.15 22.7 1.10 22.6 1.00
a Spectra of all compounds were measured in CD3OD. E = (5R,10S,16R)-11,16-dihydroxy-12 methoxy-17(15→16)-abeoabieta-8,11,13-trien-
3,7-dione.

Compound 2 was isolated as a colorless amorphous powder. The molecular formula
of 2 was deduced as C32H44O16 based on the HR-ESI-MS (m/z = 683.2556 [M − H]−),
which has one COOH instead of CH2OH at the same position as that of 1. An abietane-type
diterpenoid derivative was evident based on its UV maxima at 219, 273, 319 nm, and NMR
data. Analysis of the 1H and 13C NMR data of 2 (Tables 1 and 2) revealed similar substituent
patterns to that of 1, except a carboxylic group at C-19 rather than the methyleneoxy group.
The 1H and 13C NMR data assignments were based on 1H-1H, COSY, HSQC, and HMBC
spectra (Figures S7–S11). The 13C NMR spectrum displayed signals for a ketone group

129



Molecules 2021, 26, 4121

at δC 202.9, a carboxylic group at δC 170.7, two tertiary methyl groups, and four double
bonds including an aromatic ring characteristic of an abieta- 3,8,11,13-tetraene.
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Figure 2. Main 1H-1H COSY and HMBC correlations of compounds 1 and 2.

Comparing NMR data of 2 with 1 revealed that the aglycon part of both compounds
was linked with the same sugar moiety. Based on 1D and 2D spectra, all sugar protons and
carbons were assigned β-D-sophorose. Besides NMR spectra, acidic hydrolysis employing
GLC-MS/MS analysis of both compounds 1 and 2 also confirms two β-D-glucose units as
its sugar component (Section 3.9). From the biogenetic considerations and identical NMR
data, 2 was inferred as possessing an identical absolute configuration to 1. Thus, com-
pound 2 was identified as (5R,10S,16R)-11,16-dihydroxy-12-O-β-D-glucopyranosyl-(1→2)-
β-D-glucopyranosyl-17(15→16),18(4→3)-diabeo-4-carboxy-3,8,11,13-abietatetraene-7-one, a
previously undescribed natural product.

The structure of the known C13-nor-isoprenoid glycoside was confirmed as byzan-
tionoside B (3) by spectrometric and spectroscopic methods (HR-ESI-MS, and 1H NMR,
13C NMR, COSY, HSQC, HMBC), and by comparison with literature data [22,23].

2.2. α-Amylase and α-Glucosidase Inhibition

α-Amylase (pancreatic enzyme) and α-glucosidase (intestinal enzyme) inhibitors re-
duce the conversion of carbohydrates into monosaccharides and are considered adjunctive
therapeutics for the treatment of diabetes mellitus type 2. Natural products displaying
α-amylase and α-glucosidase inhibitory properties could therefore be beneficial for the
management of diabetes and obesity by controlling peak blood glucose levels. Compounds
1–3 (terpenoids) and 4–8 (phenylpropanoids) (Figure 1) demonstrated α-amylase and α-
glucosidase inhibition, reflecting their previous records (Table 4) [16,18]. One terpenoid and
one phenylpropanoid were found to have a significant mammalian α-amylase and yeast
α-glucosidase inhibition compared to acarbose, a drug to treat type 2 diabetes mellitus,
which was used as a positive control. In the α-amylase inhibition assay, compound 6
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showed the most potent activity (IC50 3.4 ± 0.2 µM), and it was found to be almost two
times more active than acarbose (IC50 5.9 ± 0.1 µM). Compounds 4, 1, 8, and 5 displayed a
slightly lower potency, ranging from IC50 13.0–24.9 µM, which was comparable to that of
acarbose, while compounds 3 and 7 were almost inactive.

Table 4. Enzyme inhibition activity of three terpenoids (1–3) and five phenylpropanoids (4–8) against
α-amylase, α-glucosidase, AChE, and BChE in comparison with standard acarbose and galanthamine.

Compound
IC50 (µM)

α-Amylase α-Glucosidase AChE BChE

1 18.5 ± 0.6 b 24.6 ± 0.2 a 191 ± 10.2 a >1000

2 64.6 ± 7.1 c 78.3 ± 3 a 139 ± 7.2 a >1000

3 284 ± 13.2 d >1000 >1000 >1000

4 13.0 ± 1.3 a,b >1000 >1000 >1000

5 24.9 ± 0.4 b 96 ± 10.5 a 160 ± 12.2 a >1000

6 3.4 ± 0.2 a 55.8 ± 0.2 a >1000 >1000

7 221 ± 24.5 d >1000 >1000 >1000

8 19.8 ± 0.50 b >1000 178 ± 11.3 a >1000

acarbose 5.9 ± 0.1 665 ± 42

galanthamine 2.9 ± 0.4 22.5 ± 1.9
Values are expressed as mean ± SD (n = 3). Different superscript letters correspond to values considered
statistically different (p ≤ 0.05).

Acarbose, a clinically used glycosidase inhibitor, usually demonstrates a weak in-
hibitory effect against yeast α-glucosidase compared to mammalian glycosidases. There-
fore, by using acarbose as a positive control in the yeast α-glucosidase assay (IC50 665 ± 42 µM),
compounds 1, 2, 5, and 6 were established as moderate α-glucosidase inhibitors, with IC50
values ranging from 24.6 to 96.0 µM (Table 4). The remaining four compounds showed no
activity against yeast α-glucosidase at the tested concentrations.

Phenylpropanoid glycosides and abietane diterpenoids have previously been reported
as being active against α-glucosidase and α-amylase [24,25]. The number and positions
of hydroxy groups on natural compounds are crucial structural features to understand
their enzyme inhibition [26]. In our compounds, the presence of one additional hydroxy
group at C-4 at compound 6 seems to be involved in the more pronounced α-amylase
inhibitory activity in comparison with compound 7, where the methoxy substituents and
sugar moiety could affect negatively on the inhibitory activity [27,28].

2.3. Cholinesterase Inhibitory Properties

Alzheimer’s disease (AD) displays low levels of acetylcholine due to neurons de-
generation, for this reason accpted therapeutic strategies for a symptomatic treatment of
this illness include cholinesterases, acetylcholinesterase (AChE) and butyrylcholinesterase
(BChE) inhibitors, as galanthamine. These enzymes are responsible for acetylcholine’s
hydrolysis, which plays an essential role in the proper functioning of the central cholinergic
system, respectively. Due to having antioxidant, antiaging, and neuroprotective properties,
terpenoids and phenylpropanoids were tested for their effects in managing AD [16,18].
However, from the tested compounds, 1, 2, 5, and 8 displayed only low AChE inhibitory
effects ranging from IC50 values of 139–191 µM, while 3, 4, 6, and 7 showed no inhibitory
activity on AChE in the tested concentration range. None of the tested compounds demon-
strated any activity towards BChE. Galanthamine was used as a positive control for both
the AChE (IC50 2.9 ± 0.5 µM) and BChE (IC50 23 ± 2 µM) inhibition assays (Table 4).

The presence of sugar moiety in compounds may interfere with their ChE inhibitory
activities, which modify the affinities toward enzymes [28]. Comparing our results with
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the activity of abietane diterpenoids isolated from Caryopteris mongolica, it implies that the
presence of sugar moiety in tested compounds might reduce their inhibitory activity [21].

2.4. Antiproliferative and Cytotoxic Activities

Triple-negative breast cancers are a highly aggressive, heterogeneous subtype of
breast cancer, with a poor survival rate. These breast cancers are characterized by a lack of
expression of estrogen and progesterone receptors as well as a lack of amplification human
epidermal growth factor receptor 2 [29]. There are no approved targeted therapies for
triple-negative breast cancers, because they do not respond to available targeted therapies.
However, patients usually receive chemotherapy with cytotoxic agents such as taxanes [30].

Terpenoids and phenylpropanoids are well-known for their cytotoxic and anticancer
activity [31–33]. Compounds 1–8 were therefore tested for their cytotoxicity and effects on
the cell migration of Hs578T and MDA-MB-231, which are triple negative breast cancer
cell lines. Among the tested compounds, the concentration-related cytotoxic responses
were observed with IC50 values of 85.3 ± 2.4 and 96.5 ± 1.5 µM against Hs578T and MDA-
MB-231, respectively for compound 5, and 94.7 ± 1.3 µM against Hs578T for compound 3
(Table 5). The rest of the compounds did not show significant activity within the tested
range (IC50 > 100 µM).

Table 5. Cytotoxic activity of the tested compounds at a half maximal inhibitory concentration (IC50)
in the TNBC cell lines Hs578T and MDA-MB-231.

Compounds
IC50 (µM)

Hs578T MDA-MB-231

1 128 ± 2.2 122 ± 1.2

3 94.7 ± 1.3 118 ± 3.3

4 210 ± 5.1 199 ± 3.1

5 85.3 ± 2.4 96.5 ± 1.5

2.4.1. Effects on TNBC Cell Proliferation

To explore the antiproliferative activity of compounds tested in the TNBC cell lines
Hs578T and MDA-MB-231, colony formation assays were employed. To fix the effective
concentration, the half maximal inhibitory concentration (IC50) of each compound was
determined (Table 5), and was used as a working concentration for all experiments. In the
cell proliferation assay, the compounds triggered a significant reduction in the number of
colony formations compared to that of the control (DMSO-treated) cells (Figure 3A,D). The
quantified colonies are represented in bar graphs at Figure 3B,E). Moreover, the cell viability
outcome also justified the antiproliferative activity of the tested compounds in the MTS
assay (Figure 3C,F). The obtained data revealed that compounds 3 and 5 possess moderate
antiproliferative effects: they reduced the number of TNBC cell Hs578T (44 and 42%,
respectively) and MDA-MB-231 (48 and 43%, respectively) after three days of treatment at
IC50. Chemotherapeutic compounds interrupt the signaling pathways of cancer and control
accelerated proliferation to induce cancer cell death [34]. Natural products are considered
a key source in the search for new anticancer compounds [15]. This study displayed that
tested compounds moderately suppressed breast cancer cell proliferation and viability.

2.4.2. Effects on Cell Migration

The migration of cancer cells are critical determinant steps of tumor metastasis. To
evaluate the anti-metastatic effect on breast cancer cells, the inhibition of the cell migration
rate is a reliable indicator. Figure 4 shows the inhibition ability of the tested compounds on
the migration of the breast cancer cells compared to control cells in DMSO (p < 0.01). All
tested compounds inhibited the migration of Hs578T cell slightly more than MDA-MB-231.
Compound 3 and 5 displayed an interesting activity profile: they were able to inhibit 50%
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and 43% of the migration of Hs578T cell, and 40% and 37% for MDA-MB-231, respectively,
at IC50. Cancer metastasis, a multistep process, is a major cause of cancer-associated
mortalities. During this process, cancer cells escape and travel from the primary tumor site
to a distant area through various cascades of events such as cell adhesion, cell motility and
invasion, cell movement, and degradation of the cellular matrix [35,36]. The inhibition of
cancer cell migration is a novel strategy for the treatment of metastatic cancers. Our results
showed that compounds 3 and 5 effectively suppressed breast cancer cell migration.
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the mean ± SD of three independent experiments. Bars with asterisks indicate significant differences from the control at
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2.4.3. Effects on Tumor-Sphere Formation

The capability of compounds to reduce cell size is considered a good indicator in
cancer therapy. The in vitro tumor-sphere formation tests demonstrated that compound
5 reduced the cell size (Figure 5A,C) and the cell number significantly (Figure 5B,D) in
both cell lines. In vitro tumor-sphere formation is a frequently used new and inexpensive
method considered a potential alternative for in vivo screening of anticancer drugs [37].
In the present study, the number and size of tumor spheres were sharply reduced by the
compound 5. However, more intensive research is needed to find out the mechanism of
these activities in relation with the respective compound.
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3. Materials and Methods
3.1. General Experimental Procedures

The NMR spectra, 1D (1H, 13C) and 2D (COSY, HMQC, HMBC), were acquired at
600 MHz on a Fourier transform-NMR “Avance III 600” spectrometer equipped with a
cryogenically cooled triple resonance Z-gradient probe head operating at 300 K and pH 7.5
(Bruker BioSpin GmbH, Rheinstetten, Germany). TMS was used as the internal reference
standard where chemical shifts reported as δ values. ESI-MS data were obtained via Nexera
X2 system (Shimadzu, Kyoto, Japan) connected to an autosampler, column heater, PDA,
and a Shimadzu LC-MS 8030 Triple Quadrupole Mass Spectrometer. HR-ESI-MS spectra
were recorded on a Q-Exactive Plus spectrometer (Thermo Scientific, Bremen, Germany).

UHPLC experiments were performed employing a VWR Hitachi Chromaster UltraRS
liquid chromatograph equipped with ELSD 100 and DAD 6430 detectors. A column,
Phenomenex Luna Omega C18, 1.6 µm, 100 × 2.1 mm, was used for all the analyses, with
the following settings: mobile phase A: 0.1% formic acid in water; mobile phase B: 100%
acetonitrile (linear gradient: 0 min 5% B, 35 min 40% B, 50 min 95% B, 60 min 95% B,
60.1–70 min 5%); flow rate: 0.20 mL/min; injection volume: 2 µL; oven temperature: 30 ◦C
(Figure S14).

Semi-preparative HPLC was performed on a Waters HPLC system (Waters) equipped
with Waters Alliance e2695 Separations Module, Alliance 2998 detector, WFC III fraction
collector (Waters, Milford, MA, USA), and VP Nucleodur C18 column (250 × 10 mm, 5 µm
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particle size, Macherey-Nagel, Düren, Germany). Column chromatography was performed
with silica gel (40–63 µm; 230–400 mesh, Carl Roth GmbH, Karlsruhe, Germany) and
Sephadex LH-20 (GE Healthcare AB, Uppsala, Sweden). Thin-layer chromatography (TLC)
was carried out on precoated TLC plates (Silica gel 60 F254, Merck, Darmstadt, Germany)
using ethyl acetate-water-acetic acid-formic acid (15:5:2:2) as the mobile phase, and the
spots were visualized by heating after vanillin-sulphuric acid spray.

3.2. Chemicals

Acetylcholinesterase from electric eel (Electrophorus electricus, type VI-s, lyophilized
powder), acetylthiocholine iodide (ATCI), butyrylcholinesterase from equine serum
(lyophilized powder), butyrylthiocholine iodide (BTCI), 5,5′-dithio-bis2-nitrobenzoic acid
(DTNB), α-amylase from porcine pancreas, α-glucosidase from Saccharomyces cerevisiae,
4-p-nitrophenyl-α-D-glucopyranoside, starch, galanthamine, and acarbose were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Trizma hydrochloride (Tris-HCl) and bovine
serum albumin (BSA) were obtained from Sigma–Aldrich (Steinheim, Germany). Deion-
ized water was produced using a Milli-Q water purification system (Millipore, Bedford,
MA, USA). Dulbecco’s Modified Eagle Medium (DMEM) was collected from Gibco (Japan),
and fetal bovine serum (FBS) was also collected from Gibco (Waltham, MA, USA). Insulin
and penicillin G/streptomycin were collected from Wako (Fujifilm Wako Pure Chemical
Corporation, Osaka, Japan), the MTS kit was collected from Promega (Madison, WI, USA),
and poly-2-hydroxyethyl methacrylate was collected from Sigma-Aldrich (Taufkirchen, Germany).

3.3. Plant Material

The leaves of C. infortunatum were collected from Pabna, Bangladesh, in March 2018
at 23 m above mean sea level (coordinates: N 24◦03′45.0”; E 89◦04′14.0”). Prof. Dr. A.H.M.
Mahbubur Rahman, Department of Botany, University of Rajshahi, Bangladesh carried out
the botanical identification [38]. A voucher specimen (CV-20180321-04) was deposited in
the Department of Botany, University of Rajshahi, Bangladesh.

3.4. Extraction and Isolation

The air-dried fresh leaves of C. infortunatum (1.15 kg) were powdered and subjected to
cold extraction with acetone (5 L) at room temperature five times, for one day each time. The
obtained solution was combined, filtered, and evaporated under reduced pressure at 35 ◦C,
yielding 58.0 g of crude acetone extract. The concentrated extract was solvated in a solution
of water:methanol (2:1) and partitioned with ethyl acetate and n-butanol, respectively,
resulting in the ethyl acetate (35.7 g), n-butanol (15.0 g), and water (7.30 g) fractions. The
butanol extract (15.0 g) was chromatographed to a silica gel column chromatography (CC)
eluted with a gradient of increasing methanol (0–100%) in dichloromethane to attain 14
fractions (CV 1 to CV 14).

Fraction CV 14 was subjected to chromatographic separation by Sephadex LH-20
gel column (3 × 100 cm) eluted with methanol to yield eight subfractions (CV 14 A-H).
Subfraction CV 14C was treated by semi-preparative HPLC on an RP-18 column (VP
250 × 10 mm Nucleodur C18, 5 µm, flow rate: 2 mL/min) using 0.025% formic acid in
water, developing methanol:water solvent mixtures (40:60, isocratic) that yielded three
pure compounds: 2 (6.0 mg, tR 18 min), 1 (8.5 mg, tR 30 min), and 3 (3.0 mg, tR 39 min).

(4aS,10aR)-6-(((2S,3S,4S,6S)-4,5-dihydroxy-6-(hydroxymethyl)-3-(((2S,3S,4S,5S,6R)-
3,4,5-trihydroxy-6-(hydroxymethyl)tetrahydro-2H-pyran-2-yl)oxy)tetrahydro-2H-pyran-2-
yl)oxy)-5-hydroxy-1-(hydroxymethyl)-7-((R)-2-hydroxypropyl)-2,4a-dimethyl-4,4a,10,10a-
tetrahydrophenanthren-9(3H)-one (1). Brown powder; [α]25

D +0.035 (MeOH); For 1H NMR
(methanol-d4, DMSO-d6, 600 MHz) and 13C NMR (methanol-d4, DMSO-d6, 150 MHz) data,
see Tables 1 and 2. HR-ESI-MS m/z 669.2763 [M − H]− (calcd. for C32H46O15, 669.2758).

(4aS,10aR)-6-(((3S,4S,6S)-4,5-dihydroxy-6-(hydroxymethyl)-3-(((2S,3S,4S,5S,6R)-3,4,5-
trihydroxy-6-(hydroxymethyl)tetrahydro-2H-pyran-2-yl)oxy)tetrahydro-2H-pyran-2-yl)oxy)-
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5-hydroxy-7-(2-hydroxypropyl)-2,4a-dimethyl-9-oxo-3,4,4a,9,10,10a hexahydrophenanthr-
ene-1-carboxylic acid (2). Pale brown powder; [α]25

D +0.030 (MeOH); For 1H NMR
(methanol-d4, DMSO-d6, D2O, 600 MHz) and 13C NMR (methanol-d4, DMSO-d6, D2O,
150 MHz) data, see Tables 1 and 2. HR-ESI-MS m/z 683.2556 [M − H]− (calcd. for
C32H46O15, 683.2551).

3.5. α-Amylase Inhibition Assay

α-Amylase inhibitory activity was determined following the starch-iodine method [39]
with some modifications. A 1% starch solution was prepared by 1 g of starch in 10 mL
of distilled water following gentle boiling and cooling into 100 mL. A reaction mixture,
25 µL sample (0–1 mM) and 50 µL α-amylase (5 U/mL) in phosphate buffer, was incubated
at 37 ◦C for 10 min. Afterwards, the starch (100 µL, 1% w/v) solution was added to the
mixture and incubated again at 37 ◦C for 10 min. The enzymatic reaction was suspended by
adding HCl (25 µL, 1 N) followed by the incorporation of 50 µL of iodine reagent (2.5 mM
I2 and 2.5 mM KI). After adding the iodine/iodide solution, based on the colour change,
the absorbance was monitored at 630 nm for 10 min. Acarbose was used a positive control.
The percentage of inhibition was calculated and results were expressed as IC50 (µM).

3.6. α-Glucosidase Inhibition Assay

To assess the inhibitory activity of the tested compounds on α-glucosidase, all solutions
were prepared according to the previously described method [39]. Different concentrations
(0–1 mM) of the sample (50 µL) and α-glucosidase enzyme (40 µL, 0.1 U/mL) dissolved in
phosphate buffer were incubated at 37 ◦C for 10 min. After combining the substrate 4-p-
nitrophenyl-α-D-glucopyranoside (40 µL, 2.5 mM) to the enzyme mixture, it was incubated
again at 37 ◦C for 10 min. Na2CO3 (100 µL, 0.2 M) was used to stop the enzymatic reaction.
The release of glucose and p-nitrophenol (yellow) was detected spectrophotometrically at
405 nm. Acarbose was used as positive control and the results were expressed as IC50 (µM).

3.7. Determination of Cholinesterase Inhibitory Activities

The cholinesterase inhibitory (AChE/BChE) properties were ascertained based on
Ellman’s method, as previously described [40]. The enzyme activity was detected by
spectrophotometric exposure (405 nm), with increasing yellow colour produced from
thiocholine, while it reacted with 5,5′-dithio bis-2 nitrobenzoate ions (DTNB). In the AChE
inhibitory assay, 25 µL of sample solution (0–1 mM) along with 50 µL of buffer B (50 mM
Tris-HCl, pH 8 containing 0.1% BSA), 125 µL of DTNB (3 mM), and 25 µL of 0.05 U/mL
AChE were incubated at 37 ◦C for 10 min. After incubation, 25 µL of acetylthiocholine
iodide (5 mM) as AChE substrate was incorporated to the solution. The BChE activity
was determined following the same protocol using 25 µL of 5 mM S-butyrylthiocholine
chloride as BChE substrate and 0.05 U/mL BChE as enzyme. The inhibitory abilities of the
compounds (1–8) were assessed at different concentrations. Galanthamine (dissolved in
10% DMSO in methanol) was used as a positive control, while 10% DMSO in methanol
was used as a negative control for both assays. The percentage of inhibition was calculated
and the results were expressed as IC50 (µM).

3.8. Determination of Anticancer Activities
3.8.1. Cell Lines and Culture Condition

The human TNBC cell lines Hs578T and MDA-MB-231 were obtained from the Ameri-
can Type Culture Collection and cultured in Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with fetal bovine serum (FBS) (10% v/v), insulin (Hs578T cell only), and
penicillin G/streptomycin 1% (v/v) at 37 ◦C under 5% CO2. The absence of culture con-
tamination by Mycoplasma species was confirmed before the experiments.
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3.8.2. Colony Formation Assay

The breast cancer cell proliferation activity of the tested compounds was assessed
using a colony formation assay [41]. Approximately 400 viable Hs578T and MDA-MB-
231 cells were seeded in a 10 cm culture plate containing DMEM medium without or
with the tested compounds (at their respective IC50 concentration), and incubated for
2 weeks. After incubation, the medium was discarded, and the colonies were washed
twice with phosphate-buffered saline (PBS). Subsequently, the colonies were fixed with 4%
paraformaldehyde and stained with crystal violet solution. Colonies consisting of more
than 20 individual cells were counted by ImageJ software.

3.8.3. Cell Viability Assay

The activity of the selected compounds on breast cancer cell viability were determined
employing the MTS assay [42]. Briefly, 5 × 103 cells were seeded in each well of a 96-
well plate for 24 h, and growth medium containing different compounds was added and
incubated in different periods. A total of 20 µL of the MTS kit was added to each well, and
the cells were incubated for 2 h. After incubation, the absorbance was measured at 490 nm
with an enzyme-linked immunosorbent assay microplate reader (BioTek Instruments, USA).
The absorbance value is directly proportional to the number of living cells.

3.8.4. Transwell Cell Migration Assay

The effects of the selected compounds on breast cancer cell migration were evaluated
in transwell chambers according to a published protocol [42]. Briefly, the Hs578T and MDA-
MB-231 cells were treated with the tested compounds for 24 h, trypsinized, and washed
twice with serum-free medium. Approximately 3× 104 pretreated cells, suspended in
100µL of the serum-free medium, were seeded to the upper chamber. The lower chambers
were filled with approximately 500µL of DMEM medium with 10% FBS and incubated for
12 h. After incubation, the cells from the upper surface were wiped off with cotton swabs,
while the migrated cells on the opposite side of the transwell were washed twice with PBS,
fixed with 4% paraformaldehyde, and finally stained with crystal violet solution. After
2 washes with water (Milli Q), several microscopic fields were taken randomly, and the
migrated cells were counted using ImageJ software.

3.8.5. Tumor-Sphere Formation Assay

Three-dimensional or tumor-sphere culture is a recently introduced in vitro technique
which maintains a physiological environment which closely resembles that of in vivo
conditions [37]. This technique has now been widely used for the screening of anti-
cancer moieties [41]. In vitro tumor-sphere formation assay was performed following a
reported protocol [43]. Briefly, approximately 3 × 103 cells were resuspended in a poly-2-
hydroxyethyl methacrylate coated 6-well plate containing a sphere-forming medium with
or without tested compounds and incubated for one week. The number of tumor spheres
were counted, and the diameter of each tumor sphere was measured.

3.9. Determination of the Absolute Sugar Configuration

The absolute configuration of the sugar moieties of compound 1 and 2 was determined
through GLC-MS/MS analysis of the octylated sugar moiety, after hydrolysis, employing
the methods described previously [44,45], with some modifications. For hydrolysis, 0.5 mg
of sample and 1 mL 2 M trifluoroacetic acid (TFA) were combined in a glass vial. The
mixture was heated to 120 ◦C for 1 h. Afterwards, the mixture was washed three times,
adding 5 mL water each time, by evaporating to dryness under reduced pressure. For
octylation, 1 mL of (R)-(−)-2-octanol, and one drop of TFA (conc.) were added to the
mixture. The sample was kept at 120 ◦C for 12 h. Subsequently, the sample was transferred
to a separation funnel incorporating 5 mL of methanol with a few drops of water and
separated three times with 5 mL n-hexane each time to remove excess octanol. The methanol
fraction was evaporated under reduced pressure. For acetylation, the sample was heated
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in a vial at 100 ◦C for 20 min after adding 0.5 mL anhydrous acetic anhydride and 0.5 mL
anhydrous pyridine.

After cooling the mixture at room temperature, 10 mL of water, 1 mL 0.1 M H2SO4,
and 1 mL CH2Cl2 were added and the mixture was shaken vigorously. The CH2Cl2
layer was used for GLC–MS/MS analysis. For comparison with standard, 0.5 mg of
D-glucose and 0.5 mg of L-glucose each were separately treated following the same proce-
dure. GLC-MS analysis was performed using the column TG-5 SILMS (Thermo Scientific,
15 m × 0.25 mm × 0.25 µm) with the following settings: injection volume 1 µL; flow rate
1.2 mL/min; mobile phase helium; split ratio 1:10; ion source temperature 280 ◦C; injector
temperature 290 ◦C; MS transfer line temperature 280 ◦C; scanning range for full scan:
(m/z) 43–700; ionization mode EI; temperature gradient: 0 min 60 ◦C, 2 min 60 ◦C, 4.6 min
180 ◦C, 5.16 min 180 ◦C, 39.5 min 280 ◦C, and 41.13 min 280 ◦C.

The GLC-MS signals of the (R)-(–)-2-octanyl derivatives of standard D-glucose and the
split off sugar moieties from compounds 1 and 2 had the same retention times (tR = 32.08
and 33.16 min) and nearly identical MS spectra. In contrast, the signals obtained from the
derivative of the standard L-glucose had significantly different retention times (tR = 31.73
and 32.27 min).

3.10. Statistical Analysis

All experiments were repeated in triplicate, and results were expressed as mean ± standard
deviation. The analysis of variance (one way ANOVA) was performed to assess statistically
significant differences among the tested compounds. Differences in the mean values were
assessed by the Tukey test at a significance level of p < 0.05 by using GraphPad Prism v. 6.0
(GraphPad Software Inc., San Diego, CA, USA).

4. Conclusions

In this study, three terpenoids, along with five previously isolated phenylpropanoids
from C. infortunatum, revealed their antidiabetic, anticholinesterase, and anticancer po-
tentials. Among the tested compounds, compound 6 was confirmed to have the best
therapeutic potential against mammalian α-amylase compared to the reference standard
acarbose. On the other hand, compounds 3 and 5 displayed moderate antiproliferative,
antimetastatic, and antitumor properties against TNBC cell lines. In this view, the findings
extended the chemical diversity of C. infortunatum and hold promise for identifying fur-
ther potential nor-isoprenoid and phenylpropanoids as lead compounds against diabetes
and TNBC.

Supplementary Materials: The following are available online. Supplementary data associated with
this article are 1H, 13C, COSY, HSQC, and HMBC NMR spectra of compounds 1 and 2 in CD3OD,
DMSO-d6, and D2O at 600 MHz; HR-ESI-MS in acetone for compounds 1 and 2; 1H and 13C NMR
data in CD3OD, and DMSO-d6 at 600 MHz of known compound 3.
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Abstract: A number of plants used in folk medicine in Thailand and Eastern Asia are attracting
interest due to the high bioactivities of their extracts. The aim of this study was to screen the edible
leaf extracts of 20 plants found in Thailand and investigate the potential neuroprotective effects of the
most bioactive sample. The total phenol and flavonoid content and 2,2-diphenyl-1-picrylhydrazyl
radical-scavenging activity were determined for all 20 leaf extracts. Based on these assays, Glochidion
littorale leaf extract (GLE), which showed a high value in all tested parameters, was used in further
experiments to evaluate its effects on neurodegeneration in Caenorhabditis elegans. GLE treatment
ameliorated H2O2-induced oxidative stress by attenuating the accumulation of reactive oxygen
species and protected the worms against 1-methyl-4-phenylpyridinium-induced neurodegeneration.
The neuroprotective effects observed may be associated with the activation of the transcription
factor DAF-16. The characterization of this extract by LC-MS identified several phenolic compounds,
including myricetin, coumestrin, chlorogenic acid, and hesperidin, which may play a key role in
neuroprotection. This study reports the novel neuroprotective activity of GLE, which may be used to
develop treatments for neurodegenerative diseases such as Parkinson’s syndrome.

Keywords: Caenorhabditis elegans; leaf extract; neuroprotection; antioxidant activity; DAF-16

1. Introduction

Neurodegenerative disorders including Alzheimer’s disease and Parkinson’s disease
(PD) pose major health and financial concerns to global health care organizations [1]. Al-
though the human lifespan has increased in the last few decades in industrialized countries,
the prevalence of age-related diseases has also increased. The incidence of late-onset
disorders such as neurological disruptions is expected to increase rapidly over the next
few decades. Therefore, it is crucial to encourage studies and perform clinical trials on
compounds that may have the potential to cure, prevent, or at least delay the onset of
neurodegenerative diseases [2]. One of the characteristic features of PD is the progres-
sive loss of dopaminergic (DA) neurons in the substantia nigra [3]. In PD pathogenesis,
increased production of reactive oxygen species (ROS) plays a key role in the loss of DA
cells [4]. Therefore, the reduction in oxidative stress is considered a promising therapeutic
approach in PD treatment [5]. The 1-methyl-4-phenylpyridinium (MPP+), which inhibits
mitochondrial complex I activity, can induce PD-like symptoms in humans and animal
models [6].

141



Molecules 2021, 26, 3958

The use of Caenorhabditis elegans as an in vivo model provides certain advantages
in the study of PD [7]. The nematode is simple, inexpensive, and has a short life cycle.
It supports studies involving large-scale analyses. Moreover, the neuronal network of
C. elegans has been mapped completely. It contains 8 DA neurons and PD-related homolo-
gous genes [8]. Neurodegeneration, which mimics parkinsonian symptoms, can be induced
in C. elegans via treatment with neurotoxins such as MPP+ [9].

Natural antioxidant compounds represent attractive sources for developing drugs
to treat neurodegenerative diseases due to their neuroprotective effects in animal models
and low toxicity [3]. Polyphenols are known to be among the most abundant antioxidants
in the human diet [10]. It has also been established that oxidative processes are involved
in many pathologies, including neurodegeneration, cancer, diabetes, cardiovascular and
anti-inflammatory diseases. Hence, finding polyphenols exhibiting antioxidant properties
from natural sources could contribute toward preventing or treating those pathologies.
This study focused on extracts from the edible leaves of plants found in Thailand. Most
varieties cultivated widely in northern and southern Thailand have been used as folk
medicine against general injuries and diseases; however, there are few reports concerning
their neuroprotective effects.

In this study, we first screened the extracts of edible leaves from 20 plants cultivated
in Thailand and assessed their phenolic and flavonoid contents and their 2,2-diphenyl-1-
picrylhydrazyl (DPPH) radical-scavenging activity. The effects of Glochidion littorale leaf
extract (GLE), which showed a high value in all tested parameters, were evaluated on
C. elegans with neurodegeneration. Furthermore, the potential pathways involved in the
neuroprotective effect of GLE were examined, along with the identification of the main
components in GLE.

2. Results
2.1. Screening of Thai Plant Leaves

Crude extracts of edible leaves from plants cultivated in Thailand were prepared
by ultrasonication. The leaf extracts of 20 plants were screened for their phenolic and
flavonoid contents and antioxidant activity by DPPH radical-scavenging assay. Few of the
tested samples, such as Glochidion sphaerogynum and Mentha piperita, were found to possess
high radical-scavenging activity with low phenolic and flavonoid content, whereas certain
samples, such as Clinacanthus nutans and Ocimum × citriodorum, exhibited the opposite
trend (Table 1). The leaf extract of G. littorale showed high DPPH radical-scavenging activity
as well as high phenolic and flavonoid content. Therefore, the bioactivities associated with
G. littorale were further investigated.

2.2. GLE Enhanced Resistance against Oxidative Stress via DAF-16 in C. Elegans

The effect of GLE on the survival of N2 worms under oxidative stress was investigated.
Treatment with H2O2 (5 mM) induced 75% death in the control group, whereas co-treatment
with 50 µg/mL and higher concentrations of GLE was associated with a high survival rate
(Figure 1A). Among the tested concentrations of GLE, 100 µg/mL and 200 µg/mL were
associated with the highest survival rates (82.0% and 88.2%, respectively). Therefore, these
two concentrations were used in subsequent experiments. To evaluate the antioxidant
effect of GLE in vivo, the intracellular ROS levels were measured in wild-type nematodes
using 2’,7’-dichlorodihydrofluorescein diacetate (H2DCF-DA), a well-known fluorescence
probe for detecting intracellular ROS production. Significant decreases in the fluorescence
intensities in the GLE-treated groups were observed compared to that in the untreated
group (Figure 1B), confirming the antioxidant property of GLE.
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Table 1. Properties of the plants investigated in this study.

No. Scientific Name Phenolic Content
(mg GAE 1/g)

Flavonoid Content
(mg quercetin/g)

DPPH 2 Radical-Scavenging
Activity (%)

1 Clinacanthus nutans 3.306 1.799 41.058
2 Gymnema inodorum 1.183 0.959 33.890
3 Glochidion sphaerogynum 0.709 0.781 51.705
4 Anethum graveolens 0.825 0.387 29.367
5 Spilanthes acmella 0.552 0.243 18.580
6 Acacia pennata 5.031 1.563 51.914
7 Mentha piperita 1.107 0.761 59.151
8 Glochidion littorale 20.104 4.527 78.984
9 Ocimum sanctum Linn. 0.131 0.076 45.442

10 Ocimum basilicum Linn. 1.342 0.771 51.635
11 Ocimum × citriodorum 2.446 1.612 39.666
12 Azadirachta indica 13.744 2.725 79.819
13 Morus Alba 6.190 4.019 54.488
14 Moringa oleifera 1.696 5.696 18.928
15 Psidium guajava Linn. 3.414 2.937 61.865
16 Melientha suavis Pierre 2.263 2.433 40.362
17 Pandanus amaryllifolius 1.409 1.050 36.395
18 Zanthoxylum limonella 3.128 1.469 46.555
19 Piper sarmentosum 0.584 0.487 24.217
20 Citrus maxima 11.690 2.461 79.193

1 GAE, gallic acid equivalent; 2 DPPH, 2,2-diphenyl-1-picrylhydrazyl.

Figure 1. Effect of Glochidion litorale leaf extract (GLE) on stress resistance in wild-type and daf-16 mutant Caenorhabditis
elegans. (A) Effect of GLE against H2O2-induced toxicity in wild-type worms. (B) Intracellular reactive oxygen species
(ROS) contents in wild-type worms. (C) Effect of GLE against H2O2-induced toxicity in daf-16 mutant worms. Experiments
were performed in triplicate. Data are presented as mean ± standard deviation (SD). **** p < 0.0001 compared to H2O2-
treated worms.

As the transcription factor DAF-16 is known to play a key role in regulating oxidative
stress [11], it was hypothesized that GLE may target DAF-16. The C. elegans strain CF1038,
which is a DAF-16 loss-of-function mutant strain, was used to determine the survival rate
of worms treated with and without GLE. In H2O2-induced oxidative stress, GLE treatment
did not increase the survival rate of transgenic worms (Figure 1C).

2.3. GLE Treatment Reduced the Lethality of MPP+-Induced DA Neurotoxicity via DAF-16 in
C. Elegans

C. elegans possesses 8 DA neurons [8]. Selective degeneration of these DA neurons was
evaluated after exposure to MPP+. The treatment of wild-type N2 worms with 0.75 mM
MPP+ resulted in a remarkable decrease in survival (Figure 2). However, co-treatment with
GLE significantly increased the survival of the worms. The effect of GLE treatment on
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daf-16 mutant worms was investigated. As shown in Figure 3 and Table 2, GLE treatment
did not increase the survival of these worms after exposure to MPP+ compared to that
in the control group. These results suggest that DAF-16 may be required for mediating
the neuroprotective effect of GLE in C. elegans. Next, a DAF-2 loss-of-function mutant
strain, CB1370, was used to determine whether DAF-2 was involved in the observed
neuroprotective effects. As shown in Figure 4 and Table 3, the median and maximum
survival significantly increased in daf-2 mutant worms treated with GLE.
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Figure 2. Effect of GLE on 1-methyl-4-phenylpyridinium ion (MPP+)-induced neurotoxicity in
N2 C. elegans. The effects of GLE (100 and 200 µg/mL) on MPP+-induced toxicity were evaluated.
Experiments were performed in triplicate. Data are presented as mean ± SD. **** p < 0.0001 compared
to MPP+-treated worms.

Figure 3. Effect of GLE on MPP+-induced neurotoxicity in daf-16 mutant C. elegans. (A) Lifespan curve of worms in the
presence or absence of MPP+. (B) Lifespan curve of worms with MPP+-induced toxicity treated with 100 µg/mL GLE.
(C) Lifespan curve of worms with MPP+-induced toxicity treated with 200 µg/mL GLE. Each experiment was repeated
independently at least thrice, and one of the representative data is shown.

Table 2. Survival of daf-16 mutant C. elegans treated with MPP+.

Survival Time MPP+ 1 MPP+ + GLE
(100 µg/mL)

MPP+ + GLE
(200 µg/mL)

Median (h) 48.0 ± 1.2 48.0 ± 1.7 48.0 ± 1.6
Maximum (h) 72.0 ± 1.5 72.0 ± 2.1 72.0 ± 1.8

1 MPP+, 1-methyl-4-phenylpyridinium.
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Figure 4. Effect of GLE on MPP+-induced neurotoxicity in daf-2 mutant C. elegans. (A) Lifespan curve of worms in the
presence or absence of MPP+. (B) Lifespan curve of worms with MPP+-induced toxicity treated with 100 µg/mL GLE.
(C) Lifespan curve of worms with MPP+-induced toxicity treated with 200 µg/mL GLE. Each experiment was repeated
independently at least thrice, and one of the representative data is shown.

Table 3. Survival of daf-2 mutant C. elegans treated with MPP+.

Survival Time MPP+ 1 MPP+ + GLE
(100 µg/mL)

MPP+ + GLE
(200 µg/mL)

Median (h) 60.0 ± 2.6 84.0 ± 3.9 *** 84.0 ± 4.0 ***

Maximum (h) 108.0 ± 5.3 180.0 ± 5.5 **** 192.0 ± 9.6 ****

*** p < 0.001, **** p < 0.0001 vs. 1 MPP+-treated worms.

2.4. Effects of GLE on DAF-16 Localization

It has been demonstrated that DAF-16 activation is regulated by its nuclear accu-
mulation [12]. Subsequently, we investigated whether GLE could induce the nuclear
accumulation of DAF-16 in a transgenic strain TJ356 that expresses a DAF-16::GFP fusion
protein. Results showed that after 48 h of incubation with 100 µg/mL GLE, the green
fluorescence intensity of DAF-16 in the nucleus increased significantly compared to that in
the untreated group (Figure 5).

Figure 5. Effect of GLE on DAF-16 localization. (A) Untreated worms. (B) Worms treated with 100 µg/mL GLE.
(C) Quantification of DAF-16::GFP nuclear accumulation in GLE and GLE-free conditions. The scale bar shows 200 µm.
Each experiment was repeated independently at least thrice. Significant differences were analyzed using the t-test method;
**** p < 0.0001 as compared with control.

2.5. Phytochemical Characterization in GLE

LC-MS was conducted for profiling the phytochemicals in GLE, and its results are
presented in Figure 6. The chromatographic peaks were identified by comparing the MS
data with databases based on the search of m/z values of molecular ion peaks in the
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positive mode [M + H]+. Consequently, myricetin, coumestrin, chlorogenic acid, and
hesperidin were detected as the major compounds (Table 4).

Figure 6. LC-MS profile of GLE. The total ion chromatogram was obtained by a triple quadrupole mass spectrometer
operated in the positive electrospray ionization mode.

Table 4. Compounds identified from the chromatogram of GLE.

Peak Retention Time (min) [M + H]+

(m/z) Identified Compounds Theoretical Mass Mass Error (ppm)

1 8.7 431.0973 Coumestrin 430.0900 6
2 8.8 299.2005 All-trans-3,4-didehydro-retinoic acid 298.1933 1
3 9.0 248.2009 Lycopodine 247.1936 3
4 9.2 289.0707 2-Hydroxynaringenin 288.0634 10
5 10.0 166.1226 Hordenine 165.1154 1
6 15.3 355.1024 Chlorogenic acid 354.0952 7
7 18.3 611.1970 Hesperidin 610.1898 5
8 20.7 449.1078 Quercitrin 448.1006 17
9 21.2 459.0922 Epigallocatechin gallate 458.0849 3

10 25.3 319.0448 Myricetin 318.2370 5
11 26.2 465.1028 Isoquercitrin 464.0955 3
12 26.6 465.3575 Unknown - -
13 27.3 567.3038 Unknown - -

3. Discussion

Plant extracts are a rich source of natural bioactive compounds. Many studies have
evaluated plant extracts used in Southeast Asian countries, including Thailand, where these
extracts are components of folk medicine [13,14]. In this study, the extracts of 20 edible plant
leaves from Thailand were screened, and G. littorale was selected for further investigation
because it showed high phenol content, flavonoid content, and radical-scavenging activity.
Several studies have investigated various species of the genus Glochidion [15–19]; however,
there are few studies concerning the functional properties and constituents of G. littorale.
Our data showed that GLE protected C. elegans against H2O2-induced oxidative stress by
reducing intracellular ROS accumulation. This might have been due to the high content of
phenolic compounds such as flavonoids, which are known to possess strong antioxidant
activity [20]. These findings are similar to those obtained by Duangjan et al. (2019), who
showed that G. zeylanicum leaf extracts can protect C. elegans against oxidative stress [21].
The insulin/insulin-like signaling (IIS) pathway regulates growth, stress responsiveness,
and longevity in C. elegans [22,23]. We found that daf-16 null mutant C. elegans treated
with GLE were susceptible to oxidative stress. This result suggests that the antioxidant
effect of GLE in reducing oxidative stress in nematodes is possibly involved in not only
radical-scavenging activity but also the regulation of the DAF-16 transcription factor.
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The protective effects of GLE against MPP+-induced toxicity in C. elegans were exam-
ined. DA neurons in nematodes take up MPP+ mainly via high-affinity DA transporters,
which is similarly observed in mammals. The accumulation of MPP+ inside the neu-
rons inactivates the mitochondrial complex I of the respiratory chain and induces cell
death [24–27]. GLE treatment was found to significantly reduce the lethality associated
with MPP+ treatment in wild-type worms. The IIS pathway is modulated by insulin-like
peptides through the DAF-2 receptor in C. elegans [28]. Under normal conditions, the IIS
pathway inhibits the phosphorylation of DAF-16 and prevents its nuclear translocation. In
daf-2 null mutants, the GLE-treated group survived longer than the control group. In con-
trast, no difference in survival was observed between the control group and the GLE-treated
group containing daf-16 null mutant worms. It is known that downregulated DAF-2 signal-
ing facilitates the entry of DAF-16 into the nucleus, where it can upregulate the expression
of target genes and control stress resistance and longevity [29]. This may explain why daf-2
mutant worms treated with GLE showed a relatively higher survival. Furthermore, an
increased nuclear accumulation of DAF-16 in worms treated with GLE was observed using
transgenic TJ356 DAF-16::GFPC. elegans. Cumulatively, these results indicated that GLE
might have exhibited its neuroprotective effects via activation of DAF-16.

LC-MS profiling led to the identification of 11 phytochemical compounds in GLE.
Myricetin identified in the main peak of GLE is a flavonoid widely found in many plants
and is well known to exhibit protective effects against oxidative stress. A previous study
has demonstrated that myricetin extended the lifespan of C. elegans by diminishing stress-
induced ROS accumulation and the pro-longevity effects of myricetin were dependent
on DAF-16 [30]. Chlorogenic acid has also been reported to exhibit pro-longevity effects
via the attenuation of oxidative stress in C. elegans [31]. Considering these findings, the
neuroprotective effects of GLE were mainly induced by flavonoids such as myricetin, and
GLE might be a suitable candidate for the management of neurodegenerative diseases.

In conclusion, our study demonstrated that GLE possessed strong antioxidant activity,
which reduced oxidative stress in C. elegans. The extract also showed neuroprotective
activity against MPP+-induced neurotoxicity in C. elegans. Various experiments performed
using different transgenic worms suggested the possible involvement of the DAF-16 tran-
scription factor in the observed neuroprotection. The high content of phenolic compounds,
including flavonoids present in GLE, may be responsible for the observed stress resistance
and neuroprotective properties. Further studies should identify the target genes involved
in the neuroprotection mechanism.

4. Materials and Methods
4.1. Materials

The leaves of 20 different plants (Table 1) were obtained from a local market in Chiang
Rai, Thailand. All reagents were of analytical grade. DPPH and H2DCF-DA were obtained
from Sigma-Aldrich (St. Louis, MO, USA). All other chemicals were obtained from Wako
Pure Chemical Industries (Osaka, Japan).

4.2. Preparation of Leaf Extracts

Leaf samples were frozen in liquid nitrogen, and then powdered samples (5 g) were
mixed in 100 mL of distilled water at 45 ◦C for 30 min, following sonication using a Branson
SLPe Sonifier (Branson, North Billerica, MA, USA) at 35 kHz. The extract was filtered and
freeze-dried to obtain a powdered sample.

4.3. Total Phenolic Contents

The Folin-Ciocalteu method was used to determine the total phenolic content. Briefly,
11.4 µL of the extract (1 mg/mL) was mixed with 227.3 µL of 2% (w/v) Na2CO3 solution,
and then the mixture was allowed to stand at room temperature for 2 min. After addition
of 11.4 µL of 10% (v/v) Folin-Ciocalteu reagent. The incubation in the dark was conducted
for 30 min. Subsequently, the absorbance was measured at 750 nm using a microplate

147



Molecules 2021, 26, 3958

reader (Nivo 3F Multimode Plate Reader, PerkinElmer, Waltham, MA, USA). Gallic acid
was used as a standard for the calibration curve. The total phenolic content was expressed
as gallic acid equivalents (mg gallic acid equivalent/g of plant extract).

4.4. Total Flavonoid Contents

The aluminum chloride colorimetric method was used to measure the total flavonoid
content. Briefly, 25 µL of the extract (2 mg/mL) was mixed with 7.5 µL of 5% (w/v) NaNO2
solution and 152.5 µL of distilled water. After 6 min, 15 µL of 10% (w/v) AlCl3 solution
was added and allowed to stand for 5 min. Then, 50 µL of 1 M NaOH solution was added
to the mixture. Subsequently, the mixture was incubated in the dark for 15 min, and the
absorbance was measured at 510 nm using a microplate reader. The total flavonoid content
was calculated by generating a calibration curve using quercetin as a standard, and the
results were expressed as quercetin equivalent (mg quercetin equivalent/g of plant extract).

4.5. Free Radical-Scavenging Activity

The capacity to scavenge free radicals was assessed using DPPH assays [32]. Briefly,
100 µL of the extract (1 mg/mL) were mixed with 100 µL of DPPH solution. After 30 min,
the absorbance was measured at 517 nm using a microplate reader. The results were
expressed as a percentage of inhibition of the DPPH radicals.

4.6. C. Elegans Maintenance

Wild-type N2, CF1038 (daf-16(mu86) I), CB1370 (daf-2(e1370) III), and TJ356 (zIs356
[daf-16p::daf-16a/b::GFP + rol-6(su1006)]) strains and their diet, Escherichia coli OP50, were
obtained from the Caenorhabditis Genetics Center (Minneapolis, MN, USA). According to
the standard protocols, N2, CF1038, and TJ356 strains and CF 1370 strain were maintained
at 20 and 15 ◦C, respectively, on nematode growth medium (NGM) agar plates containing
heat inactivated E. coli OP50 [33]. S-complete solution was prepared according to previously
described literature [34].

4.7. Oxidative Stress Assays

Oxidative stress was induced by treating wild-type (N2) and daf-16 mutant (CF1038)
worms with H2O2. L1 larvae were added to 96-well plates at an average of 15 nematodes
per well in a 40 µL solution containing E. coli OP50. Five mM of H2O2 solution and the
tested GLE dissolved in S-complete solution were added to achieve a final volume of
50 µL per well. L1 larvae were incubated for 48 h with H2O2 alone or in the presence of
various concentrations of GLE, and worm viability was visually inspected under a stere-
omicroscope. The results from the H2O2-treated groups were normalized and expressed
as a percentage of normal controls. The results were obtained from three independent
experiments (100–160 worms/treatment in each experiment).

4.8. Intracellular ROS Levels

Intracellular ROS levels were determined using the H2DCF-DA probe. L1 larvae of
wild-type N2 worms were treated with 5 mM H2O2 and GLE at different concentrations in
S-solution for 48 h in black 96-well plates; each well comprised a minimum of 100 worms.
Worms were subsequently incubated with 25 µM H2DCF-DA in the dark at 20 ◦C for 1 h.
After incubation, the fluorescence intensity was measured at wavelengths of 485/530 nm
using a Powerscan HT microplate reader (DS Pharma Biomedical, Osaka, Japan).

4.9. Neurotoxicity Assay

Neurotoxicity was induced by treating wild-type (N2) and transgenic (CF1038 and
CB1370) worms with MPP+. L1 larvae were added to 96-well plates (15 worms/well)
in a 40 µL solution containing E. coli OP50. Worms were then incubated with 50 µL of
0.75 mM MPP+ alone or in the presence of different concentrations of the tested sample for
48 h. After incubation, worm viability was visually inspected under a stereomicroscope.
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Live worms were counted every 12 h post treatment until no live worms remained. The
results of the MPP+-treated groups were normalized and expressed as a percentage of
the normal controls. The results were obtained from three independent experiments
(80–130 worms/treatment in each experiment).

4.10. Nuclear Localization of DAF-16

Transgenic C. elegans TJ356, which expresses a DAF-16-GFP fusion protein, was used
to examine the intracellular distribution of DAF-16. L1 stage nematodes were treated with
GLE for 48 h at 20 ◦C. The worms were then transferred to a 2% agarose pad on a glass slide
and anesthetized by adding one drop (approximately 20 µL) of 25 µM sodium azide to the
agarose pad. The expression of GFP was examined via fluorescence microscopy (EVOS
fl; Advanced Microscopy Group, Bothell, WA, USA). The mean fluorescence intensity of
DAF-16 in the nuclei was analyzed using Image J software (National Institutes of Health,
Bethesda, MD, USA).

4.11. Phytochemical Profiling Using LC-MS

The leaf extract was analyzed using the LCMS-8040 (Shimadzu). Mass spectra were
acquired over a range of m/z 50–1000 using the Q3 scan mode. The solution was injected
onto an Inertsil ODS-3 (250 × 2.1 mm, 5 µm, GL Sciences, Tokyo Japan) at a column
temperature at 40 ◦C using a gradient of (A) 0.1% formic acid and (B) acetonitrile/water
(80/20) containing 0.1% formic acid. The following gradient with a flow rate of 0.2 mL/min
was used: 0–100% B (0–45 min), 100% B (45–50 min), and 0% B (50–60 min). Compounds
were putatively identified by matching the experimental m/z values to the library of
theoretical calculated m/z values in databases, including the Human Metabolome Database
and the METLIN database.

4.12. Statistical Analysis

Data were expressed as the mean ± standard deviation for each group. The significant
difference between the two groups was assessed using the t-test, whereas the difference
between three and more groups was assessed using one-way ANOVA, followed by Tukey’s
post-hoc comparison test. Statistical significance was set at p < 0.001 and p < 0.0001.
For lifespan assays, C. elegans survival was plotted using Kaplan–Meier survival curves
and analyzed via log-rank tests using GraphPad Prism software (version 9.01; GraphPad
Software, San Diego, CA, USA).
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Abstract: The ostrich oil of Struthio camelus (Ratite) found uses in folk medicine as an anti-inflammatory
in eczema and contact dermatitis. The anti-inflammatory effect of a γ-lactone (5-hexyl-3H-furan-2-
one) isolated from ostrich oil and its formulated nano-emulsion in formalin-induced paw edema
was investigated in this study. Ostrich oil was saponified using a standard procedure; the aqueous
residue was fractionated, purified, and characterized as γ-lactone (5-hexyl-3H-furan-2-one) through
the interpretation of IR, NMR, and MS analyses. The γ-lactone was formulated as nano-emulsion
using methylcellulose (MC) for oral solubilized form. The γ-lactone methylcellulose nanoparticles
(γ-lactone-MC-NPs) were characterized for their size, shape, and encapsulation efficiency with a
uniform size of 300 nm and 59.9% drug content. The γ-lactone was applied topically, while the
formulated nanoparticles (NPs) were administered orally to rats. A non-steroidal anti-inflammatory
drug (diclofenac gel) was used as a reference drug for topical use and ibuprofen suspension for
oral administration. Edema was measured using the plethysmograph method. Both γ-lactone and
γ-lactone-MC-NPs showed reduction of formalin-induced paw edema in rats and proved to be better
than the reference drugs; diclofenac gel and ibuprofen emulsion. Histological examination of the
skin tissue revealed increased skin thickness with subepidermal edema and mixed inflammatory
cellular infiltration, which were significantly reduced by the γ-lactone compared to the positive
control (p-value = 0.00013). Diuretic and toxicity studies of oral γ-lactone-MC-NPs were performed.
No diuretic activity was observed. However, lethargy, drowsiness, and refusal to feeding observed
may limit its oral administration.

Keywords: Diclofenac; γ-lactone; nano-emulsion; methylcellulose; Ostrich oil; Struthio camelus
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1. Introduction

Natural products play a prominent role in the treatment of diseases and are of major
concern in drug discovery [1–3]. Plants are the main renewable source of natural products;
however, some other renewable sources such as animals and microorganisms can be used
for natural product production [4,5]. Ostrich, Struthio camelus is a large flightless bird
which belongs to the Ratite family. This family includes three types of birds, ostrich, emu,
and rhea, the ostrich lives in African countries, mainly in the areas of rich savanna [6].
Ostrich oil has been used in folk medicine as topical treatment of eczema, psoriasis, dry
skin, contact dermatitis, burns, hair growth, dry hair, bedsores, and muscular pain [7]. Emu
oil, having similar composition as ostrich oil, has anti-inflammatory and skin desensitizing
properties [4]. Topical application of emu oil was shown to reduce inflammation associated
with reduced levels of interleukin 1-alpha, tumor necrosis factor-alpha, and other proin-
flammatory cytokines in a croton-oil-induced inflammation mouse model [4,8,9]; however,
there is limited scientific research data on these properties with ostrich oil. The fatty acids’
profile showed that the highest ratios include oleic acid 31.04% followed by palmitic acid
19.26%, then arachidonic acid 15.92%, and erucic acid 6.75% [10].

Although ostrich oil has similarities in chemical composition but not identical to emu
oil which showed anti-inflammatory properties [7], it is expected that ostrich oil will have
anti-inflammatory activity as emu oil [4]. As ostrich oil is almost triglyceride lipids and is
free of phospholipids, consequently it could penetrate human skin. The triglyceride exists
in the saponifiable fraction is responsible for the anti-inflammatory activity [11], eventually
our search for the part of the saponifiable faction of ostrich oil was focused on, which
might be responsible for the anti-inflammatory effect. Inflammation is an immediate and
severe response by living tissue to injuries. The primary indicators for inflammations are
four; pain, redness, warmness and swelling which is followed by raised blood circulation
towards the inflamed area (redness).

The poor solubility of γ-lactone restrained its applications. As a good protection
and oral delivery system, an optimal nano-emulsion can be developed by using low-
energy emulsification method. These can increase the systematic bioavailability and
biological activity. Also, the solubilized γ-lactone in nano-emulsion can be used as an
oral delivery system dramatically with improved stability and solubility [12]. Nano-
emulsion has been identified as an excellent delivery system for drugs. Nano-emulsion is
a heterogeneous system composed of one immiscible liquid dispersed as droplets within
a dispersion medium. Nano-emulsions consist of fine oil-in-water dispersions, the size
range of covering droplets is 100–600 nm. Nano-emulsions droplets, usually spherical
in shape of dispersed particles used for biopharmaceutical assistance [13]. The nano-
emulsion drug-delivery system has an adequate storage capacity and thermodynamic
stability for drug delivery. The nano-emulsion can contain large quantities of hydrophobic
dissolved with their mutual compatibility and ability to get the drugs protected from
hydrolysis and enzymatic degradation, making them ideal for parenteral transport [12,14].
There are a few factors that must be considered during the preparation of nano-emulsion,
including: the careful choice of surfactant to achieve an ultralow interfacial tension, which
is a crucial requirement to produce nano-emulsion. Also, concentration of the surfactant
must be high enough to stabilize the microdroplets to create nano-emulsion. The surfactant
must be flexible or fluid sufficient to promote the formation of nano-emulsion. Several
nano-emulsion evaluation parameters must be kept in mind, such as, one droplet size
analysis measured by a diffusion method using a light scattering and particle size-analyzer
counter [15]. This study evaluated the potential anti-inflammatory effect of the γ-lactone
isolated from ostrich oil and its nano-emulsion against formalin induced edema using
diclofenac gel for topical application and ibuprofen for oral administration as standard
drugs. Spectrophotometric analysis for both γ-lactone and its nano-emulsion together with
the toxicity and diuretic activity of the oral γ-lactone-MC-NPs were studied. Also, skin
tissues from rats treated with topical γ-lactone were histologically examined.
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2. Results and Discussion
2.1. Isolation and Characterization of γ-Lactone (5-hexyl-3H-furan-2one)

The purified lactone of ostrich oil was subjected to spectroscopic analysis (IR, NMR,
and MS) and shown to be 5-hexyl-3H-furan-2-one (Figure 1). The lactone was isolated
as a colorless oil with the molecular formula C10H16O2 as determined by EI-Ms [M]+:
m/z = 168 (100%). The existence of a γ-lactone was suggested by IR carbonyl absorption at
1708 cm−1 (C=O) (Figure S3 in Supplementary File) and the IR spectrum of the sodium salt
of the open form of the lactone (Figure S4 in Supplementary File) formed by the hydrolysis
of the respective lactone, revealed absorption at 3426, 2922, 1563, 1448, and 868 cm−1.
From which, absorption at 3426 cm−1 was assigned to the hydroxyl group and at 1563 and
1447 cm−1 for the carboxylate anion. The sodium salt of the open lactone was reverted
back to the lactone when treated with dilute hydrochloric acid. 1H-NMR spectrum showed
(CDCl3, 400 MHz, (Figure S1 in Supplementary File)) characteristic proton signals at δ
H 0.9 (t, 3H, CH3, J = 7.0 Hz), 1.31–1.41 (m, 6H, 3 × CH3), 1.61 (quintet, 2H, J = 7.5 Hz),
2.31 (m, 2H), 3.21 (m, 2H, lactone CH2), 5.23 (m, 1H, alkene-H). While 13C-NMR spectrum
displayed (CDCl3, 100 MHz, (Figure S2 in Supplementary File)) carbon signals at δ C 14.2
(CH3), 22.7, 25.7, 27.9, 28.9, 31.5 34.1 (6 CH2), 98.0 (alkene CH), 157.4 (alkene quaternary),
178.1 (C=O). Based on the interpretation of the above-mentioned data, it was proposed
that the structure of the isolated compound was assigned to be the lactone (Figure 1). 5-
hexyl-3H-furan-2-one has been isolated for the first time from ostrich oil as was previously
synthesized as a building block in enantioselective Bronsted acid catalyzed N-acyliminium
cyclization cascade reactions [16].
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Figure 1. Chemical structure of 5-hexyl-3H-furan-2-one.

2.2. Nanoparticles Preparations

The size distribution for the prepared nanoparticles showed normal distribution
with size diameter of 250 ± 13 nm (Figure 2A). γ-lactone-MC-NPs were formed in a
stable nano-emulsion solution without any visible coalescence. Collectively, these results
indicate a significant difference from γ-lactone itself which was completely immiscible
in water. Nevertheless, the formulated γ-lactone-MC-NPs are completely dispersed in
water (Figure 1). The entrapment of γ-lactone was confirmed by the change in color of
MC to that of γ-lactone. Also, the size of γ-lactone-MC-NPs was increased to 250 ± 13 nm;
this is attributed to the uniformity of γ-lactone-MC-NPs which showed only one peak
without any aggregation. The particles were considered stable without aggregation after
purification, and the formulated particles were also found to be relatively stable in size and
did not form aggregates. The obtained data is considered as an intensity-weighted value
and sensitive process for formulated smaller forms. This may be essential for aggregated
or adulterated models [17–19].
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Figure 2. Characterization of the formulated γ-lactone-MC-NPs: (A) Particle size distribution, (B) Images taken with SEM
at ×1000, and (C) Images taken with SEM at ×2000.

The γ-lactone-MC-NPs had a spherical shape and a particle size of 13–14 µm as
shown by SEM. γ-lactone-MC-NPs showed highly spotted with more uniform and non-
aggregated particles (Figure 2, image B). This result also confirmed the dynamic light
scattering (DLS) study findings. Moreover, the γ-lactone-MC-NPs showed spotted dot
inside the vesicle which are attributed to the γ-lactone itself (Figure 2; images C). The
γ-lactone-MC-NPs showed difference in size as the particle diameters from DLS were lower
than those obtained from SEM imaging and this was attributed to the presence of the layer
coating of the γ-lactone-MC-NPs which further limits the total particle density [20]. The
sizes of the γ-lactone-MC-NPs recorded by the DLS and SEM showed difference owing to
different techniques. Our interpretation agrees with the size recorded with DLS and SEM.
The data from DLS showed the average sizes of γ-lactone-MC-NPs varied significantly
from that measured by the SEM technique. The DLS based average size estimations of the
γ-lactone-MC-NPs were also varied with times and may not be reproducible wherein the
nano-emulsion may aggregate and affect the average distribution of size [20,21].

2.3. Fourier-Transform Infrared Spectroscopy (FTIR)

The functional groups of γ-lactone, MC, and γ-lactone in a physical mixture with MC
were checked by FTIR (Figure 3A) to examine the drug interaction between γ-lactone and
MC. Absorption bands showed no prominent interaction between the two compounds in
the physical mixture which had similar absorption bands as their raw powders. Moreover,
the FTIR studies showed no interaction between the γ-lactone and MC, which is consistent
with other results discussed previously that used FTIR to confirm the physical interaction
of all components but found no interaction between γ-lactone and MC which means the
γ-lactone can be released from the formulated γ-lactone-MC-NPs [22,23].
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2.4. Differential Scanning Calorimetry (DSC)

As shown in the (Figure 3B) γ-lactone exhibits three endothermic peaks, at 23.4, 26,
and 37.4 ◦C. The physical crosslinking of methylcellulose (MC) is a consequence of the
formation of hydrophobic domains. Crosslinking kinetics of MC and its final stiffness
depends on different parameters of the used product, such as the substitution degree
or molecular weight, but it also might be adjusted using various concentrations and
additives. Crosslinking of MC was observed after complete drying of the nanoparticle’s
formulation used in this study by forming plastic like film. The thermogram for the
prepared nanoparticles showed a broad endothermic peak due to incorporation of γ-lactone
into MC followed by an exothermic peak that indicates the formation of the crosslinking
form of MC. A third endothermic peak at 184.7 ◦C was observed due to the melting of
crosslinking MC [24].

2.5. Encapsulation Efficiency of γ-Lactone in Nanoparticles

The γ-lactone was incorporated in MC as γ-lactone-MC-NPs at 59.9%. This might be
attributed to the low solubility of γ-lactone in water. Also, the presence of MC enhanced
the entrapping of γ-lactone which was employed as an emulsion stabilizer in the distilled
water (DW) emulsion.
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2.6. Anti-Inflammatory Activity

In inflammations, cyclooxygenase (COX) is the key enzyme in the synthesis of au-
tacoids [25]. Steroidal and non-steroidal anti-inflammatory drugs are currently the most
widely used drugs in the treatment of acute inflammatory disorders, despite their renal
and gastric negative secondary effects. As the result of long-term use of these drugs, the
adverse effects become imminent such as gastric lesions and cardiovascular and renal
failure [26]. Now, there is a need for new, safe, potent, and less toxic drugs. This stimulates
our present study.

Previous studies on the ‘oil’ obtained from emu fat showed a very effective inhi-
bition of chronic inflammation in rats when applied dermally (with a skin penetration
enhancer) [27]. From our preliminary studies on saponification of ostrich oil, we noticed
that the fatty acids obtained from ostrich oil showed similar composition to that of birds
and rabbits and none of them showed anti-inflammatory property which is only rebutted
for ostrich oil. The fatty acid profile showed: oleic acid (43.17%), palmitic acid (23.21%),
and linoleic acid (16.88%), together with other fatty acids, in trace amounts: fatty acid,
palmitoleic acid, linolenic acid, and lauric acid. Studies on the saponifiable fraction using
chromatographic techniques furnished three compounds—A, B, and C. Compounds A and
B from mass spectroscopy were shown to be high molecular weight hydrocarbons with
simple functional groups, i.e., hydroxyl and ketone groups, respectively. Compound C
showed to be the gamma lactone, which was focused on as the part which is responsible
for the anti-inflammatory effect of ostrich oil. In light with similar results from the study
on Emu oil, which showed the bulk of the anti-inflammatory activity, was present in the
low triglyceride fraction [12]. This part of the fractionated oil was the concern of our
present study.

The topical application of γ-lactone, 5-hexyl-3H-furan-2-one, isolated from ostrich
oil showed reduction of formalin induced paw edema starting from the first hour and
continued up to 24 h. At the first hour the reduction effect produced by γ-lactone was mild
as the mean paw was 1.14 ± 0.09 cu.mm compared to 1.05 ± 0.06 cu.mm in diclofenac gel
treated and 1.38 ± 0.14 cu.mm in positive control and the percent inhibition of edema was
56.8% while in diclofenac gel it was 67.8% (Table 1 and Figure 4).

Table 1. The anti-inflammatory activity of the γ-lactone-1 compared to that of the reference diclofenac gel expressed as
percent inhibition of edema (n = 30) (Raw data available in the Tables S2–S4 in Supplementary File).

Test
Anti-Inflammatory Activity and Percentage Inhibition of Edema (Mean)

0 h 1 h 3 h 6 h 24 h

Control group 0 0 0 0 0
Diclofenac gel treated * 0% 67.8% 74.6% 75.2% 26.2%

Oral Ibuprofen suspension ** 0% 81.8% 72.3% 71.98% 77.5%
γ-lactone treated * 0% 56.8% 79.3% 95.7% 75.6%

Oral γ-lactone-MC-NPs *** 0% 92.5% 88.3% 89.76% 77.9%

* Diclofenac gel and γ-lactone were administered at 300 mg diclofenac of 1% w/w and 30 mg γ-lactone. ** Ibuprofen suspension
administered at 30 mg/kg; *** γ-lactone-MC-NPs was administrated at 10 mL/kg of γ-lactone (1 mL contains 223.5 µg).

After 3 h, γ-lactone induced significant reduction in paw edema resulting in mean
paw volume of 0.95 ± 0.08 cu.mm compared to 1.03 ± 0.02 cu.mm in diclofenac gel and
1.64 ± 0.13 cu.mm in the positive control group with p-value < 0.05 indicating significant
difference between groups. The percent inhibition of edema was also increased for both
γ-lactone treated (79.3%) and diclofenac gel treated (74.6%). This study noticed that at
three hours the edema reduction effect of γ-lactone started to increase and yield a greater
effect than the reference diclofenac gel (Table 1 and Figure 4).

After 6 h, γ-lactone continued to show more anti-inflammatory activity than the
reference diclofenac gel as the mean paw volume was 0.91 ± 0.06 cu.mm compared to
1.14 ± 0.05 cu.mm in diclofenac gel (p-value < 0.01) and the anti-inflammatory effect was
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clearer in the percent inhibition of edema: 95.7% for γ-lactone treated and 75.2% for
diclofenac gel treated (Table 1 and Figure 4).
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Figure 4. The percent of edema inhibition in cu.mm in the control group, topical diclofenac gel treated
group, oral ibuprofen treated group, topical γ-lactone treated groups, and γ-lactone-MC-NPs treated
group. Diclofenac gel and γ-lactone were administered at 300 mg diclofenac of 1% w/w and 30 mg
γ-lactone. Ibuprofen suspension administered at 30 mg/kg, γ-lactone-MC-NPs was administrated
at 10 mL/kg of γ-lactone (each 1 mL contains 223.5 µg). The results are expressed by Mean ± SEM
(n = 30). One-way ANOVA followed by Tukey–Kramer multiple comparison test showed * p < 0.05
** p < 0.01 and *** p < 0.00 as compared to the positive control group and the reference group.

After 24 h the diclofenac gel effect was nearly to be abolished as the mean paw volume
was 1.40 ± 0.05 cu.mm approaching that of the positive control (1.45 ± 0.07 cu.mm), in
contrast γ-lactone continued to show the anti-inflammatory effect even after 24 h as the
mean paw volume was 1.02 ± 0.08 cu.mm (p-value < 0.001). These results confirmed that
γ-lactone has prolonged anti-inflammatory effect that continued beyond 24 h with percent
inhibition of edema volume of 75.6% (Table 1 and Figure 4).

The oral administration of γ-lactone-MC-NPs to the rats at the first hour showed
potent paw edema inhibition of 92.5% compared to ibuprofen oral emulsion at 81.8%. Oral
γ-lactone-MC-NPs continued to show effective reduction of paw edema at the third and
sixth hour, while after 24 h the percent of edema inhibition was almost the same as that
produced by ibuprofen (Table 1 and Figure 4).

These results showed a significant inhibition of edema in both topical γ-lactone, and
oral γ-lactone-MC-NPs with a higher effect in the later (p-value < 0.001). The topical
application of the γ-lactone and γ-lactone-MC-NPs were proved to be better than the
reference drugs—diclofenac gel and ibuprofen emulsion. The anti-inflammatory activity
lasts for up to 24 h as compared to the reference drugs. This result suggests a relatively
potent and long-lasting effect for the topical γ-lactone and oral γ-lactone-MC-NPs over
the reference drugs. The isolated γ-lactone; 5-hexyl-3H-furan-2-one is responsible for the
anti-inflammatory activity of the ostrich oil.

2.7. The Histological Evaluation of Skin Tissues for Topical γ-Lactone

As shown in Table 2 and the raw data available in the Table S1 in Supplementary File,
the histological assessment of skin thickness in a γ-lactone treated rats was compared to
skin thickness in negative control, positive control and diclofenac treated groups. The
results were expressed as mean ± SEM (n = 24). One-way ANOVA followed by the Tukey–
Kramer multiple comparison test was performed and the comparison between groups was
significant as the p-value is 0.00002 and the result was considered significant at p < 0.05.
The comparison between the negative control and the positive control showed significant
difference (p-value = 0.00003). The comparison between the negative control and the
diclofenac treated rats was also significant (p-value = 0.023). While, the comparison between
the negative control and the γ-lactone treated rats showed no difference as the p-value was
insignificant (p-value = 0.899). The difference between the positive control and diclofenac
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treated and that between the positive control and γ-lactone treated were significant as the
p-value was 0.0352 and 0.00013, respectively. However, there was insignificant difference
between the diclofenac treated and γ-lactone treated rats, as the p-value was 0.096.

Table 2. The histological changes in skin-thickness measured in (mm) (n = 24). Diclofenac gel and γ-lactone were applied at
300 mg diclofenac of 1% w/w and 30 mg γ-lactone.

Number Negative Control
(Right Paw)

Positive Control
(Left Paw)

Diclofenac Gel
Treated γ-Lactone Treated

1 1.0054 1.3361 0.9075 1.0451
2 0.9895 1.2779 1.1536 0.8281
3 0.8916 1.3758 1.2859 0.9789
4 0.7699 1.1906 1.0716 1.0477
5 0.9524 1.1986 1.1800 0.9842
6 0.8281 1.2912 0.9895 0.8043

Mean ± SEM 0.9062 ± 0.038 1.2784 ± 0.030 1.098 ± 0.056 0.9481 ± 0.036

The skin in positive control group showed sub epidermal edema with tortious dilated
blood vessels, which lead to increase thickness of the skin. While in diclofenac treated and
γ-lactone treated groups the skin showed significant reduction in thickness as compared to
the positive control (Figure 5).
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Figure 5. The histopathological assessment of skin thickness in rats: Photo (A): negative control, (B): 

Positive control, (C): Diclofenac treated, and (D): γ-lactone treated. E: epidermis (short arrow), D 

between two lines: Dermis, long arrow: loose tissue and dilated blood vessels, K: Keratinous layer, 

T: total thickness in lactone treated group. Scale bar: 100 μm. H&E satin. 

Figure 5. The histopathological assessment of skin thickness in rats: Photo (A): negative control,
(B): Positive control, (C): Diclofenac treated, and (D): γ-lactone treated. E: epidermis (short arrow), D
between two lines: Dermis, long arrow: loose tissue and dilated blood vessels, K: Keratinous layer,
T: total thickness in lactone treated group. Scale bar: 100 µm. H&E satin.

The skin of positive control also showed mixed inflammatory cellular infiltration,
which was more intense in the dermal layer with scattered inflammatory cells in the base
of the epidermis. Figure 6.
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Figure 6. Histopathological assessment of inflammation in the skin of rats. Photo (A): negative
control, (B): Positive control, (C): Diclofenac treated, and (D): γ-lactone treated. E: epidermis, arrows:
inflammatory cells infiltration, K: Keratinous layer. Scale bar: 100 µm. H&E stain.

Histopathological evaluation showed a quantitative increase in the thickness of the
skin in the positive control group as a result of edema and tortious dilatation of the
blood vessels that developed after formalin injection. This increase in the thickness was
statistically significant when compared to the negative control. The effect of formalin in
tissue is well documented in previous studies [28,29].

This study also showed statistically significant anti-inflammatory effect of a γ-lactone
compared to positive control and yielding a similar result to the diclofenac gel a recognized
and widely used anti-inflammatory drug [30]. Moreover, the histopathological assessment
revealed mixed infiltration of inflammatory cells, which was more prominent in the dermal
layer and the basal part of the epidermis. The degree of inflammation was scored as
intense inflammatory cellular infiltration (>40% of inflammatory cells in the sections) in
the positive control group. Inversely, the degree of inflammation was markedly reduced
and it was scored as slight inflammatory cellular infiltration (<20% of inflammatory cells
in the sections) in both γ-lactone treated and diclofenac gel treated groups, which supports
the hypothesis of anti-inflammatory effect of the γ-lactone against formalin-induced injury
in rats.

2.8. Acute Toxicity and Weight Changes Study

From Table 3, the oral administration ofγ-lactone-MC-NPs in a single dose of 5000 mg/kg
at 20 mL/kg showed no toxic effect on the behavioral responses in the treated rats except
for lethargy, drowsiness, and refusal of feeding observed in the first 4 h after dosing. There
were no visual signs in skin, eyes, salivation, nor diarrhea in rats. After 24 h, no mortality
occurred but significant weight loss (p-value 0.02 and 0.041) was observed. Apparently, the
reason might be related to the refusal of feeding. After four days, 33.3% mortality in each
group occurred. Although oral administration of the γ-lactone-MC-NPs showed potency
in clearing paw edema in rats but lethargy, drowsiness, and refusal of feeding may limit its
oral administration.
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Table 3. Acute toxicity and weight changes study.

Groups
Weight of Rat

in Grams in 0 h
(Mean ± SD)

Weight of Rat in
Grams in First 24 h

(Mean ± SD)
p-Value Initial Observation up to 4 h Weight of Rat at

Day 4

Control
group
(n = 3)

232.7 ± 13 232.7 ± 13 - Normal 229.4 ± 11.2

Group 1
(n = 3) 168.7 ± 11.5 160.7 ± 11.4 0.02 * Drowsiness, Sedation, Lethargic,

and refusal of feeding
165.1 ± 12.6

One dead (33.3%)
Group 2
(n = 3) 261.0 ± 13.0 250 ± 13.0 0.041* Drowsiness, Sedation, Lethargic,

and refusal of feeding
258.9 ± 10.8

One dead (33.3%)

* p-value < 0.05 is considered significant. Oral γ-lactone-MC-NPs administered in a single dose of 5000 mg/kg at 20 mL/kg.

2.9. The Diuretic Effect of Oral γ-Lactone-MC-NPs

The parameters in Table 4 were calculated according to the formulae stated in the
methods to compare the diuretic effects of oral γ-lactone-MC-NPs with a control and a
standard diuretic. The diuretic action of oral γ-lactone-MC-NPs was found to be 1.01 which
is similar to that of the control. Moreover, the diuretic activity of the oral γ-lactone-MC-NPs
showed similar result to that of the control at 0.57 and 0.55, respectively. Diuretic activity in
both the control and oral γ-lactone-MC-NPs apparently showed about 50% of the standard
furosemide drug.

Table 4. The diuretic effect of oral γ-lactone-MC-NPs in rats.

Volume of Urine (mL) Mean ± SD

Group 1st Hour 2nd Hour 3rd Hour 4th Hour 5th Hour Diuretic
Action

Diuretic
Activity

Control
(n = 3) 0.61 ± 0.015 0.84 ± 0.025 0.93 ± 0.010 1.01 ± 0.015 1.05 ± 0.020 1 0.55

Furosemide
(n = 3) 1.16 ± 0.03 1.44 ± 0.030 1.63 ± 0.030 1.77 ± 0.025 2.03 ± 0.015 1.81 1

γ-lactone-MC-NPs
(n = 3) 0.64 ± 0.015 0.81 ± 0.006 0.95 ± 0.010 1.04 ± 0.006 1.03 ± 0.020 1.01 0.57

3. Materials and Methods
3.1. Extraction

The oil was obtained from traditional medicine shops in Sudan as a pale yellow oil
that was saponified using a standard saponification procedure [31]. In which, 5 g of the oil
was refluxed with 10% alcoholic KOH solution on water bath for 30 min. The alcohol was
evaporated under vacuum, the residue was diluted with water, taken into a separatory
funnel and extracted by dichloromethane to remove the higher hydrocarbons and then
the aqueous layer was extracted with ethyl acetate. The ethyl acetate was evaporated
under vacuum to yield semi-solid oil (3.2 g). The residue was fractionated through dry
silica column using ethyl acetate as an eluent to give colorless semi-solid (2.9 g) as a major
product. The residue was subjected to further separation as a result of the observation in a
preliminary work that the anti-inflammatory activity was located in this extract.

3.2. Separation and Characterization

The crude ethyl acetate residue (500 mg) was purified using preparative thin layer
chromatography using cyclohexane/ethyl acetate 60:40 as a developing solvent to yield a
major compound (350 mg) as a low melting colorless solid. This was shown to be a lactone,
from the ease of ring opening with 10% sodium hydroxide solution to give the sodium salt
of hydroxy acid as a pale yellow solid, m.p. 245 ◦C. The lactone ring closed back on reaction
with dilute hydrochloric acid, (λ max 1708 cm−1 for the lactone carbonyl stretch and at
3426 cm−1 for the hydroxyl group of the sodium salt). Further spectroscopic analyses
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showed this to be a γ-lactone, Figure 1. 1H-NMR spectrum showed (CDCl3, 400 MHz)
characteristic proton signals at δ H 0.9 (t, 3H, CH3, J = 7.0 Hz), 1.31–1.41 (m, 6H, 3 × CH3),
1.61 (quintet, 2H, J = 7.5 Hz), 2.31 (m, 2H), 3.21 (m, 2H, lactone CH2), 5.23 (m, 1H, alkene-H).
While 13C-NMR spectrum displayed (CDCl3, 100 MHz) carbon signals at δ C 14.2 (CH3),
22.7, 25.7, 27.9, 28.9, 31.5 34.1 (6 CH2), 98.0 (alkene CH), 157.4 (alkene quaternary), 178.1
(C=O). Molecular formula C10H16O2 [M]+: m/z = 168 (100%). The γ-lactone was the subject
of the anti-inflammatory activity in the present study.

3.3. Nanosuspension Preparation of γ-Lactone

γ-lactone was embedded in soluble nanoparticles (NPs) to increase the solubility
of γ-lactone. These nanoparticles were made using MC polymer as the outer coating
layer. γ-lactone-MC-NPs were prepared as the method stated previously with some
modifications [32,33]. Briefly, 1 g of MC was dissolved in 100 mL distilled water and
stirred continuously until a clear solution was obtained (Stock solution I). Further, 50 mg of
γ-lactone were dissolved in 10 mL ethyl acetate (stock solution II). Moreover, dispersions
containing 0.5 wt.% γ-lactone with respect to 1 g MC were prepared with 10 mL of ethyl
acetate water and the dispersions were sonicated to obtain a uniform dispersion without
agglomerates (Stock solution I and II). Both γ-lactone and MC mixture were mixed together
and stirred continuously to let the ethyl acetate evaporate and a clear solution without
bubbles was obtained and then left to stir for 12 h. The obtained nanoparticles were then
characterized accordingly.

3.4. Size Measurements

Shimadzu particle size analyzer (SLAD-400, Shimadzu, Kyoto, Japan) was used to
measure the size of γ-lactone-MC-NPs and the weight average of 10 of microparticles was
announced. The samples were adjusted to 25 ◦C and exposed to a 633-nm laser beam at a
90◦ scattering angle. All samples have been conducted in an aqueous solution [34].

3.5. Determination of Surface Morphology

A volume of 20 µL of γ-lactone-MC-NPs solution were placed on the surface double-
sided copper conductive tape and were let to dry. The γ-lactone-MC-NPs were then coated
with a thin layer of platinum in a vacuum chamber (Zeny Vacuum pump, CA, USA) for 55 s
at 25 mÅ, γ-lactone-MC-NPs solution were then sputter-coated (using Sputter coater, JOEL
JFC-1300, Peabody, MA, USA) to create γ-lactone-MC-NPs electrically conductive before
imaging in SEM. Both morphology and size of γ-lactone-MC-NPs were investigated using
JEOL JSM-550 Scanning Electron Microscope (SEM) (Jeol, Akishima, Tokyo, Japan) [35].

3.6. Fourier Transform Infrared (FTIR) Spectroscopy

Fourier transform infrared (FTIR) γ-lactone, MC, and γ-lactone-MC physical mixture
was performed using (Bruker, OPTIK GmbH, Type: Tensor 27, Ettlingen, Germany). The
samples were scanned at the range of 400–4000 cm−1. For purification, the γ-lactone-MC-
NPs was centrifuged at 12500 rpm, for 20 min, and were washed with Millipore water
three times [8].

3.7. Differential Scanning Calorimetry (DSC)

The thermal profiles of all materials and mixtures used in this study were measured
by DSC-60 (Shimadzu, Kyoto, Japan) using 4–6 mg of sample in open aluminum pans, with
an empty pan as a reference. The temperature increased with a heating rate of 20 ◦C/min
for γ-lactone from 18 to 60 ◦C and from 18 to 220 ◦C for pure MC as well as for the final
nanoparticle formulation prepared from the mixture of MC and γ-lactone (w/w) under a
nitrogen gas flow.
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3.8. Determination of Entrapment Efficiency %

The entrapment efficiency percent (EE%) of γ-lactone in γ-lactone-MC-NPs was
determined spectrophotometrically. A volume of 10 mL of nanosuspension was mixed with
10 mL ethyl acetate, the mixture was stirred for 1 h until γ-lactone-MC-NPs dissolved and
γ-lactone was completely released. The solution was measured for encapsulation efficiency
of γ-lactone using a UV spectrophotometer (Varian Cary® 50 UV-Vis Spectrophotometer,
Port Melbourne, Australia) at a wavelength of 388 nm. Drug content was computed using
a calibration curve (R2 = 0.9998) prepared from γ-lactone solutions with a concentration of
1–6 µg/mL. The EE% of γ-lactone was calculated according to the following equation:

EE% =
(Total amount o f drug in particle)

weight o f particles taken
× 100 (1)

3.9. Animal Study

The study protocol was approved by the Ethics Committee for Animal Care and Use
in the College of Pharmacy-Qassim University (Approval ID 2019-CP-9) [36].

3.9.1. Anti-Inflammatory Evaluation

Thirty male albino rats that were 12 to 16 weeks old, weighing 116–198 g, were
obtained from the animal house, College of Pharmacy, Qassim University, Saudi Arabia
and kept in standard conditions. The animals were divided randomly into five groups of
six each.

3.9.2. Formalin-Induced Edema in the Left Paw of Rats

Edema was induced in the left hind paw of rats in all groups with sub planter injection
of 0.1 mL of 5% formalin as described previously [36]. The right hind paw was maintained
as a negative control. The anti-inflammatory activity was compared with control and
treated groups using the plethysmograph method [36,37]. To all groups of rats, a mark at
the tibia–tarsal junction was made with a permanent marker on both hind paws to ensure
constant paw volume. In all groups, the left and right paw volume was measured at zero
time (normal paw volume) and at 1, 3, 6, and 24 h after induction of inflammation.

The percent inhibition of edema was calculated as follow:

% Edema inhibition =
(VL − VR)control − (VL − VR)treated

(VL − VR)control
× 100 (2)

where VL represents the mean of the left paw displacement volume and VR represents the
mean of the right paw displacement volume.

3.9.3. Application of Diclofenac Gel and γ-Lactone

One group received 300 mg of 1% w/w diclofenac gel by applying it topically on the
left hind paw 10 min before induction of inflammation [38]. Another group received the
30 mg of the neat γ-lactone isolated from the ethyl acetate extract of ostrich oil by applying
it topically on the left hind paw 10 min before induction of inflammation. The last group
was regarded as the positive and negative controls—R (Right paw)-negative control, L
(Left paw) positive control.

3.9.4. Oral of Ibuprofen Suspension and γ-Lactone-MC-NPs

For the oral administration, ibuprofen was used as reference and medicated as γ-lactone-
MC-NPs were orally administered at a volume of 5 mL/kg from one day at 0, 1, 3, 6, and 24 h.
Ibuprofen suspension was administered at single daily doses of 30 mg/kg which was given
orally 10 min before induction of the inflammation. The γ-lactone-MC-NPs was administrated
at 10 mL/kg of γ-lactone (each 1 mL contains 223.5 µg) isolated from ostrich oil as a base nano-
emulsion was given orally 10 min before induction of inflammation. γ-lactone and ibuprofen
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suspension, respectively, were administered 0.02 mL of 5% formalin by intra plantar injection in
the left hind paw [39].

3.9.5. Acute Toxicity and Weight Changes Study

Acute oral toxicity was performed according to the Organization of Economic Cooper-
ation and Development guidelines 420 for testing chemical compounds. Nine rats of both
sexes aged 8 to 16 weeks-old were categorized in to groups 1, 2, and a control group. All
rats were fasted for 18 h. γ-lactone-MC-NPs was administered as an oral gavage in a single
dose of 5000 mg/kg at 20 mL/kg to rats in group 1 and 2 (n = 6) while deionized water was
administered similarly to the control group (n = 3). All animals were allowed free-access to
water before and after treatments but food was provided after 2 h of treatment. Observation
like mortality, physical behavior, feeding, and other signs were carried out for four days.

3.9.6. Diuretic Activity of Oral γ-Lactone-MC-NPs

Diuretic activity was determined following the methods used by Lahlou et al. The Diuretic
action and diuretic activity were calculated according to the Formulae (1) and (2), respectively.

1. Diuretic action = Urinary excretion o f treatment group
Urinary excretion o f Control group

2. Diuretic activity = Diuretic action o f test drug
Diuretic action o f standard drug

3.10. Histological Evaluation of Tissue

Three days after induction of inflammation, both right and left hind paws’ slits were
fixed in 10% formalin and left for 24 h for fixation. The formalin fixed tissue was further
processed using automated tissue processor machine (Leica TP1020, Leica Microsystems
GmbH, Wetzlar, Germany) and paraffin imbedded sections were prepared. Serial 3-µm sec-
tions were prepared using microtome (Leica RM2245, Leica Microsystems GmbH, Wetzlar,
Germany) and stained by hematoxylin and eosin stain. All tissue sections were examined
by light microscope (Olympus BX41, Olympus, Tokyo, Japan) using 4×, 10×, 20×, and
40× magnifications and the image was taken via a digital image camera (5MP Binocular
Microscope Electronic Eyepiece USB Video CMOS Camera for Image Capture, Zhejiang
ULIRVISION Technology Co., Ltd, Zhejiang, China) and Top View image analyzer for more
accurate measurement. The skin thickness quantification was measured in millimeters
and the mean was derived from assessing eighteen sections form each group. Qualitative
assessment of vascular tortuosity and dilatation together with edematous changes was per-
formed. The inflammatory cellular infiltration was assessed in eighteen sections from each
group and it was scored in to slight (presence of <20% of inflammatory cells in the section),
moderate (presence of 20–40% of inflammatory cells in the section), and intense (presence
of >40% of inflammatory cells in the section) as described in a previous study [40,41].

3.11. Statistical Analysis of Results

The volume measured by plethysmometer test and the thickness of the dermis were
expressed as mean ± Standard Error of Mean. Paired t-test and One-Way ANOVA test
followed by Tukey–Kramer multiple comparison tests were used to compare the mean
between different groups and the result was considered significant at p-value < 0.05.

4. Conclusions

The present study showed that the γ-lactone, 5-hexyl-3H-furan-2-one, isolated from
ostrich oil significantly lowers the paw edema in injured rats, which proved to be superior
to the effect of diclofenac gel and ibuprofen suspension. The histological examination
showed a significant reduction in skin thickness and inflammation. This study proved
that the γ-lactone is solely responsible for the anti-inflammatory effect of ostrich oil, which
agrees with a similar study on emu bird that showed this effect. These findings support its
folkloric use.
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Supplementary Materials: Figure S1: H-NMR spectrum of compound 1; Figure S2: C-NMR spec-
trum of compound 1; Figure S3: FT-IR spectrum of compound 1; Figure S4: FT-IR spectra of the
Na+-salt of compound 1; Table S1: The histological changes in skin—thickness measured in (mm).;
Table S2: The anti-inflammatory activity result of control group in Plethysmometer test.; Table S3:
The ant-inflammatory activity result of 30 mg/kg of oral ibuprofen suspension in Plethysmometer
test.; Table S4: The anti-inflammatory activity result of 10 mL/kg of The γ-lactone nano emulsion
base in Plethysmometer test.
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Abstract: Despite considerable progress on the study of the effect of standardized extract of Gingko
biloba (EGb) on memory processes, our understanding of its role in the persistence of long-term
memory (LTM) and the molecular mechanism underlying its effect, particularly episodic-like memory,
is limited. We here investigated the effects of EGb on the long-term retention of recognition memory
and its persistence and BDNF expression levels in the dorsal hippocampal formation (DHF). Adult
male Wistar rats (n = 10/group) were handled for 10 min/5 day. On day 6, the animals were treated
with vehicle or 0.4 mg/kg diazepam (control groups) or with EGb (250, 500 or 100 mg/kg) 30 min
before the training session (TR1), in which the animals were exposed to two sample objects. On
day 7, all rats underwent a second training session (TR2) as described in the TR1 but without drug
treatment. Object recognition memory (ORM) was evaluated on day 8 (retention test, T1) and day
9 (persistence test, T2). At the end of T1or T2, animals were decapitated, and DHF samples were
frozen at −80 ◦C for analyses of the differential expression of BDNF by Western blotting. EGb-treated
groups spent more time exploring the novel object in T2 and showed the highest recognition index
(RI) values during the T1 and T2, which was associated with upregulation of BDNF expression in the
DHF in a dose-and session-dependent manner. Our data reveal, for the first time, that EGb treatment
before acquisition of ORM promotes persistence of LTM by BDNF differential expression.

Keywords: memory; object recognition; Ginkgo biloba; dorsal hippocampus formation; brain-derived
neurotrophic factor

1. Introduction

Flavonoids (isoflavones, flavanones, anthocyanins, flavanols, flavones and flavonols)
are bioactive molecules from plants or foods that, along with non-flavonoid compounds
(phenolic acids and other phenols), are widely used to prevent or treat cognitive deficits.
Extracts rich in flavonoids or flavonoid fractions have been associated with improvements
in memory formation and stress-related memory processes [1–3]. A recent study showed
that standardized extract of Ginkgo biloba (EGb), which is obtained from the dried leaves
of the plant and is standardized to contain 24% to 27% ginkgo-flavonoglycosides and 6%
ginkgo-terpenoid lactones [4], increases BDNF expression, which has a protective effect on
neurons [5–7]. Standardized extract of Ginkgo biloba (EGb) has been used as a therapeutic
alternative for the treatment of Alzheimer’s disease and multi-infarct dementias and has
significant positive effects on cognitive function in patients with Alzheimer’s disease [8,9].
Similar results have been observed after Ginkgo terpene trilactone (GTTL) treatment. GT-
TLs increase BDNF expression in the hippocampus, which protects hippocampal neurons
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against epilepsy and improves spatial memory, as evaluated by the Morris Water Maze
(MWM) test [5,10].

Studies from our group have shown that acute or chronic treatment with EGb modu-
lates fear memory formation, which is associated with increased levels of cAMP-dependent
response element binding protein (CREB) in the hippocampal formation [11,12]. Conversely,
our group reported an impairment in conditioned fear memory following diazepam treat-
ment, which was associated with reduced CREB-1 expression (both mRNA and protein) in
the dorsal hippocampus [11]. In addition, we showed that the mRNA and protein expres-
sion of the serotonin type-1A (5-HT1A) receptor and the GluN2B and GluN2A subunits
of the N-methyl-D-aspartate (NMDA)-type glutamate receptor in the dHF are modulated
after EGb treatment and fear memory acquisition [13]. We also showed that flavones
modulate fear memory formation and persistence through gamma-aminobutyric acid type
A receptor (GABAAR) modulation [14,15]. Furthermore, GABAAR agonists impair the
expression of object recognition memory (ORM), which seems to be correlated with BDNF
expression and the persistence of LTM [16].

The ability of an animal to recognize a familiar object using the physical character-
istics of the stimulus or the contextual information concerning the object (spatial and/or
temporal order) involves discriminative memory formation. Recognition memory for an
object or object-in-context in animals has been termed episodic-like memory and reflects an
experience-dependent internal representation of what happened and where and when the
event occurred. When the original memory is re-experienced, we recall details of the expe-
rience [17–20]. In this regard, recognition memory formation involves both familiarity and
recollection of an episode, i.e., quantitative or qualitative information about a previously
encountered item or event [21]. Both the familiarity and recollection components become
less persistent over time [22,23].

The ORM task has been employed to investigate the effects of drug treatments on
memory as well as the neuroanatomical, neurophysiological and neurochemical changes
underlying spontaneous exploratory behavior in animals [24–26]. Numerous studies have
explored the contribution of the perirhinal and parahippocampal cortices and the hip-
pocampal formation (HF) to familiarity and recollection [18,27–31]. Recent advances have
led to substantial improvements in our understanding of the role of the hippocampus in
processing and integrating multisensory information and encoding long-term novel object
recognition (NOR) memory, novel location memory (NLM) or temporal order memory
(recency) [17,18,29,32–34], but the debate undoubtedly continues [35]. Moreover, the role
of the hippocampus in the reconsolidation and persistence of ORM as well as molecular
changes underlying these processes has been shown [16,36–38].

It was recently shown that reduced expression of brain-derived neurotrophic factor
(BDNF) in the hippocampus is associated with impaired long-term ORM [39]. Activity-
dependent secretion of BDNF has been associated with both hippocampus-dependent
long-term memory formation and long-term biochemical and morphological dendritic
changes [40,41] since it is crucial for long-term memory consolidation [42,43]. A growing
body of evidence has shown that BDNF overexpression and activity modulate the differen-
tiation, maturation, survival and maintenance of different populations of neurons and glial
cells and has identified the main effects of BDNF on short- and long-term memory-related
processes [44,45] and neurogenesis [46]. De novo synthesis of BDNF has been shown to be
essential and sufficient for promoting late-phase long-term potentiation (L-LTP) [47] and
improving long-term memory (LTM) [48]. Increased BDNF expression (mRNA and protein)
in the hippocampus (1 or 12 h after training, respectively) is critical for LTM formation in a
hippocampus-dependent acquisition task [24]. In addition, BDNF is a key molecule for
the prevention of memory loss, the generation of persistent fear and long-lasting memory
traces and the extended maintenance of LTM [22] and is also required for reconsolidation
of NOR memory [16,49].

Together, these data show that BDNF/TrKB receptor-induced synaptic plasticity,
survival and dendritic and axonal growth during hippocampal-dependent memory pro-
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cesses are mediated by distinct signalling pathways in both pre- and post-synaptic cells,
which involve increases in extracellular signal-regulated protein kinase (ERK) expression
and phosphorylation and activation of cyclic AMP response element-binding protein
(CREB) [22,50,51].Despite the findings of these studies, little is known about novel ther-
apeutic strategies for modulating the cellular and molecular processes that mediate the
persistence of recognition memory. Flavonoids have long been targeted as prospective
therapeutic agents for memory improvement [1].

Considering recent findings from our group describing the effects of EGb on the
persistence of fear memory [52,53], we investigated the effects of the administration of
EGb before the acquisition of object recognition memory (ORM), a non-aversive memory
task, on the long-term retention of ORM and its persistence. Episodic-like memory loss is
correlated with both early-stage Alzheimer’s disease (AD) and normal aging. We wondered
whether rats treated with EGb would have improved their original memory, i.e., does EGb
affect memory consolidation and promote object recognition memory persistence? We
analysed retrieval and within-session maintenance of ORM during the T1 phase, as well as
the persistence of memory in the T2 phase. We also examine potential roles for diazepam, a
GABAAR agonist, in modulating the acquisition of non-aversive memory and in mediating
memory retention and persistence through alterations in BDNF expression. Last, given
the pivotal role of BDNF in the neurochemical and morphological changes associated with
LTM and the persistence of LTM, we analysed BDNF expression in the dorsal hippocampal
formation of the control and EGb-treated groups after retention and persistence tests.

2. Results
2.1. Behavioral Analysis

To examine the cognition-enhancing effect of EGb on long-term memory for novel
objects in rats, we employed two 10-min sessions (T1 and T2) of the NOR test, a non-
aversive task, with an intertrial interval of 24 h. Memory formation and memory persistence
were assessed by different analyses of total spontaneous exploration time for both objects
in the T1 and T2 sessions (Figure 1).

Two-way RM ANOVA, indicated significant main effects of time exploring the familiar
and novel objects (F1.95 = 59.84; p < 0.0001) and effects of group (F4.95 = 2.967; p = 0.0234) but
no interaction between object and group (F4.95 = 0.4771; p = 0.7524). Comparative analyses
of the mean total time spent (min) exploring each of the objects during the retention session
(T1) between and within groups showed that the control groups (vehicle- and diazepam-
treated group; n = 20 rats/group) and EGb-treated groups (250, 500 and 1000 mg/kg
EGb-treated groups; n = 20 rats/group) spent more time exploring the novel object than
the familiar object in the T1 session (Figure 1A). Based on our data, all rats recalled the
familiar object and preferred to explore the novel object.

During T2 session when the animals were re-exposed to the objects, Two-way RM
ANOVA indicated significant effects of time spent exploring the familiar object vs novel
objects within groups (F1.45 = 31.12; p < 0.0001). Bonferroni’s multiple comparisons test
revealed the rats that had been treated with 1000 mg/kg EGb spent more time exploring
the novel object than the familiar object compared with the vehicle- and diazepam-treated
groups, as shown in Figure 1B. However, no interaction was observed between the factors
group and object (F1.45 = 1.385; p = 0.2549) and no difference was observed between groups
(F4.45 = 1.144; p = 0.3496).

Additionally, the time spent interacting with the sample object (A) and the novel
object (C) were used to calculate the recognition index [RI = time spent exploring the
novel object/total object exploration time (novel vs familiar)] [28,54,55]. RI represents a
relative measure of discrimination between objects. The EI values in each session (T1 and
T2) are shown in Figure 1C. The RI value in the first minute is shown for each session
since the effects of novelty might decrease over time. The subsequent data points are the
mean RI value over a three-minute period within a given session (three blocks of 3 min
each as follows: trial 2–4 min; trial 5–7 min; and trial 8–10 min). Furthermore, within-
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session comparisons (min-by-min) at T1 using two-way RM ANOVA showed an interaction
between groups and time (F36, 855 = 1.756; p = 0.0043, with a difference only in the first
minute in relation to subsequent times (min 2–10) (F7.9833, 758.4 = 1.914; p = 0.05), as well
as effects of the groups (F4, 95 = 43.572; p = 0.0093). Concerning the min-by-min analysis
of the recognition index (RI) in T2, two-way RM ANOVA showed no interaction between
groups and time (F36, 405 = 1.411; p = 0.06), no within-session difference (min-by-min), i.e.,
first minutes in relation to subsequent minutes (2–10) (F7.706, 346.8 = 1.581; p = 0.1320) and
no effects of the groups (F4, 45 = 0.5821; p = 0.6772). Thus, this procedure evaluates the
mean of a combination of 3 min to help reduce variance within sessions and has been
systematically used in our lab since it allows us to evaluate retention of short- and long-
term memory. An RI value of 1.0 indicates that the animal spent the majority of time
exploring the novel object relative to the sample object, and a value of ≤0.5 indicates
random exploration, i.e., no discrimination between objects or decreasing novelty. Two-
way repeated-measures ANOVA followed by Tukey’s multiple-comparison test revealed
that all groups spent more time exploring the novel object than the previously explored
(familiar) object (250 mg/kg EGb, RI1 = 0.66; 500 mg/kg EGb, RI1 = 0.66; 1000 mg/kg EGb,
RI1 = 0.81; vehicle, RI1 = 0.59; 4 mg/kg diazepam, RI1 = 0.61) There was an interaction
between group and time (F12.285 = 3.045; p = 0.0005) and a main effect of time (F3.285 = 11.76;
p < 0.0001) for the T1 session (Figure 1C, left panel). Moreover, the high-dose EGb-treated
group spent more time exploring the novel object than the control groups (diazepam- and
vehicle-treated groups). Furthermore, an intragroup comparison of the 1000 mg/kg EGb
group showed that the RI in the first minute was significantly lower than that in any of the
all three-minute blocks. Although our data showed difference between in first minute and
last three minutes during T1, the RI was maintenance > 0.5, indicating that within-session
the animals treated with 1000 mg/kg EGb spent more time exploring novel object. Because
vehicle and EGb treatments were given only before TR1, our data suggest that 1000 mg/kg
EGb improved the original memory, i.e., memory for early familiar object (object A) in
relation to late object (object C). Our present data is consistent with previous results from
our lab that show effects of EGb on persistence of fear memory [52,53].

Memory persistence was analyzed based on the data obtained in the T2 session
(Figure 1C, right panel). Two-way RM ANOVA revealed no interaction between group or
trial (F12.135 = 1.49; p = 0.133), but there was a main effect of group (F4.45 = 2.932; p < 0.0308).
Rats treated with EGb (250 mg/kg, RI1 = 0.69; 500 mg/kg, RI1 = 0.61; 1000 mg/kg,
RI1 = 0.71) and vehicle (RI1 = 0.57) spend more time exploring the novel object than the
familiar object during the first minute. Conversely, rats treated with diazepam spend
similar amounts of time exploring both objects (RI1 = 0.48). Tukey’s multiple comparison
test revealed a significant decrease in the EI in the diazepam group compared to the
250 mg/kg EGb (p < 0.05) and 1000 mg/kg EGb (p < 0.01) groups. Analysis of the within-
session data showed that the RI in the first minute was significantly lower than that in the
second three-minute block for the 250 mg/kg EGb-treated group at (p < 0.01) and the third
three-minute block for the 1000 mg/kg EGb group. The mean (and S.E.M) of the RI of the
EGb-treated and control groups in both sessions are presented in the supplementary data
(Table S1).

Moreover, to substantiate our results regarding the effects of EGb on the persistence
of LTM, we also investigated recognition index (RI) between sessions by comparing the
mean RIs from the first minute of the persistence test session with those from the last block
of the three min of the retention test (Figure 1D). Two-way ANOVA revealed no interaction
between group and session (F4.45 = 2.095; p = 0.0969), no effect of group (F4.45 = 1.187;
p = 0.3292), and a main effect of time (F1.45 = 6.249; p = 0.0161).

Our present data corroborate previous findings and shows that rats treated with
1000 mg/kg EGb exhibit a higher RI during the first trial of the T2 session than during last
three-minute block in the T1 session, indicating maintenance of the original memory, i.e.,
the information regarding the object appeared to be preserved (old vs. novel) 48 h after
acquisition (T2).
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Figure 1. (A). Comparison of the mean of total time spent exploring/min the novel and sample objects in the retention test
(day 8, n = 20/group), and the persistence test (B) (day 9, n = 10/group) between the control (diazepam- and vehicle-treated)
and EGb-treated (250, 500 and 1000 mg/kg) groups. (C). The recognition index (RI) during the retention and the persistence
sessions. The first points indicate the mean RI values during first min of the control (4 mg/kg diazepam- and vehicle-treated)
and EGb-treated (250 mg/kg, 500 mg/kg and 1000 mg/kg) groups before the acquisition of ORM (n = 20/group) and the
persistence test session (n = 10/group). The subsequent data points represent the mean DI values of nine min in blocks
of 3 min (trials) each (2–4,5–7,8–10). EGb, diazepam and vehicle were administered orally 30 min prior to training session.
No drugs were administered before retention test (T1) and persistence test (T2) sessions (D). Persistence of long-term
memory (LTM) was inferred based on a comparison of the time spent spontaneously exploring sample object and that spent
spontaneously exploring the novel object during the last three trial blocks at the end of the retention session and during the
first trial of the initial persistence session. (E). Frequency of contact with the sample and novel objects during the retention test
(n = 20/group) and persistence test (n = 10/group) for the groups treated with EGb (250 mg/kg, 500 mg/kg or 1000 mg/kg),
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diazepam or vehicle (n = 10/group). Analyses of the sample vs novel object and group interaction, the time and group
interaction (A, B, C, and D panels, respectively) and one random factor (rat) was performed using GraphPad Prism
Software®. The values are presented as the means/min (± SEMs) (A, B, D, and E) and/or a block of three minutes (±SEMs)
(C). * p < 0.05, ** p < 0.01 and *** p < 0.001; two-way repeated measures ANOVA with the post hoc Sidak multiple comparison
test (A,B). Two-way repeated measures ANOVA was conducted for within- and between-group comparisons followed by
Tukey’s multiple comparisons test (C). Within-group comparison # p < 0.05; two-way ANOVA followed by Bonferroni’s post
hoc test (D,E). Comparisons between groups are presented * p < 0.05, ** p < 0.01 and *** p < 0.001.

Because a number of studies have shown that animals have preferences for any one
object [56,57], we also examined the frequency of contact with each sample and novel object
(Figure 1E). Two-way RM ANOVA revealed no interaction between the group and object
in the T1 session (F4.72 = 0.05093; p = 0.9950) but showed main effects of frequency of con-
tacting the object (F1.18 = 9.996; p = 0.0055) and treatment (F3.237, 58.27 = 4.573; p = 0.0050).

Our data showed that all groups contacted both objects with a similar frequency.
Tukey’s multiple comparisons test indicated a significant difference in the frequency of
contact with the sample object between the 1000 mg/kg EGb group and the diazepam
group. Comparative analyses of the frequency of contact with both the familiar and novel
objects in the T2 session revealed no interaction between the group and object (F4.36 = 1.082;
p = 0.3800) and no effect of treatment (F4.36 = 2.454; p = 0.0633), but a main effect of frequency
of contact with both objects (F1.9 = 36.46; p = 0.0002). The EGb-treated groups exhibited a
higher frequency of contact with the novel object than the familiar object. No differences
were observed in the diazepam and vehicle groups.

Additionally, we investigated exploratory behaviors such as the amount of ambulation
(lateral and central squares) and rearing and grooming of all animals during the retention
test and persistence test (Figure 2). The data showed significantly increased ambulation
in the lateral squares compared with the central squares in both the retention session
(F1.18 = 266; p < 0.0001) and persistence session (F1.18 = 6.663; p = 0.0191). Two-way RM
ANOVA revealed no interaction between group and area (F4.72 = 0.4444; p = 0.7761) and
no effect of treatment (F2963, 53.33 = 0.3472; p = 0.7875) in the T1 session. Similarly, no
interaction between group and area (F4.72 = 0.6991; p = 0.5951) and no effects of treatment
(F2.941, 5293 = 1.352; p = 0.2676) were found in the T2 session (Figure 2).
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Figure 2. Number total of central and lateral square crossings (ambulation) in the control groups
(4 mg/kg diazepam- and vehicle-treated group) and the groups treated with EGb (250 mg/kg;
500 mg/kg and 1000 mg/kg) during the retention test (n = 20/group) and persistence test
(n = 10/group). The values are expressed as the mean values/ min (± SEMs). *** p < 0.0001;
two-way ANOVA followed by post hoc Tukey’s multiple comparison test. # p < 0.05 denotes a
difference within groups. between sessions comparisons.
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One-way RM ANOVA indicated that the total level of rearing behavior was similar
for all groups in the T1 (F4.45 = 2.424; p = 0.0619) and T2 session (F4.45 = 0.8002; p = 0.5315).
All data are shown as the means ± SEMs in Supplementary Table S2.

Finally, we examined the level of grooming, and the two-way RM ANOVA showed an
effect of time (F4.45 = 1647; p = 0.1790) in T1 and in T2 session (F4.45 = 0.7617; p = 0.5557).
All data are shown as the means ± SEMs in Supplementary Table S2.

2.2. Molecular Analysis

We also evaluated the levels of the BDNF protein in relation to tubulin in the hippocam-
pal formation after the retention and persistence sessions. Compared with no treatment
(naïve group), treatment with all doses of EGb before the acquisition of object recognition
memory upregulated BDNF expression in animals subjected to ORM retrieval in the re-
tention test. One-way ANOVA revealed that a main effect of the treatment (F5.21 = 5.810;
p = 0.0016) on performance in the retention test.

Furthermore, increased levels of BDNF were observed in the 250 and 1000 mg/kg EGb-
treated groups compared with the naïve group in the T2 session (F5, 23 = 4.005; p = 0.0093)
(Figure 3). Our data in line with previous data about key role of BDNF on persistence of
memory [18], since control and 500 mg/kg EGb groups didn’t have differential expression
of BDNF during retrieval of memory, which suggest that upregulation of BDNF during
both sessions is required to persistence of memory.
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of the hippocampal formation obtained from the control (the 4 mg/kg diazepam (b), vehicle (a) and naïve (m) groups and the
groups treated with EGb (250 mg/kg (c), 500 mg/kg (d) or 1000 mg/kg (e)), as determined by immunoblotting. The data were
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as the mean values (± SEMs). * p < 0.05 one-way ANOVA followed by post hoc Tukey’s multiple comparison test.
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3. Discussion

Our present data show that all groups spent more time exploring the novel object
than the familiar object in the retrieval (T1) session, but only the EGb-treated group at dose
1000 mg/kg spent more time exploring the novel object during the persistence session
(T2). In addition, discrimination ability was evaluated within and between sessions by
employing the recognition index (RI). Within-session analysis showed that RI was higher in
the 1000 mg/kg EGb-treated group than the vehicle and diazepam groups during the first
minute of the retrieval test. Similarly, the modulatory effect of EGb was observed during
re-exposure of the animals to the same objects. Rats treated with 250 or 1000 mg/kg EGb
had the highest RI values during the persistence session. The maintenance of memory for
“novel” and familiar objects 96 h after acquisition of ORM was observed in the EGb-treated
groups but not in the other groups.

Our data also revealed that rats treated with diazepam exhibit poor performance
during the T2 session because the animals spent similar amounts of time exploring both the
novel and familiar object, exhibiting an RI < 0.5. A reduced ability to recollect a previously
experienced item suggests that diazepam prevented the persistence of ORM. To assess the
effects of EGb on the persistence of ORM, we compared the RI data from the first min with
those from the last three min of the retention test.

These data substantiate the findings regarding the total exploration time since the rats
treated with the high dose of EGb exhibited an DI value similar to that observed during
the first trial of the retention test. These effects suggest that EGb treatment led the animals
to favor the innate novelty of the object, as reported in the literature [58]. Moreover, the
number of line crosses in the central and lateral squares in the open field arena (Figure 2)
and the levels of rearing and grooming (Supplementary Table S2) within sessions were eval-
uated to investigate whether or not the rats exhibited changes in spontaneous exploratory
behavior or some aspects of emotionality including anxiety, which might lead to changes
in object exploration and thus impair recognition memory. Based on the number of squares
crossed, all groups of treated rats preferred to enter the lateral squares rather than the
central squares, as the lateral squares elicited less anxiety than the central squares. Thus,
EGb did not have an effect against anxiety. However, the size of open-field arena was
chosen to reduce the levels of anxiety/aversion and to prevent potential interference with
object exploration [59].

Because no difference in these behaviors was found between the treated groups and
the control group (vehicle), it is unlikely that the findings observed following EGb or
diazepam treatment were associated with motivation to explore or motor impairments. In
addition, we evaluated the number of times (the frequency) the animals contacted each
object since the number of contacts is a potential indicator of object recognition memory.
During the T1 session, all groups had exhibited an increased frequency of contact with the
novel object compared to the familiar object. However, during the T2 session, only the
EGb-treated groups spent more time contacting the more recently encountered object than
the familiar object.

Taken together, these results corroborate previous data from our group showing
that that treatment with EGb improves long-term memory in a dose-dependent manner,
as assessed by conditioned suppression of licking behavior as well as modulation of
the spontaneous recovery of conditioned fear [11–13,52]. Here, we reveal a relationship
between acute EGb treatment and the persistence of non-aversive memory for the first
time. EGb-treated rats exhibit improvements in the recovery of memory for objects (what)
and temporal order of the items (when). Moreover, we showed that maintenance of
ORM caused by EGb treatment was associated with upregulation of BDNF in the dorsal
hippocampal formation. However, no difference was detected in BDNF protein expression
in the dHF between the vehicle, diazepam and naïve groups.

As mentioned in the introduction, novelty detection is associated with the hippocam-
pus [60] and entorhinal cortex [61]. Here, we found that EGb treatment resulted in up-
regulation of BDNF expression in the dorsal hippocampal formation 72 and 96 hr after
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acquisition of ORM, which was associated with the persistence of ORM and was not seen
in the control group [49,62,63].

Studies have shown that low levels of BDNF impair memory formation in animals
subjected to an object recognition task. Reduced expression of BDNF in the hippocampus
and parietal, entorhinal and frontal cortices results in noticeably reduced plasticity and
cognitive impairment, which are correlated with progression of neurodegeneration and
dementia [64]. In addition, it has been shown that EGb treatment can significantly enhance
the levels of BDNF expression in the mouse hippocampus, leading to reversal of neural
damage induced by acrylamide treatment [39]. The critical role of BDNF in the persistence
of fear memory was previously described. Increased expression of BDNF may reverse
memory deficits [22].

At the molecular level, BDNF is a modulator with a well-known effect on synaptic
transmission and plasticity in different areas of the central nervous system [65], which
contribute to the adaptative processes involved in consolidation of memory. CREB ex-
pression is modulated by multiple signalling pathways, including pathways associated
with PKA-MAPKs, CaMK, and N-methyl-D-aspartate receptors (NMDA-Rs), which can
converge to increase BDNF expression and modulate cytoskeleton protein synthesis and
anti-apoptotic activity and are involved in molecular adaptation processes such as den-
dritic growth and ramification and the formation of stable long-term potentiated synapses
necessary for consolidation processes.

Interactions of these different pathways, which converge on CREB and BDNF expres-
sion, are thought to be crucial for the effects of flavonoids on memory enhancement [1,66].
In previous studies from our group, we analysed the neural circuits and neurochemical
changes following EGb treatment and fear memory formation [13,15,57,60] as well as the ef-
fects of crude extract of erythrina (CE), flavonoidic fraction or isolated compounds from CE
on conditioned suppression [14,67]. EGb treatment prior to conditioning was subsequently
evaluated after 72 or 96 h during the extinction retention test, and EGb was demonstrated to
have effects on the spontaneous recovery of extinction. Furthermore, we showed that EGb
treatment (acute or chronic) before conditioning increased the levels of CREB expression
in the dorsal hippocampal formation. These data suggest that CREB expression might
be correlated with the upregulation of BDNF observed in the present study. Although
further studies are needed to better identify the mechanisms underlying object recognition
memory, our data show for first time that BDNF in the dorsal hippocampal formation is an
important target of EGb in promoting the persistence of object recognition memory.

4. Materials and Methods
4.1. Animals

A total of 120 experimentally naïve male Wistar rats (10 to 12 weeks old) were obtained
from the Center for the Development of Experimental Medicine and Biology (Universidade
Federal, São Paulo, Brazil). The animals were housed four per cage and provided food and
water ad libitum during the acclimatization period (15 days) and experimental procedure.
The animals were kept at a controlled temperature (21 ◦C ± 3) and relative humidity
(55 ± 10) on a 12-h light/dark cycle (lights on at 6:00). The experiments were performed
during the light cycle. All experimental procedures were approved by the local Committee
Governing the Ethics on the use of Animal Experimentation of the Federal University of
Sao Paulo (CEUA Unifesp 3447100417) and were conducted in accordance with the national
animal care legislation and guidelines (Brazilian Law 11794/2008), as suggested by the
APA Guidelines for Ethical Conduct in the Care. The animals were randomly assigned
to control and EGb-treated groups. The animals in the control groups were distributed
into the following three subgroups (n = 20/group): (I) the naïve group (no training/no
treatment; protein expression control); (II) the vehicle group (0.9% saline; control) and, (III)
diazepam-treated group (4 mg/kg, negative control). The animals in the EGb groups were
further divided into subgroups according to the dose administered: (I) 250 mg/kg; (II)
500 mg/kg, or (III) 1000 mg/kg (n = 20/group).
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4.2. Drug Administration

A previously described standardized Ginkgo biloba extract obtained from the green
leaves of Ginkgo biloba (EGb) that contained 24% ginkgo-flavoglycosides and 6% ginkgo-
terpenoid lactones [52] was used in all experiments. This extract has a formulation and
composition identical to the products registered in Germany (Dr. Willmar Schwabe Pharma-
ceuticals, Karlsruhe, Germany). The dose range of EGb was chosen according to previous
studies conducted in our laboratory [11,12,15,60]. According to previous data from our
group, 4 mg/kg diazepam impairs the acquisition of fear memory in rats, and for this
reason it was used as a negative control. EGb and diazepam were re-suspended in saline
0.9% (vehicle) and administered orally via an intragastric (IG) tube 30 min before the
training session (TR1). No substances were administered in the other trial sessions.

4.3. Apparatus and Objects

The novel object recognition (NOR) task was conducted in a white square arena made
of wood (40 × 40 × 40 cm), the floor of which was divided into different sections (central
and lateral squares). A video camera fixed 100 cm above the apparatus was used to record
all sessions for behavioral analysis. The objects used as the “sample objects” (old objects)
for the training session and as the “novel object” (recent object) for the test session were
chosen according to weight and size based on the literature [58]. The sample objects were
always placed in the same corner (right or left) of the open field and positioned at the
same place in the room to allow the use of distal cues. To minimize bias resulting from
individual preference for the specific objects, we chose objects with a similar texture and
colour pattern. In both the familiarization and test phases, rats were individually placed
at the midpoint of the opposite wall of the box facing the wall to prevent coercing the
rats to explore the objects. All experimental sessions were conducted using one rat from
each group (control or treated). After each rat was tested, the apparatus and objects were
carefully cleaned with 10% ethanol solution to remove odour cues [3,54,55].

4.4. Novel Object Recognition (NOR) Procedure

The testing protocol consisted of three phases (4 consecutive days): habituation,
familiarization (two days) and the test phase (two days). All behavioral sessions were
carried out between 8 a.m. and 1 p.m., including habituation of the animals to the testing
room and to the researchers (the handling period).

4.4.1. Handling

Prior to beginning the experimental sessions, all animals were subjected to handling
for a period of 20 min/day over 5 days (~2 min per rat each day) to avoid the effects of
excessive handling after transport, as the novelty of handling has been shown to affect the
acquisition of memory [58]. For the NOR test, the rats were individually transferred to and
maintained in the adjacent room under light of a controlled intensity for 10 min before the
sessions (Figure 1A).

4.4.2. Acquisition

On the 6th and 7th day all rats except those in the naïve group were allowed to freely
explore the sample objects in order for 15 min to allow habituation to the objects (sample
objects A and B) and the arena. This was considered the familiarization phase (F1 and
F2) and is when the acquisition of object recognition memory occurs [68]. To prevent bias
related to object exploration, the rats were placed against the centre of the opposite wall
with their back to the objects. After the animals were placed in the open field arena, the
experimenter left the room to avoid interfering with the animal’s behavior (Figure 1B,C).
Rationale for choosing of the familiarization procedure used in this study was based on
previous data from the literature, such as the study by Shimoda and colleagues. [69], which
showed no difference between the length of familiarization in the sample phase (5, 15 and
30 min) and subsequent novelty recognition performance at the test phase with a 24-h
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delay period. Complementarily, data from the study by Ozawa and colleagues suggest
that longer exploration of the objects in the familiarization period may allow animals to
make associations between each element of information, such as objects [70]. Moreover,
another study revealed that a sample session of 10 min each for three days supports the
encoding of strong object memory [60,71], and promotes persistence of object memory.
Consistent with these data and previous data from our lab showing the effects of EGb as a
cognitive enhancer [13,14,56,57] we hypothesized that associated effects, such as a longer
sample phase and EGb treatment, would improve recognition memory formation and
support the persistence of long-term recognition memory in rats in the object recognition
test (ORT), since both the familiarity and recollection components become less persistent
over time [22,23].

In addition, we counterbalanced the objects serving as A and B (e.g., a bottle served
as object A and a statuette served as object B for half of the rats; the pattern was reversed
for the remaining rats). Furthermore, the two objects had similar patterns (e.g., size and
no odour cues). As defined by Ennaceur and Delacour [72], the exploration of an object
was considered when the rat directed its nose at a distance ≥ 2 cm to the object and/or
touched it with the nose, while turning around or sitting on the object was not considered
an exploration.

4.4.3. Retention Test

All rats except those in the naïve group, were returned to the same chamber for
analysis of long-term memory (LTM) for the objects (8th day) (n = 20/group) (Figure 1A–E).
Each rat underwent a test trial that was identical to the second familiarization session
except that one object was identical to the sample trial (object A or B) and one object was
the novel object (object C). Twenty-four h after the end of the T1 session, half of the rats
were euthanized (n = 10/group). The remaining half (n = 10/group) was subjected to the
persistence test to evaluate the effects of EGb on the maintenance of memory.

4.4.4. Persistence Test

Previous data from the literature showed that long intervals of time lead to the deterio-
ration of LTM for objects and that the hippocampus is required for object memory encoding
after long intertrial intervals [73] and persistence of object recognition memory [74]. Thus,
we hypothesized that treatment with a cognitive enhancer could result in the maintenance
of LTM for objects over time. To evaluate the persistence of LTM (T2), an additional object
recognition test session was performed 24 h following the T1 session. Similar to the T1
session, one sample object (object A) and one novel (object C) were placed in the opposite
corners of the open field arena (right or left corner) in the T2 session. The session lasted
10 min (Figure 1A–E). Afterwards, the animal was removed from the test environment and
returned to the vivarium (n = 10/group).

4.5. Molecular Analysis
4.5.1. Total Protein Extraction and Quantification by the Bradford Assay

Twenty-four hours after the T1 (day 8) or T2 (day 9) session ended, the animals
(n = 5/group) were euthanized by decapitation. The dHF was rapidly removed, immedi-
ately frozen in liquid nitrogen and stored at −80 ◦C until extraction. Briefly, the samples
were homogenized in 1 mL of extraction buffer containing 50 mM Tris HCl, 100 mM NaCl,
50 mM NaF, 1 mM NaVO4, 0.5% NP-40, 10 µg/mL leupeptin, 10 µg/mL aprotinin and
0.5 mM PMSF and were incubated with the buffer for 20 min on ice. The sample lysates
were centrifuged at 4 ◦C and 14,000 rpm for 15 min. The supernatants were collected,
aliquoted and stored at −80 ◦C. Sodium orthovanadate (NaVO4) was used as a phos-
phatase inhibitor, and leupeptin, aprotinin and PMSF were used as protease inhibitors.
The protein concentrations of the supernatants were quantified with a NanoDrop 200c
spectrophotometer (Thermo Scientific, Wilmington, DE, USA) using Bradford reagents
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(Sigma-Aldrich, St. Louis, MO, USA) according to the manufacturer’s recommendations
and bovine serum albumin (BSA) as a standard.

4.5.2. Western Blotting

Homogenates (50µg of protein) were subjected to SDS-PAGE on a 12% polyacrylamide
gel (12% acrylamide, 0.1% w/v SDS, 0.1% (NH4) 2S2O8, Temed, 0.39 M Tris pH 8.8); 10% of
the elution volume of each extract was mixed with 4× buffer (100 mM Tris-HCl pH 6.8, 10%
v/v 2-mercaptoethanol, 4% w/v SDS, 0.02% w/v bromophenol blue, and 20% glycerol). Prior
to being added to the gel, the samples were denatured by heating at 100 ◦C for 5 min. The
potential difference applied was 200 V, and the current intensity was 150 mA. The running
buffer contained 25 mM Tris-base, 250 mM glycine and 0.1% SDS. After electrophoresis,
the proteins were transferred to a nitrocellulose membrane in transfer buffer (48 mM Tris,
39 mM glycine, 0.037% SDS and 20% methanol) and subjected to a potential difference
of 60 V and a current intensity of 150 mA. The transfer was performed at 4 ◦C for 3 h.
Nonspecific binding was then blocked by incubating the membrane with 5% skimmed milk
powder in PBS-T (phosphate-buffered saline, 137 mM NaCl, 10 mM phosphate, 2.7 mM
KCl, pH 7.4, and 0.1% Tween) for 1 h at room temperature under constant stirring. After
blocking, the membrane was washed (3×) in PBS-T solution for 10 min and cut based on
the size of the proteins to be evaluated. For BDNF detection, the membrane was incubated
with a BDNF primary antibody (dilution, 1:700) (700 rabbit Abcam®, Inc., Cambridge,
MA, USA) for 16 h at 4 ◦C under constant stirring. An anti-α-tubulin antibody) (dilution,
1: 10.000) (Sigma-Aldrich, St Louis, MO, USA) was used as the loading control. After
incubation, the membrane was incubated with a conjugated anti-rabbit secondary antibody
(Santa Cruz Biotechnology, Santa Cruz, CA, USA) diluted 1: 10.000 in 5% skimmed milk
powder in PBS-T for 1 h at room temperature under constant agitation.

Finally, the membrane was washed (3×) times in PBS-T for 10 min. Immunoreac-
tivity was evaluated with the Immobilon Western Chemiluminescent HRP Substrate kit
(Millipore, Billerica, MA, USA). The bands were quantified using ImageQuant LAS 4000
(GE, Buckinghamshire, UK). The data were analysed using repeated-measures ANOVA
followed by Dunnett’s multiple comparisons.

5. Conclusions

Based on the findings from the present study, the persistence of memory is a process
associated with mechanisms initiated during consolidation that persist over time. Fur-
thermore, we reveal for the first time that EGb treatment before the acquisition of ORM
increases BDNF expression in the hippocampus in a dose-dependent manner, which is
associated with the persistence of object recognition memory. This finding was substanti-
ated by the different levels of BDNF expression observed during the T1 and T2 sessions
following treatment with 250 or 1000 mg/kg EGb. Conversely, rats treated with 500 mg/kg
EGb showed upregulation during the T2 session, which was not sufficient to maintain the
storage of recognition memory traces over time.

Supplementary Materials: The following are available online. Table S1: Recognition Index (RI)
values in the retention and persistence tests. Table S2: The levels of rearing and grooming during
analysis of long-term memory for objects sessions.
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Abstract: Astragaloside IV (AS-IV) is one of the major bio-active ingredients of huang qi which is the
dried root of Astragalus membranaceus (a traditional Chinese medicinal plant). The pharmacological
effects of AS-IV, including anti-oxidative, anti-cancer, and anti-diabetic effects have been actively
studied, however, the effects of AS-IV on liver regeneration have not yet been fully described. Thus,
the aim of this study was to explore the effects of AS-IV on regenerating liver after 70% partial
hepatectomy (PHx) in rats. Differentially expressed mRNAs, proliferative marker and growth
factors were analyzed. AS-IV (10 mg/kg) was administrated orally 2 h before surgery. We found
20 core genes showed effects of AS-IV, many of which were involved with functions related to DNA
replication during cell division. AS-IV down-regulates MAPK signaling, PI3/Akt signaling, and cell
cycle pathway. Hepatocyte growth factor (HGF) and cyclin D1 expression were also decreased by
AS-IV administration. Transforming growth factor β1 (TGFβ1, growth regulation signal) was slightly
increased. In short, AS-IV down-regulated proliferative signals and genes related to DNA replication.
In conclusion, AS-IV showed anti-proliferative activity in regenerating liver tissue after 70% PHx.

Keywords: astragaloside IV; Astragalus membranaceus; huang qi; Astragali Radix; liver; liver regener-
ation; 70% partial hepatectomy; proliferation; rat

1. Introduction

For a long time, medicinal plants have played a key role in pharmacological research
studies and drug development. Astragalus membranaceus is medicinal plant that has been
used in traditional Chinese medicine throughout history; it is also called Astragali Radix.
Huang qi (黃芪, in Chinese) is the name for the dried root of Astragalus membranaceus and it
is mainly produced in China, Mongolia, and Korea [1]. The main components of huang qi
are saponins, polysaccharides and flavonoids [2–4]. It has been used in traditional Chinese
medicine for over 2000 years to treat various diseases including anemia, cardiovascular
disorder, weakness, fatigue and fever [4,5]. In recent years, it has been reported that
huang qi has anti-oxidative, anti-aging, anti-inflammatory, anti-diabetic, and anti-cancer
properties [1–4].

Astragaloside IV (AS-IV) is a representative bio-active ingredient of huang qi [4,6].
AS-IV is classified as a tetra cyclic triterpenenoid, otherwise known as a protostane which
means prototype of steroid (Figure 1) [7]. AS-IV has a similar carbon-tetra-cyclic structure to
steroids which have a bio-activities as cholesterol. Recently, it was reported that long-term
dietary cholesterol overload negatively affects liver regeneration after PHx. Cholesterol
overload reduced hepatic DNA synthesis [8]. While, other steroid, estradiol accelerates
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liver regeneration [9]. Thus, it was expected that the AS-IV directly has an effects on liver
regeneration after PHx. Many reports have shown that AS-IV has anti-oxidative properties
and protective effects against hypoxic injury and ischemia-reperfusion injury [10–15]. The
anti-cancer activities of AS-IV via inhibition of migration and invasion of cancer cells
have also been demonstrated [16,17]. Moreover, AS-IV improves diabetic nephropathy,
retinopathy, gastropathy, and wound healing [18–21] Hepato-protective effects against
hepatic fibrosis, oxidative stress, and hepatitis B virus were also reported [10,22–25].

Figure 1. Chemical structure of astragaloside IV. (C41H68O14, molecular weight: 794.97 g/mol).

The liver has ability to recover lost functional capacity after chemical or physical injury.
After injury, the liver quickly regenerates to meet metabolic demand via the proliferation of
hepatic cells. Liver regeneration involves a complex network of growth factors, signaling
pathways, and transcriptional factors [26]. Uniquely, liver regeneration occurs without
functional loss and through repopulation of mature cells rather than progenitor or stem
cells [27].

The 70% partial hepatectomy (PHx) model is a commonly used model to investigate
new aspects of liver regeneration [28]. It was first described by Higgins and Anderson in
1931. PHx is a surgical procedure to resect the median and left lateral lobes of the liver,
which constitute about 70% of the liver mass [29–31]. Liver regeneration is especially
rapid in small rodents; full-size restorations have been reported within 7 days in most
rodents [27,32]. After PHx, remnant liver tissues undergo three phases. First is priming
phase, which is characterized by the stimulation of hepatic mitogen. Hypoxic conditions
after PHx and hemo-dynamic factors such as blood pressure are thought to be major
stimulators of liver regeneration [33–36]. The liver is not alone in promoting its own
regeneration, and cooperative signals for priming also come from the pancreas, spleen,
duodenum, and adrenal glands [37,38]. Second is proliferating phase; DNA replication in
hepatocytes started. The last step is growth termination. Transforming growth factor β1
(TGFβ1) is secreted by non-parenchymal cells including hepatic stellate cells, Kupffer cells,
and platelets. TGFβ1 plays an important role in ending regeneration through suppression
of hepatic proliferation [33,39,40].

The pharmacological effects of AS-IV have been actively studied in recent years and
hepato-protective effects of AS-IV have been extensively reported. However, the effects of
AS-IV on liver regeneration are not yet fully elucidated. In this study, the effects of AS-IV
were investigated in a 70% PHx rat model through measurement of gene expression, the
expression of hepatocyte growth factor (HGF, primary hepatic mitogen), and the expression
of hepatic proliferation marker protein.
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2. Results
2.1. mRNA Sequencing Analysis

To determine the effects of AS-IV on the gene expression of regenerating liver tissues
after PHx, changes of gene expression were measured 12 h after PHx by mRNA sequencing
analysis. The count of differentially expressed genes (DEGs) was 17,048; DEGs exhibiting
changes more than 2-fold were considered significant. DEGs exhibiting changes more
than 2-fold and 5-fold were 975 and 103 genes, respectively (Figure 2a,b). In the results of
the two-fold DEGs, 370 DEGs were up-regulated and 605 DEGs were down-regulated by
AS-IV (Figure 2c). Results from the 5-fold DEGs showed that 31 DEGs were up-regulated
and 72 DEGs were down-regulated by AS-IV (Figure 2d).

Figure 2. DEGs and gene network. (a) heatmap with hierarchical clustering of 2-fold changed DEGs, (b) expression pattern
for 2-fold changed DEGs, (c) heatmap with hierarchical clustering of 5-fold changed DEGs, (d) expression pattern for 5-fold
changed DEGs, (e) Gene network of 5-fold changed DEGs. 20 DEGs (in blue dotted line) and 12 DEGs (in red dotted line)
were clustered. Markedly, DEGs within the blue dotted line showed strong relation. 14 other DEGs (not marked) were
linked with only one or two genes. The green color in the figure indicates decreased expression; the red color in the figure
indicates increased expression.

2.1.1. Key Gene Screening and Functional Annotation

To determine the pharmacological effects of AS-IV, we listed key genes from the result
and investigated their function through corresponding protein of genes. We listed highly
changed DEGs (more than 5-fold) and generated gene networks for the DEGs using a
multiple protein search tool within the STRING database; two big cluster networks of
DEGs were generated (Figure 2e). One network, which is marked by a blue dotted line
in Figure 2e, consisted of 20 DEGs including Mcm5, Cdc45, Cdc7, Cenpm, Asf1b, Donson,
Tfdp2, Ccdc64, Cenpn, Brca2, Dbf4, Enahm, Mcm10, Ttk, Spdl1, Cdc6, Ndc80, Kif20b, Rad9b
and Bora. Another big network, marked by the red dotted line of Figure 2e, consisted of 12
genes including Mmp9, Atf3, Cyr61, Fos, Il1b, Tlr1, Egr2, Spp1, Il15, Prlr, Hoxa2, and Hand2.
Functional annotation of DEGs in cluster network was conducted using the database for
annotation, visualization and integrated discovery (DAVID) bioinformatic tool in three
GO (gene ontology) categories including biological process, cellular component, molecular
function (Table 1). The 20 DEGs in blue dotted line of Figure 2e were matched with
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DNA replication initiation, cell division, double-strand break repair via break-induced
replication, and DNA duplex unwinding, all of which fall within the biological process
category. In the cellular component category, nucleoplasm was matched. In the molecular
function category, DNA replication origin binding and chromatin binding were matched.
Results from the functional annotation of the DEGs in this cluster (blue dotted line) showed
that these genes were related to the DNA replication process of cell division. DEGs in
the other clustered network within the red dotted line of Figure 2e were matched with
positive regulation of angiogenesis, positive regulation of protein phosphorylation, and
positive regulation of apoptotic process. They were matched only the biological process
category (Table 1). From the changes in gene expression, strong interaction and function,
we considered DEGs within the blue dotted line to be the key DEGs showing the effects
of AS-IV.

Table 1. Functional annotation of clustered DEGs by DAVID in Figure 2e.

Gene network

Clustered genes

Mcm5, Cdc45, Cdc7, Cenpm,
Asf1b, Donson, Tfdp2, Ccdc64,
Cenpn, Brca2, Dbf4, Enahm,

Mcm10, Ttk, Spdl1, Cdc6,
Ndc80, Kif20b, Rad9b, Bora

Mmp9, Atf3, Cyr61, Fos, Il1b,
Tlr1, Egr2, Spp1, Il15, Prlr,

Hoxa2, Hand2

GO
category

Biological
process

- DNA replication
initiation

- Cell division
- Double-strand break

repair via break-induced
replication

- DNA duplex unwinding

- Positive regulation of
angiogenesis

- Positive regulation of
protein
phosphorylation

- Positive regulation of
apoptotic process

Cellular
component - Nucleoplasm (not matched)

Molecular
function

- DNA replication origin
binding

- Chromatin binding
(not matched)

2.1.2. Pathway Mapping of DEGs

DEGs exhibiting 2-fold changes were further analyzed using the KEGG pathway
database to evaluate the effect of AS-IV on signaling in regenerating liver tissues. Re-
markably, DEGs were highly matched with three pathways including MAPK signaling,
PI3K-Akt signaling, and cell cycle pathways (Table 2). The DEGs in these three path-
ways showed similar down-regulated patterns; overall, most matched DEGs were down-
regulated (Figure 3).

Table 2. Results of pathway mapping for 2-fold changed DEGs by AS-IV.

KEGG Pathway Count of Genes
Matched Up-Regulated Down-Regulated

MAPK signaling pathway 24 5 19
PI3K-Akt signaling pathway 22 5 17

Cell cycle pathway 22 1 21
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Figure 3. Results of KEGG pathway mapping. 2-fold changed DEGs were analyzed using the KEGG pathway database.
24, 22, and 22 DEGs were included in cell cycle, MAPK signaling, and PI3K-Akt signaling pathways, respectively. AS-IV
showed down-regulatory effects on these pathways. Only a few DEGs were up-regulated in these three pathways. MAPK
signaling and PI3K-Akt signaling pathways were upstream of the cell cycle pathway. The red and blue color in the figure
indicate up-regulation and down-regulation of genes, respectively. Intensity of color is proportional to fold change.

2.2. Hepatic Proliferation of Regenerating Liver Tissue

Hepatic proliferation of regenerating liver tissue after AS-IV administration was eval-
uated via immunohistochemical staining and Western blot analysis for hepatocyte growth
factor (HGF) (a mitogen for hepatocytes), cyclin D1 (a marker protein for proliferation),
and transforming growth factor β1 (TGF β1) (a terminator for proliferation).

As HGF is a major stimulator of proliferation of hepatocyte during liver regeneration,
the expression of HGF was evaluated to determine the hepato-proliferative signal after
70% PHx. Thus, the ratio of HGF positive cells increased immediately after 70% PHx and
peaked 12 h after PHx. The ratio of immuno-positive cells in the AS-IV group showed a
decrease when compared to controls (Figure 4). Remarkably, immediately after PHx, HGF
expression decreased in half of the control group. Cyclin D1 was evaluated to determine the
level of proliferation of hepatocyte after proliferative signal. It showed different expression.
Cyclin D1 increased since 12 h after PHx with progression for cell cycle. In the AS-IV
group, cyclin D1 expression was markedly decreased at 12 and 24 h after PHx (Figure 5).
Results of Western blot analysis for cyclin D1 showed a decrease similar to that of the
immunohistochemical results in Figure 5 (Figure 6). Cyclin D1 expression was dramatically
decreased by AS-IV 24 h after PHx. TGF β1 was also determined by Western blot analysis to
be a signal of growth regulation (Figure 6). The expression of TGFβ1 showed no difference
12 h after PHx, however, it was slightly increased with AS-IV treatment 24 h after PHx.
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Figure 4. Immunostaining for HGF. HGF-immuno-positive reactions were a brown color after immunostaining. HGF
peaked at 12 h after PHx. The AS-IV group showed a low expression of HGF. Hematoxylin was used as a counter stain.
(Scale bar indicates 100 µm, CV: central vein, n = 3, mean ± standard deviation, *: p < 0.05).

Figure 5. Immunostaining for cyclin D1. Cyclin D1 expression in regenerating liver tissues rapidly increased 12 h after PHx,
peaking at 12 h after PHx then decreasing by 24 h. The AS-IV group showed a low expression of cyclin D1. Hematoxylin
was used as a counter stain. (Scale bar indicates 100 µm, CV: central vein, n = 3, mean ± standard deviation, **: p < 0.01).
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Figure 6. Relative expressions of cyclin D1 and TGF β1. Expression of cyclin D1 and TGFβ1 were analyzed by Western blot
analysis. 12 h after PHx, cyclin D1 expression decreased in the experimental group and decreased further by 24 h while
showing increased TGFβ1 expression. Relative protein expressions are presented as a ratio of the β-actin loading control.
(mean ± standard deviation, n = 3, **: p < 0.01).

3. Discussion

Aastragalus membranaceus is one of the oldest known medicinal plants in traditional
Chinese medicine. The dried root of this plant is called huang qi and an astragaloside
IV (AS-IV) is the core bio-active ingredient of huang qi. Recently, it was reported that
AS-IV showed anti-oxidative, anti-cancer, and hepato-protective activity in a variety of
experiments [41–43]. Looking at recent research, it seems likely that AS-IV has many
pharmacological potential. In 2019 Wei et al. reported that AS-IV could improve liver
cirrhosis [44]. However, the effects of AS-IV on liver regeneration have not yet been
elucidated. The 70% partial hepatectomy (PHx) model has been used in numerous studies
of liver regeneration. In this study, we investigated the effects of AS-IV on liver regeneration
in a 70% PHx model using mRNA sequencing, immunohistochemistry, and Western blot
analysis. Our results suggest that AS-IV could suppress liver regeneration after 70% PHx.
After oral administration of AS-IV, many genes changed their expression significantly
(Figure 2). To determine the effects of AS-IV, we focused on the functions that are carried
out by a group of differently expressed genes (DEGs) rather than the increases or decreases
in expression of each individual gene. From the fold change, corresponding protein
interactions, and function annotation of DEGs, we found 20 key DEGs including Mcm5,
Cdc45, Cdc7, Cenpm, Asf1b, Donson, Tfdp2, Ccdc64, Cenpn, Brca2, Dbf4, Enahm, Mcm10, Ttk,
Spdl1, Cdc6, Ndc80, Kif20b, Rad9b, and Bora, as shown in Figure 2e and Table 1. These genes
showed strong functional relationship with cell division and our research suggests that
these are the core genes responsible for the function of AS-IV in the regenerating liver.
These results provide a potential mechanism for the therapeutic effects of AS-IV. Thus, as it
relates to gene expression levels, by suppressing the genes required for molecular binding
during DNA replication in the nucleus, AS-IV could inhibit DNA replication during cell
division. These results suggest that AS-IV has a potent anti-proliferative effect in the
regenerating liver.

DEGs were further analyzed via the KEGG pathway database to investigate the effects
of AS-IV on proliferative signaling. Three signaling pathways (MAPK signaling pathway,
PI3K-Akt signaling pathway, and cell cycle pathway) were down-regulated by AS-IV
(Table 2, Figure 3). Other researchers have also reported similar down-regulation of MAPK
signaling by AS-IV [45–47]. Decreased hepatocyte growth factor (HGF, hepato-proliferative
signal molecule) and cyclin D1 (proliferation marker protein) expression also suggest
the same anti-proliferative effects (Figures 4 and 5). Furthermore, AS-IV could affect the
growth termination signal as well as could affect proliferative signal. Our extended study
results show increased level of transforming growth factor β1 (TGF β1, growth termination
signal) in the liver 24 h after PHx (Figure 6). In summary, AS-IV was revealed to have
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anti-proliferative effects in the regenerating liver via changes in gene expressions and
protein expressions related to cell division and proliferative signals.

And So, AS-IV showed anti-proliferative effects in regenerating liver tissues. Thus,
for the purpose of tissue regeneration through encouraging normal cell division, it is
likely that AS-IV is unsuitable for liver regeneration. However, AS-IV could be applied
for other purposes, such as for reducing oxidative injury after PHx surgery. After PHx,
the liver is rapidly regenerated. In parallel, oxidative stress also rapidly increased. Some
reports have shown that AS-IV has anti-oxidative and hepato-protective activities [48,49].
Additionally, our results could be used as basic study data for the anti-cancer activities
of AS-IV with other studies. In recent, similar anti-cancer effects of AS-IV were reported
including blocking of MAPK signal, decreased PCNA and Ki67 expression, and trigging
G1 arrest in tumor cell [45,50].

4. Materials and Methods
4.1. Animals and Experimental Design

Male rats (SD strain, 8 weeks) were obtained from DBL Co., Ltd. (Eumseong, Korea).
They were housed in an environmentally controlled room at 25 ± 1 ◦C, 12/12-light/dark
cycle, and relative humidity 60 ± 5% with free access to standard food pellets and water
(ad libitum). All animal experiments and procedures were performed in accordance with
the guidelines for the care and use of laboratory animals of the national institutes of health
(NIH) and after approval by the institutional animal care and use committee (IACUC) at
the Sooonchunhyang University (permission No.: SCH20-0002).

Rats were randomly divided into control and experimental groups depending on
treatment and sacrifice time. Both groups consisted of six rats. Three rats of each group
were sacrificed 12 h after PHx and the other three rats were sacrificed 24 h after PHx. The
rats in the experimental group received intragastric administration of astragaloside IV
(AS-IV, 10 mg/kg) [4,13,19,22,51]. AS-IV was diluted in 1.5 mL of D.W. [52]. AS-IV (product
No. #A3305, purity > 98.0%, HPLC) was purchased from the Tokyo Chemical Industry
Co., Ltd. (Tokyo, Japan). The rats in the control group received the same volume of D.W.
by intragastric administration. AS-IV and D.W. were administrated 2 h before surgery
(Figure 7) [53–58].

To establish the liver regeneration model, a 70% partial hepatectomy (PHx) involving
resection of the median and left lateral lobes was performed under anesthesia as previously
described by Higgins and Anderson [29]. Animals were fasted for 12 h before surgery. Rats
were sacrificed at 12 or 24 h after 70% PHx [39]. Regenerated remnant liver tissue was
collected for analyses.

Figure 7. Administration of AS-IV and 70% PHx. Rats were received 10mg/kg of AS-IV diluted in
D.W. (experimental group) or D.W. (control group) 2 h before 70% PHx and were sacrificed at 12 h or
24 h after PHx.

4.2. RNA Sequencing Analysis

TRIzol® reagent (Invitrogen, Carlsbad, CA, USA) was used for isolation of total RNA
from liver tissue [59]. cDNA libraries were generated and purified using QuantSeq 3′

mRNA-Seq Library Prep Kit for Illumina (LEXOGEN, Vienna, Austria) according to manu-
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facturer’s instructions. High-throughput sequencing was performed as single-end 75 base
pair sequencing using a NextSeq 500 (Illumina, Inc., San Diego, CA, USA). Raw reads
were processed by BBDuk and aligned to the reference genome (rat, rn6, UCSC) using
Bowtie2 [60]. The alignment file was assembled and estimated their abundances. Differen-
tially expressed genes (DEGs) were determined based on counts from unique and multiple
alignments with coverage in the Bedtools. The read count data were processed based
on a quantile normalization method using EdgeR within R [61]. Genes were classified
based on the database for annotation, visualization and integrated discovery (DAVID)
and Medline databases (http://david.abcc.ncifcrf.gov/, accessed on 8 November 2020).
DEGs exhibiting changes more than 2-fold were considered significant [59]. DEGs were
also analyzed via the Kyoto Encyclopedia of Genes and Genomes (KEGG) mapper (ad-
dress: https://www.genome.jp/kegg/tool/map_pathway2.html, accessed on 8 November
2020). DEGs were also analyzed based on protein-protein interactions via multiple protein
searching tool within STRING database (ver. 11.0, address: http://string-db.org/db.org/,
accessed on 8 November 2020).

4.3. Immunohistochemistry

Liver tissue was removed and immediately fixed in 10% neutral buffered formalin.
It was then embedded in paraffin according to the routine process for light microscopy.
The paraffin block was then cut into 4 µm thicknesses by rotary microtome (RM2235, Leica
Biosystems, Germany). Antigen retrieval was conducted with sodium citrate buffer (10 mM,
pH 6.0) at 95 ◦C. Heated sections were cooled for 30 min at room temperature. Sections
were then incubated in 3% H2O2 (#1146, DUCSAN PURE CHEMICALS, Korea) and
incubated in 5% bovine serum albumin (BSA, A7906, Merck KGaA, Darmstadt, Germany).
Primary antibodies against Cyclin D1 (ab134175, Abcam plc., UK) and HGF (ab83760,
Abcam plc., UK) were added. An HRP-conjugated secondary antibody (Thermo fisher
scientific, Waltham, MA, USA) was then added. Immuno-detection was conducted with
3,3′-diaminobenzidine (SIGMAFAST™, Merck KGaA, Darmstadt, Germany). Counter
staining was conducted using hematoxylin. All procedures were carried out in a humidified
chamber to prevent the drying out of tissues. Tissues were observed using a microscope
(CKX53, Olympus, Tokyo, Japan). Counts of positive reacted cells and total cells were
measured by the color deconvolution tool within TMARKER (Ver. 2.146, open-source
software) [62,63].

4.4. Western Blot Analysis

Total protein was extracted from liver tissues using protein extraction solution (PRO-
PREP™, iNtRON BIOTECHNOLOGY, Seongnam, Korea) on ice and was determined
by bicinchoninate (BCA) calorimetric assay kit (#23227, Thermo fisher scientific, USA)
according to manufacturer’s instruction. The protein was separated by 12% SDS-PAGE and
transferred to PVDF (IPVH00010, Merck KGaA, Germany). The PVDF was then blocked
with 5% skim milk (#232100, BD, Franklin Lakes, NJ, USA) and incubated with a primary
antibody diluted in 0.5% skim milk overnight at 4 ◦C. The primary antibody against β-actin
(A5316, Merck KGaA, Darmstadt, Germany) was diluted to 1:6000. Primary antibodies
against cyclin D1 (ab134175) and TGF β1 (ab92486) were purchased from Abcam plc.
(Cambridge, UK) and diluted to 1:3000. The membrane was further incubated with an
HRP-conjugated secondary antibody (Thermo fisher scientific, USA) at room temperature
for 1 h, followed by washing with PBS. Protein expression was detected by enhanced
chemiluminescence (ECL) solution (K-12049-D50, Advansta Inc., San Jose, CA, USA) and
chemiluminescence imaging system (GBox ichemi XL, Syngene, UK). β-actin was used as
loading control. The relative expression level of target protein was expressed as ratio of
β-actin [64].
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4.5. Statistical Analysis

All quantitative data are presented as mean ± standard deviation (SD) from three
independent experiments. Statistical analyses were performed using IBM SPSS statistics
for windows (ver. 25, IBM, New York, NY, USA). Student’s t-tests were used to analyze
differences between control and the experimental group. Data with a p-value less than 0.05
were considered statistically significant. (*: p-value < 0.05, **: p-value < 0.01)

5. Conclusions

Astragaloside IV (AS-IV) is the major bio-active component of huang qi (the dried
root of Astragalus membranaceus, a traditional Chinese medicinal plante). In present study,
we demonstrated the pharmacological effects of AS-IV on regenerating rat liver tissue
after 70% partial hepatectomy. AS-IV down-regulated proliferative signals, genes related
to DNA replication, and cyclin D1 expression (Figure 8). In conclusion, AS-IV showed
anti-proliferative activities in regenerating liver tissue.

Figure 8. Graphical abstract of study. AS-IV suppressed hepatic proliferation of regenerating liver
tissues after 70% PHx.
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Abstract: Increased blood glucose in diabetic individuals results in the formation of advanced
glycation end products (AGEs), causing various adverse effects on kidney cells, thereby leading to
diabetic nephropathy (DN). In this study, the antiglycative potential of Swertiamarin (SM) isolated
from the methanolic extract of E. littorale was explored. The effect of SM on protein glycation was
studied by incubating bovine serum albumin with fructose at 60 ◦C in the presence and absence of
different concentrations of swertiamarin for 24 h. For comparative analysis, metformin was also used
at similar concentrations as SM. Further, to understand the role of SM in preventing DN, in vitro
studies using NRK-52E cells were done by treating cells with methylglyoxal (MG) in the presence and
absence of SM. SM showed better antiglycative potential as compared to metformin. In addition, SM
could prevent the MG mediated pathogenesis in DN by reducing levels of argpyrimidine, oxidative
stress and epithelial mesenchymal transition in kidney cells. SM also downregulated the expression
of interleukin-6, tumor necrosis factor-α and interleukin-1β. This study, for the first time, reports the
antiglycative potential of SM and also provides novel insights into the molecular mechanisms by
which SM prevents toxicity of MG on rat kidney cells.

Keywords: advanced glycation end product (AGE); oxidative stress; epithelial to mesenchymal
transition; AGE-inhibitor; swertiamarin; diabetic nephropathy

1. Introduction

Type 2 Diabetes (T2D) is a metabolic syndrome, which results due to peripheral in-
sulin resistance, affecting both metabolism and the disposal of glucose. The occurrence
of diabetes is accelerating worldwide, with a consequent increase in diabetes associated
complications like diabetic nephropathy (DN), neuropathy, retinopathy, and cardiovascular
complications. Hyperglycaemia is one of the main reasons for causing DN, and various
clinical trials have established that the progression to DN can be slowed and also reversed
by good and strict glycemic controls [1–3]. Elevated blood glucose, which induces reac-
tive oxygen species (ROS) formation, is understood to be one of the main reasons for the
formation of advanced glycation end products (AGEs) in the intracellular and extracel-
lular environment [4]. AGEs are the products of nonenzymatic glycation between free
amino acids and reducing sugar via the Maillard reaction resulting into yellowish-brown
fluorescent and insoluble adducts.

The formation of AGEs is divided into two stages. In the earlier stage, Amadori
product, a stable compound is formed from an unstable Schiff base [5]. Amadori products
can either form reactive dicarbonyls like glyoxal and methylglyoxal (MG) or undergo
various chemical reactions like condensation, dehydration and oxidation to form AGEs.
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The mechanism and the different stages involved in the formation of AGEs are explained
in Supplementary Materials Figure S1. These adducts can alter the normal physiological
functions of a protein upon glycation [6]. This can alter the half-life of the proteins and
affect their physiological clearance. Patients with persistent T2D are established to have
vastly higher levels of AGEs [7]. The role of AGEs in DN has been documented by reports
suggesting the negative correlation between the accumulation of AGEs in plasma and
renal function [8]. AGEs bind to their receptor called receptor for advanced glycation end
products (RAGE) and primarily lead to the generation of ROS and oxidative stress which
further leads to the damage of the renal tubular cells and mesangial cells leading to DN.
Further, AGEs lead to an imbalance between synthesis and degradation of extracellular
matrix components like collagen and cause their accumulation in the mesangium, tubular
interstitial cells and glomerulus basement membrane leading to their hardening, which is a
hallmark feature of DN [9].

Reduced antioxidant defenses have also been reported in diabetic patients thereby
providing acceleration to the development of chronic complications [10]. It is reported
that AGEs could alter the physiological functions of an antioxidant enzyme like super-
oxide dismutase (SOD) and could inactivate it [11]. Glycation has been found to induce
aggregation and structural modifications in catalase by targeting lysine residues [12]. This
reduced antioxidant machinery along with increased ROS due to hyperglycaemia can be
detrimental for a cell. Many synthetic inhibitors that can restrain the formation of AGEs
have been identified and studied but they have been withdrawn back due to their lower
potency and side effects. Therefore, there arises a rationale to identify some inhibitor, which
along with being potent and effective, should have low toxicity.

Traditional and herbal therapies are gaining importance slowly over conventional
medicines due to their advantage of having lower or no side-effects. The molecules present
in the plants are shown to be hypoglycaemic, hypolipidemic, and antioxidant in nature.
Compounds in the plants like phenolics [13], polysaccharides [14] and carotenoids [15],
etc. are shown to possess antiglycative properties. In addition, the regular consumption of
edible products rich in antioxidants and polyphenolic compounds could be beneficial in the
prevention of diabetes and its related complications [16]. Enicostemma littorale commonly
called Mamejava has been shown to possess a hypoglycaemic effect in T2D rats [17]. E. lit-
torale contains important phytoconstituents like gentianine, enicoflavine, gentiocrucine,
swertiamarin (SM), etc., to name a few. SM has been shown to possess anticholinergic [18],
antihyperlipidaemic [19], hypoglycaemic [20] and antioxidant effects [21]. SM in combina-
tion with quercetin, ameliorated T2D and oxidative stress in streptozotocin-treated Wistar
rats [22].

Since glycation is a process associated with increased free radical formation, com-
pounds with antioxidant activities could also act as an inhibitor for the formation of
AGEs [23]. The antiglycation potential of SM has not been explored yet, although there
exists a report where Swertia Chirayata extract, which contains various active molecules
along with SM, showed inhibition of fructose mediated glycation. Given the important role
of SM in diabetes mellitus and its antioxidant potential, the present study was executed
to understand and assess its antiglycation potential. To our knowledge, this is the first
report that shows inhibition of fructose mediated glycation by SM and also unravels the
molecular mechanism involved in its protective role in MG-induced damage on kidney
cells, thereby preventing DN.

2. Results
2.1. Isolation of SM from E. littorale and Characterization Using High-Performance Liquid
Chromatography (HPLC), Fourier-Transform Infrared Spectroscopy (FTIR) and Liquid
Chromatography-Mass Spectra(LC-MS)

Using the solvent chromatography on silica, SM was successfully isolated from E. lit-
torale as confirmed by TLC. The presence of SM was confirmed with reference to the
standard SM using the chloroform: methanol (8:2 v/v) as a mobile phase with Rf of 0.58.
The visualization was done at 254 nm as shown in Figure 1a. By our isolation method, we
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report 7% yield of SM from the methanolic extract of E. littorale, which to our knowledge
is the highest yield obtained until now. To analyze the purity of the isolated sample, the
HPLC of the isolated compound was done and was compared with the standard SM. The
HPLC profiles of the isolated SM (a) and the standard (b) are shown in Figure 1b. Both
the standard and the lab isolated SM gave a characteristic peak at 238 nm, which is the
absorbance maxima of SM as reported earlier. The retention time of the lab isolated SM was
found to be 3.801 which fairly matched to 3.805 of that of the standard with the acetonitrile:
water (10:90 v/v) as the mobile phase.
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Figure 1. (a) TLC profile: Lane 1, 2: Fractions containing SM along with impurities. Lane 3: Standard Lane 4: Methanolic
extract of E. littorale Lane 5: Fraction containing SM in the TLC mobile phase (Chloroform: methanol in 8:2 v/v proportion)
(b) The HPLC chromatogram of SM isolated in the lab (b1) and of the standard SM (b2) at 1 mg/mL using acetonitrile:
water (10:90) as the mobile phase. (c) An overlay of FT-IR spectrum of standard SM (red) and SM isolated in the lab (blue).
(d) The mass spectrum (LC-MS) of isolated swertiamarin showing characteristic m/z of 375.1.

The analysis of the different functional groups present in the isolated sample was
done using FTIR and was also compared with the standard SM. The lab isolated SM fairly
matched the FTIR spectrum of the standard SM as shown in Figure 1c. FTIR spectra of
both, isolated and standard swertiamarin showed definite peaks between wavenumbers
4000–500 cm−1. The characteristic O-H stretch peak was found at 3381 cm−1, C-H stretch
at 2292 cm−1, C=O stretch at 1694 cm−1, C=C stretch at 1617 cm−1, C-O-C at 1411 cm−1,

and C=CH2 stretch at 844 cm−1.This validates the purity of the isolated compound as the
wavenumbers for both compounds (lab isolated SM and standard) match with each other.

The validation of the molecular weight of the isolated SM was done using LC-MS. The
LC-MS spectrum of SM reported earlier showed a molecular ion peak at m/z of 374, and
LC-MS spectrum for SM isolated in our lab as shown in Figure 1d, showed m/z of 375.1 in
positive ion mode, indicating the addition of H+ to the compound, thereby increasing
molecular ion peak by 1, as shown in Merck Index. Together the characterization data
using different methods confirmed the isolated compound to be SM and by our isolation
method, we report 7% yield of SM from the methanolic extract of E. littorale, which to our
knowledge is the highest yield obtained until now (Figure 1).
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2.2. SM Inhibits the Formation of AGEs

The nonenzymatic glycation of the proteins leads to the formation of AGEs. AGEs
possess characteristic property of fluorescence after glycation. The formation of AGEs was
analyzed by checking the fluorescence at excitation and emission wavelengths of 370 nm
and 440 nm, respectively. The fluorescence intensity was used as a measure of glycation,
i.e., higher the intensity of fluorescence, the higher is the glycation of proteins. The intensity
of fluorescence was significantly decreased (p≤ 0.0001) in SM treated samples as compared
to untreated samples that contained neither SM nor metformin. In addition, SM could
inhibit the formation of AGEs better than metformin (p < 0.0001) at similar doses (Figure 2).
This indicates that SM could be a better glycation inhibitor and therefore can prevent the
formation of endogenous AGEs due to persistent hyperglycaemia in diabetic subjects.
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Figure 2. The intensity of fluorescence of AGEs in the presence and absence of swertiamarin (SM)
and its comparison with metformin (M) at different concentrations measured using an excitation
wavelength of 370 nm and an emission wavelength of 440 nm. The results are Mean ± SD of 3
individual experiments. #### p < 0.0001 represents comparison between bovine serum albumin (BSA)
negative and BSA + Fructose (Fru) group. **** p < 0.0001 represents the statistical significance w.r.t
the BSA + Fru group. aaaa p < 0.0001 represents the comparison between SM and M.

2.3. SM Reduces Fructose Mediated Hyperchromicity

Glycation of the proteins results in the structural changes of the proteins, which
modifies their characteristic UV absorption spectrum. The changes in the structure of
BSA and its absorbance were additionally analyzed by spectrophotometer (Figure 3a). As
shown in Figure 3b, compared to normal BSA (Black line), glycated BSA (Blue line) shown
increased absorbance and hyperchromicity (89%) due to fructose mediated changes in the
structure of bovine serum albumin (BSA). SM could prevent the fructose mediated changes
in the BSA (Green line) as depicted by reduced hyperchromicity (57.9%) indicating the
inhibition of glycation (p < 0.0054) (Figure 3c).
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Figure 3. Antiglycative effect of swertiamarin at 100 µg/mL (SM 100) as shown by absorbance at 280 nm using UV-
spectrophotometer (a), the structural changes as seen by the shift in the peaks due to glycation (b), suggesting hyperchromic-
ity (c). The results are Mean ± SD of 3 individual experiments. **** p < 0.0001, ** p < 0.054241.

2.4. SM Reduces Carbonyl Content in the Glycated BSA

The carbonyl content was analysed as a marker for oxidation of protein during glyca-
tion. As shown in Figure 4, the glycated BSA showed remarkably higher carbonyl content
upon the reaction with fructose, indicating the formation of radicals and dicarbonyls via
Maillard reaction (*** p < 0.001). The treatment with SM could significantly limit the for-
mation of carbonyls, which is due to its ability to scavenge free radicals as an antioxidant
(** p < 0.01).
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Figure 4. Estimation of carbonyl content. As compared to the native BSA, glycated BSA showed
remarkably higher level of carbonyl content. The treatment with SM showed reduction in the
carbonyl content, as compared to the glycated BSA. (*** p < 0.001 and ** p < 0.01). Results are mean ±
SD of 3 individual experiments.

2.5. SM Prevents Fructose Mediated Side-Chain Modifications in BSA

The modifications in the functional group in the side chains of the BSA was analysed
using FTIR. As shown in Figure 5, FTIR spectrum of the native BSA showed a peak at
1655 cm−1 corresponding to amide I, while red-shift was observed in case of glycated
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samples, where the amide I shifted to 1651 cm−1. The treatment with SM showed a
minor shift, indicating the relatively stable BSA molecule, as the amide I shift indicates
the presence of α-helical structure in the protein. The amide III band shifted 9 cm−1,
from 1245 cm−1 to lower wavenumber 1236 cm−1 in the glycated BSA as compared to
native BSA. However, the treatment of glycated BSA with SM did not show major shift in
the wavenumber compared to native BSA with wavenumber 1242 cm−1. Together these
results indicate that glycated BSA exhibited various side-chain modifications, affecting
the structure of BSA upon glycation. Table 1 shows the different bands and wavenumbers
obtained in all the samples.
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Figure 5. FTIR spectra of BSA (black line), glycated BSA (red line) and the glycated BSA treated with
SM (blue line).

Table 1. Comparative analysis of bands and wavenumbers in all samples.

Samples
Bands and Wavenumber (cm−1)

Amide I Amide III

Native BSA 1655 1245

Glycated BSA 1651 1236

Glycated BSA + SM 1654 1242

2.6. Effect of MG and SM on the Viability of NRK-52E Cells

The toxicity of MG on NRK-52E cells was analyzed for fixing the dose for further
experiments on NRK-52E. The treatment with MG induced cell death of NRK-52E and the
dose-dependent decrease in cell viability was observed with an increase in the concentration
of MG (p < 0.0001) (Figure 6a). To determine the dose of MG to be used for further
experiments with NRK-52E, we determined the IC50 value for MG, which was found to be
200 µM and therefore the cells were challenged with 200 µM MG for testing the protective
effects of SM in presence of MG. However, SM did not show any toxicity on NRK-52E cells
at all the different concentrations used for the experiment (Figure 6b).
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Figure 7. Morphology of NRK-52E cells in each treatment group at 24 h. The untreated NRK-52E cells showed its charac-

teristic epithelial morphology (a). The treatment with 200 µM MG changed the epithelial morphology of NRK-52E cells to 

elongated fibroblast like morphology, indicated with arrows (b). Cotreatment with 100 µg/mL SM prevented MG—in-
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under 10× objective. 

2.8. SM Alleviates the Formation of Argpyrimidine Like AGEs in NRK-52E Cells 

Figure 6. (a) The effect MG on the cell viability in NRK-52E cells. NRK-52E cells when treated with different concentrations
of MG caused cell death in a dose-dependent manner as compared to control. (b) The cytotoxicity of SM was checked on
NRK-52E cells. The treatment with SM did not show any toxicity on the NRK-52E cells at various concentrations. Results
are Mean ± SD of 3 individual experiments.

2.7. SM Improves the Morphology of the NRK-52E Cells and Ameliorates against
MG-Induced Damage

The effect of MG on the morphology of NRK-52E cells can be seen in Figure 7. MG
treatment on the cells changed the cobblestone morphology of NRK-52E cells to a round
and elongated fibroblast-like shape, indicating the cellular damage due to MG, which was
prevented when the cells were treated with MG along with SM. The morphological changes
are indicative of various inflammatory changes occurred due to the presence of MG, which
was ameliorated by SM, as seen by the intact epithelial morphology of NRK-52E cells.
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2.8. SM Alleviates the Formation of Argpyrimidine Like AGEs in NRK-52E Cells 

Figure 7. Morphology of NRK-52E cells in each treatment group at 24 h. The untreated NRK-52E cells showed its
characteristic epithelial morphology (a). The treatment with 200 µM MG changed the epithelial morphology of NRK-52E
cells to elongated fibroblast like morphology, indicated with arrows (b). Cotreatment with 100 µg/mL SM prevented
MG—induced morphological changes in NRK-52E cells (c). Above images are representative microscopy images of each
group under 10× objective.
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2.8. SM Alleviates the Formation of Argpyrimidine Like AGEs in NRK-52E Cells

Dicarbonyls like MG react with arginine in the proteins to form AGEs. Argpyrimidine
is a major modification of amino acid arginine by MG. As shown in Figure 8 NRK-52E
cells when treated with MG showed higher levels of argpyrimidine as compared to the
untreated cells. The treatment of SM along with MG alleviated the levels of argpyrimidine
which could be due to the inhibition of modification of arginine by MG, thereby reducing
the glycation induced damage to the cells.
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Figure 8. Detection of argpyrimidine levels. As compared to the control group, treatment with
200 µM MG in the NRK-52E cells after 24 h resulted in the formation of argpyrimidine by MG-induced
modifications of arginine which could be prevented in MG and 100 µg/mL SM cotreatment group
(* p < 0.05). Results are Mean ± SD of 3 individual experiments.

2.9. SM Alleviates the Formation of MG—Induced ROS and Mitigates the Oxidative Stress in
NRK-52E Cells

The treatment with MG on NRK-52E cells resulted in the elevated oxidative stress,
which could be due to the increased levels of AGEs formation in the presence of MG. In-
creased oxidative stress leads to the peroxidation of lipids resulting in the formation of
malondialdehyde (MDA), a marker for oxidative stress in the cells. MG treatment in the
NRK-52E cells exacerbated the levels of MDA as measured by HPLC (Figure 9a). This was
ameliorated by the treatment of SM as seen by the reduced MDA levels. Oxidative stress
further increased the formation of ROS in the cells, measured through fluorescence spec-
troscopy (Figure 9b). Treatment with SM in the presence of MG, prevented the formation
of ROS, thereby unraveling the role of SM in preventing the MG—induced oxidative stress.
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Figure 9. (a) HPLC chromatograms of MDA measured from NRK-52E cells after DNPH derivatization. The treatment with
200 µM MG in NRK-52E cells increased the levels of MDA measured using ODS2 reverse phase column in the presence of
acetonitrile and milliQ water containing 0.2% acetic acid, with a ratio 38:62 respectively as the mobile phase. Treatment
with 100 µg/mL SM in the presence of MG attenuated the production of MDA. (b) The levels of ROS were also measured
using fluorescence spectroscopy with excitation and emission wavelengths 495 nm and 529 nm, respectively. Treatment
with SM in the presence of MG could inhibit the elevation of ROS significantly (** p < 0.01) as shown in MG treated group
(** p < 0.01), proving the antioxidative characteristic of SM. Results are Mean ± SD of 3 individual experiments.

2.10. SM Alleviates MG—Induced ER Stress in NRK-52E Cells

The treatment of the NRK-52E cells with MG leads to the production of AGEs which
further results in the upregulation of ER stress by activating the unfolded protein response
(UPR). The mRNA expression of ER stress markers like CCAAT-enhancer-binding protein
homologous protein (CHOP) and glucose regulatory protein 78 (Grp78) were upregulated
in the MG-treated NRK-52E cells. The treatment with SM along with MG could alleviate the
upregulation of CHOP and Grp78, indicating the protection against ER stress (Figure 10).
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 Figure 10. mRNA expression of ER stress genes (a) CHOP and (b) Grp-78 using qRT-PCR. The expression of CHOP and
Grp78 was significantly upregulated in MG-exposed cells as compared to the untreated control NRK-52E cells after 24 h.
The treatment with 100 µg/mL SM along with 200 µM MG could alleviate the upregulation of CHOP and Grp78, indicating
the protection against ER stress. Results are Mean ± SD of 3 individual experiments analysed by ANOVA. The symbol
*** p < 0.001 indicates the comparison of MG group w.r.t control and # p < 0.05, ### p < 0.001 indicates the comparison of SM
group w.r.t. MG group.
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2.11. Treatment with SM Improves the Inflammatory Response in MG Treated NRK-52E Cells

Cells when treated with 200 µM MG caused the upregulation of the mRNA levels of
RAGE, that could be due to elevated levels of AGEs in MG-treated NRK-52E cells. The
interaction of RAGE with AGEs and MG alone induced oxidative stress which resulted
in the upregulation of ROS via increased NADPH oxidase levels in NRK-52E cells. The
oxidative stress and the upregulated expression of RAGE induced the expression of var-
ious proinflammatory cytokines like interleukin-6 (IL-6), tumor necrosis factor-α (TNF-
α), interleukin-1β (IL-1β) and inducible nitric oxide synthase (iNOS) in the cells treated
with MG as compared to untreated control NRK-52E cells. This further exacerbated the
expression of cell adhesion molecules like intracellular cell adhesion molecule-1 (ICAM-1)
and monocyte chemoattractant protein-1 (MCP-1) in NRK-52E cells, leading to inflam-
mation and cellular injury to kidney cells. Nonetheless, SM treatment at a concentration
of 100 µg/mL to MG exposed cells (Figure 11) could prevent the upregulation of all the
inflammatory cytokines under investigation (#### p < 0.0001; ### p < 0.001; ## p < 0.01),
therefore explaining the preventive role of SM in inflammation of kidney cells.
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(h) MCP-1 in MG-treated NRK-52E cells alone and SM for 24 h. The gene expression levels were calculated after normalizing
against housekeeping 18S rRNA and are presented as relative mRNA expression units. Values represent mean ± SD of 3 in-
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# p < 0.05, ## p < 0.01, #### p < 0.0001 indicate the comparison between MG and SM group.
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2.12. SM Improves MG-Induced Epithelial Mesenchymal Transition (EMT) in NRK-52E Cells

NRK-52E cells when treated with MG, showed morphological changes and the epithe-
lial nature of cells changed to elongated, and fibroblast-like phenotype (Figure 10), possibly
due to epithelial-mesenchymal transformation (EMT). SM treated group, did not show
any change in the epithelial morphology of NRK-52E cells. MG induces the upregulation
of p38 MAPK and also the downstream signaling by activating the transcription factors
leading to various molecular changes in the kidney cells. It is previously reported that
transforming growth factor- β (TGF-β) plays a very crucial role in the pathogenesis of
DN. TGF-β induces the upregulation of fibroblast markers like alpha-smooth muscle actin
(α-SMA), and fibronectin-1, along with downregulation of epithelial marker E-cadherin.
Treatment with MG showed upregulated expression of these markers in NRK-52E cells
which was ameliorated in the cells cotreated with MG and SM. These results indicate that
MG induces the EMT changes in epithelial NRK-52E cells (Figure 12). As oxidative stress
plays a very important role in the development of renal fibrosis via EMT, we also analyzed
the levels of key intracellular antioxidant machinery like nuclear factor (erythroid-derived
2)-like 2 (Nrf-2) and heme oxygenase-1 (HO-1) expression levels. The treatment with MG in
NRK-52E cells significantly attenuated the levels of Nrf-2 and HO-1, which were induced
by the treatment with SM. Together these results indicate that SM ameliorated EMT in
NRK-52E cells by inhibiting the expression of TGF-β via upregulation of HO-1 and Nrf-2
(Figure 12). As shown in Figure 13, MG treatment upregulated the protein levels of TGF-β
and decreased the levels of HO-1, which was alleviated by SM treatment.
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2.13. SM Shows Better Affinity and Binding with RAGE as Compared to Argpyrimidine

AGEs interact with their cellular receptor RAGE and initiate the inflammatory path-
ways by production of proinflammatory cytokines which further results in the oxidative
stress. The selective inhibition of AGE-RAGE axis by preventing the binding of AGEs with
RAGE can inhibit the deleterious effects observed due to their interaction. Therapeutic
molecules that can bind with RAGE, thereby blocking the binding of AGEs with RAGE can
be used as an approach to attenuate the progression of DN. In our study we have shown
that SM not only reduces the expression of RAGE but also reduces the levels of AGEs
like Argpyrimidine which is formed in the presence of MG. Therefore, to understand the
possible role and mechanism of how SM prevents the MG-induced damage on NRK-52E
cells, we adopted an in silico approach, where we checked if SM could interact with RAGE
so as to prevent the binding of AGEs and therefore inhibit the activation of AGE-RAGE
axis. Therefore, we docked both SM and Argpyrimidine with RAGE to check the affinity of
both the ligands with RAGE. A total of 13 different molecules that encompassed different
states of SM and Argpyrimidine were generated by LigPrep module. All the ligands and
their various states were docked in the upstream C-Domain Type 1 using the Glide XP
module. Further, the molecules were quantitatively evaluated based on their scores and
qualitatively based on the type of interactions made with the residues of the amino acids.
The chemical structures of the ligands are shown is Figure 14.
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SM showed a G score of −4.7 kcal/mol while the docking score was −4.7 kcal/mol.
The interactions formed by this ligand are as follows: OH acts as hydrogen bond acceptor for
Leu 163 and Glu 174, and as a hydrogen bond donor to the amino acid Trp 156 (Figure 15a).
Argpyrimidine on the other hand showed G score of −2.75 kcal/mol while the docking
score is −2.73 kcal/mol. The interactions formed by this ligand are as follows: O− acts
as hydrogen bond acceptor for TRP 156, and hydrogen from amino group as a hydrogen
bond donor to the amino acids Leu 154 and Glu 174. Further, the protonated nitrogen of
argpyrimidine forms a salt bridge with GLU 174 (Figure 15b). Table 2 summarizes different
interactions between SM-RAGE and Argpyrimidine-RAGE docking.
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Table 2. Interaction of ligands, type of interaction and total binding energies of RAGE with SM and Argpyrimidine.

Sr.
No. Interaction Point Interaction Donor Atom Acceptor Atom Type of

Interaction

Bond
Distance

(Å)

Energy Binding
(G Score) (kcal/mol)

1
RAGE:

Swertiamarin

Trp 156–Swertiamarin Trp 156: H Swertiamarin: O Hydrogen Bond 2.62

−4.7

Leu 163–Swertiamarin Swertiamarin: H Leu 163: O Hydrogen Bond 1.90

Leu 163–Swertiamarin Swertiamarin: H Leu 163: O Hydrogen Bond 1.90

Glu 174–Swertiamarin Swertiamarin: H Glu 174: O Hydrogen Bond 2.23

Glu 174–Swertiamarin Swertiamarin: H Glu 174: O Hydrogen Bond 1.75

2
RAGE:

Argpyrimidine

Leu 154–Argpyrimidine Argpyrimidine: H Leu 154: O Hydrogen Bond 2.21

−2.75
Trp 156–Argpyrimidine Trp 156: H Argpyrimidine: O Hydrogen Bond 2.38

Glu 174–Argpyrimidine Argpyrimidine: H Glu 174: O Hydrogen Bond 1.82

Glu 174–Argpyrimidine Argpyrimidine: N Glu 174: O Electrostatic
Interaction 2.82

211



Molecules 2021, 26, 2748

3. Discussion

In the present study, we report isolation of SM and its role in inhibiting the formation
of AGEs. The SM was isolated in the lab from E. littorale with better yield (7%) by column
chromatography, which to our knowledge is the highest yield using silica of 60–120 mesh
size as compared to the 5% yield obtained using silica based column chromatography [24],
0.6% using sephadex LH-20 column [25] and 2% using centrifugal partition chromatogra-
phy [26]. The absorbance maxima of isolated SM matched with the absorbance maxima
of the SM isolated by Rana et al. in the HPLC [26] and with the UV spectral analysis by
Vishwakarma et al. to be at 238 nm [24,27]. The molecular ion peak of the isolated SM
was 375.1 which matched with the results obtained in the literature along with their FT-IR
fingerprint, proving the isolated compound to be SM [28]. Owing to its various properties
like anticholinergic [18] antihyperlipidaemic [19] and given the important role of SM in
diabetes mellitus [20] and its antioxidant potential [29], the present study was executed to
understand and assess its antiglycation potential.

The persistent hyperglycaemia in the blood leads to the production of ROS which
results in the oxidative stress. Oxidative stress results not only due to excessive ROS
but may also result due to the defects or impairment in the antioxidant enzymes which
otherwise can clear the ROS [30]. Increased blood glucose exacerbates the formation of
ROS and is one of the prime reasons for AGEs formation, which further leads to various
complications of T2D like DN [31–33]. Free radicals formed due to higher glucose levels
can induce the formation of AGEs from Amadori products [34]. This is explained by the
study which shows the increased levels of MG in the blood of diabetics as compared to
nondiabetic individuals [35] and also supported by a study proving the accumulation of
AGEs in most DN patients [36]. Under diabetic conditions, the excess of glucose leads
to the activation of polyol pathway, resulting in the formation of fructose [37]. Fructose
leads to the formation of AGEs and ROS by promoting the glycation of proteins and
lipids, also aided by MG which is a dicarbonyl formed during glycolytic pathway for
glucose metabolism [38]. Hence, preventing the glycation induced by fructose and MG
could be one of the prime strategies to inhibit the formation of AGEs and prevent the
diabetes related complications [39]. We, therefore assessed the potential of SM in inhibiting
the fructose induced glycation. Fructose mediated glycation of proteins increases their
fluorescence intensity at 440 nm which is due to formation of AGEs [40]. In the extant
study, BSA glycated with fructose showed increased fluorescence intensity as compared to
BSA treated with fructose in the presence of SM, which explains the role of SM in being
able to prevent the formation of AGEs. To understand the potency of SM in being able to
prevent the formation of AGEs, we compared it with metformin which is already known
to prevent MG mediated glycation of albumin and also prevent renal tubular injury [41,42].
SM at similar dose to that of metformin could significantly inhibit the formation of AGEs
much better as compared to metformin, which proves it to a better glycation inhibitor
than metformin. The glycation of the BSA results in the increase in the carbonyl content,
indicative of oxidative changes in the BSA [43]. In the present study, in accordance with
the literature, we found increased carbonyl content in the glycated BSA. The treatment of
SM in presence of glycated BSA, could reduce the carbonyl content, which possibly can be
attributed to the antioxidative potential of SM.

The glycation induced by fructose leads to the modifications of various proteins, which
renders the loss of function of proteins. This can be understood by hyperchromicity that
can be attributed to the loss or fragmentation of the proteins, which causes the exposure of
the aromatic amino acids responsible for its higher absorption at 280 nm [44]. It is of prime
importance to understand the changes in the proteins caused due to their frutosylation,
as the concentration of fructose increases up to as high as 5 mM in the kidneys and
peripheral nerves due to polyol pathway [45] The structural changes as understood by
hyperchromicity could be due to side chain modifications in the proteins due to glycation.
Such modifications lead towards the structural as well as functional group modifications
in the proteins, which can be analysed by FT-IR. We found the changes in the peaks
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corresponding to amide I from 1655 cm−1 of the native BSA to 1651 cm−1 in the glycated
BSA. The treatment with SM showed a minor shift, indicating the relatively stable BSA
molecule. The amide I band is a characteristic feature attributed to α-helix in the protein,
and the decrease in the wavenumber indicates loss of α-helix in the glycated BSA, and
therefore the structural change in the BSA due to glycation. Similarly, the amide III band
of native BSA shifted from 1245 cm−1 to lower wavenumber 1236 cm−1 in the glycated
BSA as compared to native BSA and the treatment of glycated BSA with SM did not show
major shift in the wavenumber compared to native BSA with wavenumber 1242 cm−1. The
pronounced effect on shifting of amide III wavenumbers could be due to increase in the
β-sheet and β-turns in the glycated BSA sample [46]. The treatment with SM however
prevented the structural changes in the BSA as indicated by minor shift, suggesting the
preventive role of SM in inhibiting the glycation induced structural changes in the protein.
Our results show that the fructose mediated glycation was prevented when the glycation
of BSA by fructose was carried out in presence of SM, as seen by reduced hyperchromicity
which indicates the role of SM in preventing the fructose or AGEs mediated damage to
kidney cells.

As discussed earlier, AGEs lead to the formation of ROS, which results in the oxidative
stress. The formation of ROS and the repair of the damage caused due to ROS and oxidative
stress is normally rescued in the cells by its antioxidant enzyme machinery comprising of
antioxidant enzymes like catalase and SOD. However, glycation of enzymes like catalase
and SOD lead to the loss of their activity, rendering an imbalance in homeostasis of oxidants
and antioxidants in the cell [47]. ROS being toxic to kidney cells promotes cell death by
inflammatory and fibrogenic reactions in the kidney cells [48]. Therefore, to understand
the cellular effects of AGEs and how SM could prevent AGEs mediated progression of DN,
we used an in vitro MG-induced model of DN. The concentration of MG to be used in the
study was determined using MTT based cell viability assay. The dose-dependent decrease
in the cell viability was observed, possibly because MG with increasing concentration may
have induced apoptosis in the cells. Since nearly 50% cell death was observed at 199.5 µM
concentration of MG, we chose 200 µM MG concentration for our further experiments,
which was supported by the studies on rat mesangial cells, where 200 µM MG resulted in
apoptosis of mesangial cells after 8 h of incubation with MG [49].

MG in particular can act as a source to the formation of a specific fluorescent AGE
called Argpyrimidine, which is formed by a reaction of MG with the guanidine group of
arginine [38]. Argpyrimidine was also found to be accumulated in the intima and media of
small arteries of the kidneys of diabetic patients, which suggested its role in the progression
of DN [50]. Approximately two to three-fold higher levels of argpyrimidine are found
in diabetic patients as compared to nondiabetic individuals. The argpyrimidine levels
also are found to positively correlate with glycosylated hemoglobin [51]. Higher levels of
argpyrimidine were found to be present in the mesangial cells of rat kidney cultured in
high glucose-containing medium [52]. Our study shows that SM can prevent the formation
of AGEs and specifically could also inhibit the formation of MG mediated argpyrimidine
formation in NRK-52 E cells. We also found increased levels of ROS in MG treated cells
which as discussed earlier could be possibly due to the formation of AGEs [34]. However,
the cells treated with SM along with MG showed reduced ROS, suggesting the antiglycative
property of SM.

It is well established that oxidative stress and increased free radical can induce lipid
peroxidation. This is because lipids are most vulnerable to the attack by ROS and reactive
nitrogen species (RNS) [53]. This can generate increased levels of MDA, which is one of the
major mutagenic and toxic products formed during the process of lipid peroxidation [54].
The present study shows that cotreatment of NRK-52E cells with MG and SM reduced the
levels of ROS which led to reduced oxidative stress as evidenced by decreased production of
MDA, which otherwise was higher due to lipid peroxidation in MG treated NRK-52E cells.
Chronic hyperglycaemia, if unmanaged, not only culminates into various complications
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but also leads to pancreatic β-cell death. In a recent study, it was shown that MG leads to
β-cell death by the formation of AGEs [55].

The MG mediated AGEs could readily interact with their membrane-bound receptor
RAGE and result in the kidney dysfunction by inducing chronic inflammation. In a study
on OVE26 mouse, it was shown that RAGE deletion could prevent renal function in diabetic
mice, thereby explaining the crucial role played by RAGE in DN [56]. Therefore, elucidating
the role of SM in MG-mediated RAGE expression became crucial, and we found that SM
could decrease the mRNA expression of RAGE as compared to that of MG-treated cells. The
activation of RAGE due to AGEs can lead to various inflammatory reactions as discussed
earlier, by inducing the expressions of inflammatory markers like NADPH oxidase, TNF-α,
IL-1β, IL-6, which gets accelerated due to the expression of cellular adhesion molecules
like ICAM-1 [57]. In the current study, we found that treatment of MG not only induced
the up regulated expression of proinflammatory cytokines like TNF-α, IL-1β, IL-6 but
also of NADPH oxidase and ICAM-1, which was ameliorated in the cells treated with SM
along with MG. The interaction of RAGE with AGEs can lead to the generation of ROS via
NADPH oxidase which can promote the expression of TGF-β via NFκB, mitogen-activated
protein kinase (MAPK), or PKC pathways in mesangial and renal tubulointerstitial cells in
the kidneys [58]. We in the current study showed the MG mediated upregulation of p38
MAPK, which by further activation of inflammatory cascades led to the increase in the
pro-inflammatory markers, causing the progression towards DN.

TGF-β being a pro-fibrotic cytokine plays a very crucial role in the renal fibrosis
via EMT. EMT remains a very important phenomenon in the pathogenesis of DN, as it
induces the expression of pro-fibrotic markers and mesenchymal markers like fibronectin
1 and α-SMA, inducing the tubulointerstitial fibrosis [59,60]. In addition, inhibition of
particular stages involved in EMT, reduced the formation of fibrotic lesions in the kidney
and therefore EMT is being considered to be significant in the development of DN [61–63].
We found that MG exposure changed the epithelial morphology of NRK-52E to more
extended, fibroblast-like morphology, possibly due to higher mRNA expression of TGF-β
as compared to lower expression of TGF-β in the cells co-treated with SM and MG. In the
current study, MG induced the expression of fibronectin 1 and α-SMA along decreasing
the epithelial marker e-cadherin, confirming the MG mediated EMT. These changes were
prevented by SM. Our results are in agreement with a previous study, where TGF-β led to
fibrosis of renal proximal tubules cells, leading to the death of the cells [64].

AGEs are known to induce pro-inflammatory signaling culminating in oxidative stress,
further inducing apoptosis in the nephrons leading to renal fibrosis and therefore DN [65]. It
is well established that ROS and oxidative stress plays a very important role in development
of renal complications including EMT [66]. Therefore, the cellular antioxidants could be
chosen as one of the prime targets for inhibiting EMT. The role of cellular antioxidant
machinery like Nrf-2 and HO-1 has been demonstrated by investigations which showed
that Nrf2−/− mice were highly sensitive to high glucose induced oxidative damage, and
the HO-1 deficiency is associated with increased fibrosis and increased tubular expression
of TGF-β [67,68]. In our study, we found that MG induced downregulation of HO-1 and
Nrf-2 was upregulated in SM treated cells.

To understand the possible mechanism by which SM inhibited the expression of
RAGE, we explored the in silico approach adopted by researchers [69] to analyze the role of
SM in binding with RAGE, thereby blocking the binding of AGEs with RAGE. As MG leads
to the production of Argpyrimidine, we docked both Argpyrimidine and SM with RAGE
to check for their binding energies. Argpyrimidine is known to bind in the C-Domain type
1 present in the RAGE; therefore, we chose the region ranging from 123 to 219 amino acids
for performing the docking [69]. SM showed better binding energy and docking score as
compared to Argpyrimidine, which suggests that RAGE binds with more preference with
SM than Argpyrimidine, thereby blocking the binding of Argpyrimidine with RAGE. The
difference in binding energy is −1.95 kcal/mol. This docking result is complementary to
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the experimental results obtained in vivo, which also shows that binding of Swertiamarin
results in reduction of the AGEs and the expression of its receptor RAGE.

In conclusion, we report that SM inhibits binding of AGEs with RAGE and hence
prevents the activation of RAGE signaling and p38 MAPK, thereby inhibiting the downreg-
ulation of HO-1 and Nrf-2 to prevent the EMT in rat kidney cells.

4. Materials and Methods

Bovine serum albumin (BSA, fraction V) was acquired from Himedia (Mumbai, India).
Potassium bromide (FTIR grade) was obtained from Sigma-Aldrich (St. Louis, MO, USA).
Acetonitrile (HPLC grade), HPLC grade water for HPLC; hexane (AR grade), ethyl acetate
(AR grade) and methanol (AR grade) were acquired from Merck (Darmstadt, Germany) for
the isolation of SM using column chromatography. All the solvents were used in their pure
form without any preprocessing.

4.1. Isolation of SM Using Silica Chromatography

The dry plant E.littorale was acquired from Saurashtra region, Gujarat, India. The plant
was press dried and then powdered in a crusher. The powder was immersed overnight in
double the volume of 70% methanol (SRL, Mumbai, India) and 30% water. The process
was repeated three times for a single batch and then filtered. The filtrate was vacuum
evaporated using a Heidolph rotary evaporator (Schwabach, Germany), to get a dry
hydroalcoholic extract.

To obtain SM from the hydroalcoholic extract, silica based column chromatography
was done. Furthermore, 1 g of hydroalcoholic extract was coated with 3 g silica. The
extract was chromatographed using silica gel (60–120 mesh size, Merck, Germany) with
hexane and then with hexane containing ethyl acetate (60–97%), followed by ethyl acetate
and then with ethyl acetate mixed with methanol in the order of increasing polarity
(0.5–1.5%). Fractions with different polarities were assessed for the presence of SM by
thin-layer chromatography (TLC) using the solvent system of chloroform: methanol (8:2).
The presence of SM was established by co-chromatography of the standard SM (TCI, Japan)
along with different fractions. Fractions with SM were pooled and dried. They were
further purified by precipitating the methanol dissolved residue with nonpolar solvents
like diethyl ether (yield: 7%).

4.2. Characterization of Isolated SM for Its Purity

The characterization as well as the purity of the isolated compound was confirmed by
various methods which included TLC, HPLC, LC-MS and FTIR.

4.2.1. Characterization Using High Performance Liquid Chromatography (HPLC)

For HPLC analysis, the solution of SM isolated in the lab was prepared to achieve a
final concentration of 1 mg/mL in methanol. The samples and solvents to be used as mobile
phases were filtered through 0.2 µm syringe filters (Axiva, India). HPLC was carried out
using the previously described mobile phase for SM with slight modifications by using
acetonitrile: water (10:90) as the mobile phase [70]. The flow rate was 1 mL/min and the
column temperature was maintained at 25 ◦C. The detection wavelength and mode for SM
was 238 nm and photodiode detector (PDA).

4.2.2. Characterization Using Fourier-Transform Infrared Spectroscopy (FTIR) and Mass
Spectrometer (MS)

The isolated compound was analyzed by FTIR for the identification of functional
groups present in the compound. The standard was also used as a reference for the isolated
compound. A homogenous solution of both standard and the compound was individually
prepared in potassium bromide (KBr) and subjected to FTIR spectrophotometer (Ther-
mofisher Scientific, Waltham, MA, USA). The compound isolated was also subjected to
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positive-ion Electrospray Ionization, i.e., ESI using Perkin-Elmer Applied Biosystem Sciex
API 2000 (Waltham, MA, USA) for identification of its characteristic molecular ion peak.

4.3. Analysis of Antiglycative Potential of SM Using In Vitro Glycation Assay

Antiglycative studies were done as suggested by McPherson et al. with slight modifi-
cations [71]. Bovine Serum Albumin (BSA, Himedia, Mumbai, India) and Fructose (Merck,
Darmstadt, Germany) were used to induce glycation. In brief, in a 1.5 mL eppendorf, 100 µL
of 60 mg/mL BSA (20 mg/mL final concentration) was incubated with 100 µL of 1.5 M
fructose (0.5 M final concentration) and 100 µL of potassium phosphate buffer (pH 7.4).
Negative control was incorporated as well, which consisted of 100 µL of 60 mg/mL BSA
(20mg/mL final concentration) and 200 µL of potassium phosphate buffer (pH 7.4). To un-
derstand the antiglycative potential of the compound, the same reaction was carried out in
the presence of varying concentrations of SM (1 µg/mL to 10 µg/mL). For the comparative
studies, metformin was used as a positive antiglycative control at the same concentrations
as of SM. The reaction was incubated at 60 ◦C for 24 h and samples were analyzed for
fluorescence due to AGEs on a Perkin Elmer LS-55 spectrofluorometer (Waltham, MA,
USA) by using an excitation wavelength of 370 nm and an emission wavelength of 440 nm.

4.4. Analysis of Protein Modifications Due to Glycation by UV Absorbance Spectroscopy

The native, glycated BSA and samples in which BSA was glycated in presence of
SM were analyzed for their absorption spectra on Shimadzu UV–1700 spectrophotometer
(Kyoto, Japan) in 200 to 800 nm wavelength range using a quartz cuvette. The samples
were analyzed for the hyperchromic shift due to glycation by fructose as suggested by
Allarakha et al. [45].

4.5. Estimation of Protein Carbonyl Content

The analysis of the carbonyl content as a marker for oxidative damage to protein
due to glycation was done according to the protocol suggested by Meeprom et al. [43].
From each group, 100 µL of the sample was taken and mixed with 400 µL of 10 mM
2,4-dinitrophenylhydrazine (DNPH) prepared in 2.5 M HCl solution, followed by the
incubation for 1 h in the dark. After the incubation, the protein was precipitated on ice using
500 µL of 20% w/v tri-choloroacetic acid (TCA) solution and subjected to centrifugation at
10,000× g for 10 min at 4 ◦C. The protein in the pellet was washed thrice with 500 µL of 1:1
solution of ethanol and ethyl acetate followed by resuspension in 250 µL of 6 M guanidium
hydrochloride solution. The absorbance was recorded at 370 nm and the carbonyl content
was measured using the molar extinction coefficient of DNPH, i.e., ε = 22,000 M−1 cm−1.
The results were expressed as nM carbonyl content/mg of protein.

4.6. Fourier Transform Infrared Spectroscopy of the Protein Samples

To check and analyze the functional and conformational changes in the BSA due to
fructose mediated glycation, FTIR spectroscopy was done as suggested by Liu et al. [46].
The samples were lyophilized and then mixed with FTIR grade KBr in 1: 100 ratio (sample:
KBr) to make a homogenous mixture and pressed to prepare a transparent pellet. The
pellet was subjected to analysis in the transmission mode in the range of 400–4000 cm−1 on
FTIR spectrophotometer (Thermofisher Scientific, Waltham, MA, USA).

4.7. Culturing of NRK-52 E Cells

Normal Rat Kidney (NRK-52E) cell line was acquired from National Centre for Cell
Sciences (NCCS), Pune, India. The cells were cultured in Dulbecco’s Modified Eagle
Medium Low Glucose (5.5 mM/L) medium with 10% fetal bovine serum, 1% L-glutamine,
and 1% penicillin/streptomycin (Thermofisher Scientific, Waltham, MA, USA) at 37 ◦C in
a 5% CO2 incubator. The cells were grown till 80–90% confluency, after which they were
used for experiments with MG in the presence and absence of SM.
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Cell Viability and Dose Determination of MG and SM Using MTT Assay

The concentration of MG (Sigma-Aldrich, St. Louis, MO, USA) used during the experi-
ments was determined by checking MG toxicity on NRK-52E cells using 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay described by Riss et al. [72]. In brief,
1 × 104 cells were seeded in a 96-well plate. After 24 h, cells were exposed to different con-
centrations MG (1 mM, 500 µM, 250 µM, 125 µM, 62.5 µM, 31.25 µM, 15.625 µM, 7.812 µM,
and 3.906 µM), along with an untreated control well, for 24 h. Similarly, the toxicity of SM
was checked on NRK-52E. NRK-52E cells were treated with different concentrations of SM
(50 µg/mL, 100 µg/mL, 150 µg/mL, 200 µg/mL and 250 µg/mL) along with a group left
untreated with SM for 24 h. After treating them for 24 h, 10 µL of MTT solution was added
to each well at a final concentration of 0.5 µg/mL and the cells were incubated at 37 ◦C
in a 5% CO2 atmosphere for 3 h in the dark. Following the incubation period, formazan
crystals formed in each well were solubilized using 100 µL dimethyl sulfoxide (DMSO)
solution. The absorbance was then measured at 570 nm to determine the viability of cells.

4.8. MG Stimulation and Different Treatment Groups

To check the effect of MG on NRK-52E cells, 8 × 105 cells were seeded in a 60 mm
culture plates followed by incubation for 24 h. After this, cells received different treatments
based on the respective groups like control (only growth medium), MG (medium containing
200 µM MG) and MG + SM 100 µg/mL (medium containing 200 µM MG in the presence of
100 µg/mL SM). The effect of MG-induced stress on kidney cells was assayed by checking
the ROS production, lipid peroxidation, argpyrimidine levels and transcript levels of
various genes involved in the progression of DN by qRT PCR.

4.9. Estimation of Argpyrimidine

To estimate the levels of Argpyrimidine, NRK-52E cells (8 × 106 cells/well) were
seeded onto 60mm plates, and the cells were incubated for 24 h. After 24 h, cells were
treated with MG, in the presence and absence of SM for 24 h. After the incubation, the cells
were lysed using the lysis buffer followed by centrifugation at 16,000 rpm for 10 min at 4 ◦C.
The supernatant was then analyzed using a Hitachi F-7000 fluorescence spectrophotometer
(Tokyo, Japan) with an excitation wavelength of 330 nm and an emission wavelength of
380 nm for the presence of Argpyrimidine [51].

4.10. Estimation of Reactive Oxygen Species (ROS)

In order to estimate oxidative stress caused by MG in the presence or absence of
SM, the cells were treated with 200 µM MG alone or along with SM and incubated for
24 h. After treatment, cells were incubated with 5(6)-carboxy-20,70-dichlorofluorescein
Diacetate (Carboxy-H2-DCFDA) (Sigma-Aldrich, St. Louis, MO, USA) in the dark with
a final concentration of 30 µM at 37 ◦C for 1 h. The cells were then harvested, washed
with PBS, and resuspended in PBS. ROS production in the cells was measured by mea-
suring the fluorescence of the sample at an excitation wavelength—485 nm and an emis-
sion wavelength—530 nm, using a fluorescence spectrophotometer (Perkin Elmer LS-55,
Waltham, MA, USA [73].

4.11. Estimation of MDA as a Measure of Lipid Peroxidation by HPLC

Total malondialdehyde (MDA) in the cultured cells was estimated using HPLC by
following the method described by Tukozkan et al. with some modifications [74]. Sum-
marily, the medium was removed from the plates and the cells were rinsed with PBS. Cells
were homogenized in cold 1.15% KCl to make 10% homogenate. 500 µl of the homogenate
was then mixed with 100 µl of 6 M NaOH, and the samples were incubated in a water
bath at 60 ◦C for 45 min. The hydrolyzed sample was then acidified with 250 µL of 35%
perchloric acid. The samples were subjected to centrifugation at 15,000× g for 10 min. After
centrifugation, 250 µL of the supernatant was collected and mixed with 25 µL of DNPH
solution, followed by 10 min incubation in the dark. The samples were then analyzed by
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HPLC in an ODS2 reverse column using acetonitrile: water (38:62) containing 0.2% acetic
acid as a mobile phase. Isocratic conditions were maintained during HPLC with a flow rate
of 1 mL/min and the MDA was detected in the samples at 310 nm with the UV detector
with a retention time of about 10 min. The concentration of MDA was detected in the
sample by comparing it with the standard curve prepared using 1,1,3,3 tetraethoxypropane.

4.12. Isolation of RNA, cDNA Synthesis and Analysis of Gene Expressions of Various Markers
by qRT-PCR

Total RNA was isolated from the control and treated cells using TRIzol reagent. The pu-
rity and concentration of RNA in the sample were measured at 260 nm and A260/A280 ratio
of the sample was determined using NanoDrop 2000 (Thermofisher Scientific, Waltham,
MA, USA). A total of 1 µg RNA was used to synthesize cDNA using first strand cDNA
synthesis kit. For qPCR, maxima SYBR Green/ROX qPCR master mix was used to quantify
the mRNA expression levels for all genes under investigation on the Agilent Strategene
Mx3005P system. The qRT-PCR system comprised of 1 µL cDNA, 0.5 µL of 10 µM FP
(forward primers), 0.5 µL of 10 µM RP (reverse primers), 10 µL SYBR Green Mastermix,
and 8.0 µL milli-Q water in a 20 µL reaction system. qRT-PCR cycling conditions were set
according to Kema, V.H. et al. 2017 [75]. The 2-∆∆Ct method (fold change over basal) was
applied to evaluate mRNA expression levels in both control and treated cells. 18S rRNA
was presented as an internal reference gene control. The list of primer sequences sets used
are tabulated in Table 3.

Table 3. The list of Rattus norvegicus primers used for quantification of mRNA using qRT-PCR.

Sr.
No. Name of the Gene Sense Primer Sequence Antisense Primer Sequence

1. 18s 5′ACGGAAGGGCACCACCAGGA 3′ 5′CACCACCACCCACGGAATCG 3′

2. RAGE 5′ GGTACTGGTTCTTGCTCT 3′ 5′ATTCTAGCTTCTGGGTTG 3′

3. TNF-α 5′ CAAGGAGGAGAAGTTCCCAA 3′ 5′CTCTGCTTGGTGGTTTGCTA 3′

4. ICAM-1 5′CCCCACCTACATACATTCCTAC 3′ 5′ACATTTTCTCCCAGGCATTC 3′

5. NADPH oxidase 5′ GGCATCCCTTTACTCTGACCT 3′ 5′ TGCTGCTCGAATATGAATGG 3′

6. IL-6 5′ GCCCTTCAGGAACAGCTATGA 3′ 5′ TGTCAACAACATCAGTCCCAAGA 3′

7. IL-1β 5′ CCCTGCAGCTGGAGAGTGTGG 3′ 5′ TGTGCTCTGCTTGAGAGGTGCT 3′

8. TGF-β 5′ TGCTTCAGCTCCACAGAGAA 3′ 5′ TGTGTTGGTTGTAGAGGGCA 3′

9. iNOS 5′ TCACTGGGACAGCACAGAAT 3′ 5′ TGTGTCTGCAGATGTGCTGA 3′

10. Fibronectin 5′ CATGGCTTTAGGCGAACCA 3′ 5′ CATCTACATTCGGCAGGTATGG 3′

11. α-SMA 5′ GACCCTGAAGTATCCGATAGAACA 3′ 5′CACGCGAAGCTCGTTATAGAAG 3′

12. E-cadherin 5′ TGATGATGCCCCCAACACTC 3′ 5′ CCAAGCCCTTGGCTGTTTTC 3′

13. p38 MAPK 5′ CGAAATGACCGGCTACGTGG 3′ 5′ CACTTCATCGTAGGTCAGGC 3′

14. Grp78 5′ GAAACTGCCGAGGCGTAT 3′ 5′ ATGTTCTTCTCTCCCTCTCTCTTT 3′

15. CHOP 5′ GAAAGCAGAAACCGGTCCAAT 3′ 5′ GGATGAGATATAGGTGCCCCC 3′

16. MCP-1 5′ CCTCCACCACTATGCAGGTCTC 3′ 5′ GCACGTGGATGCTACAGGC 3′

17. Nrf-2 5′ CAGAGTTTCTTCGCCAGAGG 3′ 5′ TGAGTGTGAGGACCCATCG 3′

18. HO-1 5′ CAAATCCCACCTTGAACACA 3′ 5′ CGACTGACTAATGGCAGCAG 3′

4.13. Estimation of Protein Levels of TGF-β and HO-1 by ELISA

The protein levels of TGF-β and HO-1 were analysed from the cultured NRK-52E
cells after the treatment with 200 µM MG in the absence and presence of 100 µg/mL
SM. Briefly, the cultured cells from different groups were removed using cell scraper
after washing thrice with 1X PBS. The cells were then centrifuged at 1500 rpm for 10 min
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under cooling conditions. The collected cell free supernatant was analyzed as per the
manufacturer’s protocol (Abcam, Cambridge, UK). The levels of TGF-β and HO-1 were
measured in pg/mL.

4.14. Molecular Docking Studies
4.14.1. Homology Modelling

Receptor for Advanced Glycation End Products (RAGE) from Rattus norvegicus con-
sists of 402 amino acids [76]. The FASTA sequence for building up the 3D model was
obtained from UniProt database (UniProt ID: Q63495) [77]. The 3D model of RAGE was
constructed using RAGE (Mus musculus) (PDB ID: 4IM8) as the template as it showed
a sequence identity of 92.04% [76,78]. The 3D model was created using SWISS-MODEL
server which uses homology modelling method, wherein it aligns the amino acid sequence
of the desired protein with the protein that has closest identity to our desired protein and
whose structure has been solved, thus developing a model for the unknown desired protein
whose sequence is known. The generated model was further used for docking studies.
The molecular docking was performed using Glide module (XP) of Maestro software
(Schrodinger) version 12.7.156 (New York, NY, USA) [79].

4.14.2. Protein Preparation Protocol

The protein structure of Receptor for Advanced Glycation End Products (RAGE) from
Rattus norvegicus was constructed using SWISS-MODEL server. The structure so generated
needs to be prepared using protein preparation wizard, which helps in pre-processing,
optimizing hydrogen bonds and minimizing the protein, from its raw state to a better state
which can be useful for the further calculations. The protein was preprocessed by assigning
bond order, adding the missing hydrogen atoms, and converting the selenomethionine to
methionine. The missing side chains and loops were filled in using Prime module, which
is the protein refinement application. The termini were capped with N-acyl and N-methyl
groups and finally, the water molecules which were more than 5 Å away from the het groups
were deleted. A pH of 7.0 ± 2.0 was set in Epik to account for the possible tautomeric state
of amino acid residues. The hydrogen bonds were optimized with PROPKA at a pH of
7. Lastly, the RAGE protein model was minimized using optimized potentials for liquid
simulations 4 (OPLS4) force field [80–82].

4.14.3. Receptor Grid Generation

Receptor grid generation forms the first step of molecular docking protocol. A volume
of the active site is represented by the generated grid file. The ligands of interest are then
docked in this grid. Initially, the minimized protein was selected to generate the grid. It has
been reported in the literature that Argpyrimidine binds to the upstream C-Domain Type
1 in RAGE [69]. Hence, the amino acids from 123 to 219, which represent the upstream
C-Domain Type 1, were selected for generating the grid for docking SM and Argpyrimidine.
The centroid was generated around these amino acids, and further criteria were set to
default, to generate the grid for docking [80–82].

4.14.4. Glide Molecular Docking and Analysis of Docking

Glide is the molecular docking module in Maestro. It has a widespread use from
knowing the ideal interactions between a particular ligand and the protein to screening
large libraries of molecules for high throughput screening. The molecular docking using
Glide starts with procuring the grid file and the Ligprep output file. Further, XP mode was
selected for better accuracy and further criteria were set as default. The docking module
was run and results were obtained and analysed using XP visualizer in Schrodinger [80–82].

4.14.5. Statistical Analysis

All respective experiments were performed at least thrice. Data of the replicates were
calculated as mean ± SD. GraphPad Prism 7 software (GraphPad Software Inc., California
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Corporation, San Diego, CA, USA) was used to analyze the results. The differences between
all groups were analyzed using one way analysis of variance (ANOVA). Variations between
groups were considered to be significant at p values less than or equal to 0.05.

5. Conclusions

The present study depicted the protective effect of SM in inhibiting the formation
of fructose induced AGEs and its role in ameliorating the progression of DN. SM could
prevent the fructose mediated conformational changes in the BSA. The formation of AGEs
like argpyrimidine from MG upon interaction with RAGE led to the increased production
of ROS and therefore resulted in the generation of oxidative stress. Moreover, treatment
with SM in the presence of MG-treated NRK-52E cells prevented the oxidative stress and
inflammation, by upregulating the antioxidants level of Nrf-2 and HO-1, thereby reducing
the activation of TGF-β and prevented against the MG-induced EMT changes in NRK-
52E. We for the first time report here that the inhibition of the of RAGE/ MAPK/ TGF-β
pathway could be a possible mechanism contributing towards protecting effects of SM in
preventing the DN induced changes in NRK-52E cells in presence of MG. In addition, the
current study for the first time demonstrates that the molecular interactions between RAGE
and SM can inhibit the binding of Argpyrimidine and block the AGE-RAGE axis, which
also is supported by the cellular studies. Additionally, this may provide strong evidence
for an in vivo study as a future prospect to unravel the mechanism of SM in inhibiting
AGEs induced DN.

Supplementary Materials: The following are available online, Figure S1: The stages involved in the
formation of advanced glycation end products.
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Abstract: In this novel study, we isolated 28 compounds from the leaves of Aquilaria sinensis (Lour.)
Gilg based on a bioassay-guided procedure and also discovered the possible matrix metalloprotease
2 (MMP-2) and 9 (MMP-9) modulatory effect of pheophorbide A (PA). To evaluate the regulatory
activity on MMP-2 and MMP-9, the HT-1080 human fibrosarcoma cells were treated with various
concentrations of extracted materials and isolated compounds. PA was extracted by methanol from
the leaves of A. sinensis and separated from the fraction of the partitioned ethyl acetate layer. PA is
believed to be an active component for MMP expression since it exhibited significant stimulation
on MMP-2 and proMMP-9 activity. When treating with 50 µM of PA, the expression of MMP-2 and
MMP-9 were increased 1.9-fold and 2.3-fold, respectively. PA also exhibited no cytotoxicity against
HT-1080 cells when the cell viability was monitored. Furthermore, no significant MMP activity
was observed when five PA analogues were evaluated. This study is the first to demonstrate that
C-17 of PA is the deciding factor in determining the bioactivity of the compound. The MMP-2 and
proMMP-9 modulatory activity of PA indicate its potential applications for reducing scar formation
and comparative medical purposes.

Keywords: Aquilaria sinensis; pheophorbide A; MMP-2; MMP-9; HT-1080

1. Introduction

Aquilaria sinensis (Lour.) Gilg is an evergreen woody plant with high economic value
that is widely distributed in the tropical area of China. Possessing analgesic, sedative,
and antiemetic effects, the resinous heartwood of A. sinensis, which is the major source of
agarwood in China, has been used as traditional medicine for centuries [1]. Apart from the
agarwood, the non-medical parts of leaves and flowers are consumed as a healthy herbal tea
as well. The bioactivity of agarwood has been highly valued for years, while studies on the
leaves have still been limited. The major metabolic components of A. sinensis are polysaccha-
rides, amino acids, flavonoids and their glycosides, phenols, and xanthones [2–5]. Previous
studies have reported anti-inflammatory and analgesic activity [6,7], laxative activity [8],
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an α-glucosidase inhibitory effect [2], a nitric oxide inhibitory effect [9], anticancer activ-
ity [10,11], and blood glucose regulatory effects [12] of the isolated compounds and extracts
of A. sinensis leaves. Given the abundance and availability of leaves, there can potentially
be a variety of pharmacological applications of the leaves from A. sinensis.

Matrix metalloproteinases (MMPs) are a family of enzymes important in the regu-
lation of developmental and homeostatic remodeling of the extracellular matrix (ECM).
Family members of MMPs can proteolytically degrade all components of the ECM and
are subdivided into collagenases (MMP-1, -8, -13), gelatinases (MMP-2, -9), stromelysins
(MMP-3, -10, -11), matrilysin (MMP-7), elastase (MMP-12), and MT-MMPs (MMP-14, -15,
-16, -17) [13]. The MMP-2 and MMP-9, also known as gelatinase A and gelatinase B, respec-
tively, share some of the same substrates, such as gelatins, collagens IV and V, aggrecan,
elastin, and vitronectin [14]. MMP-2 can also degrade collagens I, VII, X, XI, β-amyloid
protein precursor, and other substrates [14]. To investigate the effect of components isolated
from A. sinensis on MMPs expression activity, the widely used HT-1080 cell model was
used in this study. The HT1080 cell line is derived from a human fibrosarcoma to mimic
stromal fibroblasts and is sustained to express MMP-2 and MMP-9 [15,16].

In the present study, the phytochemical properties of the components isolated from
A. sinensis leaves and their regulatory effects on MMP-2 and MMP-9 expression were investigated.

2. Results
2.1. Bioassay Guided Compound Isolation from A. sinensis Leaves

In a preliminary biological evaluation, methanolic crude extracts of A. sinensis leaves
demonstrated the ability to promote MMP-2 and MMP-9 activity at a concentration of
100 µg/mL. An investigation of the active principles of this plant was thus undertaken by
using a bioassay guided method. After being partitioned into water (91.34 g), n-butanol
(77.58 g), and ethyl acetate (EA) layers (225.27 g), the effects of these layers (100 µg/mL)
on MMPs expression were evaluated by gelatin zymography. The EA layer was the most
potent (Figure 1).
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Figure 1. Effects of crude extracts and partitioned parts of A. sinensis leaves on MMP-2 and MMP-9
activity. Results of gelatin zymography. CR, crude extracts; EA, ethyl acetate layer; BuOH, butanol
layer; water, water layer.

In order to find the constituents of A. sinensis leaves that regulate MMP-2 and MMP-9
activity, we carried out a biologically guided purification strategy. The EA layer in the
methanol (MeOH) extract of A. sinensis leaves showed potential effects. The subsequent
separation and identification of biologically active ingredients were thus focused on this
layer. The most effective fractions were further fractionated and purified by repeated
chromatography on silica gel columns and semi-preparative HPLC with refractive index
detector to obtain twenty-eight compounds (Figure 2). The representative HPLC trace of
compound AQ20 is shown in Figure 3.
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Figure 3. Representative HPLC trace of compound AQ20. (a) Eluent from RT 15-18 min was collected
in one bottle and subjected to semi-preparative HPLC for further separation. (b) Peak at RT 12.9 min
was collected and identified as AQ20. MP, mobile phase condition.

227



Molecules 2021, 26, 2537

2.2. Compounds Isolated from the Ethyl Acetate Layer of of Aquilaria sinensis Leaves

To analyze the structures of the compounds separated from various fractions of the
EA layer, the spectra from NMR and MS spectroscopic analysis were compared with
the previously reported data. The classifications for identified isolated compounds were
recognized as:

Terpenoids: loliolide (AQ4) [17], phytol (AQ7) [18], squalene (AQ15) [19]; Ligand:
syringaresinol (AQ12) [20]; Phenolics: p-hydroxybenzoic acid (AQ8) [18], β-truxinic acid
(AQ10) [21], p-hydroxyphenethyl trans-ferulate (AQ13) [22]; Lipids: methyl (6Z,9Z,12Z)-
octadecatrienoate (AQ5) [23], palmitic acid and oleic acid (AQ6) [24,25], methyl-2-
hydroxypentanedioate (AQ17) [26], glyceryl -9Z-octadecenate (AQ21) [27], glyceryl 1-
monononadecylate (AQ22) [28], 1-[nonadeca-(9Z,12Z)-dienoyl]-sn-glycerol (AQ23) [29];
Chromones: 7-hydroxy-6-methoxy-2-[2-(4′-methoxyphenyl)ethyl] chromone (AQ11) [30],
6-hydroxy-7-methoxy-2-[2-(3′-hydroxy-4′ -methoxyphenyl)ethyl] chromone (AQ16) [30];
Flavonoids: genkwanin (AQ1) [31], apigenin (AQ2) [32], velutin and pilloin (AQ3) [33,34];

Glycosides: 2-phenylethyl β-glucopyranoside (AQ14) [35], benzyl β-glucopyranoside
(AQ18) [36], iriflophenone 2-O-α-rhamnoside (AQ19) [8], 1-O-caprylyl-2-O-linolenoyl-3-
O-(β-D-glucopyranosyl)- rac-glycerol (AQ24) [37], 1-O-caprylyl-2-O-linoleoyl-3-O-(β-D-
glucopyranosyl)- rac-glycerol (AQ25) [37], 1,2-O-dimyristoyl-3-O-(β-D-glucopyranosyl)-rac-
glycerol (AQ26) [37]; Pheophorbides: methyl pheophorbide A (AQ9) [38], and pheophor-
bide A (PA) (AQ20) (Figure S1) [39].

2.3. Evaluation of Regulatory Effects on MMP-2 and MMP-9 Expression in HT-1080 Cells

The MMP-2 and MMP-9 modulating activity of the pure isolated compounds were
measured at the concentrations of 50 µM in comparison with blank groups. Gelatin
zymography was performed in triplicate, and the data were obtained from independent
zymogram. As shown in Figure 4, the compound AQ20, which was identified as PA,
distinctly increased the expression of MMP-2 and proMMP-9 by 1.9-fold and 2.3-fold
elevation, respectively, with a 99.9% confidence level. While the protein levels of all other
isolated compounds showed no significant difference between that of blank. To determine
the cell toxicity of PA, HT-1080 cells were subjected to MTT cell viability assay in the
presence of 50 µM PA. The cell viability of the HT-1080 cells was 94%, indicating that PA
had no cell toxicity. With the exception of compound AQ3 where viability was 65%, all
other compounds showed more than 75% cell viability.

Numerous concentrations were used to further investigate the dose–response effect of
PA (Table 1 and Figure 5). The data on gelatin zymography were obtained from indepen-
dent zymogram. For MMP-9, the expression levels were significantly elevated (p < 0.001)
at concentrations of 25 and 50 µM. For MMP-2, the stimulating effect was observed at
all of the tested concentrations. The p-value was lower than 0.05 at the concentration of
2.5 µM and lower than 0.001 at concentrations from 5 to 50 µM. Positive dose–response
relationships between PA and the MMPs were clarified since higher expression levels were
obtained along with increased concentrations of PA.

Along with the elevating effects of PA on MMP-2 and MMP-9 activity, the effects on
MMP activity of five analogues of PA—bidenphytins A (20A), 132-hydroxypheophytin
b (20B), (132S)-132-hydroxypheophytin a (20C), bidenphytins B (20D), and (132R)-132-
hydroxypheophytin a (20E) (Figure 6) [40]—were also measured. The tested PA analogues
were isolated in lab from leaves of Biden pilosa in previous study. However, the MMP-2 and
MMP-9 expression levels showed no significant differences between each of the five PA
analogues and blank, indicating that the five analogues had no MMP regulatory activity
(Figure S2).
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Table 1. MMP-2 and MMP-9 activation by PA at various concentrations.

Concentration (µM)
Expression Level (%) 1

pro-MMP9 MMP-2

50 230 ± 11.5 ** 188 ± 6.5 **
25 146 ± 3 ** 163 ± 2.5 **
10 118 ± 16 147 ± 7 **
5 104 ± 4 135 ± 2 **

2.5 104 ± 4 132 ± 11 *
1 The expression level was compared with blank group (100%). * p < 0.05, ** p < 0.001.
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3. Discussion

In this study, 28 compounds were isolated from the leaves of A. sinensis, including
three terpenoids, one ligand, three phenolics, seven lipids, two chromones, four flavonoids,
six glycosides, and two pheophorbides. Among the 28 isolated pure compounds, PA
presented effective promoting activity on MMP-2 and MMP-9.

Increased expression of MMP-2 and MMP-9 was reported to induce tumor angiogen-
esis, inflammation, and cancer metastasis [41]. Additionally, both MMP-2 and MMP-9
participate in the process of wound repair and tissue remodeling [42]. Prolonged and
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sustained MMP-2 expression during dermal wound repair suggested that MMP-2 may
play a role in granulation and early remodeling phases of repair [43]. Upregulation of
MMP-9 expression in the regeneration phase of wound healing can possibly prevent scar
formation [44]. The MMP-2 and MMP-9 upregulatory activity revealed the potential scar
reducing and comparative medical applications of PA.

PA is a metabolic breakdown product of chlorophyII in plants. Until now, various
bioactivities of PA have been reported, including anticancer, antiviral, anti-inflammatory,
antioxidant, immunostimulatory, and anti-parasite activity [45]. PA also serves as a good
photosensitizer that absorbs energy from light to generate reactive oxygen species [46].
The regulatory effect of PA on MMP-2 and MMP-9 expression has also been reported. In
ultraviolet (UV) B-exposed CCD-986sk human fibroblasts, PA and PA-derivatives including
pyroPA and PA methyl ester reduced UVB-induced MMP-1 secretion and mRNA expres-
sion of MMP-1, -2, and -9 [47]. In the present study, expression of MMP-2 and MMP-9
were upregulated by PA in HT-1080 cells. The opposite result may due to the effect of UV
irradiation on PA.

In contrast with PA, the five analogues showed no effect on MMP-2 and MMP-9
expression. In addition, the compound AQ9, identified as methyl PA, did not induce
significant activity either. This can potentially be attributed to the phytol group of the
analogues and the methyl group on C-17 of AQ9. Based on structure–activity relationships,
the structure of the substituent on C-17 was suggested to be a crucial factor influencing
the activity on MMP-2 and MMP-9. This result could potentially contribute to further
investigations of the bioactivity of compounds similar in structure to PA.

4. Materials and Methods
4.1. General

Optical rotations were measured on a JASCO P-1020 digital polarimeter (Tokyo, Japan).
1H- and 13C-NMR were acquired on a Bruker DRX-500 SB spectrometer (Ettlingen, Ger-
many). High-resolution and low-resolution mass spectra were obtained using an ABI
Q-Star XLQ-TOF (Applied Biosystems, Foster, CA, USA) and ABI API 4000 Q-TRAP
(Foster City, CA, USA), respectively. IR spectra were recorded on a JASCO FT/IR 4100
spectrometer (Tokyo, Japan). UV spectra were measured on a Thermo Helios µ spec-
trophotometer (Bellefonte, CA, USA). Silica gel (40–63 µm, Merck, Darmstadt, Germany)
was used for gravity column chromatography. Pre-coated silica gel plates (Si 60 F254,
0.2 mm, Merck, Darmstadt, Germany) were used for analytical TLC. Semi-preparative
HPLC was performed on a Hitachi L-7110 HPLC with a refractive index detector (Thermo
Separation Products, Sunnyvale, CA, USA). A Phenomenex® Luna silica column (5 µm,
10 × 250 mm, Phenomenex, CA, USA) and a VP 250/10 NUCLEODUR C18 HTec column
(5 µm, 10 × 250 mm, MACHEREY-NAGEL, Düren, Germany) were used.

4.2. Plant Material

The leaves of A. sinensis were collected from Changhua County in June 2002 and
were identified by Dr. S. Y. Chen at the Council of Agriculture, Executive Yuan. Voucher
Specimens (No. CKL06012002) were deposited at the School of Pharmacy, Taipei Medical
University, Taipei, Taiwan.

4.3. Extraction and Isolation

The dried leaves (2.9 kg) of A. sinensis were extracted three times with 20 L of MeOH,
then partitioned between EA and water (1:1, v/v). Subsequently, the dried EA layer (190 g)
was pre-coated using 250 g silica gel (70–230 mesh) applied onto a 2500 g silica gel open
column (230–400 mesh) and eluted with mixtures of n-hexane (n-Hex), EA, and MeOH
in a stepwise gradient mode. Ten conditions were used for elution and every 1000 mL of
eluent was collected in one bottle. Eventually, 164 bottles were collected and combined into
10 fractions based on the elution condition. Each bottle of collected eluent was checked for
its composition by TLC dipped in 10% H2SO4 in ethanol for the basis of further normal-
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phase or reversed-phase semi-preparative HPLC analysis. Purity of the compounds was
checked by NMR and was higher than 80%. The structure of the compound was identified
by NMR and MS.

The fraction 2 was eluted with n-Hex/EA (95:5, v/v) and 20 bottles were collected. The
eluents were purified by HPLC on a semi-preparative normal-phase column at a flow rate
of 3 mL/min and afforded 5 (59.0 mg, RT 22.2 min with n-Hex/EA (99:1, v/v)), 6a + 6b
(323.4 mg, RT 18.6 min with n-Hex/EA (90:10, v/v)), 7 (57.2 mg, RT 27.9 min with n-Hex/EA
(90:10, v/v)), and 15 (249.3 mg, RT 6.13 min with n-Hex/EA (99:1, v/v)).

The fraction 3 was eluted with n-Hex/EA (90:10, v/v) and 20 bottles were collected.
The eluents were purified by HPLC on a semi-preparative normal-phase column at a flow
rate of 3 mL/min and afforded 20 (19.3 mg, RT 12.9 min with n-Hex/EA/acetone (80:10:1,
v/v/v)).

The fraction 4 was eluted with n-Hex/EA (80:20, v/v) and 20 bottles were collected.
The eluents were purified by HPLC on a semi-preparative normal-phase column at a flow
rate of 3 mL/min and afforded 8 (47.7 mg, RT 12.2 min with n-Hex/EA (70:30, v/v)) and 9
(13.5 mg, RT 21.7 min with n-Hex/EA (70:30, v/v)).

The fraction 5 was eluted with n-Hex/EA (70:30, v/v) and 19 bottles were collected.
The eluents were purified by HPLC on a semi-preparative normal-phase column at a
flow rate of 3 mL/min and afforded 1 (12.2 mg, RT 14.6 min with n-Hex/EA (60:40, v/v)),
2 (21.8 mg, RT 19.9 min with n-Hex/EA (60:40, v/v)), 3a + 3b (56.8 mg, RT 21.9 min with
n-Hex/EA (60:40, v/v)), 4 (62.0 mg, RT 20.8 min with n-Hex/EA (50:50, v/v)), 11 (17.4 mg, RT
26.2 min with n-Hex/EA (30:70, v/v)), 21 (157.1 mg, RT 67.2 min with n-Hex/EA/acetone
(71:28:1, v/v/v)), 22 (64.2 mg, RT 72.1 min with n-Hex/EA/acetone (71:28:1, v/v/v)), and 23
(206.0 mg, RT 77.7 min with n-Hex/EA/acetone (71:28:1, v/v/v)).

The fraction 6 was eluted with n-Hex/EA (60:40, v/v) and 17 bottles were collected. The
eluents were purified by HPLC on a semi-preparative normal-phase column at a flow rate
of 3 mL/min and afforded 10 (3.7 mg, RT 8.2 min with n-Hex/EA (30:70, v/v)), 12 (43.5 mg,
RT 15.4 min with n-Hex/EA/acetone (64:32:4, v/v/v)), 13 (6.3 mg, RT 18.3 min with n-
Hex/EA/acetone (64:32:4, v/v/v)), and 16 (20.2 mg, RT 24.3 min with n-Hex/EA/acetone
(25:68:7, v/v/v)).

The fraction 7 was eluted with n-Hex/EA (40:60, v/v) and 20 bottles were collected.
The eluents were purified by HPLC on a semi-preparative reversed-phase column at a flow
rate of 2 mL/min and afforded 24 (42.7 mg, RT 8.2 min with MeOH/ACN (40:60, v/v)),
25 (39.1 mg, RT 37.8 min with MeOH/ACN (40:60, v/v)), and 26 (68.6 mg, RT 51.9 min with
MeOH/ACN (40:60, v/v)).

The fraction 8 was eluted with n-Hex/EA (20:80, v/v) and 19 bottles were collected.
The eluents were purified by HPLC on a semi-preparative reversed-phase column at a flow
rate of 2 mL/min and afforded 17 (4.1 mg, RT 10.9 min with MeOH/H2O (40:60, v/v)).

The fraction 9 was eluted with 100% EA and 11 bottles were collected. The eluents
were purified by HPLC on a semi-preparative reversed-phase column at a flow rate of
2 mL/min and afforded 14 (5.7 mg, RT 33.1 min with MeOH/ACN/H2O (12.5:12.6:75,
v/v/v)) and 18 (11.8 mg, RT 24.3 min with MeOH/H2O (1:3, v/v)).

The fraction 10 was eluted with 100% MeOH and 12 bottles were collected. The eluents
were purified by HPLC on a semi-preparative reversed-phase column at a flow rate of
1.5 mL/min and afforded 19 (9.6 mg, RT 29.1 min with MeOH/ACN/H2O (1:1:5, v/v/v)).

4.4. Cell Culture

HT1080 human fibrosarcoma cells were purchased from American Type Culture
Collection (ATCC: CCL-121) and were maintained in a humidified incubator at 37 ◦C in 5%
CO2/95% air. The cells were cultured in RPMI-1640 medium (Gibco) supplemented with
10% heat-inactivated fetal bovine serum, 100 U/mL penicillin, and 100 mg/mL streptomycin.
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4.5. Gelatin Zymography

Gelatin zymography was used to determine the expression of MMP-2 and MMP-9 [48].
HT1080 cell suspension (5 × 105 cells/mL) was seeded in 24-well cell culture plates using
medium supplemented with 0.5% FBS for 24 h for cell adhesion and growth. Subsequently,
the cells were treated with indicated concentrations of samples with vehicle (DMSO) as
blank and phorbol 12-myristate 13-acetate (PMA, 5 µM) as positive control. After 24 h
of incubation, conditioned medium was collected to analyze the activity of MMP-2 and
MMP-9.

4.6. MTT Cell Viability Assay

HT1080 cell suspension (5 × 105 cells/mL) was seeded in 24-well cell culture plates
for 24 h for cell adhesion and growth. After being treated with samples and incubated for
22 h, 5.5 mg/mL MTT were added to the cells and incubated for 2 h. DMSO was added for
cell lysis and OD 550 nm was detected.

Supplementary Materials: The following are available online, Figure S1: NMR spectrum of AQ20;
Figure S2. Effects of the five PA analogues on MMP-2 and MMP-9 expression.
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Abstract: Beta glucan (β-glucan) has promising bioactive properties. Consequently, the use of β-
glucan as a food additive is favored with the dual-purpose potential of increasing the fiber content
of food products and enhancing their health properties. Our aim was to evaluate the biological
activity of β-glucan (antimicrobial, antitoxic, immunostimulatory, and anticancer) extracted from
Saccharomyces cerevisiae using a modified acid-base extraction method. The results demonstrated that
a modified acid-base extraction method gives a higher biological efficacy of β-glucan than in the
water extraction method. Using 0.5 mg dry weight of acid-base extracted β-glucan (AB extracted)
not only succeeded in removing 100% of aflatoxins, but also had a promising antimicrobial activity
against multidrug-resistant bacteria, fungi, and yeast, with minimum inhibitory concentrations
(MIC) of 0.39 and 0.19 mg/mL in the case of resistant Staphylococcus aureus (MRSA) and Pseudomonas
aeruginosa, respectively. In addition, AB extract exhibited a positive immunomodulatory effect,
mediated through the high induction of TNFα, IL-6, IFN-γ, and IL-2. Moreover, AB extract showed
a greater anticancer effect against A549, MDA-MB-232, and HepG-2 cells compared to WI-38 cells,
at high concentrations. By studying the cell death mechanism using flow-cytometry, AB extract
was shown to induce apoptotic cell death at higher concentrations, as in the case of MDA-MB-
231 and HePG-2 cells. In conclusion, the use of a modified AB for β-glucan from Saccharomyces
cerevisiae exerted a promising antimicrobial, immunomodulatory efficacy, and anti-cancer potential.
Future research should focus on evaluating β-glucan in various biological systems and elucidating
the underlying mechanism of action.

Keywords: Saccharomyces cerevisiae; β-glucan; antimicrobial and anticancer activities; detoxifica-
tion ability; immunomodulatory effect

1. Introduction

β-glucan (beta-glucans) is one of the most abundant forms of polysaccharide, with glu-
cose polymers connected by a 1→3 linear β-glycosidic chain hub. The major branching
group in β-glucan are 1→4 or 1→6 glycosidic chains, and its component has highly
variable branches, while depending on the source, its physicochemical properties differ
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significantly [1]. β-Glucans occur in the cell walls of cereals and microorganisms (bacte-
ria and fungi). Yeast cell wall β-glucan consists of 1→3 β-linked glucopyranosyl residues,
with small number of 1→6 β-linked branches [2]. Several potential properties of β-glucans
have been reported in the literature, such as being antioxidant, anti-inflammatory, anti-
cholesterol, anti-ageing, a blood glucose regulator, and an antitumor agent [3,4]. Moreover,
β-glucan can act as an immunomodulatory molecule, which acts via the modification of
the host immune response by the activation of innate immune cells including macrophages,
neutrophils, and granulocytes [5]. Based on both in vitro and in vivo studies, it has been
reported that the innate immune cells, such as macrophages, neutrophils, monocytes,
NK cells, and DCs, as well as T cells which function through Dectin-1, complement recep-
tor 3 (CR3), and TLR-2/6 receptors can be activated by β-glucans [6–8]. More interestingly,
the systemic injection of β-glucan contributed significantly to the regulation of tumor
microenvironment (TME), resulting in the reduction of primary tumor growth and reduce
metastasis, as shown in a preclinical mouse model [9]. Pelley et al. [10] reported that
β-glucan molecules have an impressive characteristics when compared to other molecules,
like being protein-, peptide-, virus-, and virus-like-particle-based immune regulators, in ad-
dition to their low cytotoxic effect. The in vivo tolerant dose was up to 10 mg/kg without
any adverse side effects [11]. β-glucan has a specific immune-modulatory effect through a
specific surface receptor, and it has an attractive chemical structure, with multiple aldehy-
des and hydroxyl groups, which highlight the opportunities for structural modifications
and possible applications as a drug delivery molecule [12]. It was reported that β-glucans
have a strong positive effect on the metabolic control of diabetes [13], wound healing
induction [14], stress normalization, decrease of chronic fatigue syndrome [15], attenuat-
ing cholesterol levels [16], and anticancer activity [17]. In addition, β-glucan can be used as
part of a vaccine for high-risk neuroblastoma [18]. Furthermore, many clinical studies have
revealed the significant contribution of β-glucan to the treatment of chronic respiratory
problems in children [19,20].

Most β-glucan supplements in the western world are obtained from baker’s yeast.
The European Food Safety Authority has approved S. cerevisiae as a new food ingredient [21].
A significant source of β-glucan is the S. cerevisiae cell wall, which contains about 55–65% β-
glucan [22]. β-glucans have different functional characteristics that can be used in the food
industry to make soups, sauces, drinks, and other food items, where they act as stabilizers,
thickeners, and emulsifiers [23]. Natural sources of β-glucan are mushrooms including
Shiitake mushroom (Lentinus edodes) in Japan and Lingzhi (Ganoderma lucidum) in China,
which were used in traditional medicine as immune stimulators [24]. There are several
techniques used to extract the strong β-glucan from microbial and plant sources, but the
selection of a suitable extraction method plays a vital role in determining the structure,
quality, and the functionality of the method [25].

Based on the above, the objectives of this work were to improve the biological ac-
tivity of β-glucan by using a modified method for β-glucan extraction from S. cerevisiae,
with good yield, and to determine its physical and chemical properties; detoxification;
and its immune modulation abilities, as well as the anticancer, and antimicrobial activities
of the extracted material.

2. Results
2.1. Extraction of β-Glucan
2.1.1. Acid-Base Extraction Method

In this method, the dry active yeast cells were propagated using yeast extract–glucose
broth medium for 48 h. After collection of yeast cell pellets from the above step, they were
mixed with five-fold 1 M NaOH, then heated in a water bath for 2 h at 80 ◦C, rewashed after
centrifugation with distilled water, and lastly, recentrifuged to get the end yield, which was
less than the starter by 40%. The lysed yeast cell pellets were collected and used for
β-glucan extraction.
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The extraction took place using five-fold acetic acid (CH3COOH), to give a β-glucan
yield at the end equal to 20% of the propagated yeast cells. Finally, the collected pellets of
β-glucan were dried in an oven at 60 ◦C to remove any traces or organic-soluble materials,
extra proteins, or other impurities that may exist, and then stored for further investigations.
The pellets’ weight after drying were 11.5% from the starter yeast cells.

2.1.2. Water Extraction Method

Lysis of yeast cells was done using sonication for 5 min in phosphate buffer at pH 8.0
(Bandelin, Sonopuls, Sicherungen, 2 X F2A, Berlin, Germany). The next steps after autolysis
included shaking at 30 ◦C for 4 h, centrifugation at 5000× g for 15 min, washing twice with
PBS, and then sodium dodecyl sulfate was added to separate any protein substances that
may have been present. The resulting yeast cells weight was 80% of the starter yeast cells,
which were treated by autoclaving at 121 ◦C for 4 h. The water-insoluble gradient was then
centrifuged and air-dried to get 7% dry weight pellets from the starter yeast cells.

2.2. Characterization of β-Glucan
2.2.1. FTIR Spectroscopic Analysis

The recorded FTIR spectra of S1 (β-glucans sample extracted using the acid-base
method) and S2 (β-glucans sample extracted using the water extraction method) samples
is shown in Figure 1. The absorption bands at 3412 and 3445 cm−1 of samples S1 and S2,
respectively, were attributed to the occurrence of a free hydroxyl group (O-H stretching).
Whereas, the bands at 2921 and 2851 cm−1 were seen due to the appearance of C-H
aliphatic in pyranoid rings (C-H and CH2OH stretching bands). Moreover, the peaks
of C-C and C-O stretching vibrations were confirmed by the existence of absorption in
the region of 900–1200 cm−1, which indicated the presence of polysaccharides as a major
component. Furthermore, the strong absorption peak at 978.24 cm−1 indicated β-glycosidic
bonds, i.e., (C1–H) deformation mode, and therefore indicated the presence of β-glucan.
Interestingly, the FTIR bands at 1581 cm−1 of S1 and 1661 cm−1 of S2 were related to the
presence of (C=O) amide band vibration. N-H stretching vibration was confirmed by the
presence of the absorption band at 3661 cm−1, which agrees with the results published by
Hromádková [26].

2.2.2. HPLC Analysis

The HPLC technique was used to determine the quality and purity of the extracted
β-glucan using the above two extraction methods. In addition, this was confirmed by
injection of a β-glucan reference standard (S0). The HPLC chromatogram proved that
the major peak of β-glucan appeared at 11 min, as shown in Figure 2. Furthermore,
S1 and S2 showed the same retention time when compared with S0 as the major peak of
β-glucan, which indicated the purity of the extracted β-glucan and the efficient method of
the extraction.

2.2.3. Optical Properties

Figure 3 describes the UV-Vis spectrum of B-glucans; there was only a small hump at
390 nm for (S0), (S1), and (S2). This confirms the structure of extracts formed using the two
different methods (i.e., acid-base and water methods) via the agreement of their absorption
with the reference sample (S0), as show in Figure 3.

2.3. Detoxification Ability

In our study, serial amounts, 0.1, 0.2, 0.3, 0.4 and 0.5 mg dry weight, of the extracted
β-glucan (acid-base extraction and water extraction) were tested for their ability to remove
aflatoxins (AFs) (1000 ng/mL). As indicated in Figure 4, AF removal in case of using
the S1 sample was more efficient than the S2 sample. In more details, in the case of S1,
increasing the weight from 0.1 mg to 0.4 mg, the removal was up to 80%, while using 0.5 mg,
the removal of the toxins was approximately 100%. However, while utilizing the S2 sample,
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the removal was about 40% of the toxins, using weights ranging from 0.1–0.3 mg. Moreover,
50% removal was achieved with 0.4 mg β-glucan dry weight, and finally around 80% of
the toxins were removed at 0.5 mg dry weight of β-glucan. All results were compared with
negative and positive controls.
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2.4. Possible Mechanism for Interaction β-Glucan with AFs

Interaction of AFs with β-glucan was confirmed by FTIR, as illustrated in Figure 5.
The absorption band of O-H stretching in S1 was shifted to 3473 cm−1. Whereas the C-H
and CH2OH stretching bands at 2922 and 2852 cm−1 in pyranoid rings remained constant.
Moreover, the FTIR bands at 1584 and 1653 cm−1 corresponding to the presence of (C=O)
amide were slightly shifted, and the absence of 1744 cm−1 (ketone, C=O) in the AFs
spectrum was attributed to the reduction of AFs via B-glucan. In addition, the absorption
band of C1–H related to β-glycosidic bonds was decreased by the interaction with AFs.
Therefore, the main interaction between AFs and β-glucan arose from the O-H and β-
glycosidic bonds of β-glucan.

2.5. Antimicrobial Activity of β-Glucan

In the present study, the antimicrobial activity of β-glucan extracts S1 and S2 was
screened by agar well diffusion assay using a concentration of 12.5 mg/mL. The results of
the antimicrobial assay are presented in Table 1. It is clearly observed from the obtained
data that the S1 sample showed a relatively high antimicrobial activity when compared to
the S2 sample, particularly against multidrug resistant bacteria and fungi. The minimum
inhibitory concentration (MIC) of the extracts S1 and S2 was determined. The MIC varied
within the range of 12.5 mg/mL to 0.19 mg/mL. It was observed that S1 was potent against
S. aureus, MRSA, and P. aeruginosa, with an MIC ranging from 0.39–0.19 mg/mL.
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2.6. β-Glucan as an Immune-Modulatory Molecule

The immune-modulatory effects of β-glucan were evaluated using phorbol-12-myriste-
13-acetate (PMA) as a positive control [27] and non-treated peripheral blood mononuclear
cells (PBMCs) media as a negative control. The levels of different cytokines, including
IFN-γ, IL1, IL-2 and TNF-α, were measured. The data showed that the TNF-α level was
significantly higher (about 2-fold) in β glucan treated PBMCs than the baseline level.
Interestingly, the level of TNF-α was significantly higher in β glucan treated PBMCs than
PMA treated PBMCs. Similarly, the levels of IL-6 and IFN-γ were significantly higher
in β-glucan and PMA treated PBMCs than non-treated control cells. In the same way,
β glucan induced more IL-2 secretion than PMA treated PBMCs, as shown in Figure 6.

241



Molecules 2021, 26, 2113
Molecules 2021, 26, x FOR PEER REVIEW 6 of 18 
 

 

 
Figure 3. The optical properties of the two β-glucans extracted, S1 and S2, compared with the β-
glucan standard, S0. 

2.3. Detoxification Ability 
In our study, serial amounts, 0.1, 0.2, 0.3, 0.4, and 0.5 mg dry weight, of the extracted 

β-glucan (acid-base extraction and water extraction) were tested for their ability to remove 
aflatoxins (AFs) (1000 ng/mL). As indicated in Figure 4, AF removal in case of using the 
S1 sample was more efficient than the S2 sample. In more details, in the case of S1, increas-
ing the weight from 0.1 mg to 0.4 mg, the removal was up to 80%, while using 0.5 mg, the 
removal of the toxins was approximately 100%. However, while utilizing the S2 sample, 
the removal was about 40% of the toxins, using weights ranging from 0.1–0.3 mg. Moreo-
ver, 50% removal was achieved with 0.4 mg β-glucan dry weight, and finally around 80% 
of the toxins were removed at 0.5 mg dry weight of β-glucan. All results were compared 
with negative and positive controls. 

200 400 600 800 1000

0.4

0.8

1.2
 S0
 S1
 S2

A
bs

or
pt

io
n 

(a
.u

)

Wave lenght (nm)

Figure 3. The optical properties of the two β-glucans extracted, S1 and S2, compared with the
β-glucan standard, S0.
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2.7. Anticancer Activity of β-Glucan

In the current study, we uncovered the antiproliferative effects of the two extracted
β-glucans against normal and cancer cells. To be sure the effects of these samples reflected
their potential anticancer properties, first, we screened different concentrations of water and
methanol extract against WI-38 human normal lung fibroblast as control cells, A549 human
lung cancer cells, MDA-MB-231 human breast cancer cells, and HePG-2 human liver
cancer cells. Second, we investigated the mechanism of cell death using annexin (V)
and propidium iodide (PI) and analyzed with FACS. The cytotoxic results using an MTT
assay after 24 h showed that both the water and methanol extracts had a non-observed
cytotoxic effect against normal and lung cancer cells with IC50 (1757, 1695, 1465, and 1494
µg/mL). In the case of the breast and liver cancer cells, both water and methanol extracts
exerted a markedly cytotoxic effect at high concentration (p < 0.05) with IC50 769, 837, 723,
and 703, respectively, as shown in Figure 7. The FACS results showed that using the IC50
of methanolic extract of β-glycan induced apoptotic cell death at a very low level (4.72%)
of the total WI-38 normal cells. In the case of MDA-MB-231 breast cancer cells, methanol
extract of β-glycan exerted a weak apoptotic cell death (11.9%), while inducing (23.1%)
necrotic cell death of the total cell population. Finally, methanol extract induced a weak
apoptotic cell death (12.3%) and weak necrotic cell death (8.28%) of total HePG-2 hepatic
cells, as presented in Figure 7.
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3. Discussion

The first step in the extraction of β-glucan is (lysis) and according to the literature
can be achieved by chemical (NaOH, HCl, acetic acid, citric acid), physical (sonication,
high pressure) [28], and enzymatic (lytic enzymes) methods for yeast cells [29]. The second
step can be done by using a number of extraction methods (acid-base, alkali-water, etc.).

For the acid-base extraction method, the dry active yeast cells were propagated;
the propagation of the yeast bench player is a very important step to reach the stationary
phase and for the autolysis to occur [30]. Autolysis of the yeast in the cells can be regarded
as a lytic event. This is a process caused by intracellular yeast enzymes that is irreversible
and associated with cell death [31]. It has been suggested that there are four yeast autolysis
steps [32]. First, the structures of the cell endo degrade vascular proteases released into
the cytoplasm. Second, cytoplasmic inhibitors originally inhibit the released proteases
and then activate as a result of the degradation of these inhibitors, and third, intracellular
polymer components are hydrolysed, with the hydrolysis products accumulating in the
space restricted by the cell wall. Finally, the hydrolytic products are released when their
molecular mass is low enough to cross pores in the cell wall.

Autolysis has been described as intracellular biopolymer hydrolysis under the in-
fluence of hydrolytic enzymes such as proteinases, ribonucleases, and glucanases [33].
During autolysis, the cell endo-structure degrades, releasing vascular proteases into the
cytoplasm, then enzymes hydrolyse the intracellular polymer components, with the hydrol-
ysis products accumulating in the space restricted by the cell wall, and finally the hydrolytic
products are released when their molecular masses are low enough to cross pores in the
cell wall [32]. The extraction was carried out using CH3COOH. Acetic acid was preferred,
due to its mild acidity, ease of handling, low toxicity, low cost, and availability. Generally,
acids used for extraction should be mild enough to limit hydrolysis of the β-l, 3-linkages,
and substantially only affect the β-1, 6-linked glucans, where the β-1, 6-glucan molecules
interconnect the largest class of covalently linked cell wall proteins. The β-l, 3-linkages are
resistant to hydrolysis by mild acids such as acetic acid [34].

The water extraction method using phosphate buffer sonication for cell disruption
was used in this study instead of glass beads. Sonication gives efficient results for cell
lysis in a short time, whereas glass beads need four hours to lyse cells, with less efficiency
than sonication and with loss of cells during decantation of glass beads. According to
Bzducha-Wróbel [35] after yeast cell autolysis combined with mechanical techniques,
such as sonication, a higher amount of protein release was observed. The resulting yeast
cells from the autolysis step were treated by autoclaving. According to Liu et al., (2013) the
smallest effectiveness of nucleic acid release was defined by hot water extraction during
autoclaving. At the same time, compared to cellular proteins, the hot water extraction
method helps in the efficient solubilization of the genetic material [36].

The extracted β-glucan from two methods (acid-base and water methods) was charac-
terized and confirmed using various spectroscopic and chromatographic techniques. First,
UV-Vis spectrum was used to detect the absorptions in the chemical structure of β-glucans
(S1 and S2) and these absorptions were compared with the standard sample to give the
same pattern of spectral absorption as outlined in Figure 3. Furthermore, we confirmed
all spectra (S1 and S2) via another comparison with the literature related spectrum [37].
The prepared formulation was validated as particulate β-glucan by the FTIR analysis,
the structure of β-glucan was verified, together with the type of glycosidic bond through
the presence of the characteristic functional groups by two extraction methods. In addition,
the structure β-1,3-D-glucan was confirmed by comparison of our results with published
data. To our delight, the FT-IR spectrums conformed to the same signal configuration char-
acteristic for β-1,3-D-glucan extracted from yeast. Based on (HPLC) analysis, we proved
that our modified acid-base method gave high quality and purity from β-glucan extracts
(S1 and S2), as shown in Figure 2. All the above led to the success of the extraction and the
perfect confirmation of β-glucan in this study.

246



Molecules 2021, 26, 2113

Human beings are exposed to mycotoxins through various routes: directly through
plant-based ingredients; through air (both indoors and outdoors); or indirectly through
animal-based ingredients [38]. Aflatoxicosis is a disease that affects both humans and
livestock that is induced by aflatoxins (AFs). These toxins belong to a group of compounds
known as furocoumarins, which are generated by the filamentous fungi Aspergillus flavus
and Aspergillus parasitic as secondary metabolites, and which are common in the environ-
ment [39,40]. These toxins affect various stages of the storage, sowing, and industrialization
of agricultural and dairy products, while these metabolites can generate significant finan-
cial losses. A large amount of plants used for human and animal consumption may get
contaminated [41].

In relation to its carcinogenic impact, particularly in the liver, it has a mutagenic
impact in DNA adducts, DNA breaks, gene mutations, and the induction of DNA synthesis
and inhibition of DNA repair [42]. Moreover, AFs have immunomodulatory impacts on
the immune system, including macrophage alteration [43], resulting in compromising the
ability of murine bone marrow cells to form colonies of myeloids, erythroids, and oth-
ers [44]. In addition, AFs inhibit the development of nitric oxide (NO) in the murine
bone marrow [45]. Several strategies have been attempted to minimize the financial and
biological impacts resulting from AFs, B1, contamination by implementing adsorbents,
heat, irradiation, or chemical inactivation. The most promising techniques of decontam-
ination include the use of microorganisms, in particular lactic acid bacteria. The latter
have a very strong capacity to decrease the toxin content, which plays a major part in the
adsorption cycle [46–51]. The yeasts, S. cerevisiae, are commonly used in baking, brewing,
wine making, and distilling sectors in many biotechnological procedures. It has been
reported that, the esterified form of β-glucan has a protective function toward individual
or mixed aflatoxin B1, ochratoxin A, and T-2 mycotoxicosis, which broiler chickens are
subjected to [52]. There are many pathways for the binding of AFs with β-glucan, includ-
ing ketone, hydroxyl, phenyl, and lactone groups, which are involved in the formation of
both hydrogen bonds and van der Walls interactions [53–55]. Moreover, Eduardo et al. [56]
explained the interaction between AFB1 and β-D-glucan as a supramolecular complex
interaction. The β-glucan of yeast cell walls consists mainly of (1-3)-β-glucan and (1-6)-β-
glucan; (1-3)-β-glucan is involved in both hydrogen and Van der Waals bonding between
glucan and AFB1; whereas (1-6)-β-glucan is involved in only Van der Waals bonding [54].
The (1-3)-β-glucan chains form triple helix three-dimensional structures, with spring like
mechanical properties and are responsible for the strength of yeast cell walls [22] and their
ability to bind toxins [53].

In this work, for the first time, the reduction of aflatoxin using β -glucan was confirmed
by FT-IR analysis. Interestingly, the effect of the above interactions was confirmed through
the absence of peaks, which are related to the ketone group at 1744 cm−1 in AFs. At this
point, β-glucan was extracted from baker’s yeast (Saccharomyces cerevisiae) to give the
most effective binder (i.e., more exposure to B-glucan removes more AFs) [57].

Currently, the significant increase in microbial drug resistance represents a major
problem worldwide [58]. The results of the antimicrobial assay in this work are presented
in Table 1. Our results are consistent with Ginovyan and his group (2015) [59], as it is
clearly observed from the obtained data that the S1 sample showed promising antimicro-
bial activity. Moreover, S1 gave the better results in the inhibition of different types of
multidrug resistant bacteria and fungi than S2 [60,61]. This may be due to the variations in
the extraction method and the solvents used in the extraction, as confirmed by Chamidah
and Prihanto (2017) [1] through the determination of inhibition zones, which were found
to be 11.9, 11, 10.2, 13.2, and 7.7 mm for S. aureus, MRSA, K. pneumoniae, P. aeruginosa,
and C. albicans, respectively. The magnitude of this inhibition zone could be attributed
to Gram-positive bacteria generally having a higher sensitivity to the antimicrobial com-
pounds in comparison to Gram-negative bacteria. It was confirmed by Sudjaswadi (2006)
that the effectiveness of a antimicrobial compound is influenced by the character of the
wall or cell membrane of the bacteria [62]. The minimum inhibitory concentration (MIC) of
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extracts S1 and S2 was determined. Notably, the results agree with those of Chamida et al.,
(2017) [1] who reported an interesting antimicrobial activity for β-glucan against several
bacterial and fungal strains. Finally, it is a clearly evident from our antimicrobial results
that S1 exhibited dual activities as a promising antibacterial and antifungal agent.

To assess the immune-stimulatory effect of β-glucan on PBMCs, the levels of different
cytokines after exposing these cells to β-glucan were measured compared to the control.
It was reported that the immunostimulatory effect is common, and glucans in particular
stimulate the release of different cytokines including IFN-γ, IL1, IL-2, and TNF-α [63].
The levels of these cytokines were comparable in both cells, suggesting that β glucan
can stimulate the immune response in a comparable manner and magnitude to PMA.
β-glucan stimulates IL-2 release from PBMCs. Based on these data, β-glucan has shown
a potent immuno-stimulatory effect, which can induce the release of innate (such as
TNFα, IL-6, and IFN-γ) and adaptive cytokines (IFN-γ and IL-2), which consequently
modulate the immune response against pathogens. Our data are in agreement with that
of Chan et al. (2009) [5], who reported that β-glucan stimulates diverse immune related
receptors, in particularly Dectin-1 and CR3, and can trigger a wide spectrum of immune
responses [64–69], not only the monocytes and macrophage, and β-glucan can also act on
neutrophils, NK cells, and dendritic cells, and will polarize the T cells subset. All these
data confirm the immune stimulation role of β-glucan. The presented results clearly show
that the acid-base extraction method of β-glucan not only acts on cellular immunity, but on
overall immunity.

Glucans have been used for decades in Japan to treat gastrointestinal tumors [70].
Much research has highlighted the anticancer activity of glucans [17,71,72]. It was reported
that glucan administration can significantly reduce both colony formation and tumor size
in lung and colon cancer models [73,74]. In the same context, the extracted β-glucan results
support the previously published data, especially for breast and liver cancers [75]. It was
reported that bacteria-extracted β-glucan induced apoptotic cell death in colon cancer,
and upregulated apoptotic induced genes including Bax and Caspase-3 genes and down
regulated Bcl-2 gene [76]. Consistently with the previous data, the new extracted fungal
β-glucan induced apoptotic cell death in breast and liver cancer cells.

4. Materials and Methods
4.1. Materials

Packaged instant dry baker’s yeast (Saccharomyces cerevisiae) were bought from local
markets, transported to the laboratory on ice, and left in the refrigerator till used for the
extraction of β-glucan.

4.2. β-Glucan Extraction Methods

Two methods of β-glucan extraction were employed, an acid-base extraction method
with slight modification of the reported method 23, as described in SI.1.1, and a water ex-
traction method as reported by Piotrowska and Masek [77] and other cited methods [78,79],
with some modifications. Detailed information about the methodology is reported in the
supplementary information (SI.1.2).

4.3. β-Glucan Characterization

The characteristics of the extractedβ-glucan (S1 and S2) were confirmed with FTIR [80,81],
HPLC [82,83], and optical analytical techniques [84], as described in SI.2.

4.4. Aflatoxins Removal

Aflatoxin (AFS) removal was carried out using the batch mode of experiment [85],
as described in SI.3.
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4.5. Antimicrobial Activity

Microorganisms were isolated using the reported method [86], and described in SI.4.1.
The antimicrobial activities [59] and minimum inhibitory concentrations (MIC) [87] of the
S1 and S2 β-glucan extracted were evaluated as cited in the SI.4.2 and SI.4.3 sections.

4.6. Immunomodulatory Effects

Cytokine assays of peripheral blood mononuclear cells (PBMCs) were cultures in
RPMI-1640 complete growth media, followed by treatment with (50 µg/mL) β-glucan,
and evaluated as described in SI.5.

4.7. Anticancer Properties

The efficiency of β-glucan against A549 human non-small lung cancer cells, MDA-
MB-232 human breast cancer cells, and HepG-2 human hepatocarcinoma cells compared to
WI-38 human lung fibroblast cancer cell lines was tested as reported in SI.6.

5. Conclusions

The combination of a strong base (NaOH) and weak acid (CH3COOH) in the extraction
of β-glucan from yeast cell wall could yield a high-quality and quantity β-glucan. On the
other hand, although the water extraction method is easy, fast, and low cost, it is not efficient
to obtain a pure substance. β-glucan extracted using the acid-base method showed a
promising antimicrobial, antitoxic, immunostimulatory, and anticancer activity, and further
studies are needed to better evaluate its efficacy in other biological systems.

Supplementary Materials: Supplementary data associated with this article can be found in the
online version.
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Abstract: Treatment of kidney stones is based on symptomatic medications which are associated
with side effects such as gastrointestinal symptoms (e.g., nausea, vomiting) and hepatotoxicity. The
search for effective plant extracts without the above side effects has demonstrated the involvement of
antioxidants in the treatment of kidney stones. A local survey in Morocco has previously revealed
the frequent use of Rubia tinctorum L. (RT) for the treatment of kidney stones. In this study, we
first explored whether RT ethanolic (E-RT) and ethyl acetate (EA-RT) extracts of Rubia tinctorum L.
could prevent the occurrence of urolithiasis in an experimental 0.75% ethylene glycol (EG) and 2%
ammonium chloride (AC)-induced rat model. Secondly, we determined the potential antioxidant
potency as well as the polyphenol composition of these extracts. An EG/AC regimen for 10 days
induced the formation of bipyramid-shaped calcium oxalate crystals in the urine. Concomitantly,
serum and urinary creatinine, urea, uric acid, phosphorus, calcium, sodium, potassium, and chloride
were altered. The co-administration of both RT extracts prevented alterations in all these param-
eters. In the EG/AC-induced rat model, the antioxidants- and polyphenols-rich E-RT and EA-RT
extracts significantly reduced the presence of calcium oxalate in the urine, and prevented serum
and urinary biochemical alterations together with kidney tissue damage associated with urolithiasis.
Moreover, we demonstrated that the beneficial preventive effects of E-RT co-administration were
more pronounced than those obtained with EA-RT. The superiority of E-RT was associated with its
more potent antioxidant effect, due to its high content in polyphenols.

Keywords: Rubia tinctorum L.; antioxidants; polyphenols; ethylene glycol; urolithiasis; histophatology

1. Introduction

Urolithiasis, or kidney stones, is a major health concern with increasing prevalence
rates worldwide [1]. It results from free or attached mineral crystallizations in the renal
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calyces [2]. The crystalline and organic components are formed when the urine becomes
supersaturated with minerals, then they grow, and aggregate before being retained [3].
About 80% of calculi are composed of calcium phosphate (CaP) mixed with calcium oxalate
(CaOx) [4]. Multiple factors can cause urolithiasis, including a sedentary lifestyle, unhealthy
diet, irregular food habits and obesity [5]. the treatment of kidney stones involves the
administration of symptomatic drugs (diuretics, anti-inflammatory drugs), percutaneous,
nephrolithotomy and lithotripsy [6]. However, these treatments are frequently associated
with complications such as hemorrhage, hypertension, and tubular necrosis followed
by subsequent fibrosis [7]. In addition, they are very expensive and to date, there is no
promising drug for the treatment and prevention of recurrence [8].

Herbal remedies could be an alternative to anti-urolithiasic drugs due to their many
active compounds that can act synergistically and have—most the time—minimal side
effects [9]. It was suggested that plants with anti-urolithiasic properties induce their effect
via antioxidant capacities that mitigate the toxicity caused by free radicals involved in the
initiation and development of urolithiasis [9]. Many experimental studies support this hy-
pothesis. Indeed, phenols and flavonoids have been shown to be effective in attenuating the
process of calculus formation, both in animal models and in humans [10]. Polyphenols from
grape seeds prevented renal papilla from calcium monohydrate oxalate, calculi formation
and lesions induced by oxidant cytotoxic substances [11]. Furthermore, polyphenols-rich
extract from Quercus gilva Blume showed an anti-urolithiasic effect associated with its
antioxidant and anti-inflammatory properties [12].

Rubia tinctorum L. (madder root) (RT) is a plant belonging to the Rubiaceae family
whose root is used as a folk medicine to cure various ailments, including kidney stones and
bladder diseases in several countries in Asia, Russia and Europe [9,13]. The therapeutic
properties of RT such as anti-inflammatory, antioxidant, hepatoprotective and antibacterial
activities were confirmed in vivo and in vitro by experimental data [14]. A local survey
in Morocco has previously revealed the frequent use of Rubia tinctorum L. (RT) for the
treatment of kidney stones [15]. However, to our knowledge, no experimental study
reported an anti-urolithiasic effect of RT. Therefore, the present study was conducted on an
ethylene glycol (EG)/ammonium chloride (AC) experimental model of urolithiasis in rats.
The aim of this study was to evaluate the potential protective effect of both ethanolic and
ethyl acetate extracts of Rubia tinctorum L. (E-RT and EA-RT, respectively) in this model.
Then, the objective was to assess the RT extract’s antioxidant activity and to identify the
polyphenols contained in E-RT and EA-RT extracts which could be linked to these effects.

2. Results
2.1. Pathophysiology of EG/AC-Induced Urolithiasis

The treatment of rats for 10 days with EG/AC resulted in urolithiasis formation and
in alterations in urinary, serum and kidney tissue parameters. Analysis of the changes
induced showed that our experimental design reproduced the pathophysiology of a form
of urolithiasis in the rat. As shown in Table 1, the levels of serum urea, creatinine, uric
acid, calcium and phosphorus of the lithiasic group (G2) were significantly increased
(5.91 ± 0.17, 39.51 ± 4.86, 44.86 ± 3.00, 119 ± 1.59 and 107.16 ± 1.74, respectively) com-
pared to the vehicle control group (G1) (0.26 ± 0.02, 5.49 ± 0.21, 10.71 ± 0.29, 103.77 ± 1.01
and 83.34 ± 0.33, respectively). The levels of urinary urea, creatinine, uric acid, calcium
and phosphorus concentrations were also significantly increased in the urolithiasic group
(317.90 ± 0.95, 116.28 ± 4.02, 230.5 ± 10.79, 217.08 ± 3.73 and 2169.41 ± 1.47, respec-
tively) when compared to G1 (33.96 ± 0.95, 27.75 ± 1.66, 58.33 ± 3.48, 74.36 ± 1.36 and
12.83 ± 0.60, respectively) (Table 2). Similar changes were also observed for electrolyte
concentrations in urine and serum (e.g., Na+, Cl−, K+) (Tables 1 and 2). Indeed, the
urolithiasic group’s urine contained significant higher concentrations of potassium, chlo-
ride and sodium (196.03 ± 0.81, 132.31 ± 0.75 and 18.33 ± 0.49, respectively) than G1
(6.13 ± 0.16, 36.45 ± 0.59 and 8.33 ± 0.21 respectively). Moreover, marked histological
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alterations (Table 3), including interstitial mononuclear cell infiltration and damage in
glomeruli, were also observed in the urolithiasic group but not in the vehicle control group.

Table 1. Effects of ethanolic and ethyl acetate extracts of Rubia tinctorum L. (E-RT and EA-RT, respectively, 1 g/kg and
2 g/kg) on serum parameters on 10 days ethylene glycol and ammonium chloride (EG/AC)-induced urolithiasis rat model.

Parameters G1 Vehicle
Control

G2 Lithiasic
Control G3 E-RT 1 g/kg G4 E-RT 2 g/kg G5 EA-RT 1 g/kg G6 EA-RT 2 g/kg

Urea (g/L) 0.26 ± 0.02 5.91 ± 0.17 b 0.40 ± 0.01 a,c 0.31 ± 0.02 a 0.45 ± 0.07 a,b 0.38 ± 0.04 a,d

Creatinine
(mg/L) 5.49 ± 0.21 39.51 ± 4.86 b 5.65 ± 0.71 a 5.16 ± 0.79 a 7.08 ± 0.37 a 6.93 ± 0.83 a

Ca2+ (mg/L) 103.77 ± 1.01 119 ± 1.59 b 106.33 ± 0.98 a 104.50 ± 1.03 a 109.5 ± 2.09 a 107.7 ± 1.63 a

Uric acid (mg/L) 10.71 ± 0.29 44.86 ± 3.00 b 13.66 ± 0.95 a 11.00 ± 1.03 a 18.66 ± 1.28 a,b 14.66 ± 1.60 a

Phosphorus
(mg/L) 83.34 ± 0.33 107.16 ± 1.74 b 85.44 ± 1.39 a 84.03 ± 3.40 a 92.76 ± 3.23 a,d 91.38 ± 1.26 a

Na+ (mmol/L) 137.53 ± 0.29 182.55 ± 2.32 b 139.20 ± 0.54 a 137.63 ± 0.53 a 141.68 ± 0.67 a,b 139.97 ± 2.07 a

Cl− (mmol/L) 93.68 ± 0.72 151.55 ± 1.30 b 94.49 ± 1.17 a 93.00 ± 0.81 a 96.48 ± 0.76 a 95.34 ± 0.96 a

K+ (mmol/L) 8.24 ± 0.07 12.27 ± 0.34 b 8.55 ± 0.07 a 8.36 ± 0.09 a 9.11 ± 0.39 a 8.56 ± 0.25 a

Values are mean ± standard error (SEM), n = 6, a p < 0.001 significantly different compared to the lithiasic control, b p < 0.001, c p < 0.01,
and d p < 0.05 significantly different compared to the vehicle control. E-RT: ethanolic extract of RT; EA-RT: ethyl acetate extract of RT.

Table 2. Effects of ethanolic and ethyl acetate extracts of Rubia tinctorum L. (E-RT and EA-RT, respectively), at different concentrations
(i.e., 1 g/kg and 2 g/kg) on urine parameters on 10 days ethylene glycol and ammonium chloride (EG/AC)-induced urolithiasis
rat model.

Parameters G1 Vehicle
Control

G2 Lithiasic
Control G3 E-RT 1 g/kg G4 E-RT 2 g/kg G5 EA-RT 1 g/kg G6 EA-RT 2 g/kg

Urea (g/L) 33.96 ± 0.95 317.90 ± 0.95 b 27.15 ± 1.85 a,c 34.12 ± 1.27 a 28.53 ± 1.64 a 25.96 ± 0.26 a,c

Creatinine
(mg/L) 27.75 ± 1.66 116.28 ± 4.02 b 35.98 ± 1.53 a,c 31.32 ± 1.07 a 38 ± 2.31 a,b 35.21 ± 1.66 a,d

Ca2+ (mg/L) 74.36 ± 1.36 217.08 ± 3.73 b 98.16 ± 2.65 a,b 73.57 ± 1.76 a 83.95 ± 3.79 a 77.66 ± 1.56 a

Uric acid (mg/L) 58.33 ± 3.48 230.5 ± 10.79 b 101.83 ± 0.70 a,b 70 ± 3.14 a 121.83 ± 0.94 a,b 149.83 ± 0.98 a,b

Phosphorus
(mg/L) 12.83 ± 0.60 299.41 ± 1.47 b 34.98 ± 0.78 a,b 17.16 ± 0.47 a,d 234.25 ± 0.93 a,b 163.16 ± 0.94 a,b

Na+ (mmol/L) 8.33 ± 0.21 18.33 ± 0.49 b 10 ± 0.57 a 9.83 ± 1.16 a 8.66 ± 0.49 a 12 ± 0.57 a,c

K+ (mmol/L) 6.13 ± 0.16 196.03 ± 0.81 b 42.74 ± 0.73 a,b 12.67 ± 0 a,b 22.56 ± 0.29 a,b 17.38 ± 0.16 a,b

Cl− (mmol/L) 36.45 ± 0.59 132.31 ± 0.75 b 99.42 ± 0.50 a,b 56.66 ± 0.34 a,b 107.55 ± 2.61 a,b 68.94 ± 0.98 a,b

Protein (mg/L) 0.28 ± 0.01 1.03 ± 0.04 b 0.36 ± 0.06 a 0.11 ± 0.01 a,d 0.78 ± 0.02 a,b 0.76 ± 0.01 a,b

Values are mean ± SEM, n = 6; a p < 0.001 significantly different compared to the lithiasic control. b p < 0.001, c p < 0.01, and d p < 0.05
significantly different compared to the vehicle control.

Table 3. Histopathological changes in the kidneys of urolithiasic rats treated or not treated with RT extracts.

G1 Vehicle
Control

G2 Lithiasic
Control G3 E-RT 1 g/kg G4 E-RT 2 g/kg G5 EA-RT 1 g/kg G6 EA-RT 2 g/kg

Cloudy swelling - +++ - - ++ +
Infiltration of

mononuclear cells - +++ - - ++ +

Kidney
hemorrhage - +++ + - ++ +

Morphological
disorganization
of tubules and

glomeruli

- +++ + + ++ ++

The average results of evaluation in each group (n = 6) were scored: -: no modifications (no cellular damage); +: slight alteration;
++: moderate alteration; +++: marked alteration.

2.2. Effect of RT Extracts on the Pathophysiology of EG/AC-Induced Urolithiasis
2.2.1. Body Weight

The mean body weights (MBW) of the six experimental groups (i.e., vehicle control
(G1), lithiasic control (G2), E-RT 1 g/kg (G3), E-RT 2 g/kg (G4), EA-RT 1 g/kg (G5), EA-
RT 2 g/kg (G6)) were similar at the beginning of the experiment (day 1). After 10 days

257



Molecules 2021, 26, 1005

of treatment, the MBW of five groups (G2, G3, G4, G5 and G6) were decreased when
compared to (G1) (Figure 1). Figure 1 also shows that the group G2 (i.e., −41.08 g) had a
greater decrease in MBW than the RT-treated groups (G3, G4, G5 and G6) (i.e., −13.52 g;
−5.68 g; −28.53 g; −22.96 g, respectively) and that the MBW of the group treated with
E-RT (1 and 2 g/kg) did not significantly differ from the untreated control G1.
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received concomitantly EA-RT (2 g/kg) plus 0.75% EG + 2% AC. 
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Figure 1. Cumulative body weight difference (mean ± SEM) in the 6 groups (6 rats/group) over
the ten days of the treatment. Vehicle control (G1): received distilled water; Lithiasic control
(G2): received 0.75% EG + 2% AC; E-RT 1 g/kg (G3): received concomitantly E-RT (1 g/kg) plus
0.75% EG + 2% AC; E-RT 2 g/kg (G4): received concomitantly E-RT (2 g/kg) plus 0.75% EG + 2% AC;
EA-RT 1 g/kg (G5): received concomitantly EA-RT (1 g/kg) plus 0.75% EG + 2% AC; EA-RT 2 g/kg
(G6): received concomitantly EA-RT (2 g/kg) plus 0.75% EG + 2% AC.

2.2.2. Urine Microscopic Analysis

Microscopic analysis of the urine showed that the vehicle control group did not
contain CaOx crystals (Figure S1(G1)). However, EG/AC treatment resulted in bipyramidic
CaOx crystal formation (Figure S1(G2)). Concomitant treatment with both RT extracts,
regardless of dose, decreased the number and size of the crystals in a dose-dependent
manner (Figure S1 panel G3–G6).

2.2.3. Serum and Urinary Analysis

As mentioned above, serum urea, creatinine, uric acid, calcium, phosphorus, chloride,
sodium, and potassium levels were significantly higher in the lithiasic control group (G2)
than in the vehicle control group (G1). These levels were significantly reduced by the
preventive treatment of the two doses of E-RT: 1 g/kg and 2 g/kg and the higher dose of
EA-RT (2 g/kg). The high dose of E-RT was found to be the most effective (Table 1).

In the same way, urinary concentrations of urea, creatinine, uric acid, calcium, phos-
phorus, chloride, sodium, potassium, and proteins were significantly higher in the lithiasic
control group than in the vehicle control group. The treatment with E-RT and EA-RT
significantly prevented an EG/AC-induced increase in the level of these concentrations.
The high dose of E-RT (G4) was found to be the most effective fraction (Table 2).

2.2.4. Histopathological Analysis

Kidney sections from the vehicle control group (G1) showed normal cell structures in
the glomeruli as well as in the renal tubules (T) and blood vessels (Figure 2(G1) and Table 3)
while those obtained from the lithiasic control group (G2) showed severe and extensive
tissue lesions. The alterations consisted of interstitial infiltration of the mononucleated cells,
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tubular dilatation, and lesions of the glomeruli (Figure 2(G2) and Table 3). The two doses
(1 and 2 g/kg) of E-RT prevented these tissue alterations. Thus, only minor tissue damages
in the blood vessels and in the tubular epithelial cells, but not in the glomeruli, were
observed in the kidney sections from the E-RT groups (Figure 2 panel G3 and G4). EA-RT
(1 and 2 g/kg) was also effective in preventing tissue damage that could be induced by
the EG/AC treatment. Kidney histological sections from rats treated with EA-RT showed
normal cell structures in the renal tubules, blood vessels, and glomeruli (Figure 2 panel G5
and G6) Furthermore, both RT extracts prevented the mononucleated cells’ infiltration and
hemorrhage but E-RT was more efficient than EA-RT (Table 3).
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Figure 2. Representative microscopic images of hematoxylin-and-eosin-stained kidney sections observed under a light
microscope from rats of: the vehicle control (G1), the lithiasic control (G2), treated with E-RT at 1 g/kg (G3) and 2 g/kg
(G4), treated with EA-RT at 1 g/kg (G5) and 2 g/kg (G6). Gm: Glomeruli, T: Tubular, DG: Dilatation of glomeruli,
DT: Dilatation of tubular, KH: kidney hemorrhage.

2.3. Antioxidant Properties of E-RT and EA-RT and Their Polyphenols Composition
2.3.1. Antioxidant Activity

Antioxidant activity of E-RT and EA-RT was assessed both in vitro (Tables 4 and 5)
and in vivo (Figure 3).

Table 4. IC50 (µg/mL) values of E-RT and EA-RT extracts compared to gallic acid using the DPPH
assay (n = 3).

IC50 (µg/mL)

Gallic acid (GA) 64.50 ± 0.70
E-RT 156.44 ± 35.76 a

EA-RT 206.23 ± 90.68 a

Values are mean ± standard error (SEM), a p < 0.001 significantly different compared to gallic acid.

259



Molecules 2021, 26, 1005

Table 5. IC50 (µg/mL) values of E-RT and EA-RT extracts compared to reference antioxidants using
the reducing power and ß-carotene assays (BHT and quercetin) (n = 3).

IC50 (µg/mL) Reducing Power IC50 (µg/mL) β-Carotene

Butylated hydroxytoluene (BHT) 0.12 ± 0.01 0.74 ± 0.02
Quercetin 0.07 ± 0.01 4.39 ± 0.05

E-RT 2.44 ± 0.02 a,b 75.61 ± 3.33 a,b

EA-RT 4.66 ± 0.04 a,b 101.64 ± 5.41 a,b

Values are expressed as mean ± standard error (SEM), a p < 0.001 significantly different compared to BHT,
b p < 0.001, significantly different compared to quercetin.
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Figure 3. Evaluation of antioxidant activity in kidney homogenates using: (A) lipid peroxidation
determination (MDA) and (B) catalase (CAT) enzyme activities. G1: Vehicle control; G2: Lithiasic
control; G3: E-RT 1 g/kg; G4: E-RT 2 g/kg; G5: EA-RT 1 g/kg; G6: EA-RT 2 g/kg. The values shown
are mean ± SEM of animals from each group (n = 6). ### p ≤ 0.001 vs. lithiasic control.

In vitro, antioxidant activity was evaluated by DPPH (Table 4), the reducing power
and β-carotene linoleic acid methods (Table 5). The antioxidant activity was determined by
the value of the concentration (µg/mL) producing a 50% inhibition (IC50) of free radicals.
RT extracts showed higher IC50 than gallic acid (64.5 ± 0.70 µg/mL) indicating that these
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extracts possess antioxidant activity that is lower than that of gallic acid (GA). IC50 of E-RT
was 156.44 ± 35.76 µg/mL whereas IC50 of EA-RT was 206.23 ± 90.68 µg/mL, indicating
that E-RT antioxidant potential was higher than that of EA-RT (Table 4).

As far as the reducing power and β-carotene linoleic acid methods are concerned,
our data document that E-RT exhibited interesting IC50 antioxidant activity, respectively
2.44 ± 0.02 and 75.61 ± 3.33. IC50 of EA-RT was 4.66 ± 0.04 in reducing power assay,
and 101.64 ± 5.41 for β-carotene assay. Overall, the antioxidant activity of the E-RT was
higher than EA-RT. However, even if E-RT has an interesting antioxidant activity, it is
less important than reference antioxidant agents such butylated hydroxytoluene (BHT)
and quercetin.

In vivo, the antioxidant activity was evaluated in kidney homogenates using lipid
peroxidation determination; malondialdehyde (MDA) concentration and catalase (CAT)
activity (Figure 3).

EG/AC treatment increased significantly the level of MDA (4.60 ± 0.10 µmol/g of tis-
sue) (Figure 3A) and decreased significantly the activity of catalase enzyme (5.35 ± 0.25 U/g
of tissue) (Figure 3B) in kidneys of the untreated G2 compared to the vehicle control (G1,
1.75 ± 0.15 µmol/g and 18.85 ± 0.65 U/g, respectively). Treatments with Rubia tinctorum L.
extracts (E-RT and EA-RT) reduced lipid peroxidation and protected against the oxidative
stress induced by EG/AC treatment in G4 and G6 (2.25 ± 0.15 and 2.85 ± 0.05 µmol/g of
tissue, respectively). CAT activity was significantly increased in the same groups (G4 and
G6) (15.9 ± 0.20 and 17.2 ± 0.30 U/g of tissue, respectively).

2.3.2. Total Phenols Contents

The total phenol contents, determined in a sample volume of 20 µL by the Folin–
Ciocalteu method, in the E-RT and EA-RT were 18.37 ± 0.58 and 0.61 ± 0.01 mg of GAE
(gallic acid equivalent), respectively. The higher phenolic compound content found in E-RT
is statistically different from that found in EA-RT.

2.3.3. Analysis of E-RT and EA-RT Polyphenols Contents

The polyphenol content of each extract, E-RT and EA-RT, respectively, were analyzed
using HPLC (Figure S2). On the basis of standard compounds’ retention times (RT, in
min), the polyphenols identified in E-RT and EA-RT were syringic acid, rutin, ferulic
acid, vanillin, rosmarinic acid, cinnamic acid, catechin, and quercetin. The respective
amounts of each compound ranged from 12.14 to 26.74 mg/GAE/100 g DM (dry matter)
(Table 6), according to the following order: vanillin > rosmarinic acid > quercetin. In EA-RT,
quercetin was the most represented.

Table 6. Concentrations of the main phenolic compounds identified in E-RT and EA-RT expressed in
mg GAE/100 g DM.

Phenolic Compounds Concentration
(mg GAE/100 g DM) Retention Time

E-RT

Syringic acid 13.79 ± 0.12 17.0
Vanillin 26.74 ± 0.15 28.8

Rosmarinic acid 15.61 ± 0.20 29.4
Cinnamic acid 14.19 ± 0.10 41.8

Catechin 13.78 ± 0.09 44.1
Quercetin 14.90 ± 0.21 45.1

EA-RT

Rutin 12.32 ± 0.08 21.5
Ferulic acid 12.14 ± 0.13 23.3

Vanillin 12.32 ± 0.11 28.8
Cinnamic acid 12.43 ± 0.09 41.8

Quercetin 15.81 ± 0.12 45.1
Values are expressed as mean ± standard error (SEM) (n = 3).
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3. Discussion

The results of the present study show that in response to 0.75% ethylene glycol
(EG)/2% ammonium chloride (AC) oral administration over a 10-day period, young male
rats developed kidney stones (or urolithiasis) mainly composed of calcium oxalate (CaOx).
As shown in the Figure 1, treated rats (urolithiasis control group or G2) lost body weight
because they drank less water and almost stopped eating. The EG/AC model used in the
present this study is similar to the previously described experimental models of urolithiasis
by Ravindra and colleagues [16]. The pathophysiological mechanisms responsible for the
alterations elicited in this model could be related to an increase in the urinary oxalate (Ox)
concentration. Indeed, EG is easily absorbed along the intestine and metabolized in the
liver to Ox, leading to hyperoxaluria. Ox precipitates in the urine as CaOx because of its
low solubility. High levels of Ox and CaOx crystals, particularly in the epithelial cells of
the nephron, induce heterogeneous nucleation followed by crystal aggregation [17]. AC
potentiates the action of EG and accelerates the phenomenon of urolithiasis [18].

Microscopic examination clearly showed that the treatment inducing urolithiasis led
to the appearance of characteristic crystals of CaOx (i.e., with a bipyramid form) in the
urine, while the urine of the untreated control group (G1) was free of these crystals. This
result is similar to previously published data [16] and may be associated with a decreased
urinary output, an elevated pH, hyperoxaluria, and hypercalciuria [19]. The biochemical
analysis of the urine confirmed these results as lithiasic rats presented an increase in the
excretion of phosphorus and calcium. A high concentration of phosphorus in the renal
tubules could potentiate the Ox-induced lithiasis [20], whereas calcium would act as an
important factor in the nucleation and precipitation of Ox in the form of CaOx [17] and in
the resulting crystal growth [20]. An increase in urinary protein excretion has also been
recorded indicating proximal tubular dysfunction [21]. Protein excretion could be related
to severe lesions of the glomeruli and to tubular dilatation [22]. Another factor contributing
to protein urea could be an interstitial inflammation attested by mononucleated cells’
infiltration (Table 3).

Serum levels of urea, creatinine, and uric acid were significantly increased in the
urolithiasic group (G2) compared to the untreated control group (G1), indicating renal
damage (Table 1). These results are consistent with those of a previous study and indicate
that the accumulation of nitrogenous substances in the serum may be a consequence
of a decreased glomerular filtration rate (GFR) due to lithiasic obstruction [23]. Uric
acid binds to CaOx and modulates its crystallization and solubility and also reduces the
inhibitory activity of glycosaminoglycans [20]. Na+, K+, and Cl− plasma concentrations
were significantly increased in the lithiasic group (G2). Electrolyte imbalance disturbs the
metabolism of the renal cells leading to the development of cell structure alterations [24].

The EG/AC treatment caused tubular dilation, glomeruli lesions, and mononucleocyte
infiltration. These renal damages observed in the lithiasic group (G2) could be attributed
to a peroxidative action on the renal epithelium resulting from the elevated rate of urinary
Ox and its deposition in the tubules and glomeruli. Indeed, CaOx deposition was shown
to induce oxidative stress, which could be responsible for papillary tissue lesions [2].

In the present study, we investigated the antilithiasic activities of ethanol and ethyl
acetate extract of Rubia tinctorum L. (RT) on EG/AC-induced renal lithiasis in rats. RT is one
of the several medicinal plants that are widely used in traditional medicine systems to cure
various ailments. The plant has been extensively studied for its biological activities and
therapeutic potentials such as anti-inflammatory, anti-aggregant, antioxidant and antibac-
terial properties [14,25,26]. In traditional medicine, RT dried roots are used for treatment
of cardiovascular diseases including high blood pressure [15,27] liver pain, anemia and
diarrhea [28,29]. Moreover, several studies have described the nephro-protective effects
of plants [9]. However, to our knowledge, no previous studies have demonstrated an
anti-urolithiasic activity of RT.
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A previous toxicological experiment, conducted in our laboratory, demonstrated that
up to 5 g/kg of the RT extracts, administrated orally, triggered no major side effects [26].
Therefore, the selected doses of 1 g/kg and 2 g/kg were free of any toxicological effect.

Treatment with E-RT and EA-RT prevented the alterations induced by EG/AC to
values close to the untreated control group (G1). This preventive effect concerned the
formation of crystals in the urine and the biochemical parameters of the serum and urine.
RT extracts also prevented the body weight loss induced by the lithiasic treatment in a dose-
dependent manner (Figure 1). This finding is similar to that obtained with a standardized
extract of fenugreek seed [30] that was linked to an improvement in diuresis which resulted
in the dissolution of the formed calculus and an interruption in the process of aggregation
and deposition of the additional crystals. E-RT and the higher dose of EA-RT prevented the
increase in serum urea, creatinine, and uric acid levels, probably by preserving a normal
GFR. Electrolyte (calcium, phosphorus, K+, Na+, and Cl−) concentration enhancements
were also inhibited by the RT extracts. Maintaining electrolytic balance may, therefore,
result in the preservation of cell metabolism.

E-RT (2 g/kg) was the most effective in decreasing levels of urinary proteins and
creatinine and restored EG/AC-induced low diuresis by improving the GFR. RT extracts
also significantly reduced the levels of phosphorus, sodium, potassium, calcium, and uric
acid. EA-RT (2 g/kg) had a lower beneficial effect and its action was limited to recovery of
the GFR and the inhibition of stone formation. Of note, the lower dose (1 g/kg) of both EA-
RT and E-RT was less effective than the higher dose 2 g/kg in inhibiting EG/AC-induced
lithiasic effects as documented by biochemical changes in Tables 1 and 2.

Histopathological analyses showed concordant results with biochemical changes. RT
extracts’ dose consistently prevented the degenerative changes in kidney tissues that could
be induced by EG/AC. Interestingly, RT extracts’ preventive effects depended on the
type of extract. E-RT (2 g/kg) was the most effective in protecting from EG/AC-induced
disorganization in kidney architecture even though no differences were found between
EA-RT and E-RT at 2 g/kg regarding their protective effect on calcium oxalate urolithiasis
formation. Results obtained with RT extracts were similar to those previously obtained
with Acorus calamus ethanolic extract [22], Peucedanum grande hydroalcoholic extract [31],
and cystone [32]. Biochemical and histopathological improvements in lithiasic animals
observed after treatment with several plant extracts were proposed to be directly related
to their antioxidant capacity. Antioxidants could have an important action in preventing
the formation of the intrapapillary calcifications induced by oxidative stress that lead to
papillary calculi formation [11].

To verify the antioxidant preventing effect hypothesis, the antioxidant properties of
RT extracts were evaluated both in vitro and in vivo.

The in vitro assays showed a promising antioxidant activity of both E-RT and EA-RT
extracts. As documented in the DPPH scavenging, reducing power and ß-carotene assays,
the E-RT extract has a better antioxidant activity compared to EA-RT extract. However, this
effect is less important than reference antioxidant agents (Table 5).

In vivo, EG treatment increased the level of MDA and significantly decreased the
activity of the catalase enzyme in kidneys compared to the untreated control group (G1)
(Figure 3). Indeed, elevated free radical production, as observed by an increase in MDA
level due to EG ingestion in the formation of nephrolithiasis, confirms that kidney tissue is
under oxidative stress. This hypothesis is strengthened by the report that patients with kid-
ney stones have less activity of antioxidant enzymes with increased lipid peroxidation [33].

Oxidative damages, as reflected by higher lipid peroxidation (MDA) and lower an-
tioxidant enzymes activity such as catalase, deteriorate kidney structure and functions as
observed in calculi-induced rats. Antioxidant and reactive oxygen scavengers have been
shown to be effective for protecting the kidney in animals [33]. Here, treatment with E-RT
and EA-RT showed an increase in catalase enzyme activity and a decrease in MDA levels
in a dose-dependent manner in kidney homogenates.
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Overall, our results present evidence that Rubia tinctorum L. extracts exhibited a
marked protective effect against oxidative stress both in vitro and in vivo.

Rubia tinctorum L. extract contain large amounts of antioxidants which can play an
important role in adsorbing and neutralizing free radicals, quenching oxygen, or decom-
posing peroxides. This antioxidant activity may be due, in a large part, to the specific
polyphenolic composition identified by the HPLC analysis (Table 6). Indeed, a positive
correlation exists between total phenolic contents and the antioxidant capacity [34]. This
correlation is confirmed here, as qualitative and quantitative analysis of the RT extracts’
composition showed that E-RT, which contained more various polyphenols at higher con-
centrations, has the most powerful antioxidant effect. The antioxidant potential of E-RT
could be considered quite significant compared to the powerful phenol, gallic acid (this
study) but it is important compared to extracts from other plants [35]. Analysis of the
specific composition of each RT extract lead to the conclusion that E-RT antioxidant activity
may be due to vanillin, rosmarinic acid, quercetin, catechin, syringic acid and cinnamic
acid; while EA-RT antioxidant activity may be due to quercetin, cinnamic acid, vanillin
and rutin. Several polyphenols with an antioxidant capacity were found to possess an
antiurolithiasic preventing effect. As a matter of fact, quercetin antioxidant capacity was
linked to a protective effect against oxidative stress associated with renal failure in the
EG/AC model [29,36], to decreased oxidation of DNA bases [37] and to lead-induced DNA
damage prevention and apoptosis [36]. There is also evidence that catechin has a preven-
tive effect on renal calcium crystallization in vitro and in the EG model [38]. Vanillin and
cinnamic acid may also contribute to an additional preventive effect as both compounds
have antioxidant potential [39]. Therefore, it could be suggested that the superiority of
E-RT over EA-RT related to their antioxidant action and prevention from urolithiasis is due
to their richer polyphenolic constitution and their synergism.

These results are consistent with other studies that revealed that another species of
the Rubiaceae family, Rubia cordifolia L., showed a great protective potential against different
kidney and urinary disorders [21,40,41]. However, to our knowledge, for Rubia tinctorum L.
this is the first time that a study reports such a preventive effective in urolithiasis.

4. Materials and Methods
4.1. Ethylene Glycol and Ammonium Chloride (EG/AC)-Induced Urolithiasis Model
4.1.1. Animals

Thirty-six male Sprague Dawley rats (5–6 months) weighing between 180 and 260 g
were procured from the animal facility of the Faculty of Sciences Semlalia, Marrakech,
Morocco. All animals were initially acclimated in their cages for 3 days before the experi-
ments (Figure 4). Experiments were conducted in accordance with internationally accepted
standard guidelines for the use of laboratory animals described in the Scientific Procedures
on Living Animals ACT 1986 (European Council directive: 86/609/EEC) and approved by
Semlalia Faculty of Sciences Ethic Committee (protocol code SEML/PR/2019-PR12). The
rats had free access to drinking water and daily chow and were kept under a controlled
12 h light/dark cycle at 25 ± 2 ◦C. All the experiments were performed in the morning
according to Zimmermann et al. [42].

4.1.2. Chemicals and Reagents

All chemicals used in this study were of analytical grade. Ethylene glycol (EG
lot: BCBK 2604V), ethyl acetate (lot: SZBB184SV), gallic acid (lot: SLBM8746V), 1, 1-
diphenyl-picrylhydrazyl (DPPH) (lot: 590790-379), and catechin (lot: WXBB6763V) were
obtained from Sigma–Aldrich, Darmstadt, Germany. Ammonium chloride was purchased
from Merck, Darmstadt, Germany (pro analysis, Lot: 9642642, ART. 1145). Ethanol
(lot: 09L310512) and formaldehyde (lot: 11F200513) were procured from Prolabo VWR,
Fontenay sous bois, France. PBS (Gibco, Ref 2285250) was obtained from Thermo Fis-
cher Scientific, Waltham, MA USA 02451. Quercetin (≥95%) (Lot: SLBM7736V), rutin
(≥95%) (Lot: VHS6475000V), ferulic acid (98%) (Lot: 1570363), rosmarinic acid (≥98%),
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cinnamic acid (≥99%) (Lot: SZBF048AV) were purchased from Sigma–Aldrich, (Germany).
Vanillin (99.8%) (Lot: 080417CE), catechin (lot: WXBB6763V) and Syringic acid (≥95%) (Lot:
0478503CE) from Solvachim. Paraffin (lot: 1805052) was purchased from Leica biosystems,
Nanterre, France and eosin (lot: 17060643) was purchased from Dako, Santa Clara, CA,
USA. Kits used in this study for serum and urine dosage of urea (lot: 354868) (kinetic test
with urease), creatinine (lot: 340775) (Jaffe reaction), uric acid (lot: 315894), phosphorus (lot:
325861), protein (lot: 307921) (Biuret Method), and Ca2+, Na+, K+, and Cl− reagent set (lot:
04522320) (indirect potentiometric) were procured from ROCHE diagnostics, Indianapolis,
IN 46256, USA.
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4.1.3. EG/AC Model Induction

The experimental urolithiasis rat model was induced according to the method de-
scribed by Fan et al. [18]. Hyper-oxaluria and CaOx deposition in the kidney were induced
by ethylene glycol (EG) being added to the drinking water to a final concentration of 0.75%
for 10 days. To accelerate the process of lithiasis, 2% ammonium chloride (NH4CL or AC)
was also added to the EG. Animals were weighed daily and divided into six groups of six
each (Figure 4).

4.2. Preparation of RT Extracts and Assessment of Their Antilithiasic Effect
4.2.1. Collection of Plant Material

Rubia tinctorum L. (RT), locally named “el foua”, was collected in June 2015 from the
province of Azilal, Ait M’hamed village, geographic coordinates (31◦51′00′′ N, 6◦30′48′′ W),
Morocco. The plant material was botanically classified and its correct botanical identifica-
tion authenticated by Professor Ouhammou Ahmed Mohamed (Laboratory of Environment
and Ecology (L 2 E, CNRST Associated Research Unit, URAC 32), Regional Herbarium
MARK, Faculty of Sciences Semlalia, Cadi Ayad University, Marrakech, Morocco). A
voucher specimen of the plant was deposited in the herbarium of the Semlalia Science
Faculty, Cadi Ayad University (voucher number: 9825).

4.2.2. Preparation of the Extracts

The dried RT roots were coarsely powdered. Then, 303 g of powder were packed into
a soxhlet column and extracted with 70% v/v ethanol in water at 75–79 ◦C for 15 h. The
extract obtained was evaporated at 45 ◦C. The ethanol extract was successively separated
by a series of increasing polar solvents (hexan, ethyle acetate, butanol and distilled water)
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according to the method previously published [26,43]. The fraction thus obtained was
concentrated with a rotary evaporator to obtain the following proportions of yield: 12.75%
of RT-ethanolic extract and 5.28% of RT-ethyl acetate extract.

4.2.3. Administration of the Extracts

A previous study did not show any toxicological effects of doses ranging between
0.5 to 5 g/kg; therefore, we selected the doses 1 and 2 g/kg [26].

After 3 days of acclimation, the 36 male Sprague Dawley rats were randomized in
6 groups of 6 individuals as follows (Figure 4):

• G1, the untreated control group (or vehicle control) received only distilled water
during the ten days.

• G2, the lithiasic control group received distilled water supplemented with 0.75%
ethylene glycol (EG) and 2% ammonium chloride (AC), during the ten days.

• G3 and G4 received distilled water supplemented with 0.75% ethylene glycol (EG)
and 2% ammonium chloride (AC) and concomitantly, 1 mL/day of 1 or 2 g/kg of
ethanolic extract of RT (E-RT), dissolved in distilled water, respectively, during the
ten days.

• G5 and G6 received distilled water supplemented with 0.75% ethylene glycol (EG)
and 2% ammonium chloride (AC) and concomitantly, 1 mL/day of 1 or 2 g/kg of
ethyl acetate extract of RT (EA-RT), dissolved in distilled water, respectively, during
the ten days.

4.3. Pathophysiological Parameters Evaluation
4.3.1. Urine Collection and Analysis

On the 9th day, rats from each group were individually placed in metabolic cages for
24 h for urine collection. The calcium oxalate crystals’ shape and size were analyzed under
light microscopy. After collection, urine samples were immediately analyzed for their vol-
ume, urea, creatinine, calcium, phosphorus, uric acid, Na, K, Cl, and total protein contents.

4.3.2. Serum Analysis

After the 10-day experimental period, the rats were anesthetized with an i.p. chloral
hydrate (10 mg/kg) injection. A blood volume of 1–2 mL was collected from the jugular
vein in two tubes without any additive. Serum was separated by centrifugation (350 G,
for 10 min) and used for biochemical (creatinine, urea, phosphorus, uric acid, calcium, Na,
K, and Cl) dosage. Substrates, minerals, and electrolyte concentrations were determined
enzymatically by standard methods with a biochemical automat (Cobas C311 analyzer,
Roche Diagnostics GmbH, D-68298, Mannheim, Germany).

4.3.3. Histopathological Analysis

After blood collection, the rats were sacrificed and both kidneys were carefully excised.
Small slices of this freshly harvested tissue were fixed in a 10% formaldehyde solution
buffered in 33 µM of sodium phosphate monobasic, dehydrated by serial ethanol solutions,
diaphanized with ethanol-benzene, and enclosed in paraffin. Sections of 4 µm were sliced
by a microtome (Leica, Microsystems Nussloch 6mbH, RM2125) before they were stained
with haematoxylin and eosin and examined under a light microscope.

4.4. Antioxidant Activity
4.4.1. DPPH Assay

DPPH assay was realized according to the method previously described [44]. An
aliquot of 1 mL of various sample concentrations of E-RT and EA-RT were added to a
volume of 2 mL of DPPH. The reaction mixture was well stirred and incubated for 20 min
at room temperature in the dark. The absorbance of the extracts was measured at 512 nm
using ethanol and ethyl acetate as control. Gallic acid was used as a 50% positive control.
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The percentage inhibition of the DPPH radical by the sample was calculated using the
following equation:

I% = [(A control − A sample)/A control] × 100 (1)

“A control” is the absorbance of the control and “A sample” is the absorbance of
the test sample. Extract concentration providing inhibition (IC50) was extracted from
the absorbance concentration graph by plotting the inhibition percentage against extract
concentration. All tests were carried out in triplicate.

4.4.2. Lipid Peroxidation Determination
Tissue Samples Preparation

Kidneys tissues were homogenized with a polytron homogenizer in 1 mL of buffer
containing PBS (Gibco pH = 7.4, Ref 2285250) and 0.04% Tween 80. Tissue samples were
centrifuged at 10,000× g for 10 min. After centrifugation, supernatants were kept with sera
at −20 ◦C until use.

Malondialdehyde Assay

The malondialdehyde (MDA) concentrations, as a product of lipid peroxidation,
were evaluated by the thiobarbituric acid reactive substances method [45]. Briefly, the
supernatant of the small intestine was mixed with 600 µL of 1% ortho-phosphoric acid
and 200 µL of 0.6% thiobarbituric acid. They were then heated in a boiling water bath for
45 min. The completed reaction gave rise to a colorimetric product that will be extracted by
the organic solvent n-butanol after centrifugation (2000× g during 15 min). The absorbance
was read at 532 nm. MDA concentrations were expressed in terms of µmol of MDA per g
of tissue (µmol/g of tissue) using a molar extinction coefficient of 1.56 × 105 M−1 cm−1

for MDA.

4.4.3. Catalase Activity Determination

The catalase activity (CAT) was initiated by adding 100 µL of each sample with 2.9 mL
of the substrate hydrogen peroxide solution (H2O2, 0.2%) (Sigma–Aldrich, St. Louis,
MO, USA) in a phosphate buffer (50 mM, pH 7.0) according to the method previously
described [46]. Kinetics of degradation of H2O2 was followed for 3 min at 240 nm. The
results were expressed in international unit per g of tissue (U/g of tissue).

4.4.4. Reducing Power Assay

Reducing power was assessed according to the method previously described [47].
1 mL of various sample concentrations was added to 2.5 mL of phosphate buffer (200 mM,
pH 6.6) and 2.5 mL of potassium ferricyanide (1%). The resulting solution was incubated
for 20 min at 50 ◦C, and after the incubation period 2.5 mL of 10% trichloroacetic acid
(TCA) was mixed with the solution and then centrifuged at 200 G for 10 min. 2.5 mL of
the upper layer solution was added to 2.5 mL of distilled water and 0.5 mL of 0.1% ferric
chloride (FeCl3). The measurement of coloration formed by the reduction of Fe3+ at 700 nm
was used to determine the sample concentration providing 0.5 of absorbance (IC50). BHT
and quercetin were used as positive controls.

4.4.5. β-Carotene Linoleic Acid Method

This is one of the rapid methods to screen antioxidants, which is mainly based on the
principle that linoleic acid, which is an unsaturated fatty acid, gets oxidized by “reactive
oxygen species” (ROS) produced by oxygenated water [48]. The products formed will
initiate the β-carotene oxidation, which will lead to discoloration. Antioxidants decrease
the extent of discoloration, which was measured at 434 nm, and the activity was measured.

β-carotene (0.5 mg) in 1 mL of chloroform was added to 25 µL of linoleic acid and
200 mg of tween-80 emulsified mixture. Chloroform was evaporated at 40 ◦C, 100 mL of
distilled water saturated with oxygen was slowly added to the residue and the solution
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was vigorously agitated to form a stable emulsion. Four mL of this mixture was added
into the test tubes containing 200 µL of the sample prepared in methanol. As soon as the
emulsified solution was added to the tubes, zero-time absorbance was measured at 470 nm.
The tubes were incubated for 2 h at 50 ◦C. Antioxidant activity is calculated as percentage
of inhibition (I%) relative to the control using the following equation:

I% = ((1 − (As − As120)/Ac − Ac120)) (2)

where “As” was initial absorbance, “As120” was the absorbance of the sample at 120 min,
“Ac” was initial absorbance of negative control and “Ac120” was the absorbance of the
negative control at 120 min.

4.4.6. Determination of Total Phenolic Content

The total phenolic contents of the E-RT and EA-RT was determined using the Folin–
Ciocalteu method with a slight modification [49]. Sample and standard readings were
made using a spectrophotometer (VR-200 spectrophotometer) at 760 nm against the reagent
blank. The test sample (20 µL) was mixed with 1.16 mL of distilled water and 100 µL of
Folin–Ciocalteu’s phenol reagent. After 8 min, 300 µL of saturated sodium carbonate
solution (Na2CO3) 20% w/v in distilled water was added to the mixture. The reaction was
kept in the dark for 40 min and after centrifugation, the absorbance of blue color from
different samples was measured at 760 nm. The phenolic content was calculated as gallic
acid equivalent (1–0.062 mg/mL, Y = 0.981 x + 0.003, R2 = 0.9999). All determinations were
carried out in triplicate.

4.4.7. Determination of Phenolic Compounds

The EA-RT and E-RT were analyzed for their content of flavonoids and polyphenols by
the HPLC method. Chromatography separations were performed on a reversed-phase (RP-
18) column (Agilent Technologies 250 mm × 4.6 mm, 5.0 µm), protected by a pre-column
(Agilent Technologies RP-18, 10 mm × 4.6 mm). Both columns were placed in a column
oven set at 25 ◦C. The HPLC system consisted of a pump (SCL-10), an automatic injector
(SIL-10AD) and a detector (SPD 10A UV-visible) set at a spectrum beginning at 200 nm and
ending at 700 nm (Shimadzu, Japan). Data collection and analysis were performed using
Shimadzu LC Solution chromatography data station software. Two solvents were used
with a constant flow rate of 1 mL/min and injection volume of 10 µL. Solvent A consisted of
5% acetonitrile and 95% water, whereas solvent B consisted of a phosphate buffer dissolved
in water (pH 2.6). HPLC analysis was performed with the standards, followed by the RT
extracts, and then the samples’ parameters were compared to the standards (syringic acid,
vanillin, rosmarinic acid, catechin, cinnamic acid, quercetin, retinoic acid and ferulic acid).

4.5. Statistical Analysis

Statistical analyses were performed using the computer software Sigma Plot 12.5 for
Windows. All data were expressed as mean ± standard error (SEM); p values less than 0.05,
0.01 and 0.001 were considered to be significant. Comparisons between different groups
were performed using one-way analysis of variance (ANOVA). Significant differences
between the control and experimental groups were assessed by Tukey’s test.

5. Conclusions

In conclusion, the concomitant oral administration of RT extracts prevented the de-
velopment of EG/AC-induced urolithiasis in the rat. E-RT was found to be more efficient
than EA-RT. The superiority of the E-RT preventive effect over EA-RT was associated with
its more powerful antioxidant effect, resulting from its specific and rich polyphenol com-
position. E-RT was constituted by vanillin, rosmarinic acid, quercetin, catechin, syringic
acid and cinnamic acid, whereas that of EA-RT contained specifically quercetin, cinnamic
acid, vanillin and rutin. Taken together, our results suggest that RT could be an important
alternative to anti-urolithiasis drugs due to its efficiency and minor side effects.
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Supplementary Materials: The following are available online, Figure S1: Typical calcium oxalate
(CaOx) crystals, viewed under light microscope (50×), in 24h urine from rats of vehicle control (G1),
lithiasic group (G2), groups treated with E-RT at 1 g/kg (G3) and 2 g/kg (G4) and groups treated with
EA-RT at 1 g/kg (G5) and 2 g/kg (G6), Figure S2: HPLC chromatograms of E-RT (A) and EA-RT (B).
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Abbreviations

AC ammonium chloride
CaOx calcium oxalate
Cl chloride
DNA deoxyribonucleic acid
DPPH 1, 1-diphenyl-2-picrylhydrazyl
EA-RT ethyl acetate extract of Rubia tinctorum L.
EG ethylene glycol
E-RT ethanolic extract of Rubia tinctorum L.
GRF glomerular filtration rate
HPLC high performance liquid chromatography
IC50 the half maximal inhibitory concentration
K potassium
Na sodium
Na2CO3 sodium carbonates solution
Ox oxalate
RT Rubia tinctorum L.
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Abstract: Coffee is rich in caffeine (CF), chlorogenic acid (CGA) and phenolics. Differing types
of coffee beverages and brewing procedures may result in differences in total phenolic contents
(TPC) and biological activities. Inflammation and increases of platelet activation and aggregation
can lead to thrombosis. We focused on determining the chemical composition, antioxidant activity
and inhibitory effects on agonist-induced platelet aggregation and cyclooxygenase (COX) of coffee
beverages in relation to their preparation method. We prepared instant coffee and brewed coffee
beverages using drip, espresso, and boiling techniques. Coffee extracts were assayed for their CF
and CGA contents using HPLC, TPC using colorimetry, platelet aggregation with an aggregometer,
and COX activity using ELISA. The findings have shown all coffee extracts, except the decaffeinated
types, contained nearly equal amounts of CF, CGA, and TPC. Inhibitory effects of coffee extracts on
platelet aggregation differed depending on the activation pathways induced by different agonists.
All espresso, drip and boiled coffee extracts caused dose dependent inhibition of platelet aggregation
induced by ADP, collagen, epinephrine, and arachidonic acid (ARA). The most marked inhibition
was seen at low doses of collagen or ARA. Espresso and drip extracts inhibited collagen-induced
platelet aggregation more than purified caffeine or CGA. Espresso, boiled and drip coffee extracts
were also a more potent inhibitors of COX-1 and COX-2 than purified caffeine or CGA. We conclude
that inhibition of platelet aggregation and COX-1 and COX-2 may contribute to anti-platelet and
anti-inflammatory effects of espresso and drip coffee extracts.

Keywords: chlorogenic acid; coffee; cyclooxygenase; espresso; instant coffee; platelet aggregation

1. Introduction

Arabica coffee (Coffea arabica) and Robusta coffee (Coffea canephora) are the most widely-
consumed coffee beverages in the world. These coffee varieties differ in terms of cultivation
area, their physical and chemical characteristics and the taste of the resulting coffee bever-
age [1]. Coffee beans contain lipids, carbohydrates, minerals, caffeine (CF) and phenolic
acids such as chlorogenic acid (CGA) or 5-O-caffeoylquinic acid (CQA), caffeic acid (CA),
ferulic acid (FA), quinic acid (QA), and feruloylquinic acid (FQA) (Figure 1), all of which
contribute to their biological and pharmacological effects [2].
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coffee are caused by certain compounds such as CF and CGA [3,7]. CGA (or caffeoylquinic 
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scavenging activities. Nevertheless, degradation of CGA during the roasting process did 
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that can be caused by platelet activation, red cell disorders, the presence of reactive oxygen 
species (ROS) and/or decreased natural anticoagulants [15–17]. Regular blood transfu-
sions and iron chelation therapy have become the main prophylactic methods employed 
in haemoglobinopathies (commonly in β-thalassaemia intermedia patients) to eliminate 
these multi-factors and prevent secondary complications [18,19]. In addition, platelet an-
tagonists such as eptifibatide and prasugrel were found to reduce platelet activation and 
aggregation in patients with sickle cell diseases [20,21]. Notably, coffee is known to exhibit 
anti-thrombotic, nitric oxide (NO•) modulating and anti-platelet effects [22]. Accordingly, 
high and chronic consumption habits of coffee could alter the response of platelets to 
adenosine actions, decrease platelet aggregation and lower the risk of cardiovascular dis-
ease [23]. Moreover, cyclooxygenases (COXs), which are identified as constitutive COX-1 
and inducible COX-2, can catalyze the synthesis of prostaglandins (PGs) and thromboanes 
(TXs) and are inhibited by acetylsalicylic acid (ASA). Specifically, COX-2 inhibitor drugs 
inhibit the synthesis of platelet-inhibitory prostacyclin (PGI2); nonetheless, NS-398 was 
found to induce certain side effects such as increased vascular platelet adhesion, leading 
to thrombosis and hypercoagulation in patients with cardiovascular diseases [24]. Nota-
bly, they have been reported as being able to promote atherothrombosis by inhibiting the 
vascular formation of PGI2 and increasing thrombotic-associated risks [25]. We have hy-
pothesized that coffee preparations with different amounts of CGA and CF could help to 
prevent a hypercoagulable state, by inhibiting platelet aggregation and COXs and thereby, 
assist in the inhibition of platelet aggregation and COX activities to differing degrees. The 
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Figure 1. Chemical structures of caffeine (CF), caffeic acid (CA), chlorogenic acid (CGA), ferulic acid (FA), quinic acid (QA),
and feruloylquinic acid (FQA) present in coffee [2].

Boiled coffee is the earliest and most commonly prepared form of coffee brew and is
commonly referred to as Turkish coffee. Espresso coffee is a complex and much appreciated
beverage among coffee consumers in Southern Europe, Central America and other areas.
Indeed, differing varieties of coffee drink preparations will result in differences in aromatic
compositions, bioactive compounds such as CF, CGA, CA, and other phenolic compounds,
as well as other resulting pharmacological properties.

Importantly, coffee consumption provides hepato- and cardio-protective effects, dis-
plays antimicrobial activity and lowers the risk of type 2 diabetes mellitus [2]. In healthy
people, moderate caffeine consumption (400 mg/day) neither induces cardiac arrhyth-
mia nor increases serum cholesterol levels [3]. However, excessive coffee consumption
is known to result in mineral deficiency, hypertension, hypercholesterolemia, insomnia,
tremors, nausea, polyuria, diarrhea, and polyphagia [2–6]. Possibly, the positive effects of
coffee are caused by certain compounds such as CF and CGA [3,7]. CGA (or caffeoylquinic
acid, CQA) together with feruloylquinic (FQA) and dicaffeoylquinic (diCQA) acids are
phenolic acids [7–9], and CF is recognized as a remarkable alkaloid [2,3]. These com-
pounds are notably predominant in green coffee beans. Interestingly, the contents of these
compounds in coffee are varied among tree species and can vary according to processing
techniques [2,10–13], both of which can lead to differing degrees of antioxidant and radical
scavenging activities. Nevertheless, degradation of CGA during the roasting process did
not ultimately affect the antioxidant activity of the coffee beverage [14].

The hypercoagulable state is one of the most common hematological complications
that can be caused by platelet activation, red cell disorders, the presence of reactive oxygen
species (ROS) and/or decreased natural anticoagulants [15–17]. Regular blood transfusions
and iron chelation therapy have become the main prophylactic methods employed in
haemoglobinopathies (commonly in β-thalassaemia intermedia patients) to eliminate
these multi-factors and prevent secondary complications [18,19]. In addition, platelet
antagonists such as eptifibatide and prasugrel were found to reduce platelet activation and
aggregation in patients with sickle cell diseases [20,21]. Notably, coffee is known to exhibit
anti-thrombotic, nitric oxide (NO•) modulating and anti-platelet effects [22]. Accordingly,
high and chronic consumption habits of coffee could alter the response of platelets to
adenosine actions, decrease platelet aggregation and lower the risk of cardiovascular
disease [23]. Moreover, cyclooxygenases (COXs), which are identified as constitutive COX-
1 and inducible COX-2, can catalyze the synthesis of prostaglandins (PGs) and thromboanes
(TXs) and are inhibited by acetylsalicylic acid (ASA). Specifically, COX-2 inhibitor drugs
inhibit the synthesis of platelet-inhibitory prostacyclin (PGI2); nonetheless, NS-398 was
found to induce certain side effects such as increased vascular platelet adhesion, leading to
thrombosis and hypercoagulation in patients with cardiovascular diseases [24]. Notably,
they have been reported as being able to promote atherothrombosis by inhibiting the
vascular formation of PGI2 and increasing thrombotic-associated risks [25]. We have
hypothesized that coffee preparations with different amounts of CGA and CF could help to
prevent a hypercoagulable state, by inhibiting platelet aggregation and COXs and thereby,
assist in the inhibition of platelet aggregation and COX activities to differing degrees. The
aims of this study were to prepare different roasted Arabica coffee drinks using boiled
(brewed coffee) and pressurized (espresso beverage) extraction methods and then evaluate
their inhibitory effects on platelet aggregation and COXs activity.
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2. Results
2.1. Chemical Compositions and Antioxidant Activity in Coffee Preparations

HPLC/DAD analysis revealed that authentic 125 µg/mL caffeine (CF), 125 µg/mL
chlorogenic acid (CGA) and 1 mg/mL caffeic acid (CA) were eluted at the specific retention
time (TR) values of 11.72 min, 12.50 and 17.18 min, respectively (Figure 2). Consistently, free
forms of CF and CGA at the corresponding time points were almost exclusively detected
in extracts of instant coffee (both regular and decaffeinated formulas), as well as in extracts
of espresso, drip and boiled coffees. However, CA was notably not detectable. In addition,
the chromatographic profiles of CF and CGA were very similar among these coffee extracts
with the exception of the decaffeinated coffee. Not surprisingly, nearly all of the CF was
eliminated from the decaffeinated instant coffee. With regard to espresso, drip, boiled and
instant (regular) coffee extracts, the peaks eluted between 2 and 10 min were observed to
be evenly predominant. This outcome was possibly attributed to the presence of other
phenolic/flavonoid compounds.

Results presented in Table 1 reveal differences of CGA, CF, TPC, and AA contents
among five coffee extract samples, among which the CF and CGA contents are notable.
Decaffeinated coffee is usually prepared by employing a treatment using an organic solvent
or carbon dioxide to remove intact caffeine from regular coffee, reaching 1–2% of the
original content of the coffee. Herein, instant decaffeinated coffee was found to contain
higher CGA content but less CF content than instant regular coffee. Additionally, it
displayed higher CGA, TPC, and antioxidant activity than other coffee extracts.

Table 1. Average values of chlorogenic acid, caffeine, total phenolic contents and antioxidant activity
in coffee extracts.

Extract CGA
(µg/mg)

CF
(µg/mg)

CA
(µg/mg)

TPC
(mg GAE/g)

Antioxidant
Activity

(mg TE/g)

Espresso Coffee 8.60 48.83 ND 113 125

Drip Coffee 8.81 45.73 ND 104 160

Boiled Coffee 9.45 49.58 ND 114 118

Instant (Regular)
Coffee 5.15 39.81 ND 135 156

Instant
(Decaffeinate)

Coffee
10.61 0.53 ND 166 163

Abbreviations: CA = caffeic acid, CF = caffeine, CGA = chlorogenic acid, GAE = gallic acid equivalent,
ND = not detectable, TE = Trolox equivalent, TPC = total phenolic content.
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2.2. Inhibitory Effect of Coffee Extracts on Platelet Aggregation

In this study, the platelets present in platelet rich plasma (PRP), were treated with
different coffee extract preparations before adding different platelet agonists in vitro and
monitoring platelet aggregation using an aggregometer instrument. All espresso, drip and
boiled coffee extracts tended to cause dose dependent inhibition of platelet aggregation
induced by ADP, collagen, epinephrine, and arachidonic acid (ARA), in which the espresso
and drip coffee extract at the dose of 1 mg/mL showed significant inhibition of platelet
aggregation induced by ADP (5 µM) and collagen (1 µg/mL). However, the inhibitory
effects became weaker when the doses of the agonists were increased. The most marked
inhibition was seen with low doses of collagen and with ARA. In addition, the inhibitory
effects of the coffee extracts on the platelet aggregation to U46619 were weak (only occurring
in 1/5 donors) and there was no inhibition of aggregation to TRAP (Figure 3). These
results indicate that the inhibitory effects of coffee extracts on platelet aggregation differ
depending on the particular pathways and mechanisms leading to platelet aggregation
that are activated by different agonists.

As shown in Figure 4, CF (54.17 mg/mL) was found to be more effective than CGA
(18.23 mg/mL) in inhibiting the aggregation of platelets induced by collagen. However,
they showed less inhibitory effects on platelet aggregation than the coffee extracts, even
though their concentrations were slightly higher than those of espresso (48.83 µg CF and
8.60 µg CGA equivalent/mL), boiled coffee (49.58 µg CF and 9.45 µg CGA equivalent/mL),
drip coffee (45.73 µg CF and 8.81 µg CGA equivalent/mL), instant coffee (39.81 µg CF and
5.15 µg CGA equivalent/mL), and decaffeinated instant coffee (0.53 µg CF and 10.61 µg
CGA equivalent/mL). There were no clear differences in the degree of inhibition between
the coffee types at equal concentrations (1 mg/mL). Similarly, CF and CGA slightly inhib-
ited the aggregation of platelets induced by collagen and showed much lower inhibitory
effects than the coffee extracts. Therefore, the inhibitory effects of Arabica coffee and instant
coffee on platelet aggregation were interesting, but will require further investigation.

In time course experiments, coffee extracts (1 mg/mL) were mixed with PRP in the
cuvette and incubated for indicated periods of time. Collagen and ARA agonist were then
added and platelet aggregation were immediately measured using an aggregometer instru-
ment. Espresso coffee slowly inhibited platelet aggregation while boiled and drip coffee
extracts caused immediate (within 1 min) inhibition of platelet aggregation to collagen
(1 µg/mL). Likewise, the degree of inhibition was more potent at higher concentrations
and over longer incubation periods. Consistently, the degree of inhibition fell in the follow-
ing order: Boiled coffee ~ drip coffee > espresso coffee (Figure 5A–C). In contrast, when
using ARA (1 mM) as an agonist, all of the coffee extracts completely inhibited platelet
aggregation within 1–2 min regardless of concentration. However, the degree of inhibition
fell in the order of boiled coffee ~ drip coffee > espresso coffee (Figure 5D–F).

Moreover, the inhibitory effects on the agonists-induced platelet aggregation seemed to
be dependent upon the incubation time of the coffee extracts. Consequently, the inhibition
potency was found to be in the order of drip coffee > boiled coffee > espresso coffee with
regard to ARA stimulation, whereas it was not observed to be different with regard to
collagen stimulation (Figure 6A–B).
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the coffee types at equal concentrations (1 mg/mL). Similarly, CF and CGA slightly inhib-
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stant coffee on platelet aggregation were interesting, but will require further investigation. 
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Figure 3. Inhibitory effects of phosphate-buffered saline (PBS) and coffee extracts (0.5 and 1 mg/mL each) on aggregation of
platelets induced by adenosine diphosphate (ADP) (A), collagen (B), epinephrine (C), sodium arachidonate (ARA) (D),
U46619 (E) and thrombin receptor agonist peptide (TRAP) (F). Data obtained from different blood samples are expressed as
mean ± SEM values. * p < 0.05 when compared without the coffee extract treatments (PBS).
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Figure 4. Inhibitory effects of phosphate-buffered saline (PBS), coffee extracts (0.5 and 1 mg/mL each), 18.23 mg/mL
chlorogenic acid (CGA) and 54.17 mg/mL caffeine (CF) on aggregation of platelets induced by collagen (B) and sodium
arachidonate (ARA) (A). Data obtained from five blood samples are expressed as mean + SEM values. * p < 0.05 when
compared with the CGA; # p < 0.05 when compared to the CF.
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Figure 6. Time-course experiments of collagen (A) and sodium arachidonate (ARA) (B)-induced platelet aggregation by
espresso, boiled and drip coffee extracts (1 mg/mL each). Data were obtained from three platelet-rich plasma samples and
are presented as mean ± SEM values.

2.3. Effect of Coffee Extracts and Instant Coffee on Cyclooxygenase Activities

Treatments with espresso, boiled and drip coffee extracts (2 mg/mL equivalent to
97.7, 99.2, and 91.4 µg CF, 17.2, 18.9, and 17.6 µg CGA, respectively) and indomethacin
(100 mg/mL) considerably inhibited COX-1 activity (p < 0.05), while CF (100 µg) and
CGA (20 µg) treatments were found to be less active. Similar to COX-1 inhibition, the
coffee extracts revealed significant inhibitory effects on COX-2 activity that were noticeably
weaker than indomethacin (100 mg/mL) but stronger than CF and CGA (Figure 7). The
inhibitory effects of the three coffee extracts compared with CF and CGA on COX-1 and
COX-2 are broadly similar. The results suggest that with respect to inhibition of COX-1 and
COX-2, that there are compounds present in coffee extracts, which are relatively lacking
in CGA or CF. Although these differences appear marked for both COX-1 and COX-2
(Figure 7), further experiments would be required to establish statistical significance under
a range of conditions.
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Figure 7. Inhibition of cyclooxygenase 1 (COX-1) and cyclooxygenase 2 (COX-2) activities by in-
domethacin (100 mg/mL), caffeine (CF, 100 µg/mL), chlorogenic acid (CGA, 20 µg/mL), espresso
coffee, boiled coffee, and drip coffee extracts (2 mg/mL each). Data obtained from five separate
duplicate measurements are expressed as mean ± SEM values. * p < 0.05 when compared with the
CGA; # p < 0.05 when compared to the CF.
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As is shown in Figure 8, the results demonstrate that espresso, boiled and drip coffee
extracts exerted almost equal degrees of inhibition of COX-1 and COX-2 activities in a
concentration-dependent manner, while CF and CGA were found to have exerted lesser
degrees of inhibition. In the case of a constitutive COX-1, the degree of inhibition was
minimal at a dose of 0.15 mg/mL and considerable at doses of 1–2 mg/mL. In the case
of an inducible COX-2, the inhibitions were increasingly obvious as the doses were in-
creased. Even with less CF and CGA equivalent concentrations, all the coffee extracts
still displayed more potent degree of inhibition of COX-1 and COX-2 activities than the
authentic standards.
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Figure 8. Inhibitory effects of espresso, boiled and drip coffee extracts (0.15–2 mg/mL each), caffeine 100 μg/mL) and 
chlorogenic acid (CGA, 20 μg/mL) on cyclooxygenase 1 (COX-1) (A) and cyclooxygenase 2 (COX-2) (B) activities. Data 
obtained from five separate duplicate measurements are expressed as mean ± SEM values. *p < 0.05 when compared with 
the CGA; #p < 0.05 when compared to the CF. 
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obtained from five separate duplicate measurements are expressed as mean ± SEM values. * p < 0.05 when compared with
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In this study, the coffee extracts are likely to contain other bioactive phenolic/flavonoid
compounds (such as QA, FA, and FQA) besides CF and CGA that have synergistic anti-
platelet aggregation and health benefits.

3. Discussion

Natural bioactive compounds in coffee beans help promote human health and well-
ness; however, the varying classes of phenolic compounds, sources of antioxidants, extrac-
tion methods, thermal processing and sample storage may influence the biological and
pharmacological effects of coffee drinks. Generally, instant coffee is prepared by extract-
ing the soluble and volatile contents of coffee beans or pulp with pressurized hot water
(approximately 175 ◦C) and then through varying degree of concentration using either
evaporation or spray drying methods of preparation. Instant coffee has been reported
to possess anti-oxidative and anti-peroxidation properties; however, it may also act as a
pro-oxidant at high concentrations, probably by converting an inactive ferric ion (Fe3+)
to a redox-active ferrous ion (Fe2+) in a Fenton reaction [26]. Importantly, coffee contains
significantly higher amounts of free phenolic compounds and displays greater antioxidant
activity levels than cocoa and tea, of which their anti-oxidation yields are highly related
to their TPC content; particularly with regard to their free phenolic compound content.
This outcome is possibly due to the presence of the main content of CGA, particularly
5-caffeoylquinic acid (5-CQA) [27]. Natella et al. [28] reported on the presence of CGA,
but not of CA, p-coumaric acid (CMA) and ferulic acid (FA) in American-style filtered
coffee (60 g roasted coffee/L water) that had been prepared from a commercial automatic
brewing machine. On the contrary, CA, CMA, and FA, but not CGA, were detectable in
the brewed coffee after alkaline hydrolysis. In the present study, we found only the free
form CGA, but not CA, with regard to the authentic standards in all of our coffee extracts.
This outcome suggests that most or all of the CA in coffee would be esterified with QA and
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eventually form caffeoylquinic acid or CGA. In terms of roasting, 4-vinylcatechol of the CA
moieties in green coffee usually oligomerizes to form bitter compounds [29].

The extraction phase of espresso coffee combines physical and chemical variables in
a very short period of time. These variables directly affect its flavor, aroma, quality, and
the resulting coffee beverage’s bioactivities [30]. When compared with green coffee beans,
roasted coffee beans are known to contain considerably lower contents of phytochemicals.
This was confirmed by a 68% decrease of CGA. However, in this study, higher TPC and AA
contents and unchanged CF contents were recorded [31]. Additionally, secondary metabo-
lites, particularly CGAs, that are present in green beans were found to be degraded during
the roasting process into other phenolic compounds. This is ultimately responsible for the
bitterness of the coffee beverage. The present findings have revealed that all the coffee
extracts exhibited differences in TPC and AA as a result of the differing coffee processes.
Consistently, the TPC and AA levels detected in instant decaffeinated coffee and espresso
coffee beverage were directly related to the CGA content, but were inversely related to
CF content. Moreover, technological factors such as those associated with the decaffeina-
tion process, the brew volume and the method of preparation test, as well as the coffee
species and the degree of roast, may all affect antioxidant activity and phenolic content in
coffee drinks. Aguilera and colleagues have reported that heat/acidity-assisted extraction
of coffee has produced higher concentrations of CGA, vanillic acid (VA), protocatechuic
acid (PCA) and CMA than conventional methods [32]. In addition, abundant contents
of CF (approximately 1200 ± 57 mg/kg spent coffee residual) and CGA (approximately
1700 ± 90 mg/kg spent coffee residual), some phenolic acids (e.g., CA, FA, PCA, VA, gallic
acid, syringic acid and trans-cinnamic acid), and some flavonoids (e.g., rutin, cyanidin 3-
glucoside and quercetin) were also present in the final coffee beverage [33]. The findings of
Aguilera and colleagues have supported those of our study by confirming greater TPC and
AA levels in the decaffeinated coffee than in the coffee brew extractions. With regard to free
radical-scavenging activity and TPC, espresso (decaffeinated) coffee (30 mL cup) displayed
significantly greater effects than espresso (regular), while a long-extraction espresso coffee
beverage (70 mL cup) was found to result in greater radical-scavenging activity when
compared to a short-extraction espresso coffee beverage (20 mL cup). Furthermore, Ro-
busta brewed coffee revealed significantly greater radical-scavenging activity than Arabica
brewed coffee [34]. In addition, at least 23 hydroxycinnamic derivatives including CGA,
lactones and cinnamoyl-amino acid conjugates were detected in the coffee brews [34].

Thermal processing (such as steaming, boiling or frying) helps release bound phenolic
compounds from the structural matrices and glycosides in coffee beans, but tends to
reduce antioxidant activity. However, high-pressure processing tends to better retain
the antioxidant properties of coffee drinks when compared to thermal treatments [35].
CGA, CA and FA are the three main anti-oxidative phenolic compounds present in both
roasted coffee grounds and spent coffee grounds. Of these, CGA is the most abundant
compound [36]. In the present study, CA was not detectable in all coffee extracts, while
authentic CA was detected in the chromatogram. In modifications, feruloyl esterase
obtained from microbial substances may be included in the preparation of coffee to release
anti-oxidative phenolic acids such as CA, PCA, and FA from the coffee pulp and beans and
would then contribute in the way of health benefits [37]. Moreover, water coffee extracts can
be prepared using manual methods (such as boiling) and automatic coffee makers (such as
percolation, espresso, and drip) depending upon the facility used and the customers’ taste
and degree of satisfaction. According to both the aroma and flavor, roasted coffee drinks
are extremely popular when compared to both green coffee and instant coffee; nonetheless,
roasting may influence the nutraceutical, biological, and pharmacological properties of the
coffee beverage. Interestingly, medium roasted coffee displayed the highest TPC content,
while light roast coffee exhibited the highest 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical
scavenging activity. Lastly, dark roasted coffee revealed both the lowest TPC content
and the lowest degree of radical-scavenging activity [38]. We found that coffee extracts
were capable of inhibiting platelet aggregation induced by ADP, epinephrine, collagen,
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and ARA, for which the most remarkable degree of inhibition took place with the ARA
agonist, while inhibition was more marked at lower doses of collagen (which are thought to
activate platelets mainly through the cyclo-oxygenase pathway). According to the results,
high inter-individual variability, coupled with the fact that the sensitivity to inhibition
is influenced by the strength of the aggregation response in the presence of PBS in each
individual (i.e., if the response is at the lower end of normal, there is a more limited scope
for inhibition than if the response was upper normal, since aggregation responses below
zero cannot be recorded). Additionally, Disaggregation is thought to occur when the level
of stimulus is below a certain threshold for full, irreversible aggregation, i.e., only limited
amounts of TXA2 are generated and are compensated for by the inhibitory pathways
within the platelet (e.g., cAMP generation). The concentration of TXA2 is also likely to be
insufficient to provoke ADP release from the dense granules. Surprisingly, we found that
inhibition was not influenced by CGA and CF when compared to the standard. Importantly,
CF augmented the activity of NSAIDs such as aspirin, indomethacin and ketoprofen;
nevertheless, it did not influence NSAIDs-induced inhibition of platelet thromboxanes
(TXs) [39]. Likewise, there is increasing evidence that the consumption of phenolic-rich
beverages has the potential to lower and prevent the risk of developing thrombosis. For
example, catechol, hydroquinone and their derivatives, which are the antioxidants present
in coffee and other plant products, were found to inhibit the production of prostaglandin
E3 (PGE3) and TXB2, as well as the aggregation of platelets induced by ARA but not by
U46619 [40,41]. In addition, CGA has displayed inhibitory effects on collagen-induced
platelet aggregation and TXA2 production in a concentration dependent manner, along
with increases in microsomal platelet cyclic adenosine-5′-monophosphate (cAMP) and
cyclic guanosine-5′-monophosphate (cGMP) levels [42]. In contrast, CA was not detectable
in all brewed coffee and instant coffee samples in this study, even though it had been
previously identified as an intense bitter compound in strongly roasted espresso coffee [29].
With regard to CA composition, the brewed and instant coffee beverages displayed proper
inhibitory effects on platelet aggregation and COXs activities. This was possibly due
to the actions of other bioactive compounds. Interestingly, espresso coffee contains the
highest amount of CGAs, mainly 5-CQA, (approximately 5 mM) and much lower amount
of CA among all commonly consumed beverages [43]. With regard to its bioavailability,
CGAs per se may directly interact with platelets in blood circulation or can be metabolized
extensively by colonic microbiota into degradation products including CA, FA, hydrocaffeic
acid, dihydroferulic acid and 3-(3′-hydroxyphenyl)propionic acid before being absorbed
from the gut lumen [44]. Nevertheless, consumption of instant coffee (16 g/d, equivalent
to 520 mg CF) for a 3-wk period did not change the plasma and urinary levels of TXB2 and
PGE2 [45]. Furthermore, antioxidant activity of coffee products has been reported in the
order of Robusta coffee, coffee cherry, Indian green coffee (72%) > CA (71%) > CGAs (70%)
> dicaffeoylquinic acids (69%) > Nescafe Espresso (49%) [46].

Lastly, we have identified the mechanism of the coffee extracts on ARA-induced
platelet aggregation by estimating the degree of COX activity through quantitation of
prostaglandin. We found that the extracts were more potent than CGA or CF alone in
inhibiting the aggregation by suppressing both COX-1 and COX-2 in the PGE2 pathway;
which the inhibition would possibly be interactions of CGA with CF. The two compounds
with other phenolic compounds (such as quercetin), demonstrating the synergistic effects
on inhibiting pro-inflammatory responses. Similarly, combination of quercetin and tea
saponin extract exerted synergistic effect on inhibiting PGE2 production through the
COXs/PGE2 pathway [47]. Naito and colleagues have previously demonstrated that hot
water extracts of Blue Mountain, Yunnan and Kilimanjaro coffee beans containing CGA,
CF, QA, and CA exhibited weak anti-platelet aggregation activity [48]. Moreover, CGA
(5 mg/kg) and CF (0.5 g/kg) treatment nearly 60% decreased platelet aggregation in
streptozotocin-induced diabetic rats [49,50]. Nonetheless, decaffeinated lyophilized coffee
which contained higher phenolic compounds and CGA and integral coffee beverage did
not change the hemostatic parameters in normal and high fat-fed rats [51]. Interestingly,
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an anti-oxidative diterpene “kahweol” found in unfiltered coffee has been shown to have
a significant anti-inflammatory effect on the inhibition of inducible COX-2 and nitric
oxide synthase (iNOS) activities and monocyte chemoattractant protein-1secretion [52–54].
Surprisingly, CGA has been reported to bind to the active site of the adenosine A2A receptor
and consequently attenuates the anti-platelet effect. Moreover, coffee extracts and authentic
CGA, GA, and kaempferol consistently suppressed the expression of the COX-2 gene in
macrophage (RAW264.7-Mϕ) cells [55] and in regular coffee beverages, while CF inhibited
COX-2 gene expression in rats [56]. Furthermore, a recent study has reported that the anti-
inflammatory effect on COX-2 gene suppression could be attributed to the extracts of the
coffee leaves, which contain CGA, CF, mangiferin, rutin, and other bioactive molecules [57].
Synergistically inhibitory effect of agonists-induced platelet aggregation, which is related
to antioxidant activity and reported in extracts of plants (such as Salvia species), is possibly
caused by the interaction of persisting phenolic compounds [58–60]. Taken together, our
findings suggest the potential inhibition of platelet aggregation and COXs activities in
the following order: Drip coffee > espresso coffee > boiled coffee > instant coffee > CF,
CGA, suggesting that the degree of inhibition may not be influenced by the anti-oxidative
compounds and caffeine present in the coffee extracts.

4. Materials and Methods
4.1. Chemicals and Reagents

Accordingly, 2,2′-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt
(ABTS), Dulbecco’s minimal essential medium (DMEM), RPMI1640 medium, phosphate
buffered saline pH 7.0 (PBS), fetal bovine serum (FBS) and other materials for cell cul-
turing were purchased from Gibco, Life Technologies (Eugene, OR. USA). Histopaque®-
1077, dimethyl sulfoxide solution (DMSO), adenosine 5′-diphosphate (ADP) sodium salt,
epinephrine, sodium arachidonate (AA), Thrombin receptor agonist peptide (TRAP), 9,11-
dideoxy-11α,9α-epoxymethanoprostaglandin F2α (U46619), gallic acid (GA), penicillin-
streptomycin, 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox), chloro-
genic acid, and caffeine were purchased from Sigma-Aldrich Chemicals Company (Gilling-
ham, UK). Acetonitrile, phosphoric acid, Folin-Ciocalteau reagent, potassium thiosulfate
(K2SsO8) and sodium carbonate (Na2CO3) were purchased from Merck KGaA (Darmstadt,
Germany). Collagen suspension was obtained from Helena Biosciences (Gateshead, UK).
Competitive enzyme linked immunosorbent assay (cELISA) kit for ovine/human cyclooxy-
genase (COX) (No.560131) was purchased from Cayman Chemicals Company (Ann Arbor,
MI, USA). UltraPure water and other chemicals and solvents that were used in this study
were of the highest analytical grade.

4.2. Coffee Extract Preparation

Green coffee beans (Coffea arabica) were kindly provided by the Royal Project Foun-
dation, Chiang Mai, Thailand. Coffee beans were peeled, dried at room temperature until
humidity reached <13% of their original weight, roasted in a coffee roaster at 200–250 ◦C for
15–20 min, ground using a milling machine, and kept in aluminum-foil bags at room tem-
perature. Coffee extracts were prepared in coffee brewing devices using the boiled/brewed
process and the pressurized espresso and drip methods according to the manufacturer’s in-
structions and the description established by Caprioli et al. [61]. For the boiled and brewed
method, ground roasted coffee (10 g) and boiled water (100 mL, 90 ◦C) were combined
in a cylindrical vessel. The coffee was then left to brew for a few min. A circular filter
was then tightly fitted to the cylinder and a fixed plunger was pushed down from the top
through the liquid to force the grounds to the extract bottom containing most of the active
substances. This process makes the coffee beverage stronger and leaves the spent coffee
grounds in the vessel. Finally, the boiled coffee brew was then poured from the container,
and this was what was used in our experiments. By using manual drip coffee equipment
(Brand Delonghi, Model BCO421.S, Treviso, Italy), boiled water (100 mL, 90 ◦C) was poured
into a container filled with ground coffee (10 g) with a perforated filter base. The hot water

284



Molecules 2021, 26, 10

was then allowed to seep for approximately 5 min (15 bar pressure) through the filter. The
resulting coffee then dripped into the container below. For the espresso method, a limited
amount of hot water (90 ◦C) was pressurized at 12 bars using a portable espresso coffee ma-
chine (Brand MINIMEX, Model Miniespresso, Bangkok, Thailand). The hot water would
then percolate through the ground roasted coffee beans (10 g) in a relatively short period of
time to yield a small cup of concentrated foamy coffee extract. Coffee brew extracts were
filtrated through filter paper (cellulose type, Whatman’s No. 1, Merck KGaA, Darmstadt,
Germany), centrifuged at 3000 rpm for 15 min, freeze-dried using a lyophilisation machine
and kept at −20 ◦C until being analyzed and studied. In this experiment, instant (regular
and decaffeinated) coffee (Tesco Gold, Tesco Stores Limited, United Kingdom) (10 g) was
freshly prepared by reconstituting the coffee product with boiled water (100 mL, 90 ◦C)
and then filtering the resulting beverage through Whatman’s No. 1 filter paper.

4.3. Chemical Analysis of Coffee Preparations

CGA and CF were quantified using high-performance liquid chromatography/diode
array detection (HPLC/DAD) [62]. The conditions included a column (C18-type, 4.6 mm
× 250 mm, 5 µm particle size, Agilent Technologies, Santa Clara, California, United States),
isocratic mobile-phase solvent containing 0.2% phosphoric acid and acetonitrile (90:10,
v/v), a flow rate of 1.0 mL/min and a wavelength detection of 275 nm for CF and 330 nm
for CGA. Data were recorded and integrated using Millennium 32 HPLC Software. CGA
and CF were identified by comparison with the specific TR of the authentic standards and
determined concentrations were established from the standard curves constructed from
different concentrations.

Total phenolic compounds (TPC) of the coffee extracts were determined using the
Folin–Ciocalteu method [63]. Briefly, the coffee extract (100 µL) was incubated with 10%
Folin–Ciocalteu reagent (200 µL) at room temperature for 4 min and then incubated with
700 mM Na2CO3 (800 µL) for 30 min. The optical density (OD) was then measured at
765 nm against the reagent blank. GA (6.25–200 µg/mL) was used to generate a calibration
curve that was used to calculate TPC and identify the gallic acid equivalent (GAE).

Antioxidant activity was determined using the ABTS radical cation (ABTS•+) decol-
orization method [64]. In the assay, ten microliters of absolute ethanol (blank) and coffee
extracts (62.5–4000 µg/mL) or Trolox (6.25–800 µg/mL) were incubated with a freshly
prepared solution consisting of 3.5 mM ABTS•+ and 1.22 mM K2SsO8 in the dark at room
temperature for exactly 6 min. The results were photometrically measured at 764 nm.
Results were expressed as the percentage of inhibition of ABTS•+ production and were
reported in terms of mg trolox equivalent antioxidant capacity (TEAC)/g extracts.

4.4. Determination of Anti-Platelet Aggregation Activity
4.4.1. Isolation of Platelet-Rich Plasma

Blood collection was permitted by the director of Maharaj Nakorn Chiang Mai,
Faculty of Medicine Chiang Mai University, Chiang Mai, Thailand (Reference Number
8393(8).9/436) and approved by the Research Ethics Committee for Human Study, Faculty
of Medicine, Chiang Mai University, Chiang Mai, Thailand (Research ID: 7575/Study Code:
BIO-2563-07575/Date of Approval: 28th September 2020). Informed consent was provided
by healthy blood volunteers. Subjects were asked to avoid drinking caffeine-containing
beverages for 24 h prior to blood collection. At 9.00 am, blood samples of non-fasting
volunteers were collected directly from veins and deposited into tubes containing 0.106 M
tri-sodium citrate. The tubes were mixed gently and centrifuged at 170 g at an ambient tem-
perature (25 ◦C) for 10 min. Platelet-rich plasma (PRP) supernatant was then transferred
to capped polypropylene tubes. Residual blood was centrifuged at 2000 g for 15 min and
platelet-poor plasma (PPP) supernatant was separated using a plastic pipette then stored
in a capped polypropylene tube for use as a PRP diluent and for setting the transmission
blank on the aggregometer. PRP platelet counts were obtained using a KX-21 cell counter
(Sysmex Corp, Kobe, Japan).
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4.4.2. Platelet Aggregation Assay

Platelet aggregation was conducted using a light transmission aggregometer (AggRAM™,
Helena Biosciences, Gateshead, UK) [65,66]. PRP (150–600 × 109 platelet/L) was stirred in
an aggregometer cuvette at 37 ◦C, and different coffee extracts (0.5 mg/mL and 1 mg/mL,
25 µL) were added. After incubation for 15 min, 25 µL of PBS (control) or agonists including:
ADP (1–10 µM), epinephrine (1–10 µM), collagen (1–4 µg/mL), TRAP (12.5 µM), ARA
(1 mM) and U46619 (1 µg/mL) were added to the mixture, and it was further incubated
for 5 min. Aggregation was monitored as light transmission at 650 nm for 300 sec. The
percentage of platelet aggregation inhibition was calculated using the following formula;
100 × (ODPBS − ODPRP)/ODPBS.

In a time-course study, PRP was incubated with different coffee extracts (1 mg/mL
each, 25 µL) in an aggregometer cuvette at 37 ◦C for 15, 30, and 60 min. Finally, PBS or
agonists including 1 µg/mL collagen and 1 mM ARA (25 µL) were added to the mixture
and platelet aggregation was monitored as has been mentioned above. The percentage of
platelet aggregation inhibition was calculated using the following formula: 100 × (ODPBS
− ODPRP)/ODPBS.

4.5. Determination of Cyclooxygenase Activity

Biologically, COXs (or PGH synthase) that exhibit both COX and peroxidase (POD) ac-
tivities catalyze the conversion of ARA to hydroperoxy endoperoxide (or PGG2), which will
subsequently be reduced by the POD component to PGH2, a precursor of PGs, thrombox-
ane and prostacyclins. The COX inhibitor screening method is based on the measurement
of PGF2α by the stannous chloride (SnCl2)-catalyzed reduction of PGH2 that is produced in
the COX reaction via cELISA using a broadly specific antibody against all PGs and Ellman’s
reagent [67]. The assay reagent includes both ovine COX-1 and human recombinant COX-2
enzymes together with acetylcholinesterase-conjugated PG (AChE-PG) tracer and Ellman’s
reagent containing acetylcholine and 5,5′-dithio-bis-(2-nitrobenzoic acid). In this study, five
different extracts of espresso, boiled and drip coffee (10 µL each) in duplicate were firstly
incubated with the COXs reagent (10 µL) at 37 ◦C for 10 min. Secondly, the 10 µM ARA
substrate solution (10 µL) was added to the mixture, and the mixture was then further
incubated for exactly 2 min. Thirdly, SnCl2 solution (30 µL) was added to the mixture
to stop the process of enzyme catalysis. Fourthly, treated coffee extracts, standard PG
(15.6–2000 pg/mL) and ELISA buffer (50 µL each) were added to mouse anti-rabbit IgG-
immobilized plate wells, followed by the addition of AChE-PG tracer (50 µL) to complete
the free PGs for the purpose of binding the rabbit antibody against PGs (50 µL), for which
the AChE-PG-anti-PG complex was subsequently bound to the immobilized anti-rabbit
IgG. The amount of AChE-PG that could bind to the anti-PG was found to be inversely
proportional to the concentrations of PGs in the well. Ellman’s reagent was added into each
well to develop the yellow colored 5-thio-2-nitrobenzoic acid product that was determined
photometrically at 405 nm using a microplate reader. The percentage of COX activity
inhibition was obtained using the following forula: 100 × (ODPBS − ODPRP)/ODPBS.

4.6. Statistical Analysis

Experimental data were analyzed using SPSS Statistics Program (IBM SPSS® Software
version 22, IBM Corporation, Armonk, NY, USA, shared license by Chiang Mai University,
Chiang Mai, Thailand). Data are expressed as mean ± standard deviation (SD) values
with standard error of mean (SEM). Statistical significance was determined using one-way
analysis of variance (ANOVA) followed by Tukey’s HSD posttest. p value < 0.05 was
considered statistically significant.

5. Conclusions

Limitations of the study include the fact that only small numbers of subjects were
studied; that a small range of sources of coffee product (e.g., Arabica coffee from the Royal
Project Foundation) was used and the fact that only in vitro studies were performed and
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it is therefore not certain whether the same effect would be observed ex vivo in normal
volunteers. Overall, the results strongly corroborate the hypothesis that the brewing pro-
cedure, type of coffee and potential active compounds, such as caffeine, chlorogenic acid
and phenolic compounds, could influence platelet aggregation and the activity of cyclooxy-
genases. Notably, drip and espresso coffee brews are more effective in amelioration of
cyclooxygenase-catalyzed anti-/pro-inflammation. Major bioactive compounds in the
coffee beverages need to be identified using liquid chromatography/mass spectrometry to-
gether with a thorough assessment of their potential anti-thrombotic effects. Consequently,
coffee beverages might indeed lower the risk of developing a hypercoagulable state and
thrombosis.
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Abbreviations
AA = antioxidant activity; ABTS = 2,2′-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) di-

ammonium salt; AChE = acetylcholinesterase; AChE-PG = prostaglandin-acetylcholinesterase; ADP
= adenosine diphosphate sodium salt; ARA = arachidonic acid; CA = caffeic acid; cAMP = cyclic
adenosine-5′-monophosphate; cELISA = competitive enzyme linked immunosorbent assay; CF =
caffeine; CGA = chlorogenic acid; cGMP = cyclic guanosine-5′-monophosphate; CMA = p-coumaric
acid; CQA = 5-O-caffeoylquinic acid; COX = cyclooxygenase; COX-1 = cyclooxygenase-1; COX-2
= cyclooxygenase-2; DMEM = Dulbecco’s minimal essential medium; DMSO = dimethyl sulfox-
ide; DPPH = 2, 2- diphenyl-1-picrylhydrazyl; ELISA = enzyme linked immunosorbent assay; FA =
ferulic acid; FBS = fetal bovine serum; Fe2+ = ferrous ion; Fe3+ = ferric ion; FQA = feruloylquinic;
GA = gallic acid; GAE = gallic acid equivalent; HPLC = high performance liquid chromatography;
HPLC/DAD = high performance liquid chromatography/diode array detection; IC50 = half-maximal
inhibitory concentration; iNOS = inducible nitric oxide synthase; K2SsO8 = potassium thiosulfate;
Na2CO3 = sodium carbonate; ND = not detectable; nm = nanometer; nM = nanomolar; NO• = nitric
oxide; NSAIDs = nonsteroidal anti-inflammatory drugs; OD = optical density; PBS = phosphate
buffered saline; PCA = protocatechuic acid; PG = prostaglandin; PGE3 = prostaglandin E3; PGF2α
= prostaglandin F2a; PGI2 = prostacyclin; PGs = prostaglandins; PPP = platelet-poor plasma; PRP
= platelet-rich plasma; QA = quinic acid; ROS = reactive oxygen species; rpm = revolutions per
minute; SD = standard deviation; SEM = standard error of the mean; TE = Trolox equivalent; TEAC
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= Trolox equivalent antioxidant capacity; TPC = total phenolic content; TR = retention time; TRAP
= thrombin receptor agonist peptide; TXB2 = thromboxane B2; TXs = thromboxanes; U46619 =
9,11-dideoxy-11α,9α-epoxymethanoprostaglandin F2α; VA = vanillic acid; v/v = volume by volume.
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Abstract: Linusorbs (LOs) are natural peptides found in flaxseed oil that exert various biological
activities. Of LOs, LOB3 ([1–9-NαC]-linusorb B3) was reported to have antioxidative and anti-inflammatory
activities; however, its anti-cancer activity has been poorly understood. Therefore, this study
investigated the anti-cancer effect of LOB3 and its underlying mechanism in glioblastoma cells.
LOB3 induced apoptosis and suppressed the proliferation of C6 cells by inhibiting the expression
of anti-apoptotic genes, B cell lymphoma 2 (Bcl-2) and p53, as well as promoting the activation of
pro-apoptotic caspases, caspase-3 and -9. LOB3 also retarded the migration of C6 cells, which was
achieved by suppressing the formation of the actin cytoskeleton critical for the progression, invasion,
and metastasis of cancer. Moreover, LOB3 inhibited the activation of the proto-oncogene, Src, and the
downstream effector, signal transducer and activator of transcription 3 (STAT3), in C6 cells. Taken
together, these results suggest that LOB3 plays an anti-cancer role by inducing apoptosis and inhibiting
the migration of C6 cells through the regulation of apoptosis-related molecules, actin polymerization,
and proto-oncogenes.

Keywords: flax seed oil; linusorb B3; anti-cancer; apoptosis; actin polymerization; Src; glioblastoma

1. Introduction

Glioma is a general term describing brain tumors and includes astrocytic tumors (astrocytomas),
oligodendrogliomas, ependymomas, brain stem gliomas, optic pathway gliomas, and mixed gliomas [1].
About one-third of total brain tumors are gliomas originating in the glial cells that surround and support
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nerve cells in the brain, such as astrocytes, oligodendrocytes, and ependymal cells. Glioblastoma
multiforme (GBM), a grade IV astrocytoma, is the most aggressive type of cancer that develops
primarily in the brain and spreads into nearby brain tissue. GBM accounts for around 60% of the total
primary brain tumors in adults [2]. The annual incidence rate of GBM is up to 5 per 100,000 persons
worldwide, and the average survival time is 12–18 months with less than 10% 5-year survival rates
after standard treatment [3]. GBM can occur at a broad range of ages but tends to occur more in older
adults between the age of 45 and 70, and the mean age for death from brain cancers and other regions
of the central nervous system was is 64. GBM diagnosis includes sophisticated imaging techniques,
such as computer tomography and magnetic resonance imaging. GBM can be very difficult to treat
and a cure is often not possible. Treatments of GBM may slow cancer progression and reduce the signs
and symptoms, but there are no known methods to prevent GBM. Current standard treatment usually
involves radiation and chemotherapy therapy followed by surgery [4–6]. Surgery removes as much of
the tumors as possible, but GBM grows into the normal tissue, so complete removal is not possible [7].
Radiation therapy uses high-energy radiation to kill cancer cells and is usually recommended after
surgery in the combination with chemotherapy [7]. Chemotherapy uses medications to kill cancer
cells. Chemotherapy is also recommended after surgery and is often used during and after radiation
therapy [7]. Immunotherapy of GBM is also being studied using programmed cell death protein 1
(PD-1)/PD ligand 1 (PD-L1) immune checkpoint inhibitors [8–10]. Preclinical studies in GBM mouse
models showed the safety and efficacy, including significant tumor regression and longer survival
rate of monoclonal antibody therapeutics targeting PD-1/PD-L1 axis [8]. Currently, monoclonal
antibody therapy targeting PD-1/PD-L1 axis is being evaluated in clinical trials concerning GBM
patients. However, despite recent medical and surgical advances, treatment of GBM remains very
difficult, with poor prognoses and disappointingly low survival rates, and one of the critical concerns
of the current chemotherapy is a toxicity issue, which raises the demand for the development of
more effective and less toxic medications, such as the natural product-derived complementary and
alternative medicines to treat GBM.

Flax (Linum usitatissimum L.), also known as linseed, is a fibrous crop and bluish-flowering
plant that belongs to the family Linaceae. It has been cultivated as a fiber crop and food (flaxseed)
in cooler regions of countries, such as Canada, China, and Russia for a long time and is also used
in Ayurvedic medicines [11]. Flax is originally cultivated for its fiber, and flax fiber has long been
used for manufacturing linen, fabrics, yarn, cordage in many textile industies [12]. Flax is also
cultivated for flaxseed. Flaxseed contains 20–25% proteins and 40–45% fatty acids, including the major
bioactive ingredients, such as polyunsaturated fatty acids, short-chain omega-3, lignan, mucilage, and
linusorbs (LOs) [13]. Flaxseed has been consumed as a dietary supplement for human health and
herbal medicines with the purpose of ameliorating many human diseases, including cardiovascular
diseases, hypertension, renal disease, cancers, diabetes, stroke, skin disease, gastrointestinal disease,
and inflammatory diseases [11,14–24]. Flaxseed has been also used for extracting flaxseed oil that
is the oldest commercial oil for foods and pharmaceutical purposes, and flaxseed oil contains many
bioactive ingredients such as omega-3 fatty acids, alpha-linolenic acid, lignan secoisolariciresinol
diglucoside, and LOs [11,25]. LOs, whose name is derived from L. usitatissimum, are natural bioactive
orbitide consisting of eight, nine or ten amino acid residues with a molecular weight of approximately
1 kDa and can also be found in flaxseed oil [20,26–28]. Studies have demonstrated that LOs have
various biological and pharmacological activities, including immunosuppressive, anti-inflammatory,
anti-malarial, and anti-cancer effects, [18,20,29,30]. LOB3 ([1–9-NαC]-linusorb B3) was the first LO
to be discovered and isolated in flaxseed in 1959 [30] and is the most abundant cyclic nonapeptide.
LOB3 and its analogs were reported to have pharmacological properties in disease conditions, such as
antioxidative, immunosuppressive, anti-malarial, and anti-inflammatory properties [20,31–33]. A few
studies have reported that LOB3 also shows cytotoxic activity against several types of cancers [29,34],
but its anti-cancer activity, especially anti-GBM activity, and the underlying molecular mechanisms
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still remain poorly understood. Therefore, the present study investigated the anti-cancer activity of
LOB3 and the underlying molecular mechanism in glioblastoma cells.

2. Results and Discussion

2.1. Cytotoxic and Anti-Proliferative Effect of LOB3 in Cancer Cells

LOs are small biologically active cyclic peptides found in flaxseed oil, and many types of LOs
have been identified and named based on their structures [35]. Of LOs, LOB3 (Figure 1A, molecular
weight: 1040.34) and its analogs have been demonstrated to play pivotal roles in antioxidative [31] and
anti-inflammatory actions [20]. Interestingly, recent studies have reported the cytotoxic effect of LOB3
on cancer cells [29,34,36]; however, the anti-cancer effect of LOB3 and the underlying mechanisms
are poorly understood. Therefore, this study investigated the anti-cancer activity of LOB3 and the
underlying mechanisms in C6 glioblastoma cells, since glioblastoma multiforme is the most aggressive
type of brain cancer with a high recurrence rate and a low 5-year survival rate [37].
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a conventional 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. (C) C6 cells
were treated with LOB3 (20 µM) for the indicated time, and viable cell numbers were determined by a
conventional MTT assay. (D,E) C6 cells were treated with the indicated doses of LOB3 for the indicated
time, and cell numbers and shapes were observed under a light microscope. Photos of the cells were
taken by a digital camera (D) and numbers of cells were counted by a cell counter (E). (F–H) U251,
MDA-MD-231, and peritoneal macrophage cells were treated with the indicated doses of LOB3 for 48 h,
and cell viability was determined by a conventional MTT assay. The data (B,C,E,F–H) are expressed as
the means ± standard error of the mean (SEM) of three independent experiments. Statistical significance
was analyzed by the Mann-Whitney U test. ** p < 0.01 compared to the vehicle-treated controls.

First, the cytotoxic effect of LOB3 was evaluated in C6 cells. C6 cells were treated with various
doses of LOB3 for 48 h, and cell viability was examined by an MTT [3-(4,5-dimethylthiazol-2-yl)-2,
5-diphenyltetrazolium bromide] assay. LOB3 from 20 to 40 µM exerted a cytotoxic effect in C6 cells in
a dose-dependent manner, while no cytotoxic effect of LOB3 was shown at doses lower than 10 µM
(Figure 1B). One of the fundamental features of cancer is tumor clonality and uncontrolled proliferation.
Therefore, the anti-proliferative effect of LOB3 was also evaluated in C6 cells. C6 cells treated with LOB3
(20 µM) were cultured for 72 h, and the proliferation rate of LOB3-treated C6 cells was significantly
reduced compared to that of the vehicle-treated control cells (Figure 1C). These results were confirmed
by observing the shape and the numbers of C6 cells after LOB3 treatment. Similar to the results
depicted in Figure 1B,C, LOB3 exerted a cytotoxic effect in C6 cells by changing the cell shape and
reducing cell numbers at 20 and 30 µM in a time- and dose-dependent manner (Figure 1D,E).

The cytotoxic effect of LOB3 on cancer cells was further investigated in another glioblastoma
cell line, U251 cells, and a breast cancer cell line, MDA-MB-231 cells. Similar to the C6 cells, LOB3
significantly reduced the viability of U251 cells at doses of 20 µM and greater, but no cytotoxic effect
was observed at doses lower than 10 µM (Figure 1F). Similar to a previous study [34], LOB3 also
induced the cytotoxicity of MDA-MB-231 cells, but MDA-MB-231 cells were more sensitive to LOB3.
LOB3 exerted the cytotoxic effect in the breast cancer cells at doses as low as 10 µM (Figure 1G),
while the two glioblastoma cell lines were sensitive and dead at 20 µM (Figure 1B,C,F), indicating
that the drug sensitivity and cytotoxic effect of LOB3 on cancer cells depend on the types of cancer
cells. Furthermore, cytotoxicity of this compound was not found in non-malignant cells, peritoneal
macrophages (Figure 1H). Similarly, other natural bioactive orbitides such as surfactins and beauvericin
displayed anti-cancer activity in giant-cell tumors of the bone (GCTB) cells, MCF-7 breast tumor cells,
and CT-26 lymphoma [38–40], implying that cytotoxic activity of LOB3 might be due to structural
feature of this compound. Taken together, these results suggest that LOB3 plays an anti-cancer role by
inducing cytotoxicity and reducing the proliferation of cancer cells).

2.2. Cytotoxic Effect of LOB3 on C6 Cells by Apoptosis

Apoptosis is a form of programmed cell death occurring in multicellular organisms and is
characterized by many biochemical events leading to cell changes and eventually death [41,42].
surfactins and beauvericin were reported to induce apoptosis in cancer cells [36,38,43]; therefore,
whether the cytotoxic effect of LOB3 on cancer cells is mediated by apoptosis was evaluated in C6 cells.
One of the major characteristics of apoptosis is nuclear shrinking and fragmentation [44,45], and these
events were examined in LOB3-treated C6 cells by Hoechst nuclear staining. Compared to the control,
LOB3 (20 and 30 µM) had a similar effect on C6 cells as staurosporine, an apoptosis inducer [46], in that
it stimulated nuclear shrinking and fragmentation (Figure 2A). Double staining of annexin V and
propidium iodide (PI) is a commonly used analytical approach for detecting apoptosis of cells [47],
and this method was used to examine LOB3-induced apoptosis of C6 cells. The proportions of early
and late apoptosis of LOB3-treated C6 cells were quantified by flow cytometry analysis after Annexin
V/PI staining, and the results indicated that LOB3 significantly induced the apoptotic population of C6
cells at doses of 30 µM, but not 10 µM (Figure 2B). This result is consistent with the result that LOB3
exhibited the cytotoxicity-inducing effect from doses of 20 µM (Figure 1B,D).
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under a fluorescence microscope. Yellow arrows indicate nuclear shrinking and fragmentation. (B) C6
cells treated with the indicated doses of LOB3 for 24 h were stained with PI and annexin V-FITC,
and the cell population was determined by flow cytometry analysis. (C) C6 cells were treated with
the indicated doses of LOB3 for 24 h, and mRNA levels of Bcl-2, BAX, and p53 were analyzed by
semiquantitative RT-PCR. (D) C6 cells were treated with either staurosporine (5 µM) or LOB3 (25 and
50 µM) for 24 h, and protein levels of pro-caspase-3, caspase-3, pro-caspase-9, and caspase-9 were
determined by Western blot analysis. The data (E,F) are expressed as the means ± standard deviation
(SD) of three experiments. Statistical significance was analyzed by the Mann-Whitney U test. Results
(A,B). Data of band intensity (E,F) were measured and quantified using ImageJ. * p < 0.05 and ** p < 0.01
compared to the vehicle-treated controls.

The mechanism by which LOB3 exhibited an apoptotic effect on C6 cells was next evaluated
at a molecular level. Bcl-2 family members play pivotal roles in the regulation of apoptosis and are
categorized into two major groups: anti-apoptotic members, including Bcl-2, Bcl-XL, Bcl-W, MCL-1,
and BFL-1/A1, and pro-apoptotic members, including BAX, BAK, BOK, and BAD [48]. The effect of
LOB3 on the mRNA expression of both anti-apoptotic and pro-apoptotic Bcl-2 family members was
examined in C6 cells. LOB3 decreased mRNA expression of the anti-apoptotic member Bcl-2 at doses
of 20 and 40 µM (Figure 2C–F) but showed no marked effect on mRNA expression of the pro-apoptotic
member BAX at all doses in C6 cells (Figure 2C,E), suggesting that LOB3 induced apoptotic death of
C6 cells by inhibiting the expression of the anti-apoptotic member, Bcl-2 rather than increasing the
expression of the pro-apoptotic member, BAX. p53 is a tumor suppressor, but strong evidence has
accumulated to indicate that p53 plays an anti-apoptotic role by transcriptionally activating many genes
whose products efficiently suppress apoptosis [49]. Therefore, the effect of LOB3 on mRNA expression
of p53 was examined, and mRNA expression of p53 was markedly decreased in the LOB3-treated C6
cells at doses of 20 and 40 µM (Figure 2C,E).

Caspases are a family of endonucleases that act as critical links in the molecular networks that
control apoptosis and play critical roles in the induction of apoptosis as both initiators (caspase-2,
-8, -9, -10, 20, and -22) and executioners (caspase-3, -6, -7, and 21) [50,51]. Caspases are initially
expressed as inactive procaspases that are activated by pro-apoptotic signals via proteolytic cleavage.
Therefore, the effect of LOB3 on the proteolytic activation of caspases was examined in C6 cells. LOB3
activated both an apoptosis initiator, caspase-9, as well as an executioner, caspase-3, by promoting the
proteolytic cleavage of these caspases at doses of 25 and 50 µM in C6 cells (Figure 2D,F), indicating that
LOB3 induces apoptosis of C6 cells by activating the apoptosis initiators and executioners. Moreover,
similar to the semi-quantitative RT-PCR result (Figure 2C,E), LOB3 markedly reduced the protein
expression of the anti-apoptotic Bc1 family member, Bcl-2, at doses of 25 and 50 µM in C6 cells
(Figure 2D,F). Taken together, these results suggest that the cytotoxic effect of LOB3 on C6 cells is
mediated by the induction of apoptosis through inhibiting the expression of anti-apoptotic genes,
such as Bcl-2 and p53, as well as activating the proteolytic processing of both apoptosis initiator,
caspase-9, and executioner, caspase-3.

2.3. Anti-Migratory Effect of LOB3 in C6 Cells

Another fundamental feature of cancer is the migration of tumor cells from the original location
where tumors arise to other parts of the body. It was reported that surfactin can reduce the
12-O-tetradecanoylphorbol-13-acetate (TPA)-induced metastatic potentials, including invasion and
migration of human breast carcinoma cells [52]. Therefore, the anti-migratory effect of LOB3 was
evaluated in C6 cells. C6 cells treated with LOB3 (20 and 30 µM) were cultured for 6 h, and the
degree of C6 cell migration was examined. Compared to the control, LOB3 markedly suppressed the
migration of C6 cells at a dose of 30 µM (Figure 3A,B). Interestingly, although LOB3 exerted a cytotoxic
and anti-proliferative effect on C6 cells (Figure 1B–D) by facilitating apoptosis at doses as low as 20 µM
(Figure 2), LOB3 did not suppress the migration of C6 cells at 20 µM, but 30 µM. This result indicates
that the doses of LOB3 required to inhibit the proliferation and migration of C6 cells might not be same,
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since the molecules critical for cell proliferation and migration are different, and the inhibitory effect
of LOB3 on the biological actions of these molecules might also be different in C6 cells. To identify
the effective and optimal doses targeting both sets of these molecules and thereby inhibiting both the
proliferation and migration of C6 cells, further molecular mechanism studies using various doses of
LOB3 will be required. Taken together, these results suggest that LOB3 plays an anti-cancer role by not
only inducing cytotoxicity but also suppressing the migration of C6 cells.
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Figure 3. Anti-migratory effect of LOB3 in C6 cells. (A) Migration of C6 cells treated with the indicated
doses of LOB3 for 6 h was analyzed under a light microscope. (B) Migration areas (% of control) were
calculated and plotted with Figure 3A. Statistical significance was analyzed by the Mann-Whitney U
test. Result (A) is a representative of three experiments. The data (B) are expressed as the means ± SD
of three experiments. ** p < 0.01 compared to the vehicle-treated controls.

2.4. Inhibitory Effect of LOB3 on Actin Polymerization in C6 Cells through the Targeting of Src and STAT3

The cytoskeleton is a dynamic and complex intracellular network of protein filaments interlinking
in the cytoplasm of cells, and its primary function is to provide the cells with their shape and with
mechanical resistance to deformation stresses. Of the three main components of the cytoskeleton,
the actin cytoskeleton is essential to enabling cell motility by maintaining the shape and integrity of the
cell. In addition, the actin cytoskeleton plays a critical role in the migration, invasion, and metastasis of
cancer cells, as well as overall cancer progression [53–56]; therefore, the selective and effective targeting
of actin in cancer cells is a worthwhile strategy in the development of anti-cancer therapeutics [56–60].
The effect of LOB3 on the actin cytoskeleton was examined in C6 cells. C6 cells treated with LOB3
or cytochalasin B (CytoB), an actin polymerization inhibitor [61], were incubated with phalloidin to
visualize filamentous actin (F-actin) [62]. Although CytoB moderately inhibited the formation of the
actin cytoskeleton, LOB3 (30 µM) dramatically inhibited the formation of the actin cytoskeleton in C6
cells (Figure 4A). Since LOB3 almost completely inhibited the formation of the actin cytoskeleton in C6
cells at 30 µM (Figure 4A), the inhibitory effect of LOB3 on the formation of the actin cytoskeleton in
C6 cells was further examined at a lower dose (20 µM) for different time periods. LOB3 (20 µM) also
markedly inhibited the formation of the actin cytoskeleton at 12 h and 24 h after treatment, while LOB3
(20 µM) moderately inhibited the formation of the actin cytoskeleton at 6 h after treatment (Figure 4B).
This result does not necessarily mean LOB3 needs at least 6 h to inhibit the formation of the actin
cytoskeleton in C6 cells, and the time required to inhibit actin cytoskeleton formation might vary
depending on LOB3 doses. As discussed earlier, caspase-3 is an executioner of apoptosis [35,36],
and similar to the previous result (Figure 2D), LOB3 (20 µM) induced proteolysis of pro-caspase-3 and
produced active caspase-3 at 24 h in C6 cells (Figure 4B).
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Figure 4. Inhibitory effect of LOB3 on actin polymerization by targeting Src and STAT3 in C6 cells.
(A) Actin filaments (F-actin) and the nuclei of C6 cells treated with either LOB3 (30 µM) or CytoB
(5 µM) for 12 h were stained with phalloidin and Hoechst 33342, respectively, and visualized under a
confocal microscope. (B) Actin filaments (F-actin), caspase-3, and the nuclei of C6 cells treated with
LOB3 (20 µM) for the indicated time were stained with phalloidin, caspase-3 antibody, and Hoechst
33342, respectively, and visualized under a confocal microscope. (C) Actin monomers were incubated
with the indicated compounds for the indicated time, and actin polymerization was analyzed by an
in vitro actin polymerization assay. (D) Actin filaments were incubated with the indicated compounds
for the indicated time, and actin depolymerization was analyzed by an in vitro actin de-polymerization
assay. (E) C6 cells were treated with the indicated doses of LOB3 for 12 h, and the protein levels of
the phosphor and total forms of Src and STAT3 were determined by Western blot analysis. Results
(A–D) are representative of three independent experiments. Statistical significance was analyzed by
the Mann-Whitney U test. Data of band intensity (F) were measured and quantified using ImageJ.
* p < 0.05 and ** p < 0.01 compared to the vehicle-treated controls.
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The effect of LOB3 on the formation of the actin cytoskeleton was further evaluated by in vitro
actin polymerization and depolymerization assays. LOB3 (20 µM) suppressed actin polymerization,
while jasplakinolide (Jasp, 0.5 µM), an actin polymerization promoting peptide [63], and CytoB (10 µM)
induced and suppressed actin polymerization, respectively (Figure 4C). Similarly, LOB3 (20 µM)
promoted actin de-polymerization, while Jasp (0.5 µM) and CytoB (10 µM) inhibited and promoted
actin depolymerization, respectively (Figure 4D). LOB3 suppressed the migratory ability of C6 cells
(Figure 3), and this suppressive effect of LOB3 on C6 cell migration could be achieved by the suppression
of actin polymerization. Taken together, these results suggested that LOB3 played an anti-cancer role
by suppressing actin polymerization as well as promoting actin depolymerization.

Src is a proto-oncogene that is strongly implicated in the growth, progression, invasion,
and metastasis of many types of human cancers [64,65]. Interestingly, actin polymerization induces
Src activation with delivery to the cell membrane [66]. Since LOB3 played an inhibitory role in
actin polymerization (Figure 4A–D), whether LOB3 suppresses Src activation was next examined
in C6 cells. LOB3 suppressed Src activation in C6 cells in a dose-dependent manner (Figure 4E,F),
thereby indicating that LOB3 suppresses the activation of a proto-oncogene, Src, by inhibiting actin
polymerization in C6 cells. Src regulates various downstream signaling pathways in cancer cells,
leading to the development and progression of cancers, and one of the most critical downstream target
molecules is STAT3 [67–69]. Therefore, whether LOB3 also suppresses the activation of STAT3 was
examined, and as expected, LOB3 was found to suppress STAT3 activation in C6 cells (Figure 4E,F).
Taken together, LOB3-induced anti-cancer activity in C6 cells is mediated by the inhibition of actin
polymerization and the subsequent suppression of Src and the downstream molecule, STAT3.

3. Materials and Methods

3.1. Materials

LOB3 (Figure 1A) was provided as a generous contribution from Prairie Tide Diversified Inc.
(Saskatoon, SK, Canada). The C6 human glioblastoma cell line, U251 human glioblastoma cell line,
and MDA-MB-231 human breast cancer cell line were purchased from the American Type Culture
Collection (Rockville, MD, USA). Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine serum
(FBS), phosphate-buffered saline (PBS), penicillin, streptomycin, L-glutamine, bovine serum albumin
(BSA), apoptosis analysis kit (Dead Cell Apoptosis Kit with Annexin V FITC and PI), MuLV reverse
transcriptase (RT), and Lipofectamine® 2000 reagent were purchased from Thermo Fisher Scientific
(Waltham, MA, USA). MTT, Hoechst 33342, staurosporine, cytochalasin B (CytoB), and jasplakinolide
(Jasp) were purchased from Sigma-Aldrich (St. Louis, MO, USA). TRI reagent® was purchased from
Molecular Research Center, Inc. (Cincinnati, OH, USA). Primers for semi-quantitative RT polymerase
chain reaction (PCR) were synthesized, and PCR premix was purchased from Bioneer, Inc. (Daejeon,
Korea). An enhanced chemiluminescence system was purchased from AbFrontier (Seoul, Korea).
Antibodies specific to each target used for Western blot analysis and immunofluorescence staining
were purchased from Cell Signaling Technology (Beverly, MA, USA) and Santa Cruz Biotechnology
(Santa Cruz, CA, USA). The Actin Polymerization Biochem kit was purchased from Cytoskeleton
(Denver, CO, USA).

3.2. Preparation of Peritoneal Macrophages

Peritoneal exudates were isolated from ICR mice (6-week-old, 17 to 21 g) by lavage 4 days after
intraperitoneal treatment with 4% thioglycolate broth (Difco Laboratories, Detroit, MI, USA). After
the blood was removed from the exudates using RBC lysis buffer (Sigma Chemical Co., St. Louis,
MO, USA), the extracted peritoneal macrophages (1 × 106 cells/mL) were plated in a 100 mm tissue
culture plate and incubated for 4 h at 37 ◦C in a 5% CO2 humidified atmosphere. The ICR male mice
were purchased from Daehan Bio Link Co., Ltd. (Chungbuk, Korea) and housed at seven mice per
group under a 12-h light/dark cycle (lights on at 6 a.m.). Water and a pellet diet (Samyang, Daejeon,
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Korea) were supplied ad libitum. Animal care followed guidelines issued by the National Institutes of
Health for the Care and Use of Laboratory Animals (NIH Publication 80–23, revised in 1996) and the
Institutional Animal Care and Use Committee at Sungkyunkwan University (Suwon, Korea).

3.3. Cell Culture

C6 cells, U251 cells, and MDA-MB-231 cells as well as peritoneal macrophages were cultured or
maintained in DMEM supplemented with 10% FBS, penicillin (100 U/mL), streptomycin (100 mg/mL),
and L-glutamine (2 mM) at 37 ◦C in a humidified incubator with 5% CO2. Cells were kept fresh by
splitting them 2–3 times per week.

3.4. Cell Proliferation and Viability Assay

C6, U251, and MDA-MB-231 cells as well as peritoneal macrophages were treated with LOB3
at the indicated doses and time periods, and cell viability was determined by a conventional MTT
assay [70,71]. For an MTT assay, the MTT solution was incubated with the cells at 37 ◦C for 4 h, and
then stop solution (10% SDS in 0.01 N HCl) was added to the cells. After incubation at 37 ◦C for 24 h,
the optical density was determined at 540 nm using a microplate reader (BioTek, Winooski, VT, USA).

3.5. Cell Death Assays and Flow Cytometry Analysis

The death of C6 cells was also evaluated by observing their shapes. C6 cells were treated with
LOB3 (0, 10, 20, and 30 µM) for 0, 12, 24, and 48 h, and the shapes of the cells were observed and
evaluated under a light microscope. The death of C6 cells was also analyzed by Hoechst 33342
(10 µg/mL in PBS) staining. C6 cells were stained with Hoechst 33342 at room temperature for 30 min
and washed with PBS three times. Hoechst 33342-stained nuclei were observed and analyzed under a
fluorescence microscope. The apoptotic death of C6 cells was evaluated by flow cytometry analysis
using an apoptosis analysis kit (see Materials) according to the manufacturer’s instructions. Briefly,
C6 cells pretreated with LOB3 (0, 10, and 30 µM) for 24 h were incubated with propidium iodide (PI)
and annexin V-FITC in a binding buffer (50 mM HEPES, 700 mM NaCl, 12.5 mM CaCl2, pH 7.4) at
room temperature for 15 min. After washing the cells with cold PBS three times, the population of
fluorescent cells was determined by flow cytometry analysis.

3.6. Semi-Quantitative RT-PCR

Total RNA was extracted from the C6 cells treated with LOB3 (0, 10, 20, and 40 µM) for 24 h using
TRI reagent®, followed immediately by the synthesis of cDNA from total RNA (1 µg) using MuLV
RT according to the manufacturer’s instructions. Semi-quantitative RT-PCR was conducted using the
cDNA to determine the mRNA expression levels of Bcl-2, Bax, and p53. The experimental conditions
and the primer sequences used for the semi-quantitative RT-PCR in this study are listed in Tables 1
and 2, respectively.

Table 1. The experimental conditions of the semi-quantitative RT-PCR in this study.

Targets Annealing Temp. Cycle No. Fragment Size (Base Pair)

Bcl-2 60 30 304

Bax 60 30 240

p53 60 30 560

GAPDH 60 25 350
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Table 2. Primer sequences used for the semi-quantitative RT-PCR in this study.

Targets Sequences (5′ to 3′)

Bcl-2
Forward CACCCCTGGCATCTTCTCCTT
Reverse CACAATCCTCCCCCAGTTCACC

Bax
Forward ATGGCTGGGGAGACACCTGAG
Reverse CTAGCAAAGTAGAAAAGGGCAAC

p53 Forward CTCTGTCATCTTCCGTCCCTTC
Reverse AGGACAGGCACAAACACGAAC

GAPDH
Forward CACTCACGGCAAATTCAACGGCAC
Reverse GACTCCACGACATACTCAGCAC

3.7. Western Blot Analysis

Whole lysates of C6 cells treated with the indicated concentration of LOB3 or staurosporine
(5 µM) for the indicated time were prepared by lysing the cells using radioimmunoprecipitation assay
(RIPA) buffer (50 mM Tris-HCl pH 8.0, 150 mM NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate,
and 0.1% sodium dodecyl sulfate [SDS]) containing proteinase inhibitors (1 mM sodium orthovanadate,
10 µg/mL aprotinin, 10 µg/mL pepstatin, 1 mM benzamide, and 2 mM PMSF) in ice for 30 min, followed
by sonication for 10 sec. Whole lysates of HEK293 cells treated with LOB3 (0, 20, and 40 µM) and
transfected with either empty plasmids (pcDNA) or HA-Src plasmids for 12 h were also prepared
according to the same method as was used with the C6 cells. Sample buffer (62.5 mM Tris-HCl pH
6.8, 2.5% SDS, 0.002% bromophenol blue, 5% β-mercaptoethanol, 10% glycerol) was added to the
whole cell lysates, followed by boiling for 10 min. For Western blot analysis, the whole cell lysates
were subjected to SDS-polyacrylamide electrophoresis and transferred to polyvinylidene difluoride
membrane (250 mA for 1 h) in transfer buffer (25 mM Tris, 192 mM glycine, pH 8.3, 20% methanol
(v/v)). Targets (pro-caspase-3 and -9, caspase-3 and -9, Bcl-2, p-Src [Y416], p-Src [Y527], Src, p-STAT3,
STAT-3, and HA) were detected with their specific primary (1:1000) and secondary (1:15,000) antibodies,
and the immune complexes were visualized using an enhanced chemiluminescence system according
to the manufacturer’s instructions as reported previously [71].

3.8. In Vitro Cell Migration Assay

C6 cells grown to a confluent monolayer were treated with LOB3 (0, 20, and 30 µM) and scratched
using a pipette tip as previously described with slight modification [72,73]. After 6 h, the migrated
cells to the scratched regions were observed and taken pictures under a light microscope (Olympus,
Japan). The migrated C6 cells were measured using ImageJ software (NIH, Bethesda, MD, USA),
and compared by plotting (% control).

3.9. Confocal Microscopy

C6 cells were treated with either LOB3 (0, 20, and 30 µM) or CytoB (5 µM) for the indicated time.
For confocal microscopic analysis, the cells were fixed with 4% paraformaldehyde in PBS for 10 min
and permeabilized with 0.5% Triton X-100 in PBS for 10 min. The cells were next blocked with 1% BSA
in PBS for 1 h, followed by incubation with Rhodamine Phalloidin reagent or the antibodies specific
for F-actin and cleaved caspase-3 at 4◦C overnight. The cells were then incubated with Alexa Fluor
488-or 568-conjugated secondary antibodies for 1 h. The DNA of these cells was stained with Hoechst
33342 (10 µg/mL in PBS) for 30 min, followed by washing with PBS for 5 min three times. The cells
were mounted on the glass slides and imaged using a laser-scanning confocal microscope (Zeiss LSM
710 META, Oberkochen, Germany) with a 63× oil-immersion objective lens.
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3.10. In Vitro Actin Polymerization and Depolymerization Assays

Actin polymerization and depolymerization assays were conducted in the presence and absence
of either LOB3 (20 mM), Jasp (0.5 mM), or CytoB (10 mM), using the Actin Polymerization Biochem kit
according to the manufacturer’s instructions. For actin polymerization assay, LOB3, Jasp, or CytoB were
mixed with pyrene-labeled globular actin (G-actin) in actin polymerization buffer, and the fluorescence
was measured for 90 min using a fluorescence microplate reader (BioTek, Winooski, VT, USA). For
actin depolymerization assay, LOB3, Jasp, or CytoB were incubated with pyrene-labeled F-actin in
depolymerization buffer, and the fluorescence was measured for 90 min using a fluorescence microplate
reader. The effect of each compound on actin polymerization and de-polymerization was determined
by fluorescence of pyrene-labeled actin, measured with an excitation wavelength of 350 nm and an
emission wavelength of 407 nm at 25 ◦C every 60 s for 1 h.

3.11. Statistical Analysis

Data (Figure 1B,C,E–G) are presented as the mean ± standard error of the mean (SEM) of three
independent sets of experimental data performed with at least three samples. The data (Figure 1D
right panel, bottom panels of Figure 2C,D, Figure 3B, and Figure 4E right panel) are expressed as the
means ± standard deviation (SD) of three experiments. Statistical differences between groups in these
data were analyzed by the Mann-Whitney U test, and p-value < 0.05 was considered to indicate a
statistically significant difference. All statistical analyses were conducted using SPSS software (SPSS
Inc., Chicago, IL, USA). Other results are representative of at least two of the data sets.

4. Conclusions

The current study investigated the anti-cancer effect of LOB3 and the underlying molecular
mechanism in glioblastoma C6 cells. LOB3 induces the cytotoxicity of C6 cells by promoting apoptosis
through modulating the expression of apoptosis-related genes and molecules. LOB3 also suppressed
the motility of C6 cells, which is critical for cancer cell migration, invasion, and metastasis, by inhibiting
actin polymerization, and LOB3 suppressed the activation of Src and STAT3, which are proto-oncogenic
factors activated by actin polymerization in cancer cells. Despite these results, this study was limited to
in vitro experiments using cancer cell lines, and further ex vivo studies using tumor cells from cancer
animal models or human patients as well as in vivo studies using animal xenograft or orthotopic
models are required to support and confirm the results of this study. In addition, the anti-cancer effect
of LOB3 needs to be expanded to other types of cancers to confirm the general anti-cancer effect of
LOB3 in a broad range of cancers. Moreover, the comparison studies for the anti-cancer effect of various
LOs also need to be further investigated. In conclusion, LOB3 plays an anti-cancer role by facilitating
the apoptotic death of C6 cells as well as inhibiting the migratory activity of C6 cells by modulating
multiple factors associated with apoptosis, motility, cytoskeleton formation, and proto-oncogenic
functions, as described in Figure 5. Given this evidence, this study proposes an anti-cancer role of a
cyclic peptide, LOB3, which is present in flaxseed oil, in glioblastoma cells with a new understanding of
the underlying molecular mechanisms, which could provide insight into the development of effective
and safer LO-based therapeutics to prevent and treat glioblastoma and even other types of cancers.
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Abstract: Bergenia (Saxifragaceae) genus is native to central Asia and encompasses 32 known species.
Among these, nine are of pharmacological relevance. In the Indian system of traditional medicine
(Ayurveda), “Pashanabheda” (stone breaker) is an elite drug formulation obtained from the rhizomes
of B. ligulata. Bergenia species also possess several other biological activities like diuretic, antidiabetic,
antitussive, insecticidal, anti-inflammatory, antipyretic, anti-bradykinin, antiviral, antibacterial,
antimalarial, hepatoprotective, antiulcer, anticancer, antioxidant, antiobesity, and adaptogenic.
This review provides explicit information on the traditional uses, phytochemistry, and pharmacological
significance of the genus Bergenia. The extant literature concerned was systematically collected from
various databases, weblinks, blogs, books, and theses to select 174 references for detailed analysis.
To date, 152 chemical constituents have been identified and characterized from the genus Bergenia
that belong to the chemical classes of polyphenols, phenolic-glycosides, lactones, quinones, sterols,
tannins, terpenes, and others. B. crassifolia alone possesses 104 bioactive compounds. Meticulous
pharmacological and phytochemical studies on Bergenia species and its conservation could yield more
reliable compounds and products of pharmacological significance for better healthcare.

Keywords: Bergenia species; botanical description; traditional uses; phytochemistry; pharmacology;
anti-urolithiatic activity; bergenin

1. Introduction

The use of herbs for healing diseases and disorders can be dated back to at least 1500 BC [1].
The traditional system of medicine (TCM) is a source of >60% of the commercialized drugs and is
still used by the population in lower income countries for the cure of chronic diseases [2]. As far as
primary healthcare is concerned, approximately 75% of Indians rely on Ayurvedic formulations [3,4].
Many medicinal plants containing various phytochemicals have been successfully used to cure diabetes,
cancers, gastrointestinal disorders, cardiovascular, and urological disorders [1].

Among the urological disorders, “urolithiasis” is the third most common disorder with a high
relapse rate [5–8]. The invasive treatments of urolithiasis are costly and precarious, so the search for
natural anti-urolithiatic drugs is of immense importance [9,10].

The Ayurvedic preparations have used Bergenia species down the centuries to dissolve bladder
and kidney stones and to treat piles, abnormal leucorrhea, and pulmonary infections [11–13].
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These pharmacological properties can be attributed to a wide-range polyphenols, flavonoids,
and quinones present in Bergenia species. The polyphenols constitute a major share of the active
ingredients, and the elite among them are ”arbutin” and “bergenin” [14–19]. Bergenin alone possesses
burn-wound healing, antiulcer, anti-arrhythmic, antihepatotoxic, neuroprotective, antifungal,
antidiabetic, antilithiatic, anti-inflammatory, anti-nociceptive, anti-HIV, and immunomodulatory
properties [20–22]. Bergenia ligulata Wall. Engl. [synonym of B. pacumbis] is an essential ingredient
of an Ayurvedic formulation, “Pashanbheda” (Paashan = rockstone, bheda = piercing), which is
used as a kidney stone dissolver in the indigenous system of medicine [23,24]. This drug has been
listed in ancient Indian chronicles of medicine including “Charak Samhita”, “Sushruta Samhita” and
“Ashtang-Hridaya”. B. ligulata is reputedly known by other names such as “Pashana”, “Ashmabhid”,
“Ashmabhed”, “Asmaribheda”, “Nagabhid”, “Parwatbhed”, “Upalbhedak”, and “Shilabhed” [25].

The unavailability of a compendious review on bioactive molecules present in Bergenia genus
prompted us to compile the same. The present review provides explicit knowledge on the traditional
and medicinal importance and phytochemistry of the Bergenia species.

2. Review Methodology

The extant literature (abstracts, blogs, full-text articles, PhD theses, and books) on the Bergenia
species was reviewed systematically to generate concise and resourceful information regarding their
distribution, phytochemistry, traditional medicinal uses, and pharmacological activities. For this
purpose, different bibliographic search engines and online databases (Google Scholar, WoS, PubMed,
CAB abstracts, INMEDPLAN, Scopus, NATTS, EMBASE, SciFinder, MEDLINE) and websites (www.
sciencedirect.com; eflora.org; jstor.org; pfaf.org) were referred, to select 174 references for detailed
analysis. Each botanical name has been validated through www.theplantlist.org and https://www.
catalogueoflife.org/ online repositories. ChemDraw software (version 12.0) was used to draw the
structures of the chemical compounds.

3. Distribution

The plant family Saxifragaceae encompasses 48 genera and 775 species, which are mostly distributed
in South East Asia. The name “Bergenia” was coined by Conrad Moench in 1794, in the memory
of Karl August von Bergen (German botanist and physician). Genus Bergenia harbors 32 species of
flowering plants, including highly valued ornamental, rhizomatous, and temperate medicinal herbs [16].
Central Asia is the native place for genus Bergenia [26,27]. The geographical distribution of 32 species
of genus Bergenia are detailed in Figure 1, which depicts the worldwide distribution through the
map. In China, seven species are reported from three provinces and two autonomous regions: Shanxi,
Sichuan, and Sanxi and Tibet and Xinjiang, respectively. Among the seven species, four (B. yunnanensis,
B. scopulosa, B. emeiensis, and B. tianquanensis) are endemic to China [28–30].
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4. Botanical Description

Bergenia(s) are evergreen, perennial, drought-resistant, herbaceous plants that bear pink flowers
produced in a cyme. Due to the leaf shape and leathery texture, Bergenia(s) have earned some
interesting nicknames such as “pigsqueak”, “elephant-ear”, “heartleaf”, “leather cabbage”, or “picnic
plates”. The plants should be planted about two feet apart as they spread horizontally up to 45–60 cm.
The botanical description of Bergenia species [31–34] is described in Supplementary Table S1.

5. Traditional Medicinal Uses

Bergenia species have been used in the traditional medicines for a long time. In Unani and
Ayurvedic systems of medicine, Bergenia spp. rhizomes and roots have been used for curing kidney
and, bladder diseases, dysuria, heart diseases, lung and liver diseases, spleen enlargement, tumors,
ulcers, piles, dysentery, menorrhagia, hydrophobia, biliousness, eyesores, cough, and fever [35–37].
The burns or wounds may be treated with rhizome paste for three to four days [38–40]. The paste
can be applied on dislocated bones after setting, or consumed to treat diarrhea or along with honey
in fevers [41,42].

The leaf extract of B. ciliata possesses antimalarial property [43]. Its leaves are revered to as
“Pashanabheda”, which designates the litholytic property [44]. In Nepal, 1:1 mixture (one teaspoon) of
the dried B. ciliata rhizome-juice and honey is administered to post-partum women 2–3 times a day
as a tonic and remedy for digestive disorders (carminative) [38]. The rhizome-decoction may also be
consumed orally as antipyretic and antihelmintic [45].

Since ancient times, consumption of water-extract of B. ligulata has cured urogenital and
kidney-stone complaints [23,35,46,47]. In Nepal, the rhizome paste of B. ligulata is consumed for
treating many diseases including diarrhea, ulcer, dysuria, spleen enlargement, pulmonary infusion,
cold, cough, and fever [45]. The intestinal worms can also be removed by consuming rhizomes along
with molasses (two times/day, 3–4 days) [38]. The Indians use the dried roots of B. ligulata for treating
burns, boils, wounds, and ophthalmia [46,48]. The dried leaf powder of B. pacumbis may be inhaled to
bring relief from heavy sneezing [49]. In Lahul (Punjab), the locals use B. stratecheyi plants to prepare a
poultice, which is applied to heal the joint-stiffness [50]. Bergenia species are also used for the treatment
of boils and even blisters [19].

In Russian tradition, B. crassifolia leaves are commonly used to prepare a health drink. Buryats
and Mongols used B. crassifolia-young leaves of to prepare tea. Interestingly, in Altai, tea is prepared
from old blackened leaves (chagirsky tea having lesser amounts of tannins) [51]. The rhizome infusions
can treat fevers, cold, headache, gastritis, dysentery, and enterocolitis [52]. They are also used to treat
oral diseases (bleeding gums, periodontitis, gingivitis, and stomatitis) and also possess adaptogenic
properties [51,53–55]. Mongols used the extracts for treating typhoid, gastro-intestinal ailments,
diarrhoea, and lung inflammation. The rhizome extract is also used to strengthen capillary walls
to stop bleeding after abortions, alleviate excessive menstruation, and cervical erosion. Therefore,
the roots and rhizomes of B. crassifolia are claimed as antimicrobial, anti-inflammatory, haemostatic,
and as astringent in the officinal medicine of Mongolia [54].

Tibetans apply fresh leaf-paste on their skin to protect them from harmful ultraviolet radiations [56].
The chewing of leaf helps in relieving constipation and the leaf-juice can treat earaches [11,38,42].
The bullocks and cows are fed on a mixture of Bergenia inflorescence and barley-flour to treat
hematuria [38]. Bergenia roots are also effective in preventing venereal diseases [57]. Thick leaves
of Bergenias are used in Chinese Medicine to stop bleeding, treat cough, dizziness, hemoptysis,
and asthma, and to strengthen immunity [27,58].

6. Phytochemistry

Nowadays, HPLC and HPTLC have become routine analytical techniques due to their reliability in
quantitation of analytes at the micro or even nanogram levels plus the cost effectiveness. Phytochemical
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investigation of nine Bergenia species (B. ciliata, B. crassifolia, B. emeiensis, B. ligulata, B. scopulosa,
B. stracheyi, B. hissarica, B. purpurascens, and B. tianquanesis) led to the characterization of several
chemical constituents [16,59–63]. The review of the extant literature reveals the presence of 152
chemical compounds (volatile: 47 and non-volatile: 105) (Table 1) as shown in Supplementary
Figure S1. The constituents have been categorized into polyphenols, flavonoids, quinones, sterols,
terpenes, tannins, lactones, and others [16,26,64–67]. The major bioactive compounds are bergenin (1),
(+)-catechin (2), gallic acid (3), β-sitosterol (4), catechin-7-O-β-d-glucoside (5), (+)-afzelechin (6), arbutin
(10),4-O-galloylbergenin (12), 11-O-galloylbergenin (13), caffeoylquinic acid (21), pashaanolactone (26),
3,11-di-O-galloylbergenin (64), bergapten (66), kaempferol-3-O-rutinoside (70), quercetin-3-O-rutinoside
(79), (+)-catechin-3-O-gallate (83), 2-O-caffeoylarbutin (86), leucocyanidin (124), methyl gallate (gallicin)
(125), sitoinoside I (126), β-sitosterol-d-glucoside (127), avicularin (128), reynoutrin (129), procyanidin
B1 (135), afzelin (140), and aloe-emodin (146).

Arbutin (10) inhibits tyrosinase, prevents the formation of melanin and thus prevents skin
darkening [68]. Bergenin (1) is a pharmaceutically important molecule that has hepatoprotective
and immunomodulatory potential [69]. It is used clinically for eliminating phlegm, relieving cough,
inflammation, etc. [20,70,71]. (+)-catechin (2) possesses antioxidant, glucosidase, renoprotective,
matrix-metalloproteinase inhibitory, and cancer preventive activity. Gallicin (125) exhibits antioxidant,
anti-tumor, antimicrobial, anti-inflammatory, and cyclooxygenase-2/5-lipoxygenase inhibitory activity [72].
Gallic acid (3) possesses anti-inflammatory, antioxidant, cytotoxic, bactericidal, gastroprotective,
and antiangiogenic activity. β-sitosterol (4) is well-known for its antioxidant, anti-inflammatory, analgesic,
and anti-helminthic effects. It is also efficient in the curing prostate enlargement [73].

Recently, bergenicin (151) and bergelin (152) have been isolated from leaves of B. himalaica
Boriss [71]. The chemistry of B. tianquanesis plant has not been reported to date. Although several
bioactive compounds have been isolated and characterized from Bergenia species, there is still scope for
extended research on their efficacy and versatility.

Table 1. Bioactive compounds and medicinal properties of different Bergenia species.

Bergenia Species Distribution Medicinal Property Part Used Chemical Constituents
(Structure Number) Reference(s)

Bergenia ciliata (Haw.) Sternb.
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6-O-Protocatechuoyl arbutin (16) a

11-O-p-Hydroxybenzoyl bergenin (17) a

11-O-Protocatechuoyl bergenin (18) a

6-O-p-Hydroxybenzoyl parasorboside (19) a

[11,16,31,43,
72–91]

Ellagitannins (20) a

Gallic acid (3) a

Arbutin (10) c

Bergenin (1) a

Caffeoylquinic acid (21) c

Monogalloylquinic acid (22) c

2,4,6-Tri-O-galloyl-β-d-glucose (23) a
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Benzaldehyde (28) f

Benzeneacetaldehyde (29) f

Decadienal (30) f
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Table 1. Cont.

Bergenia Species Distribution Medicinal Property Part Used Chemical Constituents
(Structure Number) Reference(s)

Bergenia crassifolia (L.) Fritsch
[Synonym: Bergenia cordifolia

(Haw.) Sternb.]
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Kaempferol-3-O-rutinoside (70) a
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Malic acid (95) f

Quinic acid (96) f

4-Methoxystyrene (97) f

9,12-Octadecadienoic acid (98) f

9-Octadecenoic acid (99) f

Decanoic acid (100) f

Dodecanoic acid (101) f

Hexadecanoic acid (102) f

n-Cetyl alcohol (103) f

n-Eicosanol (104) f

n-Hentriacontane (105) f

n-Heptacosane (106) f

n-Nonacosane (107) f

Nonanoic acid (108) f

n-pentacosane (109) f

Pentadecanoic acid (110) f

Rhododendrin (111) f

Stearic acid (112) f

Tetradecanoic acid (113) f

Tetramethyl hexadecenol (114) f

Trimethyl dihydronaphthalene (115) f

Trimethyl-3-methylene hexadecatetraene (116) f

[14,28,31,64,
79,85,92–104]
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Table 1. Cont.

Bergenia Species Distribution Medicinal Property Part Used Chemical Constituents
(Structure Number) Reference(s)

Bergenia emeiensis C.Y. Wu ex
J.T. Pan.
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Bergenin (1) a

Tannic acid (117) a

Arbutin (10) c
[31,65,85,105]

Bergenia ligulata Wall. Engl.
[Accepted name: Bergenia

pacumbis (Buch.-Ham.
Ex D. Don.) C.Y. Wu & J.T. Pan]
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Catechin-7-O-glucoside (5) a

Coumarin (130) b

11-O-p-Hydroxybenzoyl bergenin (17) a

11-O-Protocatechuoyl bergenin (18) a
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[3,16,23,24,26,
37,61,73,78,
83,85–88,90,
95,106–127]
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3-Methyl-2-buten-1-ol (145) e
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Table 1. Cont.

Bergenia Species Distribution Medicinal Property Part Used Chemical Constituents
(Structure Number) Reference(s)
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7. Pharmacological Activities

The pharmaceutical importance of Bergenia species has been known since ancient times. Therefore,
numerous biopharmaceutical products encompassing leaf or stem extracts are available in the markets
and are being used to cure specific ailments (Figure 2).
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7.1. Antilithiatic Activity

The major contribution of B. ligulata towards pharmaceutical applications is that of an antilithiatic
agent. Lower dose (0.5 mg/kg) of the EtOH extract of B. ligulata rhizome encourages diuresis in
rats and is effective in dissolving preformed stones [144]. The MeOH extracts of the rhizome also
possess an antilitihiatic property that has been tested both in vitro and in vivo. In male Wistar rats,
5–10 mg/kg of the extract inhibited calcium oxalate crystal (CaC2O4•x) aggregation in the renal
tubes. There are several other reports that state that Bergenia extracts exerts its antilithiactic effect
by diuresis, inhibition of CaC2O4•x crystal formation and aggregation, and hypermagnesemic and
antioxidant activity [106,145,146].

7.2. Diuretic Activity

Bergenia species are also known to possess diuretic properties. The EtOH extracts of B. ligulata
roots were tested for their diuretic activity in rats. The Na+, K+, and Cl− ion concentrations and the
volume of urine excreted was measured after an interval of 5 h. It was observed that the EtOH extract
showed significant diuretic activity [107]. Bergenia crassifolia (L.) Fritsch. leaf extract contains 15–20%
arbutin, which has the potential to treat genitourinary diseases. In a 14 day experiment, the rats were
injected with arbutin (10) and hydroquinone (89), 5 mg/kg (seven days) and 15 mg/kg (seven days).
During the experiment, the arbutin (10) treatment increased the urine output (diuresis) along with
creatinine and potassium, while hydroquinone (89) did not [147].

7.3. Antidiabetic Activity

After rigorus researches on animal models, it has now been proved that B. ciliata, B. ligulata,
and B. himalaica possess an antidiabetic property [71]. The EtOH extracts of B. ligulata roots exhibit a
remarkable hypoglycaemic effect in diabetic rats [108]. Saijyo et al., (2008) isolated the antidiabetic
principle (α-glucosidase inhibitor) from B. ligulata rhizome extract by column chromatography, which was
characterized as (+)-afzelechin (6), by NMR technique [61]. The antidiabetic property of B. ligulata can
be useful in developing nutraceuticals (value-added food products) for diabetics [61,71,108].

7.4. Antitussive Activity

Bergenia species possesses the potential antitussive property. Different concentrations of arbutin
(10) were administered to cough-induced mice, and it was observed that a dose of 200 mg/kg had the
similar effect as that of 30 mg/kg antitussive drug codeine phosphate [138].

7.5. Insecticidal Activity

It has been recently discovered that B. ligulata exhibit an insecticidal property. The volatile oil
from roots of B. ligulata containing 1,8-cineole (119) [4.24%], (+)-(6S)-isovaleric acid (120) [6.25%],
(+)-(6S)-parasorbic acid (121) [47.45%], terpinen-4-ol (122) [2.96%], and (Z)-asarone (123) [3.50%] was
tested for its insecticidal activity against Drosophila melanogaster, which was found to be significant [109].
Thus, volatile oil from Bergenia species or its specific component could be deployed as a natural
insecticidal agent [24,109].

7.6. Anti-Inflammatory Activity

Bergenia species do have anti-inflammatory potential. The aqueous and EtOH (50%) extract of
the rhizomes were introduced to animal model (rats) to demonstrate the anti-inflammatory activity.
The succinate dehydrogenase (SDH) activity level (represented higher in inflammation) reduced
in the rats that received the therapy. The attenuation of inflammatory response was confirmed
through pharmacological and biochemical measurements [148]. Different concentrations of the MeOH
extract of B. ciliata rhizomes have also been tested on a rat model with 100 mg/kg phenylbutazone
(an anti-inflammatory agent) as a standard. Maximum inhibition of the inflammatory response was

316



Molecules 2020, 25, 5555

recorded at a dose of 300 mg/kg [74]. In a study by Churin et al. (2005), the dry extract of B. crassifolia
leaves was administered to DBA/2 mice to study the effect on immune response. The extract declined
the inflammatory process by preventing T-lymphocyte accumulation and cytokine production in the
inflammatory region [149].

In another study, the delayed type hypersensitivity reaction was significantly elevated in mice
administered with 100 µg/mL of bergenan BC (pectic polysaccharide) extracted from B. crassifolia leaves.
It enhanced the uptake volume of neutrophils and mediated oxygen radicals’ production by mouse
peritoneal macrophages [150]. In mice model (balb/c mice), the increasing dose of bergenin (1) extracted
from the rhizomes of B. stracheyi exhibited anti-arthritic property in a dose-dependent manner up to a
dose of 40 mg/kg, while a higher dose of 80 mg/kg caused a reduction in the same [151]. These studies
along with several others explain the anti-inflammatory activity of Bergenia species [92,110,151].

7.7. Antipyretic Activity

B. ligulata possess a significant antipyretic property. In a study by Singh et al. (2009b), the EtOH
(95%) and aqueous extract of B. ligulata prepared in 2% gum acacia was administered to Wistar rats
(300 and 500 mg/kg body weight) having pyrexia [107]. The antipyretic activity was observed using
200 mg/kg paracetamol (standard antipyretic drug) as positive control. The rectal temperature of the
rats was documented after the 1 h time interval. A significant lowering in the body temperature was
observed with EtOH extract (500 mg/kg). This study along with others justify that B. ligulata possesses
significant antipyretic potential [111].

7.8. Anti-Bradykinin Activity

The anti-bradykinin activity of B. crassifolia leaf extract (per oral dose/treatment: 50 mg/kg for
14 days) has been studied in spontaneously hypertensive (SHR) rats. The reduction in the systolic blood
pressure was observed after 3–6 h (by 20–25 mmHg), while a lowering of diastolic blood pressure
with similar values was observed after 1 h of treatment [112,152]. The angiotensin-I-converting
enzyme converts the hormone angiotensin I to the active form (vasoconstrictor: angiotensin II) and
thus indirectly elevates the blood pressure by causing the blood vessels to constrict. The EtOH
(70%) extract of B. crassifolia rhizomes significantly inhibits the angiotensin-I-converting enzyme
(IC50 = 0.128 mg/mL), in vitro, and thus exhibits anti-bradykinin activity [153].

7.9. Antiviral Activity

The MeOH-water extract from rhizomes of B. ligulata have been reported to impede the in vitro
replication of influenza A virus. Pre-treatment of cells with B. ligulata extract was effective in the
preventing virus-mediated cell-destruction by repressing viral RNA and protein synthesis. The aqueous
extract of B. crassifolia leaf supplemented with lectins reduced the virus-induced (HSV strain L2)
cytopathogenic effect up to 95% [55]. The bioactive compound 1,2,3,4,6-penta-O-galloyl-β-d-glucose
(133) present in the EtOH extract of Saxifraga melanocentra Franch. has been tested for its antiviral
activity against HCV NS3 serine protease, through ELISA. The IC50 values of penta- (133), tetra- (84)
and 2,4,6-tri-galloyl-β-d-glucose (23), were estimated to be 0.68–1.01 µM and exhibited 98.7–94.7%
inhibition [113,128]. 1,2,3,4,6-penta-O-galloyl-β-d-glucose and its derivatives are also reported in
Bergenia species. Thus, the aforementioned results support the antiviral potential in Bergenia species also.

7.10. Antibacterial Activity

Almost all of the aforementioned nine Bergenia species possess antibacterial activity. In a study
by Sajad et al. (2010), the antibacterial activity of B. ligulata whole plant extract was analyzed based
on the diffusion method. Different concentrations (10, 25, or 50 mg/mL) of the aqueous, EtOH
and MeOH extracts of B. ligulata rhizomes exhibited antibacterial activity against E. coli, B. subtilis,
and S. Aureus [110]. The extract concentration of 50 mg/mL was found to be most effective and was
similar to that of the ciprofloxacin-antibiotic (25 µg/mL). These results show that B. ligulata possess
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significant antibacterial activity [110]. It is reported for B. ciliata that compared to leaf extracts, the root
and rhizome extracts exhibit much higher antibacterial activity. The MeOH rhizome extracts of
B. scopulosa were tested on eight different bacteria(s) using the agar-well diffusion assay method. It was
concluded from the bacterial susceptibility test that both Gram-ve and +ve bacteria are susceptible
as evident from the zone of inhibition that ranged from 13 to 15 mm. However, E. coli, P. aeruginosa,
K. pneumoniae, and S. aureus were found to be vulnerable, as they were considerably inhibited at a
concentration of 12.5 mg/mL [129]. In a similar study, the B. scopulosa MeOH extract was tested for its
inhibitory effect on S. aureus, P. aeruginosa, and E. coli, through zone-inhibition assay. It was interesting
to note that the inhibitory impact on S. aureus was stronger than that on P. aeruginosa and E. coli [134].

7.11. Antimalarial Activity

Malaria is a notorious disease and one of the main causes of high morbidity and mortality in
many tropical and subtropical areas. The ethnopharmacological relevance of the Bergenia species
for treating fever has been time-tested. EtOH leaf extracts B. ciliata (ELEBC) has been tested for its
antiplasmodial (Plasmodium berghei) activity using a rodent-malaria model, along with chloroquine
(10 µM) as a positive control. The IC50 of ELEBC was found to be less than 10 µg/mL. Thus, both the
in vitro and in vivo experiments have confirmed the antimalarial activity of ELEBC [43].

7.12. Hepatoprotective Activity

Bergenia species do possess hepatoprotective potential. In a study, the EtOH root-extract of
B. ligulata was evaluated for its hepatoprotective activity in CCl4 treated (toxicant) albino rats.
The estimation of hepatoprotective activity was confirmed by measuring the decline in the elevated
levels of serum marker-enzymes such as SGPT, SGOT, ALP, and total bilirubin levels [107]. In another
study conducted by Mansoor et al. (2015), the B. ligulata leaf extract (dose of 500 mg/kg) fully restored
the carbon tetrachloride (potent hepatotoxicant)-induced variations in carbon tetrachloride intoxicated
rats [154]. Moreover, the histopathological examination of the liver tissue further confirmed the
hepatoprotective effect [154]. B. crassifolia dry extract has also been reported to exhibit hepatoprotective
property in rats intoxicated with 4-pentenoic acid, thus confirming its hepatoprotective potential [155].

7.13. Antiulcer Activity

In some areas of South East Asia, B. ciliata has been used in the treatment of stomach disorders
as a folkloric medicine. An experiment was performed to assess the gastro-protective activity of
B. ciliata extracts on stomach ulcer-induced rats. Different doses (15, 30, and 60 mg/kg) of the aqueous
and MeOH rhizome extracts were administered 1 h after the ulcerogenic treatment. Among the
two treatments, the aqueous extract reduced the stomach-ulcer lesions to a better degree. It was
concluded that the rhizome extract exhibited its cytoprotective effect (anti-ulcer activity) by facilitating
the improvement of gastric mucosal barrier [75].

7.14. Anticancer Activity

Bergenia ciliata rhizome extracts (MeOH and aqueous) were tested for their cytotoxicity on human
breast, liver, and prostate cancer cell-lines by XTT assay, respectively. Both the extracts exhibited
concentration-dependent toxicity in each of three cell lines [156]. The IC50 value of both extracts fell
within the acceptable range in all cell-lines (except Hep 3B cell-lines). Thus, Bergenias possess potential
antineoplastic activity that may have probable clinical use as preventive medicine [76,77].

7.15. Antioxidant Activity

Undoubtedly, Bergenia species are an excellent source of antioxidants. B. ciliata MeOH leaf extract has
been reported to be a potent free-radical scavenger (EC50 of 36.24 µg/mL), as confirmed through DPPH
assay [78,157]. B. ligulata also possess considerable antioxidant activity, as confirmed by DPPH assay
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(IC50 value: 50 µg/mL) [93]. Ivanov et al. (2011) reported that the antioxidant properties of B. crassifolia is
due to the presence of two compounds, (+)-catechin-3,5-di-O-gallate (82) and (+)-catechin-3-O-gallate
(83). They were isolated from its aqueous EtOH leaf extract and exhibited strong antioxidant properties,
as determined by DPPH assay, with SC50 = 1.04 and 1.33 g/mL, respectively [72].

Shilova et al. (2006) performed a study using green and black leaves EtOH extracts of B. crassifolia
and examined the oxygen uptake rate in a gasometric system with 2,2′-azobisisobutyronitrile-initiated
oxidation of isopropylbenzene. The green leaves showed the most pronounced antioxidant effect [158].
In another study, the separation of main phenolic compounds of B. crassifolia followed by their
DPPH assay with the post-chromatographic derivatization of TLC plates. The increasing order of the
free-radical scavenging activity was found to be gallic acid > arbutin > ellagic acid > hydroquinone
> ascorbic acid [94]. A comparative assessment of the antioxidant activity, free radical scavenging
activity, and inhibition of lipid-peroxidation using MeOH and aqueous extracts of B. ciliata rhizomes
was performed. The MeOH extract exhibited a better antioxidant activity [76].

7.16. Antiobesity Activity

It was reported by Ivanov et al. (2011) that crude extracts of B. crassifolia rhizomes can efficiently
suppress the human pancreatic lipase activity (IC50 = 3.4 g/mL) in vitro [72]. The B. crassifolia leaf
extracts are known to suppress the appetite as well as energy intake in rats suffering from high-calorie
diet-induced obesity. Compared to controls, a 40% reduction in the daily dietary consumption
of the rats tested with 50 mg/kg Bergenia aqueous leaf extract (seven days of oral treatment) was
observed. Moreover, a reasonable reduction (45%) in the triglyceride level was also observed after
seven-day therapy [159]. 3,11-Di-O-galloylbergenin (64), a galloylbergenin from B. crassifolia roots
has been reported (using MC3T3-G2/PA6 murine preadipocytes) to exhibit a moderate anti-lipid
accumulation activity [160].

7.17. Adaptogenic Activity

An adaptogen increases the resistance power against various stresses such as physical, chemical,
or biological stress and has a stabilizing effect on the body functions [161]. B. crassifolia can also be
considered as a promising phytoadaptogen [53,55]. In a treadmill test, the running-time of rats fed
(for 10 days) on 300 mg/kg Bergenia black leaves extract was elevated by 30% more than the control group.
The running-time was similar to that of rats administered with 5 mL/kg of extract of Eleutherococcus
senticosus [162]. Similarly, the swimming capacity of the mice treated with infusions prepared from
B. crassifolia fermented leaves was observed to significantly increase by 2.2-fold, compared to the
control. The swimming capacity was increased with a simultaneous increase in glucose utilization and
without changing the body weight [163]. A similar study revealed that the endurance capability of
rats exposed to a very low temperature of −15 ◦C (3 h, for 21 days) was significantly ameliorated after
treatment with extracts of Bergenia black-leaves. Moreover, the floating-time of the rats supplemented
with 100 mg/kg extract was considerably augmented after 21 days of treatment, whereas in the other
group treated with liposome-encapsulated-extract the swimming-time was increased after seven days
of treatment, under extreme circumstances (e.g., hypoxia) [164], because, under hypoxic conditions,
the adaptive response of an organism activates mitoKATP channel and increases the ATP-dependent
potassium transport in mitochondria. Mironova et al. explored the the activation ability of mitoKATP

channel through water-soluble flavonoid-containing plant preparations of Bergenia (Bergenia crassifolia)
in a rat model [165].

8. Other Benefits of Bergenia Species

Bergenias are a reservoir of nutrients and are therefore used in culinary preparations [63].
Furthermore, the arbutin (10) content of Bergenias inhibits the degradation of insulin and is useful
for diuresis and can work as a urinary disinfectant [56]. Bergenias are also being used in the field of
cosmetics, owing to the presence of arbutin [166]. The arbutin can make skin whiten because it can
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prevent tyrosinase activity and can reduce the skin’s melanin (pigment) production [14,167]. B. ligulata
is used for manufacturing cosmetic brightening agents and under-eye creams [23]. B. emeinensis extracts
have also been used to treat skin wrinkles [168].

9. Conclusions and Future Perspectives

It is quite evident from this review that the Bergenia species contains a wide range of bioactive
compounds of therapeutic value. The safety and efficacy of Bergenia leaves and rhizomes has been
time-tested and documented during the long-period of traditional use. However, there is still a
scope of research on the mechanism of action of several other aforementioned therapeutic activities.
Moreover, among the 32 species, only nine species have been experimentally reported to possess the
pharmacological properties. There is a scope for phytochemical analysis and clinical efficacy trials
with the rest of the 23 species. To date, 152 compounds have been isolated and characterized from the
genus Bergenia.

The studies done so far on Bergenias have focused on investigation and assessment of
germplasm resources, functional credentials of extracts and isolation of bioactive components, but the
reports on cytological and molecular researches and standardization of plant-extracted drugs for
product-development are still fragmentary. B. hissarica and B. tianquanensis are extremely rare species
with very few reports on their biological activities. Therefore, the conservation of the Bergenia species is
of immense concern from a biodiversity, ethnobotanical, and pharmacological perspective. Although
the research is progressing on Bergenia species, their robust tissue culture protocols are yet to be
discovered, as the publications [97,169–174] on tissue culture and germplasm maintenance activities
are fragmentary (Supplementary Table S2). The present study proposes a wide scope for multiple
benefits of Bergenia in the field of floriculture, health foods, pharmaceuticals, cosmetics, and many
other industrial and economic ventures. To conclude, Bergenia species have huge potential to act as a
panacea to numerous health-related maladies, and therefore their conservation is necessary.

Supplementary Materials: The following are available online: Figure S1: Chemical structures of isolated
and characterized phytochemicals from Bergenia species, Table S1: Botanical description of Bergenia species,
Table S2: Tissue culture reports of Bergenia species.
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